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Abstract: Electric vehicle (EV) use is growing at a steady rate globally. Many countries are planning
to ban internal combustion engines by 2030. One of the key issues needed to be addressed before the
full-scale deployment of EVs is ensuring energy security. Various studies have developed models
to simulate and study hourly electricity demand from EV charging. In this study, we present an
improved model based on discrete event simulation, which allows for modeling characteristics of
individual EV users, including the availability of electric vehicle supply equipment (EVSE) out-
side homes and the charging threshold of each EV user. The model is illustrated by simulating
1000 random electric vehicles generated using data from an actual survey. The results agree with
previous studies that daily charging demands do not significantly vary. However, the results show
a significant shift in charging schedule during weekends. Moreover, the simulation demonstrated
that the charging peak demand can be reduced by as much as 11% if EVSEs are made more available
outside homes. Interestingly, a behavioral solution, such as requiring users to fully utilize their
EV’s battery capacity, is more effective in reducing the peak demand (14-17%). Finally, the study
concludes by discussing a few potential implications on electric vehicle charging policy.

Keywords: electric vehicles; Monte Carlo method; discrete event simulation; battery charging;
electricity demand

1. Introduction

The use of electric vehicles (EVs) coupled with the utilization of renewable energy
can significantly reduce emissions and improve air quality. In fact, the use of the electric
drivetrain on its own can already significantly reduce energy consumption per kilometer
traveled due to its superior efficiency [1]. This is encouraging policymakers to eagerly
promote electric vehicles. Various countries have been targeting to have a significant
EV volume within the next decades. China, which has the largest deployment of EVs
globally, projects to extend the volume of EV units to 5,000,000 by 2020. The United States’
EV industry aims to own half of the automobile market share by 2050. The Netherlands
and Slovenia aim to make all new vehicle sales by 2030 electric [2]. The same will be
implemented by France and Great Britain by the year 2040. Germany intends to ban
internal combustion engines by 2030 [3]. Norway targets all their cars to be either an EV
or a plug-in hybrid electric vehicle (PHEV) by 2025. These targets and projections assert
that the electrification of vehicles is already in progress and is on its way to dominating
the operation of transportation globally. This majorly affects car manufacturers because
they will need to adapt to new policies, which means that they will need to invest in EVs.
Some of the car manufacturers that are on their way to being fully electric or zero-emission
are Jaguar, Bentley Motors, and General Motors [4]. The California Air Resources Board
pushed for the Zero-Emission Vehicle (ZEV) Program which aims to lessen the number of
vehicles that depend on petroleum fuel by transitioning to battery electric vehicles (BEVs),
PHEVs, and hydrogen fuel cell vehicles (HFCVs). In the ZEV program, auto manufacturers
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are obligated to produce ZEVs and PHEVs on the basis of the percentage of total car
sales. Other states also adopted California’s ZEV program [5]. Countries such as France,
the United Kingdom, the United States, Japan, and China are giving incentives to those
who use EVs or vehicles that emit less carbon dioxide (CO;). In China, license plates are
assured to be given to EV users with no payment [6].

Due to these trends, one of the issues that needs to be understood better is the impact
of EVs to the electricity grid. This is in addition to other relevant issues such as range
anxiety [7] and accurate estimation of energy consumption [8]. Forecasts on the future
electricity demand from EV charging should be made to prevent power shortages from
happening in the future.

In this study, a novel approach based on discrete event simulation (DES) was de-
veloped to model the hourly electricity demand from EV charging. A detailed literature
review is presented on the next section to support this claim. DES was previously used
by Darabi and Ferdowski [9] to simulate the electricity demand from EV charging. In the
aforementioned study, EVs are required to line up and wait until there is a vacant charging
outlet on a single destination, significantly limiting the possibilities in the simulation.
In this present study, the type of destination (e.g., work, home, other) and time of charging
were determined stochastically using the charging threshold of the individual, the state
of charge (SOC) of the EV, and of the availability of charging in the individual’s current
location, among others. By using a Monte Carlo approach, we integrated into the model
the statistical distribution of departure time, destination, and distance per trip, as well as
the number of hours spent in the office per individual, among other factors. Weekday and
weekend demand comparisons are also presented in this study.

The manuscript is organized as follows: a literature review is discussed in the next
section, followed by methods and data, results and discussion, and conclusions.

2. Literature Review

The literature on electric vehicle charging primarily investigates charging schedule
and peak demand levels. A few studies also look into the characteristics and behavior of
EV users. Specific details are discussed below.

With regards to charging times, the trend is generally the same—charging peaks
in the evening and is lowest in the morning. In Ireland, real-time data showed that
the EV charging demand simultaneously peaks with the general electricity demand [10].
Tiantian [11] used Monte Carlo and binomial distribution methods to translate the charging
model of a single EV into a large-scale model. The EV model used is a Nissan Leaf with the
following specifications: power consumption of 0.15-0.30 kWh/km, battery capacity of
24 kWh, and endurance mileage of 160 km under normal climate and driving conditions.
The electricity consumption by EV charging was simulated for both work and home
charging. Three cases for each way were done: no traffic jam and no air-conditioning,
with traffic jam and with a temperature of 35 °C, and no traffic jam with a temperature of
—10 °C. The three cases affected the results for work-based charging, while home-based
charging showed little to no response to them. In Camus et al. [12], limiting charging
to off-peak hours was explored. The results showed that significant demand during the
peak period can be shaved off with this approach. In Schey et al. [13], the time with the
highest variation during weekdays took place from 00:00 to 05:00 and the lowest demand
occurred from 06:00 to 12:00. Residential charging was low in the daytime and started
to increase in the evening, then maintained a high demand at night. The peak demand
happens at 19:00 during weekdays. In Ireland, a study collected actual utilization data on
various charging points. A standard charge point that had a nominal power of 22 kW was
highly used during the daytime, while a fast charger with a nominal power of 43 or 50 kW
was highly used during evening and night. The duration of home charging was higher
than public standard charging. The largest percentage of home charging was executed in
the evening [14].
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A model based on real-world EV charging data in Ireland showed that the percentage
of EV charging increased from 0% at about 6:00 a.m. to approximately 27% at 7:00 p.m.,
after which the charging percentage gradually decreased [15]. Moreover, a survey in
California was conducted from 2016 to 2017 for PEV owners. It was found out that the
number of BEV and PHEV owners who charge at home is not affected by the day of
the week. Furthermore, the highest percentage of PEV charging occurs at home [16].
Mallig et al. [17] validated that the major peak hour is around 18:00 to 19:00. According to
Moon et al. [18], the majority of EV users (60%) in Korea charge at nighttime. The other 40%
prefer to charge during the daytime, which most likely occurs at public EVSEs. On the other
hand, the results of Schey et al. [13] were rather unique, as they observed two separate
charging peaks in the evening. In their project, participants were observed to charge their
EVs at home. The normalized plot for weekday charging demand showed that the demand
per EVSE initially increased at 16:00 and peaked at around 23:00. The second peak occurred
from around 00:00 to 01:00. The charging peak schedules during the weekends were similar,
but with a lower demand.

Several other studies were previously performed to describe the charging behaviors
of EV users. A field test was executed for 16 weeks, and it was found that EVs are parked
90% of the time, while they are being charged 60% of the time [19]. A spatial-temporal
activity model by Tiantian [11] showed that EVs in China are generally parked from 08:35
to 17:00 and 17:50 to 07:45. Generally, EV users in China drive from 07:45 to 08:35 and from
17:00 to 17:50. Monte Carlo simulation was used by Brady and O’Mahony [15] to study the
behavior of EV users. The study collected the GPS data of 15 iMiev EVs, which were used
by private employees and public members for nine months. The following behaviors were
observed in the model: EV driving has the highest frequency at 9:00 a.m. and 6:00 p.m.,
a high percentage of EV users arrive home at 21:00, EV charging electricity demand peaks
at around 20:00. The key takeaway is that the uniqueness of each city must be considered in
such models, as great variations in travel demand, schedule, and behavior can be observed.

Simulation techniques had been used to forecast the potential impacts of EV charging
on the electricity grid. Multi-agent Monte Carlo simulations [20] and scenario analysis [12]
were used to determine the influence of EV charging on peak electricity demand. The two
studies concluded that EV charging may not affect the grid by more than 2% and by about
53%, respectively. In Harris and Webber [21], three regions were examined, and simulations
showed that the average peak load will increase to a maximum of 1.9% of the forecasted
peak load by year 2025. Kelly et al. [22] cautioned that increases in network peak demand
due to penetration of EV charging can cause transformers to overload. On the other hand,
Paevere et al. [23] predicted that the increase in peak electricity demand due to EV charging
can be from 10% to 15% in Australia. Arias and Bae [24] used historical traffic data in South
Korea to predict hourly EV charging, with weekday, weekend, residential, commercial,
and various weather comparisons. The same authors also conducted a spatiotemporal EV
charging study [25] using CCTV data. Additionally, Bae and Kwasinski [26] developed
a spatiotemporal model for prediction of EV charging demand using fluid dynamics
principles to model the arrival of vehicles on a charging station and a queueing system to
model the discharge of vehicles.

Different studies were able to cover different levels of complexity in their simulations.
The power systems market model PLEXOS was used by Foley et al. [27] to show that
it is better to charge EVs during off-peak hours than during peak hours, and that 1.5%
of the renewable energy in transport can be supplied to EV charging. In another study,
a multinomial logit model was used by Lee et al. [16]. In the model, EV users were grouped
according to their preferred location of charging. The groups were the following: those
who charge only at home, only at work, only at public places, at home or work, at home or
public, at work or public, and at all locations. The general social characteristics of EV users
for each classification were determined by the model. The following are some of the social
characteristics defined by the model: household income, age, gender, and household size.
Furthermore, the travel demand model called mobiTopp was used by Mallig et al. [17] to
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model the weekly electricity demand from EVs. In the model, every person, household,
and vehicle were distinctive agents. Agents can distinctively choose their destination and
mode of driving.

With regards to this study’s choice of methodology, discrete event simulation, or DES,
has been widely used in previous electric vehicle studies. The primary areas of application
were in the modeling of electric vehicle energy demand [28-30], cost of ownership [31],
optimal charging station locations [32-34], and scheduling [35,36]. A key differentiating
factor for DES is that it significantly reduces the number of decision variables in the
simulation [36], and this is also taken advantage of in this study.

The present study therefore builds onto the previous modeling approaches. While other
studies have already successfully estimated potential charging peak demand and hourly
charging demand through simulations, the model developed in this study enables the mod-
eling of EVSE availability outside homes, as well as the charging threshold of individual
EV users. It can be hypothesized that increasing EVSE availability will increase daytime
EV charging demand. However, the question is by how much and how it will affect peak
charging in the evening. Moreover, varying the charging threshold of individual EV users
introduces an important behavioral component of EV charging. Frequent charging can also
potentially stress the grid. However, occasional charging can create longer charging hours,
which also may extend to peak periods. The details of the discrete event simulation-based
model integrated with a Monte Carlo approach are described in the succeeding section.

3. Methods and Data

The model in this study is based on the logic of discrete event simulation (DES),
embedded with a Monte Carlo approach. The model is implemented in a spreadsheet
software and can simulate as many individuals as the software can handle (e.g., in MS
Excel, the maximum number of rows is approximately 1 million). The simulation is run on
a laptop with a Core i7 processor and 8 GB RAM. For 1000 individual EVs, the average
delay is around 4 s per iteration. More details on the model are discussed below.

Each destination in an individual’s daily travel itinerary comprises of two “events” in
this model, i.e., arrival and departure. While there is technically no limit on the number
of events that may be simulated per day;, it is limited to only eight events in this paper.
On the last destination of the day, the individual is sent “home” by default. However, it is
not prohibited from going home as early as the third event. On the first, third and fifth
events, it can either go to “work” or to “other” destinations. The difference between these
destinations can be the time spent on them (i.e., based on the survey data), the availability
of EVSE (i.e., determined stochastically using a user-inputted distribution), and type of
EVSEs (i.e., power rating). Being able to specify the percentage availability of EVSEs
outside homes is one of the novelties of this study.

In traditional discrete event simulations, entities queue and share resources. All the
entities usually belong to one system only. A classic example would be people queueing
to transact with tellers in a bank. In traditional DES, the people in the example would be
considered the “entities”, and they queue to be served by the same teller/s. There can
be at least two events in that example, which are the arrival and departure of a person
at the teller. The state of the entities and the system change during each event. In the
modified discrete event simulation-based model we use in this paper, each electric vehicle
(EV) is a system on its own—they do not share resources and chargers with any other
vehicles in any destination. This is the major difference between our approach and the
traditional DES. However, the authors acknowledge that not being able to queue EVs to
use a charger as a weakness/limitation of the model. In reality, EVs would have to wait for
a charger to be available in some instances. This is an opportunity to develop the model
further for future work. This is discussed further in Section 3.2 below. On each event,
the model recalculates the state of the system. Various variables calculated during this
instance include the timestamp and battery state of charge of the EV. Various data used
in this study are summarized in Figure 1. For demonstration purposes, the percentage
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distributions were generated from a survey of 2000 participants conducted by the main
project, of which this study is a part of [37]. The type of vehicle was also determined using
the forecasted distribution of electric vehicle variants by the year 2030 in the Philippines,
from the same study.
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Figure 1. Compilation of survey data and assumptions used in the model.
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The model recalculates the battery SOC upon arrival at each destination as a function
of the trip length and the vehicle type’s assumed energy economy. An average energy
economy for each vehicle type (in km/kWh) is obtained from AFLEET [38]. The same
values were used on a previous study by the authors [39]. This is assumed to be constant
for each vehicle type.

The model makes use of the various percentage distributions, both from the sur-
vey and specified by the modeler, through random number variables. Microsoft Excel
generates random numbers using the Mersenne Twister pseudorandom number gener-
ator algorithm [40]. The type of vehicle, trip length, number of destinations, departure
time, type of destination, amount of time spent on each destination, and other charac-
teristics of an individual are taken from the percentage distributions generated from the
survey. Each variable is assigned with its own random number variable to determine its
value/setting.

3.1. DES Process Flow

The general process flow of the whole simulation is shown on Figure 2.

EVENT 1 EVENT 2 EVENT i EVENT i+1
Initialization Departure : Departure
and Arrival at ’ from ’ e > D?srtil,:tlic?:\ ; ’ from
Destination 1 Destination 1 Destination i

Arrival at N End of Day Iterate to
Home ’ next day

Figure 2. Summary of tasks carried out by the model in each event.

The simulation starts with EVENT 1, which is an initialization step where the following
are attended to by the model:

e  Generate the number of random EVs, i.e., systems to be simulated. In the case study
below, the authors generated 1000 random EV users.

Determine the vehicle type/variant of each user.

Determine the starting battery state of charge (SOCy) of each EV.

Determine the time of departure (Ty), i.e., from home, of each EV user.

Determine the nature of the first destination.

Determine the driving distance to the first destination (Xj).

At the same step, the model simulates the arrival of the EV at the first destination,
where the following are then calculated:

T = Ti1 + Ty (1)

SOCix = SOC(;_1)p — EGi @)

DES allows the simulation to jump to specific time steps where significant changes
in the model occur. This saves computational resources, as what happens in between
significant events do not have to be modeled in detail. Equations (1) and (2) show what
occurs in the model when the DES jumps to the time when an EV arrives at one of its
destinations. Tj is the time of arrival at destination i. Tj_; is the time of departure from
the previous destination. For the first destination, T;_; would be the time of departure
from home. Tp; is the travel time to the current destination. Furthermore, upon arrival at a
destination, the new SOC of the EV is calculated. SOC;j4 is the SOC of the EV upon arrival
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at destination i. Meanwhile, SOC;_1)p is the SOC of the EV upon departure from the
previous destination. For the first destination of day 1, SOC(;_1)p shall be equal to SOCy.
Finally, EC; refers to the energy consumption of the EV due to driving to destination i.

After the “arrival” event, the DES jumps to the “departure” event, where the following
decisions/checks have to be made by the model:

o IsSOCi below the driver’s charging threshold?
e Isan EVSE available at destination i?

On the basis of these two questions, the model will determine if the EV user charged
the vehicle at destination i. The charging threshold of the driver refers to the percentage
SOC that will trigger them to charge. While this is obviously driven by technical factors
(e.g., distance of next destination) the authors hypothesize that this is significantly affected
by psychological factors. Like the availability of EVSEs, the charging threshold of the
individuals are also inputted to the model through a percentage distribution by the modeler
and is also one of the key novelties of this study. If the conditions necessary to trigger
charging are met at destination i, the new SOC is recalculated:

SOCiD = Si X CRi. (3)

where SOC;p refers to the SOC upon departure from destination i; S; refers to the amount
of time spent on destination i; and CR; refers to the charge rate, i.e., 1.5 kW, 3 kW, or 36 kW,
installed at destination i. If the battery becomes fully charged earlier than S;, the EV will be
“unplugged” earlier by the model. The model does not assume that the EV will remain
plugged onto the grid during the whole duration of stay at any destination. Afterwards,
the DES jumps to time step Tj,; (departure time from destination i):

Ty =T + S (4)

The model prepares for the next “arrival” event by determining the nature of des-
tination i + 1, i.e., home, work, or other. The distance to destination i + 1 (Xj;1) is also
determined. Note that as mentioned above, a probability distribution for these kinds of
variables were taken from a survey, and then the model selects through random num-
ber generation.

The arrival and departure events at each succeeding destination basically performs
the same exact steps outlined above. Computationally, there are no limits to the number of
events a modeler can simulate in a day; however, physical/realistic constraints have to be
considered. For example, there are only 24 h in a day, and a person cannot be driving or
traveling during the whole 24 h. Thus, the last destination for each day is automatically set
to “home”. Home charging is enabled for all users in this model, and it is given a fixed
charge rate of 1.5 kW. Like in other destinations, the model does not assume that the EV
will be plugged into the grid 100% of the time while at home. The model will unplug
the EV as soon as it reaches 100% SOC. At the end of each day, the ending SOC of the
EV is transferred to the next day, and that becomes the starting SOC (SOCy) for that day.
The ending SOC for the previous day is obtained at 05:00 h of the current day, not for
any particular reason, but it was set to be the “handshake” period between two days to
allow the EV to charge as much as possible first at home before leaving for the next day.
This also allows the model to not simulate any charging anymore at the start of the day
and go straight to processing the departure for the first destination of the day. The model
will run continuously for 6 weeks, calculating the charging demand every 6 min. Since the
departure time, travel time and time spent on each destination are known, time stamps can
be given to each charging activity, and therefore can be aggregated together with the other
EVs’ charging activities to form the model’s total hourly charging demand.
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3.2. Constraints and Assumptions

This section discusses specific constraints and assumptions applied specifically to
the illustrative case study below. First, the model is capable of differentiating between
weekdays and weekends, as data on typical weekday and weekend trips were collected
via a survey. Unfortunately, specific differences between Saturdays or Sundays and among
weekdays cannot be determined as they have not been differentiated in the survey.

Regarding charge rates, all homes are assumed to have 1.5 kW chargers installed,
while work and other destinations are assumed to have 3 kW and 36 kW chargers, respec-
tively. This is because users are assumed to spend less time in other destinations than work,
and thus would require faster charge rates. Other destinations represent coffee shops and
stores in this study.

The timestamps in the DES are calculated as a function of the journey length and an
assumed average speed of 40 km/h. The energy consumption of each EV is calculated
using the assumed energy economies in Figure 1 (above).

Furthermore, as described in Section 3.1, a major limitation of this model is that it does
not simulate queueing. While the model simulates the availability of an EVSE in a particular
destination, each EV user is modeled as a separate system. That is, the model does not
determine if any two EVs are at the same place at any time, thus preventing queueing
to be modeled in the study. It is then assumed that as long as an EVSE infrastructure is
present in the destination, it should be ready and waiting for the EV to use. It should not
be difficult to add queueing as an additional feature to this model in the future. In fact,
queueing is one of the strengths of DES, as shown in previous literature such as in Darabi
and Ferdowski [9], and DES has been used in spatiotemporal types of studies before [33,34].
While the difficulty of modeling it is not a problem, modeling queueing would significantly
increase the number of variables in the simulation as the instantaneous location of each EV
will have to be monitored. Thus, for simplification, it is not included in this study.

On each iteration, the charging demand (in kW) is estimated every 6 min for 24 hin a
day for six continuous weeks. The first five weeks are used only for stabilization. This is
because at day 1, all vehicles are assigned a random battery SOC. This initialization is
observed to have a significant effect on the results, which is smoothened as the simulation
is extended. The 6-week simulation is also iterated 30 times. While the general trend of
hourly charging demand is consistent for each iteration, the peaks can vary significantly
due to the randomness of the variables in the model. To make the results rigid, we used the
average of 30 iterations for analysis in this study. The 30 iterations smoothen the run-to-run
fluctuations caused by random number generation to ~1.4%. With this approach, the study
is confident that any difference observed between days in the model are not just due
to chance.

4. Results and Discussion

This section illustrates the capability of the simulation model presented in this study
using 1000 random EVs modeled using actual survey data from Manila, the Philippines.

4.1. Daily Variation in Charging Demand

Figure 3 compares modeled daily hourly electricity demand from EV charging. For sim-
plicity, all days simulated used the same charging threshold of 80% and EVSE availability
of 20%. As previous studies have shown, there were no significant daily differences in
charging demand, aside from the weekday-weekend comparison. Even if not all vehicles
need to charge every day, it only creates minimal variations in the demand, which are
easily evened out by a large population.
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Electricity Demand from EV

Charging (kW)

e Monday
Tuesday
Wednesday
Thursday
Friday

e Saturday

e Sunday

3 5 7 9 11 13 15 17 19 21 23

Time of Day (24-h format)

Figure 3. Daily comparison of hourly EV charging demand.

In this simulation, the charging demand was at its highest at around 19:00 during
weekdays, similar to the findings of [11,15], and at around 23:00 during weekends. During
weekdays, 19:00 is the typical time when people arrive home from work. Upon arriving
home, EV users start to charge their EVs. As most EV users prefer to charge at home at
the same time, it could create serious grid issues if fast chargers are allowed to be used at
home. Discouraging the use of fast chargers at home is reasonable since in the evening,
EVs have at least 10 h to stay parked and get charged for the next day’s use.

There was a constant charging demand from 06:00 to 14:00 during weekdays. This was
mainly due to the fact that the typical working schedule in the Philippines is within this time
frame. This is the time when the lowest charging demand can be observed, which indicates
a low charging activity. The charging demand started to increase at around 14:00.

During weekends, people leave the house later in the day, shifting the charging
demand schedule by about 4 h. In addition, on the basis of the survey data, we found
that weekend trips were approximately 13% farther than weekday trips. For example,
the average distance for the first destination on weekdays was found to be only 18.5 km,
while it was 21 km on weekends. This explains why the charging demand maintains a
more consistently higher value from 00:00 to 08:00 on weekends. Moreover, the probability
of having more than one destination was slightly higher during weekends according to
the survey, explaining why people tend to go home and start charging later in the evening
during weekends and the less-steeper slope from 14:00 to 23:00. Eventually, at 23:00,
weekend charging arrived at the same peak as with the weekday demand.

4.2. Effect of Increasing Availability of EVSE

In this subsection, the availability of EVSEs outside homes was increased from 20%
to 100% (i.e., all destinations can offer charging) while keeping the charging threshold
of individuals at 80% (see Figure 4). In this simulation, chargers outside homes were
expected to have a higher power rating. At work, 3 kW chargers were assumed to be
installed, while they were 36 kW at other locations. Home charging was limited to 1.5 kW
in this simulation.

Increasing the availability of EVSEs outside homes can reduce peak demand in the
evening by up to 11% on some days. In Figure 3, this reduction is observed on five out of
seven days, i.e., Tuesday, Wednesday, Thursday, Saturday, and Sunday. The reduction in
peak demand was possibly due to some EVs no longer going below the charging threshold
of their drivers upon reaching home. Since they were able to charge somewhere else before
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going home, it is possible that they still had more than 80% SOC upon reaching home,
especially if the trip was short. If EV charging peak time coincides with the peak system
demand, increasing the availability of EVSEs outside homes can be used as a strategy to
lower the peak charging demand in the evening.

Correspondingly, installing more chargers outside homes increased charging demand
during the day. This was found to be more pronounced on weekdays, where it was
able to more than double the demand at around 08:00 in the morning. This is the time
when everyone arrives at their first destination and starts to plug in their vehicles for
charging. During weekends, this effect was less evident, since the time of arrivals at the
first destinations were more variable.
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Figure 4. Cont.
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Figure 4. Effect of increasing EVSEs outside homes. Darker curves refer to higher percentage availability.

4.3. Effect of Individual Users Charging Threshold

In this subsection, the behavior of EV users is considered. Decreasing the charg-
ing threshold of EV users can significantly reduce the peak demand in the evening (see
Figure 5). Less frequent charging can reduce the peak demand by ~14%. This was slightly
more pronounced during weekends (~17%).

Interestingly, controlling the charging frequency was more effective than increasing
EVSE availability in reducing the peak demand. If EV users maximize the battery capacities
of their EVs, they are able to postpone their charging to a later time, thus significantly
reducing the number of concurrent users plugged into the grid. Promoting less frequent
charging is doable for commute trips because of their predictability. Considering the battery
capacity of BEVs and the average trip lengths in Metro Manila, one would only need to
charge a BEV after approximately 20 trips. For PHEVs, this is different, as they would need
to be charged after approximately 1.5 trips.
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Figure 5. Effect of increasing varying charging thresholds of individuals. Darker curves refer to higher thresholds (i.e.,

more frequent charging).

5. Conclusions

We present in this paper a novel approach to model electric vehicle charging demand
using a methodology based on discrete event simulation. While it has a significant dif-
ference with the traditional discrete event simulation, including treating each entity as
a separate system, the basic logic and procedure remain to be inspired by discrete event
simulation. This modified approach enabled the authors to factor in differences in charging
thresholds of EV drivers and the availability of EVSEs in any destination without requiring
significant computational resources. This study demonstrated how DES can be used to
produce agent-based types of studies by treating each EV user (i.e., decision-maker) as a
separate system.

To the knowledge of the authors, this is the first time a significant difference be-
tween weekday and weekend charging has been documented in such a study. Previously
published simulations only showed a decreased peak during weekends and not a signifi-
cant change in charging demand schedule. This study shows that the differences in the
characteristics of weekday and weekend trips can shift the charging schedule by 4 h.

The study also provides interesting insights regarding the increasing availability of
EVSEs outside homes—how it can potentially affect the grid and the EV users’ charging
behavior. Interestingly, a behavioral solution, i.e., reducing the frequency of charging,
is more effective than increasing EVSEs in reducing the charging peak demand in the
evening. Requiring EV users to utilize their battery capacities before charging (i.e., draining
the battery down to 20% SOC before plugging into the grid) can reduce evening charging
peak demand by 14-17%. On the other hand, increasing EVSEs can only reduce evening
peak demand by up to 11%. More scrutiny and analysis of human behavioral effects
on electric vehicle charging demand (e.g., psychological effects of mileage anxiety to
aggregated charging demand) should be made by researchers in the near future to validate
this finding.

While the authors agree that a good number of EV charging infrastructure needs to be
made available to address range anxiety, it should not be a major limiting factor for the
deployment of EVs since the majority of charging would still occur at home, as shown on
this simulation.

On the basis of the results, potential implications to policies on EV charging are below:

O Encourage home charging. With home charging, the power extraction can be stretched
over a longer period of time, therefore not significantly increasing the peak demand.
This is important when the EV charging peak time coincides with that of the existing
system demand. Fortunately, the system peak demand in the Philippines is around
14:00 in the afternoon, unlike in other countries where the peak is in the evening.
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As shown on the simulations, increasing EVSE availability outside homes from 20%
to 100% can more than double the charging demand in the morning from 200 kW to
500 kW (for 1000 modeled EVs).

O Discourage purchase of fast chargers for home use. As the power draw of fast chargers are
rated up to 30 times higher than standard home chargers, allowing its use in homes can
cause serious challenges to the existing grid during evenings. The use of fast chargers
should be limited to locations outside homes to reduce the possibility of simultaneous
mass usage. For context, typical home chargers are rated 1.5 kW, while common fast
chargers at least 36 kW. With just home charging, the peak in the evening for just 1000
EVs is already around 700 kW, meaning, it would be extremely dangerous to the grid
if everyone charging their vehicles at home would use a fast-charger.

O Lack of EVSEs outside homes should not hold back diffusion of EVs. While it is important for
such infrastructure to also be included in the roadmap, the lack of it should not hold
back policymakers from supporting the diffusion of EVs. Previous studies, including
this one, have shown that home charging is effective and practical.

O EVSEs could be more significant for leisure and holiday trips. Studies, including this one,
support the compatibility of EVs for use on daily commutes. Due to the predictability
and relatively manageable distances of commute trips, home charging is very practical.
However, for irregular trips, such as leisure and holiday trips, the presence of EVSEs
outside homes can be a significant factor. This is important to be considered since it
can influence the eventual decision of a household to purchase an electric vehicle.

In future works, the effect of varying charging thresholds of EV users can be explored
further in order to understand how it interacts with other factors. Other interesting
extensions of this study include the consideration of various battery types and the modeling
of EV charging pricing. EVSE queueing is also another potential extension of this paper.
The authors also recommend performing a more detailed trip survey that will capture long
weekend/holiday trips, as well as differences among weekdays.
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