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Abstract: The demand for electricity in Saudi Arabia has grown in the last few years due to the
growth in the economy and the population. The country has invested in many solutions such as
promoting renewable energy and shifting to generation mix to respond to this growing demand.
However, Electric Vehicles (EVs) are used as an important factor in achieving the Saudi Vision 2030 in
its environmental and economical parts. This work gives an overview on the Saudi electrical energy
system and then investigates the impact EVs technology in the electricity sector in Saudi Arabia and
its relevant consequences. A statistical analysis is used to quantify the number of EVs, travelled
distance and traffic congestions, and State of Charge (SOC). The data were used to implement a daily
load profile for EVs for a large population of vehicles. The obtained results show that the EVs peak
loads occur during the late evening and early morning at different means. Interestingly, the work
shows that the peak periods of EVs occur during the off-peak times of the daily load curve. This
means that a large population of EVs can offer more flexibility and improvement to the electric grid,
and the summative EV load of a large population of vehicles has a smooth pattern and will not affect
the national electric system.

Keywords: daily curve load; electric vehicle; grid; Saudi Arabia; normal distribution

1. Introduction

Electricity consumption in the Kingdom of Saudi Arabia reached more than 289 TWh
with a peak of 61.7 GW and 53.5 GW generation capacity [1]. Total electricity consumption
in Saudi Arabia is expected to reach 90 GW in 2023 which represents more than 45% of
the country’s daily oil production. Moreover, annual peak demand growth is 7% per year,
resulting in an increase in the domestic consumption of oil for electricity generation which
could reach eight million barrels per day by 2030 [2]. Hence, the Kingdom launched the
King Salman Renewable Energy Initiative within its Vision 2030 to empower new energy
resources in electricity generation such as renewable energy resources and electric vehicles
(EVs). Integrating the previously mentioned technologies in the Saudi electric grid can lead
to a reduction in oil consumption and dependency, system losses, and the improvement of
aging equipment [3].

EVs have been seen as a key solution to climate change’s challenges. Although no
greenhouse emissions come from EVs, electric power charging comes from an energy
mix that involves fossil fuel power generation plants [4]. In addition, energy is still used
in the production lines that manufacture EVs. Hence, the net CO2 emissions with EVs
deployment still depend on the type of electric power generation plants. In a coal-intensive
power generation power system, the impact of EVs integration on reducing CO2 emissions
is questionable [5]. The integration of renewables in electric power systems is necessary
with EVs integration to effectively reduce CO2 emissions [6]. On 5 January 2018, the SASO
issued a regulation for the use of EVs. Two years later, on 28 June 2020, the Saudi Press
Agency announced that importation and use of EVs would be officially allowed in Saudi
Arabia according to the regulations and specifications legislated. The Kingdom’s Vision
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2030 emphasizes the mitigation of emissions through increasing environmental compliance,
under the strategic objective No. 2.4.1. This objective called “Reduce All Types of Pollution”
aims to reduce the air pollution caused by human activities or the industrial sector [7].
According to [8], the total CO2 emissions in Saudi Arabia increased from 200 million tons
to 600 million tons in the period between 1996 and 2014 of which transportation accounted
for 20%. EVs choice is one of the solutions that can play an important role in reducing
emissions in the transportation system. EVs contribute zero direct emissions which can
improve public health and air quality and reduce ecological impact [9]. Recent research
by KAPSARC shows that realistic and practical scenarios of EVs penetration result in
reduction in CO2 emissions [4].

An incremental penetration of Plug-in Hybrid Electric Vehicles (PHEV) in the power
grid may cause a spike in demand peaks. However, PHEV is an option to deploy energy
storage and peak-shaving technology. The research in [10] studies the effect of PHEVs
with vehicle to grid (V2G) capabilities on a distribution system. Modelling PHEVs in
the distribution system depends on the number of PHEVs and the behavior of drivers
in addition to the behavior of PHEVs, either in load mode or in distributed generator
mode. Further, the paper shows a linear programming model to quantify the optimal
charging patterns to reduce peak demand. The objective of the optimization problem is to
achieve maximum peak-shaving by minimizing the deviation between the daily load and
its average. In that regard, some constraints are applied such as battery operation, loads,
and non-negative values in the algorithm. The work examines three scenarios: reference
case (scenario A), 30% penetration of PHEVs with V2G capabilities (scenario B), and 30%
penetration of PHEVs without capabilities of V2G (scenario C). The results show scenario
B is close to the peak demand of scenario A, but there is an increase in the annual energy
demand. Scenario C shows a dramatic increase in peak demand by 37% from the base case
and an increase of 15.4% in annual energy demand [10].

Increasing the penetration of DER in the distribution system incorporates use of
Energy Storage System (ESS), viz. EVs. In fact, efficient operation of the distribution
system could defer investment in the electric power system. Therefore, ESS can store the
surplus electricity generation and then use it during off-peak hours. In that regard, this
paper evaluates the investment in energy storage for distribution system expansion in the
presence of high solar PV penetration. It aims to find the optimal sizing and siting of battery
ESS for optimal development of the distribution planning. The proposed optimization
problem focuses on minimizing the total cost of expansion. The case study presents three
scenarios; case A where the development includes installing power transformer in the 3rd
year, case B provides investment in battery ESS, and case C that consists of the investment
in ESS and deferring power transformer investment until the 7th year. The results show
the expected total cost of case A is USD 3.272 million, while case B counts for USD 5.796
million. Case C which includes investment in both options costs USD 3.55 million [11].

Although the growth of EVs can save oil demand for transportation, they still lead to
an incremental increase in electricity demand. Hence, the total electricity demand needed
for EVs charging is expected to increase. Such a penetration will reshape the daily load
profile due to:

• Creating another peak demand to the 24-h load curve.
• Adding more load on the main peak demand.
• Increasing the total electricity demand.

High penetration of EVs also causes transformer overloads and distribution feeder
congestions. It is important to minimize the impact of electric vehicles loading on a
distribution network in order to accommodate EVs charging without upgrading the system.
The Demand Response (DR) strategy is used to manage the load in a residential distribution
network. Further, this work demonstrates some consumer comfort indices to evaluate the
impact of DR on residential consumers. Accordingly, the consumers will have their choice
to choose what kind of loads to be controlled and when. A case study was carried out in
the Virginia Tech Electric Service area using different levels of electric vehicles, 3 types of
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electric vehicles, and various charging profiles. The results show peak loads increase as
well as comfort indices violation with an increase in the penetration of electric vehicles [12].

The EVs fleet is expected to increase by 10% by 2030. Hence, EVs charging adds
more load to the electric system and in turn increases power generation [13]. According
to [14], the world will need about 2500 TWh in 2050 for EVs charging. Further, a study
published by the National Renewable Energy Lab expects that the EVs share could increase
the demand for electricity by 38% by 2050 [15].

As of 2018, The Saudi Standards, Metrology, and Quality Organization (SASO) issued
a regulation for using EVs in the Kingdom [16]. In 2019, the Saudi Press Agency announced
that EVs were officially allowed to be imported and used in Saudi Arabia according to
the regulations and specifications [17]. In 2021, the country launched its green initiative
to diminish climate change consequences. One of the projects is to increase the number
of EVs in Riyadh, the capital of the country, to 30% of the total number of vehicles [18].
Therefore, the purpose of this work is to establish a framework for EVs penetration in the
Saudi Arabia electric grid. The model aims to:

• Study the impact of EVs charging on the operation of the electric grid in the Kingdom.
• Understand the behavior of the daily load curve after integrating EVs.
• Investigate the impact of daily EVs charging on the load curve patterns.

2. Developments in EVs Technology

Figure 1 shows that the EVs sales have grown rapidly in the second half of the previous
decade [19]. In 2020, a total of 3.24 million EVs were sold. The Chinese and European
markets are the most active markets, as shown in Figure 2. The EVs sales growth is still
significant in other countries outside Europe such as USA and South Korea. It is expected
to approach 20 million of EV sales by 2030 [20]. According to a recent report by the
International Energy Agency (IEA), the number of battery electric-, plug-in-hybrid electric-,
and fuel cell electric-light vehicles will reach 350 million in 2030 [21]. The major vehicles’
manufacturers have commercialized EVs in the global market. Table 1 shows a comparison
of recent EVs models in the USA market [22]. The capacity of battery and the environmental
protection agency (EPA) range are included. The EPA range is widely used in the US market
to express estimated combined kilometers that an EV travels in a combined urban and
highway driving using a full charge. According to the models listed in Table 1, the range of
travel varies from 274 to 652 km according to the size of the battery and vehicle model. The
km/kwh depends on many factors related to the electric vehicle specifications such as size,
weight, battery type, motor type, wheel drive options, etc. The same table (Table 1) shows
that Hyundai IONIQ electric vehicle has the highest 7.15 km/kwh.

There are a variety of charging options for EVs according to the charging connec-
tor [23–26]. EVs usually charge in three levels: slow, fast, and rapid fast charging. Figure 3
shows popular connectors that support different levels of charging. Type 1 SAE J1772
supports charging at single phase 120 V for level 1- and 240 V for level 2- charging. The
Combo CCS1 IEC 62196-3 is the modified version of Type 1, and it supports DC fast charg-
ing. The CHAdeMo offers fast DC charging for many of Japanese EVs. Type 2 supports
fast three-phase 400 V charging. For Tesla vehicles, DC super-fast charging is available in
this type. The Combo CCS2 IEC 62196-3 is a modified version of Type 2 with additional
two connectors for fast DC charging. A Tesla super charger is used only in the US market
for Tesla models. The last two connectors are popular in the Chinese market and support
charging using three-phase AC fast charging at 380 V or 750 V DC for GB/T 20234.2 and
GB/T 20234.3 respectively. In Saudi Arabia, SASO adopted IEC 62196 for plugs in the
Kingdom as shown in Figure 3.
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Table 1. Sample of recent EVs models in the US market.

Model Drive Type Capacity (kWh) Range (km)

2021 Tesla Model S Long Range (AWD) 19′′ AWD Tesla 100 652

2021 Tesla Model S Plaid 19′′ AWD Tesla 100 628

2021 Tesla Model X Long Range (AWD) 20′′ AWD Tesla 100 579

2021 Tesla Model X Plaid 20′′ AWD Tesla 100 547

2021 Ford Mustang Mach-E Route 1 ER RWD RWD Ford 98.8 491

2021 Ford Mustang Mach-E Premium ER RWD RWD Ford 98.8 483

2021 Ford Mustang Mach-E Premium ER AWD AWD Ford 98.8 434

2021 Ford Mustang Mach-E GT ER AWD AWD Ford 98.8 402

2021 Ford Mustang Mach-E GT Perf. ER AWD AWD Ford 98.8 378

2021 Audi e-tron AWD Audi 95 357

2021 Audi e-tron Sportback AWD Audi 95 351

2021 Porsche Taycan (93 kWh) RWD Porsche 93.4 362

2021 Porsche Taycan 4S (93 kWh) AWD Porsche 93.4 365

2021 Porsche Taycan Turbo (93 kWh) AWD Porsche 93.4 341

2021 Porsche Taycan Turbo S (93 kWh) AWD Porsche 93.4 323

2022 Jaguar I-PACE EV400 AWD Jaguar 90 377

2021 Volkswagen ID.4 Pro RWD Volkswagen 82 418

2021 Volkswagen ID.4 Pro S RWD Volkswagen 82 402

2021 Tesla Model 3 Long Range AWD AWD Tesla 80 568

2021 Tesla Model 3 Perf. LR AWD 20′′ AWD Tesla 80 507

2021 Tesla Model Y Long Range AWD 19′′ AWD Tesla 80 525

2021 Tesla Model Y Perf. LR AWD 21′′ AWD Tesla 80 488

2021 Porsche Taycan (79 kWh) RWD Porsche 79.2 322

2021 Porsche Taycan 4S (79 kWh) AWD Porsche 79.2 320

2021 Polestar 2 AWD Porsche 78 375

2021 Volvo XC40 Recharge AWD Volvo 78 335

2021 Ford Mustang Mach-E Select SR RWD RWD Ford 75.7 370

2021 Ford Mustang Mach-E Select SR AWD AWD Ford 75.7 339

2022 Chevrolet Bolt EV FWD Chevrolet 65 417

2022 Chevrolet Bolt EUV FWD Chevrolet 65 397

2021 Hyundai Kona Electric FWD Hyundai 64 415

2021 Kia Niro EV (e-Niro) FWD Kia 64 385

2021 Nissan LEAF e+ S (62 kWh) FWD Nissan 62 364

2021 Nissan LEAF e+ SV/SL (62 kWh) FWD Nissan 62 346

2021 Tesla Model 3 Standard Range Plus RWD Tesla 60 423

2021 BMW i3 RWD BMW 42.2 246

2021 BMW i3s RWD BMW 42.2 246

2021 Nissan LEAF S (40 kWh) FWD Nissan 40 240

2021 Hyundai IONIQ Electric FWD Hyundai 38.3 274
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The electric vehicle supply equipment (EVSE) is onboard for level 1 and level 2 chargers
and is used for low kilowatt transfer. Hence, the onboard is used to charge vehicles and at
many public places. On the other hand, the offboard EVSE allows high kilowatt transfer
with a sophisticated battery management system. The original V1 and V2 Tesla offboard
supercharging stations charge with power transfer up to 150 kW of power distributed
between two cars with a maximum of 150 per vehicle. It takes 20 min for an empty 85 kWh
model S Tesla to charge 50%, and 40 min to charge 80%. Fast charging or Type 3 charging
stations are usually available at public charging stations which could be available at public
parking lots in malls, hotels, hospitals, universities, etc.

3. The Saudi Electrical Energy System

The Saudi electric power system includes four main regions as shown on the King-
dom’s map in Figure 4. The total peak load observed during summer 2019 was 62.1 GW
with a total generation capacity of 63.7 GW and a reserve of 1.6 GW [27]. In general, the
major electric power generation producer is the Saudi Electricity Company (SEC) with an
installed capacity of 55 GW through 39 power plants. There are also many independent
operators or other companies having installed capacity of 30 GW. The primary fuel used in
most power plants is natural gas, crude oil, heavy fuel oil, and diesel with generation capac-
ities of 36.6, 18.2, 23.3, and 6.7 GW, respectively. The backup fuel used is crude oil, heavy
fuel oil, and diesel with generation capacities of 14.5, 2.1, and 35.2 GW, respectively [27].
The contribution of electricity and heat production in the total CO2 emissions in the King-
dom is 40% according IEA reports [28]. Due to the increase in natural gas in the electric
power generation sector, the overall emissions due to fossil fuel combustion decreased.
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The installed amount of renewables is 0.4 GW which is still very low [29]. However,
with the Kingdom’s 2030 vision, it is expected to have a remarkable growth in both wind
and photovoltaic installation in the next few years [7,30]. In this context, the impact of
renewables installation in reducing CO2 emissions is still limited and expected to increase
in near future. On the other hand, the transportation sector contributed 28% of the total
CO2 emissions in the Kingdom. In [4], peak, off-peak, and random EVs charging scenarios
are studied at different penetration levels in the Saudi power system. The best scenario
shows a reduction in CO2 emissions whereas the worst-case scenario with peak charging
results in an overall increase in CO2 emissions. This study showed the bounds for CO2
emissions due EVs integration charging in the Saudi power system. However, more realistic
scenarios are required to understand the impact of EVs on the electrical power systems
daily demand cycles which in turn requires transportation surveys [31,32].

A typical daily load curves for the Saudi power system is shown in Figure 5. The data
in the figure are based on data taken from the annual statistical booklet for electricity and
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seawater desalination industries for the year of 2019 [27]. The noticed maximum demand
was observed in the first week of September which is about 62.1 GW. The daily profile
shows summer and winter profiles for both working days and Fridays. Due to the hot
weather during summer, the demand is almost double in comparison to the demand during
winter. In the winter days, there is not much difference between working days and Fridays.
However, during Summer, the demand of Fridays is about 10–15% less than that of working
days. The load duration curve during the year of 2019 is exhibited in Figure 6. The peak
demand requires the operation of many power plants for few hours per day to supply
along the year. The peak load of 3 GW requires the operation of fast dispatch plants for
only 76 h per year.
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4. Modeling of EVs Demand

The EVs demand charging power is characterized with randomness associated with
vehicle status and connectivity to the grid. In this context, EVs controlled charging is seen
as one of the promising solutions to enable demand response programs in future power
systems [33,34]. Generally, the following factors affect the deployment and aggregation of
the EV load into the grid: (1) size of battery which depends on the model and type of EVs
according to Table 1; (2) type of charger which affects the time required for charging the
battery; (3) the time at which the vehicle is plugged into the grid; and (4) the initial state of
the battery which is dependent on the driving cycles. In this research, probabilistic models
are used to represent the EVs demand, viz., charging state into the grid [32,35–37].

The percentage of traffic in Riyadh city is shown in Figure 7 for working days from
Sunday to Thursday as well as weekly public holidays on Friday and Saturday. During
working days, the traffic congestion percentage profile is characterized mainly with two
peaks: the morning peak 7 AM and the evening peak 5 PM. The second peak is slightly
higher due to the lifestyle in the Kingdom where many of private sector activities reopen
at 4 PM. Most of the private business and entertainment activities are closed at noon
and reopen at 4 PM. In general, vehicles arrival at destination starts from the evening
time at about 8 PM and is completed at parkings by 2 AM. During the last year, the
traffic percentage was greatly affected by the COVID-19 pandemic due to the school and
university lockdown in the Kingdom. Friday is quite different from Saturday since all
activities are closed during the morning and people only go to Friday’s prayer at noon.
On Saturday, private sector activities are partially open during the morning time. On both
Friday and Saturday, the traffic congestion in the afternoon is quite less than in working
days and becomes similar during evening time.
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Based on the General Authority for Statistics (GASTAT), Table 2 shows the number of
new vehicles imported during the period 2015–2019 based on type [38]. The most popular
vehicles used by Saudis to go to school, university, and work are passenger cars and jeeps
and the special purpose vehicles that could be classified as light duty vehicles (LDV). LDV
and buses are mentioned since a considerable percentage could be replaced by electric
types during the next period according to the national transformation program [7]. The
total of LDVs purchased during the last five years is 2,904,133 with an average of 580,527
vehicles per year. As for busses, there were approximately about 71,312 new buses included
in the transportation sector during the period 2015–2019. These statistics give insight into
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the new vehicles that could be purchased during the next years which could reach 3 million
LDV vehicles by 2025 and 6 million LDV vehicles by 2030. Moreover, about 70 thousand
new buses are expected to enter the service during the next five years, and this number
could be doubled by 2030.

Table 2. Number of imported vehicles by type during the period 2015–2019.

Type
Number

2015 2016 2017 2018 2019 Total

Buses 24,431 11,839 10,502 8785 15,755 71,312

Special Purpose Vehicles 3433 2086 1110 941 1042 8612

Passenger Cars and Jeeps 839,239 618,382 475,722 422,185 539,993 2,895,521

From the traffic congestion, which is shown in Figure 7, the periods at which the
vehicles are available for charging can be identified. Figure 7 shows that the vehicles are
in parking starting from the late evening until the early morning. Hence, during this
time, the vehicles which are available could be charged at home using Type 1 chargers.
According to the California vehicles survey conducted in May 2017 [39], the actual electric
daily charging times for both plug-in-hybrid electric and electric vehicles begin at the noon
period and increase slowly until reaching their peak which occurs at 1~2 AM as shown in
Figure 8. The charging times almost follow a normal distribution pattern. Moreover, the
traffic congestion of Riyadh city leads to similar results as most vehicles become available
for charging starting from the late evening until the early morning. The only difference
is that the peak number of vehicles connectivity may occur an hour later. The above
practical surveys show that the arrival of vehicles and their availability for charging can
be represented mathematically by a normal distribution. The probability function of the
normal distribution is expressed in terms of both the mean and standard deviation values
as follows [32]:

f (t) =
1

σt
√

2π
e−

1
2 (

t−µt
σ )

2

(1)

where:

σt standard deviation;
µt mean.
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Figure 9 shows the normal distribution of the arrival time of 100 k vehicles to home at
different standard deviation and mean values. From the traffic congestion records exhibited
in Figure 7 and various distribution shown in Figure 8, the suitable mean and standard
deviation values that are close to represent the real traffic in Riyadh city are µ = 1 ∼ 3 AM
and σ = 3 ∼ 4 h, respectively. This result is quite similar to the values reported in the
literature based on the national British survey [31,32].
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deviations values. (a) Standard deviation is 5 h and at different mean values; (b) Mean is at midnight
(MN) and at different standard deviation values.

The daily travelled distance per vehicle depends on human activities. Saudi drivers
are usually dependent on LDV in their daily activities. At this stage, due to lack of public
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surveys that classify the trips of the public in the Kingdom, the national US transportation
surveys data are used in this study [40,41]. The distribution of the trips classified in ranges
of 8 km (5 miles) is exhibited in Figure 10 using the available public data of the US national
transportation survey 2017 [42]. The average trip is about 41 km (25.9 miles) according to the
transportation energy data book (TEDB) [43]. Figure 10 shows that distribution of the daily
travelled distance follows lognormal distribution. In consequence, the number of vehicles
for a certain traveled distance are suitably represented by a lognormal distribution [32].
The lognormal distribution is expressed as follows:

f (d) =
1

dσd
√

2π
e
− (ln d−µd)

2

2σ2
d (2)

where
µd = ln µ2√

σ2+µ2

σd =
√

1 + σ2

µ2

µ and σ are the mean and standard deviation respectively.
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Figure 10. Distribution of daily trips in ranges of 8 km according to the US national transportation
survey 2017.

The distribution of 100 k vehicles according to (2) is shown in Figure 11. The distribu-
tion includes different scenarios at different values of σ and at µ = 41 km according to the
survey available in the TEDB [39]. If the distance is expressed by its logarithmic values, the
above distribution has a normal distribution with the parameters µd and σd. Based on this
model, the travelled distance for all vehicles can be estimated for any number of vehicles
with a specific mean and standard deviation. Figures 11 and 12 are used to generate a data
set for any number of vehicles with a specific arrival time and total daily travelled distance.
The total number of vehicles are distributed initially according to the daily travelled dis-
tance. The number of vehicles in each range are distributed again according to their arrival
time. The distribution of 100 k vehicles is shown in Figure 12. The Figure 12 shows that the
arrival time follows the normal distribution whereas the travelled distance total daily trips
travelled by vehicles follows a lognormal distribution.



World Electr. Veh. J. 2022, 13, 84 12 of 17

World Electr. Veh. J. 2022, 13, x FOR PEER REVIEW 13 of 18 
 

 
Figure 11. Distribution of 100 k vehicles in ranges of 5 km at different standard deviations using 
lognormal distribution. 

 
Figure 12. Distribution of both arrival time and travelled distance for 100 k vehicles. 

With the knowledge of the travelled distance of a specific vehicle i, the initial SoC is 
computed as follows [32]: 

𝐸𝐸𝑖𝑖0 = �1 −
𝑥𝑥𝑑𝑑𝑖𝑖
𝑑𝑑𝑚𝑚

� (3) 

where: 
𝑥𝑥 Number of days since last charge of a battery;  
𝑑𝑑𝑖𝑖  Travelled distance of an electric vehicle I; 

0 20 40 60 80 100

Range of distance travelled in km

0

10

20

30

N
um

be
r 

of
 V

eh
ic

le
s i

n 
th

ou
sa

nd
s 

 = 0

d
=1

d
=3.714

 = 30

d
=1.239

d
=3.499

 = 60

d
=1.773

d
=3.141

 = 90

d
=2.412

d
=2.8330

=41 km

Figure 11. Distribution of 100 k vehicles in ranges of 5 km at different standard deviations using
lognormal distribution.

World Electr. Veh. J. 2022, 13, x FOR PEER REVIEW 13 of 18 
 

 
Figure 11. Distribution of 100 k vehicles in ranges of 5 km at different standard deviations using 
lognormal distribution. 

 
Figure 12. Distribution of both arrival time and travelled distance for 100 k vehicles. 

With the knowledge of the travelled distance of a specific vehicle i, the initial SoC is 
computed as follows [32]: 

𝐸𝐸𝑖𝑖0 = �1 −
𝑥𝑥𝑑𝑑𝑖𝑖
𝑑𝑑𝑚𝑚

� (3) 

where: 
𝑥𝑥 Number of days since last charge of a battery;  
𝑑𝑑𝑖𝑖  Travelled distance of an electric vehicle I; 

0 20 40 60 80 100

Range of distance travelled in km

0

10

20

30

N
um

be
r 

of
 V

eh
ic

le
s i

n 
th

ou
sa

nd
s 

 = 0

d
=1

d
=3.714

 = 30

d
=1.239

d
=3.499

 = 60

d
=1.773

d
=3.141

 = 90

d
=2.412

d
=2.8330

=41 km

Figure 12. Distribution of both arrival time and travelled distance for 100 k vehicles.

With the knowledge of the travelled distance of a specific vehicle i, the initial SoC is
computed as follows [32]:

Ei0 =

(
1− xdi

dm

)
(3)

where:

x Number of days since last charge of a battery;
di Travelled distance of an electric vehicle I;
dm Maximum range that can an electric vehicle i travel.
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The capacity of the Tesla model 3 Standard Range Plus is 60 kWh according to Table 1.
The onboard charger can charge 3 kW power with the 120 V AC supply or 7 kW with the
240 AC supply. The battery takes 20 h and 8.57 h to charge at 3 kW and 7 kW, respectively.
However, the fast charging utilizes an offboard charging infrastructure, and hence, the
vehicle cannot be charged at home. For the DC fast charging, it takes 20 min to charge the
battery up on 80%. Table 3 summarizes the approximate time required for charging this
model. In this research, we consider a 240-volt AC supply, and hence, the Tesla model 3
could be charged at home using fixed power of 7 kW.

Table 3. Charging options of Tesla Model 3.

Type Rapid Charging Fast Slow

Charging demand 120 kW 100 kW 50 kW 22 kW 7 kW 3 kW

Time (Hr) 0.33 0.50 1.00 5.50 8.57 20.00

Energy (kWhr) 0–80% 0–100%

As the battery is plugged, it starts to charge at 7 kW. According to the initial state of
charge, the state of charge of the battery then is expressed as follows:

Ei(tk) = Ei(tk−1) + (tk − tk−1 )Pch (4)

where:

Pch Charging demand according to the type of charge;
K Subscript refers to the serial of specific time sample;
tk Time at sample k;
tk−1 Time at sample k − 1.

As the battery becomes fully charged, it is disconnected from the grid. Therefore, the
demand due to battery i of initial state of charge Ei0 is expressed as follows:

Pi =
[
u
(

t− ti f

)
− u(t− ti0)

]
Pch (5)

where:

t Time;
ti0 The time at which the vehicle is plugged to the system;
ti f Final time for a battery to be fully charged;
u(t) Unit step function to express the total charging time required to charge the electric
vehicle.

The total power due to a specific n vehicles could be expressed as follows:

Pe =
n

∑
i=1

[
u
(

t− ti f

)
− u(t− ti0)

]
Pch (6)

Assuming the 100 thousand vehicles, the total demand could be calculated using (6).
A script code is developed to evaluate (6) using both normal and lognormal probability
distributions of both arrival time and daily travelled distance. The daily load profile of the
100 k vehicles is shown in Figure 13. The Figure 13 shows the electric load due to electric
vehicle charging from noon to noon time at different average arrival times. It is interesting
to show that, in the worst case, with an average arrival time close to 9 PM, the peak of the
electric vehicles demand occurs after midnight.
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Figure 13. EV demand of 100 thousand vehicles at different µt values.

The electric power daily load curve is usually represented in 24 h which starts from
0 to 24, therefore, the set of daily load curves shown in Figure 13 should be modified to
simulate real situation which involves the interaction between two days driving cycle as
shown in Figure 14. In this scenario, it is assumed that 100 thousand vehicles start charging,
usually plus the remaining vehicles, and are still connected since the previous day as
exhibited in the figure. Hence, the 24 h EV daily load is introduced in a bold black line from
0 to 24 h (midnight—midnight). The final electric vehicle profile at different arrival times
is shown in Figure 15. The Figure 15 shows that the peak of the EV load usually occurs
between midnight and early morning. In comparison to Figure 5 which shows the Saudi
Daily Load Profile, the electric vehicle demand could regulate the shape of the curve as the
electric vehicle demand becomes visible to the mega grid size.
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The obtained results are consistent with recent research report [43], in which the EVs
demand model impact of the future national Chinese grid model (2050) is predicted. The
necessary requirement to avoid excessive charging in the early evening when the grid
could be congested or loaded is to apply a controlled charging mechanism to shift the EVs
demand peak, as shown in Figure 15, from late evening to early morning, whatever the
average arrival time of the EVs.

5. Conclusions

This work presented an overview of the Saudi electric power system. The different
EVs technologies in the current market have been discussed. The EVs model quantified the
impact of integrating an EVs fleet into the grid. The proposed model was obtained based
on international and national public data sets such as traffic congestion and EVs daily cycle.
The data were used to implement a daily load profile for EVs for a large population of
vehicles. The results show that the peak load of EVs loads occurs during the late evening
and early morning at different means. Further, an interesting outcome from the research
is that the peak periods of the EVs occur during the off-peak time of the daily load curve.
This shows that the EVs can offer more improvement to the electric grid. It is important
to mention that the summative EV load of a large population of vehicles has a smooth
pattern and will not affect the national electric system. Future work will discuss renewable
energy coordination with EVs charging. This combination will lead to a better utilization
of electricity generation from renewable energy sources. EVs smart charging is another
perspective to consider in future research. Controlled charging can increase the benefit of
using EVs fleet in the grid by reducing the charging price and increasing the quality and
reliability of the electric grid.
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