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ABSTRACT

Electric vehicles (EVs) have received special consideration from modern society over the past several years.
Although EVs are a fine example of environmentally friendly technology and have many advantages, they relatively
increase the electricity demand upon a power grid as well. Therefore, their negative impact on busvoltage and line
losses should be analyzed. In this study, the effect of EV loads and their penetration on bus voltage and line losses
of an IEEE-33 bussystem has been examined via two scenarios. It is important to mention that the effect of EVs on
the rate of air pollution, produced by fossil fuel electricity generators, has been investigated throughout the study.
Also, the key role of demand response programs in the reduction of EVs’ negative effects on the grid has also been
discussed in the last scenario. Generally, the simulation of this paper provides a novel and wider perspective on
EVs and their effect on grids and environmental pollution.
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Nomenclature

Vi The voltage of bus i
∝ The modified coefficient
Yii Self-admittance
Iij The current between bus i and j
Yij Admittance between bus i and j
Il Line current
Pi Active power of bus i
SLij Power losses of line
Qi Reactive power of bus i
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1 Introduction

The continual development of technology and power grid innovations provides a great opportu-
nity for benefit from electric transportation. EVs have a major role in such systems [1–3]. Although
EV have received significant consideration going back a bit more than a decade to this point, fossil
fuel-based vehicles are still the majority of vehicles owned and operated today. But this matter will
alter over the next decades of course. Therefore, the pros and cons of EVs should be considered in
contemporary research [4–6].

According to the above-mentioned claim, EVs as a novel concept in the world has both advantages
and disadvantages. Moving toward a near-zero-emission energy policy reinforces the tendency to use
EVs as a green technology [7]. EVs are completely eco-friendly vehicles without any emissions and air
pollution, and play a major role in the plans of many governments’ reduction of CO2 emissions [7–9].
On the other hand, gasoline-based cars and vehicles have green issues such as the greenhouse effect
and global warming. Furthermore, EVs provide more convenience for charging, and there is no need
for a fuel station; EVs can be charged through a common household socket easily [10]. EVs are safer
than traditional cars because fuel-powered cars keep a considerable amount of combustible substance
in the fuel tank at all times [11]. As another advantage, in most countries, local authorities obtain
tax cuts and economic incentivews for buying electric vehicles, hence, these considerations make EVs
much more affordable and cost-effective in many intances as well.

The green tax, developed countries’ policies, like the USA and Norway, and the importance of
using EVs have been comprehensively discussed in [12–14]. Moreover, EVs reduce noise pollution
due to their smooth and silent electric motors. On the other hand, EVs suffer from some drawbacks
like anything else in the world. For instance, EVs need a long charging time but fuel-powered vehicles
charging must take only a couple of minutes. Also, electric cars cause an increase in electricity demands
and this issue should be considered for modern power grids [15–17]. A number of EVs’ pros and
cons are presented at the end of this section by Fig. 1. Recent advances in EVs such as flexibility in
charging/discharging time and vehicle-to-grid technology provide a golden opportunity to offset some
disadvantages of EVs. According to [18], 59% and 16% of EV loads can be delayed for more than 8
and 24 h, respectively.

AdvantagesDisadvantages • No emission

• Safe to drive

• Reduced Noise

• Cost effective

• Electricity Load

• Time of Charge

Figure 1: Some pros and cons of electric vehicles

There are a lot of works related to considering EVs and their impact on power grids. Dharma-
keerthi et al. [19] have defined several problems of power grids caused by EVs and has evaluated the
influence of EVs on the voltage stability of power grids under various scenarios. Subsequently, the
study found that EVs may considerably reduce the stability of power grids. Zhang et al. [20] have
investigated the large-scale use of EVs, and their charging load impact on the power system, and
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explained that this phenomenon causes continuing problems for future grids, and so should always
be considered in research moving forward. The aforementioned paper has analyzed the stability of
power grids by calculating the voltage stability boundary. As a result, Zhang et al. [20] have claimed
that voltage instability may cause a voltage collapse in a power system, suggests that it would likely be
a catastrophe.

The authors in [21] have proposed an analysis concerning EV charging loads on load demands
and the stability of power grids. Also, they considered fast-charging stations in an IEEE 33 bus test
system and evaluated the effect of fast charging behavior in such systems. As another sample, the effect
of electric vehicle charging systems has been examined on modern low voltage distribution networks
by [22]. This paper has evaluated the power factor and harmonic distortions of EV charging stations
as the main aim of the research. Lyu et al. [23] have considered the mobility and number of EVs on the
load margin calculation in a critical situation. Consequently, the results have been obtained through
various test cases simulation. Authors in [24] evaluated the effect of EVs and controllable loads on the
energy and voltage control of power systems through both regular and fast charging scenarios. Then
a swarm algorithm has been employed to optimize the system operation, and the efficiency of their
proposed methods has been examined on the 69-bus and 129-bus IEEE test systems, respectively.

In this research, the effect of the EV load and the various percentages of EV penetration on buses
voltage and line losses of an IEEE 33 bus system has been evaluated. Furthermore, the interaction
between renewable-based supply and EV’s load for declining air pollution generated by fossil fuel
generation has been discussed. This feature indicates that EVs are a completely low-emission way
if renewable resources are considered for their changing power, and also that we are supposed to
determine the best location for erecting EV charging stations because this matter could decrease the
line losses and subsequently the air pollution. As another noteworthy aspect of this research indicates,
the positive effect(s) of demand response scheduling has been defined as an appropriate way to tackle
the EV loads problem.

In the rest of the paper, the second section includes methodology and equations. The simulation
and results have been comprehensively discussed through various scenarios in the third section. This
section provides detailed comparisons to explain different situations in more detail. The last section
has concluded the all section and outputs of this research.

2 Methodology

In this research, the proposed method is applied to a 33-bus distribution grid [25]. This network
is an IEEE 33-bus radial distribution network; its single-line schematic is shown in Fig. 2. Moreover,
the network’s data such as the active and reactive load of the buses and branches impedance is given
from [25].

In the above-mentioned IEEE 33 bus grid, the type of all the buses is PQ excluding the first bus
which is a slack bus. Furthermore, all the buses were changed to the per-unit system according to the
first bus.
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Figure 2: Schematic of the IEEE 33 bus grid

2.1 Load Flow Methodology
Because of their nonlinearity, the load flow equation solving needs iterative numerical methods.

One of the high usage solving methods is the Modified Gauss-Seidel method [26] which uses the
following equation to calculate the bus voltage in each iteration.

Vi = 1
Yii

[
Pi − jQi

V ∗
i

−
n∑

j=1

YijVj

]
i = 1, . . . , n, i �= j (1)

In the first step, the initial guess is chosen and the voltage in each iteration is calculated with
the above formula until the voltage value converges to the desired value. Convergence here means
the difference between consecutive voltage values should be lower than a small value. The active and
reactive power is calculated by Eqs. (2) and (3) in each iteration:

Pp = Re

[(
Vp

) ∗
p−1∑
q=1

YpqV k+1
q +

n∑
q=p

YpqV k
q

]
(2)

Qp = −Im

[(
Vp

) ∗
p−1∑
q=1

YpqV k+1
q +

n∑
q=p

YpqV k
q

]
(3)

The initial guess is usually chosen 1�0◦ per unit. It is obvious that the quality of this method
depends on the initial guess. The modified Gauss-Seidel method which uses previous step voltage
instead of the initial guess in each iteration also could be applied.

V k+1
i = V k

i + ∝ ×�V k
i 1.5 <∝< 1.7 (4)

Fig. 3 is presented to clarify the load flow algorithm.
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Figure 3: Flowchart of the proposed load flow

2.2 Line Power Losses
After iterative calculation of bus voltage, the calculation of lines loss is the next step. Current Iij is

calculated according to Eq. (5) and Fig. 4.

Iij = Il + Iio = yij

(
Vi − Vj

) + yio Vi (5)

Figure 4: Outline of line current
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Current in the reverse direction is also calculated likewise:

Iji = −Il + Ijo = yji

(
Vj − Vi

) + yjo Vj (6)

Complex power between two buses is obtained according to the below equations:

Sij = Vi × I ∗
ij (7)

Sji = Vj × I ∗
ji (8)

Consequently, power loss in the line is calculated as below:

SLij = Sij + Sji (9)

3 Simulation and Results

In this section, simulation and corresponding results are presented. A network, which has a
generator and 33 buses, is considered according to [1]. Fig. 2 shows this network.

This network is known as a fundamental example for this research and per unit bus voltage is
presented in Fig. 5 according to previous section definitions and formulas with generator bus voltage
as the base of the per-unit system.

Figure 5: The voltage of all buses (basic situation)

According to expectation, the 18th bus has a minimum voltage value because of lines power losses.
Fig. 6 indicates a detailed analysis of active and reactive power losses. It is important to mention that
the length of the line has a great effect on the line losses.

The total line losses remains an important factor that should be analyzed in such research.
Therefore, the total line losses are presented in Table 1. These values will compare and discuss in the
following scenarios.

The simulation part of this research has been introduced through three various scenarios. The
first scenario evaluates the impact of EVs on the grid. The number of EV loads and their effect on the
grid have been discussed in the second scenario. Finally, the importance of a well-organized plan for
dealing with EV load has been indicated by the third scenario.

• Senario1-The effect of EV loads on line losses and air pollution
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• Senario2-Considering different percentages for EV penetration
• Senario3-Effect of energy management on grids factors

Figure 6: (a): Active line losses (basic situation) (b): Reactive line losses (basic situation)

Table 1: Total active and reactive line losses (basic situation)

Basic condition (without EV loads)

Ploss 281.5877 (kw)
Qloss 187.9595 (kw)

3.1 Scenario 1
The effect of EV loads on power losses has been considered through three cases in which EV loads

with the same penetration have existed in different buses:

A) EV with 50 percent penetration rate at bus 10.
B) EV with 50 percent penetration rate at bus 18.
C) EV with 50 percent penetration rate at bus 25.
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The effective total EV’s consuming power is considered 50 kW in this research. In other words,
A station with a single 50 KW fast charger has been introduced for EV loads. The proposed model
of EV load has been given from [19], in which the EV model presented for different resistance values.
The mentioned EV fast charger includes an ac–dc converter at the front end and a dc-dc converter at
the battery end.

A) EV with 50 percent penetration rate at bus 10:

After considering EV loads for the 10th bus, the voltage of buses and power losses have been
depicted in Figs. 7 and 8, respectively. As expected, the increase in the load demand has caused more
buses voltage drops and also power losses have been increased.

Lines total power loss is another important comparison criterion and illustrates a negative effect
of extra loads on the line parameters. The below Table 2 shows both line losses, which each increase
in this case.

Figure 7: The voltage of all buses (EV in the 10th bus)

Figure 8: (Continued)
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Figure 8: (a): Active line losses (EV in the 10th bus) (b): Reactive line losses (EV in the 10th bus)

Table 2: Total active and reactive line losses (EV in the 10th bus)

EV in 10th bus

Ploss 290.0365
Qloss 193.7792

B) EV with 50 percent penetration rate at bus 18:

It is obvious that further distance between the generator and the load leads to more line power
loss and lower bus voltage. Therefore, the network of this case has lower buses voltage and more line
power loss than the previous case. According to Fig. 2, the farthest distance of buses from bus 1 in the
network is bus 18; consequently, delivering one unit of power in bus 18 causes the most line power loss.
Therefore, this subsection presents that the locations of EV charging stations is an important factor,
and should be considered in the power grids studies. The voltage of buses and power losses of this case
are shown in Figs. 9 and 10, respectively.

Figure 9: The voltage of all buses (EV in the 18th bus)
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Figure 10: (a): Active line losses (EV in the 18th bus) (b): Reactive line losses (EV in the 18th bus)

Due to further distance, this condition has the biggest total line losses among all situations,
subsequently, causes the biggest cost and greater air pollution for grids. Table 3 presents the total
active and reactive line losses.

C) EV with 50 percent penetration rate at bus 25:

Table 3: Total active and reactive line losses (EV in the 18th bus)

EV in 18th bus

Ploss 292.4519
Qloss 195.7629

The electric vehicle is connected to the network at bus 25 which is different from two previous
cases. Because the load consumption is closer to the generator bus in this case, the total power loss
would expect to be lower than in either two previous cases, which is given in Table 4. The voltage of
the buses and power losses in this case are illustrated in Figs. 11 and 12, respectively.
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Table 4: Total active and reactive line losses (EV in the 18th bus)

EV in 25th bus

Ploss 285.0831
Qloss 190.1345

Figure 11: The voltage of all buses (EV in the 25th bus)

Figure 12: (Continued)
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Figure 12: (a): Active line losses (EV in the 25th bus) (b): Reactive line losses (EV in the 25th bus)

Comparisons of these cases, which are shown in Fig. 13 and Table 5, remains an important issue
also. According to this comparison, the nearer the location of the electric vehicle load to the generator
the lower the buses voltages and further line power loss was. Hence, it is much better if EV loads
are supported locally with a small size generator, or the EV charge station is built in a suitable and
sustainable place. As depicted in Fig. 2, bus 18 is the farthest bus from the generator bus; consequently,
bus 18 has the minimum voltage value among buses which is shown in all figures of voltages.

Figure 13: The voltage of all buses (Comparison between all cases of the first scenario)

Table 5: Total active and reactive line losses (Comparison between all cases of the first scenario)

Basic condition (without EV loads) EV in 10th bus EV in 18th bus EV in 25th bus

Ploss 281.5877 290.0365 292.4519 285.0831
Qloss 187.9595 193.7792 195.7629 190.1345
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Table 5 emphasizes the above-mentioned claim that considering EV charge stations, or EV loads,
a comprehensive analysis or even grids restructuring is necessary in some cases. As is evident from the
following table, EV loads in the 25th bus provides minimum line losses and the best voltage response.

It is obvious that an increase in loads needs more supply generation because the balance
between supply and generation should be always kept around a confident boundary. According to
the definition, air pollution, which is produced by the increase in the supply of fuel-based generators,
has been investigated here. The following table presents the growth in the percentage of air pollution
due to various EV loads location. It can conclude from Table 6 that the EV loads and location of EV
stations can even affect the rate of air pollution.

Table 6: Increase in the air pollution rate of the generator due to EV loads

EV in 10th bus EV in 18th bus EV in 25th bus

Percentage of air pollution increase 1.588% 1.642% 1.45%

As mentioned previously, the local power generation, especially renewable energy-based power
generation, can cause a decrease in the rate of air pollution which is caused by EV loads. The following
Table 7 indicates the decrease in air pollution because of renewable resources including wind turbines
and PV, which generate 40% of EV loads. This phenomenon has been developed over the last years
and the number of charge stations with renewable energy facilities has considerably increased.

Table 7: Decrease in the air pollution rate due to utilizing local renewable resources

EV in 10th bus EV in 18th bus EV in 25th bus

Percentage of air pollution decrease due to use
of renewable resources

0.635% 0.6548% 0.5814%

3.2 Scenario 2
In this section, the effect of electric vehicle penetration rate on buses voltage and power losses are

considered in a grid with electric vehicles at buses 8, 18, and 30. Fig. 14 illustrates the schematic of this
grid and EV’s load buses.

Electric vehicles with different penetration rates have different effects on the voltage of buses. More
penetration rate causes lower bus voltage and further line power losses. Therefore, the percentage of
EV penetration is an important factor and should be considered in such systems and governments’
energy policies. Providing energy supply locally can be a suitable way for decreasing the percentage
of penetration. According to this issue, solar-based EV stations have received special consideration
recently and this concept is depicted in Figs. 15 and 16.
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Figure 14: Outline of grids and EV location (second scenario)

Figure 15: The voltage of all buses (second scenario)

Ultimately, the growth of the percentage of EV penetration causes more line losses. Also, this
growth decreases the voltage of buses. So, as was mentioned, to tackle the negative impact of the extra
load caused by EVs, useful ways such as optimization, restructuring, or unit commitment should be
employed to coincide with adding this extra load. The total line losses are presented in Table 8. It is
evident that local energy sources, such as PV-based stations could be another effective way for reducing
the negative effect of EV loads on grids.
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Figure 16: (a): Active line losses (second scenario) (b): Reactive line losses (second scenario)

Table 8: Total line losses (Comparison between the diverse percentage of penetration)

Basic condition
(without EV loads)

EV with 30%
penetration

EV with 50%
penetration

EV with 70%
penetration

Ploss 281.5877 298.0568 309.5568 321.4807
Qloss 187.9595 199.3440 207.3134 215.5924

3.3 Scenario 3
The customer trends in the rate of consumption are not monotonous for different hours of a day.

Therefore, there are peak and off-peak amounts in each consumption graph. Some approaches of
demand response programs called peak-shaving methods focus on peak reduction. As a well-known
recourse , the shiftable method has been applied in many demand response types of research.
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In this research, the effects of shifting EV loads from peak times of loads to off-peak times of
loads has been analyzed. EV loads have been employed on the 8th, 18th, 30th buses. Fig. 17 depicts the
voltage of buses for both situations and Table 9 is given to show line losses. It is important to mention
that the rate of EV loads is the same in both situations and only the hours of EV charging have been
shifted, therefore, this scenario could be a suitable evaluation of a demand management strategy.

It is evident from Table 9 that the EV load on peak condition make a greater line active and reactive
loss, Figs. 18 and 19 are shown the difference between peak and off-peak line losses in more detail.
It can be concluded that a predefined plan could be able to offset disadvantages of EVs. Therefore,
in addition to decreasing the distance between supply and EV load sides and also considering local
generation, appropriate demand-side management can be an effective way to deal with increasing EV
loads.

Figure 17: The voltage of all buses (third scenario)

Table 9: Total line losses (Comparison between the peak and off-peak situations)

Situation Without EV With EV Difference between without EV
and with EV situations

Active losses (non-peak) 129.6099 146.7944 17.1845
Reactive losses (non-peak) 86.4199 98.3052 11.8853
Active losses (peak) 281.5877 309.5568 27.9791
Reactive losses (peak) 187.9595 207.3134 19.3539
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Figure 18: Difference between active losses before and after considering EV loads (peak and off-peak
situations)

Figure 19: Difference between reactive losses before and after considering EV loads (peak and off-peak
situations)

4 Conclusion

EVs have received significant attention from people and governments during the last few years
in particularly, and have been spread all over the world rather quickly as well. So, it is important to
consider all of the power grid challenges caused by EVs too. This research has investigated the effect
of EVs on voltage stability such as line losses and air pollution rates. As an illustration, the line losses
saw about a 3% decrease by relocating the EV’s station. Furthermore, various scenarios have been
presented to show the interaction between diverse situations of grid and EV load, and also a possible
way to deal with extra demands through simulation. Finally, the effectiveness of the demand response
method has been discussed in this study. As a result of demand response, the active and reactive power
losses have decreased from 27.9 to 17.1 and from 19.3 to 11.8, respectively.

Funding Statement: The authors received no specific funding for this study.
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