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ARTICLE INFO ABSTRACT

One of the most important challenges to mitigate global climate change is to move towards sustainable mobility.
In this line, electric vehicles are currently an efficient and environmentally friendly means of transport. The
objective of this research is to analyze the incidence of implementing fast charging stations for electric vehicles
in the power distribution system of a Latin American intermediate city. The paper covers social, geographic, and
technical aspects to determine the minimum infrastructure needed for the selected case study. The analysis is
carried out by computational tools in order to model a 50 kW fast charging station with an AC/DC and DC/DC
power converter. The inclusion of this type of stations in one of the feeders of the power distribution system of
the city of Cuenca, Ecuador, is studied. After the analysis, it can be concluded that the impact of the inclusion of
fast charging stations in the distribution system of the study area is reduced in terms of harmonic distortion and
energy capacity. This low technical impact can lead to economic and environmental benefits for the city. This
study helps to establish the necessary procedure to determine the fast charging infrastructure in urban centers
and verify its impact on the power distribution network.
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1. Introduction

In response to various international treaties, such as the Kyoto
Protocol or the Paris Agreement that seek to reduce greenhouse gases in
order to mitigate climate change, new technologies have been proposed
to contribute to sustainable mobility. This initiative is relevant given
that the road transport sector consumes around 49.7% of oil derivatives
[1] and is responsible for 24% of CO, emissions worldwide [2]. In the
case of the city of Cuenca, Ecuador, 62% of the fossil fuels used in the
city goes to transport, while that sector is responsible for 58.4% of total
CO, emissions [3]. Conventional internal combustion engine vehicles
(ICE) emit between 400 and 450gCO»-eq/mile [4]; therefore, if a ve-
hicle of the city studied presents on average a daily route of 36 km/day,
this could represent between 9 and 10.12kg CO,/day. Many cities of
the world face important challenges due to the exponential growth of
private conventional cars and are moving towards policies that promote
sustainable mobility. Some of these challenges are: increasing the
quality of public transport, improving urban planning, and promoting
shared transport or massive use of bikes. Electric vehicles (EVs) are a
clear complement to the aforementioned actions because EVs promote
the change towards the use of an efficient and environmentally friendly
means of transport. However, any policy aimed at sustainable mobility
must recognize that public resources are scarce and must be prioritized

towards the most profitable initiatives [5].

The shift towards sustainable mobility is an even greater challenge
in developing countries as population growth is generally accompanied
by an increase in income levels, which could lead to a greater number
of conventional automobiles in those countries. In the Latin American
region, for example, between 2010 and 2015 the population growth
rate was 1.05% per year [6], while the rate of new vehicles in the same
period was an average of 10.6 cars per thousand inhabitants. In 2016
alone, 5.4 million new units were registered in Latin America [7].

Particularly in Ecuador, the population growth of the last decade
was 1.4% per year [6], while the automotive fleet from 2010 to 2015
grew 57% [8], that is, over 11% per year. In 2017, sales of new vehicles
reached 103 thousand units [9], giving a rate of vehicle per capita of 6
new units per thousand inhabitants, thus having a fleet of about 2.3
million vehicles registered [10]. Only in the city of Cuenca, it is esti-
mated that more than 115,000 units circulate through it.

On the other hand, with the change of the energy matrix promoted
by the Ecuadorian Government in the last decade, large power gen-
eration projects, mainly hydroelectric, were introduced to expand the
country's installed power capacity to 8000 MW [11]. This increase of
energy supply has allowed the country to consider electricity from re-
newable sources to be used in sectors, such as cooking and mobility,
previously dominated by fossil fuels. As a result, multiple projects have
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been launched to promote the use of EVs in the main cities of Ecuador.
Examples of this are the demonstrations of electric buses in Quito and
Guayaquil, the promotion of the use of EV in the Galapagos Islands
[12], as well as the introduction of the first fleet of electric taxis in Loja.
In Cuenca, the first steps have also been taken to introduce EVs in its
transport sector [13,14].

However, one of the aspects that affects the wide acceptance of the
EV as a means of transportation to replace internal-combustion engine
vehicles is its range of autonomy [15]. Some manufacturers offer EV
with autonomies between150 km to 250 km on average, and excep-
tional cases such as those offered by Tesla can reach up to 498 km in its
recent model 3 [16]. However, in [17], it is indicated that automobile
manufacturers overestimate the autonomy range of their vehicles, or
that it is estimated under unrealistic conditions. Although the au-
tonomy that most manufacturers present may be sufficient for daily
urban use in many Latin American cities, with medium or high densities
and relatively short travel distances [5], the problem of autonomy is not
completely solved. In this sense, there are initiatives of world-class la-
boratories such as the NREL [18], which has research groups on
transport seeking to provide solutions to mobility problems from a
technological approach. In Latin America, laboratories with adequate
infrastructure for the study of electric mobility are also emerging, as is
the case of [19,20].

Considering the potential high penetration of EVs, which would lead
to an increase of electricity demand [21,22], the infrastructure to im-
plement power supply systems has been created in various cities of the
world. This infrastructure includes both slow EV charging stations and
fast EV charging stations. The most common installations are those fed
from the available distribution power system and, in other cases, sup-
plied by alternative renewable energy sources as presented in
[21,23,24] and specifically in [25] where the authors study the inter-
action between solar energy and electric mobility as a disruptive
technology. These infrastructures, analogous to those established for
internal combustion vehicles, are classified according to the level of
energy they can handle. The slow charging stations are the most widely
used worldwide, with a power range between 5 and 7 kW. They are
designed for residential applications, generally at acquisition costs of
less than US $ 1000 per station. Of equal importance are charging
stations for public use, which allow the reduction of the range of an-
xiety [26], managing in turn a greater amount of energy in order to
obtain a shorter charging time. The capacity of these stations to charge
the EV batteries in less time is greater than 19.2kW [27]. For this
reason, they are called fast charging stations with costs that depend on
their capacity. The reference price can be in a range of 10,000-40,000
USD for a 50 kW power station [28]. However, the effect of delivering
more energy to an EV in a shorter time leads to technical problems for
the charged batteries, such as greater heating, directly increasing their
degradation and reducing their useful life [29]. Studies on the impact of
fast charging on EV batteries have shown that, with the exclusive use of
fast charges, after 100 thousand miles of travel, batteries can lose up to
2.6% of their capacity due to deterioration [29]. That is why the use of
a fast charging system must be done under justified conditions, for
example, for a long trip or emergency situations.

EV fast charging stations in urban centers are usually arranged
geographically in groups, which can operate simultaneously powered
by the same transformer from high or medium voltage levels from the
available distribution power system. Case studies have been carried out
to analyze the impact on distribution systems caused by the inclusion of
EVs as loads, as well as the effect of EVs as eventual storage systems
supporting the distribution network under conditions of high demand,
known as vehicle to grid — V2G [30-33].

This paper analyzes the impact of EV fast charging stations on the
distribution power system of an intermediate Latin American city, as is
the case of Cuenca, Ecuador. The study focuses on determining the
incidence of including a set of level 3-fast charging stations in a selected
area of the city, considering the capacity of the electrical system and the
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variation in the power quality that this set of stations can cause. This
document is organized as follows: Section 2 deals with the different
charging systems classified by the level of energy they can handle and
by the communication system with the EV during the loading process.
In Section 3, aspects related to the estimation of the urban and inter-
urban infrastructure necessary to allow the operation of EV in an in-
termediate city are studied. In Section 4, modeling of a fast charging
station is carried out using a 2-level Voltage Source Inverter (VSI)
controlled by a three-phase rectifier topology and an isolated DC / DC
converter, according to the practical recommendations in [34] and the
modeling of a battery bank of an EV. In Section 5, the case study is
detailed, including some recommendations for the geographical loca-
tion of fast charging stations in the selected city. In Section 6, the im-
pact of including EV fast charging stations on the electrical distribution
system is studied, whereas Section 7 presents the conclusions of the
study.

2. Overview of EV charging stations

EV charging stations are responsible for providing and controlling
the energy that is transferred to the vehicle's battery. For example, level
3 charging stations [35] perform energy management under load re-
gimes that allow extending the useful life of the battery and main-
taining adequate operating conditions in the power distribution net-
work. In order to establish the standardization among diverse brands of
EV chargers, the Society of Automotive Engineers (SAE) and the In-
ternational Electrotechnical Commission (IEC) have categorized dif-
ferent types of electric chargers, according to their power levels and
charging mode.

2.1. According to the power level

In its standard “SAE Surface Vehicle Recommended Practice J1772,
SAE Electric Vehicle Conductive Charge Coupler" [36], SAE establishes
several aspects regarding charging technologies, electrical specifica-
tions, and charging protocols. It also classifies the charging stations
according to their power levels. Based on this standard, there are 3
power levels for the EV charging stations [36]:

2.1.1. Level 1

This level is used in residential power networks with nominal vol-
tage of 120 VAC, single phase, including overcurrent protections and a
ground fault interrupter. It handles power levels lower than 2 kW and
currents up to 12 A [37]. This level implies a high charging time of the
EV, between 6 and 24 h. Under this load level, the energy conversion is
performed by the EV converter.

2.1.2. Level 2

Level 2 uses a connection of two or three phases with voltages be-
tween 208 and 240 VAC, a capacity of 7.6 kW and a current of up to
32 A. The charging time of the EV could be less than 6 h depending on
the load level and initial charge status. The charging station is protected
with ground fault interrupter [37]. The energy conversion, as in the
previous case, is carried out by the on-board EV converter, which is
responsible for the harmonic distortion of current at the connection
point. At this charging level, communication is established between the
station and the EV, defining the maximum operating power, and it has
been materialized by the connectors identified in the standards
IEC62196-2 Type 1, IEC 62196-2 Type 2 and GB / T 20234.2.

2.1.3. Level 3

In this category, the so-called fast charging stations are included, the
topic of study in this document. The maximum energy that this segment
can handle is 240 kW with currents up to 400 A. Depending on the EV,
the charging time can be less than 30 min to reach 80% of the capacity
of the battery bank. At this level, the stations are responsible for
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Table 1
EVs Charging Modes, according to IEC 61851-1.
Characteristic Mode 1 Mode 2 Mode 3 Mode 4
Type of voltage for EV charge AC (1F o 3F) AC (1F o 3F) AC (3F) DC
Current (A) 16 32 32/250 400
Communication between the station There is no communication Control signal and Control signal and proximity Control signal and protections, CAN
and the EV proximity protocol and others
Connector Type A, Nema 1/ Type F SAE J1772, Mennekes, SAE J1772, Mennekes, CCS, CHAdeMO, CCS
Schuko Scame, GB/T 20234.2
Protections Differential and Magnetic Differential and Magnetic Included in the Electric Vehicle  Included in the charger
Protections Protections
On-Board energy conversion Yes Yes Yes No

carrying out the power conversion AC / DC; the voltage provided by
these stations is DC type and reaches up to 600 V. The operating voltage
depends exclusively on the EV's battery bank due to its direct connec-
tion to it [37]. Under this load level, connectors can be used under
standards SAE J1772, CHAdeMo, IEC 62196 type 2 (commonly called
combo), among others.

2.2. According to the charging mode

The charging mode describes the communication protocol between
the EV and the charging stations. This type of classification for the
charging process is described in the standard IEC 61851-1 [38]. The
established modes are described in the Table 1.

3. Estimation of Urban and Interurban Infrastructure for EV
operation

Regarding the necessary infrastructure for a minimal coverage for
the operation of an EV fleet in a city, there are charging stations of
levels 1, 2, and 3. Level 1 and 2 stations are mainly used in residential
and commercial zones for long stay, while those of level 3 allow an EV
charge in less time. It is necessary to quantify these charging stations
under two well-defined scenarios.

3.1. As energy backup in high density areas of EV (Metropolitan areas)

In [39] statistics are presented on the quantities of DC fast charging
stations according to the population, where cities such as San Jose or
San Francisco in the USA have about 30 stations per million in-
habitants, presenting an EV penetration of 9.4% and 5.3%, respectively
[40]. Under this assumption, the city of Cuenca with a population close
to 500,000 inhabitants could operate with 15 fast charging stations. In
another study [41], the stations are estimated by the number of EV and
other considerations, with the result that the maximum necessary range
is between 1 and 2 stations per 1000 EV. In this sense, with a 10%
penetration of EVs in Cuenca, about 23 stations would be required.

In [42] another alternative is presented to determine the quantity
and location of the fast charging stations, which is optimized with the
use of genetic algorithms. The location of these stations is a function of
the number of jobs and homes in the area that may have EV. Some
studies also indicate that fast chargers are not only used in long-dis-
tance travel. In [43] it is shown that 50% of the users of fast charging
stations have their homes at a distance of less than 20 miles. Also,
around 10% of the charging sessions have passed the point of no return
(half the range of a vehicle autonomy) and only 1% are beyond the
reach of a vehicle autonomy (they need additional energy to reach
home). The behavior of drivers when using the fast charging mode
indicates that they present a complementary use to level 1 and 2 sta-
tions, reaching the desired charge in a few minutes. This behavior
shows that, although they can be in the vicinity of the other types of
charging stations (Levels 1 and 2), EV drivers make frequent use of fast
chargers.

3.2. As energy backup in inter-urban communication routes (Highways)

Regarding the energy charge on interurban roads, the needs are
basically subject to the autonomy of the EV. As for the infrastructure of
internal combustion vehicles, to establish a point of reference, there are
1059 service stations throughout Ecuador [44]. These stations dis-
tribute Gasoline and Diesel and they are located mainly in 10,000 km of
primary and secondary roads [45] plus urban centers, of which only
558 km belongs to the Province of Azuay, whose capital is the city of
Cuenca. The interurban road network of Ecuador can be observed in
Fig. 1. Although in Ecuador there is no single regulation for the location
of fuel supply service stations, a density of one station per 267 km? can
be roughly estimated, and of 9.4km between stations in terms of
average distance if they were distributed evenly on the roads. In this
sense, in [46] the minimum infrastructure for interurban roads is de-
termined, where the Basic Highway Charging Infrastructure (BHCI) is
calculated by an estimate based on both the total kilometers of primary
and secondary roads in the country (Total network length — T;,) and the
Maximum Distance between Fast Charger (MDFC). This last parameter
is derived from a study of the EV's autonomy, taking into account as-
pects such as: weather conditions, average speed on the roads, among
others [46]. In different studies this parameter is used with a magnitude
of 60km of autonomy. From Eq. (1), a preliminary estimate of the
minimum infrastructure for Ecuador is calculated, obtaining approxi-
mately 166 fast charging stations, only for interurban areas.

BHCI = T,,/MDFC (@)

When the same Eq. (1) is applied for Azuay province, 9 fast charging
stations are obtained, of which at least 5 should be located in the
Cuenca canton, considering its extension with respect to the other 14
cantons that constitute the province.

By applying the statistics used in the aforementioned studies, the
infrastructure necessary for the EV's fast charging mode, level 3, is in-
dicated in Table 2. The assumption for the maximum case presented in
Table 2 is obtained by considering the EVs penetration of 10% in the
automotive fleet of the city under study.

In economic terms, the cost of the necessary infrastructure could
reach approximately 1.2 million dollars. This initial investment is
equivalent to 650,000 gallons of fuel in Ecuador, which represents the
energy needed to supply only 1.6% of the total vehicle fleet in the city
of Cuenca for one year. In [47] the cost of infrastructure for fast
charging stations with a capacity of 50 kW is estimated between 0.11
and 0.14 EUR/kWh with a repayment term of 10 years, without taking
into account the cost of energy. In the case of Ecuador, with electricity
cost of 0.093 USD/kWHh, the cost of using a fast charging station would
be between 0.22 and 0.26 USD/kWh.

4. Modeling of the EV fast charging station

The EV charging station here studied corresponds to level 3 ac-
cording to [36]. An AC/DC energy conversion system that complies
with the CHAdeMO standard has been modeled in this section. For this
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Fig. 1. Ecuador's Interurban road network [45].

Table 2
Necessary infrastructure for fast charging stations (DC level 3) in the city of
Cuenca.

Infrastructure Min Max Method Max/Min
Urban 15 23 [39,41]
Interurban - [46]

type of stations, an additional galvanic isolation and a supply of a three-
phase AC system of 380V with nominal power of 50 kW is required.
Within the CHAdeMO standard, the station allows battery banks to be
charged in direct current — DC with variable voltage between 50 V and
500 V and maximum current of 125 A. The energy processing scheme of
the charging station is proposed in [34]. Although the CHAdeMO
standard does not define the type of power converters to be used, it
recommends a charge under the maximum current limitation called
constant current (CC) at 125A. In its latest versions, the standard
proposes a charging process at 150 kW-350A, called the high-power
version in DC charge [48]. Charging at constant current occurs until the
nominal battery bank voltage is reached, and then under the constant
voltage regime (CV) until the battery reaches its nominal capacity.
Usually under the charge regime in CC, approximately 80% of the state
of charge (SOC) is reached in a few tens of minutes depending on both
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the initial state and the capacity of the battery in charge. Finally, the
full charge is obtained when the nominal battery voltage is reached
with a maintenance current defined by the EV.

4.1. Topology of conversion AC/DC+DC/DC

The CHAdeMO standard recommends to have reinforced insulation
or double insulation [34], which implies using energy conversion sys-
tems that allow it. There are several ways to meet this requirement
through low frequency transformers located in the AC input of the
power converter, or transformers to operate in high frequency asso-
ciated with DC with better size and efficiency. The modeled charging
station is powered by a three-phase 380 V @ 60 Hz system, and it has a
three-phase complete bridge rectifier with two levels [49], that supplies
a 800V DC bus with a 5kHz switching frequency coupled to a LCL
passive filter type [50] with L= 0.55mH, L,= 80uH, Cy= 251yF,
R4= 0.17Q, with a resonance frequency of 1.2 kHz. The charging sta-
tion controls the line currents with the use of the dgq synchronous re-
ference system with independent control loops of reactive-active cur-
rent. Additionally, it uses a phase synchronization system PLL-dq.
Regarding the DC / DC conversion, a full bridge converter is used in
[51] and [52] with a high frequency transformer that meets a double
insulation. This stage allows the energy control towards the battery
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Fig. 2. Rectifier VSI-Converter full Bridge + DC/DC converter.

bank of the EV operating in the constant current and constant voltage
regimes. Fig. 2 shows the AC/DC and DC/DC conversion scheme de-
scribed above.

4.2. EV Fast Charging station behavior under nominal operating conditions

With the use of the computational tool Psim” [53], the modeling of
the AC/DC and DC/DC power converter shown in Fig. 2 was performed,
considering a bank of Lithium-Ion batteries with nominal voltage of
360V studied in [54], with a capacity of 75 Ah. In Fig. 3 the charging
behavior of the battery bank is shown with an initial charge status of
15% up to 95%. The time of this charge is 31 min, storing approxi-
mately a capacity of 22 kWh, where the initial voltage is 350 V, with
15% SOC. The constant current mode can be observed in Fig. 2, which
is limited to 125 A according to the CHAdeMO standard. After 26 min of
charge, the constant voltage mode is operated at 412 V. In this opera-
tion mode, the charging current decreases until the desired state of
charge is reached.

For the purpose of analyzing the behavior at the point of common
coupling (PCC) between the charging station and the power distribution
system, the maximum load power is 50 kW at t = 26 min, which coin-
cides with the transition between the modes of both constant voltage
and constant current. Under this condition of operation, the current rms
in the PCC is close to i,= 877 A with THD = 0.904%, where the main

la

i_bat

Table 3
Amplitude of harmonics of the input current to the AC / DC converter.

Harmonic Frequency (Hz) Amplitude rms (A)
1 60 86.73

5 300 0.834

7 420 0.24

13 780 0.18

17 1020 0.38

spectral components are described in Table 3.

Due to the characteristic of the LCL passive filter used and the
amplitudes of harmonics shown in Table 3, the spectral density close to
switching frequency (f;, = 5kHz) is attenuated completely in com-
parison to those of order 17 that are located at a frequency of fy—1,
= 1.02 kHz.

5. Case study

The city of Cuenca was chosen for the present study. Cuenca is the
third city in importance in Ecuador, after Quito and Guayaquil. Unlike
the other two cities that have a population of more than two million
each, Cuenca, with approximately 500,000 inhabitants [55], is con-
sidered an intermediate city and represents the vast majority of cities,
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Fig. 3. Fast charging station behavior.
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not only in Ecuador but in Latin America. An intermediate city is one
that has more than 100,000 inhabitants but does not exceed one mil-
lion, and which presents important characteristics to provide a better
quality of life for its citizens. Among these characteristics, when com-
pared to large cities, are an acceptable degree of citizen participation
(for example, at the neighborhood level), less social conflict, good
urban-rural links, fewer environmental problems, among others [56].

In addition, like the rest of cities in Ecuador, Cuenca has a good
electricity service, which reached 98% coverage in the urban area in
2016 [57]. Due to the level of electricity coverage that Cuenca has, it is
important to estimate the impact of a number of EV fast charging sta-
tions on a power substation that feeds part of the city, at the connection
point with a feeder. This number could be variable depending on the
growth of the EV's fleet. Initially, the study location should have one
station, although the study's worst case scenario is to consider four fast
charging stations. Section 6 presents the justification for the latter
scenario. To determine the power feeder under study, several criteria
have been taken into account that influence the selection of the location
where the charging stations would operate. The most important criteria
deal with technical, geographical, and social aspects.

5.1. Criteria for choosing the location of EV fast charging stations

In order to determine the ideal feeder within the existing power
distribution system or the area where the charging station should be
installed according to the geography of Cuenca, the methodology
shown in [58] is used. This method considers different geographical,
social, and technical characteristics that a place within a city must
fulfill. One of the most important aspects for the selection of the place is
to have a considerable visibility. The recommended places for the in-
stallation of fast charging stations are shown in Table 4, according to
[58]. Among the multiple places for implementation, it is necessary to
know the circulation route of vehicles as well as the time of permanence
that their users would be willing to remain in each sector.

The characteristics that must be fulfilled when installing fast char-
ging stations are: easy access, sufficient space to park, adequate infra-
structure of the electrical system or with the possibility of having an
adjacent power grid, close to centers of interest for entertainment
purposes or for EV users’ own activities.

Another important aspect to consider for the demand and location
of EV charging stations is if the vehicles are to be incorporated into the
public transport sector. Some initiatives have already been taken in this
direction in other cities [12,14,59]. EVs for public transport require,
due to their work dynamics, to increase their autonomy in a short time.
For example, for electric taxis, the coverage area is relatively similar to
that of the urban area of the city where they provide their services. In
the case of electric buses, there is a recent interest in Latin America to
include these vehicles in cities’ urban sectors due to the reduced pol-
lution they generate, compared to other technologies [60].

In the case of Cuenca, there are approximately 3500 taxi units with
an average daily route of 170km [61], and 465 buses with travel
averages of 250 km/day. As a reference, one taxi in the city of New York
travels on average 205 miles/day [62] which, if the service were to be
provided in an EV, it would need a partial charge to meet the average
daily travel in case of not fulfilling this autonomy.

Table 4
Places of High Vehicle Circulation [58].

Universities Health Centers Hotel areas

Commercial Malls
Governmental
Offices

Recreational parks
Public transport stations
(Terrestrial and aerial
terminals)

Department store
Public entertainment areas
(Stadiums, theaters, etc.)
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5.2. Definition of the location for EV fast charging stations in Cuenca

Cuenca has an approximate perimeter of 45 km and a metropolitan
area of more than 70 km> where its half million inhabitants live. The
city is located in the upper part of one of the most important watersheds
of Ecuador in terms of hydroelectric generation, the Paute river basin.
The city has a variety of spaces that meet the basic characteristics of an
EV charging point. However, the lower part of the city stands out with
an approximate area of 0.3km? delimited by Fray Vicente Solano
Avenue, 12 de Abril Avenue, Paucarbamba and Manuel J. Calle Streets,
belonging to the Huayna Capac Parish. According to the study carried
out in [63], it is estimated that at least 55 thousand vehicles circulate
daily through Solano Avenue. Also, in this sector there are spaces of
high concurrence of people such as the Alejandro Serrano Aguilar
Stadium, the shopping malls Milenium Plaza and El Vergel, Azuay's
Court of Justice building, Parque de la Madre (Mother's Park), as well as
the Santa Ana and San Juan de Dios medical centers, all of them with
the characteristics mentioned in Table 4. Specifically, Parque de la
Madre's parking lot presents the following characteristics:

e It is a public space under municipal administration; therefore, this
would facilitate the implementation of charging stations for public
use.

e It is easily accessible by 12 de Abril Avenue and Florencia Astudillo
Street and has the largest number of parking spaces in the sector.

e The capacity of the location is 190 parking spots, distributed as
follows: 150 located in the underground area and 50 at street level;
this allows the allocation of exclusive spots for EV charging stations.

e It is open to the public 24 h a day from Wednesday to Saturday and
from 6 A.M. to 10 P.M. the rest of the week.

o It has 24-h surveillance, providing fast charging stations with pro-
tection against vandalism.

5.3. Power distribution system in the study sector

The power distribution system of the study area corresponds to the
feeder # 0204 with a high voltage level of 6.3 kV. The system belongs to
the local electrical distribution company, Centrosur. The feeder starts
from Substation # 2, located in El Centenario sector whose coordinates
are (—2.901320, —79.005834) and has a power nominal capacity of
approximately 4 MVA.

Fig. 4 shows the geographic coverage of the feeder # 0204 in the
study area; additionally, the current capacity in the different areas of
the distribution system can be observed, as well as the nodes of interest
for this study. The lines near the head of the feeder have a capacity of
more than 250 A, whereas the most distant lines and branches have a
capacity greater than 100 A. All of them have a voltage of 6.3kV be-
tween lines.

6. Analysis of the impact of EV fast charging stations in the study
zone

In order to analyze the possible impacts of implementing a set of fast
charging stations, the method shown in [64] is considered. The authors
present several scenarios and use the IEEE 33 bus test system standard,
represented as a radial distribution network. By including fast charging
stations in the network, the study analyzes variables such as voltage
stability and power losses.

In this paper, that considers the scale of a Latin American inter-
mediate city, the variables studied in [64] are analyzed based on real
information from one of the feeders of the city's distribution system.
The number of stations under study is obtained from the assumption
that the # 0204 feeder supply area covers approximately 0.5% of the
area of the city of Cuenca. This corresponds to one station out of the 23
needed according to [41], considering an EV penetration of approxi-
mately 10% of the vehicle fleet. However, due to the high growth rate
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of the Ecuadorian automobile fleet and assuming an EV's penetration

rate of 40%, in this analysis four (4) fast charging stations have been
arranged in the chosen site. The stations represent a load of 200 KVA in
the service area of the feeder # 0204. A graphical and analytical ana-
lysis was developed in the study, starting with the current conditions of
the selected area. The process used the CYME software and the mod-

eling of the power distribution system of the area was done with the

technical data provided by Centrosur.

6.1. Load density in the study zone
This section analyzes the load density in the area covered by the
feeder # 0204 by means of the maps of Figs. 5 and 6, where the density
is observed without and with the inclusion of the charging stations,
respectively. When contrasting the two images, a slight increase can be
observed in the load density surrounding the N11 node, in which the
stations operating at nominal capacity were included. However, this
increase is clearly marginal if it is contrasted with the densities of the
other loads installed in the adjacent areas, which do not exceed 75% of

their nominal capacity.

Whitout Charging Station

Fig. 5. Installed load density without fast charging stations.

Station -
— Y nc\a

Fundonn%udicial

<
,C(_b M. Oramas .Hospi‘

Fig. 4. Coverage area of Feeder # 0204 and current levels.

@ Museo Manuel
Agustin Landivar

N22

5
I_San CX

Charging Station

Fig. 7. Power density in the study area with the inclusion of EV charging sta-

tions.
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In order to avoid lines overloading and to know the power density
with the increase of the load, the power density that would exist in the
feeder lines after the inclusion of the charging stations has been studied.
Fig. 7 shows that the highest power density is found in the header of the
feeder, in the nodes N1-N10-N12-N14-N20 and N1-N2-N3.

It is important to note that the capacity of the feeder does not reach
its nominal power, and with the exception of the head of the feeder, in
most of the lines the power density is only 50% of the nominal capacity.

6.3. Changes in flows of the feeder apparent power

To identify the lines that are part of the feeder, they have been

named with reference to the node that they are linked to and the car- Fig. 9. Voltage levels with charging stations.
dinal direction to which they are oriented from the node. Since the

apparent power is the combination of both active power and reactive Table 6

power, it can be observed in Table 5 that the increase of the header Voltages in the nodes of Feeder #0204.

lines N1_N and N1_E does not exceed 3.27%, a value that shows the low
incidence of the proposed charging stations on the feeder under study.
As regards to the N11_O line, this has an increase of 23.85% of its load Node Voltage L-L (kV) Voltage drop  Voltage L-L (kV)  Voltage drop
flow, due to the direct connection of the fast charging stations.

Current conditions With fast charging stations

NO1  6.269 0.49% 6.268 0.51%

NO2  6.225 1.19% 6.22 1.27%

. NO3  6.239 0.97% 6.238 0.98%

6.4. Voltage levels in the study zone NO4 6237 1.00% 6.236 1.02%

NO5  6.236 1.02% 6.235 1.03%

In order to analyze the voltage levels that exist in the different NO6  6.234 1.05% 6.233 1.06%

sectors of the selected feeder, a degradation of colors is used, where NO7  6.236 1.02% 6.234 1.05%

NO8  6.236 1.02% 6.234 1.05%

each color represents percentage values of a voltage base of 6.3kV. NOS 6035 1.03% 6.934 1.05%

Fig. 8 shows the current voltage levels of the feeder and Fig. 9 shows N10  6.229 1.13% 6.228 1.14%

the voltage levels of the feeder with the implementation of the four fast N11 6.219 1.29% 6.212 1.40%

charging stations. N12  6.201 1.57% 6.2 1.59%
To have a more detailed analysis, Table 6 presents that the max- N3 6.197 1.63% 6.195 1.67%

. ltage d t node N21 b it i £ th " N14 6177 1.95% 6.176 1.97%
imum voltage drop occurs at node ecause it is one of the mos NI5 6168 210% 6.167 211%
distant from the feeder, where it goes from 2.97% to 2.98%, noticing a Ni6 6.206 1.49% 6.199 1.60%
negligible increase due to the inclusion of the charging stations. The N17 6.172 2.03% 6.17 2.06%
nodes that showed the greatest change in their voltage are N11 and N16 N18  6.168 2.10% 6.167 2.11%
. . . . . . . 0 9
with an increase of 0.11% in their voltage drop. This indicates that the 22(9) g'igg 3';3;’ Z'igg igg;’
. . . sps - 8 o - . o

changes can be considered of low impact on the operating conditions of N21 6113 2.97% 6.112 2.98%
the power grid. N22  6.134 2.63% 6.133 2.65%
When contrasting Figs. 8 and 9, it is observed that the fast charging N23  6.133 2.65% 6.132 2.67%
N24 6134 2.63% 6.132 2.67%

stations generate a voltage drop of up to 0.5% in the lines between the
nodes N20-N18, N11-N16 and close to node 14, which are indicated by
green arrows in Fig. 9.
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6.5. Harmonic distortion generated by the fast charging stations

Regarding the quality of the energy, specifically the harmonic dis-
tortion in the voltage produced by the inclusion of the four fast char-
ging stations, it is almost imperceptible. The analysis determined in-
creases of up to 0.1% and a maximum total harmonic distortion (THD)
of 0.8%. There is a decrease of up to 0.01% in the harmonics number 5
and 17 in the node N11 that corresponds to the place where the char-
ging stations are located. In the other nodes, there are also variations of
up to 0.01% in the harmonics 5, 13 and 17.

As for the harmonics of current, the comparative analysis of the grid
with and without the charging stations shows that these vary in the
lines near the load. However, this variation does not exceed 0.7% of the
fundamental current. The results on harmonic distortion (voltage and
current) are within the ranges acceptable by the IEEE standard
519-2014 [65].

7. Conclusions

This article studies the impact that the installation of fast charging
stations would have on the power distribution system of a Latin
American intermediate city, based on a case study of the city of Cuenca,
Ecuador. It is estimated that 23 fast charging stations could be enough
to initially satisfy the urban part of the city for a 10% penetration of EVs
(11.500 vehicles). This infrastructure represents an investment of ap-
proximately 1.2 M USD with which it would be possible to guarantee
the operation of that number of EVs. The investment is very low com-
pared to the amount of fossil fuel energy that would not be used.

It has been determined from the study that the electrical variables of
a feeder do not show considerable changes with the inclusion of fast
charging stations. For example, the voltage drop does not exceed
0.11%, the power flows through the feeder lines present increases of up
to 7.8% in the line that feeds the fast charging stations and less than 1%
in the other lines of the feeder, while the variations in the distortion of
harmonics are almost imperceptible. After this analysis, it can be af-
firmed that the technical impact of the fast charging stations for EVs is
reduced in the power distribution system of the study area.

The electric utility economic impact would be very low as there is
no need to adapt the existing electricity network under the new con-
ditions. As for environmental impacts, it can be mentioned that the
higher the EV penetration in the city the lower its CO, emissions,
moving the city towards a sustainable mobility model. Both economic
and environmental impacts need deeper analysis; however, they are out
of the scope of this study.

Finally, this study helps to establish the necessary procedure to
determine the fast charging infrastructure in urban centers and verify
its impact on the power distribution grid. Similar studies could consider
the inclusion of EVs (and their corresponding charging infrastructure)
in the vehicle fleet of several Latin American intermediate cities.
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