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Abstract: The difficulties in transitioning to electric mobility in developing countries lie in the lack of
charging infrastructure for electric vehicles and buses. This research proposes a novel methodology to
integrate electric vehicles and buses to optimise the tramway infrastructure. It is necessary to address
challenges from the technical point of view by analysing the stochasticity of its variables through
simulation in OpenDSS software. The technical feasibility of the tram power system and the impacts
caused in the distribution network due to the incorporation of charging stations in three operating
scenarios: the first in slow charging, the second in fast charging, and a third scenario that combines
the previous two methods. The simulations determine that slow charging at night represents 9% of
the total bus fleet, improving the utilisation factor of the tram system from 11% to 32%, whereas the
fast and combined charging of vehicles and buses is not feasible due to the increase in losses in the
system due to overloading in the network; however, the study validates the penetration of certain
charging stations in the tramway network in a real case.

Keywords: distribution network; tramway; charging station; OpenDSS; electric movility

1. Introduction

In the coming years, the growth of internal combustion cars in the region and the world
will affect the demand for fossil fuels as an energy source, in addition to the increase in
emissions of Greenhouse Gases (GHG) and other pollutants in the atmosphere. By the year
2050, according to the International Energy Agency in [1], the growth of the automotive
fleet in the Latin American region could triple, reaching more than 200 million units,
which would affect the demand for fossil fuels and the increase in GHG emissions into
the atmosphere, which could increase by up to 70%. That is why the governments and
private companies of the region are obliged to change the paradigm, propose strategies
for the sustainability of transport, and improve the quality of life of people. In [1], one
of the strategies gaining strength is the electrification of transportation as a mechanism
for energy efficiency and mitigation of environmental pollution. Thus, the world stock of
electric vehicles (EV) in 2018 displaced the consumption of approximately 21 million tons
of oil equivalent (Mtoe) (0.43 MBoe) of petroleum products.

The transition toward electric mobility is growing exponentially; according to the IEA
in [2], it estimates that the world fleet of EVs by 2030 will be 125 million. Despite this
technological advance, adoption levels are relatively low in most developing countries
compared to industrialised countries that lead the technology market. However, studies [3]
show this growth, mainly in public transport systems.
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According to [4], Ecuador’s primary energy matrix is mainly of non-renewable energy
sources; fossil fuels represent 87.5% and natural gas 4.7% of total energy production,
compared to 7.8% of renewable energies. The positive is that the scarce participation
of renewable energy each year gains ground and displaces conventional energy sources,
whereas the public transport system represents the primary energy consumption sector,
demanding 48.8% of the total energy available, it is equivalent to an average consumption
of 46 million barrels of oil equivalent per year (MMBOED) [4].

Ecuador seeks to change the paradigm in planning. It proposes strategies for adopting
a sustainable, efficient, and clean transport system through the renewal of the electric
traction public transport fleet for more efficient and less polluting systems, applicable
emission standards, and stricter energy efficiency policies. Currently, it has policies and
laws that encourage the acquisition of goods and services in favour of the decarbonisation
of transport, such as the Organic Law for Productive Development [5], which exempts
electric vehicles from use of income tax (IR) particularly, public transport, cargo, and
value-added tax (VAT).

The electric charging for all 100% electric vehicles is also exempt from VAT. The special
condition tax (ICE) was eliminated for electric vehicles with a price more excellent than
USD 40,000.00 [6]. At the same time, the Organic Law on Energy Efficiency [7] proposes
the mandatory use of electric traction vehicles for public service from 2025.

Despite the available tax incentives, the city of Cuenca (Ecuador) does not show
significant progress in electric mobility due to factors such as the cost of the units, the limited
supply of manufacturers in the local automotive market, ignorance and fear of people to
use EVs, and lack of adequate charging infrastructure. For this reason, in the city of Cuenca,
studies have been carried out for the integration of the Battery Electric Bus (BEB) and test
EVs in the public transport system and the installation of charging stations (CSs) in different
points of the city all to promote the acquisition of this type of vehicle.However, the lack of
public charging stations in the city constitutes the main problem for the massification of
this technology; at the moment and in coordination with the academy, there is a public slow
charging station in alternating current (AC) with a capacity of 7.2 kW (charging standards
CCS combos 1 and 2, CHAdeMO and Mennekes) located in the city centre and the first
50 kW direct current (DC) fast charging multi-connector station located in the Microgrid
Laboratory of the University of Cuenca [8].

Cuenca city has one of the most emblematic projects in Ecuador, such as the Cuenca
Tram System, the most important public transport system designed to solve mobility and
environmental pollution problems. The system operates commercially with 11 units as
cited in [9] that circulate for 16 h/day between 06:00 and 22:00 h uninterruptedly with a
frequency of arrival of the units at the stops of 10 min. In this period, the approximate
energy consumption of 11 MWh/day is recorded, considering the traction of rolling stock,
installations at stops, auxiliary services, and traction in garages and workshops. The maxi-
mum demand of the tram system can reach 1.60 MW at the time of significant commercial
demand, which occurs around 05:00 pm. Considering the penetration levels of EVs and
BEBs that are intended to be achieved in the future, it is essential to think that the reduction
in this load could cause impacts on the electricity networks, causing the unavailability of
the systems and a decrease in the quality of energy. For this reason, this research develops
planning studies of electrical networks considering the new energy integration challenges
demanded by electric mobility.

The contribution of the research is:

• To methodologically evaluate the integration of EV charging stations in an electric
tram system to optimise its electric power distribution infrastructure through power
flow simulations.

• Using the open source OpenDSS tool to determine the technical impacts on voltage
magnitudes, peak power, and energy losses in medium voltage electrical networks.

• Proportionately, a novel approach could be implemented and replicated in intermedi-
ate cities with massive public transportation systems.
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• The use of electric mobility systems as an efficient, profitable, and sustainable alterna-
tive to the problems of current public transport.

This paper aims to present a comprehensive review of the following: Section 2 de-
scribes the impacts of the charging of EVs and BEBs on the electrical distribution network.
Section 3 describes the methodology used in the case study. Section 4 determines the
technical impacts on the Tramway Electric Network. In Section 5, the results obtained
from the methodological implementation are reported through simulations carried out
for the different operation and penetration scenarios of EVs and BEBs. In this section
also, the results obtained are reviewed and discussed. Furthermore, Section 6 presents the
conclusions of the study.

2. State of the Art: Impacts of the Penetration of the Charging of EVs and BEB in
Electrical Distribution Network

Based on the review of the state of the art regarding the study of the behaviour of
electrical distribution networks (DN) against the penetration of EVs and BEBs, the authors
agree that for the transition to be carried out in the best technical conditions, significant
integration challenges must be considered. In [10], three types of analysis are proposed: a
static analysis, a probabilistic analysis, and a time series analysis [11]. In a static analysis, it
is generally considered that the loading process takes place in the same time interval [12].
Time-series studies use EV charging profiles as inputs for a load flow analysis [12], which
is essential to assess the technical impact on DN by incorporating charging stations. Other
studies propose that probabilistic models represent the load profile more realistically than
the deterministic load profiles used in a static analysis. Due to the stochastic nature of
the load, in [11,13], the probabilistic load flow solution is proposed by employing the
Monte Carlo technique, which solves the problem for various energy production and
consumption scenarios. The scenarios are randomly generated from a probability density
function. Although the Monte Carlo method provides a high degree of precision in the
results of this type of study, on the other hand, it requires a large number of iterations to
converge, which makes the calculation time increase significantly [14]. For the types of
analysis proposed, a time series analysis will be used to simulate the charging of different
EV and BEB penetration scenarios in this project.

Studies such as [15–18], show that the incorporation of CS can cause negative impacts
on the DN, reducing the quality of the energy supplied and the availability of the network.
Therefore, in [15], a time series in power flow analysis is used to obtain short-term and long-
term impacts on DN. This study presents a prototype developed in the Open Distribution
System Simulator (OpenDSS) and the MATLAB software tool. The effects of EV charge
are visualised, unlike other power flow solvers available on the market, which are usually
used in analysing transmission networks.

In [16], a methodology based on probabilistic methods is proposed to analyse the
technical impact of different types of electric vehicle charging, considering different lev-
els of integration in the system and the charging’s characterisation due to its stochastic
nature influenced by the patterns of mobility and user habits. The case study simulates
in OpenDSS and determines through the power flow the behaviour of the DN due to the
integration of the EVs; it also recommends the use of OpenDSS for its speed, reliability, and
efficiency when solving power flows. The main problems identified in [15] and increased
power losses.

In [17], the study of the impact of recharging a BEB in a test system (IEEE 33 Bus
Test System) is considered through power flow simulations calculated using the Newton–
Raphson method. It is evident that the addition of this load demands more power than
an EV, causing severe problems in stability, reliability, and losses in the DN; therefore, it
suggests that the charging of a BEB be carried out from a medium voltage (MV) level.
For example, in [18], the operation of the Chiang Mai substation is modelled and simulated
in the DIGSILENT Power Factory software, including the load profile of each primary
feeder, plus the load profile of a fleet of electric vehicles, in particular, corresponding to
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a percentage (10% to 50%) of the maximum load of the feeder. These simulations show
that EV charging can cause the power transformer’s overload in the substation due to
increased peak load, variations in the MV profiles, and harmonic distortion. One of the most
significant electric vehicle penetration studies, the MEA (My Electric Avenue) project [19],
coincides with the above problems. Considering the advantages exposed in [15,16] over
the methodology used to determine the impacts on the DN, in this project, OpenDSS will
be used to model and simulate the DN for different EV and BEB penetration scenarios.

In [20–24], the effects of transformer loading and output voltage levels of simulated
feeders in a 24-h time series have been investigated. The results show that uncontrolled
charging causes network congestion, reinforcing the available electrical infrastructure.
The study presented in [25] agrees with this theory, concluding that electric mobility
requires the construction of electrical infrastructure and the support of DN to guarantee its
reliability and stability. Finally, in [26], a study argues that adopting EVs causes substantial
problems in low voltage (LV) networks, mainly fluctuations in voltage levels and network
congestion, to mitigate these impacts. Therefore, a dynamically intelligent charging strategy
based on a constant charging impedance flow model is proposed through simulations
with EV charging projections, residential electricity demand, and photovoltaic generation.
The charging power to be optimised depends on the capacity network available.

At the local level, studies such as [27] present the impacts produced in the DN of Cuenca’s
historic centre by incorporating EV charging stations. The study [27] shows the harmonic
voltage distortion, which is less than the worst-case 1.36%; at the same time, the capacity of the
networks requires resizing. In [28,29], it is determined that the generation affects the quality
of the energy supplied by the DN of the city since it is determined that the level of voltage
harmonics is in the order of 15.74%, over the limits established in the IEEE 519 -Norm 2014,
whereas the harmonics produced in the current barely reach 1.54%. Currently, no studies
show the impacts on the DN due to the operation of the Tramway. However, in Ecuador,
studies such as [30,31] analyse the impacts on the electric distribution networks due to the
incorporation of the “Metro de Quito”, concluding that the main results are evident in the
levels of tension, harmonic distortion, and overload of electricity the DN.

In [32], integration scenarios of the electrical infrastructure available for the supply of
fast charging stations are proposed, taking advantage of the low-voltage transformers of the
distribution networks. Additionally, studies such as [33] show that intermediate cities can
probably integrate several BEB lines in their MV network, in a night load or lower demand
scenario, without causing significant effects on the DN. In contrast, to [32,33], this study
uses the existing infrastructure of the tram to increase its utilisation factor, incorporating
recharging stations in the MV network that feeds the tramway. This proposal reduces one of
the main problems of the transition to electric mobility in intermediate cities with little or no
electric charging infrastructure for electric vehicles and buses. Table 1 presents a summary
of the state-of-the-art review where several studies are made to identify the significant
technical impacts on DN due to the integration of charging stations and methodology.

Table 1. Summary of the state-of-the-art review identifying technical impacts in network distribution
due to the incorporation of recharging stations.

Analysis Methodology Impact Reference

Static Power Flow
Voltage Drop

[17,25,26]Power Loss

Probabilistic Probabilistic Power Flow

Voltage Drop

[11,16,19]

Phases Unbalanced
Frequency Deviation

Overload
Power Loss

Time Series Time Series Power Flow

Voltage Drop

[15,18–24]

Phases Unbalanced
Frequency Deviation

Overload
Harmonic Distortion
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3. Methodology
3.1. Description

The OpenDSS software architecture determines the impacts on the tram distribution
networks due to the inclusion of charging stations at different system operation points.
Three operation scenarios are taken; the first is with slow night charging 42 electric buses at
a power of 80 kW; during this period, the tram is not in operation. The second scenario is
fast charging between 80 and 500 kW with 192 vehicles and 12 electric buses during the
commercial operation of the tram, and the third scenario combines slow and fast charging
features. The detail of the methodology is shown in Figure 1. Once the solver has been
determined, as a first action, the simulation scenarios are established considering the
commercial exploitation of the Tramway and the penetration percentage of EVs and BEBs
according to the city’s specificities of the public transport system, according to operating
scenarios and available information. In a second action, the load profiles of the tram’s
commercial operation and the EV and BEB charging process are modelled to be included as
input in the OpenDSS simulation tool. As a third action, the electrical circuit of the tram is
implemented in the simulation software to establish, in a fourth action, the geographical
location of the charging stations and the connection to the MV network of the tram. Finally,
the results of the simulations are presented graphically to analyse the performance of the
monitored indices. In addition, as part of the analysis, a mathematical model is proposed
to calculate the energy intensity of a BEB from actual data obtained in the tests of the
commercial operation in the city to determine the need for partial recharging during the
day due to its function.

Figure 1. Proposed methodology for determining the impacts generated in the tram network due to
incorporating charging stations for EVs and BEBs.

One of the limitations of the proposed methodology is the amount of EVs and BEBs
that can charge their batteries in the different simulation scenarios. This is due to the
maximum power we can obtain from the electrical network of the tram. In a future
investigation, the adequacy of the electric tram network and the increase in demand can be
considered so that more units charging their batteries in the different proposed scenarios
can be connected.

3.2. Simulation Software Architecture

The architecture of the proposed simulation model is observed in Figure 2. A daily
mode power flow from the OpenDSS software is used as a solver for a radial distribution
network for the time series analysis. The information exchange between OpenDSS and
MATLAB is conducted through the (COM) interface; the MATLAB modules generate
random numbers, execution control, data collection, and presentation of results.
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Figure 2. The architecture of the proposed simulation software.

In contrast, the OpenDSS modules assemble the positive sequence circuit and its
solution through a flow of time series loading. The positive sequence circuit model and the
different libraries contain the technical characteristics. The solution mode is considered
daily (24 h) with a resolution of 15 min. The software solves the power flow based on
Gauss’s iterative algorithm from the distribution network model. It builds the primitive
admittance matrix of each electrical element through which electric current flows in the
circuit to make the admittance model of circuit system Y. The cycle of iterations begins with
the definition of an initial vector of voltages and the calculation of the currents injected
by all the power conversion elements; these are initially modelled as linear to execute
a direct solution of the expression I = Y × V and, thus, determine the current vector I.
The vector I, a function of the voltage, and the matrix Y form the nonlinear equations of
form I(V) = Y × V that are solved simultaneously.

The solution to the power flow consists of iteratively determining the voltage matrix
V through the computation of the set of nonlinear equations until the difference results
from comparing the values in the present iteration with the previous one and converges to
a value of 0.0001 pu established as a convergence criterion. To iteratively solve the matrix
containing the set of nonlinear equations, OpenDSS through the “KLUSolve” solver for
electrical systems, which consists of a group of routines to solve matrices of this type.

3.3. Analysis of Mobility in Cuenca City

Electric mobility is closely related to the supply of available means of transport and
people’s needs. In Cuenca, the primary means of transport is the light vehicle, followed by
urban and rural public transport buses, cargo trucks, and motorcycles [34]. According to the
perception survey published in [34], the bus is the one with the highest rate of motorisation
(30%) and, therefore, the one with the most significant influence and acceptance among
users from the economic and social points of view, closely followed by the private car, and a
little more distant the taxi, the bicycle, and finally the motorcycle. Cuenca’s public transport
system comprises 475 buses and 3553 light vehicles used as taxis. The bus fleet covers
29 routes, where each unit travels an average of 216 km per day, considering an average
way of approximately 32 km for each line [34]. Public transport by taxi covers an entire
daily route of roughly 360 km, of which 242 km correspond to ways without passengers



Sustainability 2023, 15, 6382 6 of 25

and 118 km are used routes with approximate passengers [35]. With these results, Table 2
specifies the average daily performance of buses and taxis for their commercial operation
in Cuenca. These data show that the energy required by a standard bus is approximately
1034.00 kWh/day, and a taxi requires 478.42 kWh/day approximately. Daily, the public
transport system requires 2.19 GWh/day, equivalent to 800 GWh/year (471 kBoe) from
fossil fuels, equivalent to 11.78% of the total consumption in the city’s transport sector [4].
GHG emissions from public transport in the city are around 200 t of CO2 e/year, equivalent
to 30% of the total generated by the transport sector. Therefore, the local government seeks
to promote energy efficiency in this sector by incorporating it as a public policy with an
energy, economic, and environmental focus. These proposals support the optimisation of
resources that contribute to the decarbonisation of the transport sector and the replacement
of fossil-based technologies and techniques.

Table 2. Comparison of the performance of public transport units in the city of Cuenca.

Indicator Bus Taxi

Amount of fuel required [L/day] 103.83 49.17
Amount of electrical energy required [kWh/day] 1034.00 478.42

Electrical energy consumption [kWh/100 km] 478.08 132.94
Energy efficiency [km/kWh] 0.21 0.75

3.4. Simulation Scenarios

The simulation scenarios are proposed according to the operating conditions of the
city’s public transport system, including the tram, and the technical characteristics of the
electric traction units considered taxis and buses. Although tests have been carried out in
the city to integrate BEBs and EsV into the public transport system, there is no conclusive
information on the charging habits of this type of unit in an accurate commercial operation
that allows modelling and predicting their behaviour with certainty. However, from the
available information, a static analysis is proposed with reloading simulation scenarios
for EVs and BEBs. Thus, this study suggests load periods according to Figure 3. In these
scenarios, only fast loading for EVs and BEBs and slow night load for BEB are considered
due to the operating conditions and dynamics of the current public transport system in the
city. A slow night load scenario will be considered in the hours of minimum demand of the
tram system from 23:00 h to 05:00 h the following day exclusive to BEB, and a fast loading
scenario in the commercial operation period of the tram between 05:00 h and 23:00 h for
the EVs and BEBs they require. Each simulation scenario is considered the worst-case due
to the maximum number of units of each type that can charge their batteries based on the
nominal charging available in the tram’s electrical system, and the power required by the
charging stations will be considered.

Figure 3. Proposed simulation scenarios.
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3.5. Charging Profiles

According to the proposed operation scenarios, the load profiles obtained from the
information available on the EV and BEB test loading processes and the actual commercial
operation of the tram system are handled. For the slow night charging process of the BEB,
the experimental charging carried out in the laboratory is considered, whose charging
profile is that of Figure 4, where the charging station delivers a maximum power of 80 kW.
The charging process begins once the units enter the station after their commercial operation
(23:00) and end when they are ready to start their journeys again (05:00).

Figure 4. Daily demand profiles for BEB slow night load simulation.

For the fast charging process during the day, the daily charging profiles of Figure 5
are considered. These charging profiles have been obtained from real laboratory charging
methods for EVs and BEBs. It has been assumed that the process does not last more
than 30 min. Figure 5a shows the charging profile for each EV with a power of 80 kW,
considering that in the laboratory, experimentally, this power can be obtained from the
charging station. In contrast, in Figure 5b, the load profile is observed for each BEB, where
a load power of 500 kW is considered to maintain a charging period according to the time
the units remain parked in the stations. The charging process is concentrated in the period
of most significant demand for urban public transport in the city, and the simultaneous
charging of units is not considered.

(a) Demand profile for EV charging.

Figure 5. Cont.
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(b) Demand profile for BEB charging.

Figure 5. Daily demand profiles for the simulation of the fast charging scenarios.

To implement the load profile of the tram system, the typical daily load profile of
Figure 6 is considered, which corresponds to its commercial operation, where the maximum
demand is around 1.6 MW between 16:00 h pm and 17:00 h.

Figure 6. Cuenca tram’s load profile.

3.6. Implementation of the Electric Circuit of the Tram

The implementation of the model of the electrical circuit of the tram is carried out
through specific programming scripts in the OpenDSS software.

3.7. Selection of the Location of Charging Stations

In this study, a charging station is where a specific fleet of EVs and BEBs will be
supplied. The charging stations to be fed from the MV electrical network of the tram system
will be strategically located along the tram route based on the fulfilment of two selection
criteria that consider the following variables:

(a) The first criterion considers the variable distance between the traction substation
of the tram and the place where the operation of the charging station is planned to
reduce the voltage drop and power losses in the lines that supply the transformer of
the charging station, potential places are in the vicinity of the traction substation of
the tram system, such as gas stations, supermarkets, commercial premises, transfer
stations, and bus stops.
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(b) The second criterion considers the physical space available in the potential places
determined by the first criterion that allows the installation of a group of charging sta-
tions in addition to providing the conditions and facilities necessary to accommodate
a specific fleet of EVs and BEBs that will access throughout the day to recharging their
batteries, without significant interventions and structural modifications of these places.
The places that provide facilities to host a fleet of EVs and BEBs in the city are the
public transport transfer stations located in the “Feria Libre” and “Terminal Terrestre”
and the premises of “Expo Azuay” near the courtyard of the tram workshop.

3.8. Analysis Indices

Based on the state-of-the-art impacts on the DN due to the incorporation of charging
stations in the study, monitoring real-time highlights indices such as voltages in MV bars
of the substation of traction of the tram, maximum power, energy consumption, power
losses, percentage of the utilisation factor of the electrical installations of the electric tram
system, and the power factor. According to [36], some of the acceptable levels of the
indices according to the norm and the characteristics of the network that will be considered
referential in the present study are specified in Table 3.

Table 3. Acceptable levels of variation of the analysis indices.

Index Min. Max.

Voltage 0.95 1.05
Power 4 MW

Power factor 0.92 1

The data collection of the variables to be measured is implemented in the simulation
software, monitors in the power transformer in the substation and each tram transformer
of the tram, and an energy meter at the feeder’s head. Monitors record complex variables
such as voltage, current, and power of all phases over time. Energy meters record active
and reactive energy consumed by peak load, power losses, and the overload of circuit ele-
ments. The application proposes the presentation of results graphically through MATLAB’s
graphical user interface (GUI) module.

3.9. Mathematical Model to Determine the Energy Intensity of EVs and BEBs

To determine the energy intensity of the BEB of a particular route, the proposed model
determines the energy consumption based on the variation in the state of charging (∆SoC)
of the battery when making a specific route. This model was calibrated with the data
obtained from a test BEB under commercial operating conditions in Cuenca. The ∆SoC
depends on the variation of the altitude level of the route (∆h), the variation of the speed
(∆v) in that section, and a calibration constant (k) that depends on the scenario in which it
is mobilising the unit, according to expression (1):

∆SoC = ±k × ∆h × ∆v (1)

The scenarios and values described in Table 4 are considered to determine the value of
k, which were established in such a way that the value resulting from expression (1) agrees
with a minimum error concerning the actual value of the variation of the SOC of the BEB
battery after a particular commercial test run. For an acceleration scenario, a harmful k is
considered due to the increase in energy consumption that decreases the SOC of the battery.
In contrast, a positive k is regarded for a deceleration scenario due to the minimum increase
in SOC due to the charging contribution of the brake regenerative of the BEB.
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Table 4. Reference values of the calibration constant k.

Calibration Scenario k

Rising acceleration −1
Downhill acceleration −0.32

Rising deceleration 0.11
Downhill deceleration 0.42

The model proposed to determine the current SoC (SoC_cu) of the battery is based
on Equation (2), which considers the SoC at the beginning (SoC_ini) and a percentage of
the variation of the SoC (∆SoC) of the battery that represents the consumption of energy
inherent in the operation of the BEB.

SoCcu = SoC−ini + 0.01689 × ∆SoC (2)

The constant 0.01689 has been experimentally determined in the laboratory as an
adjustment value that allows the actual state of charging of the battery to be determined
about the actual energy consumption of the BEB. To determine the energy the BEB consumes
on the journey, Equation (3) is applied. The equivalent energy demanded is calculated
depending on the difference in SoC and the capacity in kWh of the battery (Battery_Cap).

EDemand = (SoC−ini − SoC− f inal)× Battery_Cap (3)

The algorithm that describes the calculation process described to determine the energy
consumed by an EV in a particular route is shown in Figure 7.

Figure 7. The mathematical model algorithm calculates the energy intensity of a BEB in a commercial
route in an intermediate city.
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4. Case Study—Determination of the Technical Impacts on the Electricity Network of
the Cuenca Tram

To test the proposed methodology, the electrical network of the Cuenca tram is used,
incorporating charging stations for EVs and BEBs.

4.1. Description of the Tram System Network

The tram system is supplied with electricity at a level of 22 kV in MV from feeders
0528 in substation 05—“El Arenal” and 0428 in substation 04—“Industrial Park” in the con-
cession area of the local distributor, “Empresa Eléctrica Regional Centro Sur C.A.” (EERCS),
as shown in Figure 8. The total demand for the tram facilities is 4 MVA, with each power
substation contributing 2 MVA. In the event of possible contingencies or the eventual exit
of one of the feeders, each substation can supply the total demand of the system. The main
substation supplies six secondary traction substations in cascade, distributed along the
tram route, managing the energy required by design and providing adequate voltage to
the catenary.The substation-01 and substation-05 are traction end-of-line substation feed
rectifiers (SEF) supplied by the connections from feeders 0428 and 0528. The substation-
02, substation-03, and substation-04 are traction intermediates (SEI) that the SEF sup-
plies, except for substation-02, which is supplied by a power rectifier substation that
serves the facilities of garages and workshops (SE-T/C), and the substation-01 supplies it.
The substation-02 and substation-03 can be interconnected in a cascade to provide all their
traction substations when the output of one of the feeders occurs.

Figure 8. Location diagram of the substation of the tram along its route and transformer scheme.

In Figure 9a, the one-line diagram of the electrical system for the SEF and SEI is
observed, whereas Figure 9b shows the one-line diagram of the SE-T/C of the tram. In the
SEF and SEI, there is a 250 kVA three-phase transformer for auxiliary and shutdown services
and two 1 MVA three-phase transformers for the energy supply of rolling stock. One of
these transformers (TR-L2) is a reserve against any contingency. In the SE-T/C, a 1 MVA
three-phase transformer is intended to supply the auxiliary services of the tram and the
garage/workshop premises facilities. The simulated software will implement the circuits
in Figure 9 with their characteristics.
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(a) Single line diagram of SEF and SEI. (b) Single line diagram of SET C.

Figure 9. Single line diagram of the traction substation of the electric tram system.

4.2. Types of EVs and Their Characteristics

In Ecuador, successful cases of electric public transport have been applied in the
taxi modality, such as that of [37]; vehicles such as the BYD E5 and Kia Soul EV were
chosen. According to the manufacturer’s specifications, these units have 48 and 27 kWh [8].
To determine the performance of the Kia Soul EV in an intermediate city such as Cuenca,
the route in Figure 10 was carried out, simulating the operation of a taxi on the tram route.
The route began at the same point (start/end), at stop 1 of the tram route, located on “Av.
De las Américas”. For this type of vehicle, circulation is restricted in certain sections of the
road, mainly in the historic centre of the city, since they are exclusively trafficked by the
tram, so on the EV route, there was a deviation of 12.7% from the original route as indicated
in Figure 10 (deviations). The entire way made is 24.37 km.

Figure 10. Tour of the tram route made with the Kia Soul EV.
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Figure 11a shows the experimental data of the EV battery’s SoC profile. These measure-
ments were obtained at the city’s average temperature of around 17 ◦C. The tour began with
a SoC of 97% to conclude with a SoC of 85.50%, consuming 11.50% of the energy available
in the battery. Consumed energy is approximately 3.01 kWh, considering the battery is
around 27 kWh at full load. The energy consumption of the route is shown in Figure 11b,
where it can be seen that the EV consumed a total of 3.30 kWh from the energy storage
system, from which 5.40 kWh were consumed on the route and 2.10 kWh was contributed
to the battery due to regenerative braking. According to the data obtained, the energy
intensity of the Kia Soul EV vehicle in its commercial operation in an intermediate city
such as Cuenca can be approximately 6.95 km/kWh. If we consider the data obtained in
the study [35] that a taxi in the city travels an average of 360 km/day, the energy required
would be approximately 51.80 kWh, almost twice the power available in the Kia Soul EV’s
battery. Thus, based on this analysis, these units would need full, partial recharging during
the day to complete their commercial operation.

(a) Battery SOC Profile (b) Energy Consumption.

Figure 11. Kia Soul EV battery charging–discharging process on the tram route.

4.3. Types of BEBs and Their Characteristics

According to the “Estrategia Nacional de Electromovilidad para el Ecuador”, the bus
fleet in the country must already be 3% and 5% for 2025. Since March 2019, Guayaquil has
had a fleet of 20 BEBs model K9G of the manufacturer BYD integrated into the mass transit
systems (some technical specifications) [38]. In Quito, it is planned to incorporate a fleet of
300 BEBs into its urban public transport system [39]. In the city of Cuenca, although there is
no BEB integrated into the public transport system, technical tests of commercial operation
were carried out to estimate the energy consumption of the BEB BYD K9G from the data
collected from the routes made on the commercial roads of lines 27 (Sinincay-Huizhil)
and 100 (Ricaurte-Baños). According to the manufacturer’s data, this unit has a 324 kWh
battery [40]. From the data obtained from the technical tests in [41], it is determined that in
intermediate cities such as Cuenca, the BEB BYD K9G presents an average energy intensity
of 0.75 km/kWh, with a range of 242 km in the best of cases considering the total energy
available in the battery and 206 km if 15% of the battery’s energy capacity is preserved.
The energy consumption of a BEB on the tram’s route is estimated in Figure 10. Respectively,
the model proposed in Section 3.9 is applied to the data elevation profile, and speeds are
shown in Figure 12.
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Figure 12. Elevation and speed profile on the tram route.

The SoC profile of the determined battery is observed in Figure 13, considering that
the BEB would carry out the same route and at a similar speed as the Kia Soul EV on the
examined tram route. From Figure 13, it is obtained that the final SOC of the battery is
88.23%; that is, a BEB can consume approximately 36.49 kWh, which corresponds to 11.77%
of the capacity of the storage system. Based on these results, a BEB like the BYD K9G on
the tram’s route could have an average intensity of 0.67 km/kWh. These measurements
were obtained at the city’s average temperature, around 15 ◦C.

Figure 13. Estimated profile of the SoC of the BEB battery on the tram route.

4.4. Geographic Location of Charging Stations

Three places have been selected based. They are close to the tram station substation,
have a large parking lot to accommodate a specific fleet of EVs and BEBs, and will be
geographically distributed, as shown in Figure 14. This study considers placing charging
stations at the facilities of “Expo Azuay (−2.901183819994391, −79.02858310855605)” on
Av. México, “Estación de Transfer del Arenal (−2.898543308308573, −79.02715505615377)”
on Av. De las Américas, and “Terminal Terrestre Transfer Station (−2.8914083190509303,
−78.99357412488041)” in Av. España.

The substation that will take the demand of each charging station raised is identified
in Table 5. It is considered that in each charging station available, a capacity of 80 kW is
supplied through a station-fed transformation from the network MV at a level of 22 kV
from the traction substation of the tram.
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Figure 14. Estimated profile of the SoC of the BEB battery on the tram route.

Table 5. Tram substation that supplies the charging stations.

Tram Substation Charging Point

substation-02 Transfer Station “El Arenal”
substation-04 Transfer Station “Terrestrial Terminal”

SE-T/C Esplanade of “Expo Azuay”

4.5. Operation Scenarios

As specified in Sections 4.2 and 4.3, an EV, such as a taxi and a BEB in Cuenca, may
require partial recharging during the day. Thus, in [42], it is shown that 46.4% of the
29 commercial lines in the city of Cuenca would require a partial recharging during the day
if a BEB provided the service. As there is no information on the driving and recharging
habits of the transport units, a static analysis scenario with two recharging periods is
proposed concerning the period of commercial operation of the tram. Thus, it is considered
a period of slow charging at night after the commercial operation of the tram and one of fast
charging during the commercial operation of the tram during the day. The number of units
to be considered in each period depends on the power of the charging stations and that
available in the network. According to the information in Figure 6, the maximum capacity
of the tramway is around 1.6 MW in the period of commercial operation and 160 kW
in the period after its retail operation; therefore, two would be available, 4.00 MW and
3.84 MW, respectively, of its installed capacity to supply the charging stations. According
to what is stated in Section 3.4, three charging points are considered that provide the
facilities to accommodate a specific fleet of EVs and BEBs. For the slow overnight charging
scenario, the complete charging of a fleet of 48 BEBs distributed in the three charging
points will be considered, representing 10% of the current public transport system by bus
in Cuenca. This process will be carried out with 80 kW charging stations. The approximate
recharging time is 4 h. For the fast charging scenario during the day, the charging of EVs
and BEBs is considered in each hour of the period of most significant demand for the tram,
from 7:00 a.m. to 6:00 p.m. The tram electrical energy consumption is calculated in each
hour of the proposed period of 16 EVs, exclusively at the recharging point of the “Expo
Azuay” esplanade. The process with 80 kW of charging units will be considered for this
to happen. The average full charging time is 20 min. In the case of the BEB, the hourly
charging of one team in the indicated period is considered, with power plants of 500 kW.
Charging is assumed to occur when the units remain parked between arrival at the transfer
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stations at the end of the route and the start of the new term in approximately 15 min.
Additionally, a scenario with the combined characteristics of the slow and fast charging
scenarios is considered. The information related to the proposed scenarios, detailing the
number of EVs and BEBs that access slow and fast charging at night, is specified in Table 6.

Table 6. The EV and BEB units charging their batteries daily in the different simulation scenarios.

Scenario N◦ EV N◦ BEB Charging Power [kW] (EV-BEB)

Base 0 0 0
Night slow charging 0 48 0–80

Fast charging in the day 192 12 80–500
Combined (slow + fast charging) 192 60 80-(slow 80–fast 500)

4.6. Scenario Simulation

For the simulation of the proposed scenarios, the architecture of Figure 2 is considered
to implement the circuit of Figure 9. In the first instance, the electrical circuit of the tram is
simulated without incorporating the charging stations called the base scenario. The load
profile in Figure 6 is considered to affect the operation of the tram system. The scheme’s
implementation in Figure 15 is assumed for the charging scenarios simulation. An exclusive
transformer is incorporated in each substation that supplies each charging station. The loads
to simulate in the slow charging scenario correspond to the load profiles in Figures 4 and 6
that model the BEB load and the tram’s operation, respectively. The loads corresponding to
the load profiles in Figures 5a,b and 6 that model EV and BEB load and tram operation are
included in the simulation for the fast charging scenario. Additionally, the simulation of the
combination of slow and fast charging scenarios is considered on the combined scenario
day. For the simulations, the worst-operating scenario is considered, where the system is
supplied with energy through substation 04 of the EERCS.

Figure 15. General circuit diagram implemented in OpenDSS for the simulation of operational scenarios.
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5. Analysis of Results and Discussion

The simulation analyses focus on the MV bus voltage profile of the Tram’s substation
and the system load profile for each scenario. In addition, they provide information such
as energy consumption, utilisation factor, power losses, and power factor of the circuit.

5.1. Voltage Profiles

The voltage profile ratio referenced to the grid nominal voltage value for each sim-
ulation scenario is seen in Figure 16. The maximum and minimum voltage value inputs
are detailed in Table 7. In all cases, the top level is reported in the MV bar of substation-05,
which is the closest to the power substation, whereas the lowest level is presented in the
MV bar of substation-01, considered the farthest from the source. The voltage level drops
when the BEB trickle starts below the minimum value set in [43] for the combined and
overnight trickle charging scenarios. Under these conditions, such methods could not
technically be considered. However, a new simulation considering the slow charging of
14 BEBs at each point for 42 BEBs maintains a minimum voltage level within the allowed
range, as evidenced in Figure 17. Based on this consideration, BEB slow charging at night
will be considered under these conditions for the implementation to be technically feasible.
The voltage levels are within the allowable ranges for the other simulated scenarios.

(a) Base scenario. (b) Nighttime slow charging scenario.

(c) Fast charging scenario. (d) Combined scenario.

Figure 16. Voltage profiles in MV were obtained from the simulation of the operating scenarios.



Sustainability 2023, 15, 6382 18 of 25

Table 7. Voltage levels in the medium voltage bars of the electrical tram system for the different
simulation scenarios.

Scenario Voltage Level Max [pu] Min [pu]

Base 1016 0.992
Night slow charging 1014 0.928

Fast charging in the day 1016 0.944
Combined (slow + fast charging) 1014 0.928

(a) Nighttime slow charging scenario. (b) Combined scenario.

Figure 17. Voltage profiles in MV were obtained from the simulation of the modified operating scenarios.

5.2. Peak Load of the Tram Electrical System

For the different simulated scenarios, the load profiles in Figure 18 are obtained,
from which it is observed that in no case is the installed load of the system exceeded,
which is 4 MW. The peak load levels for each scenario are presented in Table 8. For the
slow night charging scenario, the highest demand occurs during the charging period
(11:00 pm). The highest demand for fast and combined charging scenarios begins at the
commercial tram operation (around 08:00 am). Under these operating conditions, all
simulated scenarios are technically feasible to implement.

Table 8. Maximum load level of the electrical tram system for the different simulation scenarios.

Scenario Demand [MW]

Base 1.60
Night slow charging 3.58

Fast charging in the day 3.62
Combined (slow + fast charging) 3.62

5.3. Energy Consumption and Utilisation Factor

The energy consumption data and the utilisation factor corresponding to each simula-
tion scenario are presented in Table 9. The highest energy consumption, and therefore the
highest utilisation factor, occurs in the combined system, where 29% can increase it over
the baseline scenario.
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(a) Base scenario. (b) Nighttime slow charging scenario.

(c) Fast charging scenario. (d) Combined scenario.

Figure 18. Load profiles at the head of the primary feeder were obtained from the simulation of the
operational scenarios.

Table 9. The electrical tram system’s required energy and utilisation factors for the different simula-
tion scenarios.

Scenario Required Energy [MWh] Utilisation Factor [%]

Base 11.02 11
Night slow charging 31.04 32

Fast charging in the day 18.96 20
Combined (slow + fast charging) 38.52 40

Figure 19 shows a typical monthly load profile for the commercial operation of the
tram system, including the power required by the charging stations for the combined
scenario. It is observed that the peak power is within the established maximum limit
(4 MW). Therefore, it is feasible for the technical implementation of scenarios that consider
both the quiet nighttime of BEB and the fast charging in the day for EVs and BEBs from the
point of view of power required from the network.
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Figure 19. Monthly load profiles of the tram system, including the demand for charging stations.

5.4. Active Power Losses

Concerning active power losses, the data are presented in Table 10. In the base scenario,
the losses reach 5.03 kW, representing 2.33% of the total load of the circuit. Thus, the slow
night charging scenarios present low losses considering the base scenario. However,
the major issues are present in the fast and combined charging procedures on the day,
reaching around 11.74% and 15.28%, respectively, with the circuit load, making them
technically unlikely scenarios to consider.

Table 10. Power losses of the electrical tram system for the different simulation scenarios.

Scenario [KWh] Power Losses [kW] [% of Total Circuit Load]

Base 5.03 2.33
Night slow charging 17.11 4.29

Fast charging in the day 24.74 11.74
Combined (slow + fast charging) 48.01 15.28

5.5. Power Factor

Circuit power factor data for each simulation scenario is shown in Table 11. For all the
methods, the power factor is within the range allowed by [44]; therefore, according to this
criterion, all the scenarios are technically feasible to implement.

Table 11. Power factor of the electrical tram system for the different simulation scenarios.

Scenario Power Factor

Base 0.99
Night slow charging 0.97

Fast charging in the day 0.94
Combined (slow + fast charging) 0.94

The novel proposed methodology to consider the use of the electrical infrastructure
of the tram for the energy integration of transport in the city was applied considering the
characteristics of public mobility in Cuenca, involving three simulation scenarios based
on the period of commercial operation of the tram system and the installed power in the
distribution network from which it has supplied. In addition, in this study, the methodology
is based on the free access software OpenDSS used to implement the Tram’s electrical
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network and the simulations of operating scenarios, capable of carrying out the proposed
technical impact study with a high degree of precision.

In the development of the presented methodology, some limitations arose. The first
limitation is the lack of information to simulate real load scenarios of electric traction
transport units. Due to this, a static recharging simulation analysis is proposed for EVS and
BEBs instead of intelligent charging analysis, taking as reference data from tests carried out
in the city with EVs and BEBs. However, this option could be considered in future works to
reduce the technical effects on the distribution networks and increase the utilisation factor
of the system since the application of demand management strategies for EVs and BEBs,
such as those presented in [45,46], make the network much more economical, efficient, and
reliable. The second limitation is related to the location of the charging stations since they
were established according to the availability of physical space to accommodate a fleet
of EVs and BEBs and the proximity to the traction substation of the tram to these places.
The main problem of the transition towards electric mobility in intermediate cities such as
Cuenca is the lack of adequate intelligent charging infrastructure and establishing tariff
incentives that are viable and attractive for the transport sector. That is why this study
proposes an innovative solution to the problem, taking advantage of the available electrical
infrastructure of the tram system to supply energy to charging stations without making
significant investments. The proposal aims to improve the utilisation factor of the tram
system facilities, which are currently underutilised.

The simulations determine that the scenario considering the nocturnal slow charging,
with a fleet of 48 BEBs and a power of 80 kW for each unit, demands total energy in the
4.04 MVA; the power network can supply this demand of the Tram. However, the simula-
tions determine that there is a voltage drop below the established minimum (0.94 pu) in
the substation furthest from the source (substation-01), so that, technically, it would not
be a feasible scenario to implement in this exact scenario, the simulations determine that
the voltage levels, charging ability, and power losses in the network remain within the
acceptable ranges if the load is carried out with 42 BEBs. As a result of the simulations, it
has been determined that incorporating slow charging stations for 42 BEB, which represent
9% of all bus units in the city, is technically feasible and that its utilisation factor can be
increased to 11%.

At the same time, the scenarios involving the fast charging of 16 EVs to 80 kW and
1 BEB to 500 kW per hour in the period of commercial operation of the Tram (06h00 to
22h00) are unlikely to be implemented in the electrical network of the Tram under certain
conditions due to the overhead that is presented in network elements as MV lines and the
considerable increase in power losses in the system, reaching levels of 11.74% and 15.28%,
respectively, for the total demand for fast charging scenarios and combined. In this sense,
for quick charging scenarios to be technically feasible, proper charging management is
required so that the technical parameters remain within the expected ranges, increasing
their utilisation to 40%.

Based on the determined results, it is evident that it is possible to take advantage of
the electrical infrastructure available for mass electric transport systems to achieve energy
integration with other electric traction transport systems, such as EVs and BEBs, under cer-
tain operating conditions. In addition, the increase in demand due to the massification of
electromobility can cause adverse effects on distribution networks since these are not dimen-
sioned to supply the new demand, which is why this research presents the analysis of the
behaviour of networks in MV against the current load requirements, mainly those derived
from electric mobility, and that can be adapted to any need and operational restrictions.

The present study also presents an alternative business attractive to the business
manager of the tram of Cuenca city, such as obtaining income from the sale of energy in
times of low and high demand, inclusive of the tram system operators’ public transport
buses and taxis, taking advantage of current fare benefits in Ecuador. In this regard,
the managing company could consider as an incentive for the sale of energy only one
item for energy consumed for the charging of the batteries of the EVs and BEBs since the
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manager of the tram would assume the required power item without variations because
the addition of the demand from the loading stations does not exceed the power contracted
in its supply contract.

6. Conclusions

This research provides a methodology to evaluate the technical impacts generated in
distribution networks due to the incorporation of charging stations through simulations
of time series power flows using the OpenDSS software as a solver. The distribution
network considered as a case study is the available electrical system of the Cuenca city
tram, where the incorporation of charging stations is proposed with a view to energy
integration between the tram, EV, and BEB. This research suggests a novel solution to the
lack of charging infrastructure for EVs and BEBs in intermediate cities to decarbonise their
public transport systems, which proposes incorporating charging stations without making
significant modifications and investments in infrastructure, electricity, and the quality and
reliability of the network.

Cuenca’s tram system allows for the incorporation of charging stations into its network
since the maximum demand for its commercial operation is around 1.60 MW, being able to
take advantage of the remaining approximately 2.40 MW. The utilisation factor under these
operating conditions is barely 11%, which can be technically exploited.

As a result of the simulations, it is determined that nighttime slow charging of a fleet
of up to 42 BEBs is technically feasible, which represents 9% of the current bus public
transport system in the city. In this scenario, a substantial increase of up to 32% of the grid
utilisation factor is projected, keeping the electrical parameters within limits established in
the standard and with power losses very similar to the base case. Furthermore, no overload
of the network elements was recorded in this scenario.

For the EVs and BEBs and combined daytime fast charging scenarios, and under
the conditions considered for the simulations, it is not technically feasible to view due
to the substantial increase in power losses concerning the entire load circuit due to the
overloading of MV lines. However, to mitigate the problem, reducing the charging power
of the EV set to 500 kW could be considered, considering that this action directly impacts
the charging time of the units.

Additionally, and as future work based on these results, the development of a pro-
totype that allows simulating intelligent charging scenarios by managing the demand of
the units in such a way that the parameters such as voltage levels in busbars and a load of
the system elements remain within allowable values by the standard could be considered.
For this, more precise information on EV and BEB recharging habits must be available
following the reality of the local transport system.
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Abbreviations
The following abbreviations are used in this manuscript:

GHG Green House Gases
EV Electric Vehicle
MMBoed Million Barrels of Oil Equivalent
IR Income Tax
VAT Value-Added Tax
ICE Special Consumption Tax
BEB Battery Electric Bus
CS Charging Stations
DN Distribution Networks
LV Low Voltage
Boe Barrels of Oil Equivalent
t of CO2 e tons of CO2 Equivalent
SoC State of charging
∆SoC Variation in the State of Charging
∆h Variation of the Altitude Level of the Route
∆v Variation of the Speed
SEF Traction End-of-Line Substation
SEI Traction Intermediate Substation
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