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Abstract: Ecuador, like every country in the world, urgently requires a conversion of transportation
to electric power, both for economic and environmental reasons. This paper focuses on the technical
and economic feasibility of a solar-powered electric charging station equipped with battery storage
in Cuenca, Ecuador. By reviewing current literature, we assess the environmental impact of electric
mobility and its potential to reduce fossil fuel dependence and generate energy savings. The analysis
encompasses various factors, including EV energy consumption, solar energy system sizing, energy
production, and battery storage capacity. Key findings indicate that integrating solar PV systems
with EV charging stations efficiently supports a reliable and sustainable energy supply. Simulation
results reveal seasonal variations in solar generation, highlighting the importance of proper system
sizing to maintain charging supply reliability and manage surplus generation. The economic analysis
of three scenarios underscores the financial viability of implementing PV systems without battery
storage, yielding a positive Internal Rate of Return (IRR) and Net Present Value (NPV). However,
scenarios with battery storage present negative NPV and long investment return periods, impacting
economic viability negatively. These insights underscore the need for a balanced design to ensure
sustainability and economic feasibility in the transition to electric mobility.

Keywords: electric charging station; electric vehicles (EVs); charging infrastructure; solar energy;
technical-economic feasibility

1. Introduction

The economic and environmental need to reduce dependence on oil has led to an
increased implementation of renewable technologies [1]. The shift in the energy matrix is a
social necessity to reduce fuel consumption [2]. EVs have become an exponentially growing
alternative in economies that have decisively promoted their development [3]. To achieve
this, the planning of charging stations is necessary. Introducing them poses a challenge in a
market where, due to economic reasons, the momentum of combustion vehicle transport
is maintained with subsidies. The initial absence of electric charging stations represents a
significant barrier to the change in technology.

Worldwide, there is an increase in the number of electric charging stations. China
stands out as the country with the highest number of charging points, with 1.15 million,
including 677,000 slow-charging and 470,000 fast-charging points. The United States follows
with 113,527 charging points [4], while other countries in Europe, Asia, and Latin America
also contribute significantly to the expansion of charging stations. In Ecuador, 65 available
charging points were identified up to the first semester of 2022 [5]. As an Ecuadorian city in
this analysis, Cuenca is also beginning to incorporate charging locations. In the future, the
growth of EVs will bring challenges to the distribution network and electricity production;
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to ensure a sustainable alternative, generation from clean and renewable sources must be
sought [6,7].

Ferrer [8] studied public transportation in Ecuador and the environmental benefits
of transitioning from diesel buses to electric ones. The results reveal a reduction in CO,
emissions into the environment due to the technological shift towards electromobility.
According to the findings presented in [9], the carbon footprint of an internal combustion

engine vehicle in Ecuador is 236.16 gggz , compared to the 63.14 ggﬁz emitted by an electric

vehicle. Similarly, Messagie [10] determined that the carbon footprint of an internal com-
bustion engine vehicle in Europe is 215, whereas an EV emits 95 gfgz. Furthermore, in [11],
it was revealed that, due to the high participation of renewable and nuclear generation in

the central and southern regions of China, EVs achieve an efficiency of 16 glCO(gz km with

emissions close to 140 %.

1.1. Importance and Justification

In Ecuador, during the first quarter of 2023, according to data from VARUS Ecuador [12],
sales of electric vehicles (EVs) showed an increase compared to the same period of the
previous year, reaching a total of 1899 EVs circulating in the country. Charging stations
constitute a fundamental factor in driving this growth [13]. Charging for EVs can take
various forms, depending on several factors: the power level of the charging station, the
electric current, the type of connector, and the size of the battery [14].

Among these aspects, it can range from charging stations for EVs, typically in the
form of fast charging, to individual charging at slow-charging stations, usually deployed in
parking lots or at homes. This setup can be highly advantageous from various perspectives,
and can even be powered by self-generated clean energy, effectively turning the vehicle
into another household appliance [15].

The Organic Law of the Public Electricity Service [16] introduces changes in the
legislation regarding the public electricity service by creating a charging service for electric
vehicles (EVs). It delegates the authority to establish the maximum charging cost to the
ARCERNNR, considering that these activities will be carried out by natural or legal persons
authorized through the signing of a contract [17]. Through resolution ARCONEL 038/15, it
approved the electric tariff scheme for EV charging in households. This scheme establishes
a preferential energy price of 0.05 USD/kWh for charging carried out during the period
from 22 h 00 to 08 h 00, eliminating additional charges such as garbage collection, donations
to firefighters, and other charges related to electricity consumption [17].

According to the tariff structure for providers of energy charging services for electric
vehicles (EVs) [18], four charging modalities are identified by the regulation established by
the International Electrotechnical Commission (IEC) in standard IEC 61851-1 [19]. Currently,
in Ecuador, there are no specific regulations for the infrastructure and charging elements
intended for EVs. In this context, international regulations are relied upon, which have
been adjusted to meet the established objectives to ensure the safety and operation of the
charging system.

On the other hand, for self-supply distributed generation systems (SGDA), the regula-
tions are governed by regulation No. ARCERNNR 008/23 [20]. This regulation establishes
provisions for the authorization, installation, connection, operation, and maintenance of
SGDA for self-supply. Likewise, provisions are defined for the measurement and billing of
electric energy for regulated consumers with SGDA for self-consumption. The promotion
of clean technologies and alternative energies is emphasized, as well as the preference for
electricity generated from renewable sources.

1.2. Study of Charging Stations with Photovoltaic System

Relevant studies on the implementation of charging stations with solar energy have
been reviewed, emphasizing the commitment of various research efforts in the field of
electric mobility and sustainability. In [21], the focus is on integrating photovoltaic (PV)
systems and electric vehicles (EVs) as a solution to address challenges in electric mobility.
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The most prominent aspect of this analysis is the evaluation of self-consumption, aiming to
optimize the interaction between the proposed systems. Aspects related to the production
of the PV system, EV charging, and the energy absorbed and injected into the electrical
grids highlight the technical sustainability of the project.

Y. Ledmaoui et al. [22] propose a comprehensive solution for electric vehicle charging
using solar energy. The design of a 7.4 kW AC-type station is complemented by an
analysis of the available solar resources in Paris, France. Additionally, the development
of a datalogger using IoT technology for efficient real-time monitoring of solar energy
production, with data stored in the cloud and accessed through a web interface, highlights
the importance of continuous monitoring and optimization of energy efficiency in electric
vehicle charging systems.

P. Saranya et al. [23] present a solution for electric vehicle charging stations that operate
independently of the conventional electrical grid. The proposal specifically addresses
energy storage and the challenges of power factors in renewable sources. These aspects are
essential for identifying deficiencies in the integration of energy storage systems and for
exploring how to improve the stability and efficiency of EV charging stations that rely solely
on renewable energy sources. On the other hand, S. Qadir et al. [24] provide a perspective
on electric vehicle charging stations. They propose a hybrid charging station that utilizes
solar energy, then the electrical grid, and reserve batteries in case of emergencies. The
article introduces a prototype and a control unit that selects the most economical energy
source based on its unit cost in kWh. These aspects are essential for identifying deficiencies
in the implementation of hybrid charging stations and for exploring how to optimize the
use of multiple energy sources to improve the efficiency and economy of EV stations.

Y. Zhang [25] analyzes the possibility of a distributed energy management system
in a 1.5 MW solar-powered charging station with 2.5 MWh of battery storage. The study
was based on the different behavioural responses of electric vehicle (EV) drivers using
supervised learning. The charging station and the EVs are modelled as independent actors
with diverse preferences depending on whether they provide or consume energy. These
aspects are essential for identifying deficiencies in the implementation of distributed energy
management systems and for exploring how to optimize the interaction between charging
stations and EV users to improve efficiency.

Turan and Gokalp [26] analyze the optimal sizing and integration studies for electric
vehicle (EV) charging and solar power plants located in the distribution network. The
study includes 12 solar plants with a total installed capacity of 6.228 kW. The proposed
network is equipped with a protection system to ensure the stability and reliability of the
grid, improving voltage profiles with the integration of EVs. These aspects are essential for
identifying deficiencies in the integration of EV charging stations into existing distribution
networks and exploring how protection systems and optimal sizing can improve the
stability and performance of the electrical grid.

B. Guany et al. [27] also focus on analyzing the energy consumption characteristics
of an elevated metro station and evaluating the photovoltaic (PV) potential on its roof.
This study examines the energy consumption profile of a metro station and proposes a
multi-objective model to investigate the energy flexibility of the station with the integration
of battery energy storage to maximize the use of renewable electricity.

A. Allouhi and S. Rehman [28] address the implementation of hybrid renewable energy
systems (solar/wind /battery) connected to the grid for supermarkets in Morocco that have
EV charging platforms in their parking areas. The study focuses on the optimization
and sensitivity analysis of these systems. This helps to identify gaps in the integration
of multiple renewable energy sources and to explore how optimization and sensitivity
analysis can improve the efficiency and economic viability of EV charging stations using
hybrid renewable energy systems.

Although many studies have developed dynamic electric vehicle charging prediction
and scheduling models, few of them have linked photovoltaic generation with spatiotem-
poral electric vehicle charging demands at the urban scale. Thus, [29] develops a research
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framework with three interconnected modules to investigate the feasibility of EV charging.
The framework is constructed from time-series EV charging demand statistics at each
station, the planning of PV installations associated with all charging stations, and the de-
velopment of a dynamic dispatch algorithm to transmit surplus electricity from one station
to another. The experiment uses a complete electric vehicle charging dataset containing
5574 charging stacks with more than 9.7 million records in June and July in Guangzhou,
China. The results show that rooftop PV installations can supply more than 90% of the
charging demand. These aspects are essential for identifying deficiencies in the dynamic
management of charging demand and the efficient integration of large-scale PV installations
in the urban context, which is crucial for the optimization of EV charging infrastructure.

Various scientific studies have analyzed the contribution of solar energy to EV charging.
Table 1 presents a summary of the main characteristics of relevant cases.

Table 1. Summary of studies on charging stations with PV system.

Study Year Techniques Used Type of Station PV System Power Evaluated Parameters
PV-Battery Energy . 6 kW for 50% of Energy, environment,
(221 2022 Storage System (BESS) Slow charging the demand and economy.
[23] 2021 PV Slow charging - Voltage profiles
PV-Battery Energy Energy, environment
[24] 2022 Storage System Slow charging - ai}(;’ econom ’
(BESS)—grid ¥
PV-Battery Energy . Energy, environment,
23] 2019 Storage System (BESS) Fast charging L5MwW and economy.
. 270-180-504-315-774, .
[26] 2022 PV-grid Sflow charging, 1-828-540-467, 9-126, Voltage profiles,
ast charging 1-440, 9-899, 9-315, 1 kW current
PV-Battery Energy Energy, environment
[27] 2023 Storage System Fast charging 120 kW i}é nom ’
(BESS)-grid and economy:
PV-Battery Energy Energy, environment
[28] 2023 Storage System Fast charging 100 kW &Y ’

(BESS)-grid and economy.

The integration of photovoltaic (PV) systems into electrical grids has been significantly
driven by the increasing demand for renewable and sustainable energy sources. In this
context, maximum power point tracking (MPPT) plays a crucial role in maximizing the
efficiency and performance of PV systems. Over the past decades, various MPPT algorithms
and techniques have been developed to enhance solar energy capture and optimize the
operation of the power converters used in these systems.

Rekioua D [30] uses controllers to efficiently operate maximum power point tracking
(MPPT) algorithms, optimizing the overall system performance and minimizing stress
on energy storage components. Specifically, in the photovoltaic generator, the provided
method integrates Perturb & Observe (P&O) and Fuzzy Logic Control (FLC) methods.
The article presents a new energy management algorithm designed for efficient control.
Additionally, it focuses on managing storage systems to maintain their state of charge (SOC)
within a defined range.

Mai C. [31] proposes a new maximum power point tracking (MPPT) technique for
photovoltaic systems based on the Dung Beetle Optimization (DBO) algorithm to maximize
the output power of photovoltaic systems. The experimental validation is carried out on
the HIL + RCP physical platform, which fully demonstrates the advantages of the DBO
technique in terms of tracking speed and accuracy.

K. Kumar [32] presents a comprehensive comparative analysis of the performance of
the hybrid system with traditional control algorithms, such as Perturb & Observe controllers
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and Radial Basis Function Network. The success of the converter prototype validates the
feasibility of the proposed approach.

Mariem Mallat [33] applies a genetic algorithm (GA)-based MPPT algorithm to ad-
just the duty cycle of the boost converter to achieve the MPP operation of PV modules.
Additionally, she develops a numerical model of the entire photovoltaic conversion plat-
form using Matlab/Simulink software. The results obtained confirm the feasibility of the
proposed technique and its effectiveness in controlling a system.

1.3. Current Challenges in Charging Stations

The expansion of charging infrastructure for electric vehicles (EVs) plays a funda-
mental role in the transition to electric mobility; however, this progress faces significant
challenges. The increase in demand for EV charging poses a series of technical obstacles
such as capacity and charging speed. The interoperability of systems emerges as an essen-
tial element to ensure the efficiency of this infrastructure. C. Rodriguez et al. [34] address
the issue of interoperability with the electrical grid; currently, there is no concrete answer
regarding when and how to integrate Vehicle-to-Grid (V2G) technology. V2G technology
allows vehicles to communicate with the electrical grid and even return electricity to the
grid in case of a blackout, but its implementation depends on several key parameters, such
as available capacity in the distribution system and the deployment of distributed energy
resources, among others.

The deployment of EV fast-charging stations is a crucial component for the mass
adoption of electric mobility. This process involves various strategies and planning consid-
erations to ensure that the charging infrastructure is efficient, accessible, and sustainable.
In [35], their dual role as charging and storage units is highlighted; in addition, the review
highlights the significant opportunity for the integration of renewable energy sources. The
potential of renewable resources, such as wind and solar energy, to power these charging
stations is investigated while exploring energy storage systems to minimize environmental
impact and boost sustainability.

The proliferation of electric vehicles (EVs) leads to an increase in demand for the
electrical system [36]. While EVs contribute to this demand, the energy they store could
prove to be highly valuable. By the end of 2020, there were 10 million EVs worldwide,
translating to an installed energy capacity of 296 GWh in lithium-ion batteries [37]. When
considering the nominal energy available in EV batteries along with the energy stored
in electric bus fleets, the total reaches 394 GWh. E. Bravo [38] analyzes the daily energy
consumption during the testing phase of the tram system in Cuenca. It demonstrates a
regular consumption pattern reaching 5.86 MWh, which represents only 0.0015% of the
nominal energy in EV and electric bus batteries.

Cervantes and Prado [39] discuss the development of software to manage and con-
trol energy supply, highlighting that the billing process at charging stations is the main
challenge. Locally, no provider has developed a comprehensive tool to efficiently execute
these processes. Other charging stations have a charging system using cards that allow
customers to charge their vehicle batteries at the same place where they pay for the ser-
vice, with payment options including cash. This often leads to conventional queues for
charging turns.

The implementation of charging stations through the integration of renewable energy
technologies and energy storage will ensure a continuous and sustainable supply even
during power outages. A future challenge is to develop strategies to manage demand
efficiently, especially during periods of high demand, aiming to prevent congestion at
charging stations.

Predicting energy demand can help optimize operations, avoid grid overloads and
power outages, and help companies estimate the number of charging stations needed to
meet the demand for charging stations. In [39], three time-series models, ARMA, ARIMA,
and SARIMA, are used to forecast future values from historical data; the experiment results
show that the SARIMA model is the best at predicting energy usage in all three datasets.
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The performance of electric vehicles (EVs) can be adversely affected if charging stations
are not properly sited and connected to the grid. In [40], a reliability, availability, and
operability (RAO-3) methodology is introduced, employing a fuzzy ranking technique to
identify the most efficient dimensions and locations for EV charging stations, distributed
generators, and supercapacitors in radial bus distribution systems with grid reconfiguration.
The fuzzy multi-objective function is used to simultaneously optimize the positioning of
charging stations, distributed generators, and storage capacities, with or without grid
reconfiguration. According to simulation results, the concurrent placement technique
improves performance by reducing power loss and improving voltage profile.

1.4. Contribution of the Present Work

The present work makes several significant contributions to the field of electric vehicle
(EV) infrastructure and renewable energy integration:

Technical and Economic Feasibility Analysis: This study provides a comprehensive tech-
nical and economic assessment of implementing a solar-powered electric charging station
with battery storage in Cuenca, Ecuador. By evaluating various scenarios, the research
highlights the potential for sustainable and economically viable EV infrastructure.

Environmental Impact Evaluation: This work emphasizes the environmental benefits of
transitioning to electric mobility, particularly the potential for reducing fossil fuel depen-
dence and lowering greenhouse gas emissions using renewable energy sources. It stresses
that for EVs to significantly contribute to greenhouse gas reduction, the energy used for
recharging must come from renewable sources.

System Design Insights: This research offers valuable insights into the optimal design of
solar PV systems for EV charging stations. It underscores the importance of appropriately
sizing the solar energy system and battery storage to ensure a reliable and sustainable
energy supply, considering seasonal variations in solar generation and the direct impact of
EV integration on energy demand.

Holistic Approach: This study integrates technical, economic, environmental, and social
perspectives, presenting a holistic approach to achieving sustainable electric mobility in
Ecuador. This comprehensive view aids in understanding the multifaceted challenges and
benefits of transitioning to renewable energy-powered EV infrastructure.

2. Materials and Methods

This article analyzes the parking lot of the Universidad Politécnica Salesiana as a
potential charging location. This site provides conditions of use, such as frequency, dura-
tion, and availability, among others, to understand the demand for electric energy when
introducing electric vehicles (EVs) in different scenarios. To estimate the energy demand
of vehicles, data stored by the university’s access control system over two working weeks
were utilized. The previous data are analyzed during the hours established by the tariff
schedule, which are 08 h 00-18 h 00, 18 h 00-22 h 00, and 22 h 00-08 h 00 [18]. During
the 22 h 00-08 h 00 timeframe, only the period from 06 h 00 to 08 h 00 is considered, as it
remains unoccupied during the nights and early mornings.

To determine the travel patterns of vehicles entering the campus parking lot and
establish the range in a scenario where these vehicles replace combustion vehicles, a survey
was conducted. The survey aimed to determine the average mileage travelled by parking
lot users’ vehicles on the university campus during a week. Based on the data recorded by
the access control system, it was determined that 348 users enter per day, and on average, a
user travels 274 km per week and makes 2 daily entries, as shown in Figure 1.

To comprehensively address the electric demand due to the new proposed charges,
various electric vehicle (EV) penetration scenarios are analyzed. The evaluation will be
conducted using the data of the single average of entered vehicles shown in Figure 1. They
are analyzed for different scenarios where 10%, 20%, and 30% of the vehicles in the parking
lot are electric, as shown in Figure 2.
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Figure 2. Electric vehicle penetration scenarios.

2.1. Energy Demand Estimation

For the demand estimation, two of the most prominent electric vehicles (EVs) in the
Ecuadorian market were selected [41], the KIA Soul EV and the Nissan Leaf. Their prices
range between USD 30,000 and USD 35,000. Below, Table 2 presents information on the
electrical charging specifications of the analyzed vehicles.

Table 2. Charging specifications of the vehicles.

Vehicle Type Kia Soul EV Nissan Leaf
Charging type AC Charging
Charging port Type 2 Type 2
Max AC output power 72 kW 6.6 kW
Charging time 10 h 30m 10 h 45m
Charging type DC Fast Charging
Charging port CCS CHAdeMO
Max DC charging power 77 kW 100 kW
Charging time 44m 37m
Range 276 km 280 km

According to Table 2, the Kia Soul and the Nissan Leaf have ranges of 276 km and
280 km, respectively. Given that the average vehicle travel distance is 274 km per week, it
can be deduced that a car will require a full charge on average once a week. The energy
consumption for charging EVs varies depending on the vehicle model and the type of
charger used. Additionally, these vehicles utilize the charging standards CHArge de
MOve (CHAdeMO) and Combined Charging System (CCS). Generally, CHAdeMO covers
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relatively low-voltage batteries up to around 500 V, while CHAdeMO 2.0 and CCS cover
relatively high-voltage batteries up to approximately 1000 V [42]. In Table 3, the main
characteristics of CHAdeMO and CCS fast-charging connectors are shown.

Table 3. Types of connectors.

Connector Pins Characteristics
CHAdeMO Utilizes ten pins, grounding, and Power: Single-phase DC.
communication with the network Charging modes: fast charging.
Developed by German and American Power: AC or DC.
CCSs technicians. CCS1 has seven pins and  There are two types: CCS1
CCS2 has nine pins (Europe) and CCS2 (USA).

To determine the optimal number of charging points needed to supply electric power,
a charging plan for EVs has been developed, as shown in Table 4. Each vehicle requires a
charging power of 77 kW and 100 kW, with an average time of 0.5 and 0.7 h, respectively,
according to Table 2.

Table 4. Charging plan for electric vehicles.

Scenario 1 Scenario 2 Scenario 3
1CCS 1 CHAdeMO 2 CCS 2 CHAdeMO 2 CCS 3 CHAdeMO
4 VE 2.8h 4 VE 2h 8 VE 2.8h 8 VE 2h 8 VE 2.8h 12 VE 2h
4 VE 2.8h 4 VE 2h 8 VE 2.8h 8 VE 2h 8 VE 2.8h 12 VE 2h
4VE 2.8h 4 VE 2h 8 VE 2.8h 8 VE 2h 8 VE 2.8h 12 VE 2h
4 VE 2.8h 4 VE 2h 8 VE 2.8h 8 VE 2h 8 VE 2.8h 12 VE 2h
4VE 2.8h 4 VE 2h 8 VE 2.8h 8 VE 2h 8 VE 2.8h 12 VE 2h
20 VE 14 h 20 VE 10h 40 VE 14 h 40 VE 10 h 40 VE 14 h 60 VE 10h

In Table 4, it was observed that for a 10% penetration of EVs, it is recommended to
have two charging points. For a 20% penetration, the suggestion is to install four charging
points, and for a 30% penetration, a charging station with five charging points is advised.
The charging times for the proposed scenarios vary between 10 and 14 h depending on the
type of charger used, and it is important to highlight that these times are within the time
limit during which the university campus parking lot remains open.

To calculate the demand for electrical energy, Equation (1) was used. In the case of
Scenario 1, two types of chargers are used: one for the Kia Soul (CCS) with 77 kW and
another for the Nissan Leaf (CHAdeMO) with 100 kW. In Scenario 2, four types of chargers
are used: two for the Kia Soul (CCS) with 77 kW and two for the Nissan Leaf (CHAdeMO)
with 100 kW. In Scenario 3, five types of chargers are used: two for the Kia Soul (CCS)
with 77 kW and three for the Nissan Leaf (CHAdeMO) with 100 kW. This is considering
a fast charging time between 0.5 and 0.7 h for all three scenarios, and also considering
maintenance measures to charge up to 80% of their capacity to extend the lifespan of the
batteries. Figure 3a presents the weekly energy demand, and Figure 3b shows the monthly
energy demand.

E = P(Watts) x t(hours) (1)

Considering the results, a comparison was made with other studies regarding the
electric energy consumption required for an electric vehicle to travel 100 km for each model.
In Table 5, it can be observed that the obtained results vary slightly, which can be attributed
to the model year and its range.

Calculations are performed according to the assessment of the weekly energy con-
sumption required for the incorporation of 10% of EVs (35 units) with a range of 274 km. In
previous research [35,36], a consumption of 1392.74 kWh/week was recorded, contrasted
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20% OF ELECTRIC
VEHICLES

30% OF ELECTRIC

VEHICLES

with the results of the present study revealing an increase of 4.55% in consumption, reach-
ing a total of 1456.16 kWh/week, considering that the recharging of these vehicles was
exclusively conducted on campus.

SCENARIO 1

SCENARIO 1 5825 kWh
1456 kwh

10 % OF ELECTRIC =

MONTHLY

20% OF ELECTRIC SCENARIO 3 ENERGY
VEHICLES o 17189 kwh DEMAND

Scenarios

WEEKLY
ENERGY
DEMAND

Scenarios

30% OF ELECTRIC

a
VEHICLES (O

SCENARIO 2

2909 kWh SCENARIO 2

11637 kWh

(a) (b)

Figure 3. (a) Weekly energy demand; (b) monthly energy demand.

Table 5. Comparison of electric energy consumption.

Study of Authors Year Model Consumption [kWh/100 km]
[43] 2020 Nissan Leaf 15.86
2023 Nissan Leaf 14.28
[38] 2020 Kia Soul EV 13.26
2023 Kia Soul EV 15.62

2.2. Photovoltaic System

To calculate the power required by the PV system, the equation derived from the
capacity factor will be used. This factor is calculated as the ratio of the total energy produced
during a specific period to the energy that could have been generated at maximum capacity
during the same period. Using the equation for the capacity factor, the power is derived as
shown in Equation (2).

Energy

P =
ower Capacity Factor x 8760 h

)

For the calculation, the capacity factor from a previous study [44] is considered, which
is 16.55%. This factor is applied to the previously calculated monthly energy demand. Next,
the required power for the three scenarios is calculated as follows:

Prcmion = L = 48211
WP 2 = BEEIEE — 06319
KW Pscenario 3 = titesrsreg = 142.276 kW

2.3. Solar Potential Determination

To provide a concrete perspective, global and diffuse solar irradiation levels incident
in Cuenca are compiled. These data were obtained through Meteonorm 8.1 (2016-2021)
software from PVsyst. Figure 4a presents a detailed summary of the irradiation parameters,
while Figure 4b depicts a heat map illustrating the patterns of average irradiance behaviour
per hour during the month.
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Figure 4. (a) Parameters of irradiation obtained from PVsyst; (b) average irradiance per hour during
the month.

2.4. Factors to Consider for the Photovoltaic System

For the minimum (Njs,,i,) and maximum (Njs,,,4¢) number of modules in the series
of the PV system, Equations (3) and (4) are used. The minimum number in series is linked
to the relationship between the minimum DC voltage of the inverter (Vmin DC) and the
maximum power point voltage (Vmp) of the module. Meanwhile, the maximum number
in series is related to the maximum DC voltage of the inverter and the open-circuit voltage
(Voc) of the module.

Vmin DC
NMSmin > W (3)
Vmax DC
N < 4
MSmax > Voc ( )

The number of parallel strings (N¢p) is determined by Equation (5), which is calculated
from the relationship between the peak power of the inverter (Ppk) and the number of
modules in series (Njss) multiplied by the module’s power (P,,,7). With this result, the
total number of modules (Nt,1) can be obtained using Equation (6).

Ppk
Nep~v — P8 ®)
"™ Nus % Pood
N7ty = Nps X Nep (6)

Additionally, the voltage at the maximum power point (Vjpp) at the output of the
string is determined using Equation (7), where the maximum power voltage of the module
(VMmpp moq) is multiplied by the number of modules in series (Nyss). The peak power of the
PV array is determined by Equation (8), multiplying the total number of modules (Ntp1)
by the power of the module (P,;;,4).

Vimmp = Vmpp mod X Nms ()
Ppk = NTM X Pmad (8)

The DC input voltage of the PV system varies with the operating temperature of the
PV modules. Equation (9) [45] models how temperature affects the open-circuit voltage. As
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the temperature increases or decreases from the standard test condition temperature, the
open-circuit voltage experiences proportional changes.

Voc (T) = Vocsie — Ng x B X (25 — Ty04) )

Voc : Open-circuit voltage;

Vocste : Open-circuit voltage under standard conditions;

Ns : Number of modules in series;

B : Temperature coefficient of voltage variation;

Ty04 - Module temperature.

In Cuenca, the average minimum and maximum temperatures for the modules range
between 11 °C and 20.9 °C [46]. Considering the temperature under standard conditions of
25 °C, Equation (9) allows us to calculate the voltage variation of a photovoltaic module.

e Voltage without maximum load:
Voc (T) = Vocse — Ng x B x (25 — Tmod,,;, ) (10)
e  Minimum MPP voltage:
Vminppp (T) = Viypp — Ng X B X (25 — Tyodmax ) (11)
e  Maximum MPP voltage:
CVmaxpypp (T) = Vapp — Ns X B % (25 — Tyodmin ) (12)

The conditions to ensure the proper arrangement of the PV system. Firstly, it must
meet condition A, where it is verified that the open-circuit voltage (Vocy,ax) at the output of
each string at minimum temperature (11 °C) is less than or equal to the maximum voltage
(Vmax) that the inverter can withstand, as expressed in Inequality (13).

Vocyax < Vmax (13)

Given that the voltage at the output of the modules is temperature-dependent, it is
necessary to verify that under the expected operating conditions (11 °C and 20.9 °C), the
inverter operates within the declared voltage range. Therefore, condition B must be met
using Inequality (14), where the minimum voltage at the output of the modules (V,,;,,) must
be greater than or equal to the minimum voltage at the input of the inverter (Vappr min),
and condition C through Inequality (15), where the maximum voltage at the output of
the modules (Vj;ux) must be less or equal than the maximum voltage at the input of the
inverter (VymppT max)-

Vmin > VMPPT min (14)
Vmax < VMPPT max (15)

In addition to meeting the three voltage conditions, the total maximum short-circuit
current (Imaxss) of the PV generator strings operating at the maximum power point
must not exceed the maximum current supported by the inverter (Imax;,yerter). Therefore,
condition D must satisfy Inequality (16).

Imaxge < Imaxipperter (16)

For the correct connection of the inverter—string, it is necessary to verify if the open-
circuit voltage at the end of the string is lower than the maximum input voltage allowed
by the inverter. Additionally, the minimum voltage of the string’s maximum power point
(MPP) should not be lower than the minimum MPPT voltage of the inverter, and the maxi-
mum voltage of the string’s MPP should not be higher than the maximum MPPT voltage
of the inverter. Table 6 shows the compliance of these conditions for the three scenarios.
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Table 6. Compliance with the conditions for the three scenarios.

Conditions Scenario 1 Scenario 2 Scenario 3
String no-load voltage 1064.88 V 1064.88 V 946.56 V
Condition A Maximum inverter input 1100 V 1100 V 1100 V

voltage

Vocmax < Vimax

Vocmax < Vimax

Vocmax < Vimax

Compliance 1064.88 < 1100 V 1064.88 < 1100 V 946.56 < 1100 V
Minimum MPP string voltage 789.48 V 789.48 V 701.76 V
Minimum MPPT voltage of
Condition B the inverter 180V 180V 180V
; Viin 2 VMPPT min Vmin 2 VMPPT min Vmin 2 VMPPT min
Compliance 789.48 > 180 V 789.48 > 180 V 701.76 > 180 V
Maximum MPP string voltage 847.24V 847.24V 753.08 V
Maximum MPPT voltage of
Condition C  the inverter 1000V 1000 v 1000V
: Vmax < VMPPT max Vmax < VMPPT max Vmax < VMPPT max
Compliance 847.24 <1000 V 847.24 <1000 V 753.08 < 1000 V
Max. s.hort—arcult current of 145 A 145 A 145 A
the strings
Number of strings in parallel 3 4 4
ConditionD Max. input current per
inverter MPPT 40 A 40A 40A
Compliance Imaxge < ImaXeptrada inv ~ IMaXse < IMaXengradainy  IMaxse < IMaXentrada inv

435 <120 A

58 <160 A

58 <160 A

2.5. Battery Storage Capacity

The storage capacity required for the system is determined based on the assessment of
energy demand, system voltage, days of autonomy, and depth of discharge. Additionally,
the maximum value for battery capacity is determined by choosing the highest value

between daily nominal capacity and seasonal nominal capacity.

To calculate the daily and seasonal nominal storage capacity required for the photo-
voltaic system, Equation (17) is used. The maximum daily depth of the discharge cycle
is 15%, while for the seasonal depth of discharge, 70% is utilized [47]. For the seasonal
cycle, the maximum range of days that a battery can be discharged without receiving solar
irradiation is 3-10 days [48].

The model to be used is a battery of 880.6 V-296.40 Ah. This specific battery model
was chosen due to its ability to handle the required system voltage, its capacity to meet
the energy demand, and its compatibility with the photovoltaic system. Additionally, its
technical specifications align well with the operational requirements of the EV charging
station, ensuring reliable performance and longevity.

C 7DEXDA
B VsXPD

Cp : Calculated battery capacity required for the system [Ah];

Dg : Energy demand [kWh/dia];
D4 : Days of autonomy;
Vs : System voltage [V];
Pp : Depth of discharge.

(17)

Then, the number of batteries required to meet the energy demand needs to be deter-

mined, for which Equation (18) is utilized.
Cs
M E
Npg : Number of batteries;
Ep : Actual capacity of an individual battery [Ah].

(18)
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3. Results
3.1. System Simulation

The simulation of photovoltaic solar energy generation was conducted in PVsyst. The
number of solar panels in series, the number of strings, and the number of inverters are
entered, following the specifications established in Table 7, which summarizes the series—
parallel configuration of the photovoltaic modules for the three established scenarios.

Table 7. Series—parallel configuration.

GPV (Photovoltaic Generation) Scenario 1 Scenario 2 Scenario 3
Module power [W] 450 450 450
Number of modules in series 18 18 16
Strings in parallel per inverter 3 4 4
Number of inverters 2 3 5
Total number of modules 108 216 320
Peak system power [W] 48,600 97,200 144,000
Total area of modules [m?] 234.74 469.47 695.52

Below are the results of the simulation with and without battery storage for the three
scenarios studied.

3.1.1. Scenario with 10% of EVs
o A system without battery storage

In the scenario considering the incorporation of 10% EVs, Figure 5 presents the corre-
sponding energy results. For the PV system, two inverters of 30 kW are used, along with
108 solar panels of 450 Wp, configured with 18 modules in series and 3 in parallel. For
the electric charging station, a 77 kW CCS connector and a 100 kW CHAdeMO connector
are used.

Scenario 1
‘ ' [N Generation
[ Demand

Energy [kWh]
5
3

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Figure 5. Generation and demand of the system for 10% EVs.

It can be observed that the PV system will supply electrical energy, except in June
(5355 kWh), July (5222 kWh), August (5327 kWh), September (5196 kWh), and October
(5693 kWh), where generation is below the demand of 5824.64 kWh. It is worth noting
that energy balance is considered; when there are situations where the generation of the
PV system is lower than the demand, the distributor will verify if the consumer has an
accumulated energy balance in their favour. If so, the distributor will proceed to debit
part of said balance to cover the energy corresponding to the month in which the demand
is exceeded.
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SCENARIO MIN GENERATION 10% VE

o The system with Battery Storage

According to the energy produced by the 48.60 kWp PV system and the energy demand
it has to supply of 291.23 kWh/day, it is considered to work with a seasonal nominal
capacity of 2698.09 Ah. The batteries are connected in parallel, achieving a capacity of
719.6 V-2698.09 Ah.

Battery storage provides fast-response services to stabilize the electrical grid, improv-
ing the quality and reliability of the energy supply. Below are the results obtained using
battery storage. Figure 6a shows the daily profile when solar generation is minimal, while
Figure 6b shows the daily profile when solar generation is maximum. Additionally, in
Figure 6b, it can be observed that due to maximum generation, excess energy is injected
into the grid.

SCENARIO MAX GENERATION 10% VE

—— Energia de carga de I bateria, -0.0023 KiWhidia
—— Energia do descarga do a bateria, 192.4 KWhidia
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N
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’ —— Energia solar disponible, 401.2 kWh/dia
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Figure 6. (a) Daily profiles when generation is minimal (10% EV scenario); (b) daily profiles when
generation is maximum (10% EV scenario).

3.1.2. Scenario with 20% of EVs
o The system without battery storage

For the scenario in which a 20% penetration of EVs is considered, Figure 7 shows the
energy-related results. The PV system utilizes three inverters of 30 kW each, along with
216 modules of 450 Wp configured with 18 modules in series and 4 in parallel. For the
charging station, two CCS connectors of 77 kW and two CHAdeMO connectors of 100 kW
each are used.

Scenario 2

" | I Generation
I Demand
14000 =1

12000 5

10000

Energy [kVWWh]
]
8

6000

4000

2000

Jan Feb Mar Apr May Jun Jul
Months

Aug Sep Oct Nov Dec

Figure 7. Generation and demand of the system for 20% EVs.
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POWER [W]

14000

SCENARIO MIN 20% VE

As the EV penetration increases to 20%, it requires more generation capacity. The sized
PV system proves capable of efficiently meeting the energy demand, except during months
of low irradiation, where it experiences a decrease in performance (June 10,755 kWh, July
10,499 kWh, August 10,710 kWh, September 10,434 kWh, and October 11,392 kWh), where
the generation is below the demand of 11,637 kWh.

o The system with Battery Storage

According to the energy produced by the 97.2 kWp photovoltaic system and the
energy demand it has to meet of 581.84 kWh/day, it is considered to operate with a
seasonal nominal capacity of 5390.40 Ah. The batteries are connected in parallel, achieving
a capacity of 719.6 V-5034.14 Ah.

Below are the results obtained using battery storage. Figure 8a illustrates the daily
profile when solar generation is at its minimum, while Figure 8b shows the daily profile
during maximum solar generation.

SCENARIO MAX GENERATION 20% VE

—— Energia de carga de la bateria, 0.0046 kWhidia
—— Energia de descarga de Ia bateria, 0.0000 kWhidia
—— Energia inyectada en la red, 0.0000 KWhidia
—— Energia solar disponible, 49.15 kWhidia

—— Energia suministrada al usuario, 387.9 kWhidia

—— Energia de carga dela bateria, 522.1 KWh'dia
Energia de descarga de la betera, 241.1 kWhidia
—— Energia nyectada en la red, 60,09 kWhidia
80000 —— Energia solar disponile, 7763 kWh/dia
Energia suminisrada al usuario, 375.4 kWhidia

60000|

POWER [W]

40000(-
—

20000

(a) (b)

Figure 8. (a) Daily profiles when generation is minimal (20% EV scenario); (b) daily profiles when
generation is maximum (20% EV scenario).

3.1.3. Scenario with 30% of EVs
o The system without battery storage

For the scenario where a 30% insertion of EVs is considered, Figure 9 shows the energy
results. The PV system uses five inverters of 30 kW each, with 16 modules in series and
4 in parallel. For the EV charging station, two 77 kW CC2 connectors and three 100 kW
CHAdeMO connectors are used.

4 Scenario 3
2500 — ——

T
I Generation
[ Demand

o
T

Energy [KWh]

05}

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Figure 9. Generation and demand of the system for 30% EVs.

The sized PV system demonstrates effectiveness in meeting the energy demand, except
during months of lower irradiation, where a reduction in its performance is observed (June:
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15,916 kWh, July: 15,529 kWh, August: 15,842 kWh, September: 15,445 kWh, and October:
16,920 kWh), with the generation falling below the demand of 17,189 kWh.

o The system with Battery Storage

According to the energy produced by the 144 kWp photovoltaic system and the energy
demand it needs to supply of 859.46 kWh/day, it is considered to work with a seasonal
nominal capacity of 7962.34 Ah. The batteries are connected in parallel, achieving a capacity
of 719.6 V-7962.34 Ah.

Similarly to the previous results, the use of battery storage will be very useful in
situations where generation is below demand. Below are the results obtained using battery
storage. Figure 10a illustrates the daily profile when solar generation is at its minimum,
while Figure 10b shows the daily profile during maximum solar generation.

SCENARIO MAX GENERATION 30% VE

SCENARIO MIN GENERATION 30% VE

25000,

—— Energia de carga de la bateria, -0.0018 kWhidia
20000 —— Energiade descarga de la bateria, 0.0000 kWhidia
—— Energia inyectada en la red, 0.0000 kWhidia
—— Energia solardisponible, 70.94 kiWhidia

15000]
Energia suministrada al usuario, 573.0 KWhidia

POWER [W]

10000

5000 /

/ AN 40000}
\

T T T T T T
Energia de carga de la bateria, 780.7 kWhidia

Energla de descarga de la batera, 357.1 kKWhidia
140000~ Energia inyectada en la red, 1185 kWhidia 1
Energia solar disponible, 1186 KWhidia
Energia suministrada al usuario, 554.5 kWhidia

120000~

100000

80000

POWER [W]

60000

\\ 20000 R
A "

f .
18 2 4 3 6 9 12 5 18 21 24
TIME (h)

(@) (b)

Figure 10. (a) Daily profiles when generation is minimal (30% EV scenario); (b) daily profiles when

12
TIME (h)

generation is maximum (30% EV scenario).

3.2. Economic Analysis

An economic analysis is conducted to evaluate the feasibility of the project for the
three scenarios studied. Parameters such as operating costs, maintenance, and investment
for the development of this project are considered. The analysis is carried out for storage
with batteries and without considering batteries.

3.2.1. Economic Analysis of the System without Considering Battery Storage
Investment Costs

In Figure 11, a summary of the investment costs corresponding to the three studied sce-
narios is presented. This analysis was carried out for a fast-charging station equipped with
two DC connectors (CHAdeMO + CCS) from CIRCUTOR. In addition to the components
of the solar system are solar panels, the inverter, and associated labour costs.

For this evaluation, a cash flow analysis is conducted, which constitutes a representa-
tion of the financial inflows and outflows, to assess the viability of a project. The cash flow
evaluation is performed for three different scenarios over 25 years, which is the established
useful life of a PV system according to regulation Nro. ARCERNNR-008/23 [34]. During
this analysis, the cash flow considers the initial investment, the energy savings generated
over the 25 years with the photovoltaic system, and the annual expenses (annual mainte-
nance). Additionally, key financial indicators such as the Internal Rate of Return (IRR), the
Net Present Value (NPV), and the payback period are included. Figure 12 below presents
the parameters considered in the cash flow analysis for this study.

NPV allows us to calculate the present value of a certain number of future cash flows
generated by an investment [49]. According to the decision rule associated with NPV, the
investment is accepted if the NPV is greater than zero (>0) and rejected if the NPV is less
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than zero (<0). If n is the number of cash flows in the list of values, Equation (19) represents

the NPV: \ l
NPV = 2 values; '
= (1+rate))
Scenario 1
Description | Quantity Unit price VAT Subtotal Subtotal Total, VAT
Solar modules
RESUN RS7I-M-450 Wp HC 108 $220.00 $246.40 $23,760.00 | $26,611.20
Module support 108 $1.76 $2.00 $190.08 $216.00
Conductor EXZHELLENT CLASS SOLAR 120 [m] $0.45 $0.51 $53.75 $61.08
Grid inverter
WIT Hybri Inverter 30 kW | 2 $2900.00 $3248.00 $5800.00 | $6496.00
Fast charging stations
Raption DUO fast charging station | 1 | $27,237.44 | $30505.93 | $27,237.44 | $30,505.93
Subtotal| $63,890.21
Installation labour 20% Installation labour $12,778.04
Total| $76,668.26
Scenario 2
Description | Quantity Unit price VAT Subtotal Subtotal Total, VAT
Solar modules
RESUN RS7I-M-450 Wp HC 216 $220.00 $246.40 $47,520.00 | $53,222.40
Module support 216 $1.76 $2.00 $380.16 $432.00
Conductor EXZHELLENT CLASS SOLAR 240 [m] $0.45 $0.51 $107.50 $122.16
Grid inverter
WIT Hybri Inverter 30 kW | 3 $2900.00 $3248.00 $8700.00 | $9744.00
Fast charging stations
Raption DUO fast charging station | 2 | $27,237.44 |  $30505.93 | $54,474.88 | $61,011.87
Subtotal| $124,532.43
Installation labour 20% Installation labour $24,906.49
Total| $149,438.91
Scenario 3
Description | Quantity Unit price VAT Subtotal Subtotal Total, VAT
Solar modules
RESUN RS7I-M-450 Wp HC 320 $220.00 $246.40 $70,400.00 | $78,848.00
Module support 320 $1.76 $2.00 $563.20 $640.00
Conductor EXZHELLENT CLASS SOLAR 240 [m] $0.45 $0.51 $152.29 $173.06
Grid inverter
WIT Hybri Inverter 30 kW | 5 $2900.00 $3248.00 $14,500.00 | $16,240.00
Fast charging stations
Raption DUO fast charging station | 3 $27,237.44 $30,505.93 $81,712.32 | $91,517.80
Subtotal| $187,418.86
Installation labour 20% Installation labour $37,483.77
Total| $224,902.63

Figure 11. Investment costs for the 3 scenarios with photovoltaic system.

(19)

On the other hand, the IRR is defined as the rate that discounts the value of expected
future net incomes to equal the initial investment outlay. The IRR is closely related to
NPV, as it represents the interest rate corresponding to an NPV of 0 (zero). Equation (20)
demonstrates the relationship between NPV and IRR. Meanwhile, the payback period
represents the time needed to recoup the initial investment.

n valuesj

3 (1 + rate)i -

j=1

(20)

Table 8 summarizes the cash flow results for each of the three scenarios. For this
analysis, the NPV is positive, and the IRR is greater than zero in all three scenarios, indicat-
ing that the project is financially acceptable. The payback period analysis is addressed in
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Section 3.2.3, where the payback period is compared in two scenarios: one with batteries
and one without batteries.

Table 8. Cash flow results.

Oo&M
Scenarios  Investment (Operation and NPV IRR
Maintenance)

Scenario 1 $76,668.26 $920.02 $32,264.70 9.18% $110,127.48
Scenario 2 $149,438,91 $1793.27 $67,134.00 9.43% $222,463.82
Scenario 3 $224,902.63 $2698.83 $84,741.74 8.79% $304,833.77

Total Net Savings
in 25 Years

e . (215 ToTAL SCENARIO 1 - PHOTOVOLTAIC SYSTEM
Project power (W) 48,600.00 [oanes | asow | tos0 | aseoows |
[Solar production of the PVSYST software in KwhiKwplyear 1514.75 [CinverTers | sowva | 0 KVA
[Total tumkey price of the installation exciuding VAT $68.278

59311
ToTAL $77.588
ENERGY SAVING
20 YEARS OF ARCONEL [TOTAL (20 YEARS ] YEAR1 | VEAR2 | VEAR3 | VEAR4 | VEARS | YEARG | YEAR7 | VEARS | YEARS | VEAR10 | YEAR11 | YEAR 12 | YEAR13 | YEAR14 | YEAR15 | YEAR16 | YEAR17 | YEAR18 | YEAR19 | YEARZ0
[Solar generation in KWh with 0.5% annuel degradation of panels 1734115 | 73617 | 73049 | 72883 | 72518 | 725 71436 | 71079 | 70723 | 70370 | 70018 | 69668 | 69319 | 68973 | 68628 67943 | 67604 | 67.266 | 66,929
[Current distributors energy price +2% annual incremental increase 500730 | $00745 | 500759 | $00775 | 50.0790 | $00806 | $0.0822 | $0.0839 | $0.0855 | 500872 | 50.0890 | 50,0908 | $0.0926 | $00944 | 500963 | 50.0982 | $0.1002 | $0.1022 | $0.1043 | $0.1063
TOTAL ANNUAL ENERGY SAVINGS ON ELECTRICITY BILLS $161,35645 | $5374.03 | $5454.10 | $553537 | $5617.85 | $5701.55 | s5786.51 | $587272 | $5960.23 | $6049.04 | $6139.17 | s6230.64 | $6323.48 | s6417.70 | $6513.32 | $6610.37 | $6708.86 $6910.28 | $7013.24 | $7117.74

ANNUAL COSTS

| aNNUAL
[Annual maintenance of the solar power plant +2% annual increase $7780 $243 5248 5253 $258 5263 5268 5274 5279 5285 $290 $296 $302 5308 314 5321 §327 334 5340 5347 354
Total 7780 s243 s248 5253 5258 5263 5268 s274 219 285 5290 5296 5302 308 $314 $321 327 5334 5340 5347 5354
[ TOTAL ANNUAL COSTS ‘ 7780 s243 s248 5253 5258 5263 5268 s274 219 5285 5290 5296 5302 308 $314 321 327 5334 5340 5347 5354
TOTAL ENERGY SAVINGS WITH ANNUAL COSTS $153,577 $5131 s5206 | $5283 5360 | s$5439 | ss518 5599 | 5681 ss764 | sseag | ssea | seo21 s6110 | s6199 | se200 | se3s2 | sears | ses7o | seees | seves
TOTAL ANNUAL SAVINGS BEFORE DEPRECIATION OF EQUIPMENT ‘ $153,577 ‘ $5131 | 35206 | $5283 ‘ $5360 | $5439 | $5518 ‘ $5599. | $5681 | $5764 | $5849. | 35934 | 36021 | $6110 | 36199 | 36290 | 36382 | 36475 | $6570. | $6666_ | 36764 |
Double depreciation of the equipment in 10 years - saving in the annual Income
tax payment of the SR (IRS) $34,139 3414 $3414_ | saaa 3414 $3414_ | saata saats | saara | sata | saata s0 s0 s0 s0 s0 s0 s0 s0 s0 0
TOTAL ANNUAL SAVINGS BEFORE DEPRECIATION OF EQUIPMENT ‘ $187,716 ‘ s8545 | $8620 | s8696 se774 | sess2 | ssox $9013 | so095 | sot7s | so263 | ss934 | seo21 $6110 | s6199 | s6200 | s63s2 | sears | sesro | seees | seves
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Figure 12. Parameters used for cash flow analysis.

3.2.2. Economic Analysis of the System Considering Battery Storage
Investment Costs

Regarding this criterion, Figure 13 provides a summary of the investment costs for
the three studied scenarios. Unlike the previous section, this one includes the battery costs
analyzed in this section.

For the cash flow, a new value for the total investment is introduced due to the
addition of batteries. Furthermore, the previously calculated operating and maintenance
costs are included. Next, the cash flow analysis is carried out for the three scenarios. Table 9
summarizes the cash flow results for the photovoltaic system with battery storage.

Table 9. Cash flow results.

Oo&M
Scenarios  Investment (Operation and NPV IRR
Maintenance)

Scenariol  $174,470.95 $2093.65 —$33,083.78  2.65% $54,700.74
Scenario 2 $345,044.29 $4140.53 —$63,563.31  2.72% $111,610.33
Scenario3  $518,310.71 $6219.73 —$98,934.56  2.63% $161,305.68

Total Net Savings
in 25 Years

The Net Present Value (NPV) reflects a negative outcome in all three analyzed scenar-
ios, indicating that the NPV rule is not met. Consequently, from a financial perspective,
this project is considered not viable. The Internal Rate of Return (IRR) exceeds 0% in all
evaluated scenarios, indicating limited profitability.
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Scenario 1
Description | Quantity Unit price VAT Subtotal Subtotal Total, VAT
Solar modules
RESUN RS71-M-450 Wp HC 108 $220.00 $246.40 $23,760.00 | $26,611.20
Module support 108 $1.76 $2.00 $190.08 $216.00
Conductor EXZHELLENT CLASS SOLAR 120 [m] $0.45 $0.51 $53.75 $61.08
Grid inverter
WIT Hybri Inverter 30 kW I 2 $2900.00 $3248.00 $5800.00 I $6496.00
Fast charging stations
Raption DUO fast charging station | 1 | $27,237.44 | $30505.93 | $27,237.44 | $30,505.93
Battery
Battery LG Chem Rack JH4SR19 | 9 | $8085.54 $9055.80 | $72,769.86 | $81,502.24
Subtotal| $145,392.46
Installation labour 20% Installation labour $29,078.49
Total| $174,470.95
Scenario 2
Description | Quantity Unit price VAT Subtotal Subtotal Total, VAT
Solar modules
RESUN RS71-M-450 Wp HC 216 $220.00 $246.40 $47,520.00 | $53,222.40
Module support 216 $1.76 $2.00 $380.16 $432.00
Conductor EXZHELLENT CLASS SOLAR 240 [m] $0.45 $0.51 $107.50 $122.16
Grid inverter
WIT Hybri Inverter 30 kW | 3 $2900.00 $3248.00 $8700.00 | $9744.00
Fast charging stations
Raption DUO fast charging station | 2 | $27,237.44 | $30,505.93 | $54,474.88 | $61,011.87
Battery
Battery LG Chem Rack JH4SR19 | 18 | $8085.54 $9055.80 | $145,539.72 | $163,004.49
Subtotal| $287,536.91
Installation labour 20% Installation labour $57,507.38
Total| $345,044.29
Scenario 3
Description | Quantity Unit price VAT Subtotal Subtotal Total, VAT
Solar modules
RESUN RS71-M-450 Wp HC 320 $220.00 $246.40 $70,400.00 | $78,848.00
Module support 320 $1.76 $2.00 $563.20 $640.00
Conductor EXZHELLENT CLASS SOLAR 240 [m] $0.45 $0.51 $152.29 $173.06
Grid inverter
WIT Hybri Inverter 30 kW | 5 $2900.00 $3248.00 $14,500.00 | $16,240.00
Fast charging stations
Raption DUO fast charging station l 3 $27,237.44 $30,505.93 $81,712.32 l $91,517.80
Battery
Battery LG Chem Rack JH4SR19 | 27 | $8085.54 $9055.80 | $218,309.58 | $244,506.73
Subtotal $431,925.59
Installation labour 20% Installation labour $86,385.12
Total| $518,310.71

Figure 13. Investment costs for the 3 scenarios with photovoltaic system and batteries.

3.2.3. Comparison of Return on Investment (Payback)

To put the previously conducted analyses into perspective, a comparison of the return
on investment for Scenario 1 is performed. The return on investment for Scenario 1 is
depicted in Figure 14a, and the return on investment for Scenario 1 considering battery
storage is shown in Figure 14b.
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Observing the images presented above, the return on investment for an electric charg-
ing station with a PV system without battery storage for Scenario 1 may be of interest.
The return on investment starts from the ninth year when the economic benefits exceed
the initial investments. In contrast, in the case of an electric charging station with a PV
system with battery storage, concerning the return on investment, it is notable that at least
17 years are needed to recover the investment. This investment payback period is very
high, considering that the useful life of a PV project is 25 years. This analysis applies to
the three scenarios studied, as the increase in power entails a proportional increase in
investment costs.

Years vs Pay-Back - Scenario 1 Years vs Pay-Back - Scenario 1 with battery

$100,000.00

$50,000.00

-$150,000.00

-$200,000.00
Years Years

(a) (b)

Figure 14. (a) Return on investment for Scenario 1; (b) return on investment for Scenario 1 with
battery storage.

4. Discussion

To conduct the present analysis, the specific energy consumption for the electric charg-
ing station has been determined. To evaluate this consumption, a survey was conducted to
gather data on the current mileage of users, and subsequently, after a week of tracking, the
distances travelled by users were recorded. According to the results, it was determined
that, on average, a vehicle covers 274 km weekly, equivalent to 39.14 km daily, resulting in a
consumption of 6.16 kWh. In [50], it is established that vehicles travel, on average, between
10 km and 50 km daily in the city of Cuenca. Energy consumption is determined based on
charging and refuelling patterns by users who own internal combustion engine vehicles.

In [38], the energy consumption of a taxi company in the city of Loja (Electric Loja
Ecolosur S.A. “Ecotaxi”) is evaluated, which consists of 51 taxis, 35 of the BYD E5 brand,
and 16 of the Kia Soul EV brands. According to the study, a vehicle of the Kia Soul EV brand
consumes 13.26 [kWh /100 km]. In contrast, for this project, an analysis was conducted
on the electric energy consumption required by the Kia Soul EV, which was based on
the average distance travelled by users. For the study, the vehicle’s range and electrical
characteristics were considered, and it was found that this vehicle has a consumption rate of
15.73 [kWh/100 km]. Furthermore, [8] provides information about the efficiency of EVs in
the central and southern regions of China. EVs in that region have an energy consumption
of 16 kWh/100 km. This variation may be due to differences in driving conditions, user
habits, terrain, or methodologies employed in each study.

In [38], during the testing phase of Cuenca’s tram system, the daily energy consump-
tion reaches 5.86 MWh for 14 units accommodating 300 passengers each. With a 10% vehicle
insertion (35 units), the weekly energy demand totals 1456.16 kWh. For a 20% insertion
(70 units), it rises to 2909.20 kWh, and for a 30% insertion (104 units), it reaches 4297.28 kWh.
This comparison offers valuable insights into energy demands for different electric traction
transport infrastructures and their relationship with EV charging needs in urban settings.
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It underscores the importance of considering capacity and energy requirements when
planning transport infrastructure and EV adoption in urban areas.

In [51], a cost analysis of kWh by country revealed that Chile has the lowest cost for EV
charging, at USD 0.07 per kWh. This is attributed to its abundant hydroelectric, geothermal,
and solar energy sources. A full recharge costs USD 7.35 in Chile. In Ecuador, as per the
tariff schedule for EV charging service providers, the maximum cost per kWh is USD 0.20.
For the Kia Soul EV, a full recharge totals USD 10.74, and for the Nissan Leaf, it is USD 9.74.
The monthly savings generated by the PV system for the three proposed scenarios would
be USD 1161.43, USD 2320.17, and USD 3427.50, respectively.

For the PV system, component selection was based on the power required by the
system, calculated from the energy consumed by vehicles in different scenarios. In the first
scenario, with a 10% vehicle insertion (35 units), the system’s power will be 48,211 kW,
featuring two charging points. In the second scenario, with a 20% insertion (70 units),
the system’s nominal power will be 96,319 kW, with four charging points. Lastly, for
the third scenario, with a 30% insertion (104 units), the system’s nominal power will be
142,276 kW, with five charging points. In all cases, the system will be grid-connected
so that during periods of low solar irradiation, electric vehicles can utilize both the grid
and energy storage. Comparatively, in [26], there are 12 solar plants with a total installed
capacity of 6228 kW to meet the demand of 1894 vehicles, with multiple charging points
on the distribution grid. Conversely, in [52], the total power is 303 kW, and the charging
station has four chargers with three connectors each. Local charging strategies must be
designed to effectively meet the specific needs of electric mobility, considering the unique
characteristics of each local environment.

In this study, based on generation results obtained from simulations conducted in
PVsyst, the capacity factor for the three scenarios was calculated. The simulation considers
not only the required power of the PV system but also factors such as the tilt and orientation
of the solar panels, which significantly influence the amount of captured solar energy. In
the first scenario, the capacity factor is 16.98%, in the second scenario, it is 16.99%, and
in the third scenario, it is 17.03%. This is compared to the existing 12.6 kW PV system
at the Universidad Politécnica Salesiana, which achieved a capacity factor of 15.2% in
2019 according to [53]. The results indicate that the PV system evaluated in this study
has the potential to be highly efficient and effective in generating electrical energy from
renewable sources. This supports its viability as a sustainable and cost-effective option for
EV charging.

In [9], the carbon footprint comparison between an internal combustion engine vehicle
(KIA Soul) and a battery electric vehicle (KIA Soul EV) is explored within the energy
landscape of Ecuador, which largely relies on hydroelectric and petroleum energy. The

greenhouse gas emissions from an ICE vehicle are determined to be 236.16 gfgz , while the

EV emits only 63.14 %. For this project, considering a 10% EV insertion (35 EVs), the

carbon footprint generated is 220.990 glCo%)z km compared to the carbon footprint for 35 ICE

vehicles, which is 826.560 glCO(gz km; this represents a 73.3% reduction in CO, emissions.
In comparison with [5], which studies Ecuador’s public transportation system and the
environmental benefits of migrating 25%, 50%, and 100% of diesel buses to electric mobility
systems by 2025, the carbon footprint with a 25% penetration of electric mobility will be
21.370 tCO, compared to the 723.783 tCO; emitted by the diesel bus fleet, resulting in a
97.05% reduction. Table 10 below shows the amount of CO, saved with the photovoltaic
system and the electric vehicles.

From an economic perspective in [54], the costs associated with the installation and
maintenance of an FV system are considered, with an investment of USD 120,024.72. By
conducting a cash flow analysis for 20 years and evaluating economic indicators, it was
determined that the NPV is positive with a value of USD 634.667. Additionally, the IRR
shows a return on investment of 21% from the second year, stabilizing at 112% from the
15th year onwards, thus determining the project’s viability. In [55], an economic study
using the HOMER programme is conducted, considering two hypotheses: one where
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all expenses are covered by an entrepreneur and another where expenses are subsidized.
Without subsidies, an initial investment of EUR 147,795 results in a Net Present Value
(NPV) of EUR 231,422 and an Internal Rate of Return (IRR) of 14.78%. The investment
recovery period, or payback, begins in the seventh year. Conversely, with partial subsidies,
the initial investment decreases to 84,688 euros. In this scenario, the NPV increases to EUR
294,529, the IRR rises to 31.64%, and payback is achieved from the fourth year onwards.
Both hypotheses are viable, but due to the subsidy in the second hypothesis, the investment
is recovered in fewer years. In this project, an economic analysis was conducted for a
solar-powered electric charging station, considering and not considering battery storage. A
cash flow analysis was carried out for 25 years, considering economic indicators such as
NPV, IRR, and payback. Without battery storage, in the first scenario with an investment
of USD 77,588.27, the NPV is USD 32,264.70 with an IRR of 9.18%. In the second scenario
with an investment of USD 151,232.18, the NPV is USD 67,134.00 with an IRR of 9.43%. In
the third scenario with an investment of USD 227,601.46, the NPV is USD 87,741.74 with
an IRR of 8.79%. Payback for all scenarios occurs from the ninth year onwards. When
considering battery storage, in the first scenario with an investment of USD 176,564.60, the
NPV is —USD 33,083.78 with an IRR of 2.65%. In the second scenario with an investment
of USD 349,184.83, the NPV is —USD 63,563.31 with an IRR of 2.72%. In the third scenario
with an investment of USD 524,530.43, the NPV is USD 98,934.56 with an IRR of 2.63%.
Payback for all scenarios occurs from the 17th year onwards. This demonstrates that the
project is viable without including battery storage in the grid-connected system. Table 11
below shows important parameters of the study compared to other similar studies.

Table 10. CO, emissions saved by SFVs and EVs.

SFV VE
Scenario 1 2388.25 kgCO, 605.57 kglgé?z km
Scenario 2 4771.17 kgCO, 1211.14 X502 km
Scenario 3 7047.49 kgCO, 1816.71 %6522 km
Table 11. Parameters discussed.
Parameter Study of Authors Discussion de Studies
User Travel Distance 39.14 km 10-50 km
EV Energy Consumption 15.73 1162’){?“ 13.26 %km
Total Energy Consumption (104 EVs vs. 4,297.28 kWh 5.86 MWh
Cuenca Tram)
Charging Cost USD 0.20 per kWh USD 0.07 per kWh
Capacity Factor 17.03%. 15.2%
Emissions (EV vs. ICE) 63.14 BCO2 236.16 B2

5. Recommendations

It is recommended to carry out a detailed and customized design of photovoltaic
systems, considering seasonal variations in solar generation. This involves properly sizing
the solar panels and considering battery storage strategies. A balanced approach will
ensure the reliability of the power supply and cover demand even in months with lower
solar radiation.

Given the lack of financial viability in scenarios with battery storage, consider op-
timizing costs or seeking alternative solutions to make the project more profitable. It
is recommended to thoroughly evaluate the costs associated with batteries and explore
possible subsidies or incentives that could improve the project’s profitability.

Although scenarios without battery storage present economic advantages, it is urged
to conduct detailed analyses of the financial impact of introducing storage systems. This
includes considering emerging technologies and the decreasing costs of batteries.
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It is recommended to establish awareness and community participation programmes
to support the transition to electric mobility. Education on the environmental and economic
benefits of photovoltaic systems and electric vehicles can generate local support and
contribute to the sustainable success of the project.

6. Conclusions

This article examines the integration of solar PV systems with EV charging stations,
exploring various scenarios including potential battery storage. Understanding EV energy
consumption guides system adaptation to specific study area needs. Evaluating solar and
storage potential underscores the need for a balanced design for a reliable, sustainable
energy supply.

Solar PV systems efficiently power EV stations, but seasonal solar variations necessitate
properly sized systems for reliability and surplus management. EV integration impacts
energy demand, crucial for designing PV systems to meet charging capacity needs across
different regions. To enhance EVs’ environmental benefits, recharging from renewable
sources is vital, offsetting emissions from non-renewable energy.

Economic analysis favours scenarios without battery storage, showing positive returns
with IRR and NPV, influenced by incentive policies like off-peak charging rates. While
battery storage enhances system stability, its introduction requires careful consideration
due to potential profitability impacts.

Successful implementation hinges on holistic approaches integrating economic, envi-
ronmental, and social factors to foster sustainable electric mobility. Long-term cost-benefit
analyses of varied energy management strategies, including smart grids, further inform
effective charging station designs.

A promising area of research would be to explore how electric vehicle charging im-
pacts the demand and stability of local and regional electrical grids. This study could focus
on identifying strategies to mitigate adverse effects and capitalize on emerging opportu-
nities for the effective integration of EV charging. Additionally, investigating advanced
energy management technologies, such as smart grids and active demand management,
would be crucial to optimize the operation of electric vehicle charging stations powered by
photovoltaic systems, thus ensuring an efficient and sustainable integration of renewable
energy sources in electric mobility.
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