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Abstract: Distributed local generation from photovoltaic (PV) systems are gaining more interest, due
to reduced component costs, as well as becoming a great solution for the charging of electric vehicles
(EV) and the protection of the electrical grid infrastructure. This work aims to size and analyze the
economic feasibility of a PV system to support the energy demand presented by the daily charge
of an EV, either with or without a battery energy storage system (BESS), for a residential home in
Viña del Mar, Chile. Eight different scenarios are dimensioned, with and without BESS, varying
the PV installed power according to the surface available on the roof, and the results are supported
by using the PVsyst software to determine the energy generated, self-consumption, and the energy
both injected and received from the grid. Five different cases are also dimensioned, varying the
storage capacity of the BESS, to analyze how profitability varies in each case. The real data on energy
consumption, and prices of electricity both injected and received from the grid, were collected from
the electricity bills and the distribution company, respectively. The sizing of both the PV panel array
and the BESS was performed based on the highest average daily consumption throughout the year.
Meteorological data, such as global irradiation and environmental temperature, are obtained from
the Explorador Solar platform. Lastly, PV systems with BESS do not achieve profitability; however,
for BESS with lower storage capacities, it would be possible to increase its profitability to acceptable
ranges. Photovoltaic systems without BESS present better levels of profitability since a lower capital
expenditures is required and the payback is shorter. This work contributes to improve the use of
solar energy and provides a guide to extend the work to different regions of Chile.

Keywords: residential houses; photovoltaic systems; battery energy storage systems; electric
vehicles; PVsyst

1. Introduction

There is no doubt that conventional energy sources such as fossil fuels are limited
resources with a strong impact on greenhouse gas emissions and the environment. In many
countries, most electric generations are still produced from large plants to supply the energy
demand [1–3]. In January 2022, the installed generation capacity in Chile corresponded
to 57.1% from renewable sources (hydraulic, solar, wind, biomass, and geothermal) while
42.9% from thermal sources (coal, natural gas, and oil). The most significant increase
has been in solar photovoltaic and wind technologies, which have increased drastically,
increasing from 0.5% in 2011 to 21.6% in 2021 [4,5].

Renewable energies have been gaining more interest since they can be implemented on
a smaller scale through distributed generations at a residential level [1,2]. However, the grid
integration of electric vehicles (EV) will present a future challenge for the grid infrastructure.
This will be due to the mission of supplying the significant increase in energy demand
produced by replacing internal combustion vehicles with EVs [6,7]. At the same time, the
distribution power system must be redesigned to withstand the electrical stress produced
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by power peaks presented by the charging of EVs which could cause severe damage to
the grid infrastructure by producing power outages or prolonged blackouts. Among the
possible solutions for this challenge is the local PV generation [5], which allows to save
the energy demand and reduce the costs associated with the redesign and modification of
the grid infrastructure. In this way, a series of solutions have been developed to enable
end-users to manage their energy consumption at a residential level [3]. This can be done
using emerging technologies, such as internet-of-things (IoT), artificial intelligence (AI),
and new information and communication technologies (ICT), along with new smart devices
that allow monitoring the different states of each appliance [1,2].

The applications of distributed generations at a residential level [8–21], including
on-grid or off-grid systems, allow to save energy consumption from the grid, avoid power
peaks, reduce energy consumption at critical times, and reduce electricity tariff costs. In
the case of Chile, the increase in electromobility is estimated to be imminent due to the
policies and trends of reducing polluting gas emissions [7]. For this reason, it is necessary
to design solutions that allow meeting this great increase in energy demand and feeding EV
charging points, either through EV charging stations or residential chargers. In the latter
case, the price of electricity at the residential level is considered a determining economic
factor, along with the fines applied when the consumption or power limits established by
the electricity distribution company are exceeded. On the other hand, much of the electrical
grid infrastructure in the country was not designed and is not prepared to withstand the
new operating conditions.

It is not easy to establish the most optimal PV design due to different factors such as
consumption level in the house, weather conditions such as global irradiation and local
temperature, available surface space which can be on a roof or patio, financial budget,
expectations of return on the user’s investment, and prices of electricity both coming from
and injected into the grid. Table 1 shows a comparison with previous research work for
smart home/building with distributed generations including PV, wind turbines, battery
energy storage system (BESS), and EVs. Additionally, the acquisition of batteries for PV
systems with BESS requires an accurate decision of the user, as a unique dimensioning is
necessary at the beginning of the project since later it is not always possible to modify [9].
On the other hand, it also presents a high investment for the initial deployment and the
replacement of components of the PV system. In this way, it is necessary to determine the
profitability of the design unless it represents an essential need, such as in an off-grid PV
system, to protect the grid infrastructure or feed critical equipment.

Table 1. Comparison with previous research work for smart home/building with distributed genera-
tions including PV, wind turbines, BESS, and EVs.

Ref. Location Photovoltaic
System

Battery Storage
System

Electric
Vehicle Wind Turbine Data

Collection

[9] Qatar Yes Yes No No Yes
[12] Ecuador Yes No No No No
[13] Chile Yes No No No Yes
[14] United Kingdom No No No No Yes
[15] Slovenia Yes Yes No No No
[16] United States Yes Yes Yes No Yes
[17] South Korea Yes No Yes No Yes
[18] Sweden Yes No Yes No Yes
[19] Netherlands Yes No Yes No Yes
[20] Spain Yes Yes Yes Yes No
[21] Spain No No Yes No No
[22] Chile No Yes No Yes Yes

Current work Chile Yes Yes Yes No Yes
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This work aims to design and size a PV system for a smart house, studying the
possibility of implementing a BESS to supply the energy consumption of appliances and
the charging of an EV. The main contributions are:

• Study the state of the art for energy efficiency at the residential/grid level and compare
different case studies for the implementation of PV systems that aim to save the energy
consumption of homes/buildings with/without EV charging;

• Collect data from the selected site for the case study, including real energy consump-
tion, meteorological information, solar irradiation, and technical specifications of the
selected EV;

• Calculate the capacities of the equipment and its subsystems for the selection of the
required technology for the PV system;

• Determine the available surface space required for the installation of the PV system.

2. Related Work
2.1. Smart Homes and Microgrids

The development of smart homes has encouraged the implementation of home energy
management systems (HEMS) [10]. Generally, these systems use smart devices, such
as appliances, sensors, and bidirectional meters which are capable of monitoring the
consumption in real-time, local generation, and variations in the price of energy. The HEMS
should be able to make quick decisions that are part of the demand response regarding
the energy demand. In a critical situation, the energy distribution company may ask the
customer to reduce their energy consumption to alleviate the over demand of the grid, thus
avoiding damage to infrastructure or power outages. Another advantage of HEMS is that
they can establish interconnections between them. In this way, residents who maintain a
local generation system, generally based on renewable energies, can manage their own
generated energy, injecting it directly into the grid, marketing it with other residential
customers, storing it in batteries or self-consuming it. These processes can be carried
out through a HEMS, which allows efficient use of appliances and monitoring of energy
consumption through a smart meter. Figure 1 shows a schematic diagram of a HEMS, which
manages the energy produced locally from a PV system and the charging and discharging
of the BESS and the EV.

Figure 1. Schematic diagram of a smart home incorporating a HEMS.

2.2. Local Context of Chile

In Chile, renewable energies from PV and wind have been booming during recent
years, mainly due to lower investment costs [11], the development in PV panels, batteries,
and inverters that are now offering products with greater efficiency and durability, and
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the favorable meteorological conditions that are established particularly in Chile. The
incentives are highlighted by the authorities through subsidy programs, along with the
new legal regulations, such as the law of net billing and distributed generation, and the
2050 Energy Policy highlighting the goal of meeting about 60% of Chile’s energy generation
from renewable sources by 2035.

Five energy megatrends have been projected in Chile, such as the decarbonization of
energy generation, including reducing and replacing coal-based generation sources, the
increase in residential distributed generation especially based on PV systems or small wind
turbines, digital transformation of the grid infrastructure both at the residential/industrial
level, energy decentralization of the country, and developing PV projects covering schools,
public buildings, and homes in isolated areas. Other aspects include electromobility which
presents another fundamental participant in energy development and decontamination.
This is due to the fact that 25% of greenhouse gas emissions in Chile corresponds to the
transport sector. At the international level, the world powers have planned a series of
actions, as in the case of Germany, where the sale of conventional vehicles will be prohibited
from 2030, while France and England will do so from 2040. In the case of Norway, the
abolition of conventional vehicles by 2025, while India announced that from 2030 sales will
correspond exclusively to EVs.

2.3. Configuration of PV System

There are a variety of different configurations of PV systems, which differ either
according to the type of building, installed PV power, meteorological data, whether or not
they include a BESS, and if they are interconnected to the grid or isolated from it. Tables 2
and 3 summarize the cases studied.

Table 2. Summary of Studied Cases of Implementation of PV System Installations.

Ref.
No. Contribution Specifications (A: Generation System, B: Consumption Parameters,

C: EV Parameters)

[9]

Dimensioning of BESS based on monitored data
on consumption and experimental data of PV

generation for households with different
consumption profiles

(A) Simulated PV system power: 5 and 20 kW

[12]

PV system design for a house from simulated
local data of global radiation, consumption,

generation, and injection into the grid, using
PVsyst software

(A) PV power required: 1.4 kWp, Generation: 1519.3 kWh/year
(B) Daily consumption: 17.8 kWh/day, Injection into the grid:
1398.3 MWh/year

[13]

Economic feasibility evaluation of a PV system for
a university library, using a survey to estimate

consumption, and the simulation of local
generation using data from Solar Explorer

(A) PV panel power: 250 Wp, PV panel efficiency: 18–22%, PV panel
dimensions: 1.64 × 0.99 m2

(B) Daily consumption: 150–450 kWh/day, Monthly consumption:
2000–10,000 kWh/month, Total area: 1368 m2

[14]

Data collection and monitoring of active power
for 2 years, both of the total consumption and of
the most demanding appliances in a residential

neighborhood

(B) N° monitored houses: 21

[15]
PV system on site installation in a house, data

collection and monitoring of active power,
consumption, generation and BESS state of charge

(A) Installed PV power: 6.72 kWp, Useful storage capacity: 6.6 kWh

[16]
PV system on site installation, data collection and

monitoring, both consumption, PV generation
and state of charge of the BESS and EV, for a ZEH

(A) PV installed power: 2.5 kWp, BESS storage capacity: 10 kWh,
Surface area: 210 ft2

(B) Power consumption: 750–2000 W
(C) Model: Toyota Prius, Battery model: Lithium-ion 5 kWh
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Table 2. Cont.

Ref.
No. Contribution Specifications (A: Generation System, B: Consumption Parameters,

C: EV Parameters)

[17] Algorithm to optimize the EVs charging for the
staff of a shopping center

(A) Simulations: 50 kW PV system generation was simulated from a
3 kW PV system of a school. Consumption was simulated based on
real data from a utility company of South Korea
(C) 12 identical EVs, Battery capacity: 24 kWh, Power chargers:
1–7.7 kW

[19]

Simulation of the behavior of consumption curves
from four different energy management

algorithms for a smart microgrid composed by an
office, internet servers, three homes, and two EVs

(A) PV installed power: 31 kWp
(B) Injection into the microgrid: 2.0–12.4 MWh/year
(C) EV Model:

- Tesla Model S, Battery capacity: 85 kWh, Charger power: 22 kW,
Consumption: 0.233 kWh/km

- Nissan Leaf, Battery capacity: 24 kWh, Charger power: 6.6 kW,
Consumption: 0.211 kWh/km

[20] Algorithm modeling of EV charging demand and
hybrid PV-wind generation in a charging station

(A) Multiple cases: PV installation area: 0–1875 m2, Storage capacity:
0–500 kWh, N° wind turbines: 1–4, Wind turbine power: 1–3 kW
(B) Power consumption from the grid: 0–300 kW
(C) N° EV chargers: 1–10, EV charger power: 50 kW, Battery capacity:

- Electric bike: 3.6 kWh, Small car: 16 kWh, Large car: 25 kWh,
Van: 63 kWh

Table 3. Summary of studied cases of implementation of PV system installations.

Ref.
No. Contribution Specifications (A: Generation System, B: Consumption Parameters,

C: EV Parameters)

[21] Standardized charging methodologies for EVs
with different battery capacities

(C) Domestic SAE standard: Voltage: 120–240 Vac, Maximum cur-
rent (AC): 12–16 A, Charger power: 1.4–1.9 kW, PHEV charging time:
7 h (0–100% battery charge), BEV charge time: 17 h (20–100% battery
charge), Installation cost: 500–800 USD
(C) IEC domestic standard: Voltage: 230–450 Vac, Maximum current
(AC): 16 A, Charger power: 3.7–11 kW

[22]
Evaluation of the economic feasibility of the

implementation of a small wind turbine with
BESS in a house isolated from the grid

(A) Wind turbine power: 6 kW, N° batteries: 4, Battery capacity: 200 Ah,
N° inverter/charger: 2, Nominal power inverter/charger: 3000 W
(B) Installed power: 5202 W, Daily consumption: 28.4 kWh/day, House
total area: 52 m2

2.3.1. PV System Interconnected to the Grid

Figure 2 shows the configuration of a PV system interconnected with the grid. The
system allows to supply the residential load and/or inject the surplus energy generated
into the grid. On the other hand, when the generation is not enough, the energy from the
grid is used as a backup.

In Ref. [12], on-grid PV system was presented for a case study at the residential level in
Ecuador, in which the results of global radiation, generated energy, and the energy injected
into the grid were simulated using PVsyst software, in order to size the installed PV power
necessary to supply the energy demand of a standard house. Finally, the obtained results
indicated that the system requires an installed PV power of 1.4 kWp.

In Ref. [13], the work presented a case study for PV implementation in the library of
the Technical University Federico Santa María, Concepción, Chile. In order to obtain an
estimated data on the daily and monthly consumption, a survey was conducted to the staff
in order to determine the daily hours usage of each appliance. The local global radiation
was obtained through the Solar Explorer online platform. Finally, the economic indicators
were obtained, such as net present value (NPV), internal rate or return (IRR) and payback,
which indicates that the project is profitable.
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Figure 2. Schematic diagram of a PV system interconnected to the grid. Flows in red correspond to
local generation, while flows in blue correspond to energy coming from the grid.

On the other hand, to achieve a more reliable estimation for the energy consump-
tion, there are other more accurate methodologies. In this direction, in Ref. [14], a case
study related to the collection of energy consumption data for the residential sector was
implemented in the United Kingdom. For a period of 2 years, 21 households with different
occupants were monitored. Measurements of the active power were measured every 8 s,
either for the total home consumption or from appliances in particular that present the
highest consumption using sensors installed in the sockets of the home.

2.3.2. PV System with BESS

Figure 3 shows a schematic diagram of a PV system with a BESS. The main objective
of BESS is to store the surplus energy of the local generation for later self-consume when
the demand exceeds the generations. In other scenarios, the BESS are also charged from the
grid when it is economically convenient and then self-consumes the stored energy when
the price of grid electricity reaches high costs.

Figure 3. Schematic diagram of a PV system with BESS interconnected to the grid. Flows in red
correspond to local generation, while flows in blue correspond to energy coming from the grid.
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In Ref. [15], the work implemented an on-grid PV system with BESS at the residential
level. It was pointed out that the energy flows come from the local generation or the
grid, which can supply the home consumption or recharge the BESS that can be used more
efficiently later. In this scenario, a PV system of 6.72 kWp was installed with a BESS capacity
of 6.6 kWh. In this way, most PV generation was produced from 10:00 AM to 5:00 PM,
while energy consumption reached its peak at the end of the day around 11:00 PM.

In Ref. [9], a study carried out in Qatar which aims to size a BESS based on different
values of installed PV systems, which covered various homes with different consumption
profiles. The main purpose of storing surplus local generation within this study was
to avoid energy flows to the grid, which can cause problems of instability. The rooftop
installations were preferred due to limited space availability. The exceptional high rates
for horizontal global irradiation make PV installations profitable. Finally, due to the
high temperatures in summer, there was a high dependence on air conditioning which
corresponds to about half of the energy demand at that time of year. The horizontal
global irradiance data were collected at the solar experiment facility of Hamad Bin Khalifa
University, where energy consumption monitoring data was also obtained from four
different households with different occupant profiles. The study indicated that there
are high levels of energy consumption in the residential area, however, the profile was
largely determined by the size and type of the air conditioning system, the number of
occupants, antiquity of the house, annual economic income, as well as the clients who
present electricity tariffs that were subsidized by the state.

2.3.3. PV System with BESS for EV Charging

In Ref. [16], the authors highlighted that in the United States most of the EV residential
chargers have a power of 6 kW. Along with this, it is also considered the power consumption
of the home, which for a normal home usually varies between 2250 to 6250 W, while
for a Zero-Energy House (ZEHs) where all the consumption comes from the same local
generation, this varies in the range of 750 to 2000 W. In this way, a ZEH home was considered
with a PV system with an installed power of 2.5 kWp. In addition, a BESS was installed,
along with the addition of the energy consumption of a Toyota Prius hybrid EV. The
calculation of the energy consumption of the EV was calculated by means of a trip of
11 miles during approximately 2.25 h, thus reaching a consumption close to 3000 Wh at
the end of the trip. Figure 4 shows a schematic diagram of a PV system configuration to
support a residential load and EV charging.

Figure 4. Schematic diagram of a PV system with BESS to support residential load and EV charging.
Flows in red correspond to local generation, while flows in blue correspond to energy coming from
the grid.
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2.3.4. PV System without BESS for EV Charging

Due to the high investment cost and the unattractive economic results that arise when
including BESS, in various case studies it is decided to implement a smart charging system
making the most of the solar resource by charging EVs through a smart schedule. Figure 5
shows this configuration that consists of a PV system interconnected to the grid without
considering BESS, in which the energy management system is in charge of seeking the most
optimal decisions both at an economic level, as well as to protect the grid infrastructure.

In Ref. [17], a PV system was implemented in a commercial building in South Ko-
rea, which seeks to increase energy efficiency through smart charging methods for EVs
that allow maximum use the resources. An algorithm was developed to predict the PV
generation and the level of energy consumption according to weather conditions, and on
the other hand, to schedule the most optimal time to recharge the EVs. To simulate the
PV generation, a 50 kW PV system was assumed for the commercial building, and PV
generation data from a school that housed a 3 kW PV system was used. On the other hand,
to simulate the energy consumption, actual consumption data from a South Korean utility
company was used. Additionally, 12 identical EVs were considered for the charging center
with power chargers between 1 and 7.7 kW. Additionally, the variable price of electricity
were considered, both for periods of high and low demand, respectively.

Figure 5. Schematic diagram of a PV system without BESS to support residential load and EV
charging. Flows in red correspond to local generation, while flows in blue correspond to energy
coming from the grid.

In Ref. [18], similar configuration was studied at the grid level in Sweden. The
behavior of the daily load curve of the grid, the average PV generation curve, and the
power curve demanded by the charging of EVs were studied. Two consumption peaks were
at 8:00 AM and 7:00 PM. The study concluded that the incorporation of the power demand
from EVs charging to the grid base load presented a significant increase in power maximum
demanded. However, the incorporation PV generation generates a significant drop in the
maximum power demanded and allows saving much of the energy consumption.

In Ref. [19], the work considered the implementation of an energy management system
through different algorithms for a microgrid located in the Netherlands. This microgrid was
made up of a 31 kWp PV system, non-controllable loads such as an office, internet servers and
three homes, and controllable loads corresponding to two EVs. A simulation was carried out
of operation of the microgrid where algorithms managed to reduce the maximum power
demand through charging patterns by reducing the power of the EV charger required.
Other algorithms aimed to store the surplus in the EVs batteries, to later use them as
self-consumption or inject them into the microgrid thus reducing energy consumption.
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2.3.5. Hybrid PV-Wind System with BESS for EV Charging Station

Figure 6 shows a schematic diagram of a hybrid PV-wind system to charging EVs at
charging station centers which have a large installed power based on high power chargers
which cause significant stress on the grid infrastructure. As a result, certain charging
stations choose to save the peak power and consumption through local PV and wind
generation along with the implementation of BESS.

In Ref. [20], a hybrid PV-wind system with BESS configuration was implemented
where mathematical models were developed to simulate the EVs charging demand and
generation from renewable energies such as wind and PV. The developed models allow the
analysis of dimensioning the generation system as well as the economic feasibility for a
charging station investment. The study indicated that the energy demand depends directly
on the capacity and initial state of charge for the EV battery before charging.

Figure 6. Schematic diagram of a hybrid PV-wind system with BESS to support EV charging station.
Flows in red correspond to local generation, while flows in blue correspond to energy coming from
the grid.

In Ref. [21], a series of standards for EVs charging were indicated in order to protect
the grid from overdemand and prolong the useful life of these batteries. The charging
methods can be unidirectional (the energy goes from the grid to the EV), bidirectional (the
EV can be charged from the grid and return the energy to the home or to the grid when
economically convenient), smart charging (where it is recharged in order to protect the grid
from overconsumption), and uncontrolled (when there are no grid monitoring systems or
recharging schedules).

2.3.6. Off-Grid PV or Small Wind Turbine System with BESS

Figure 7 shows an off-grid configuration which corresponds to the implementation of
PV systems or small wind turbines with BESS. This configuration is usually found in rural
areas without access to electricity.

In Ref. [22], the implementation of a small wind turbine was dimensioned for a house
located on Santa María Island, Chile. For the estimation of energy consumption, a survey
was made of all the devices with the highest consumption and daily hours of use. As
it is not always possible to supply all the devices on certain occasions, the devices were
classified by priority for the user. In this way, the installed power of the home was close to
5.2 kW, so for safety reasons and future increases in demand, a small wind turbine with a
nominal power of 6 kW was considered. Regarding the BESS, a 9.6 kWh energy storage
capacity were considered.
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Figure 7. Schematic diagram of a small turbine wind or PV system isolated from the grid with BESS.
Flows in red correspond to local generation, while flows in blue correspond to energy coming from
the grid.

3. Data Collection

To carry out the PV system dimensioning, necessary data were collected, such as the
energy consumption of the home, local meteorological data, and electricity rates of the
power distribution system in the sector.

3.1. Meteorological Information

The home of this case study is located in the city of Viña del Mar, Chile. The latitude,
longitude and height above sea level correspond to 33.03° South, 71.32° West and 16 m
above sea level, respectively. The meteorological data were obtained from the Solar Ex-
plorer online platform that allows analyzing the renewable resources available within the
geography of Chile [23]. Based on the data obtained, Figure 8 shows the average levels
of the global hourly radiation incident on the inclined plane with an angle of inclination
equivalent to the latitude of the place for each month of the year. Additionally, it can be
seen that the most critical months with lower global radiation correspond to June and July.
Figure 9 shows the average values obtained of the hourly ambient temperature for each
month of the year.

Figure 8. Average incident global radiation W/m2, in the plane with an inclination equal to the
latitude of 33° S.



Sustainability 2022, 14, 5377 11 of 26

Figure 9. Average distribution of the hourly temperature in the place for each month of the year
in °C.

3.2. Home Power Consumption Information

Actual energy consumption information for the home was available from the monthly
electricity bills during the period between October 2018 and June 2021. In this way, the
historical averages of daily consumption were obtained for each month of the year. On the
other hand, the energy demand that the charging of a Nissan Leaf e+ EV would present is
simulated. Because the consumption of the EV will depend on many factors, such as the
speed at which it circulates, environmental conditions, type of route, traffic jams, among
others, a simple estimation of consumption is made based on the technical parameters
indicated by the manufacturer (see Table 4) [24].

It was considered a residential EV charger, which can charge the EV with the energy
required for a journey of 11 km in one hour of charging. This assumption is because the
case study is located in an urban sector of the city. For this reason, it is assumed that for
each day, the members of the family drive a maximum of 22 km per day during the year, in
order to maintain a EV load margin.

For the dimensioning, the most critical situation was considered, and where the
maximum estimated daily distance will always be driven. Thus, in order to charge the EV
with the energy equivalent to the 22 km, there is a need to use EV charger for a period of
2 h a day. Therefore, with these assumptions, the daily consumption of the EV charger
would be equal to 4.6 kWh/day to satisfy daily trips. It should be noted that the full
charging of the EV was not considered, thus avoiding over consumption from the grid
and reducing the required dimensioning of the PV system. Subsequently, the total average
daily consumption of the household is estimated for each month. For this, household
consumption is added to the energy consumption of the EV charge. From Figure 10, it is
possible to see that there is a higher consumption during the winter months. The most
critical month is July mainly due to the use of electric heating devices in the house.

Table 4. Electric vehicle parameters.

Parameters Description

Model Nissan Leaf e+
Actual battery capacity 62 kWh

Charging mode (home) Wall plug 2.3 kW (230 V/10 A), Full charge
time: 28 h 45 min, Charge speed: 11 km/h
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Figure 10. Average total daily energy consumption in kWh/day.

3.3. Grid Information

The home is located within an urbanized area of the city, and where there is electricity
supply from the distribution company. The price of the energy injected into the grid
corresponds to the charge for energy of around 88 CLP/kWh. The price of the energy from
grid is approximately double since the charges included other fees associated with the
transport of electricity, reaching a price of around 163 CLP/kWh.

4. PV System Dimensioning

The calculation is divided into steps for the dimensioning of the main components of
a PV system interconnected to the grid (with or without a BESS). The configurations of the
schematic diagrams are given in Figures 4 and 5.

4.1. PV Array Dimensioning

For the dimensioning, a 410 Wp PV panel was selected [25]. Table 5 shows the main
parameters of the PV panels.

Table 5. PV panel parameters.

Parameters Description

Model Ulica Solar UL-410M-144
Nominal power 410 Wp

Nominal efficiency 20.18%
Effective PV area 1.815 mm2

An inclination of 33.03° is assumed for the PV panels. Subsequently, the theoretical
power of the PV panel is obtained from the data of the global radiation incident on the
inclined plane and the parameters of the PV panel (see Equation (1)) [26]:

Ptp = RGinc · Ep · Afp (1)

where Ptp is the instantaneous theoretical power of the PV panel (W), RGinc is the incident
global radiation on the inclined plane equal to the latitude (W/m2), Ep is the PV panel
nominal efficiency, and Afp is the effective PV area of the panel (m2). Then, the theoretical
energy generated by the PV panel during each hour of the day is determined as given
below (see Equation (2)) [26]:

Etp = Ptp · Tr (2)
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where Etp is the theoretical energy generated by the PV panel at a given time of day (Wh)
and Tr is the time interval of 1 h in which the corresponding incident global radiation level
exists. In this way, the daily theoretical energy generated by each PV panel is given below
(see Equation (3)) [26].

Etdp =
23

∑
h=0

Etp (3)

where Etdp is the theoretical daily energy generated by the PV panel (Wh/day). Energy
losses were considered, such as the thermal losses of the PV panel defined based on the
instantaneous temperature of the PV cell, instantaneous environmental temperature and
technical parameters of the PV panel that are provided by the manufacturer. In this way,
the thermal loss factor is calculated as (see Equation (4)) [26]:

U = Uc + Uv · Velv (4)

where U is the thermal loss factor (W/m2·∆T), Uc is the thermal loss constant (W/m2T), Uv
is the wind proportional factor (W∗s/m3·∆T), and Velv is the local wind speed (m/s). In [27],
it is recommended to use a thermal loss factor becomes a constant equal to 29 W/m2 ·∆T,
thus, no local wind speed data is required. Then, the temperature of the PV module is
calculated at each hour of the day (see Equation (5)) [26]:

Tcel = Tamb +
1
U

· α · RGinc · (1 − Ep) (5)

where Tcel is PV cell instantaneous temperature (ºC), Tamb is local instantaneous ambient
temperature in (ºC) and α is fraction between the radiation absorbed and the radiation
reflected by the PV panel (in [27], it is recommended to use 0.9). Subsequently, the hourly
thermal loss of power during each hour of the day is obtained from Equation (6) as as given
below [26]:

Ptpi = CoefT · (Tcel − Tnomcel) · Ptp (6)

where Ptpi is hourly power loss due to thermal loss in the PV panel (W), CoefT is power loss
coefficient of the PV panel due to the instantaneous temperature variation of the cell with
respect to the nominal temperature of the cell (%/ºC) and Tnomcel is nominal operating
temperature of the PV cell (under NOCT conditions). Subsequently, the daily effective
power generated by a PV module during July, after considering thermal losses, is obtained
from Equation (7) as given below:

Pehp = Ptp − Ptpi (7)

where Pehp is hourly effective power of the PV panel (W). In this way, it is possible to
obtain that the loss of power due to thermal effects in the panel acquires a positive value
throughout the day, due to the fact that the instantaneous temperature of the cell is lower
than the nominal operating temperature of the panel for much of the day. So, the lower the
temperature of the module, the greater its generation. On the other hand, low instantaneous
temperature values of the cell are obtained due to the low local ambient temperatures
during the month of July which corresponds to midwinter. Other types of losses were
considered with the Loss Factor method Equation (8), which considers n factors, which
allow a prior estimation of the losses [28,29].

Fper =
n

∏
i=1

fi (8)

In this way, a loss factor of 0.698 is obtained, with the values assumed in Table 6 [29].
Then, effective energy generated by each PV panel can be calculated Equation (9) as given
below [28,29]:

Eehp = Pehp · Tpe · Fper (9)
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where Eehp is hourly effective energy generated by each PV panel (Wh) and Tpe is the
time interval of 1 h in which the calculated effective power of each panel acts on aver-
age. Finally, the daily effective energy generated by each PV panel is given below (see
Equation (10)) [26]:

Eedp =
23

∑
h=0

Eehp (10)

where Eedp is daily effective energy generated by each PV panel (Wh).

Table 6. Energy loss factors.

Energy Loss Factor Estimation Description

PV panel power tolerance 1 Manufacturer indicates 0/+5 W, so in the worst case there would be no power loss
in the module

Inverter efficiency 0.88

PV panel error 0.98 Losses caused by small differences in the parameters between installed PV
panels [30]

Losses in diodes and
connection terminals 0.995

Direct current ohmic losses 0.98
Altern current ohmic losses 0.99

PV panel soiling 0.95 Mainly due to dust, bird droppings, among others
System unavailability 0.98 Either due to PV system component failures or maintenance stops

External shades 0.9

Finally, the number of PV panels required is determined with Equation (11) as given
below [26]:

Npf =
Cdt
Eedp

(11)

where Npf is the number of PV panels needed to supply all consumption in the most critical
month and Cdt is total average daily consumption in kWh/day. Thus, the installation of
12 PV panels is required, reaching an installed power of 4.92 kWp.

4.2. Inverter Dimensioning

For the PV system interconnected to the grid and with BESS, a hybrid inverter were
considered, while for the configuration without BESS it could be considered a normal
inverter. In order to size the power of the inverter, it is recommended to be slightly higher
than the installed PV power of the system, since in this way the inverter would always
work within its operating range and the losses due to overload would be avoided. Finally,
the power of the inverter is determined from Equation (12) as given below [31]:

Pnominv =
Psf

Einv · Ninv
(12)

where Pnominv is inverter nominal output power in AC (kW), Psf is PV system installed
power under STC (kW), Einv is estimated nominal efficiency of the inverter and Ninv is
number of inverters to use [26,29].

In this way, a 5.5 kW inverter were considered. It is possible to use other inverter
powers, as long as it is previously verified that the open circuit voltage and the short circuit
current of the PV array are within the ranges parameters of the selected inverter. Thus
avoiding overvoltages that can cause damage to the equipment [29]. Table 7 shows the
parameters of the selected hybrid inverter [32].
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Table 7. Hybrid inverter parameters.

Parameters Description

Model Voltronic Power InfiniSolar E 5.5 KW
Nominal Power 5500 W

Bank battery voltage 48 Vdc

4.3. Battery Bank Dimensioning

The battery bank can be dimensioned based on different objectives, either as energy
backup, reduction in power peaks or perform energy management that allows obtaining
economic benefits. However, for this case study, it was carried out based on the days of
autonomy required to supply the energy consumption during this period. In this way, the
minimum capacity required of the battery bank is calculated with Equation (13) as given
below [26]:

Creqbb =
Nda · Fs · Cdt

Vbb · Dod
(13)

where Creqbb is the minimum required capacity of the battery bank (Ah), Nda is desired
number of autonomy days, Fs is safety factor which is considered in cases where critical
equipment is present or in homes isolated from the grid, Cdt is total average daily consump-
tion in (kWh/day), Vbb is battery bank voltage (V) which is determined by the parameters
of the selected inverter, and Dod is maximum depth of discharge of the battery bank.

In this work, 1 day of autonomy was considered, so that the battery bank must be
able to store at least the energy equivalent to the daily consumption in the month of July.
On the other hand, the safety factor in this case is considered equal to 1, since the battery
bank does not turn out to be a critical component since the home is interconnected to the
grid. Furthermore, the voltage of the battery bank is defined by the parameters of the
selected inverter. Finally, the depth of discharge is assumed to be 45%, which corresponds
to a conservative value that allows a longer useful life for the batteries and reduces the
costs associated with their replacement. A battery with a nominal voltage of 8 V and a
capacity of 568 Ah is chosen for a total discharge rate of 20 h. The battery bank is capable
of supplying a daily energy demand of 12.27 kWh (sighly greater than the average daily
consumption of 11.33 kWh during July) for 20 h a day (see parameters in Table 8). With the
assumed depth of discharge, the useful life of the batteries according to the manufacturer is
close to 4800 cycles, which is equivalent to a useful life of 13.15 years, assuming that there
is a charge/discharge cycle during each day [33].

Table 8. Battery parameters.

Parameters Description

Model Rolls Flooded Deep Cycle Battery 8 CS 17P
Nominal voltage 8 V

Nominal capacity C20 (discharge in 20 h) 568 Ah

4.4. Other Components

Other components were dimensioned based on the technical regulations that apply in
Chile [34–37], such as the electrical wiring for AC and DC circuits, the electrical piping, and
the electrical protections, both for DC and AC circuits, such as thermomagnetic switches,
differential protectors, fuses, connection to ground, among others.

5. Results

Figure 11 shows the annual and average daily generation by the PV system along
the project’s life. The PV panels power degradation rate of 0.7% per year were considered,
which directly affects the generation.
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In this work, there is no information about the real consumption profile of the home,
therefore, it was necessary to assume an average daily energy consumption profile during
each month of the year from 2022 to 2046, based on the actual monthly values collected.

However, in the case of a PV system with BESS, it is assumed that there is a HEMS that
allows supplying most of the demand from self-consumption, which allows storing the
surpluses generated for later use. On the other hand, it is only possible to obtain economic
savings by injecting energy into the grid, according to Chilean Net Billing and Distributed
Generation regulations. In this way, it is only possible to reduce the billing of the electricity
rate to zero.

Regarding the economic analysis, the useful life of the PV system components is
approximately 25 years except for the batteries that must be replaced every 13.15 years.
In addition, the value added tax (VAT) of 19% is considered in the acquisition of the
components and an investor discount rate of 10%. The price of electricity from the grid is
equal to 165 CLP/kWh and an injection price equal to 88 CLP/kWh.

With respect to CAPEX, this is calculated based on the price of the components of
the PV system, as well as the assembly equipment and the payment of certified installers,
which are estimated to be 10% to 15% of the initial investment. Regarding OPEX, PV
systems generally have very low operating costs which correspond mainly to maintenance
work. However, on this occasion they are not estimated within the financial balance.

Figure 11. Projection of the daily generation of each month and the annual generation for 25 years by
the PV system considering the degradation of the PV panels.

5.1. Results of PV System with BESS

Figure 12 shows the energy management through the years of operation including self
consumption and injected to/from grid. The BESS allows the energy demand to be supplied
entirely from PV generation, while the surpluses are injected into the grid. Additionally,
from year 6, energy from the grid begins to be seen during the month of July, which is due
to the decrease in PV generation due to the degradation of the panels. Therefore, it is not
possible to supply the entire energy demand of the home.

Table 9 shows that the acquisition cost of the BESS represents about 40% of the total
cost of the initial investment. From the economic evaluation, on the one hand, the annual
billing of CLP$565.059 is reduced to zero during the first five years of operation, because
the energy from the grid is replaced by self-consumption, and that the reimbursement
of surpluses is null because the billing of the electricity tariffs is zero in this period. In
addition, there is the reinvestment corresponding to the replacement of the batteries in
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the year 2034 (which corresponds to year 13 of operation) equivalent to CLP$4.230.222.
Finally, the annual savings generated by the system are obtained, which will correspond
to the reduction in the billing of the electricity generated by self-consumption and the
reimbursement of the injected surpluses.

The economic indicators such as the null Payback, a negative IRR of −0.59% and a
negative NPV of CLP$−6.804.372 indicates that the project is not profitable.

Figure 12. Energy management with BESS.

Table 9. CAPEX calculation for the installation of the PV system with BESS.

Component Quantity Unitary Price
without VAT (CLP) Total Price (CLP)

PV panel 12 $96.720 $1.160.040
Hybrid inverter 1 $1.150.000 $1.150.000

Battery 6 $705.037 $4.230.222
Wiring and Electrical piping – $151.243 $151.243

Electrical proteccions – – $506.612
Assembly cost – – $719.872

Installation – – $1.079.807

CAPEX without VAT $8.998.395
CAPEX plus VAT $10.708.091

5.2. Results of PV System without BESS

Figure 13 shows the energy management through the years of operation including self
consumption and injected to/from grid. It is observed that, unlike the case with storage,
for the first year of operation, self-consumption is lower by approximately 45%, because
there is no way to store surpluses when the generation is greater than energy consumption.
On the other hand, the injection of surpluses into the grid increases by 70% compared to
the previous case.

Table 10 shows the CAPEX for a PV system without the incorporation of a BESS. The
implementation of the PV system allows self-consumption equivalent to CLP$253.064 per
year for the first year of operation. In comparison, an amount equivalent to CLP$311.995
would have to be paid for energy from the grid. Now, the injection of surpluses into the grid
would generate a refund of CLP$405.652 for the first year. However, as mentioned earlier,
the reimbursement of surpluses cannot be greater than the price of the electricity rate.

The economic indicators such as a Payback of 7.5 years, an IRR of 12.65% and a positive
NPV of CLP$890.354 indicates that the project is profitable for the selected discount rate.
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Figure 13. Energy management without BESS.

Table 10. CAPEX calculation for the installation of the PV system without BESS.

Component Quantity Unitary Price
without VAT (CLP) Total Price (CLP)

PV panel 12 $96.720 $1.160.040
Inverter 1 $1.150.000 $1.150.000

Wiring and Electrical piping – $140.743 $140.743
Electrical protections – – $398.170

Assembly cost – – $284.955
Installation – – $427.433

CAPEX without VAT $3.561.941
CAPEX plus VAT $4.238.710

5.3. Simulation Results of PVsyst

The same cases from the previous section were simulated using PVsyst software for PV
systems with and without BESS. From Solar Explorar, hourly databases on global horizontal
irradiation and ambient temperature were imported for the selected location. Additionally,
from the PVGIS website, the solar chart of the place from which the solar elevation angle
and the azimuthal angle were obtained for each hour of the day and for different dates of
the year, considering the topographic shadows produced by the local relief. The inclination
angle of the panels was set equal to the latitude at 33.03°, while the orientation was set
towards to North.

Regarding energy consumption, the average daily values for each month of the year
were entered. Since no particular consumption profile is defined, the software assumes a
constant load power during each hour of the day. The same dimensioning calculated in the
previous sections was entered into the software, simulating the same system components
by entering their technical parameters. The storage objective was set as self-consumption,
being able to supply the energy demand during a day of autonomy. A depth of discharge
of 45% was defined, establishing the maximum and minimum charge limit at 90% and 45%,
respectively, in order to avoid overcharging and overdischarging from the batteries and
thus prolong their useful life.

Thermal losses in the PV array were considered, assuming that the panels are under
free air circulation in the open and a radiation absorption coefficient of 0.9, ohmic losses of
the continuous and alternating circuit in 2% and 1%, respectively. Module mismatch losses
at 2%, losses due to dirt at 5%, panel reflection losses as a default value indicated by the
software, panel degradation losses at 0.67% annual, and losses due to system unavailability
at 2%. Additionally, in the case with BESS, the software simulates losses in the battery bank
based on the manufacturer’s instructions.

Energy management was assumed differently in each of the cases. In the case with
BESS, the PV energy surpluses are stored to later be self-consumed in the home. In the
event that the batteries reach a maximum charge point, the resulting PV surplus is injected
into the grid. Finally, if the PV generation or the energy stored at a certain moment of time
is not enough to supply the energy consumption, then energy is obtained from the grid.
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On the other hand, in the case without BESS, the generated surpluses cannot be stored and
injected directly into the grid.

Regarding the simulation results, the projected generation is obtained for 25 years of
operation in each case. Figure 14 shows the PV system with BESS, where the PV system
generates 6.8 MWh per year, in which 45% per year is self-consumed at home, 39% is
injected into the grid and 16% corresponds to energy losses. On the other hand, the home’s
energy consumption is 3.4 MWh per year, in which only 11.5% is supplied from the grid,
thanks to the implementation of the BESS. It can also be seen that during the months of
April and June, a significant amount of energy can be seen from the grid together with
energy injected into it, so in these cases the capacity of the BESS was not sufficient to store
all the surpluses and be used as self-consumption later. A similar case occurs during May
and July, where there is energy to and from the grid. However, in this case, even if all the
surpluses were stored, energy would still be present from the grid since the latter is higher
than the injected one.

Figure 15 shows the PV system without BESS. There is the same PV generation as in
the previous case of which only 19.6% per year is self-consumed at home, 75.4% is injected
into the grid, and 5% corresponds to energy losses. This is a lower percentage than the
previous case since losses at the level of the BESS are avoided. On the other hand, this is
the same energy consumption of the home of which 61% per year is supplied from the grid,
and where in the winter months the highest values are seen.

Finally, the economic results are obtained considering a discount rate of 10%, a horizon
of 25 years, a price of electricity from the grid of 0.208 USD/kWh, and an injection price
to the network of 0.111 USD/kWh. For the case with BESS, a NPV of −9189 USD was
obtained. It is concluded that the project is not profitable for the selected discount rate,
while it is not possible to obtain a payback within the project horizon. Unlike the results
obtained in calculation report, the NPV obtained for this case was close to −8571 USD,
which differs from that obtained in the PVsyst software. The difference in the results is
largely due to the consideration of additional losses considered by the PVsyst software
such as those generated in the BESS, together with the difference in the meteorological data
used. Similarly, in the case without BESS where a NPV of USD 2532 is obtained for which
the project turns out to be profitable, while a payback of 10.3 years is achieved which turns
out to be attractive in relation to the useful life of the project system components.

Figure 14. Energy management for PV system with BESS.
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Figure 15. Energy management for PV system without BESS.

5.4. Results of Different Sizing Based on the Available Surface

A major problem that usually arises in the dimensioning of residential PV systems is
the availability of surface for the installation.

In this work, eight different scenarios are developed, both with or without BESS, based
on the surface occupation of a roof with a assumed slope of 30°. Table 11 shows the economic
indicators corresponding to each scenario considering the surplus injection limitation.

Table 11. Economic results for the eight scenarios depending on the available roof surface, considering
the established limitation.

Configuration
Type PV Panels Required

Surface (m2) CAPEX (CLP$) NPV (CLP$) IRR (%) Payback
(Years)

PV+BESS 4 from 9 8.229.260 −6.384.060 −4.8 No payback
PV+BESS 8 from 17 9.143.939 −5.270.035 0.4 23.9
PV+BESS 12 from 25 10.708.091 −6.804.372 −0.6 No Payback
PV+BESS 16 from 34 11.724.407 −7.820.688 −1.3 No Payback

PV 4 from 9 1.859.335 612.966 14.2 6.7
PV 8 from 17 2.782.648 1.358.395 16.2 5.9
PV 12 from 25 4.238.710 890.354 12.7 7.5
PV 16 from 34 5.333.011 −203.947 9.5 9.4

For the cases with BESS, it is concluded that:

• None of the scenarios turns out to be profitable for the discount rate considered. This is
mainly due to the high initial investment cost that the acquisition of the BESS presents;

• For the scenarios of 4, 12 and 16 panels, the projects are not profitable and the invest-
ment would not recover within the time interval;

• For the 8 panels scenario, a payback is achieved within the project horizon, however,
a discount rate of at most 0.4% would be needed for the project to be profitable, which
turns out to be very below the normally used range of 5 to 10%.

For the cases without BESS, it is concluded that:

• The cases of 4, 8 and 12 panels are profitable, while the case of 16 panels does not meet
the expected profitability for the selected discount rate;

• The most favorable case is 8 PV panels. It is observed that sizing on a smaller scale in
relation to sizing based on the energy consumption results in greater profitability. This
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is mainly due to the fact that, compared to the cases of 12 and 16 panels, a lower initial
investment is required, and at the same time a greater fraction of the energy generated
is selfconsumed. This allows greater savings to be achieved due to the cost of electric-
ity investment and a smaller amount of surpluses are also generated which are valued
at a lower price than selfconsumed energy. On the other hand, compared to the case of
4 PV panels, in the latter case, based on selfconsumption and the injection of surpluses,
it is not possible to reduce the electricity rate to zero, so the greatest possible economic
savings are not obtained. In the case of 8 panels, despite requiring a greater initial
investment, there is a greater generation, achieving greater self-consumption (for ex-
ample, in the case of 4 panels, for the first year self-consumption is of 1338 kWh/year,
while in the case of 8 panels it amounts to 1493 kWh/year), which allows greater
annual economic savings and recover the investment in a shorter period of time;

• The decrease in profitability from the case of 8 PV panels to 16 PV panels is because
there is a selfconsumption limit for PV energy, which is defined based on the same
energy consumption of the home. Therefore, by installing a greater number of panels,
a greater investment is required, and at the same time the annual economic savings
will be capped at the amount equivalent to the annual electricity rates to be paid,
corresponding to CLP$565.059 (see Table 12).

Table 12. Average economic results for the cases without BESS.

PV
Panels

CAPEX
(CLP$)

Annual Tariff
without PV System

(CLP$)

Average Annual
Selfconsumption
Savings (CLP$)

Average Annual
Surplus Injection
Savings (CLP$)

Total Annual
Savings (CLP$)

Payback
(CLP$)

4 1.859.335 565.059 215.587 50.185 265.771 6.7
8 2.782.648 565.059 244.263 200.298 444.561 5.9
12 4.238.710 565.059 251.708 313.351 565.059 7.5
16 5.333.011 565.059 255.847 309.212 565.059 9.4

Because the low profitability obtained from PV systems with BESS at the residential
level, it is likely that no investor will be interested, and the grid infrastructure could not
be protected. This is due to the high initial investment cost, as well as to the established
limitation of the maximum reduction to zero of the electricity rate in Chile. Due to this, the
economic results of the previous cases are analyzed, but without considering this limitation,
allowing a total monetary reimbursement of the surplus energy injected (see Table 13).

Table 13. Economic results for the eight scenarios depending on the available roof surface, without
the established limitation.

Configuration
Type PV Panels Required

Surface (m2) CAPEX (CLP$) NPV (CLP$) IRR(%) Payback
(Years)

PV+BESS 4 from 9 8.229.260 −6.384.060 −4.8 No payback
PV+BESS 8 from 17 9.143.939 −5.104.013 0.7 23.5
PV+BESS 12 from 25 10.708.091 −4.900.371 2.7 19.4
PV+BESS 16 from 34 11.724.407 −4.351.490 4.3 16.9

PV 4 from 9 1.859.335 612.966 14.2 6.7
PV 8 from 17 2.782.648 1.358.395 16.2 5.9
PV 12 from 25 4.238.710 1.485.347 14.5 6.5
PV 16 from 34 5.333.011 1.960.930 14.7 6.4

In this way, with the new results, it can be observed for the cases with BESS that:

• With the exception of the case with 4 PV panels, the IRR increases for all the projects
because there is a greater economic reimbursement due to the injection of surpluses.
In the case of 4 panels, this does not happen because the total annual savings fail to
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reduce the electricity rate to zero, so the limitation in this scenario does not affect
the results;

• Unlike the case with limitation, now the scenario with 16 panels turns out to have the
highest IRR, because the highest level of surplus is generated, and therefore greater
economic savings;

• Neither case is profitable at the selected discount rate;
• There is a direct relationship between the number of PV panels and the profitability

of the project. Therefore, for PV systems with a number of panels greater than 16, it
is projected that an IRR would be obtained within the range between 5% and 10%,
allowing these projects to be profitable;

On the other hand, for the cases without BESS, it is concluded that:

• Cases with 4 and 8 panels, the total annual savings fail to reduce the annual electricity
rate to zero. Therefore, the limitation does not affect the results in these cases;

• Despite the increase in the profitability of cases with 12 and 16 panels, the case with
8 panels is still the optimal;

• The cases of 12 and 16 panels are less profitable than the case with 8 panels, because the
reimbursement of surpluses cannot compensate for the increase in CAPEX required in
those cases.

5.5. Economic Results According to Storage Capacity of the Battery Bank

The economic results were obtained for the base case of a 4.92 kW PV system with
12 installed panels of 410 W, but this time varying the storage potential of the BESS for
lower capacities, in order to reduce the initial investment costs. Five different cases were
studied, which are summarized in Table 14, presenting different storage capacities, aimed
at supplying certain critical loads within the home, or with the intention of charging the
electric vehicle for daily trips. In all cases, deep cycle batteries from the manufacturer Rolls,
a maximum depth of discharge of 45% and a maximum total discharge time of 20 h (C20)
were considered.

Table 14. BESS description and storage potential for each studied case.

Case N° Batteries Nominal
Voltage (V)

Capacity C20
(Ah)

Storage
Potential (kWh)

1 6 8 568 12.3
2 4 12 371 8
3 4 12 210 4.5
4 4 12 155 3.3
5 4 12 85 1.8

The economic results obtained are summarized in Table 15, where it can be seen that as
a BESS with less storage potential is installed, then the project will increase its profitability.
However, despite the drastic drop in paybacks, together with the increase in the IRR, in
none of the cases the expected rate of return of 10% is obtained.

Table 15. Economic results obtained for each case.

Case CAPEX NPV (CLP$) IRR (%) Payback (Years)

1 10.708.091 −6.804.372 −0.6 No payback
2 8.503.352 −4.170.300 2.4 19.9
3 5.680.272 −2.197.107 4.2 16.1
4 5.374.967 −1.003.456 7.4 10.7
5 4.954.677 −616.922 8.3 10.1
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It should also be noted that by reducing the storage potential, there is a greater risk of
overloading the grid infrastructure, so that, in future work these possible economic losses
could be considered in the study.

6. Discussion

It is concluded that the cases with BESS do not reach the expected profitability for any
of the cases studied. While, for systems without BESS, its profitability increases when the
installed power is less than the power obtained in a dimensioning based on the energy
consumption, because there is a greater fraction of self-consumption of the PV generation,
together with the fact that a lower initial investment is required. Furthermore, there is
a limitation in the economic savings that can be obtained, which is determined by the
amounts of the electricity bills, as well as the legal limits imposed on the reimbursements
of the injected surpluses which can only reduce the electricity rate to zero.

For this reason, the previous cases were analyzed considering a total reimbursement of
all energy injections into the grid, eliminating the legal limitation on reimbursements, thus
obtaining an increase in profitability when installed a PV system with a higher installed
power, because the maximum economic savings are achieved through self-consumption,
and in addition, extra income is being received from of injection reimbursements. In this
way, it would be possible to obtain profitable projects for systems with BESS if this legal
limitation were not present.

Subsequently, the PVsyst software is used to simulate the energy management during
the first year of operation for each of the two sizing based on energy consumption. In this
way, it is concluded that a BESS will allow a large part of the surplus to be stored, thus
avoiding energy from the grid, avoiding over consumption from it, and protecting grid
infrastructure. However, as future work, it would be interesting to study if it is possible
that a large storage capacity is not essential to protect the grid infrastructure if a HEMS
is applied, so the BESS can be dimensioned with smaller capacities and thus reduce the
investment costs. On the other hand, it should be noted that the software consider a greater
number of factors that influence PV generation, such as variations in meteorological data,
where the software creates synthetic data from probabilistic methods, or by considering the
variations in generation from the efficiency curves of each PV system component.

In this work, the main objective of dimensioning the PV systems was to save the
energy consumption for the home and the daily charging of the EV. However, the same EV
battery could be used as a kind of alternative battery bank. Nevertheless, the PV system
dimensioned is not designed to fully charge the EV battery, since in this way a large number
of panels would be needed, which would possibly not fit the space available within a
typical home in Chile. Additionally, it is necessary to consider the degradation of EV
batteries due to frequent use, which could lead to a high replacement cost. Depending on
the needs of the residents, the EV could be fully charged from the grid, and in this way it
could be used in emergencies or as a backup for critical equipment within the home. Future
work could realize the economic feasibility of using the EV as a storage source instead of
investing in a battery bank.

7. Conclusions

Small scale distributed generation systems will be a fundamental element in smart
cities which are currently in constant development. This work presented a feasibility
study for sizing PV systems, with and without BESS, in order to support the house energy
consumption and provide economic savings for residents. It is concluded that PV systems
with BESS do not turn out to be profitable, due to the high investment cost that the
acquisition of a BESS presents, and which corresponds to about 40% of the initial investment
for the base case study of 12 PV panels. On the other hand, there is a drastic difference
between investment cost of each case. The CAPEX when incorporating a BESS increases by
442%, 328%, 252% and 219%, for 4, 8, 12 and 16 PV panels, respectively, compared with PV
systems without BESS, assuming a storage capacity of 12.3 kWh. When sizing a BESS with
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a lower storage capacity, profitability tends to increase; however, the estimated discount
rate of 10% is not achieved. This is mainly due to a lower initial investment being required,
together with lower replacement costs for the batteries. However, in cases of lower storage
capacity, an acceptable rate of return is achieved, considering the context in which there is
an urgent need to power critical equipment or help reduce stress on the grid infrastructure
or charge the EV with local generation. Finally, even though a higher capacity BESS allows
a higher level of self-consumption, together with less energy from the grid, this effect does
not compensate for the high investment cost required by a higher capacity bank.

On the other hand, PV systems without BESS turn out to be highly profitable, with
an IRR of 16.2% and a payback of 5.9 years for a PV system with a nominal installed
power of 4.92 kW. However, as there is no BESS to store surplus energy for later charging
of the EV, the implementation of an HEMS is essential within the home, along with the
implementation of a smart EV charging schedule which must schedule charging times
within the time range of higher PV generation in order to reduce consumption from the
grid. Furthermore, the most optimal sizing from the economic aspect will always require
a lower number of PV panels than the sizing based on the energy consumption of the
home, corresponding to 12 PV panels in this study case. In this way, a PV system of
8 panels without BESS turns out to be, from an economic point of view, the most optimal
dimensioning of all those studied regardless of whether or not there is a limitation on the
reimbursement of the injected surpluses.

The present work leaves open much research. On the one hand, despite the null
profitability of the systems with BESS, the economic losses that could cause damage to
the grid infrastructure or its cost of redesign were not considered. Thus, if a balance were
made between the losses generated and the additional investment that the implementation
of a BESS requires, it would be interesting to discover if this type of system is ultimately
profitable. On the other hand, a great solution to improve the profitability of the PV system
is the energy transactions between consumers. Energy transactions are generally carried
out within smart energy microgrids, allowing a resident who has a PV system in their home
to market their own generated energy by selling it on an energy market at a price greater
than the grid price. The interested consumers in buying this energy can obtain it at a lower
price than the grid price. However, in Chile, there are still legal obstacles regarding the sale
of energy between residents.
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