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Energy storage system integration can reduce electricity costs and provide desirable
flexibility and reliability for photovoltaic (PV) systems, decreasing renewable energy
fluctuations and technical constraints. In this sense, this study aimed to propose
energy management strategies through this integration, aiming to improve the demand
profile of a university commercial consumer for compensation during peak hours. To
achieve the objectives of this research, a pilot project was installed which included a
10 kWp grid-tie PV system (GTPVS), bidirectional inverters, and battery bank, as part of a
research and development (R&D) project implemented in the Federal University of
Technology–Paraná (UTFPR) Curitiba campus at Neoville headquarters. The
methodology consisted of the analysis of variables that interfere with the operation of
this system, such as a detailed university profile of demand and consumption, local energy
pricing, PV generation profile as well as the interaction between PV generator and the
energy storage system, and the variation in power fluctuations throughout the year.
Additionally, a technical feasibility study was carried out aimed to determine this
consumer’s optimal size through the Homer Grid software. The detailed demand
profile allowed us to know in depth the peak values were above 80 kW, for university
working days. Furthermore, the daily analysis of the PV generation profile confirmed that
although the PV source is quite variable, the scheduled dispatch operation is not interfered
by the variability and intermittency of the solar source, as the system was designed and
programmed to operate in parallel with the electrical network. Regarding the energy
consumed at the university, very significant values were obtained, in which the month of
July presented the highest consumption for the base year 2019, with a total monthly value
of 48,670 kWh. The established operating strategy for the battery bank with a 10%
discharge depth resulted in a life cycle of 2,500 cycles which can extend its useful life by
approximately 9.5 years. The results obtained by the simulation show different levels of
energy contribution with percentages of 60.0, 33.6, and 2.7%, respectively.
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INTRODUCTION

The energy storage system integration into PV systems is the
process by which the energy generated is converted into
electrochemical energy and stored in batteries (Akbari et al.,
2018). PV-battery operating together (Figure 1) can bring a
variety of benefits to consumers and the power grid because of
their ability to maximize electricity self-consumption and power
management (Choudar et al., 2015; Üçtuğ and Azapagic, 2018).

According to Figure 1, it is possible to identify the addition of
the battery and the use of the bidirectional inverter, which makes
the power flow more dynamic. The battery can be charged by the
PV system and the electric network (Nottrott et al., 2013).
Additionally, the PV-battery system also allows consumers to
contribute by reducing energy demand in response to market
prices, using financial incentives (Gitizadeh and Fakharzadegan,
2014). PV-battery systems are complex because more variables
need to be considered such as in design and implementation.
These systems will operate with the power required to meet the
load profile of this consumer, which may vary from day to day or
seasonally. The amount of energy produced will depend on PV
panel size and daily irradiation (Lawder et al., 2015). Finally,
storing energy through batteries will create supply flexibility,
requiring verification of the difference between the PV power
generation curve, and power demand (Lee et al., 2017).

The financial benefits achieved depend largely on the exact
pricing structure and policies of the place where the consumer is
located (Nottrott et al., 2013; Gitizadeh and Fakharzadegan,
2014). Some power electricity companies introduced the Time
of Use (TOU) rates and peak demand charges for their customers
due to the increased implementation of smart meters, net
metering policies, and electric vehicle penetration (Mulder
et al., 2013; Hanna et al., 2014). Since batteries store direct
current (DC) power and most household equipment requires
alternate current (AC) power, an inverter is required. In addition
to serving this type of application, the inverter/charger or
bidirectional inverter can meet other applications such as
electric and hybrid vehicles, uninterruptible power systems

(UPS), etc. (Cheng et al., 2010; Rahimi-Eichi et al., 2013). In
addition, bidirectional inverters are used in hybrid systems (more
than one renewable power source), to increase the power supply
capabilities (Lawder et al., 2014). Regarding its operation, this
device is more complex than the grid-tie PV inverter controlling
the entire system including load controllers and their connection
to the power grid (Xing et al., 2011; Gallardo-Lozano et al., 2014).

The bidirectional inverters must ensure safe operation and are
regulated by national and international standards. The
equipment shall comply with operating specifications
regarding electromagnetism emission, harmonic current,
electromagnetic immunity, and electrical safety (Lo et al.,
2016). Another important factor to consider is battery
compatibility since there is a wide range of technologies
available (Debnath and Chatterjee, 2016). Regarding batteries,
the main classes of batteries are primary and secondary. Primary
batteries cannot be recharged and therefore are not applicable in
PV systems, such as carbon-zinc and lithium batteries used in
consumer electronics. Secondary batteries can be recharged and
therefore used in PV systems (Balcombe et al., 2015; Feng et al.,
2015). The most common battery types applied in these systems
are lead-acid, lithium-ion, and flow batteries that are applied in
large-scale PV systems (Hanser et al., 2017).

Lead-acid batteries are the oldest and most widely used
rechargeable electrochemical devices among energy storage
technologies (Akhil et al., 2013). In 1859, they were invented
mostly for domestic use and a variety of commercial applications
such as motor starters, among other applications (Akbari et al.,
2018). This type of battery consists of a lead sponge metal anode,
a lead dioxide cathode, and a sulfuric acid solution electrolyte
(Mahlia et al., 2014).In addition to the simplicity in the
manufacturing process, the technology is relatively low cost
compared to other batteries, with a good life cycle under
controlled conditions, and fast electrochemical reaction
kinetics (Luo et al., 2015). However, it also has some
disadvantages related to its operation, such as performance
impairment at extreme temperatures affecting its lifetime
(Kousksou et al., 2014). Furthermore, there is a need for
periodic water maintenance, low energy density, and the
presence of heavy metals harmful to the environment make
this technology unsuitable for certain applications (Luo et al.,
2015).

Mahlia et al. (2014) highlight some technological advances
achieved by this technology with the development of lead-acid
ultra-battery. This development is a new long-life hybrid
device that can operate in a continuous Partial State of
Charge (PSoC) (Luo et al., 2015). The device is efficient and
does not require charge maintenance cycles, has optimum
stability with longevity to charge/discharge operation, is
faster, and with a deep charge range. Its loading/unloading
is approximately 50 per cent longer than traditional lead-acid
batteries, and its life cycle is three times longer (Ecoult, 2019).

The contribution/motivation of this study is to look in
detail at the demand characteristics of a university
environment. Furthermore, how to improve the demand
profile using this integration that can be replicated in
another university environment, in order to improve the

FIGURE 1 | The residential PV-battery scheme.
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demand profile of a university consumer for compensation
during peak hours.

PILOT PROJECT METHODOLOGY

In order to simplify the materials and method applied in this
study, we developed a flowchart presented in Figure 2. Thus, the
main steps in the development and operation of this pilot project
are described and will be explained in this session.

To increase the PV generation, the Solar Energy Laboratory
(LABENS) of the Federal University of Technology–Paraná
(UTFPR) granted a research and development (R&D) project
aiming to perform energy management strategies. To achieve this
goal, a PV-battery-grid-tie-system (PV-Bat system) was installed
as a pilot project, following the optimal operating conditions. In
the southern hemisphere, these types of systems must follow
some recommendations, such as PV panel tilt angle according to
the latitude and oriented to the geographical north (latitude of
−25,50° and longitude of −49,31° in this case of study).In addition
to the conditions mentioned, the system complies with
bidirectional inverters responsible to control and monitor
electrical parameters. The described system was implemented
in 2019 and aims to demonstrate several services, such as
providing firm capacity in PV generation, peak shaving, power
backup, load shifting, supply of essential loads in isolated
operation from the grid, voltage and frequency regulation, and
the reactive control of feeders (Mariano et al., 2021).

To meet the specifications of this project (project design),
the system consisted of a 10.72 kWp PV generator, two
bidirectional single-phase inverters of 5 kW, and two racks
of lead-acid batteries in series, comprising80 batteries for each
bidirectional inverter, stationary type of 60 Ah and 12 V,
totaling 57.60 kWh of energy in these systems. As for the
storage of energy in batteries, as its autonomy of energy
supply varies, it was tested with the proposed study, to

operate at times that coincide with peak hours. As for the
depth of discharge in the battery bank, the percentage was
considered and analyzed to prolong its useful life, according to
the battery data sheet, since studies on aging of this type of
technology carried out by Krieger et al. (2013) confirm that the
maximum depth of discharge can be up to 50%. Furthermore,
it is possible to prolong its useful life, avoiding critical
operating conditions, such as overcharge and deep
discharge (Duryea et al., 1999).

In the preparation phase and analysis of the demand profile,
data provided by the electricity company Companhia
Paranaense de Energia (COPEL) was used to collect data on
monthly consumption and monthly and daily energy demand.
With this resource, numerical data of demand and
consumption parameters were collected, and graphically
reproduced these results, which allowed the direct
visualization of the profile of the electrical meters at the
UTFPR Neoville headquarters. Figure 3 shows the behavior
of peak (green) and off-peak (red) demand for the years 2019
and 2020.

In order to drill down further, actual daily demand
spreadsheets were collected with measurements taken every
15 min. From this data set, the hourly demand profile average
(every 15 min) of school and nonschool weekdays and weekends
and holidays in the listed years was calculated. Thus, the average
of the dataset collected, such as 365 spreadsheets from the years
2019 and 2020, represented the dataset of this research, with a
total of 35,040 measurements per year for each complete year.

A � 1
n
∑
n

i�1
ai, (1)

where A = arithmetic mean; n = number of variables; ai =
dataset value.

Additionally, the hourly demand profile was calculated
(using each quarter of hours) of university working days,

FIGURE 2 | Flowchart of the proposed method.
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nonworking days, weekends, and holidays in the listed years.
In this sense, they were also considered as a data set, but with a
reduced sample, in order to obtain a joint analysis with the PV
generation and the energy delivered to the electricity grid. In
this dataset of the hourly demand profile, the boxplot statistical
analysis was also applied to identify the data distribution and
outliners (extreme measured values).

PV generation can be obtained in several ways, including
computational tools to automate the calculation process as
well as the energy sizing and forecasting equations. However,
understanding the results generated by these programs is
essential for the design and operation of these systems, as
the solar resource presents variability and intermittency
(Pinho and Galdino, 2014; Urbanetz Junior et al., 2016). In
this sense, the most elementary way to know the PV generation
forecast is to study the variables that interfere with your energy
production listed as follows:

E � Ppv xHtot x PR

G
, (2)

where E: average daily electricity (Wh/day); PFV: peak
photovoltaic power installed (Wp); Htot: monthly average
daily solar irradiation for the locality in question (Wh/
m2.day); PR: Performance Rate or Performance Ratio, typically
between 70 and 80% (75% for this analysis); G: irradiance in the
Standard Test Conditions (1,000W/m2).

Among the variables shown in Eq. 2, the most relevant is the
average daily incident solar irradiation at the site (Htot), which
can be obtained through a highly reliable national database such
as the Brazilian Atlas of Solar Energy (Pereira et al., 2017) or local
database such as Paraná State Solar Energy Energy Atlas (Tiepolo
et al., 2017) and can be used in design/sizing of PV systems, or for
calculating actual PV generation and merit indices, as shown in
Table 1.

With the operation of the new PV-Bat system installed in
this headquarters, there was the possibility of measuring and
collecting real data, in the inverter mass memories, and these
were collected and processed. As these are bidirectional
inverters, in which there is power flow variation occurring
at different times of the day, the equipment controls 19

variables related to voltage, current, and energy, among
other quantities.

The implementation and operation of this pilot project have a
large number of variables, as aforementioned, and they are
considered common to the PV-Bat system. Gamarra and
Guerrero (2015) state that there are three major problems in
the planning and operation of these systems. The project must be
dimensioned in detail, respecting the requirements of adequate
storage technology and customer demand. Pinho and Galdino
(2014) state that the Homer software has descriptions of
simplified system models and performs hourly calculations for
hundreds of configurations, presenting them according to cost.
Additionally, it allows the optimization of specific technical
parameters as well as detailed results of each configuration.
Among the results, Homer presents graphs that display battery
charge status, voltage, produced and consumed energy, etc. over
the simulation time, which is done on an annual basis (Sarkar
et al., 2019).

For the analysis of energy management scenarios, Homer Grid
will be used, which is the most recent and appropriate version for
the proposed analysis. Among the features of this tool, the
software is able to determine the best combination of
resources for the lowest cost solution; calculate energy demand
reduction, arbitrage, and self-consumption; design a system with
the best rate of return. In addition, it features flexibility with fixed
or variable rate input data for any scenario (HOMER GRID,
2021).

RESULTS AND DISCUSSION

After this analysis of the average demand profile for the years
2019 and 2020, it was established that the year used as the basis
for analysis was 2019, as it does not represent a pandemic
scenario. The study of the demand profile was also essential to
assist in the modeling, which will be discussed in this chapter,
which impacts the energy management carried out by the battery
bank. Thus, the demand data for academic weekdays and
weekends and holidays were used as input data in the PV-Bat
system simulation software, used to analyze the optimal size, life

FIGURE 3 | Billed monthly demands and contracted demand limits for 2019 (left) and 2020 (right). Data Sources: Electricity bills for the years 2019 and 2020.
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expectancy, and system behavior according to the changing
environment of this building.

Table 2 shows the average hourly demands calculated for the
academic weekdays in the year 2019. Additionally, these average
values were used as input data in the Homer Grid Software.

In Table 2, the periods in which demand was above the
average calculation for the respective months of the year 2019
were highlighted in red, which characterized the periods of peak
demand during the academic year. There was a variation of 10 h
in which the greatest demands occurred during the day, due to the
profile of the headquarters with academic activities taking place
during the day. In addition, there was a smaller variation when
the demand in the months of November and December 2019,
mainly due to the change in daylight-saving time and longer day
length. Table 3 shows the average hourly demands calculated for
the academic weekdays in the year 2020.

It is noted that the academic weekdays show greater
variability in relation to the maximum values, especially
with a trend towards the maximum quartile starting in
March with the beginning of the academic year. On the
other hand, it is observed that on weekends and holidays
there was greater variability in relation to the minimum
values, due to the lack of academic activities at the
Neoville headquarters.

Comparing the analyses of the average hourly demand profile
for the years 2019 and 2020, there was a significant reduction in
the average demand of more than 65% for university working
days and more than 20% for weekends and holidays, caused by
the pandemic scenario of Covid-19. In Figure 4, the boxplot
analysis applied to the data set presented in the tables is shown.

Analyzing the calculated average hourly demand profile and
their respective boxplots, it can be inferred that the values
followed this trend, mainly due to the periods in which
demand was above (weekday) or below (weekends and
holidays) calculated average.

According to the boxplot analysis performed in Figure 3, it
is highlighted that both weekdays and weekends and holidays
showed greater variability in relation to the minimum values.
Due to the suspension of academic activities in 2020, there was
a significant reduction in demand values at the Neoville
headquarters, which directly impacted monthly energy
consumption. Table 4 shows the values of energy consumed
at peak and off-peak for the months of the base year 2019.
Additionally, the monthly total and daily averages of electricity
consumption at the Neoville headquarters were calculated,
with emphasis on the months of April, June, and July 2019
which is highlighted due to the major consumption along the
year.

TABLE 1 | Horizontal global irradiation data from the Paraná State Solar Energy Atlas.

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

kWh/m2.day 5.40 5.15 4.53 3.77 3.07 2.75 2.89 3.87 3.86 4.43 5.26 5.61 4.21

Data sources: elaborated from the Atlas data (Tiepolo et al., 2017).

TABLE 2 | Calculated average demand (kW) for the university working days of the year 2019.

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

0 55.48 55.87 57.55 56.61 58.71 56.36 58.68 51.94 50.74 50.47 48.96 48.65 54.17
1 54.61 55.26 57.74 56.57 58.55 56.56 58.58 52.03 51.33 50.76 48.96 48.03 54.08
2 55.51 54.86 57.17 56.09 58.35 57.00 58.73 52.42 51.09 50.89 48.89 48.14 54.09
3 54.36 55.48 57.26 53.93 58.48 57.32 58.99 52.08 51.63 51.02 49.36 48.50 54.03
4 53.89 53.93 58.37 58.70 61.66 62.52 64.23 55.01 54.45 51.45 49.39 47.47 55.92
5 55.15 53.68 62.16 68.02 71.71 76.20 74.01 66.34 65.14 61.07 56.45 52.92 63.57
6 53.06 55.12 73.73 82.08 84.99 87.48 84.50 89.86 84.38 77.33 69.12 65.11 75.56
7 43.70 43.09 77.09 87.43 94.42 99.12 99.57 98.64 89.31 82.34 78.55 71.95 80.43
8 41.69 42.44 81.70 88.97 89.38 86.68 84.91 86.50 84.45 75.83 76.79 74.67 76.17
9 37.69 45.25 91.87 93.46 92.49 83.92 80.74 83.95 83.76 72.72 80.10 78.07 77.00
10 38.74 45.47 98.30 96.79 92.13 85.24 79.20 82.85 79.65 72.75 81.07 78.33 77.54
11 37.19 42.73 96.38 94.63 89.31 85.00 78.07 79.15 76.87 68.47 76.79 76.22 75.07
12 37.26 41.22 86.59 80.74 79.07 75.28 75.45 70.66 70.49 59.43 66.78 66.03 67.42
13 42.16 44.14 78.43 73.13 79.17 73.04 72.05 65.18 61.89 53.61 60.44 60.99 63.69
14 39.02 45.79 78.00 77.55 78.97 74.16 69.89 62.30 62.40 54.10 62.82 60.12 63.76
15 36.83 42.95 75.46 72.93 72.59 69.64 65.21 55.44 56.61 50.89 59.44 56.88 59.57
16 31.14 39.56 70.37 67.82 64.96 62.60 56.78 50.98 51.26 45.07 58.18 53.79 54.37
17 28.44 37.48 56.16 54.69 59.99 55.84 55.65 44.16 48.00 39.17 51.77 46.75 48.17
18 29.84 36.00 52.94 63.53 72.82 66.20 67.68 56.02 55.99 49.94 50.11 47.83 54.08
19 44.71 53.68 62.06 64.08 70.95 65.24 64.13 56.98 54.14 55.83 53.57 49.53 57.91
20 55.66 60.95 61.10 62.71 70.46 64.12 63.93 57.36 55.41 55.37 54.07 52.77 59.49
21 56.30 58.64 60.14 61.23 68.14 61.60 62.13 56.54 55.89 55.15 53.35 52.41 58.46
22 55.69 57.20 60.00 58.70 64.70 60.16 60.12 54.67 54.86 53.18 51.05 51.12 56.79
23 56.05 56.34 58.80 57.46 59.76 57.72 59.35 52.66 51.74 50.60 48.28 49.11 54.82
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According to Table 4, it was observed that the energy
consumed off-peak had values much higher than the energy
consumed at the peak. Table 4 shows the energy values for the
year 2020. Just as the pandemic impacted the calculated
average hourly demand profile, there was also a very
significant reduction in energy consumption. Regarding the
calculated monthly total consumption, this presented a very
high percentage, varying from at least 2% in March/2020 and
at most up to 48% in October/2020.

The calculation of estimated monthly energy generation
was performed using the irradiation data on the tilt angle of 25°

at latitude from the Paraná State Solar Energy Atlas database
(Tiepolo et al., 2017), presented in Table 1. Figure 5 shows the
graph of PV generation calculated from the solar irradiation

data for the tilt angle of the study site. Applying these values in
Eq. 2 and considering the power of the PV-Bat system of 10.72
kWp plus 75% performance rate, we obtained the following
monthly values shown in Figure 5.

Regarding the demand graphs for weekends and holidays, the
profile observed for the years 2019 and 2020was very similar but is not
the focus of this study. In the pre-pandemic years, there were two
moments with peaks in demand at night and at dawn, due to the
activation of external lighting and with values close to 60 kW. In the
pandemic years (2020 and 2021), the peak demand values were
reduced to 50 kW, showing again two moments of peaks at night
and dawn. It is important to emphasize that the analysis of demand
behavior on weekends and holidays is relevant, as in addition to the
very low profile, all PV generation is used to charge the battery bank,

TABLE 3 | Calculated average demand (kW) for the university working days of the year 2020.

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

0 48.01 51.23 50.69 53.28 51.71 53.46 50.58 46.76 47.59 45.18 43.88 48.68 49.25
1 47.91 50.90 50.07 53.52 51.84 53.50 50.49 46.85 47.92 45.25 43.74 48.35 49.19
2 47.23 50.87 50.27 53.56 52.17 53.57 50.67 46.98 47.38 45.25 43.96 48.07 49.16
3 47.16 51.19 50.20 53.40 52.04 53.32 51.39 46.62 47.52 44.75 44.14 47.91 49.14
4 47.62 50.44 50.11 52.96 50.96 52.49 50.67 46.26 46.91 44.60 43.06 47.35 48.62
5 47.39 52.42 52.46 49.76 49.39 50.44 48.42 44.69 46.08 42.30 41.15 43.20 47.31
6 41.50 54.47 62.48 46.72 47.88 48.28 47.25 43.56 41.87 33.88 30.49 34.56 44.41
7 40.68 47.45 57.76 33.08 35.08 41.80 41.13 36.14 31.32 24.59 22.72 30.30 36.84
8 34.99 40.72 52.23 21.72 24.48 28.08 27.27 28.53 30.02 23.15 21.28 29.91 30.20
9 34.33 40.14 49.25 25.00 23.30 24.77 20.16 31.23 32.62 28.62 23.33 32.07 30.40
10 34.49 41.80 50.86 28.76 26.05 28.30 18.18 29.79 33.95 29.95 22.32 35.50 31.66
11 35.57 41.26 50.11 26.96 25.36 27.68 17.19 29.88 34.70 28.30 24.59 34.17 31.31
12 31.78 35.78 43.04 21.52 20.26 24.23 15.21 24.89 31.79 25.81 21.46 32.40 27.35
13 32.11 36.50 41.04 17.84 17.84 21.13 15.57 26.37 32.22 26.32 21.17 33.01 26.76
14 35.21 40.50 42.61 17.44 19.57 23.94 15.30 29.70 35.42 27.79 25.13 34.06 28.89
15 35.25 38.77 41.11 20.92 22.65 24.34 18.36 28.62 36.14 28.12 25.27 33.18 29.39
16 35.90 37.48 40.48 25.32 27.56 27.94 23.22 33.84 36.86 31.79 29.27 34.28 31.99
17 35.84 37.44 40.71 30.76 35.08 38.77 32.76 36.45 34.49 31.54 31.03 32.07 34.74
18 38.59 39.60 45.00 48.64 52.79 52.31 48.96 45.14 43.60 38.27 31.36 34.84 43.26
19 45.62 52.52 52.95 54.68 53.87 52.67 50.40 47.70 48.10 47.05 44.03 50.62 50.02
20 49.84 55.51 53.90 54.36 52.36 52.85 50.58 46.94 47.92 46.08 44.71 53.22 50.69
21 48.93 53.21 53.31 54.64 53.41 52.92 50.76 47.07 47.66 45.65 46.94 54.17 50.72
22 48.83 52.02 52.40 54.52 53.25 53.64 50.94 47.30 48.31 45.43 46.73 53.11 50.54
23 48.40 51.48 51.68 54.92 52.20 53.75 51.84 47.34 48.28 44.93 45.00 50.84 50.05

FIGURE 4 | Boxplot of the average hourly demand profile for university working days.
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and its surplus is injected into the electricity grid when there is
equalization from the store.

The purpose of the demonstration of daylight-saving daily
charts was to assess in more detail the behavior of the
aforementioned quantities. Furthermore, the daily analysis
allowed for a broader view, especially regarding Pac. It is
noteworthy that the quantities of PV power generated (Pdc -
kWp) and power delivered to the grid/battery (Pac - kW) are in
different power scales of the analyzed average hourly demand
(kW) for the month of March 2019.

The following graphs refer to the 2 months selected for the
analysis of the daily profile regarding PV generation, highlighting
the four stages characterizing the charging and discharging of the
battery bank, using data from the operation of bidirectional
inverter 1 (Bid1). Figure 6 shows the PV generation curves
for the selected academic weekday of maximum irradiation,
being comprised in the period closest to summer and within
the academic calendar.

According to the graphs shown in Figure 6, as the
irradiance increases throughout the day, the average power
generated by the PV panel is being made available in the
electrical network, represented by the red curve. As for battery

charging, the storage system was programmed to start at 9:00
a.m., characterizing stage 1 of the charging cycle, represented
by the blue curve. At around 13:00 h, the battery bank enters
stage 2 where it presents its 100% state of charge. In the
afternoon, when the irradiance reduction starts, there is also
a reduction in the average power generated by the PV panel
made available on the electrical network, contemplating stage

TABLE 4 | Monthly energy consumption for the base years 2019 and 2020.

Reference Consumption, kWh Reference Consumption, kWh

Month Peak Off-
peak

Monthly
total

Daily
average

Month Peak Off-
peak

Monthly
total

Daily
average

01/2019 2,691 28,865 31,556 1,051.87 8% 01/2020 2,593 26,293 28,886 962.87
02/2019 3,196 29,834 33,030 1,101.00 7% 02/2020 3,417 27,208 30,625 1,020.83
03/2019 3,135 29,843 32,978 1,099.27 2% 03/2020 2,986 29,173 32,159 1,071.97
04/2019 3,885 42,207 46,092 1,536.40 37% 04/2020 3,153 25,778 28,931 964.37
05/2019 4,032 41,094 45,126 1,504.20 38% 05/2020 3,255 24,642 27,897 929.90
06/2019 4,865 43,805 48,670 1,622.33 38% 06/2020 3,175 27,052 30,227 1,007.57
07/2019 3,580 39,972 43,552 1,451.73 37% 07/2020 3,352 24,083 27,435 914.50
08/2019 4,119 35,259 39,378 1,312.60 32% 08/2020 3,322 23,521 26,843 894.77
09/2019 3,719 38,044 41,763 1,392.10 42% 09/2020 2,408 21,697 24,105 803.50
10/2019 3,495 33,949 37,444 1,248.13 48% 10/2020 2,160 17,490 19,650 655.00
11/2019 3,783 36,712 40,495 1,349.83 36% 11/2020 2,820 23,183 26,003 866.77
12/2019 3,094 33,123 36,217 1,207.23 34% 12/2020 2,486 21,512 23,998 799.93

FIGURE 5 | Calculated PV generation for the PV-Bat system of 10.72 kWp. Data sources: the authors.

FIGURE 6 | The PV generation profile with maximum hourly irradiation
days for the academic weekday - 03/11/2021 versus average hourly demand
of March/2019. Data Sources: the authors.
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3. Due to the peak time starting at 18:00 h, the unloading cycle
has been scheduled to dispatch power from 6:00 p.m. to 9:00
p.m. ending stage 4.

Figure 7 shows the daily results for the school day of
minimum irradiation with PV generation, energy delivered to
the grid/battery for the month of March/2021, and the hourly
average demand curve for the month of March 2019.

As shown in Figure 7, the behavior of the daily PV generation
was significantly reduced for the selected day, compared to 03/11/
2021. Even for days with low irradiance, there are four stages
taking place in the system, with stage 1, which is the battery
charging, being started. In stage 2 the battery bank presents a
100% state of charge. In stage 3 there is a reduction of irradiance
happening twice, and in stage 4 at 18:00 h, the unloading starts,
ending the cycle at 21:00 h. It is noteworthy that even with
reduced irradiation levels, PV generation is close to 0 kW, the
bidirectional inverter operates by charging the batteries with
energy from the electricity grid, showing the flexibility of
power flow in this system.

As shown in the graph in Figure 8, PV generation presented a
profile very similar to the maximum irradiation academic
weekday of March/2021, but with a lower power generation
range than in summer. As for the demand profile, this showed
a difference in relation to its peak, which occurred earlier, because
June is a month with reduced irradiance and the university
requires greater lighting activation.

Figure 9 shows the PV generation curve for the selected day of
minimum irradiation and its respective energy delivered to the
grid/battery. It is noteworthy that this chosen day was the day
with the lowest irradiance in June 2021, with energy generation
being quite compromised, with no energy contribution from the
PV system. Additionally, the hourly average demand curve for the
month of June 2019, for the school business day, is also shown.

Analyzing the graph shown in Figure 9, due to the irradiation
on 06/28/2021 being quite reduced and occurring on a Monday,
there was very low PV generation. In addition, on that same day,
there was no electricity being extracted in stage 1, where battery
charging usually occurs, due to the battery bank being charged
during the weekend.

Finally, the software quantified the energy contribution levels
for the three simulated scenarios showing different levels of
energy contribution with percentages of 60.0, 33.6, and 2.7%,
respectively. In other words, the higher the installed power, the
higher the energy contribution and cost reduction levels would
be, which can be reduced to 60.0% when a 320 kWp SFVCR-B
and a 366 kWh storage system use lead-acid batteries. In the
current scenario, the pilot project system is able to contribute
2.7% of electricity cost savings. However, the option in which the
contracted demand of 130 kW is maintained and a 130 kWp
SFVCR-B would come into operation, there would be a 33.6%
reduction in electricity costs.

With the beginning of the fall season, the irradiation starts to
be reduced and this behavior is explained by the decrease in the
global horizontal irradiation rates and the tilt angle, as shown in
Table 1. Accordoing to Figure 10 in the month of March, due to
the decrease in PV generation, the Neoville headquarters would
start importing more electricity from the grid and the battery
bank would start dispatching energy at lower rates and
peak hours.

During June, there is an increase in the demand curve, which is
justified by the increase in electricity consumption at the Neoville
headquarters, as shown in Table 1. Consequently, PV generation
would have a smaller contribution, also having an impact on the
charging of the passing battery, to be charged more frequently
from the utility grid, maintaining the 80% charge state strategy.

The bidirectional inverter installed in this pilot project is
capable to measure and register 19 variables, related to
voltage, current, and energy, among other quantities and its

FIGURE 7 | The PV generation profile with days of minimum hourly
irradiation for the academic weekday – 03/19/2021 versus average hourly
demand of March/2019. Data Sources: the authors.

FIGURE 8 | The PV generation profile with maximum hourly irradiation
days for the academic weekday - 06/30/2021 versus average hourly demand
of June/2019. Data Sources: the authors.

FIGURE 9 | The PV generation profile with days of minimum hourly
irradiation for the academic weekday – 06/28/2021 versus average hourly
demand of June/2019. Data Sources: the authors.
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measuring happens every minute. It works as a BMS (battery
management system); however, the State of Charge - SOC and the
State of Health - SOH and other functions are still under
development with the local manufacturer that can update the
algorithm and communication protocols, when the technology
replacement is scheduled after 5 years of use. Regarding system
reliability, its operating strategy was established only one daily
cycle during peak working days. Every year there are 263 battery
cycles, providing 3 kWh of energy in each battery bank, totaling
6 kWh for the two battery banks, representing a depth of
discharge of 10%. This strategy enables the battery bank in up
to 2,500 cycles, which is equivalent to approximately 9.5 years,
according to the battery manufacturer.

CONCLUSION

In order to reduce uncertainties and overcome challenges arising
from the mismatch between PV generation and electricity demand,
UTFPR - Curitiba campus implemented sustainable strategies. They
started with the installation of a technological innovation pilot
project at the Neoville headquarters. In this sense, this study

contributes to the sustainability transitions, through the
application of energy storage systems, and is capable of
promoting energy management in this building. With the
installation of the pilot project at the university, it was possible to
obtain advantages in the three areas of sustainability, as the system is
able to avoid costs with electricity tariffs during peak hours. On the
environmental issue, there is a benefit of using renewable generation
sources and batteries with high recyclability. Overall, the significance
of this study is related to the industrial level, due to the development
of a national power control unit (bidirectional inverter), and at the
community level the ability to enable professional and technological
training as well as sociological-environmental impacts.

Additionally, the daily analysis of the PV generation
profile confirmed that despite the PV source being quite
variable, the scheduled dispatch operation is not interfered
with by the variability and intermittency of the solar source,
as the system was designed and programmed to operate in
parallel with the power grid. Thus, when there is not enough
energy to charge the battery bank, this energy is extracted
from the electrical network, in order to prolong the life cycle
and contribute to the storage capacity. This adopted strategy
confirms the effectiveness of the joint operation of the

FIGURE 10 | The Homer Grid simulation results for the pilot project for the Neoville headquarters in March and June. Data Sources: the authors.
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elements of this system. It promotes energy management
delivered to the grid and conservation of the battery bank,
extending its life cycle, where this study made the greatest
contribution and impact.

The installation and operation of a pilot project at UTFPR
deserves a primary focus for this research, making its analysis
effective in the real conditions of the institution. Therefore, it can
be concluded that the application of energy management
strategies using SFVCR-B presents itself as a sustainable
solution, as it allows the reduction of demand peaks,
increasing the energy supply in the electricity sector. At the
building level, the most relevant and appropriate modes of
operation are peak demand reduction, peak shaving, and self-
consumption of energy. The pilot project enabled the
investigation and analysis of many variables that interfere with
the operation of GTPVS with energy storage. However, there is a
need to continue the study knowing variables that were not
addressed in this study, such as analysis of the performance,
SOC, SOH, and electrical parameters related to the battery.
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