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Abstract: Photovoltaic systems can strengthen the energy matrix aiming at energy sustainability,
however, their intermittence, the availability time frame and seasonality effects are complicating
aspects for the operation of these systems. To mitigate such problems, a possible measure is the
operation of hybrid systems (HS) associated with storage systems to meet the energy demand. This
study presents real operational scenarios for the management of a hybrid mini-grid installed in the
Amazon region in Brazil, capable of managing energy supply and demand, changing the generation
curve, reducing fossil fuel consumption and energy costs, in addition to providing flexibility and
operational safety to the electrical operating under on-grid or off-grid conditions. Through technical
and economic analyses, the objective of this study is to show that hybrid systems can be implemented
in small and medium consumers, in addition to generating a new market option for utilities. This
research evaluates the operation of HS concurrently with the electrical grid and the results show
that the system meets the technical requirements, in addition to bringing financial and ecological
benefits. This information can support the decisions of consumers, utilities and energy operators for
the development of the national market for on-grid and off-grid HS.

Keywords: hybrid system; storage system; photovoltaic generation; diesel generation; hybrid mini
grid; economic analysis

1. Introduction

Over the past few years, the Brazilian energy matrix has been expanding its capacity to
generate electricity from renewable sources. Figure 1 shows the percentage distribution of
generation sources in 2020, based on 2019, which adds up to a total generation of 651.3 TWh,
according to the National Energy Balance Synthesis Report [1].

Given the vast territorial extension of Brazil, it is possible to identify regions of low
and medium latitudes, with different patterns of precipitation and temperature. The
Amazon region has very high average rainfall, especially between the months of November
and March, when compared to regions in the northeastern semiarid region. In Brazil, the
average annual temperature ranges from 18 °C to 29 °C in a large part of the territory,
with higher average values observed in the North and Northeast regions, so that, in these
regions, the maximum temperature averages reach values as high 33 °C in December [2].
According to [3,4], it is possible to visualize the monthly variation of irradiation in different
regions in Brazil, showing its large solar photovoltaic generation capacity at any time of
the year, despite the variation in its intensity.

The ANEEL (National Electric Energy Agency) normative resolution 687/2015, has
contributed to the growth of distributed generation sources in Brazil. In addition, a set of
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government incentives, high electricity costs, reduction in the cost of photovoltaic panels,
as well as the availability and potential of the solar resource throughout the country, have
allowed photovoltaic generation source to grow exponentially in the country, as can be
seen in Figure 2.
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Figure 1. Electricity generation sources in Brazil, base year 2019. Reproduced from [1], Energy
research company: 2020.
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Figure 2. Solar generation in Brazil. Reproduced from [5], National Electric System Operator: 2021.

Despite the benefits that distributed solar generation brings in economic and ecological
terms, due to its non-dispatched nature and the limited availability window of solar
irradiation, its generation is limited to meeting demand at the same time it is being
generated. Until now, the existing rules in Brazil do not allow the use of energy storage
systems connected to the power grid, making some generation systems less efficient.
However, this scenario is expected to change in the coming years, since, in 2016, the
ANEEL created a strategic public notice for research and development (R&D) on battery
energy storage technologies through public call N° 21/2016. The project aims to develop
and test energy storage systems, operating in on-grid systems. Among its advantages,
the implementation and approval of on-grid storage systems, will result in the possibility
of altering the energy demand and generation curves, greater stability of the electricity
grid, better use of intermittent renewable energy sources and, consequently, reductions in
energy consumption and carbon emissions.

Countries such as the United States, Japan, Korea, China and Germany have imple-
mented storage systems through policies and incentives for their use, and by 2018, there
were approximately 9 GW /17 GWh of energy storage power capacity in operation glob-
ally [6]. Although storage systems continue to be developed, a study by [7] reports that
the implementation of new materials resulted in a 87% reduction in the cost of lithium-ion
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batteries from 2010 (1183 US/kWh) to 2019 (156 US/kWh). Currently technologies such as
lithium iron phosphate (LiFePQOy), lithium-nickel cobalt aluminum (NCA), lithium oxide
cobalt (LCO), lithium-nickel-manganese-cobalt (NMC), lithium-manganese spinel (LMO)
or lithium titanate (LTO) are used in storage systems with which longer life cycles, high
power capability, high discharge rates, and constant voltage profiles can be obtained [8-10].

There are still hundreds of locations in the world that have difficulty or no connection
to their respective countries main electricity grid. In Brazil, ONS, the National Electric
System Operator, reports that there are 212 isolated locations [11]. Specifically in the
Amazon region, public service utilities have difficulties in providing electricity services
in forested regions, mainly due to the difficulties or total impossibility of reaching them
due to the characteristics of the region. In these regions, when supplied, the electricity is
mainly provided by community generators powered by fossil fuels or photovoltaic energy,
normally installed with stationary lead acid batteries, which have a reduced useful lifespan.
Experiments and studies show that hybrid systems are more efficient than diesel systems
both in economic and environmental terms, especially in regions without a connection to
the power grid, revealing themselves as a possible solution to these problems.

To improve the efficiency of distributed generation, whether operating with a hybrid
system (HS) and storage system, it is also recommended to use technologies to implement
smart grid features, to manage the variability of generation sources and the demand of users
and the electric grid itself. The smart grid aims to make each process efficient (generation,
storage and consumption), making the service continuous, reliable and economical.

Studies considering hybrid systems including photovoltaic-diesel-wind and storage
systems have been presented in [12-17]. In this HS model, both batteries and genera-
tors perform backup functions for continuity of service. However, given the operational
characteristics of batteries, such as better control of voltage and frequency, as well as less
environmental impact, these are activated first than diesel generators. With this, the HS
has more flexibility to manage the electric grid energy balance and the useful life of the
equipment, increasing the reliability, continuity, and stability to the loads.

In some European communities, there has been discussion about the reduction of
fossil fuels through the use of renewable generation sources and energy management with
the help of storage systems, even if connected to the utility’s electricity grid, transforming
themselves into self-sustainable communities, as shown in the works [18-20]. In Brazil, due
to local legislation, only large companies have implemented self-generation, in addition to
managing energy generation and demand, using by-products from their production line as
fuel for steam heating in boilers coupled to electric turbines (thermoelectric) [21,22].

Previous studies have separately discussed the use of renewable sources as a way
to increase energy generation, as shown [23-25]. The work elaborated by [26,27] shows
the benefits of using the energy storage and management system to demand control as a
financial attraction.

Reference [28] highlights the importance of smart meters in electrical grids. Refer-
ences [29-31] describe the computational development and the web module of an energy
management system implemented in a university, as a way to mitigate possible problems
in electrical energy quality, measure the efficiency of systems and reduce energy costs
electric. To identify abnormalities in electricity consumption, references [32,33] used heuris-
tic methods to detect unexpected consumption behaviors, aiming to reduce waste and,
consequently, unnecessary energy costs. In [34], a stochastic method was sought to explain
the uncertainties of both consumption and energy generation.

Using different simulation methods, the integration of renewable sources, storage and
diesel generation was present in other studies such as [34-37]. In [38], the energy quality
of a photovoltaic-diesel hybrid mini-grid (HMG) was analyzed using the simulation of
input and output loads in the building. Thus, the main research and results found in the
management of HMG are based on computer simulations, where few validate the results
obtained experimentally.
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A summary of the literature review related to HMGs and energy management, classi-
fied according to the approaches analyzed in this work, is presented in Table 1.

Table 1. Review of literature regarding hybrid mini-grid and energy management.

Papers” Main Subject Relevant Literature
Energetic balance [1,18-22,27,35,36,39]
Renewable energy [2-5,23-25,40]
Storage system [6-10,26,41]
Off-grid system [11,12]
Hybrid systems [13-17,37,38]
Smart meters [28-34]
Zero energy buildings [42]
Statistics for data analysis [43]
Electric Power Quality [44]

The main contributions of this study is to provide real data on the operation and
management of a HMG integrated with a utility’s electricity grid, as a strategy to reduce
electricity costs, improve operational safety, increase the efficiency of using intermittent
sources, in addition to discussing compensation at smaller scales, through the application
of the HMG to small and medium-sized consumers in any region of the country, such
as universities, residential and commercial condominiums, hospitals, shopping malls,
among others. In addition, there is also the possibility of using hybrid systems in isolated
communities that have difficulty in electrification via cables. As a way of exemplifying
the contributions of this article for academic application and for future installations, the
following are discussed:

e  Technical and operational analysis of real data from the HMG in off-grid and on-
grid modes;

e  Statistical analysis of the management system behavior, according to stochastic vari-
ables such as load, photovoltaic generation, storage system and diesel generator;

e  The economic analysis of the financial benefits arising from energy management in
small- and large-scale applications.

This work analyzes the functioning of a true hybrid system installed at the Center
for Energy Efficiency in the Amazon (CEAMAZON) of the Federal University of Para
(UFPA), and composed of photovoltaic systems, electricity grid, diesel generator (DG)
and a LiFePO* battery storage system. As a way to organize the article, it was divided as
follows: Section 2 provides a description of the HMG, composed of photovoltaic systems,
storage system, diesel generator, CEAMAZON building loads and the energy management
system. Section 3 presents the management system methodology used to manage the
energy generation and demand from the HMG operating in on-grid and off-grid modes.
Section 4 shows the technical analysis of three real scenarios of HMG operation, including
results, technical solutions and possible applications in society through new business
models for energy consumers and utilities. Section 5 presents a financial analysis, given
the implementation of the HMG with energy management. Finally, Section 6 summarizes
the main conclusions of the work.

2. Case Study

The hybrid system analyzed in this study includes three mini-plants of photovoltaic
solar energy, a diesel generation plant, a battery storage system, using lithium-ion batteries,
forming a HMG connected to the electric utility grid, located in the CEAMAZON at UFPA,
in the city of Belém, Para, Brazil. The system is an integral part of the research and devel-
opment project (R&D) “Intelligent System for the Efficient Management of Multimodal
Electric Mobility” with financial support from Norte Energia S.A. a hydrogeneration utility
in the State of Para. Figure 3 shows some images of the system and its location.
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Figure 3. Installed hybrid system at the Federal University of Pard, in Belém, Para, Brazil.

The hybrid system components and their respective descriptions are detailed below
and presented in Figure 4.
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Figure 4. Hybrid system components at CEAMAZON.
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2.1. Photovoltaic Generation

The photovoltaic (PV) panels were installed on ground supports, positioned to the
north, with a 12° azimuth inclination, to make the panels self-cleaning efficient. The PV
renewable energy generation is composed of three PV systems totaling 80 kWp as presented
in the following.

e PV-CEAMAZON 01 (58 kWp): Represents the classic grid-connected photovoltaic
system, that is, for its operation, it is necessary that the University’s distribution grid
be operating normally, otherwise the system will be automatically disconnected. This
system has a 50 kW inverter.

e PV-CEAMAZON 02 (16 kWp): It is connected to the CEAMAZON mini-grid. There-
fore, in the event of an electrical grid fault, this generation system will operate normally
to supply energy to the mini-grid in off-grid mode, meeting the buildings’ loads. This
system has a 15 kW inverter.



Energies 2021, 14, 5284

6 of 21

e PV-CEAMAZON 03 (6 kWp): This system will be exclusively for supplying the storage
system, so that its entire generation will meet the battery demand for stored energy
that in turn, will serve as a backup for the hybrid system. This system is connected to
the direct current (DC) bus through a charge controller.

2.2. Management System

To manage the generation sources, the storage system operation, as well as protection
devices and loads, a centralized system controller was used which is composed by six
inverters/charger controllers with a total power of 60 kW. The management system allows
remote parameter configuration as well as real-time monitoring directly from the system
webpage. Figure 5 presents an example of the available information that can be accessed in
the management system webpage.

)
Sc» CEAMAZON - HYBRID SYSTEM S o
©s0 CEAMAZON 01
PV Inverter Total solar 78 k\
0.0W 00w
EXternaI grld AC bUS Weather Cloudy
CEAMAZON loads 24°C
19139 W Controller AC Lods
AC bus - AC bus
CEAMAZON 03
s] Charging 13228 W PV Charger
61.0% " DC bus ow
Battery pack

Figure 5. Hybrid system components at control panel at CEAMAZON.

2.3. Diesel Generation

An existing DG set was used in this study, with a 50 kW nominal power in stand-by
mode and 45 kW nominal power in prime mode.

2.4. Storage System

The storage system consists of a set of eight lithium iron phosphate (LiFePOy) batteries
with a usable energy of 13.8 kWh each one, totaling 110.4 kWh, and an individual capacity
of 270 Ah, totaling a 2160 Ah capacity. For the charging mode, a 0.035 C rate was defined
with 75 A. The batteries are equipped with battery management system (BMS) and battery
management unit (BMU) that allow correct operation and communication with external
inverters/charger for a safe and reliable operation that extends their useful life.

3. Methodology for Hybrid Mini-Grid Operation Parameters Configuration

Despite the large solar irradiation in the region where the HMG is located, the season-
ality of the rainy season, between November and March, affects PV generation. For the
HMG operation, different configurations and parameters were defined for both on-grid and
off-grid operation. Therefore, the proposed methodology for the management system aims
to prioritize the use of renewable sources, predicting critical low solar availability scenarios,
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unavailability of energy supply by the utility, meeting the energy demand required by the
building load, the cost of energy at times of largest consumption and also at times when
energy is more expensive.

The on-grid and off-grid operation configurations are implemented as described in
the flowchart of Figure 6. These configurations generally aim to reduce electricity costs
and increase the energy availability to the CEAMAZON building.

Off Grid Operation
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Figure 6. Hybrid system operation configurations flowchart.

The off-grid management mode aims to maximize the use of photovoltaic generation
and the batteries stored energy before using the diesel generator set. During off-grid
operation the PV-CEAMAZON 01 system will be out of service, according to ABNT NBR
IEC 62116: 2012 [39], operational anti-island protection regulation in Brazil. However, the
PV-CEAMAZON 02 and 03 systems will continue to generate energy to directly supply the
loads and batteries, respectively.

At time a grid power failure occurs, the off-grid operation mode is activated, so the
batteries assume the loads, maintaining the service continuity and reliability. The system
controller will carry out the energy balance between the use of the PV generation systems,
supplementing with the battery stored energy, if necessary. Even so, if the energy supply via
the photovoltaic and battery sources is not enough, the system controller will start the DG
set to service the loads in the CEAMAZON building. The mini grid management follows
the instructions of the battery manufacturer, who recommends a maximum discharge of
80%, that is, its lower charging limit must not be less than 20%. In the case of an off-grid
condition and a battery SoC less than 20%, the diesel generator will assume both the loads
and the storage system charge until the utility grid energy is available.

The on-grid operation aims to carry out the mini-grid energy balance, in order to
reduce the expenses with electricity, at peak times and in the hours of highest demand
from the grid, in addition to guaranteeing the energy quality during temporary off-grid
operation. While the external grid is available (on-grid operation), the three photovoltaic
systems (PV-CEAMAZON 01, 02 and 03) will be operating normally, according to the
availability of sunlight, and the batteries will start operating in the programmed periods,
that is, peak times and times of highest demand from the grid, and temporarily operating
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in off-grid mode in case of grid fault conditions. In this condition, the DG will not start
operating, even if the batteries reach the limit of equal or less than 20% of their capacities.

4. Technical Evaluation of the Hybrid Mini-Grid

For the on-grid and off-grid operating conditions technical and economic evaluation,
three scenarios will be evaluated in this work and are presented in Table 2.

Table 2. Operation scenarios for the hybrid system sources.

Source Scenario 1 Scenario 2 Scenario 3
Grid ON OFF OFF
PV-CEAMAZON—01 ON OFF OFF
PV-CEAMAZON—02 ON ON ON
PV-CEAMAZON—03 ON ON ON
Storage system OFF (Off Peak hours) ON OFF (* SoC < 20%)
Diesel generator OFF OFF (Until Batteries * SoC = 20%) ON

* SoC—State of Charge.

The first scenario looks at the hybrid system operation in on-grid conditions, aiming at
the operation in urban areas connected to the utility’s electric grid and disconnecting from
the grid at scheduled periods. This scenario shows the benefits for consumers connected to
the utility grid through HMG. The evaluation of the demand curve, in combination with
renewable energy generation and the storage system can be useful to reduce peak demand
and energy at higher cost from the utility grid. This scenario can be used by residential,
commercial, public and industrial consumers, located in cities and who seek flexibility in
demand management.

Then, the second scenario aims to simulate on-grid operation with the need for sudden
off-grid operation, due to an interruption in the supply of the local utility’s electricity grid.
This scenario aims to present the performance, system security and power quality in the
energy supply, only with the use of photovoltaic and storage systems during the loss of the
utility grid. Given the reliability, this scenario shows that HMG with batteries can be used
in places that have an extreme need for continuity of operation, such as hospitals, airports,
railways, ports, etc.

Finally, the third scenario also analyzes the off-grid operation after an energy inter-
ruption from the grid, however, the DG set operation was included, due to the batteries
reaching their minimum limit (SoC < 20%) and the system being with little or no solar
availability. This scenario can be replicated both in locations connected to the electrical
grid, as in the second scenario, having even more security due to the redundancy of power
supply; and in isolated locations, without the assistance of utility grid and which, for
operational safety, can also activate the DG set until it has re-established the battery charge
and/or energy through renewable sources, such as solar photovoltaic.

4.1. First Scenario: Normal Operation
4.1.1. Generation and Demand of Energy from the Hybrid Mini-Grid

The first scenario involves the production of electric energy from the three photovoltaic
systems (PV-CEAMAZON 01, 02 and 03), to meet the loads of the mini-grid (CEAMAZON
building and batteries) and the surplus is made available to UFPA’s internal electrical grid.
However, during the off-grid operation, the loads in the CEAMAZON building will be
served only by the PV-CEAMAZON 02 and 03 systems, inserted in the mini-grid, while
the PV-CEAMAZON 01 system will be shut down. Figure 7 shows the energy production
curve of the three photovoltaic systems, over a week. In this period, the three photovoltaic
systems achieve a production of up to 64 kWp.
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Figure 7. Total photovoltaic generation in the CEAMAZON mini power plant, within a week.

In the State of Par4, Brazil, for group A consumers, there are different tariff options
that allow the customer to choose the contracted demand value (kW), according to their
load profile. UFPA opted for the green tariff modality, which has a contracted demand (kW)
for all weekdays and a difference in tariff for consumption (kWh) during off-peak hours
(00:00 a.m. to 18:29 p.m. and 21:31 p.m. to 23:59 p.m.) and at peak hour (18:30 p.m. to
21:30 p.m.) [40]. For the green hour-seasonal tariff modality, the tariff for energy consump-
tion (kWh) during peak hours is almost 10 times higher than the value during off-peak
hours. Unlike residential sectors and some commercial sectors, UFPA and CEAMAZON
have peak demand during the day (off-peak hours), however, even if reduced, they main-
tain considerable consumption during peak hours.

Figure 8 shows the load curve characteristic at UFPA and the CEAMAZON building,
considering the period of teaching classes from Monday to Friday and highlighting peak
hours. Although the demand for the CEAMAZON building represents 0.7% of UFPA’s
maximum demand, it is possible to verify that both have the same behavior.

~——UFPA (kW) ~~~CEAMAZON (kW)

50
Peak hours Peak hours Peak hours Peak hours Peak hours| 45
— p— —
35
30

25

U 20

—1- | o 4

Acitve Power - CEAMAZON (kW)

Monday Tuesday Wednesday Thursday Friday

Figure 8. Energy demand at UFPA and CEAMAZON.
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Analyzing the HMG behavior, it was found that it is possible to carry out the energy
balance between generation, storage, and demand of energy, providing better performance
of generation sources and less use of the external electrical grid. In addition, the energy
surplus generated by photovoltaic systems that was delivered to the utility, can be con-
sumed in times of higher energy demand or less photovoltaic generation at other times
of the year. Considering the building’s energy management, the energy balance allows
to outline the CEAMAZON be defined as a zero-energy building (ZEB), since the energy
supplied by the utility grid will be less than the generated renewable energy [42].

4.1.2. Scheduled Operation of the Hybrid Mini-Grid to Demand Control

Given the batteries energy charge/discharge functionality and grid connectivity, an
operation cycle was programmed in the CEAMAZON management system, in such a way
that the HS was programmed to operate in off-grid condition between 10:00 a.m. and
14:00 p.m. (highest demand period) and from 18:30 p.m. to 21:30 p.m. (peak hours). The
battery is recharged at the remaining periods, when exists solar potential and/or when
the utility energy cost is cheaper. Thus, at these times, the power supply is interrupted by
the external electrical grid, the HMG operates in off-grid mode and the load is fed by the
storage system. Figure 9 shows the HMG behavior on a typical weekend day and during
the week (for the example, Sunday and Monday were used, respectively) considering the
energy curves supplied by the external electrical grid, batteries and CEAMAZON building
loads consumption. On weekends the storage system is in standby condition, due to the
lack of peak hours on those days, in addition, due to low consumption and the incidence
of photovoltaic generation, HMG supplies energy to the external grid. During the week, it
is possible to check the times when the battery is supplying power to the building’s loads
and when it is being charged. In reliability terms, according to the consumption curve (red
color of Figure 9), which represents the building loads, it is possible to verify that HMG is
able to keep the loads supply continuity, without any loss in the supplied energy power,
even in situations of sudden changes in the loads or solar power along the day.

30 Total Grid (kW) Highest Demang Peak
Battery Power (kW) Period Hours
Total Consum ption (kW)
20 -
=
=
5 104
2
=]
o
[
2 0
e
"}
<
-10 -
-20 -
Sunday Monday
Days

Figure 9. Total power balance for hybrid mini-grid operation.

As seen in Figure 9, the batteries are in a discharging cycle period between 10:00 a.m.
and 14:00 p.m. (highest demand period) and from 18:30 p.m. to 21:30 p.m. (peak hours)
and recharging at other times. In the 06:00 a.m. to 18:00 p.m. time period, the storage
system relies on the power supply of the PV-CEAMAZON 02 and 03 systems. Figure 10
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Energy (kWh)

shows the mini-grid energy flow, over a week. During this period, the energy balance
was carried out, so that the operation model of the batteries and photovoltaic systems
would meet the building load. The external grid was also used as storage and energy
supply source, according to the energy supply or need of the HMG. The operation allowed
the mini-grid to end with a positive balance of 113.33 kWh at the end of a week, which
represents 5.22% of the consumption of a week in the CEAMAZON building. In some
countries, this amount of energy surplus could be sold on the market, however, in Brazil,
this energy surplus can be offset at other times, but it cannot be sold, according to the
actual regulation.
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Figure 10. Total energy balance in the hybrid mini-grid.

4.2. Second Scenario: Off-Grid Operation

For the second scenario, the system operating in off-grid conditions will be analyzed.
For this case, a failure in the utility grid was simulated, and the batteries were placed to
discharge until reaching 21%. Under these conditions, the system operation as well as
the batteries charging/discharging cycles will be analyzed. Figure 11 presents the power
curves in off-grid conditions.

Discharging Period PV - CEAMAZON 03 - (kW)
40 s LOads Power - (kW)
s Gricl Power (kW)

PV - CEAMAZON 02 - (kW)
s StoOrage System Power - (kW

Power (kW)

-10

-20 -

-30

00:00 06:00 15:00 2130
Time (Hours)

Figure 11. Storage system operation cycle in off-grid conditions.

Initially, it is observed how the electrical grid is feeding both the loads and charging
the storage system, when at 6:00 a.m., an interruption in the utility grid service was pro-
grammed in the management system, simulating an external fault. As initially commented,
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in grid absence conditions, the photovoltaic system 01 (59 kWp) is disconnected due to the
anti-islanding protection, and in this way the system is operating in off-grid mode with the
PV-CEAMAZON 02 and 03 photovoltaic systems only.

The off-grid operation period was determined by the consumption demanded accord-
ing to building loads and lasted 9 h. The transition from the on-grid in to the off-grid
condition and vice versa, occurs instantaneously without any impact on the connected
loads, so that when the photovoltaic systems are switched on, the load delivered by the
storage system turns out to be the difference between the demanded power and the photo-
voltaic solar generation. Finally, when the batteries SoC reaches 21%, the electrical grid
is restored automatically, at approximately 15 h:00 p.m. As soon as the system is reestab-
lished, the external grid starts to recharge the battery, however, at 18:30 p.m. (peak time)
the battery will be used again, until reaching its minimum limit (20%) again. The battery is
not recharged by the external grid during peak hours, being recharged after 21:30 p.m.

The off-grid condition does not represent any impact for the system voltages and
frequency, and in Figure 12a,b it can be seen how there is no difference between the on-grid
and off-grid conditions when the load is powered by the batteries. A detail of the storage
system operation in its charge/discharge cycle will be presented in the next section.
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Figure 12. (a) voltage and (b) frequency variation during discharging period in storage system.

Storage System Assessment in Charge/Discharge Cycle

The storage system is composed by eight lithium iron phosphate (LiFePOj,) batteries,
characterized by a two-phase transition during charging and discharging cycles with
different open circuit voltages (OCV) [41]. Each battery package consists of two 25.6 Volt,
270 Ah series batteries. In turn, each battery package is composed of eight cells in series
with a nominal voltage of 3.2 Volts and an open circuit voltage of 3.8 Volts. Figure 13
presents the hysteresis voltage curve during the storage system charging/discharging
cycle, a C-rate of 0.035 was configured for the charging cycle, with an approximate recharge
time of 28.8 h at 75 Amperes.

As can be seen in Figure 13, the discharge and charge curves show some differences in
voltage levels for the same battery SoC, within both charge and discharge curves, and the
lowest voltage gap occurs at SoC = 27%, when the difference between charge and discharge
voltage is 2.34 Volts. It also can be seen how the discharge cycle presents a random voltage
variation, mainly due to the instability of photovoltaic generation and building loads
demand variation. When a SoC = 21% is reached, the storage systems stop feeding the
loads and the on-grid condition is restored. At this point the charging cycle starts with a
75 Amps charging current from the grid and PV systems until batteries are fully charged
again, then the voltage decreases to the floating voltage value defined in 55 Volts (pink
points), aiming to maintain the battery in fully charged state (trickle charging).
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Figure 13. Storage system voltage discharging/charging cycle.

By making a correlation between the voltage, the charge status and the power deliv-
ered by the battery, through Figure 14a,b, it can be verified that when SoC < 55% and the
power > 12.5 kW, lower voltage levels in the discharge process are observed, as presented
in Figure 14a. However, during the charging process, a constant voltage is observed in
Figure 14b. The main difference between the charge and discharge diagrams for the storage
system, observed in Figures 14 and 15, is that the charge process is constant, at a C-rate
of 0.035 (75 A), while the second depends on the demand of the building loads, varying
throughout the day.

>
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Battery State of Charge (%)
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Figure 14. Voltage variation in function of batteries power and SoC for: (a) discharging cycle and (b) charging cycle.

Temperature is another important parameter in the batteries’ operation, and to analyze
it, correlation plots of its variation in function of the SoC and the power delivered in the
charge/discharge cycle were created and are presented in Figure 15. In discharging mode
(Figure 15a), it is observed how the temperature increases as the state of charge decreases,
mainly for SoC < 45% and discharge powers > 15 kW. For the charging cycle, on the other
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hand, the temperature does not show considerable increases, with higher temperatures at
the beginning of the recharge process and in the final phase, as shown in Figure 15b.

Battery 5,000 Battery
temperature temperature
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Battery State of Charge (%) Battery State of Charge (%)
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Figure 15. Temperature variation in function of batteries soc and power for: (a) discharging cycle and (b) charging cycle.

To better assess the relationship between the variables associated with the storage
system, as well as their influences, a Spearman’s correlation analysis was developed in
Minitab 18 [43], between the storage system voltage, current, temperature, power and state
of charge, as well as the demanded load power and the PV-CEAMAZON 02 and 03 systems.
Figures 16 and 17 present the correlation matrices between the analyzed variables.

Discharging Cycle  Battery Voltage Battery Current Battery Temperature  Battery SoC ~ PVO3 - (kW) PV02 - (kW) Loads Demand (kW)

Battery Current Cell Content
0 Spearman Coefficient
p-value
Battery Temperature _ -0.423
0 0
0.4
patterysoc |G SS N 02
0 0 0
0
Pvos-(w)  (EOSENN o1 NGEERE
0 0.025 0 0
-0.2
Pvoz- (k) [EGEZENIN o1 [T 04
0 0.055 0 0 0
Loads Demand (kW)
0 0 0 0 0 0
gattery Power (k) [ A 0525 0311 IS
0 0 0 0 0 0 0

Figure 16. Spearman correlation atrix in discharging cycle of storage system.

The Spearman correlation coefficient assesses the monotonic relationship between
two variables using their rank values and not the values themselves. The development of
the Spearman’s rank correlation coefficient is presented in (1):

6 ¥ily D
rs = 1— Tl(?lZ—l) (1)
where 7 is the number of pairs of values and D; = X; — Y; is the difference between each
corresponding X; and Y; value rank.
The correlation analysis results in a number between —1 and +1, called the correlation
coefficient. The higher the coefficient, the closer the relationship between the variables. The
analysis was performed for the storage system charging and discharging cycle.
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Charging Cycle Battery Voltage Battery Current Battery Temperature Battery SoC PVO3 - (kW)  PV02- (kW) Loads Demand (kW)
Battery Current 0.269
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Battery Temperature -0.028 -0.208
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0 0 0 0 0

Figure 17. Spearman correlation matrix in charging cycle of storage system.

In the correlation matrix, the upper cell shows the Spearman coefficient while the
lower cell shows the p-value, useful for rejecting the null hypothesis when compared to the
significance level (0.05 assumed).

In general, greater positive and negative correlations are observed for the batteries
discharge cycle, in relation to the charge cycle. This is mainly due to the fact that the
charging process occurs at a constant electric current independent of the load demand or
available solar generation during the entire process, that is different from discharging cycle,
in which solar availability, as well as load demand, condition the power delivered by the
system. For this reason, the PV-CEAMAZON 02 and 03 as well as the load demanded by the
building were also considered as they are variables that can influence the power delivered
by the batteries. Regular correlations can be observed in relation to both photovoltaic
systems in both charging and discharging cycle, as they are dependent on solar availability.

Regarding the discharge cycle (Figure 16), it is observed that voltage not only depends
on delivered power and the SoC, but also on the delivered current, while it varies inversely
with the demanded load. Temperature also increases as the loads power demand increases,
in this case with negative values, however, lower correlation values are observed in relation
to the power delivered by the batteries, mainly due to photovoltaic generation. It can also
be observed how the delivered current and power from the batteries have lower correlation
with photovoltaic generation, as it depends on loads demand.

In this way, the batteries operation is not only influenced by the demanded load, but
also by the available solar generation, which contributes to greater autonomy in off-grid
operating conditions.

A different scenario is observed for the batteries charging cycle (Figure 17), with
low correlation coefficients, as well as with high p-values, with which it is not possible to
conclude on the relationship between some of the analyzed variables.

4.3. Third Scenario: Off-Grid Operation with Diesel Generator

For the last scenario, an existing DG was utilized to analyze its operation in the
hybrid system to supply CEAMAZON building energy demand in off-grid conditions.
The DG operation will be only in critical conditions and as a last option, aiming at the use
of renewable energies, its operation will be in case of utility grid absence and a storage
system SoC < 20%. For the test, a power grid interruption was conducted, and the DG
was configured to assume the load with a SoC defined in 86%. Under these conditions,
the building load was increased in order to analyze the generator operation at full load
conditions (45 kW). Figure 18 shows the events sequence in the DG set operation, divided
into four events, which will be described below.
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Figure 18. Diesel generator operation in off-grid condition.

It can be seen that the batteries (green curve) assume the building’s loads after the
power interruption. Considering the first event, once the defined 86% SoC is reached, the
DG set goes into operation assuming the building loads, however, within a few seconds,
the management system stops the DG operation and the batteries assume the building
loads, aiming at the energy supply continuity.

In the second event, the management system makes a new attempt to put the DG set
into operation, however, again without success. The observed difficulties on the diesel
generator to stay on and its sudden exit, is mainly due to the operation of the loss of main
(LOM) detection function of the management system, used to detect a loss of the electric
utility grid and avoid power islanding, ensuring safety and quality of energy supplied. The
manufacturer of the management system records a history of incompatibility with certain
diesel generators, due to the update of its firmware. As a solution, LOM function in the
management system was disabled, so that the generator was able to enter into operation
and reach its nominal power, as recorded in the third event. In the fourth event, the LOM
function was again deactivated, thus, DG makes a new attempt, with the same result as the
first two attempts, thus confirming the impact of the LOM function on the operation of the
generator used in the HMG.

Analyzing the DG operation period with the LOM function disabled, it was found
that both frequency and voltage decrease in the hybrid system as the power demanded
increases. Figure 19 details the magnitudes of voltage and frequency falls to values below
those allowed in the national regulation, based on PRODIST module 8 [44], which can
result in damage and malfunction of the installed loads. The HMG frequency registers
values below PRODIST standards at 20 kW < power (kW) < 22.8 kW. The voltage, on the
other hand, presents unsatisfactory values, at 37.9 kW < power (kW) < 36.7 kW. The limits
transgression can result in installed equipment malfunctioning in the building, so that it is
important to maintain the LOM function enabled during the operation of the DG set.
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Figure 19. Power, voltage and frequency comparation of diesel generator set in off-grid conditions.

5. Economic Evaluation of the Hybrid Mini-Grid

From a financial perspective, over a month, it appears that the joint operation of
photovoltaic systems, storage and external grid, highlighted in Section 4.1 using the on-
grid and off-grid programmed operation, brings financial benefits to the consumer. The use
of photovoltaic generation at the time of highest demand for energy in the CEAMAZON
building and the storage of energy surplus in the set of batteries, make it possible to reduce
the contracted demand during times of highest demand, reducing the energy consumption
from the external grid for the building peak times demands, exactly when the utility s
energy is more expensive. In addition, the energy surplus generated by the photovoltaic
systems can be delivered to the electric utility for consumption during times of higher
consumption or lower photovoltaic generation at other times of the year, in accordance
with Brazilian legislation.

In order to fully monetize the HMC consumption and generation, it was considered
that the energy surplus will be sold to the local utility for the same tariff as it is purchased
during off-peak hours. Figure 20 shows a comparison of the CEAMAZON energy bill
for the period of one month, with and without using the HMG. In the month in question,
CEAMAZON saved USD 655.50.
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Average energy bill  Average energy bill with Total month economy
without hybrid mini grid hybrid mini grid

Figure 20. Estimation of the electricity bill with and without the mini-grid participation.
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In Figure 21, an energy balance was made considering the complete system, using the
three photovoltaic systems, the storage system, the loads in the CEAMAZON building and
the utility grid energy. Together, the three photovoltaic systems indicate that the CEAMA-
ZON mini-plant (PV-CEAMAZON 01, 02 and 03) has a larger generation than demanded.
In this case, the surplus energy is distributed in UFPA’s internal grid to compensate,
energetically and financially, the energy consumption of other university buildings.

= Loads Consumption (kW)
50 Total PV Generation
—— S5 Charge/Discharge Power (kW)
Total Balance (kW)

TR

Sunday Monday  Tuesday  Wednesday Thursday Friday Saturday

Day
Figure 21. Total power balance for mini power plant operation.

Using the CEAMAZON HMG, it is noted that, mainly at the weekend, a large amount
of energy is delivered to the university’s internal grid. According to the energy balance for
the analyzed period, a projection of the grid behavior over a typical month was developed,
the surplus of energy distributed in the campus would allow a reduction of 1.89% in
contracted demand and 4.06% in energy consumption for the entire university. Despite the
reduction appears to be small, given the magnitude of the UFPA loads, the results show
the economic and energy benefits that HMG can bring for large-scale uses.

Based on the results presented in this section, it is possible to conclude on the economic
benefits that the implementation of the hybrid systems brings to CEAMAZON and also to
UFPA. The implementation of renewable energy generation and storage systems allow the
reduction of contracted demand and energy consumption during peak hours, significantly
reducing energy bill costs. In addition, analyzing the electricity grid from the point of
view of distribution and generation utilities, when managing the energy mainly of large
consumers, it is possible to reduce immediate costs with the construction/expansion
of electricity grids, reduce energy theft, reduce energy demand at peak times, among
other benefits.

6. Conclusions

This paper presented an evaluation of a real hybrid system operation which is installed
in the Amazon region of Brazil, composed of a utility grid, photovoltaic generation systems,
energy storage system and DG, under both on-grid and off-grid operating conditions. To
assess its operation in typical conditions of urban areas as well as in remote areas of the
region, three operating scenarios were carried out. Some conclusions can be made from
the results:

e  Under normal operating conditions (on-grid conditions) the batteries in the HMG
offer operational benefits in terms of service continuity and reliability in the face of
unexpected power failures, mainly in scenarios with little photovoltaic generation as
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well as the variability associated with this type of source. Also, with the programmed
discharge operation in on-grid mode, the HMG is able to reduce the dependency on
the utility grid energy during the time period of highest consumer demand and, also,
during peak hours, when there is a higher energy shortage.

e In off-grid operating conditions, the storage system is responsible for maintaining
constant voltages, frequency and power through the centralized system controller that
performs the available load-generation balance, which allows higher autonomy for the
battery. It was observed how there is no difference between the on-grid conditions and
off-grid conditions in power quality terms for the storage system discharging cycle.
This makes its use promising for applications where high reliability and continuity of
service are required, such as hospitals.

e  Finally, the decentralization of energy supply also generates a new business model for
service companies and energy utilities that will be able to sell energy, monitoring and
management services, as well as system maintenance, among others. With this, the
analyzed balance between power demand and generation in HMG can be replicated
in homes, hotels, condominiums, universities and even in cities that are connected to
the electricity grid. For isolated communities, hybrid systems offer a more sustainable
and good quality electrical system to meet the community’s energy demand.
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