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Abstract — Photovoltaic-grid-tie systems (PV) have been widely applied in the urban buildings, as well as in a large-scale form in
Brazil. Despite of its several advantages, the renewable energy source is variable and intermittent, where challenging its
implementation. A possible solution is energy storage systems integration with renewable energy enabling energy management. The
objective of the work is to describe the main phases of a pilot project for a 10kWp PV-battery-grid-tie-system in the city of Curitiba,
Brazil, and highlight some preliminary results. The pilot project was installed in one of the Federal University of Technology — Parana
(UTFPR) campus in 2019, following the optimal operating conditions. Services, such peak-shaving; power backup; load-shifting; self-
supply are expected with this project. The expectation of the system's annual electricity generation is 13.2MWh, however the first year
of operation the PV-grid-tie systems presented its generation of 6.09MWh. This development can enable a scenario with lesser
uncertainties regarding the variables and standardization of PV-battery-grid-tie systems operation in the urban environments.
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1. Introduction

Photovoltaic-grid-tie systems (PV) have been massively installed along with residential consumers or in large-
scale power plants in Brazil, due the country solar potential (Figure 1) [1, 2]. These systems present advantages in
their application, such as low environmental impact, which can be considered as a versatile and powerful tool in
achieving zero energy building demand [3]. However, its operation presents some challenges to be overcome, due to
the variability and intermittency, requiring that there be planning of energy dispatch, making it challenging to
implement [4].
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Fig. 1: (a) Solar irradiation potential and (b) annual PV-systems evolution in Brazil [1, 2].
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According to [5] in the most countries worldwide, the PV-grid-tie maximum output power do not match with some
consumer’s peak demand. Thus, energy storage systems integration with renewable energy can promote energy
management during off-peak hours, when energy is cheaper, plus the battery discharge during peak demand. In addition,
there is motivation for their combined use on price regulation tariffs.

The most widely used technology for energy storage renewable energy integration is the electrochemical batteries.
According to [6] there is a wider range of commercially available, with each type being optimized for different purposes
and applications. The integration of batteries along with PV-systems promote several benefits to consumers and the electric
grid, due to their ability to maximize self-consumption of electricity generated by these systems. Moreover, these devices
present maturity, costs, and discharge times for the period of minutes [7].

In addition, batteries are devices that give PV-systems greater flexibility, due to their ability to maximize the PV
energy generation. Batteries are applied to operate close to their maximum power point track (MPPT), to supply electrical
loads at stable voltages and to supply surge currents for electrical loads and inverters. There are two main classes of
batteries primary and secondary. Primary batteries cannot be recharged and are not applicable in PV systems,
consequently, secondary batteries can be recharged and, therefore, applied in PV systems. The most common types of
batteries used in these systems are lead acid, lithium ions, nickel-metal-hydride, and nickel-cadmium (Table 1) [6, 8-10].

Table 1: Main characteristics of battery energy storage technologies (Lopes, 2015) [11].

ST Power Densities Performance Lifetime Duration Self-discharge
MW Whikg Wikg % Years Cycles Charge | Discharge % day
Lead-acid battery <70 30-50 75-300 70-90 3-15 500-2000 s-3h 8h-16h 0.1-0.3
Lithium-ion battery 0.1-5 75-250 230-340 85-98 5-20 1000-10* min-5h min-h 0.1-0.3

200-1500 s-h 2h-4h 0.4-1.2

Nickel metal hydride battery 10%-0.2 60-120 70-756 60-75
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As highlighted in Table 1, it is noted that lead-acid batteries have less storage capacity than lithium-ion batteries,
higher density, and reduced service life, but lead-acid batteries are still widely used due to the advantages over other
technologies, in terms of their low cost and improved maturity level, being more easily found for application [6, 12].

The Electricity Storage Handbook [13] describes some possible modes of operation for energy storage functionalities
and their simultaneous uses such as: auxiliary services, transmission services, distribution services, massive energy system
and consumer energy management. Regarding the integration of energy storage with renewable energies, it is possible to
apply these last two categories mentioned, contemplating the following modes of operation: load shifting (time-shifting),
peak demand reduction (peak-shaving), energy back-up, demand and consumption management and quality and reliability
management. With these modes of operation, the PV system will be able to discharge its energy through energy storage for
a period, such as during peak hours, at times when the fare is more expensive.

Within this context, the objective of the work is to describe the main phases of a pilot project for a 10kWp PV-battery-
grid-tie-system in the city of Curitiba, Brazil, and highlight some preliminary results. The project under development also
aims to analyse energy management strategies, using battery energy storage system.

2. Pilot Plant Phases

To increase the PV generation, the Solar Energy Laboratory (LABENS) of Federal University of Technology — Parana
(UTFPR) granted a research and development (R&D) project aiming to perform energy management. To achieve this goal,
a PV-battery-grid-tie-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). Besides
the conditions mentioned, the system complies 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 essential loads in isolated operation
from the grid; voltage and frequency regulation and the reactive control of feeders.

The choice of the bidirectional inverter was based on the extensive review of the state of the art of storage systems in
PV-buildings, and to look for the equipment that could meet the control of these smart grids in the context of smart
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buildings. This system requires certain equipment such as an inverter, a charge controller, and a battery bank
management system, which is possible to find in a fully integrated version equipment. A survey was carried out at
several equipment suppliers during national and international fairs as well as national manufacturers, where there were
a few options available for application. During the equipment specification phase, there was a large offer of
bidirectional inverters available for sale in the Brazilian market. Then, contacts were made with twelve companies that
supply bidirectional inverters, where information was collected such as modes of operation; compatible battery
technology; power and voltage; availability of sale in the Brazilian territory; types of applications (residential,
commercial, and industrial); monitoring system; standardization and costs.

Among the twelve inverter suppliers contacted only four presented equipment with the power required for the
pilot project and inverter integrated with the load controller and monitoring system. Between these suppliers, only two
of them did not send their quotations containing the technical proposal offered, although one of them responded to the
budget request justifying that their equipment is still in the development phase. During the supplier datasheet analysis,
it was identified the existence of several advantages, such as the monitoring and control through the supervisory
control system and data acquisition (SCADA) application, or other equipment with different application protocols.
With all these factors looked at a national local manufacturer was selected and established, and a partnership aimed
with the development of equipment meeting this R&D requirement. Thus, there is greater availability in terms of the
bidirectional inverter development phases, plus a significant interaction between the supplier and the institution.
Additionally, there is more interaction regarding the project phases, data access, communication protocol and updating
the required functionalities.
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Fig 2: UTFPR PV—battry—grid—tie—system (PV-system-left/bidirectional inverters-center/battery bak-right) [14].

The PV system rated power is 10.88 kWp, two bidirectional single-phase inverters with a rated power of 5 kW,
and eighty lead-acid batteries 60 Ah each. The battery bank can store 57.60 kWh presenting a variable autonomy, and
some parameters will be tested, to operate at times coinciding with peak hours. Some limits are set as the depth of
discharge is at the lowest rate to extend its useful life according to the battery datasheet, since studies on aging of this
type of technology, confirm that the maximum discharge depth can be up to 50% [15]. Furthermore, it is possible to
extend its useful life, avoiding critical operating conditions, such as overload and deep discharge rates [16].

Figure 3 shows a simplified diagram connection of the inverter, PV panel, battery bank and their respective
interconnections with the electric grid.
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Fig 3: UTFPR simplified PV-battery-grid-tie-system diagram [17].

With the pilot project implementation, it is expected to analyse the most suitable modes of operations for use in
UTFPR enabling the greater use of this energy. Thus, the intention is to increase the autonomy of commercial consumers,
testing which are the best management strategies, providing the flexible operation between consumer and the electric grid.

3. Preliminary Results and Discussion

In order to develop the management energy strategies, we collected the energy demand data since 2018 through the
electricity local company. With the daily demand data collection, we calculated the typical average profile which best
represented the institution's demand and Figure 4 shows this curve. The month analysed for this work was May 2019, due
to this period is previous of covid-19 pandemic, which represents more accurate demand profile.

Demand for academic workdays (May/2019)
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Fig 4: UTFPR building demand chart.

«

According to the Figure 4, we can identify the energy demand profile is during the day meeting the PV energy
generation in this building. The PV-battery system is collecting input and output power data from the bidirectional
inverters, and the initial battery bank discharge tests are being used for self-consumption purposes as shown in Figures 5a
and 5b. The blue lines represent the direct current power (Pdc), which is the PV generation, whereas the red lines
representing the battery bank operation charging and discharge power (power alternate current — Pac).
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Fig 5: PV energy generation and battery bank charge-discharge operation

In Figure 5, a 48-hour cycle from May 18th to 19th, 2020, is shown, where the PV generation takes place (phase
1), and the peak generation is 4.24kWp (Inverter 1) happening between 7 am to 6 pm. The phase 2 occurs immediately
in the peak hour at 6 pm (hours peak -HP starts at 6 pm till 9 pm) starting a scheduled discharge of the battery bank of
0.5kW. The last phase just happens after the end of schedule discharge operation, and immediately the electric grid
charges the battery bank completing the daily cycling. Figure 6 shows more PV-Bat-system parameters related to PV
power, battery voltage and current profile.
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Fig 6: PV power curve collected through the inverter (b) Voltage of battery during the discharge (vbb) (c) Current of battery during the
discharge (ibb).

The battery charging priority uses mains energy, after the end of the scheduled discharge the inverter disconnects
the batteries, and in the next minute it starts charging with peak in the demanded power from the grid and in the
current and battery voltage, after stabilizing. In Figure 6a) the power curve shows a negative peak of 3.38kW at the
moment when the discharge ends and connects the storage system charger and in 6b) the variation of the battery
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voltage during the discharge and charge, 6c¢) the battery current during discharge is constant, the greater the current drained
from the battery, the more it decreases its voltage, decreasing the remaining supply time power.

Figure 7 shows the combined data in one day-analysis comprising the building demand (bar gray), demand with PV
generation (bar blue), demand with PV generation and battery bank discharge (bar green). The contracted demand supplied
by the electricity company on the delivery bus is 100kW (continuous line) with a 5% tolerance off-peak, i.e., 105kW
(dashed line).

Analysis of the demand of the day 05/07/2019 with addition of Photovoltaic Generation and
140 discharge of 2kW from the batteries in the period of contracted demand exceeded.
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Fig 7: PV-battery-grid-tie system in one day analyse comprising the demand (bar gray), demand with PV generation (bar blue), and
demand-PV-generation-battery bank discharge (bar green).

The calculation of the projected monthly and annual energy generation was performed applied the irradiation data in
the tilted panel angle (25°) from the Atlas of Parand Solar Energy database (Table 2) [18]. Having obtained the daily
average monthly irradiation values in the PV tilted angle, it is estimated the average daily electricity generation through
Eqg. (1) [19].

Table 2: Irradiation data (kwWh/m2.day) [18].
Jan Feb Mar Apr May Jun Jul Ago Sep Oct Nov Dec
493 475 437 33 3.88 364 3.76 473 419 435 483 4041

E= Ppv x Htot x PR

c o)

Where: E: average daily electricity (Wh / day); Prv: peak photovoltaic power installed (Wp); Hror: monthly average
daily solar irradiation for the locality in question (Wh / m2.day); PR: Performance Rate or Performance Ratio, typically
between 70 and 80% (80% for this analysis); G: irradiance in the Standard Test Conditions (1,000 W / m?). Figure 7 shows
the calculated results of the monthly and annual projected generation and the real PV-battery system generation in 2020.
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Fig 7: Monthly projected PV energy generation (kWh/month) and the real PV-Battery system generation in 2020.

As the battery energy storage process is based on battery state of charge (SOC) and depth of discharge (DOD), for
the pilot project the appropriate rates for SOC and DOD will be defined, aiming at the safe operation of lead-acid
batteries. Therefore, for each operating mode established for this system, the charge/discharge premise must be
considered when operating the bidirectional inverter.

4. Conclusion

The expectation of the system's annual electricity generation is 13.2MWh, however the first year of operation the
PV-grid-tie systems presented its generation of 6.09MWh, with a unit cost of US$0.13 per kWh, resulting in savings
of US$ 781.17 and 589kWh discharged from batteries and the unit cost per kWh during peak hours is US$ 0.36
including taxes and savings of US$ 212.04 in 2020. These results can be explained due to the one of the bidirectional
inverters was in the laboratory, where tests of communication with the equipment are being carried out, in addition,
the routines of the energy management development. Despite the slight rates of energy contribution, the study
confirms the ability of renewable integration along with batteries to enable energy management in this building during
peak hours, avoiding 1.8 tonnes of CO; emissions.

With the implementation of this pilot project at the university, it is expected to demonstrate the feasibility of
applying battery storage systems with PV generation, enabling the greater use of this energy. Thus, with the
elaboration of the interaction scenario between generation, demand and charging of batteries, it is intended to increase
the autonomy of commercial consumers, testing which are the best management strategies for the case analysed, with
the flexible operation between consumer and power grid.

Therefore, through the pilot project, it will be possible to analyse the strategies and scenarios capable of meeting
the needs of the location and making it possible to apply this unprecedented solution in the Brazilian scenario to
consumers of all sizes. This development can enable a scenario with lesser uncertainties regarding the variables and
standardization of PV-battery-grid-tie systems operation in the urban environments.
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