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HIGHLIGHTS

e The generation of photovoltaic solar energy is proportional to the solar radiation in the location
where the system is installed.

e Figures of merit may fluctuate depending on the season.

e The performance of a photovoltaic system varies according to the photovoltaic cell technology
employed.

Abstract: The obtaining of electric energy from solar energy through photovoltaic systems shows great
growth due to the solar potential present in the Brazilian territory. In the State of Parand, studies are recurrent
in public and private sectors on the development and performance of this technology. The installation and
commissioning processes of photovoltaic plants are linked to the expectation of energy generation and the
performance of the system through the figures of merit. The feasibility of the project can be confirmed when
the results of these parameters are satisfactory and correspond to averages obtained from already
consolidated surveys. The six photovoltaic systems implemented at the Federal Technological University of
Parana have expectations of generation and performance consistent with those of previous studies and will
contribute to scientific advancement on the behavior of systems with different technologies located in different
regions in the state.
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INTRODUCTION

Due to the great use of the solar potential for electricity generation and the growing expansion of the
photovoltaic industry in the world market, the dimensioning of Grid Connected Photovoltaic Systems
(GCPVS) depends on the knowledge of the characteristics of the photovoltaic cells, enabling the
commissioning and the detection of errors in order to increase system reliability [1].
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The energy conversion efficiency indexes of a photovoltaic cell have great relevance in performance
analysis of an GCPVS. However, the losses that occur during this conversion process, especially those
caused by temperature, significantly impact the results obtained. The modules of crystalline silicon are
subject to lower performance when exposed to an ambient temperature above 25 °C, however, thin film
technologies are less susceptible to this situation [2].

In this context, the power generation of an GCPVS is closely related to the conditions of installation of
the system, installed capacity and technology by which the photovoltaic modules are composed. Until 2020,
the installed capacity of distributed generation by solar energy was approximately 627 GWp in the world [3]
and 276 MWp in Parana [4], respectively. In partnership with Paranaense Company of Energy (COPEL), the
Solar Energy Laboratory (LABENS) of the Federal Technological University of Parana (UTFPR) was tasked
with designing and analyzing the performance of photovoltaic systems deployed in six UTFPR campuses,
allowing to determine their respective functionalities and compare the behavior of installed technologies in
Parana state. In this first analysis, an estimate of the photovoltaic potential will be made through figures of
merit.

MATERIAL AND METHODS

Each photovoltaic system consists of four photovoltaic cell technologies, namely: monocrystalline silicon
(m-Si); polycrystalline silicon (p-Si); copper, indium, and gallium diselenide (CIGS); and cadmium telluride
(CdTe). The installed powers of each technology are defined in Table 1, resulting in a total of 13.1 kWp of
power for the system.

Table 1. Installed power of each technology.

Technology Installed power
Crystalline silicon m-Si 5,11 kWp
d p-Si 4,69 kWp
L CIGS 1,68 kWp
Thin films CdTe 1'53 KW

The GCPVS are installed following the optimal conditions described in [5], with the photovoltaic modules
oriented to geographical north and the inclination angle corresponding to the latitude of the location, whose
values are shown in Table 2.

Table 2. Latitude of cities where GCPVS are installed.

City Latitude
Campo Mouréo 24,06° S
Cornélio Procépio 23,19° S
Curitiba 25,44° S
Medianeira 25,30° S
Pato Branco 26,20° S
Ponta Grossa 25,05° S

In this first analysis, an expectation of GCPVS performance was performed using studies developed by
[6] of another system that has been in operation since February 29, 2016 at UTFPR Campus Curitiba —
Neoville, illustrated in Figure 1.

With a total installed power of 10.2 kWp, the system consists of 2 sets of 17 photovoltaic modules model
ELCO-A300P, connected in series, resulting in 34 modules of polycrystalline silicon, with 300 Wp each one.
The inverter is three-phase without transformer (Chint Power, model CPS SCA 10KTL-DO), at 380 V of high
efficiency, with nominal power of 10 kW. Installed on the roof of the building and occupying an area of
approximately 68 m2, this was the second GCPVS implemented at UTFPR Campus Curitiba. The panels
were installed with optimum conditions, oriented to the geographical north with azimuth deviation of 0° and
with an inclination equal to 25°, whose value represents the latitude of the city of Curitiba [7].
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Figure 1. Neoville’s GCPVS.

To analyze the performance of the GCPVS, it is necessary to acquire the irradiation data available on
site. In this analysis, the Atlas of Solar Energy of the State of Parana [2] was used through the interactive
map available on its web platform, which contains historical irradiation data of the cities where the GCPVS
are installed. The irradiation values in the inclined plane of latitude that were considered for the campuses of
Campo Mouréo, Cornélio Procopio, Curitiba, Medianeira, Pato Branco and Ponta Grossa are shown in Chart
1.
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= Ponta Grossa 4,97 510 4,95 4,69 4,02 3,73 3,94 4,92 4,49 4,64 509 5,10
Chart 1. Average monthly irradiation on the inclined plane of latitude.
Concomitant with the acquisition of irradiation data, it is necessary to collect the energy generation data

from the GCPVS to perform the performance analysis. In this study, energy generation was estimated using
Equation 1.

Pryv-Hit' PR
E= FV C;ot (1)
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Where:
E = energy generated [kWh];
Pgy = installed power of GCPVS [kWp];
Hiot = total irradiation in one day [kWh/m?];
G = solar irradiance of 1 kwW/m2,

According to Silveira and coauthors [6], the performance ratio of GCPVS in operation at Neoville is
78.48%, whose value was adopted as a reference for the analysis of the estimated energy generation in this
article. The Charts 2-5 show the monthly forecast of energy generated according to the irradiation of each
location for the technologies of m-Si, p-Si, CIGS and CdTe, in this order.
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Chart 2. Estimated electricity generation for m-Si technology.
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Chart 3. Estimated electricity generation for p-Si technology.
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Chart 4. Estimated electricity generation for CIGS technology.
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Chart 5. Estimated electricity generation for CdTe technology.
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From the adopted considerations and the calculations to estimate the monthly values of electric power
generation of each technology in the six campuses, it is possible to obtain from the figures of merit the
expected performance of GCPVS in the university.

The figures of merit considered in this analysis are classified in: Capacity Factor, Final Yield and
Performance Ratio and can be calculated according to Equations 2-4, respectively.

Capacity Factor =

energy generated

nominal power * period
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. . energy generated
Final Yield = — 3)
installed power

final yield

Performance Ratio = irradiation/1000

(4)

The capacity factor allows to evaluate the amount of energy that the system could generate if it operated
at its nominal power for 24 hours. Final Yield, on the other hand, reveals in a normalized way, the real
production of electrical energy of the system. Finally, the performance ratio determines the percentage of
conversion of solar energy into electrical energy, already considering the losses that occurred in this process

[8]-
RESULTS

With the irradiation data established and the estimated energy generation calculated, it was possible to
estimate the figures of merit to analyze the performance of the GCPVS that are installed in the six campuses
of university. It is worth mentioning that the performance ratio was not estimated, since it involves several
losses due to shading, dirt, inverter, temperature, among other factors that were not measured and will not
be evaluated in this analysis of the work. The performance ratio of 78.48% attributed in the methodology
served as a basis for estimating the capacity factors and final yields of the GCPVS in question.

The estimates of the monthly analysis and the annual average of the GCPVS capacity factors are
represented in Chart 6 and Table 3, respectively.
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Pato Branco 18% 18% 18% 16% 14% 13% 13% 17% 15% 17% 18% 18%

Ponta Grossa 16% 17% 16% 15% 13% 12% 13% 16% 15% 15% 17% 17%

Chart 6. Estimated monthly average of capacity factors.

Table 3. Estimated annual average capacity factors.
Campo Mouréo Cornélio Proc6pio Curitiba Medianeira Pato Branco Ponta Grossa

17% 17% 14% 16% 16% 15%
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Estimates of the monthly analysis and the annual total of GCPVS final yields are shown in Chart 7 and
Table 4, respectively.
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Medianeira 135 121 134 117 102 90 99 121 111 126 129 136
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Chart 7. Estimated monthly average of final yields.

Table 4. Estimated annual final yield (kWh/kWp).
Campo Mouréo Cornélio Procdpio Curitiba Medianeira Pato Branco Ponta Grossa

1,459 1,487 1,262 1,421 1,420 1,328

This performance analysis did not consider the figures of merit indexes of each technology, that is, the
GCPVS was evaluated. When assigning a fixed value for the performance ratio, the temperature coefficients
in relation to the nominal power of the different cell technologies presented in Table 5 [9-12] were neglected.

Table 5. Temperature coefficient in relation to the nominal power of the photovoltaic cell.
m-Si p-Si CIGS CdTe

-0.39%/°C -0.40%/°C -0.32%/°C -0.25%/°C

It is also worth mentioning that the losses associated with the percentage of 78.48% should not be the
same for the other systems. For a deeper analysis, it would be necessary to estimate the performance ratio
of each GCPVS studied.

DISCUSSION

In a monthly analysis, the capacity factor shows an estimated variation of 12% to 18%, in addition to the
predominance of higher levels in summer months due to the higher level of solar radiation at this time of the
year. In an annual analysis, the lowest average calculated corresponds to the city of Curitiba, which presented
a capacity factor such of studies by [6], equivalent to 13.92%. This fact shows that the forecast of capacity
factors for other cities can be considered adequate.

The final yield forecast estimated values slightly higher than those presented by [2]. In addition, there is
a difference of approximately 38 kWh/kWp between the expected final yiel and the calculated one by [6] in
Curitiba. In a monthly analysis, the reduction of this index happens as the winter months approach, mainly in
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June, due to the lower irradiation rates in the place. The peaks presented in August for both the capacity
factor and final yield point out that the parameters of irradiation and power generation are linked, as both
showed an increase at this time.

Unlike capacity factors and final yields, performances ratios should be higher in winter months, when the
solar incidence is lower. This fact must also be related to the decrease in the ambient temperature and in the
photovoltaic cells at this time, with lower losses of efficiency due to temperature.

In relation to the performance of each technology, the installed powers of m-Si and p-Si are about three
times greater when compared to other technologies and, consequently, the energy production estimate
showed superior results mainly in January, the month of greatest solar incidence. Losses due to temperature
in m-Si cells are high in this type of technology (-0.39%/°C, as shown in Table 5). On the other hand, thin film
cells, more specifically CdTe cells, show the lowest losses when compared to other technologies (-0.25%/°C,
as shown in Table 5). This scenario shows that although CdTe has the lowest forecast of power generation
due to the lower installed power, this technology may present superior performance results, followed by
CIGS, m-Si and p-Si technology.

In general, the greatest potential for the installation of GCPVS is found in Campo Mourao, Cornélio
Procopio, Pato Branco and Medianeira, since the performance rates in these locations tend to be higher
when compared to the others. Thus, it was possible to geographically identify the regions in which solar
energy is most prominent in Parana’s territory.

CONCLUSION

The collection of irradiation data from the Solar Energy Atlas of Parana made it possible to calculate the
GCPVS expected energy generation, as well as their respective performances. The viability of the GCPVS
performance estimate under study in this work was evidenced, since the predicted indexes are close to the
real values of another system that operates with similar characteristics.

Considering that the exact performance will be calculated with real measured data, it will be possible to
compare the estimated results with those obtained, in addition to establishing the figures of merit for each
technology present in the photovoltaic system in different regions of Paran4, since all parameters will be
measured in real time.
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