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ABSTRACT

A study was conducted with a photovoltaic distributed generation system in Sao Luis, Brazil, to
determine the influence of meteorological variables on the generation of energy. The methodology is
composed of three stages: the first corresponds to the obtaining, organization, and treatment of the
data; the second involves the application of mathematical models to determine the yield, operating
temperature, nominal power, and estimated power; and the third is to generate the correlations
obtained between the monitored climatic variables, whether on an hourly, daily, monthly, or annual
scale. For an average temperature of 27.50°C in March, it was verified that the ultraviolet radiation was
5.06, while the average of the total radiation was 481.01 W.m=2. The maximum peak temperature was
27.88°C at noon, while the ultraviolet radiation was 8.55 and total radiation was 794.97 W.m=2. At this
average temperature variation of 0.38°C, there is a variation of 313.96 W.m=, It is concluded that,
because Sao Luis is very close to the equator, the conditions to produce the system are favorable,
mainly because, on average, there were no abrupt changes in temperature and radiation for the period
studied. Even in the wintry period, the production behaved within the parameters designed.

Keywords: Climate change; Energetic risk; Climatic risk

1 INTRODUCTION

The effect of photovoltaic (PV) power generation was discovered in 1839 by
Becquerel while studying the effect of light on electrolytic cells. A long period of
research was necessary to reach a sufficiently high efficiency in solar cells. In the
1950s, leveraged by space programs for use in satellites, and then in the 1970s
energy crisis, technologies for PV energy production have made significant
headway, especially with the commercial-scale use of silicon crystalline (c-Si),
polycrystalline silicon (pc-Si), and amorphous silicon (a-Si), which made possible

the current advancement of the use of this technology (FEDRIZZI; SAUER, 2002).
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The electrical performance of solar cells depends on the electrical-system
constituents and environmental variables (DUBEY; SARVAIYA; SESHADRI, 2013), and,
although several studies have addressed climate influences on PV systems, the use of PV
systems is scarce in regions of tropical forest, such as the Amazon Basin, where the climate
conditions are unique, and the implementations of these technologies are increasing.

The efficiency of the PV technologies is still widely and ambiguously discussed,
because the systems are evaluated with the same Standard Test Conditions (STCs).
Although the normal operating cell temperature can express the relation between STC
and real outdoor conditions (HEGEDOUS, 2013), the intra-annual and inter annual
variability can financially compromise the project because of an unexpected decrease
in PV system efficiency.

Several studies have shown that the efficiency of PV systems decreases with
increasing ambient temperature (ZHOU et al., 2017), affecting mainly the operating
temperature, which that plays a key role in the PV conversion process because of the
increase in the internal rates of recombination of carriers (electrons or gaps) caused
by the increase of the concentrations. The performance rate decreases with latitude
because of high temperature, except in regions with higher altitudes with low
temperature and high solar irradiation (SWAPNIEL; NAROTAM; BHARATH, 2012).

Tropical forest regions, such as the Amazon forest, have high cloud presence,
and, in the Amazon coastal zone, at least six months in the year have a clear sky
probability of less than 30% (SANO et al., 2007; MARTINS et al., 2018). However, the
average maximum daily temperature exceeds 30°C throughout the year. In this
scenario, Silva et al. (2016) pointed to the increase in temperature as evidence of
climate change in the Amazon coastal zone.

In a scenario of climate uncertainty, it is necessary to acquire knowledge to
support the design of efficient PV system projects in humid, warm climate regions
with a tendency for significant increases in ambient temperature, such as the
rainforest regions. The focus of this study was on the following questions. 1. What is
the variation of energy production during a climatic year in a region of tropical forest?
2. How does variability affect solar energy production in the Amazon coastal region?
Therefore, the aim of this work was to evaluate PV energy generation in relation to

climatic variation in the Amazon coastal region.
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2 MATERIAL AND METHODS

The PV system used in this work was installed in a building on the Island of Sao
Luis at the geographic coordinates of latitude 2°29'29.4"S and longitude 44°16'52.5"W
(Figure 1).

Figure 1 - Location of the area where the PV system studied was implanted
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The PV power generation system was composed of polycrystalline silicon (p-Si)
cells, consisting of 16 plates totaling an area of 25.76m? The nominal power of the
system was 4 kWp, the power of the board was 250Wp, with a DC voltage of the panel
of 30.1V and DC current of the panel of 8.3A. The connection arrangement was of a
series type (1 x 16), the power of the inverter being 4 kW, connection on grid, with a
nominal voltage of the system of 220V in single-phase connection and a yield of 95.7%
(Figure 2a). The acquisition of meteorological data was performed using a weather
station Weather WS-2902 WiFi OSPREY Solar Powered Wireless, where the data were
stored on hourly and daily time scales (Figure 2a). The data monitored were wind
speed (m/s), temperature (°C), rainfall (mm), air pressure (mmHg), air humidity (%),

ultraviolet (UV) irradiation, and solar irradiation (W.m=).
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Figure 2 - (a) Photovoltaic system and (b) weather station view

The operating temperature of the PV cells is a key variable for the energy
production, strongly influenced by weather conditions. In this work, the operating
temperature was estimated by integration of the meteorological variables related to
wind speed (Vf), ambient temperature (Ta), global irradiance (GT), and mounting

coefficient (w) (SKOPLAKI et al., 2008) — see Equation 1.

rczrﬁm(%)s? (1)

The Pearson correlation analysis was used to evaluate the correlation among
the meteorological variables, and a linear regression analysis was used to evaluate
the relationships between the meteorological variables and the energy production
of the system in different seasons. These analyses were performed with hourly and
daily time-scale data, during the rainy season (February), transition from rainy to

dry (July), and dry (September).
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3 RESULTS AND DISCUSSION

3.1 Characterization of climate variables

The climatic variables and solar energy production were evaluated only in the
period between 7 a.m. and 18 p.m., because this was the most relevant interval of

energy production. Figure 3 shows the hourly averages of climate variables for each

month evaluated.

Figure 3 - Hourly averages of (a) temperature, (b) total radiation, (c) Wind Speed, (d)

Humidity, (e) Ultraviolet Radiation, (f) Atmospheric Pressure
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These data indicated that March (wet season) was an atypical climate month,
with the temperature highest than October (dry season). The temperature data reveal

low daily thermal amplitude in all seasons, with a maximum daily amplitude in July of
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2.31°C, representing a low intraseason thermal amplitude. In the wet season
(February), the minimum hourly temperature was 25.35°C, and, in the dry season, the
minimum hourly temperature was 26.44°C, an amplitude of 1.09°C. The hourly
thermal amplitude of the maximum temperature was 0.96°C. As well as temperature,
atmospheric pressure presented low amplitude values.

The wind speed had allowed hourly amplitude and high intraseason amplitude,
with the highest values occurring in the dry season (17.65 m/s? and low values
occurring in the wet season (7.96 m/s?). The total and UV radiation showed high
intraseason amplitudes. The average hourly total radiation at 2:00 p.m. was 593.03
Wm-2in the wet season (February) and 861.62 Wm= in the dry season (October).

In the hour time scale, the correlation analysis among the weather variables
revealed a moderate correlation between total radiation, UV radiation, temperature,
and atmospheric pressure (Table 1). These results show that temperature is
moderately influenced by the other variables, and the wind speed has no influence on
ambient temperature. Thus, the ambient temperature in this study area has low

variation throughout the day.

Table 1 - Correlation between climatic variables based on hourly data: bold values are
statistically significant at 5%

Wind Temperature Rain Pressure Humidity UV Radiation
Temperature 0.19
Rain -0.10 -0.32
Pressure -0.40 -0.17 0.1
Humidity -0.09 -0.53 0.27 -0.08
UV Radiation 0.13 0.52 -0.12 0.15 -0.30
Total Radiation 0.16 0.53 -0.13 0.17 -0.31 0.97

In the daily time scale, the correlation analysis among the weather variables
reveals a strong correlation among total radiation, UV radiation, temperature, and
pressure (Table 2). Unlike the hourly timescale, in the monthly timescale, the
temperature is more influenced by the other meteorological variables. Probably this
behavior can be explained by the fact that the temperature is only influenced by

atmospheric conditions that last for days.
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Table 2 - Correlation between climatic variables based on daily data: bold values are
statistically significant at 5%

Wind Temperature Rain Pressure Humidity UV Radiation
Temperature 0.24
Rain -0.23 -0.62
Pressure -0.63 -0.30 0.12
Humidity -0.09 -0.44 0.50 -0.08
UV Radiation 0.21 0.75 -0.57 -0.23 -0.35
Total Radiation 0.28 0.73 -0.57 -0.26 -0.33 0.97

In the monthly time scale, the correlation analysis among the climatic variables
reveals a strong correlation just between temperature and radiation (Table 3).

Therefore, in daily and monthly scales, the largest forcing temperature is radiation.

Table 3 - Correlation among weather variables based on months data: bold values are
statistically significant at 5%

Wind Temperature Rain Pressure Humidity UV Radiation
Temperature 0.19
Rain -0.38 -0.35
Pressure -0.54 -0.03 0.35
Humidity 0.13 -0.09 0.38 -0.34
uv 0.15 0.70 -0.08 0.25 -0.14
Total Radiation 0.17 0.70 -0.08 0.25 -0.14 0.99

3.2 Characterization of the system power data and the operating temperature

of the PV cells

The highest averages of solar power generation occurred in March, September,
and October, and the lowest in February and July. The highest peak occurred in
September at 1:00 p.m. (3076.35 Wp) and the lowest peak in February at 12:00 p.m.
(2456.06 Wp), considering the best production period that is from 9:00a.m. to
3:00p.m. The periods of lower production were always recorded between 7:00 a.m.
and 9:00 a.m. and after 4:00 p.m. (Figure 4a). The hourly average of the operating
temperature (Figure 25b) was higher in the month of March, followed by the months

of July, February, October, and September.
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Figure 4 - Hourly (a) average power measured and (b) average control temperature
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3.3 Influence of climatic variables on energy production

The regression analysis at different time scales revealed the radiation as
the mean weather variable to determine the solar power generation (Tables 4 and
5). The daily time scale presented the best adjustment for the estimation of PV
energy production.

Table 4 - Regression analysis components corresponding to the linear coefficient (a),
angular coefficient (b), coefficient of determination (R?), and p-value, between
meteorological data and total photovoltaic energy production in the evaluated
system, at hour time scale

Coefficients

Months Weather Variables
a b R? p-value
Wind Speed -18.32 1394.4 0.0038 0.2961
Temperature 426.04 -9874.6 0.2839 <0.0001
February o
Humidity -84.65 8618.1 0.2715 0.0001
(Wet Season)
UV Radiation 279.76 314.32 0.6852 <0.0001
Total Radiation 3.176 194.74 0.6948 <0.0001
Wind Speed 110.23 641.34 0.0694 0.0004
July Temperature 541.72 -13238 0.3857 <0.0001
(Transition Humidity -41.566 4190.6 0.1059 <0.0001
Season) UV Radiation 225.28 404.76 0.6017 <0.0001
Total Radiation 2.5005 335.42 0.5836 <0.0001
Wind Speed 53.274 717.51 0.0669 <0.0001
Temperature 1070.5 -27295 0.4348 <0.0001
September o
Humidity -127.4 11833 0.1603 <0.0001
(Dry Season)
UV Radiation 252.12 484.05 0.7383 <0.0001
Total Radiation 2.8921 237.55 0.786 <0.0001
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Table 5 - Regression analysis corresponding to the linear coefficient (a), angular
coefficient (b), coefficient of determination (R?), and p-value, between meteorological
data and total photovoltaic energy production in the evaluated system, at daily time
scale

Coefficients

Months Weather Variables
a b R? p-value
Wind Speed 22.19 1088.10 0.0066 0.7053
Temperature 354.85 -8047.40 0.4790 0.0002
February o
Humidity -83.10 8440.10 0.6295 <0.0001
(Wet Season)
UV Radiation 349.67 33.05 0.9174 <0.0001
Total Radiation 3.90 -87.45 0.9095 <0.0001
Wind Speed 18.94 1202.40 0.0088 0.7393
July Temperature 257.69 -5605.60 0.3978 0.0117
(Transition Humidity -33.93 3627.20 0.3828 0.0139
Season) UV Radiation 266.27 238.47 0.9238 <0.0001
Total Radiation 3.37 -6.35 0.9154 <0.0001
Wind Speed 15.46 1381.70 0.0377 0.3315
Temperature 139.77 -2126.00 0.0327 0.3665
September o
Humidity -15.65 2904.60 0.0231 0.4491
(Dry Season)

UV Radiation 240.37 535.66 0.7331 <0.0001
Total Radiation 2.60 409.28 0.7303 <0.0001

4 DISCUSSION

The issues addressed in this work concern the analysis of climatic variables and
their effects on the energy production of PV panels in the city of Sao Luis. To support
the analysis, the Pearson correlation was used to correlate the climatic variables
between themselves and with the energy production of the PV system. In the
correlation of the climatic variables, the temperature has a very strong correlation
with the UV radiation and the total irradiation. For an average temperature of 27.50°C,
in the month of March, the UV irradiation was 5.06, while the average of the total
irradiation was 481.01 W.m2. The maximum peak temperature was 27.88°C at noon,
while UV irradiation was 8.55 and total irradiation was 794.97 W.m=2. At this mean

temperature variation of 0.38°C, there was a variation of 313.96 W.m.
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Rain, humidity, and pressure had a direct and strong correlation; however,
rainfall and wind behavior were inversely correlated.

The pressure was directly related to solar irradiation and UV irradiation, but
inversely related to temperature. The operating temperature had a direct influence on
the voltage levels produced on the board or system. For the determination of this
variable, Skoplak et al. (2008), in Equation (1), used the ambient temperature, wind
speed, and total irradiation, in addition to the system assembly coefficient. According
to Griffith et al. (2018), the mentioned variables can be classified in descending order
of sensitivity in the results — irradiance, wind speed, and ambient temperature.

The results of this correlation indicate that the effects of temperature rise and
irradiation on energy production have an inverse influence on system performance.

The effects of temperature and irradiation on the PV plates are important for
understanding the behavior of voltage (volts) and current (amperes) (RAZKOV et al.,
2010). While the temperature contributes to the production of voltage, the excess can
destabilize; just as the irradiation contributes to the production of electric current, the
excess also contributes to the compromise of the energy produced by the system.
Adjustment of this situation is dealt with by aligning cells and plates in serial or
parallel bonding systems.

The power produced by the system is more subject to a variation of amplitude
of the irradiation than of the temperature, because, in absolute terms, a variation of
5% in the average of the temperature can represent a variation of 40% for the
irradiation — that is, this component has greater influence on the energy production

of the system.

5 CONCLUSION

An attempt was made to explain how much the climatic variables can influence,
in an isolated or grouped way, the determination of the energy production of a plate
or of a PV system. Part of the answer is that the main variables that contribute to the
production are the irradiation and temperature; however, they only do not respond

for all the variation of the system.
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The established correlations between the climatic variables and the energy
production demonstrate that the oscillation in production is related to the variation of
temperature and irradiation.

The effect of wind speed on the boards is highlighted by their ability to cool the
modules and possibly reduce the damaging effect that excess heat can have on the
system. At temperatures closer to nominal, 25°C, the energy production is lower
because of the lower irradiance. In the period from 9:00 a.m. to 3:00 p.m., considering
the average full-sun period, the temperature and irradiation are at their maximum
peaks, and the system performance is lower, and this inverse effect is reflected in the
behavior of energy production.

Energy production can change dramatically if climatic conditions change
rapidly, such as the effects of humidity (cloudiness) and rainfall, which act to reduce
the production of the system.

It can be concluded from the results of the question that, although S3do Luis is in
a transition region between the Cerrado and the Amazon, which is very close to the
equator, the conditions for the production of the system are favorable, mainly
because, on average, there were no abrupt changes in temperature and radiation for
the period studied. Even in the wintry period, the production behaves within the
parameters for which it was designed.

In relation to the integrated influence of the meteorological variables in the
production of PV energy, the answer is “yes”; however, it should be emphasized that
this conclusion comes from the correlation already discussed. To better answer the
question, a multivariate analysis is planned, based on two univariate and multivariate

analyses.
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