Jurnal
Teknologi

Full Paper

ENVIRONMENTAL INFLUENCE MONITORING ON Article history

Received

A HYBRID PHOTOVOLTAIC-THERMOELECTRIC  24May 2025
GENERATION UTILIZING THE INTERNET OF Receveginevediom
TH | N GS Accepted

2 November 2025

. . . Published Online
Waluyo*, Arsyad Ramadhan Darlis, Febrion Hadiatna, Ahmad 29 August 2026

Abimanyu, Ginulur Farhandika Maulana

*Corresponding author

Department of Electrical Engineering, Institut Teknologi Nasional waluyo@itenas.ac.id

Bandung, Jalan KHP Hasan Mustopa No. 23, Bandung, 40124, West
Java, Indonesia

Graphical abstract Abstract

Renewable energy, such as a hybrid photovoltaic-thermoelectric (PVTE) power
generation, reduces dependence on conventional energy sources and gas
emissions. This generation is installed outdoors, so various environmental factors
continuously and simultaneously influence its performance. Therefore, these
confinuous and simultaneous effects on PVIE power generation should be
accurately investigated through data acquisition employing the Internet of
Things (loT) and corresponding sensors. The electrical parameters employed
PZEM-016 and PZEM-017 sensors, whereas the environmental parameters
employed SHT30-FS200, 12C-IP68, Guva-S12SD, 12C air quality PM, and 12C-UART
fipping bucket sensors for femperature and humidity, illuminance, ultraviolet
(UV) radiation, pollution, and rainfall sensing, respectively. Meanwhile, AM2301
devices sensed photovoltaic (PV) and thermoelectric (TE) module
temperatures. Principal component analysis (PCA), box plot, and correlation
coefficient were employed for data analysis. The two highest environmental
parameters that influence the PV, hybrid, and MPPT (Maximum Power Point
Tracking) powers were UV radiation and illuminance, with a high correlation
range between 0.820 and 0.863. While the TE power was moderately
influenced by the temperature difference, with a correlation coefficient range
of 0.511 - 0.542. The power-increasing rates due to illuminance were 2.61
watts/klux and 0.01 watts/klux for the PV and TE modules, respectively. The
power rafios were 99.40% and 78.04%, and the energy rafios were 99.52% and
83.29% for the hybrid point and MPPT, respectively.

Keywords:  Correlation,  environmental factor, photovoltaic, ratio,
thermoelectric
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1.0 INTRODUCTION decarbonization is  mandatory  through  the

development of electric generation based on
Climate change, one of the sources of which is CO2 renewable energy sources, such as photovoltaic,
gas, has critically caused global warming. Therefore, thermoelectric, and wind [1]. This energy should be
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converted to electrical parameters and associated
equipment, such as alternating current (AC) to or
from direct current (DC) conversions [2]. Solar energy
is converted fo electricity by PV (photovoltaic) and
TE (thermoelectric) modules, utilizihg sunlight and
heat, respectively [3], as well as power and
efficiency generation experienced enhancements
[4-5]. Technically, this case utilizes phase change
materials and solar collectors [6], combining PV
radiated and TE cooling (PVRC-TEC) [7]. adding
passive cooling [8], and a high-quality passivation
layer [9].

Actually, PVTE (photovoltaic-thermoelectric)
generators are installed outdoors, where many
environmental factors simultaneously and
continuously influence their performance. These
factors always change daily, and even change from
day to day. Consequently, the PVTEs' performance,
indicated by the yielded power, also changes.
Research on the PVIES' performance due to
environmental influences is limited, as well as the
involvement of environmental parameters. The
correlations have been investigated between power
and temperature [6, 10-11] and power versus solar
radiation [6, 12-13], air pollution [12-14], air pollution
and soiling effects [15-16], and rainfall [17-19], as well
as rainfall and snow [20-21]. The remaining
environmental parameters, such as humidity,
iluminance, and UV radiation, should also be
elaborated.

Furthermore, the power flow should be monitored
and analyzed in more detail in some sections of the
generating system. Because the environmental
parameters influence the PVITEsS' performance
simultaneously and confinuously, as closely as
possible, the recording data should also be
conducted in the same manner. Therefore, this
research developed a PVTE power generation
system, including more electrical and environmental
parameter data recording using the Internet of
Things (loT), to investigate its performance due fo the
natural  environmental  variations. The  PVTE
performance is indicated by voltage, current, power,
and energy, as well as power and energy ratios. The
environmental parameters were the surrounding air
temperature, humidity, illuminance, pollution, rainfall,
and UV radiation. Furthermore, the PV and TE module
temperatures were also recorded. Moreover,
statistical tools, such as PCA (principal component
analysis), box plot, and correlation coefficient, should
also be employed to analyze the yielded recording
data in robust conditions, besides the successfully
assembled system. The new contributions are
correlations among more environmental parameters
and a more comprehensive sorting of sections in the
generating system using the statistical tools.

This manuscript consists of four sections. The first
section intfroduces the research background, gaps,
objectives, and new conftributions. The second
section delivers research methods on power and loT
connection design, implementation, computation,
and statfistical analysis. Moreover, the third section

consists of research results and discussion, including
environmental and electrical monitoring assembled
kits, yielded recording data, processed data of
parameter functions, statistically processed data,
power and energy daily variations, as well as power
and energy ratios. Finally, the fourth section
concludes the research results and discussion.

2.0 METHODOLOGY

Figure 1 shows the schematic illustration of the
designed hybrid PVTE power system. The power
sources comprised four PV modules of 150 Wp and
four TE packages. Every two PV modules were
connected in series. Both series connections of PV
modules were circuited in parallel. The TE package
connections were in parallel. Every TE package
consisted of 75 modules, whereas every module had
a maximum capacity of 3.1 watts, connected in
series. To prevent the PV module current flowing into
the TE packages, three diodes should be installed in
parallel on the TE outfput, which has a capacity of é
amperes each.

The combination of the power sources entered an
MPPT. Furthermore, the MPPT was connected to a
battery and an inverter. A small part of the DC
power from the MPPT (Moximum Power Point
Tracking) supplied two 12V, 0.3A exhaust fans, as a
DC burden of the cooling system. Moreover, the PVTE
main power supplied the battery and the inverter.
Finally, the power supplied to the AC main burden of
LED (light-emitting diode) lamps [22].
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Figure 1 Power flow diagram of PVTE generation

Figure 2 shows the block diagram of the power
recording system, including meters, sensors, and the
loT system. Eight AM2301 sensors sensed the PV and
TE module temperatures, installed on every module.
The DC electrical parameters were sensed on the
outputs of the PV modules, TE packages, PV and TE
combination, and MPPT outfput by FL-2.05DC50A
shunt resistors. While a PZCT10020 current transformer
(CT) sensed the AC electrical parameter at the main
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burden. Furthermore, Pzem-017s and Pzem-016
converted the DC and AC electrical data,
respectively, for entering a Modbus RTU RS-485 o TTL
(fransistor-transistor logic). Moreover, the data were
sent to the first microprocessor of the ESP32 Doit
Devkit V1. The first 5V DC power supply was
employed to furnish energy fo the microprocessor.
Moreover, the first modem (modulator-demodulator)
was operated and connected fo the
microprocessor. It provided wireless internet
communication through Wi-Fi. Google scripts were
employed for hardware intfegration info the software.
It required a web server for web-based data storage.
The data were recorded every five minutes. The end
data were Google spreadsheet forms, which were
read and opened by a laptop or smartphone.
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Figure 2 Infernef-based power monitoring schematic
diagram

Figure 3 shows the intemet-based monitoring
schematic system diagram of the environmental
parameters.  These included surrounding — air
temperature (Ta) and humidity (H), illuminance (L),
pollution (Pa), rainfall (R), and UV radiatfion, which
employed SHT30-FS200, [12C-IPé8, 12C-PM, 12C-UART,
and GUVA-S12SD sensors, respectively.

An Inter-Integrated  Circuit  (I2C)  protocol
communication passed the air temperature, humidity,
illuminance, and pollution recording data. While an
analog communication passed the rainfall and UV
radiation recording data. The data were sent to the
second microcontroller of ESP32DevkitV4Wroom. A
second 5V DC power supply furnished energy to the
second microprocessor. Moreover, a second modem
was connected to the second microprocessor. It

served the internet wireless communication through
Wi-Fi. Finally, the treatment was the same as that of
the electrical parameter monitoring system.
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Figure 3 Internet-based environmental  monitoring
schematic diagram

Furthermore, the energies were computed by
numerical integration of composite Simpson's 1/3 rule
[23], asin equation (1).

1 n n—1
Izgh(f()+42f2i_l+22f2i+fnj (1)
i=1 i=1

Meanwhile, the computations of typical (median)
output-input power and energy ratios follow equations
(2) and (3), respectively.

7, = 22x100% 2

1

r,= £, x100% (3)
Ei

where r1p, re, Pi, Po, Ei, and Eo are power ratio,
energy ratio, input power, output power, and input
energy, as well as output energy, respectively.
Furthermore, the yielded data were analyzed using
the correlation coefficient, boxplot [24-26], and PCA
[27-28]. The correlation coefficient essentially follows
equation (4).

S
r=—%_ (4)
5.8,

where r, X, y, sx, Sy, and sy are the correlation
coefficient, independent variables, dependent
variables, standard deviations of x, standard
deviations of y, and covariance between x and v,
respectively.

PCA was used to reduce groups of variables into
subsets represented by latent constructs. Generally,
PCA computations have some steps, such as
standardization, covariaonce matrix, eigenvector and
eigenvalue computations, vector featuring, and data
recasting along PCA axes. The PCA specifies variable
factors in decreasing importance order. The two-
dimensional plot (biplot) confribution degree of
information is revealed in equation (5), where B(2) is the
contribution rate [24], and Ai are eigenvalues [29-31].
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The data analyses also used the boxplot (box-and-
whisker plot) method [24-26], emphasizing dataset
dispersion in the interquartile range and median visual
representations [27-28].

3.0 RESULTS AND DISCUSSION

Figure 4 shows several leading equipment for the
yielded hybrid PVTE power generation.

4 Solar
modules

H
-]
H

(c)
Figure 4 The leading equipment of the hybrid power system:
(a) PV modules, (b) equipment of PV bottom parts, and (c)
inverter, MPPT, and meters

Figure 4(a) shows four 150 Wp PV modules,
electrically connected in series and parallel. Figure
4(b) shows the bottom parts of PV modules comprised
of TE modules, heat sinks, water blocks, cooling hoses,
and a reservoir. Furthermore, Figure 4(c) shows the

1000-watt inverter, 12-volt MPPT, some meters,
miniature circuit breakers (MCBs), and terminals,
connected fo a 100 Ah Lithium Iron Phosphate
battery. This power installation improved the previous
one [22] and includes additional internet-based
monitoring systems.

Figure 5 shows the two main supporting
apparatuses of internet-based monitoring and data
recording. Figure 5(a) shows the sensor to measure
PV and TE module temperatures. Meanwhile, Figure
5(b) shows the UV radiation sensor of the
environmental parameter.

(b)
Figure 5 Sensing devices for loT-based data recording: ()
temperature and (b) UV sensors

Figure 6(a) is the environmental monitoring kit,
connected to the environmental parameter sensors.
The notations are connector pins, ESP32 board,
voltmeter display, DC-DC converter, and battery for
one to five numbers, respectively. Furthermore, Figure
6(b) is the electrical monitoring kit, connected to the
electrical parameter sensors. One to seven numbers
notate an adapter, modem, ESP32Devkit
microprocessor board, Pzem016, four Pzem017s, 100
A shunt resistors, and wiring terminals, respectively.
Both kits «also made connections to the
microcontroller-based data-logging circuits.
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(b)
Figure 6 IoT-based data recording: (a) environmental and
(b) electrical monitoring kits

Figure 7 shows a sample of the yielded recording
data of the surrounding air temperafure and
humidity. Typically, in the morning, the air
temperature increases and reaches midday, around
12:00. After that, it decreased until the evenings. The
opposite condition was for the ambient humidity. In
the morning, the ambient humidity decreased and
reached its bottom, around 12:00 o'clock. After that,

the ambient humidity increased until the evenings.
The behaviors that were similar to femperature were
first to fourth PV module temperatures, first to fourth
TE package temperatures, PV power, TE power,
hybrid power, and MPPT powers, iluminance, and UV
radiation. While the air pollution increased and
reached its peak in the morning. Finally, rainfall is
infrequent. If it does rain, it's usually between 3 and 5
p.m.
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Figure 7 Surrounding air temperature and humidity
recording data

Table 1 Recording data recapitulation

Parameter Sensed Maximum .
. " . Median
(unit) medium median

Temp. (°C) PV 1 52.5 39.2
Temp. (°C) TE1 42.7 33.8
Temp. (°C) PV 2 55.3 40.7
Temp. (°C) TE 2 422 34.0
Temp. (°C) PV 3 52.6 39.0
Temp. (°C) TE3 41.5 34.0
Temp. (°C) PV 4 52.6 39.3
Temp. (°C) TE4 40.9 33.3
Power (W) PVs 494.3 203.5
Power (W) Hybrid 509.1 202.1
Power (W) TEs 11.0 8.6
Power (W) MPPT 435.2 182.8
Temp. (°C) Air 36.0 30.3
RH (%) Air 36.0 48.6
lluminance (klux)  Air 99.4 36.7
UV (mw/cm?) Air 9.4 2.4
Pollution (ug/m?) Air 74.0 41.0

The testing samples were carried out for eleven
days. Table 1 lists the recapitulation of recording
data based on the median of maximum values and
median values. The range of the typical peak PV and
TE temperature differences was 9.8°C-13.1°C, with
11.4°C median and mean values. While the range of
the typical temperature differences was 5.0°C-6.8°C,
with 5.7°C and 5.8°C, median and mean values,
respectively.

Meanwhile, the minimum and maximum
recording data on the air surrounding tfemperature,
humidity, illuminance, UV radiation, pollution and
rainfall were 15.0°C and 39.0°C, 18.2% and 90.8%, 0
klux and 105.7 klux, 0 mW/cm? and 11.0 mW/cm?, é
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Mg/m® and 125.0 pg/m3, and 0 mm and 29.4 mm,
respectively. Based on the yielded recording data, the
sensors and internet-based  monitoring  system
operated appropriately. Therefore, the data could be
further analyzed.

Trends of the typical (median) parameter
recording data were made using time-of-day
functions. Figure 8(a) shows the typical surrounding air
temperature (Ta), the first up to fourth PV module
typical temperatures (Tpl, Tp2, Tp3, Tp4), and the first
up to fourth TE module typical temperatures (Tt1, T2,
Tt3, Tt4). Generally, as a function of fime of day, the PV
module temperatures were the highest, followed by
those of the TE modules and the surrounding air
temperature, respectively. The typical temperatures
reached peak values at around 12:45 until 13:15. There
were 48.0°C, 50.2°C, 48.5°C, 48.8°C, 39.9°C, 40.0°C,
39.7°C, 39.1°C, and 33.9°C, for Tpl, Tp2, Tp3, Tp4, Tt1,
Tt2, T3, Tt4, and Ta, respectively. In the morning, the
typical temperature increasing rates every half hour
were 0.93°C, 1.10°C, 1.30°C, 0.95°C, 0.83°C, 0.73°C,
0.65°C, 0.90°C, and 0.72°C. While, in the afternoon, the
decreasing rates were -1.95°C, -2.70°C, -1.90°C, -
2.20°C, -1.25°C, -1.20°C, -1.25°C, -1.50°C and -0.65°C in
same time interval for Tpl, Tp2, Tp3, Tp4, Tt1, T2, T3,
Tt4, and Ta, respectively. Compared to the air
temperature, at around 07:15, the TE temperatures
were 1.05 to 1.06 times, whereas the PV temperatures
were 1.27 to 1.28 times. At the middays, from around
11:45 until 12:45, TE temperatures were between 1.13
and 1.18 fimes, and the PV temperatures were 1.43
and 1.52 fimes compared to the air temperatures. At
around 17:45, the TE temperature to ambient
temperature comparisons ranged from 1.01 fo 1.03
fimes, and the PV tfemperature to ambient
temperature comparisons ranged from 0.95 to 0.96
times. Thus, at middays, besides increasing the typical
temperatures to be the highest, the TE and PV
temperature comparisons to the ambient were also
the highest. In the late afternoon, the TE femperatures
were slightly higher, and the PV temperatures were
somewhat lower than the ambient temperature. The
increasing temperatures in the morning, reaching the
peaks at midday and decreasing in the afternoon are
in line with [32-34], implied in [12, 35-37], PV and TE
module temperatures conformed to [11, 38], PV
module temperatures conformed to [20, 38-40],
implied in [41], and PV and ambient temperatures was
implied in [21]. Nevertheless, these research results
show that the decreasing rates are considerably
higher than the increasing rate magnitudes.

Figure 8(b) shows the typical temperature
differences between the corresponding first (Dt1),
second (Df2), third (Dt3), and fourth (Dt4) PV and TE
modules. In  the morning, these temperature
differences increased to midday and decreased to
below zero in the evening. The typical growing rates
every half-hour were 0.40°C, 0.30°C, 0.30°C, and
0.30°C, for the analogous same-order temperature
differences. These typical temperature differences
reached the peak values at around 11:45, being
9.25°C, 11.8°C, 9.35°C, and 10.85°C for the first up to

fourth  corresponding temperature  differences,
respectively. Furthermore, the decreasing rates of the
temperature differences were -0.63°C, -0.90°C, -
0.75°C, and -0.68°C in thirty minutes for the same order
temperature differences. These values started to be
lower than zero between 16:15 and 16:45. These
temperature differences were implied in [10, 36] and
mentioned in [33], which showed by the TE
temperature gap and differences between the PV
module rear sides and cooling system femperatures
[21].
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Figure 8 Typical (OR temperatures and (b) temperature
differencesin time of day

Figure 9(a) shows the typical box plots of relative
humidity (RH) at various times of day. These values
are based on the interquartile range and median
values. It typically decreased in the morning to ifs
lowest point at midday and increased in the
affernoon. Every thirty minutes, the typical
decreasing and rising rates were -2.33% RH and 1.69%
RH in the morning and afternoon, respectively. Thus,
the drying was faster than the wetting of the air
during the day. The minimum values of the RH
reached 44.72%, 44.115%, 41.87%, 41.53%, and 42.89%
median values, as well as 41.11%, 42.11%, 40.60%,
40.03%, and 40.48% mean values aft around 11:45,
12:15, 12:45, 13:15, and 13:45, respectively. This
humidity behavior is implied in [32] and conforms to
[34, 36].
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and (d) air pollution by time of day
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Figure 9(b) shows the box plots of the illuminance at
various fimes of day. No doubt, it reached maximum
values at around midday, which were 86:33 klux,
86.36 klux, 86.36 klux, and 84.18 klux median values,
and 81.74 klux, 73.39 klux, 72.43 klux, and 61.80 klux
mean values, at around 10:45, 11:15, 11:45, and
12:15, respectively. The typical illuminance rising and
decreasing rates every half-hour were 8.08 klux and -
4.28 klux in the morning and afternoon, respectively.
The rising illuminance in the morning, and reached
the peaks at midday, and decreasing illuminance in
the affernoon were implied in [42], the illuminance in
sub-scenario comparisons, in [40] as plane
iluminance, in [11, 29, 37, 39] as solar irradiance, in
[21] as solar irradiance in time series, implied in [36],
and conformed to [43].

Figure 9(c) shows the UV radiation at various times
of day in the quartile range and median values. It
reached maximum values of 8.24 mW/cm?, 8.29
mW/cm?, and 8.02 mW/cm? median values, and 6.67
mW/cm?, 6.29 mW/cm? and 5.52 mW/cm? mean
values at around 11:15, 11:45, and 12:45,
respectively. The mean values were considerably
lower than the median values due to higher ranges
than at other times. In half an hour, the UV radiation
increased and decreased to 0.82 klux and -0.66 klux
in the morning and afternoon, respectively. The
increasing UV radiation in the morning and reaching
the peaks was consistent with [44, 45-47], implied in
[11,36-37, 39, 43, 48] as daily solar iradiance.

Figure 9(d) shows the box plots of the typical
surrounding air pollution concentration at various
fimes of day. The maximum values were reached in
the morning, being 58.00 pg/m* median and
62.67ug/m® mean values at around 7:15. The
minimum median values were 38.00 pg/m3, 39.00
pg/m3, 38.00 pg/m3, 38.00 pyg/m?3, and 38.00 ug/m3,
whereas the minimum mean values were 36.38
pg/m3, 36.41 ug/m3, 35.98 ug/m3, 35.92 ug/m?3, and 38
pg/m? at around 11:45, 12:15, 12:45, 13:15, and 13:45,
respectively. Every half an hour, the typical air
pollution decreasing and increasing rates were -1.00
pg/me and 1.50 pg/m?® in the morning and afternoon,
respectively. The behavior of the slightly reducing air
pollution to the bottom point at midday was in line
with [15].

All median values of the rainfall were zero. The
highest mean value was 1.38 mm, and the highest
maximum rainfall was 29.40 mm. Both occurrences
were at around 15:45. The maximum rainfall was
followed by 8.40 mm and 7.00 mm at around 16:15
and 7:15, respectively. This case indicated that
rainfall was very scarce and had considerably low
values. The daily rainfall phenomenon, which was
relatively high in the morning and afternoon
between 15:00 and 16:00, conformed to [18] and
was implied in [21].

Figure 10 shows the typical powers at various
times of day. These powers were on the PV module
(Pp). TE module (Pt), hybrid (Ph), MPPT (Pm), and
inverter (Pi). The PV, hybrid, and MPPT powers were
relatively low in the mormning. They increased and
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reached a maximum at around midday and went
down fo around zero values in the evening. Every
half an hour, the power increasing and decreasing
rates were 47.6 watts and -23.5 watts for the PV
modules. While those for the hybrid point were 38.7
watts and -22.4 watts, and 31.0 watts and -22.4 watts
for the MPPT oufput in the morning and afternoon,
respectively. The PV-generated power was
influenced by the sun's iradiance, so it was low in the
morning and evening. It reached the highest value
at midday due to the highest iradiance. The PV
power dominantly influenced the hybrid and MPPT
powers. Meanwhile, the TE-generated power was
fairly high in the morning until noon and finally
headed to zero in the evening. This case was mainly
caused by the high temperature differences in the
morning and midday. Moreover, it was caused by
the considerably low temperature differences, even
negative values, in the evening. The increasing
powers to the peaks at middays in line with [32, 43,
49], conformed to [11, 36, 38-39, 41], are implied in
[20, 34, 40], and implied and conformed to [35].
Finally, the inverter output power was stable, due to
the constant burden, and further decreased in the
evening due to limited generated power.
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Figure 10 Typical powers at different times of day

Table 2 lists the correlation coefficients among
powers: PV modules (Pp), TE modules (Pt), hybrid
point (Ph), MPPT output (Pm), and inverter output (Pi)
powers in various module temperatures and
temperature differences. According to Guilford's
informal definition [24], this table shows three
categories of correlations: 0.20-0.40 (low), 0.40-0.70
(moderate), and 0.70-0.90 (high). The PV
temperature influenced PV, hybrid, and MPPT powers
in correlation coefficient ranges of 0.810-0831, 0.796-
0.817, and 0.798-0.819, with typical (median) values
of 0.824, 0.810, and 0.811, respectively. Therefore,
these influences were high categories of correlation
coefficient.  Although the PVITE temperature
differences influenced the three powers in the high
category, the PVITE temperature differences were
primarily affected by the PV temperatures. Those

temperatures

and

temperature

differences
influenced these three powers significantly.

Table 2 Correlations among module powers and

temperatures

Parameters Pp Pt Ph Pm Pi
Tpl 0.810 0.508 0.796 0.798 0.417
Tt 0.598 0.390 0.590 0.553 0.391
Dt 0.843 0.511 0.828 0.872 0.338
Tp2 0.829 0.516 0.816 0.815 0.427
Tt2 0.623 0.406 0.615 0.613 0.413
Dt2 0.893 0.539% 0.878 0.877 0.373
T3 0.818 0.523 0.804 0.806 0.435
Tt3 0.603 0.398 0.595 0.593 0.419
Dt3 0.867 0.542 0.850 0.855 0.363
T4 0.831 0.514 0.817 0.819 0.437
Tt4 0.572 0.357 0.564 0.561 0.396
Dt4 0.883 0.542 0.866 0.871 0.387

While the PVTE temperature differences ranged
from 0.511 to 0.542, with a median value of 0.541, the
correlation coefficient influenced the TE-generated
power, being in the moderate category. At the same
fime, the moderate correlations included the TE
temperatures against the PV, hybrid point, and MPPT
output powers. Thus, the PV temperature has the
highest influence on the PV-generated power, further
affecting the hybrid and MPPT output powers.

Table 3 lists the correlation coefficients among
powers and environmental parameters. These
environmental variables were the surrounding air
temperature (Ta), illuminance (L), UV radiation (UV),
rainfall (R), pollution (Pa), and humidity (H). The high
category of the correlation coefficients included the
iluminance and UV radiation against the PV, hybrid,
and MPPT output powers. The illuminance affected
the PV, hybrid, and MPPT powers, being 0.857, 0.859,
and 0.822, respectively. They were high correlation
coefficients. While the UV radiation influenced the
PV, hybrid, and MPPT powers, with 0.863, 0.863, and
0.820 correlation coefficients, respectively. These
were high category. Nevertheless, both
environmental parameters influenced the TE and
inverter powers in a low cafegory of correlation
coefficients between 0.20 and 0.40. Meanwhile, the
surrounding air temperature influenced the PV and
hybrid powers in the moderate category, slightly
larger than 0.40. The humidity decreased the PV and
hybrid powers in the moderate category, somewhat
less than -0.40. Moreover, the humidity negatively
influenced the TE, MPPT, and inverter output powers
in the low category with less than -0.40 correlation
coefficients.  Moreover, the surrounding air
temperature slightly influenced the TE power in
proportion.
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Table 3 Correlations among powers and environmental
parameters

Parameters Pp Pt Ph Pm Pi
Ta 0.421 0.176 0.416 0.398 0.348
L 0.857 0.392 0.859 0.822 0.404
uv 0.863 0.299 0.863 0.820 0.373
R -0.084 -0.006 -0.086 -0.086 -0.086
Pa -0.294  -0.125 -0.303 -0.238 -0.284
H -0.418 -0.248 -0.412 -0.384 -0.303

Meanwhile, the air pollution negatively influenced
the PV, hybrid point, MPPT, and inverter output
powers as a low category, with correlation
coefficients between -0.20 and -0.40. Furthermore,
the air pollution negatively influenced the TE power
as a slight category, with a -0.125 correlation
coefficient. Finally, the rainfall parameter negatively
influenced all powers in a slight category under 0.10
magnitude correlation coefficients. This case
conformed to [50]. This meant that the three
environmental parameters increased, resulting in a
slight decrease in the powers. Among the three
parameters, the humidity had the highest correlation
to power, with low to moderately negative
correlations. The decreasing power due to rising
humidity is implied in [21]. The decreasing yield of PV
power due to rainfall is implied in [201]. Meanwhile,
the power reductions due to increasing air pollution
align with [16].

Figure 11 shows the yielded PCA of the electrical
system and environmental parameters. The quantities
tended to create three groups. The first group
consisted of the surrounding air temperature (Ta), UV
radiation (UV), illuminance (L), four PV module
temperatures (Tpl, Tp2, Tp3, and Tp4), four TE module
temperatures (Tt1, Tt2, Tt3, and Tt4), four temperature
differences (Dt1, Dt2, D3, and Dt4), PV current and
power (Ip and Pp), hybrid current and power (lh and
Ph), and MPPT current and power (Im and Pm).
Furthermore, the second group consisted of the
inverter voltage, current, and power (Vi, li, and Pi), TE
voltage, current, and power (V1, It, and Pt), and PV,
hybrid, and MPPT voltages (Vt, Vh, and VYm). Finally,
the third group consisted of air humidity (H), pollution
concentration (Pa), and rainfall (R). The groups
indicated that the parameters in every group were
directly proportional. The third group is almost exactly
the opposite of the first group. Therefore, the
surrounding air pollution, humidity, and rainfall
caused the electrical parameters in the first group to
decrease. Usually, these three environmental
parameters decreased as the surrounding air
temperature, illuminance, and UV radiation
increased. The increasing temperature due to the
ilumination and UV radiation is implied in [53], which
was caused by the solar radiation. Although
somewhat far apart, the electrical parameters in the
second group are still on the same side as the
parameters in the first group, to the right of the
center point. Therefore, the electrical parameters in
the second group tended to increase slightly when

iluminance, air temperature, and UV radiation
increased. The retained information was 70.6%, which
is representative enough. This case needed to be
supported by the box plot or correlation coefficient
analyses. The inverse properties of humidity fo air
temperature, module  temperatures, powers,
ilumination, and UV radiation correspond and are
implied in [21]. The power reductions due fo
increasing air pollution align with [16].
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Figure 11 PCA of the parameters

Figure 12(a) shows the typical (median) PV (Pp), TE
(Pt), hybrid (Ph), and MPPT (Pm) oufput powers as a
function of the surrounding air temperature. The PV,
hybrid, and MPPT output powers increased, reached
maximum values, and finally, as the ambient
temperature rose. The typical power increasing rates
were 25.47 W/°C, 26.87 W/°C, and 24.37 W/°C,
whereas the typical power decreasing rates were -
76.47 W/°C, -86.55 W/°C, and -57.82 W/°C for the PV,
hybrid, and MPPT powers, respectively. They reached
the typical maximum values being 310.34 W, 328.88 W,
and 260.16 W for the PV, hybrid, and MPPT powers,
respectively, in a range between 31.45 °C and 38.24
°C. At the same fime, the TE power slightly decreased
as the temperature increased, with a mean rate of
0.33 W/°C. This behavior is implied in [5, 10, 32, 34, 37,
43].

Figure 12(b) shows the typical (median) PV (Pp), TE
(Pt), hybrid (Ph), and MPPT (Pm) output powers versus
the illuminance. Generally, the powers significantly
increased as the illuminance rose. At low illuminance,
the powers increased drastically; at high illuminance,
the powers increased moderately and tended to be
saturated. The typical power increasing rates were
2.61 watts/klux, 0.01 watts/klux, 3.33 watts/klux, and
2.72 watts/klux for the PV (Pp), TE (Pt), hybrid (Ph), and
MPPT output (Pm) powers, respectively. This typical
power dropped drastically at very low illuminance,
close to 118.30 watts, or 50.36% of 234.90 watts. This
case was caused by the low power-generated
iluminance, followed by the low power-generated
battery. The increasing power due to illuminance is
implied in [4, 21, 51] due to solar radiation. Meanwhile,
the typical inverter output was basically constant.
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Figure 12(c) shows the typical powers versus UV 600 12
radiation. The PV (Pp), hybrid (Ph), and MPPT output
(Pm) powers significantly increased as the UV 500 1 . . PR
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Figure 12 Typical powers versus (a) air temperature, (b)
iluminance, (c) UV radiation, (d) humidity, (e) rainfall, and
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Figure 12(d) reveals the typical powers in conformity
with the surrounding air humidity. The PV (Pp), hybrid
(Ph), and MPPT output (Pm) powers decreased
significantly as the air humidity rose. The typical
decreasing rates were -3.49 watts/% RH, -3.33 waftts/%
RH, and -1.33 watts/% RH for the PV, hybrid, and MPPT
output powers, respectively. Meanwhile, the TE
power decreased slightly as the air humidity
increased, with a typical decreasing rate of -0.00456
watts/% RH. This case indicated that the air humidity
did not practically influence the TE power. The
decreasing power due fo rising humidity is implied in
[21]. The increasing power due fo rising irradiance
was followed by a reduction in humidity in the fime
series. Finally, the inverter output was in a constant
condition due to a constant burden, practically
unaffected by the air humidity.

Figure 12(e) shows the PV, hybrid, MPPT, and TE
output powers versus the rainfall. The first three output
powers considerably decreased as the rainfall
increased. The exponential decreasing rates were -
0.0499 W/mm, -0.0556 W/mm, and -0.0591 W/mm, for
the PV, hybrid, and MPPT powers, respectively.
Meanwhile, the TE power slightly decreased, with an
exponential constant of -0.0141 W/mm. These
phenomena are implied in [17, 21].

Figure 12(f) shows the typical powers as functions
of the surrounding air pollution. The PV (Pp), hybrid
(Ph), and MPPT output (Pm) powers decreased
considerably, being -3.44 watts/(ug/m?), -2.19
watts/(ug/m?3), and -5.66 watts/(ug/m?), respectively.
Furthermore, the TE and inverter output powers
tended to be constant. The former proved that the TE
modules were practically not influenced by air
pollution. The system burden dominantly caused the
latter. The power reductions due to increasing air
pollution align with [16].

Figure 13(a) shows the typical powers versus PV
temperature. The PV (Pp), hybrid (Ph), and MPPT
output (Pm) powers increased significantly to
maximum values and then decreased drastically. The
power increasing rates were 12.94 watts/°C, 7.96
watts/°C, and 9.44 watts/°C for the PV, hybrid, and
MPPT output powers, respectively. The typical
culminated powers were 467.3 watts, 480.4 watts,
and 370.7 watts at a typical PV temperature of
51.3°C for the same order. Meanwhile, the power
decreasing rates were -50.70 watts/°C, -54.95
watts/°C, and -40.79 watts/°C, for the same order. It
shows that the decreasing rate magnitudes were
significantly  higher than the increasing rate
magnitudes. Furthermore, the typical TE power
increasing rate was 0.134 watts/°C, which
considerably increased at low PV temperatures and
tended to be saturated at high PV temperatures. The
decreasing powers at high temperatures align with
[8] and are implied in [37-38, 52-54]. Finally, the
inverter output power tended to be constant at 234.5
waftts. It dropped to 1183 watts at low PV
temperatures due to insufficient generated power.

Figure 13(b) shows the typical (median) powers as
a function of PV and TE module temperature

differences. The PV (Pp), hybrid point (Ph), and MPPT
output (Pm) powers considerably increased as the
temperature difference rose and tended to be
saturated. The typical power increasing rates were
26.94 watts/°C, 34.20 watts/°C, and 20.07 watts/°C for
the PV, hybrid point, and MPPT output powers,
respectively. These three powers reached optimum
values of 468.6 watts, 485.1 watts, and 373.5 watts at
around 10.5°C of the PV and TE module temperature
difference.
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Figure 13 Typical powers versus (a) PV temperature and (b)
temperature difference

Meanwhile, the thermoelectric power (Pt)
increased considerably as the temperature
difference rose, and it was further saturated at an
increasing rate of 0.137 watts/°C. This power started
fo be saturated by 11.2 watts af 5.8°C of the
temperature difference. The rising powers due fo
tfemperature differences are impliedin [4, 11, 37].

Figure 14(a) shows the daily typical generated
powers on the PV modules (Pp). TE modules (Pt),
hybrid point (Ph), MPPT output (Pm), and inverter
output (Pi). The three highest typical powers were the
hybrid (Ph), PV (Pp), and MPPT oufput (Pm) powers.
These typical powers had the most significant values
on the fourth day at 383.6 watts, 372.7 watts, and
308.8 watts. These values were followed by those on
the eighth day, as 315.8 watts, 310.2 watts, and 255.3
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watts, and lostly followed by those on the second
day, as 309.6 watts, 305.1 watts, and 255.3 watts,
respectively. At the same time, the three highest
typical TE powers were 11.56 watts, 11.23 watts, and
11.23 waftts on the first, seventh, and eleventh days,
respectively. These yielded powers are implied in [38,
55], which experienced daily variations.

Figure 14(b) shows the daily generated energy on
the PV modules (Ep), TE modules (Et), hybrid point
(En), MPPT output (Em), and inverter output (Ei). The
three highest yielded hybrid energies were 3,260 Wh,
3,198 Wh, and 3,168 Wh, whereas the PV energies
were 3,117 Wh, 3,067 Wh, and 3,096 Wh, on the
eighth, second, and fifth day, respectively. The
highest TE-generated energies were 109.40 Wh,
106.10 Wh, and 105.00 Wh on the first, eleventh, and
seventh days, respectively. These yielded energies
are implied in [38, 55], which experienced daily
variations.

400
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Figure 14 Daily typical generated (a) powers and (b)
energies

Figure 15(a) shows the typical power-generated
rafios in the hybrid to PV modules (Pp), TE modules
(Pt), hybrid point (Ph), and MPPT output (Pm). Ef1, Ef2,
Ef3, Ef4, Ef5, and Efé notations are ratios between Ph
and summations of Pp and Pt, Pp and Ph, Pt, and Pp,
Pt, and Ph, Pm, and Pp, and between Pm and Ph,
respectively. Ef1 occupied the highest typical rafio of

99.40%. It was followed by Ef2, Ef5, Ef6, Ef3 and Ef4
which were 96.29%, 81.46%, 78.04%, 3.77% and 3.63%,
respectively.

Figure 15(b) shows the typical energy-generated
ratios in the hybrid to PV modules (Ep). TE modules
(Ef), hybrid point (Eh), and MPPT output (Em). Efel,
Efe2, Efe3, Efe4, Efe5, and Efeé notations are ratios
between Eh and summations of Ep and Ef, Ep and
Eh, Et and Ep, Ef and Eh, Em and Ep, and between
Em and Eh, respectively. The most significant ratio
was Efel of 99.52%, followed by Efe2 of 97.27%. While
the remaining ratios were 85.63%, 83.29%, 3.06%, and
2.98% for Efe5, Efeé, Efe3, and Efe4, respectively.
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4.0 CONCLUSION

The development of PVTE power hybrid generation
and parameter internet-based recording system was
successfully  implemented. The  temperatures,
illuminance, UV radiation, humidity, air pollution, PV
power, and TE power fluctuated daily. At the same
fime, the rainfall was an infrequent occurrence.
Nevertheless, the rare rain was in the early morning
and late afternoon, between 15:00 and 16:00.

The PV temperatures highly influenced the PV
yielded power, with correlation coefficients between
0.810 and 0.829. While the TE temperatures
moderately influenced the TE yielded power, with the
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correlation coefficients ranging from 0.357 to 0.406.
Thus, the temperature influenced the PV modules
more than the TE modules. Nevertheless, the
increasing powers were limited by the temperatures.

The UV radiation and illuminance influenced the
increase in the PV yielded power in the high
correlation category, with 0.863 and 0.857 correlation
coefficients, respectively. Meanwhile, the air
temperature moderately influenced the
enhancement of PV power, with a correlation
coefficient of 0.428. Furthermore, the three
environmental parameters; illuminance, UV radiation,
and air temperature, were low enough to raise the
TE-generated power. On the other hand, the
humidity, air pollution, and rainfall factors were in
moderate, low, and slight categories to decrease the
PV vyielded power, with -0.418, -0.294, and -0.084
correlation coefficients, respectively. The last three
environmental parameters decreased the TE-
produced power in low, slight, and slight categories,
with -0.248, -0.125, and -0.006 correlation coefficients,
respectively. Therefore, as much as possible, installing
PVTE hybrid power generation should be avoided in
areas with high humidity, air pollution, and rainfall.

The increasing PVTE produced powers due to the
temperatures tended to reach maximum values and
then further decrease. While the growing illuminance,
UV  radiation, and temperature  differences
enhanced the PVITE vyielded powers and further
saturated them. Therefore, a PVTE installation should
be installed in areas with surrounding air femperature
between 31.45 °C and 38.24 °C as much as possible.

The PV, TE, hybrid point, and MPPT output powers
and energies were varied on various days,
depending on the environmental conditions. At the
same fime, the inverter output power was reasonably
stable. Nevertheless, at the last time of days, the
inverter output power experienced a slight drop,
probably caused by the slightly dropping battery
energy.

The first and second highest power and energy
ratios were occupied by the hybrid point and
summation of PV and TE powers, as well as between
PV and hybrid point powers. Both were above 95.0%.
The third and fourth highest power and energy ratios
were employed by those between MPPT output and
PV and between the MPPT output and the hybrid
point, as in a 75.0% and 90.0% range. Finally, the last
ones were under 5.0%, namely the power and
energy ratios between TE and PV and between TE
and hybrid points.
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