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Abstract: Photovoltaic Power Plants have a considerable share among solar energy conversion technologies toward
environmentally sustainable and economically feasible electricity production. However, when a rural region's land
surface formed by natural soil types is covered by a Photovoltaic Power Plant (PVPP)'s dark-colored solar modules
in large numbers, an artificial albedo (reflectivity) change is expected on that surface. Because of the heat exchange
between these modules and the air surrounding them due to albedo alteration, the region's natural weather
conditions may experience Photovoltaic Heat Island Effect (PVHIE) as a result of external and time-dependent air
temperature oscillations caused by the warming-cooling cycles of solar modules. To observe and analyze a possible
PVHIE trend, it has been conducting a field study project since October 2017 for a PVPP near the Sekbandemirli
rural region in the Kutahya city of Turkey. The weather data, including air temperature and wind (direction and
speed) at every 10-minute and hourly intervals, are collected by the three weather monitoring stations installed at
the specific locations inside and outside the PVPP field. The plant's hourly average power output and module
temperature data can also be monitored. After conducting statistical, correlational, and graphical analyses, the
results show some temporal PVHI formations at the PVPP field center daily and on a seasonal basis. The plant
center's air temperature tends to be warmer (up to the 6°C difference) during daytimes and colder (up to the (-3)°C
difference) during nighttimes.

Keywords: Heat island effect, Air temperature, Photovoltaic power plant, Weather station, Wind direction, Wind
speed

YEREL METEOROLOJIK VERiI KAYITLARI iLE SEKBANDEMIRLI KIRSAL
BOLGESINDE GUNLUK VE MEVSIMSEL FOTOVOLTAIK ISI ADASININ
INCELENMESI VE DEGERLENDIRILMESIi

Ozet: Fotovoltaik enerji santralleri, cevresel acidan siirdiiriilebilir ve ekonomik olarak uygulanabilir elektrik
iretimine yonelik giines enerjisi doniisiim teknolojileri arasinda 6nemli bir paya sahiptir. Ancak, kirsal bir bélgenin
dogal toprak tiirlerinin olusturdugu arazi yizeyi, bir fotovoltaik enerji santralinin biiyiik sayilardaki koyu renkli
giines modiilleri ile kaplandiginda, bu yiizeyde yapay bir albedo (yansitma) degisimi beklenir. Albedo degisimi
nedeniyle bu modiiller ve onlar1 ¢evreleyen hava arasindaki 1s1 ahigverigine ve 1sinma-soguma dongiilerine bagh
olarak olusan harici ve zamana bagh hava sicakhigi salinimlari sonucunda, bolgenin dogal hava kosullar:
“Fotovoltaik Is1 Adas1 Etkisi”ne maruz kalabilir. Olasi bir fotovoltaik 1s1 adasi etkisi egilimini gézlemlemek ve
analiz etmek igin, Tirkiye'nin Kiitahya ilinin Sekbandemirli kirsal bolgesi yakinindaki bir fotovoltaik enerji santrali
icin EKim 2017'den itibaren bir saha galismas1 projesi yiiriitillmektedir. Her 10 dakikalik ve saatlik araliklarla hava
sicaklig ve riizgar (yon ve hiz) dahil olmak tizere hava durumu verileri, santral alaninin icindeki ve digindaki belirli
konumlara kurulu ti¢ meteorolojik izleme istasyonu tarafindan toplanmaktadir. Santralin saatlik ortalama gii¢ ¢ikist
ve modiil sicaklik verileri de izlenebilmektedir. istatistiksel, korelasyonel ve grafiksel analizler yapildiktan sonra
sonuglar, fotovoltaik enerji santrali sahasinin merkezinde ginliik ve mevsimsel olarak bazi gegici fotovoltaik 1s1
adas1 olusumlarin: gostermektedir. Santral merkezinin hava sicakligi, giindiizleri daha sicak (6°C farka kadar) ve
geceleri daha soguk ((-3)°C farka kadar) olma egilimindedir.
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NOMENCLATURE

°C degree Celsius

AT Temperature Difference

ANOVA One-Way Analysis of Variance

avg Average

BLUHI Boundary Layer Urban Heat Island
CLUHI Canopy Layer Urban Heat Island
HSD Honest Significant Difference

m/s meter/second

NE North East

P Hourly Average PVPP Power Output
PV Photovoltaic

PVHI Photovoltaic Heat Island

PVHIE Photovoltaic Heat Island Effect
PVPP Photovoltaic Power Plant

Tm Module Temperature

Tm_avg Hourly Average Module Temperature

Tamb_agHourly Average Ambient Temperature

UHI Urban Heat Island

UHIE Urban Heat Island Effect

W/m? Watt/square-meter

WS; i"™ number Weather Station (i=1,2,3)

WSr; Temperature measured/recorded by i
number weather station

WSti_avg Hourly Average temperature
measured/recorded by i number
weather station

WSwoi Wind Direction measured/recorded by

ith

number weather station

WSwsi Wind Speed measured/recorded by it"

number weather station
INTRODUCTION

Large-scale use of rural land areas requires utility-scale
solar energy systems referring to the immense power
plants based on Solar Photovoltaic and Concentrated
Solar technologies. While the recent R&D efforts
improve the efficiency of cells, modules, and other solar
energy devices, and solar electricity becomes more
affordable, the construction of these plants is also
expanded over cultivated/uncultivated or vacant lands.
In this expansion process, the influence of
microclimatic factors and determining the optimal
installation sites should also be considered (e.g., for the
"agrivoltaic systems" which meet the energy demand of
agricultural production (Adeh et al., 2018; Adeh et al.,
2019; Chamara and Beneragama, 2020; Mokarram et
al.,, 2020). Nevertheless, the alteration of PVPP
installations in land use brings an environmental
problem into the agenda regarding the energy transfer
between those land surfaces and the overlying
atmosphere. Because of the changes in the balance
between the incoming (shortwave) solar and outgoing

158

(longwave) terrestrial radiation, a possible HIE can be
observable in the regions enclosing a solar photovoltaic
power plant site.

HIE is usually defined with prefixes, which specify the
type/source of the effect, and the most discussed one is
Urban Heat Island Effect (UHIE). Including some
researches  for  different world cities and
analysis/modeling methods, UHIs have generally been
studied according to the artificially-induced air
temperature rises caused by the high-density buildings
and low-density green spaces, lack of trees and ponds,
vehicle traffic and roads, GHG emissions, etc. of
metropolitan areas. Deilami et al. (2018) presented a
comprehensive systematic review of UHIE methodology
and Spatio-temporal factors. Spatial variability is found
in Hardin et al. (2018)'s research: The daytime and
nighttime temperatures were monitored for four U.S.
cities by utilizing weather stations to understand the
UHI intensity and regional air temperature variability
under the local weather conditions.

Some UHI-related modeling studies are introduced by
Dorer et al. (2013); Mirzaei (2015); Xu. et al. (2017).
Dorer et al. (2013) examined UHI according to heat
exchange and building energy demand depending on
urban microclimate and urban fabric design, including
city building geometries and street canyons. Mirzaei
(2015) categorized 33 UHI studies by considering their
purpose, location, methodology, and significant
finding. Xu. et al. (2017) simulated high-rise buildings
with stack-effect of split-type air-conditioners and the
solar radiation-induced thermal environment around
these buildings. Dwivedi and Khire (2014) compile
UHI measurement methods and techniques in their
work.

In the literature, there is also a variety of location-based
UHI analyses made, such as for Ankara (Turkey) by
Yuksel and Yilmaz (2008); for Istanbul (Turkey) by
Kuscu and Sengezer (2012); for Cyprus by Hadjimitsis
et al. (2013); for Chicago (U.S.) by Coseo and Larsen
(2014); for Adana (Turkey) by Yilmaz (2015); for
Nagpur (India) by Kotharkar and Surawar (2016); for
Konya (Turkey) by Canan (2017); for Kendari City
(Indonesia) by Aris et al. (2019). In these studies,
different methodologies were utilized to understand the
formation type, intensity, sources, and factors of
daily/seasonal urban heat island effect, such as Landsat
satellite images, land surface temperature analysis,
meteorological weather stations traverse surveying, etc.
The high absorptance and low reflectance of incoming
solar radiation on the urban fabric during daytime are
followed by the high thermal emittance (longwave
InfraRed (IR) radiation) of extra heat during nighttime.
Thus, daily UHIE (plus seasonally influenced) cycles
can be detectable. Table 1 shows the basic features of



the main UHI formations, Atmospheric and Surface.
Here, it is essential to note that the atmospheric UHI
observations are made for the canopy (CLUHI) and
boundary (BLUHI) layers of the atmosphere. At the
same time, Surface UHI (SUHI) is linked to the surface
temperature changes along with the urban fabric.

Table 1. Essential Features of UHI formations.
(US EPA (2014); Dwivedi and Khire (2014); Voogt (2008))

Feature Surface UHI Atmospheric UHI
Time of day | Presence: All times | Presence: Small or
and season of the day and absent during the
night day
Intensity: During the | Intensity: At night,
day and in the before dawn, and in
summer the winter
Temperature | Day: 10 — 15 °C Day:-1-3 °C
Variation Night: 510 °C Night: 7 —12 °C
Identification Fixed weather
method / monitoring stations:
instrument e Ground-
mounted
versions for
CLUHI
e Tower-mounted
Remote Sensing versions for
(3D, 2D, ground): . BLUHI )
; Mobile traverses:
o Satellites .
- o Automobiles for
o Aircrafts
e Some ground CI.‘UHI
systems o Aircraft for
BLUHI
Vertical sensing:
e SODAR (Sonic
Detection and
Ranging) for
BLUHI
Tethered balloons
for BLUHI
- N Isotherm mapping,
Depiction Thermal imaging Temperature graphs

As a similar and ensuing issue with fewer studies,
PVHIE has been discussed in the literature for the last
ten years. Nemet (2009) presents a substitution effect
between fossil fuels and the two PV installation
scenarios in terms of albedo change and radiative
forcing. Turney and Fthenakis (2011) and Hernandez et
al. (2014) give a place for this drawback of land use
within their articles concerning the environmental
impacts of utility-scale solar energy. Armstrong et al.
(2014), Barron-Gafford et al. (2016), and Barron-
Gafford et al. (2019) demonstrated the ground-
vegetation-air energy fluxes before- and after the
mounting of a PV module. A few studies associate their
field data and simulation/modeling works with PVHIE
positively and negatively (Millstein and Menon, 2011;
Fthenakis and Yu, 2013; Masson et al., 2014). As
shown in Figure 1, heat release from a PV module
surface depends on three physical processes: Radiation,
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convection, and conduction. These processes are linked
to several structural module properties such as solar
cells' efficiency (commercially % 10-25 in general) and
their packing density, electrical operating point,
module heat capacity, and anti-reflective coatings
(ARCs) as well.

Jal -
(O Conductive Heat Loss

Figure 1. Heat Release Processes between PV Module
Arrays and Surrounding Air (Demirezen et al., 2022)

In addition to the PVHIE researches above, some
studies on thermal modeling (Lobera and Valkealahti,
2013; Siddiqui and Arif, 2013; Tuncel et al., 2018),
degradation and reliability (Saadsaoud et al., 2017;
Ozden and Akinoglu, 2018), and shading effect (Kiris
et al.,, 2016) analyze PV module temperature and
efficiency/performance according to weather/climatic
and environmental conditions.

To make the contributions listed below to the previous

PVHIE-related studies, it has been conducting the

research projects of this field study since October 2017

for a photovoltaic power plant near the Sekbandemirli

Village and Rural Region in the Kutahya city of

Turkey:

e The first field study of Turkey related to this

issue

A comprehensive PVHIE analysis made by the
combination of different methods/techniques
(statistical, graphical, and correlational)

Daily and seasonal assessments made thanks to
2-year field data-collection

A simulation-based analysis planned for the
next stage of the study by using a microclimate
and heat island simulation software, ENVI-
met

A beneficial resource for the academicians,
researchers, policy-makers, and stakeholders
working on PVPP projects

FIELD STUDY AND METHODOLOGY

Sekbandemirli Village (39.52°N; 29.34°E) is a rural
settlement area 16 km away from Tavsanli, one of the
Kutahya city's districts in Turkey. As a geographic
transition location between Turkey's three regions, its
seasonal weather conditions are under Central
Anatolia, Aegean, and Marmara  climates.
Sekbandemirli has mostly mild average temperatures
and wind speeds from the category "calm" to "moderate



breeze" (Beaufort scale) throughout the year. The
village is surrounded by grasslands and shrublands
partly met some steppe fields.

In 2017, Sekbandemirli PVPP (25 MW) was
constructed on an adjacent uncultivated area (44000
m?) of the village with the installations of mono-
crystalline and poly-crystalline solar modules having
the conversion efficiencies of 18.4 % and 16.6 %,
respectively (Figure 3). The front edge of the PVPP's
module arrays is 0.5 m above ground, whereas this
height is 1.9 m for their rear edge. The solar module
tilt angle is 20°.

There are two web interfaces used to monitor the
study's field data: The first one, PlantMet
(http://web.plantmet.com.tr), is an agricultural and
meteorological data monitoring system for the
measurements of the weather stations WS; and WS,
(every 10-minute and hourly intervals). The second
one, SunnyPortal (www.sunnyportal.com), is to track
WS;3 (hourly intervals), the PVPP's power output, and
the module temperature. Both numerical values and
graphical demonstrations can be viewed for the selected
dates or date intervals on these interfaces. The
methodology diagram of the study is given in Figure 2.

Figure 2. Methodology Diagram of the Study

In summary, the PVHI formations in the Canopy Layer
were observed in the PVPP field and its close
surroundings, and it was planned to use “fixed (ground-
mounted) weather monitoring stations” for those
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observations. The brand/model and features of these
weather stations used are given in the following sub-
section. In addition, the interfaces where both the
meteorological data collected via these weather stations
and the PV module temperature and PVPP electrical
power output data collected from the PVPP field are
monitored on the web will be explained.

Before the construction

Sekbandemirl
Village

After the construction

Sekbandemirfi

4

. o
y b
I B

1
. B
[ ) 39;31418°4:N29:202631 . E
i .
A

\ 557 WS2 30°310610:N129:20:29.6°E

(b)
Figure 3. Site Plan (a) and Google Earth View (b) of the
Sekbandemirli rural region and PVPP
(Red drawings (a) and yellow-colored coordinates (b) show
the weather station (WS) locations)

DATA COLLECTION AND MONITORING

The analysis methods, correlation results, and graphical
comparisons of 24-month data collected from
November 2018 to October 2020 via the three weather
stations (WSi.3) are explained in the following



sections. This 24-month data includes the main
parameters below for PVHIE observation:

o hourly average (hourly averages are calculated
from the 10-minute averages between the
hours XX:00 — XX:50) air temperature (°C;
from outside to the center of the PVPP field as
WSr1,m2 138t 2 m above ground)

e photovoltaic module surface temperature (°C;
Tm_avg)

e average wind speed (m/s; WSwsiws2 at 2.5 m
above ground; WS; doesn't have wind speed
sensor)

e wind direction (degrees; WSwpiwp2 at 2.5 m
above ground; WSs; doesn't have wind
direction sensor)

The weather measurements below are also collected as

supportive data:

incoming solar radiation (W/m?;
WS3)

relative humidity (%; WSghi, WSgrhz;
doesn't have relative humidity sensor)

rainfall amount (mm; WSgai, WSraz; WS3
doesn't have rainfall amount sensor)

rainfall speed (mm/h; WSgsi, WSgs2;
doesn't have rainfall speed sensor)

barometric pressure (mbar; WSgp1, WSgp2; WS3
doesn't have barometric pressure sensor)

° WSly WSZ!

WS3

WS3

Each weather data specified above is grouped as the
monthly data sets. Microsoft Office Excel 2019 and its
Data Analysis ToolPak were used for the data filtering,
the calculations of the results given in the next section,
and chart illustrations.

Because WSs doesn not have a solar radiation sensor,
WS;’s incoming solar radiation measurements are
required to separate the daytime and nighttime
measurements from the daily data inside the PVPP
field:

e a daytime value when "not zero"

e a nighttime value when "'zero"

The statistical and graphical comparisons, correlation
results, and further work will be explained in the
following sections.

RESULTS
Error Analysis and Data Reliability

The sensor accuracy of weather station measurements
(from their technical specification documents) and the
confidence intervals calculated from the error analysis
of each weather parameter's cumulative data are given
in Table 2 (the Microsoft Excel 2019 functions used to
calculate the numerical results on the table are specified
for each category).
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If the confidence level is smaller than sensor accuracy
or equals it, this contributes to the usability of the
relevant parameter measurements as reliable data. It
should also be considered that the weather stations had
sometimes failed to send field data (null values) due to
some technical problems. As shown in Table 2, the
confidence intervals of all the weather parameters are
smaller than the accuracy of the WS sensors taking
measurements. So, the data reliability is ensured for all
the parameters.

Table 2. Confidence Intervals and Sensor Accuracy

WS WSt WSt3 | Tm_ aw Sws1 WSws2 WSwo1 | WSwo2
Standard
Deviation® 8.4 8.5 9.5 141 11 11 98.2 90.8
Standard
Error® 01 01 0.1 0.1 0.0 0.0 0.6 0.6
Teritical ©

20 20 20 20 20 20 20 20

Confidence N
Interval +0.1°C | +0.1°C o2c [ 0.2°C pom/s P.Om/s |+ 1.2 +1.1°
(% 95)¢ :
Sensor o o + o [£09 |£0.9 o °
Accuracy® +0.3°C [+0.3°C 03°C - 0.3°C mis mis +3 +3

a: SUBTOTAL (STDEV.P; Summation of the hourly averages of all the 24 month-
data)
b: Standard Deviation / (SQRT (SUBTOTAL (COUNT; Summation of the hourly
averages of all the 24 month-data)))
c: TINV(0,05; (SUBTOTAL (COUNT; Summation of the hourly averages of all the 24
month-data)) — 1))
d: Terit * Standard Error
e: Technical specification documents of the weather stations:

e WSI and WS2: Davis / Vantage Pro2™

e WS3:PV-met/ 150

e PV module temperature sensor connected to WS3: PV-met / A2101

Statistical Significance between Weather Stations

In the first publication of the study (Demirezen et al.,
2018), two statistical methods were used to compare the
first 8-month (10-minute intervals) data sets of WS;
and WS;. The first one, One-Way Analysis of Variance
(ANOVA), shows if there are statistically significant
differences between the means of three or more
independent groups (here, weather stations) or not.
Following the results of One-Way ANOVA, the second
method is a Post Hoc Test named Tukey's Honest
Significant Difference (HSD) particularly shows which
of these groups differ from each other. The nearby
Tavsanli WS's data from the Turkish State
Meteorological Service (https://www.mgm.gov.tr) was
provided to meet the requirement of a third WS to
perform these methods. Among four weather
parameters (air temperature, relative humidity,
barometric pressure, and wind speed), the only
insignificancy between WS; and WS; was found for air
temperature. That is to say; any distinct PVHI
formations had not been observed yet around the
location of the Sekbandemirli PVPP field surrounding
WS or WS; (Figure 4).

After the WSs's installation, both these methods were
applied to make the comparisons again, and this time,
the 24-month (hourly intervals) data sets of three WSs
were used. Firstly, the ANOVA results are given in



Table 3. The measurements of three WSs differ
significantly on air temperature concerning the two
conditions of ANOVA:

p-value = 0.00 < a. = 0.05 (Significance level) 1)
F-value = 47.20 > Fcritical = 3.00
Table 3. One-Way ANOVA Results
Groups Data Count Sum Average Variance
(avg)
WS, 16524 221030.80 134 76.89
WS, 16899 223615.85 132 78.08
WS3 14210 201377.55 142 90.60
Sum of Degrees Mean
Source of of F- .
o Squares Square Fcritical p-value
Variation Freedom alue
(sS) (@ (M.S)
Between 7683.87 2| 384193 | 47.20 3.00 0.00
Groups
Within 3877165.28 47630 81.40
Groups
Total 3884849.14 47632

The parameters below are used to find the HSD value
(Equation (3)) and which of the weather stations differ
from each other by Tukey's HSD test:
o  MSyitin (from Table 3);
e n (data number for the station having fewer
measurements than the other two from Table
3)
e ( (from Table 4) values

Table 4. Q Scores for Tukey's Method
(k: number of independent groups; df (within): degrees of
freedom; a: significance level (0,05))

k 2 3 4 5 6 7 8 9 10

df

1 180 270 328 37.1 40.4 43.1 45.4 47.4 49.1
2 608 833 980 10.88 1173 1243 13.03 1354 1399
3 450 591 6.82 7.50 8.04 8.48 8.85 9.18 9.46
4 393 504 576 6.29 6.71 7.05 7.35 7.60 7.83
5 364 460 522 5.67 6.03 6.33 6.58 6.80 6.99
6 346 434 490 5.30 5.63 5.90 6.12 6.32 6.49
7 334 416 468 5.06 5.36 5.61 5.82 6.00 6.16
8 326 404 453 4.89 5.17 5.40 5.60 5.77 5.92
9 320 395 441 4.76 5.02 5.24 5.43 5.59 5.74
10 315 388 433 4.65 491 5.12 5.30 5.46 5.60
1 311 382 426 4.57 4.82 5.03 5.20 5.35 5.49
12 308 377 420 451 4.75 4.95 5.12 5.27 5.39
13 306 373 415 4.45 4.69 4.88 5.05 5.19 5.32
14 303 370 411 4.41 4.64 4.83 4.99 5.13 5.25
15 301 367 408 4.37 4.59 4.78 4.94 5.08 5.20
16 300 365 405 4.33 4.56 4.74 4.90 5.03 5.15
17 298 363 4.02 4.30 4.52 4.70 4.86 4.99 511
18 297 361 400 4.28 4.49 4.67 4.82 4.96 5.07
19 296 359 398 4.25 4.47 4.65 4.79 4.92 5.04
20 295 358 396 4.23 4.45 4.62 477 4.90 5.01
24 292 353 390 4.17 4.37 4.54 4.68 4.81 4.92
30 289 349 385 4.10 4.30 4.46 4.60 4.72 4.82
40 286 344 379 4.04 4.23 4.39 4.52 4.63 4.73
60 283 340 374 3.98 4.16 431 4.44 4.55 4.65
120 | 280 336 368 3.92 4.10 4.24 4.36 4.47 4.56
0 277 331 363 3.86 4.03 4.17 4.29 4.39 4.47

If the differences (absolute values) between the
averages (Table 3) are bigger than the HSD value, the
air temperature measurements of those two weather
stations are significantly different from each other. As a
result of the comparisons in the equations (4,5,6), the
PVPP field's center might be a possible PVHIE source.
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HSD = q V(MSuyimin/n) = 3.31 V(81,40/14210) = 0.3 (3)

WS ag- WSr1 avg= 0.2 < 0.3 (Not signif. diff)  (4)
WSr1_ag - WSt3 avg = 0.8 > 0.3 (Signif. different)  (5)
WSt a - WSt3 avg = 0.9 > 0.3 (Signif. different)  (6)

@)aphical Comparisons

In the previous section, the occurrence of some
temporal PVHIs caused by the PVPP is inferred
regarding the WSs's data and statistical analyses. This
inference is supported by the graphical comparisons of
daytime (Figure 4a) and nighttime (Figure 4b) air
temperature  differences with quantitative data
presented below. Among all the 24-month collected
data, AT percentages correspond to the distribution of
AT values bigger than 1°C or smaller than -1°C. The
Tm_avg (Nourly average module temperature) and Tamb_avg
(hourly average air (ambient) temperature) curves were

added to the comparisons.
i ‘ | ' ) I |

90.0

] |
< s00
g 400
a 200
20,0
10.0 |
0.0

——

1000

¥ @

ol

Figure 4. Monthly AT Percentages for Daytimes (a) and
Nighttimes (b) with Tm_avgand Tamb_avg CUrves

In the daytimes of each of the 24 months, PVHIE can
be more or less observable at the PVPP field center,
where up to 6°C higher air temperatures were found in
Figure 4a. The Tm ag and Tams_avyg CUrves also have a
strong relationship with the PVHI formations. Because
the Tm avg Curve always shows a trendline in the upper
position of the Tamp_avg Curve along the 24 months, the
heat exchange (Figure 1) from the solar modules to the
overlying atmosphere causes these daytime seasonal
positive formations, and they can be observable.
Besides, a negative but less effective PVHIE with up to
3°C air temperature differences (WSr: > WSt3) is more
prominent in autumn and winter nights and less
detectable in spring and summer nights (Figure 4b) due
to the cooling process of the PV modules. Although the
Tm avg CUrve is above the Tams avg Curve along all the
seasons except winter, a distinct relation can't be



defined for the nighttime exchanges between each other
and this negative PVHIE. The trend curves of monthly
maximum daytime (Figure 5a) and minimum nighttime
(Figure 5b) air temperatures measured by the WSs
support the daily and seasonal PVHIE findings above.

Night ime Minimum Air T. (°C)

2

2 2 2 L2 >
SO

S D S DD P D
.3 P U gy i
Rl S
Co \.x“ R ‘,-\“ T

O B A
o P

(b
Figure 5. Monthly Daytime Maximum (a) and Nighttime
Minimum (b) Air Temperature Changes

WS

A graphical illustration of the Sekbandemirli rural
region and the measured air temperatures on weather
station locations for a day hour of November 2019 and
a night hour of August 2019 are given in Figure 6. a
PVHI occurrence can be understood towards the field
center on November 24 at noon (Figure 6a). An inverse
effect resulting in a colder PVVPP field center on August
13 at 02:00 is illustrated, too (Figure 6b).

WS; WS W3
24.11.2019
12:00

WS| WSp Ws3
13.08.2019
02:00

(b)
Figure 6. PVHI occurrences on a 2019 November day (a) and
a 2019 August night (b) in Sekbandemirli Region
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Correlation Results

Table 5. Pearson (a) and Spearman (b) Correlation Results
for AT-Tm_avg and AT-P

(closer to +1, the stronger positive linear relationship;
closer to -1, the stronger negative linear relationship)

(The correlation coefficients couldn't be given for Jan. 2020
due to a technical problem for the Tm_avg data records)

AT-Tm_avg AT-P AT-Tm_avg AT-P
Day | Night Day Day Night Day
Nov. 2018 | 0.82 | 0.11 | 0.88 Nov. 2019 | 0.81 | -0.11 | 0.88
Dec. 2018 | 0.79 | -0.04 | 0.86 Dec.2019 | 0.64 | -0.04 | 0.67
Jan. 2019 | 0.67 0.21 0.62 Jan. 2020 n/a n/a 0.76
Feb. 2019 | 0.67 | -0.17 | 0.70 Feb. 2020 | 056 | 021 | 050
March 2019 | 0.72 | 0.03 | 0.69 | March2020 | 0.75 | -0.28 | 0.79
April 2019 | 0.48 | 037 | 031 April 2020 | 0.58 | 059 | 0.38
May 2019 | 052 | 044 | 0.34 May 2020 | 049 | 040 | 031
June 2019 | 0.61 | 054 | 0.40 June 2020 | 055 | 0.69 | 0.33
July2019 | 055 | 071 | 0.35 July2020 | 051 | 070 | 0.25
Aug. 2019 | 055 | 0.65 | 0.32 Aug. 2020 | 051 | 0.83 | 0.24
Sept. 2019 | 058 | 0.68 | 0.31 Sept. 2020 | 054 | 071 | 0.32
Oct. 2019 | 057 | 0.63 | 0.33 Oct. 2020 | 053 | 057 | 0.32
(a)
AT-Tm_avg AT-P AT-Tm_avg AT-P
Day | Night Day Day Night Day
Nov.2018 | 078 | 0.10 | 091 Nov. 2019 | 0.82 | -0.06 | 0.91
Dec. 2018 | 0.73 | -0.05 | 0.86 Dec. 2019 | 0.70 | 0.07 | 081
Jan. 2019 | 049 | 013 | 065 Jan. 2020 | nla nfa_| 0.78
Feb.2019 | 0.69 | -0.24 | 0.76 Feb.2020 | 052 | 0.14 | 0.50
March 2019 | 074 | %97 | 072 | March2020 | 0.76 | -0.20 | 8%
April 2019 | 0.60 | 0.13 | 0.46 April 2020 | 0.66 | 052 | 0.47
May 2019 | 0.61 | 036 | 0.44 May 2020 | 0.59 | 0.25 | 0.47
June 2019 | 0.65 | 0.41 | 0.49 June 2020 | 0.64 | 056 | 0.47
July2019 | 054 | 0.60 | 0.38 July2020 | 052 | 063 | 0.27
Aug. 2019 | 051 | 058 | 0.31 Aug. 2020 | 0.48 | 073 | 0.24
Sept. 2019 | 0.57 | 0.62 | 0.34 Sept. 2020 | 0.54 | 062 | 0.37
Oct. 2019 | 058 | 0.61 | 0.38 Oct. 2020 | 058 | 041 | 047
(b)

In terms of linear (Table 5a) and monotonic (Table 5b)
relation strength between the air temperature difference
AT (WSrs-WSt1), hourly average PVPP power output
(P), and hourly average module temperature (Tm_av);
Pearson and Spearman correlation coefficients were
calculated for daytimes and nighttimes between
November 2018 and October 2020. Here, AT is
introduced as the primary indicator of a PVHI.




Local Winds and PVHIE

Utilizing the 10-minute average wind speed and
direction data of WS;'s measurements from October
2017 to August 2020, the wind roses for the
Sekbandemirli PVVPP field were depicted in Figure 7a,
considering the maximum speed (up to 8 m/s) and
prevailing speed intervals (0-2 and 2-8 m/s) of the
region's local winds. They show that the prevailing
winds over the PVPP field blow from the North-East
(NE) between the speed intervals as follows (according
to the Beaufort scale): 0-2 m/s: from "calm air" to
"light breeze", 2-8 m/s: from "light breeze" to
"moderate breeze".

To understand if these prevailing winds interact with
the PVPP's South-facing modules (Figure 7b) and alter
the daytime positive PVHIE trend, Figure 8 shows the
daytime AT results associated with the daytime wind
direction data (24-month), and the correlation
coefficients between the hourly average wind speed
measurements and AT are given in Table 6.
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Figure 7. Sekbandelrll Regin‘s Win Rose (a) and
Sekbandemirli PVPP's South-Facing Solar Modules (b)
(Yellow arrows show the prevailing wind direction as NE)
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Figure 8. AT associated with Wind Direction data (24-
month)
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Table 6. Pearson (a) and Spearman (b) Correlation Results
for AT - Hourly Average Wind Speed

(closer to +1, the stronger positive linear relationship;
closer to -1, the stronger negative linear relationship)

(The correlation coefficients couldn't be given for Jan. 2020
due to a technical problem for the Tm_avg data records)
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AT-WSz-naws AT-WSs-naws

Day Day

Nov. 2018 0.03 Nov. 2019 0.02
Dec. 2018 0.06 Dec. 2019 -0.18
Jan. 2019 0.12 Jan. 2020 0.13
Feb. 2019 -0.06 Feb. 2020 -0.09
Mar. 2019 -0.04 Mar. 2020 -0.10
April 2019 0.29 April 2020 0.03
May 2019 0.12 May 2020 0.00
June 2019 0.37 June 2020 0.21
July 2019 0.34 July 2020 0.22
Aug. 2019 0.27 Aug. 2020 0.25
Sept. 2019 0.12 Sept. 2020 0.25
Oct. 2019 -0.18 Oct. 2020 -0.09

(@
AT-WSz-naws AT-WSs-naws

Day Day

Nov. 2018 0.09 Nov. 2019 0.03
Dec. 2018 0.07 Dec. 2019 -0.21
Jan. 2019 0.17 Jan. 2020 0.15
Feb. 2019 0.00 Feb. 2020 -0.01
Mar. 2019 -0.06 Mar. 2020 -0.08
April 2019 0.35 April 2020 0.05
May 2019 0.15 May 2020 0.02
June 2019 0.41 June 2020 0.25
July 2019 0.34 July 2020 0.18
Aug. 2019 0.27 Aug. 2020 0.24
Sept. 2019 0.09 Sept. 2020 0.27
Oct. 2019 -0.16 Oct. 2020 -0.07

(b)
DISCUSSION

As seen from the Sekbandemirli Site Plan (Figure 3),
by comparing the northern sub-field (WS;’s location)
and the North-East part outside the PVPP field (WS;’s
location), the PV module arrays are denser at the center
of the PVPP field center where WS; is installed. As a
result, stronger heat dissipation and interaction between
the PV modules and their close/surrounding
environment might occur at the field center. Thus,
significant air temperature differences between WSts
and the other weather stations are detectable (see the
“Statistical Significance between Weather Stations”
section). Thus, the center of the PVPP field and the PV
module arrays here might be a possible heat island
source.

As given in the graphical comparisons of the study, the
inferences from Figures 4a and 4b are made as follows:




- Figure 4a shows that the overall percentage of positive
PVHI formation numbers at the field center gets higher
during daytime in the summer months by varying
between 0-3°C for 24 months (up to 6°C for some
formation intensities). The term “positive” indicates
that the PVPP field center is warmer than outside the
field. The Tambay and Tmag curves are directly
proportional to the heights of the columns over 24
months. The PV module arrays warm faster than the air
surrounding them, so the Tm ay CUrve is at an upper
position. When the distance between these curves
increases in the summer months, the daytime positive
PVHI formations are stronger. Figure 5a, the monthly
daytime maximum air temperature changes measured
by the weather stations, supports these findings when
the WS curves are compared.

- As shown in Figure 4b, the overall percentage of
negative PVHI formation numbers at the field center
gets higher towards the autumn and winter months by
varying between 0-3°C for 24 months. The term
“negative” indicates that the PVPP field center is colder
than outside the field. The Tamb_avg and Tim_ayg CUrves are
inversely proportional to the heights of the columns.
The PV module arrays cool faster than the air
surrounding them on spring and summer nights
inferred from the figure; the Tm_avy CUrve is at a lower
position. In the winter months, the air in the
Sekbandemirli region cools faster than the PV module
arrays. Therefore, Tm_ avg iS at an upper position during
these months. In Figure 4b, there is not a significant
relationship between the curves and PVHI formation
intensity (percentage columns). As a supportive graph
for Figure 4b, the monthly nighttime minimum air
temperature changes measured by the weather stations
are given in Figure 5b. WS; recorded mostly lower
temperatures than WS; and WSs.

The study’s correlation results (Pearson and Spearman)
are shown in Table 5a and 5b. During daytimes, the
relation strength between AT (PVHI formation
intensity) and Tm ay tends to be getting weaker from
autumn-winter to summer months, getting stronger
from summer to winter months. AT and P also have
similar correlations. Conversely, between these seasons,
the AT-Tm ayg relation strength follows an inverse trend
for nighttimes. Because of no electricity production
during nighttimes, Table 5a and 5b do not include a
nighttime AT-P correlation column.

In Figure 8, the PVHI formations are apparent with
more data points when the wind blows from the
directions between 0-90 and 180-270 degrees. Because
the prevailing wind direction as NE (45 degrees) has
many data points to indicate a PVHI occurrence in
Figure 8, it can be concluded that their blowing angle is
not convenient to reduce the positive PVHIE at the
PVPP's field center. These local, prevailing winds
mostly blow towards the upper right corner of the PV
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modules, not their surface, where a natural cooling
effect can be provided). Although a slight increase in
the correlation strength is observed during the summer
months, the inconvenience explained above can also be
mentioned by presenting the low or small correlation
coefficients between the hourly average wind speed
measurements and AT for most of the year (Table 6).

As for the third stage, it is planned to support the study
with a microclimate and heat island simulation
software, ENVI-met  (https://www.envi-met.com)
(Huttner, 2012; Ambrosini et al., 2014; Sodoudi et al.,
2014), which provides a detailed simulation
work/analysis by considering measured weather
parameters and land cover change on a geographical
location. Thus, this extra analysis will develop the
current methodology and findings and contribute to the
related studies on PVHIE.

CONCLUSIONS

The ground-based PVPP installations alter land surface
albedo (reflectivity) due to their dark-colored solar PV
modules (and their heat radiation while operating), and
thus, Photovoltaic Heat Island (PVHI) formations
might be observable as an atmospheric environmental
impact. Although Urban Heat Island Effect is
commonly and comprehensively studied in the
literature, fewer studies investigate this effect caused by
PVPPs. This paper presents our project's two
consecutive stages showing the progressive structure of
its findings.

Following the error analysis for data reliability and the
statistical analysis for measurement significance, 25-
month data of the second stage show daily (day-night)
PVHIs occurring at the PVPP's center with up to 6°C
higher air temperatures than the ones measured outside
the PVPP field for daytimes. Some inverse (negative)
but less-effective PV heat islands are also formed with
up to 3°C higher air temperatures outside the field
during nighttimes. Monthly maximum air temperatures
for daytimes and monthly minimum air temperatures
for nighttimes support these results. A graphical
illustration of the Sekbandemirli rural region and the
measured air temperatures on the weather station
locations for a day hour of November 2019 and a night
hour of August 2019 is also given in the Results
section.

These PVHI formations have specific formation
frequencies on a monthly (seasonal) basis. Although
solar PV module temperature and power output can be
mentioned as the essential determinants or indicators
for PVHIE, their correlation weakens from winter to
summer and strengthens from summer to winter for
daytimes; and vice versa for nighttimes. Simultaneous
monitoring of solar module and air (ambient)
temperatures should be considered to understand the



PVHI formation mechanism by radiative and
convective heat transfer (Figure 1). It should also be
noted that the PV module types, which are
commercially preferable for land/ground-based PVPP
installations, have low heat capacity/high emissivity
values taking a significant role in these formations.

As for geographical location choice and sunshine
duration analysis, it is also important to investigate a
PVPP field's local wind speed and direction before PV
module placement and orientation. Wind has capable of
reducing HIE by natural convective cooling. On the
other hand, having the prevailing wind direction
(North-East), the Sekbandemirli PVPP field can't
benefit from the region's local winds: They blow onto
the solar modules from an inconvenient angle, and
thus, they can't cool them during daytimes. Another
supportive finding for this inference is that there is a
low or no correlation between wind speed and PVHI
formation almost all year round.
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