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ABSTRACT

To estimate the performance of the photovoltaic power systems is the key issue in their techno-economic feasibility analysis.
Performances, on the other hand, strongly depends on the module temperatures of the photovoltaic systems. In this study,
we evaluated the performance of ten different module temperature estimation models using the measured outdoor data of
five different modules. The modules are installed at the rooftop of a building located at Central Anatolia where the climate
is cold and semi-arid. The results showed that the models having smaller number of parameters perform better than the
others. We concluded that such analysis should be carried out at different ambient conditions so that the best performing
models for the site can be obtained. Another outcome of the study is that the seasonal evaluation of the performance of the
models should be carried out.
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1. INTRODUCTION

The interest in renewable energy resources is growing
due to the environmental damages of fossil fuels. So
nowadays, many power plants that use renewable energy
resources such as hydro, wind and solar, etc. have been
installed worldwide in the last decades. Especially, solar
power plants installments are rapidly growing all over the
world. Reports published by International Renewable
Energy Agency (IRENA, 2019) and International Energy
Agency (IEA, 2019) in 2019 show that total installed
photovoltaic (PV) capacity reaches nearly 500 GWp.
Also, the same report (IRENA, 2019) shows that the PV
capacity in Turkey reaches 5 GWp during just the last
three years. According to another report, including some
scenarios (SolarPowerEurope 2018), this installation
trend will continue at the same rate till 2022. For example,
installation PV capacity in the world will be 1.2 TWp as
regards to high scenarios or will be 813 GWp as regards
to low scenarios.

While the installation of solar power plants increasing
with a large rate, the R&D on the subject matter
interestingly also heavily keeps going. In this respect, the
performance of the solar modules particularly depends on
the module temperature and thus, it becomes important to
estimate the module temperature for short- and long-term
feasibility analyzes. There exist in the literature many
correlations connecting the module temperature to
climatic parameters and datasheet specifications of the
modules.

It is obvious that a considerable amount of solar
energy absorbed by solar panels is converted into heat
within the cell. Then, the temperature of the PV modules
increases due to heat. Researchers conducted several
studies to see how the temperature affects the efficiency
of the modules. According to Dubey et al, efficiency is
linearly decreasing with operating temperature (cell or
module temperature) (Dubey, Sarvaiya, and Seshadri,
2013). A research conducted on this issue by Rahman et
al. illustrated that each 1°C increase in cell temperature
causes a 0.06% decrease in electrical efficiency of the PV
module under solar irradiance of 1000 W/m? (Rahman,
Hasanuzzaman, and Rahim, 2015). Another research
which was conducted by Amr et al. shows that the
temperature of the modules can be decreased using heat
sink fins thermally attached to the back surface of the
modules (Amr et al., 2019). They calculated the module
temperature using a thermal modeling approach and
conducted experiments to compare their results.

The efficiencies of solar cells are measured at
standard test conditions where cell temperature is 25 °C
and irradiance 1000 W/m?. However, solar cells are rarely
meet this standart efficiency value at outdoor conditions,
because on a clear summer day the temperature of PV
panels can reach up to 60 °C (Ozden, Tolgay, and
Akinoglu, 2018). Therefore, to forecast the yield before
solar power plant installation, it is also necessary to
estimate the module temperature. There exist many
temperature estimation correlations from various authors
in the literature (Duffie and Beckman, 2013; Eckstein,
1990; Faiman, 2008; King, Boyson, and Kratochvil,
2004; Koehl et al., 2011; Kurtz et al., 2009; Mattei et al.,
2006; Roberts, Zevallos, and Cassula, 2017;
Santhakumari and Sagar, 2019).

Skoplaki et al. indicated that free convection loss is
insignificant when compared to wind convection loss for
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wind speed 1-15 m/s. They obtained that the average
deviation between measured and estimated Tc values is
less than 3 °C in the range 1-15 m/s (Skoplaki,
Boudouvis, and Palyvos, 2008).

Mattei et al. used two different temperature
equations and found that after 10 m/s wind speed effect
becomes less important in terms of yield per meter square
(Mattei et al., 2006). Eckstein estimated the module
temperature in his thesis by using a loss temperature
coefficient (Eckstein, 1990). M. Akhsassi et al. developed
two temperature equations, one can be used with wind
speed data and the other can be used without wind data.
They have used 32 monocrystalline silicon panels and
calculated overall lost coefficients for the panels.
Moreover, they have analyzed different types of thermal
models. In their analysis, they have found that Sandia and
Faiman temperature model overestimates the PV module
temperature when irradiance is high and underestimates
the module temperature when irradiance is low whereas
Lasnier thermal model underestimates module
temperature when irradiance is high and overestimates
when irradiance is low (Akhsassi et al., 2018). Gokmen
et al. investigated two different thermal models; one of
them considers the cooling effect of wind whereas the
other one does not consider. The authors estimated yearly
energy values using predicted module temperature from
these models and measured module temperature from a
PV system, including Poly-Si modules at the windy
location Aalborg, Denmark. The study presented that
formula (does not consider the wind speed data)
underestimates the yearly energy by 3.5% since it
overestimates the module temperature (Gékmen et al.,
2016).

Dierauf et al. have developed a formula differing
from traditional ones. Their new thermal model estimates
the temperature by considering the effects of the ambient
temperature and wind (Dierauf et al. 2013). Another
temperature formula developed by Ding et al. calculates
the cell temperature with the help of the back surface
temperature of the modules (Ding et al. 2014). Lo Brano
et al. acquired a formula that is sensitive to irradiance and
temperature changes by calculating K factor which is
thermal correction factor (Lo Brano and Ciulla 2013).
Skoplaki and Palyvos analyzed 22 different temperature
models and came up with the fact that use of these models
should be handled with care as they are developed for
specific mounting geometry or building integration level
(Skoplaki and Palyvos 2009). Schwingshackl et al.
worked on four different temperature models of standard
approach namely Skoplaki’s, Koehl’s, Mattei’s and
Kurt’s models. They found out that models which include
wind cooling effects can be used for better estimations
(Schwingshackl et al. 2013).

This study gives the analysis of measured data of
module temperatures for five modules tested in outdoor
conditions of a cold semi-arid climate of Ankara. The
modules are tested for three years. Ten models from the
literature are chosen for a comparative study to reach the
best-performing ones to be used in techno-economic
analysis.

The next section gives the materials and methods
used in work together with a description of the site,
climate, data, and the models. Section three gives the
results of the analysis, and the statistical errors are
tabulated and discussed. The last section is concluding
remarks with some future prospects.



2. MATERIALS AND METHOD
2.1. Description of Sites and Modules

Measurements are taken on the rooftop of METU,
Department of Physics building in Ankara, Turkey which
was located in the Central Anatolia. According to Koppen
- Geiger Climate Classification, Ankara has a cold semi-
arid climate (Peel, Finlayson, and McMahon, 2007;
Rubel et al., 2017).

The technical details of test sites are presented in
Table 1. They are in operation for three years between
April 2016 to April 2019. The average ambient
temperature in this time interval is 13.8 °C. The highest
temperature is 38.5 °C in July 2017 and the lowest
temperature is —8.9 °C in February 2017 during the test
period. And also, annual average relative humidity (RH)
and wind speed is about 60 % and about 1 mi/s,
respectively.

Table 1. Test site details

Parameter GUNAM-Ankara, Turkey
Latitude (°N) 39.9
Longitude (°E) 32.8

Elevation (m) 929

Tilt & Azimuth angle (°) 32&0

Five different types of PV modules are investigated in this
study. Modules are mounted on an aluminum
construction and they are not close to each other. Two of
the tested PV modules which are microcrystalline based
amorphous silicon (pc-Si/a-Si) and Cupper Indium

Table 2. Tested PV Modules Specifications
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Selenide (CIS) are thin film. The other three PV modules
have crystalline silicon structures which are
Monocrystalline  Silicon (Mono-Si), Polycrystalline
Silicon (Poly-Si) and Heterojunction with Intrinsic Thin
layer (HIT). They are cleaned weekly.

M logical station and P
—~
- AV

PV Analyzer =
__—._and data logger

[c]

Remote Access

(  internet

Test beds and tested modules

(b)

Fig. 1. Configuration of METU-GUNAM Outdoor Test
Facility (a) and tested modules - 1: CIS, 2: Poly-Si, 3:
Mono-Si, 4: uc-Si/ a-Si, 5: HIT (b)

The elements of our testing system can be seen in Fig.
1 and the specifications of five tested modules used in the
present study are tabulated in Table 2.

Module Types  Pmax Voc Isc Vwrp Impp n Bstc TmnNocT  Area

(W] \ [A] \ [A] [%] [%/°C] _ [°C] [m2]
CIS 130.0 59.50 3.28 44.90 2.90 12.3 -0.39 40 1.05
Mono-Si 160.0 43.70 5.06 35.30 4.58 125 Rl -** 1.28
Poly-Si 130.0 21.70 8.18 17.80 7.30 12.7 -0.45* 46 1.02
pc-Si/ a-Si 128.0 59.80 3.45 45.40 2.82 9.1 -0.24 44 1.40
HIT 230.0 42.30 7.22 34.30 6.71 16.5 -0.30 45 1.39

* The parameter unit is %/K. ** There is no datasheet for this module. Therefore, some results are missing.

2.2. Receiving Data from the Test Setup

All of the modules are connected to a PV analyzer
which measures the electrical performance, solar
radiation, and module and ambient temperatures. The
average measurement results of these parameters are
taken in every 10 minutes and are saved inside a daily file
to the internal memory of the analyzer. Solar irradiation
is measured by using a Kipp&Zonnen high precision
secondary standard pyranometer, and temperatures data
are measured by using T type thermocouples. The
thermocouples which are used for measurement of cell
temperatures are firmly adhered to at the back of each
module. These temperature sensors are attached to the
middle of the modules (Fig. 2). However, as the junction
box of the pc-Si / a-Si module is located at the center of
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the module backside, the thermocouple of this module is
adhered to near its junction box (Ozden, Tolgay, and
Akinoglu, 2018)

Climatic parameters are measured with a
meteorological station. The station can measure ambient
temperature, RH, precipitation, solar irradiance, wind
speed, and direction every 10 minutes time interval. The
station is fixed to 2 meters above from the floor level of
the rooftop.

B

Fig. 2. One of the temperature sensors adhered to the
backside of a module



The module temperatures reach about 70 °C under
around 1000 W/m? of irradiance and at elevated ambient
temperature except for the pc-Si / a-Si thin-film module.
The corresponding values for the upc-Si / a-Si stay
somewhat at 60 °C at the same conditions.

2.3. Approaches Used in PV Temperature
Estimation

In the study, ten correlations presented in the
literature are used to estimate the module/cell temperature
from ambient temperatures and some other parameters
(see Table 3). These equations are mainly tested and
suggested to estimate the module/cell temperature in
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literature. Besides, some software packages for
performance analysis of PV systems also use some of
these equations (Homer Pro 3.13 help documentation,
2019; PVsyst 6 help documentation, 2019). To estimate
the module temperature, Homer Pro uses Eq. 5 and
PVsyst uses Eq. 1 in Table 3.

Presented equations in Table 3 contain many
parameters. Some are the same while some differ. The
explanation of these parameters is given in the
Nomenclature section. However, values of some of these
parameters (such as parameters with STC and NOCT
indexing) are obtained from the datasheet of modules
supplied by the manufacturer. The other parameter values
are taken from the references explained in the followings.

Table 3. Several correlations to estimate the cell or module temperature.

Eq. # Correlation Ref
King et al.
1 — (a+bV,,) ( !
Tm=G,xe +T, 2004
? T =T + G¢(Tmnocr — Tanocr) (Ross and
€T e Grocr Smokler, 1986)
3 Ty =Ty +—0T Faiman, 2008
m= e Ty UL, (Faiman, 2008)
4 T = UpyT, + Gi(at — nsrc — BsrcNsrcTsrc) (Sandnes and
¢ UPV - BSTC'ISTCGt Rekstad, 2002)
5 1‘=T+Gﬂ%1—ﬁﬁ) (Eckstein, 1990)
¢ a UL aTt ’
G.(T -T h Duffi
6 T, =T, + t(Tmnocr — Tanocr) [1 _ Msrc) hwnocr (Duffie and
Gyocr at h,, Beckman, 2013)
7 T =T + G (Tmnocr — Tanocr) 1- Nsrc(1 — BsrcTmsrc) | Bwnocr (Akhsassi et al.,
¢ a GNOCT aTt h’W 2018)
0.32 (Skoplaki et al.
8 T.=T X (—) X G '
¢ = Tat@x {7 )x G 2008)
Tyt ot x (T -T )xﬁﬂ&ﬂx(l—ﬂﬂgxﬂ—ﬁ xT )) .
. Tat Groar mnNoct — TaNocT h,, aT st¢ X Tsre) | (skoplaki et al.,
=
Bsrcn G hwyocr 2008)
1- ( ST(L);TSTC X (GN(:CT) X (Tm,NOCT - Ta,NOCT) X Wh—w
Tamizh iet
10 Thm=w1 XTg+w, XG+w3 XV, +c (Tamizhmani e

al., 2003)

In Eq. (1), a and b constants are taken from reference
(King, Boyson, and Kratochvil, 2004). They are taken as
—3.47 and —0.0594 for CIS module due to its module
structure (glass/cell/glass and open rack) whereas for the
other modules they are taken as —3.56 and —0.075 because
of their module structure and fixing position
(glass/cell/polymer sheet and open rack), respectively. In
the same equation, the wind speed V,, was measured at a
standard height of 10 m. However, the wind speed was
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not measured at a height of 10 m in our test site.
Therefore, the wind speed value was converted to the
appropriate height using the measurement height by the
following power law (Twidell and Weir, 2015):

Vwref Zref

where z,..f is reference height measured from the ground,

(13)



zis 10 m and V,, .. is the measured wind speed at the
height of the test site. n is the friction coefficient and the
coefficient is a function of the topography at the test site
(small town with some trees and shrubs). It is taken as 0.3
from (Bafuelos-Ruedas, Angeles-Camacho, and Rios-
Marcuello, 2010). In Eq. (3), Uy and U, constants are
taken as 23.09 and 3.11 for the CIS module from (Koehl
et al., 2011) and taken as 25 and 6.84 for the other
modules from (Faiman, 2008), respectively. The Eq. (6,
7, 8 and 9) include the heat convection coefficient
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equations. The correlations to estimate module/cell
temperature in the literature use many parameters of
climatic conditions and its nameplate parameters (Cole
and Sturrock, 1977; Duffie and Beckman, 2013; Kaplani
and Kaplanis, 2014; Loveday and Taki, 1996; Nolay,
1987; Sharples and Charlesworth, 1998). Some of them
are frequently chosen for more accurate estimation of
module/cell temperature and are tabulated in Table 4. The
coefficients of Eq. 12, 20, 16 and 16 in Table 4 are used
In Eq. 6, 7, 8 and 9 (like h,, = 5.7+ 3.8V, and
hwnocr = 5.7 + 3.8V, nocr), respectively.

Table 4. Various air forced heat convection coefficient equations (h,, and h,, yocr)

Heat convection coefficients Eq. # Ref
1 h, =5.67 + 3.86V,, 12 (Duffie and Beckman 2013)
2 h, =5.82+4.07V,, 13 (Nolay 1987)
3 h,, = 11.4 4+ 5.7V, for the windward condition 14 (Cole and Sturrock 1977)
4 h,, = 5.7 for the leeward conditions 15 (Cole and Sturrock 1977)
5 h,, = 8.91 + 2.0V,, for the windward condition 16 (Loveday and Taki 1996)
6 h,, = 4.93 + 1.77V,, for the leeward conditions 17 (Loveday and Taki 1996)
7 h,, = 8.3 + 2.2V, for the windward condition (angle 0°) 18 (Sharples and Charlesworth 1998)
8 hy,, = 7.9 + 2.6V, for the windward condition (angle 45°) 19 (Sharples and Charlesworth 1998)
9 h,, = 6.5 + 3.3V, for the windward condition (angle 90°) 20 (Sharples and Charlesworth 1998)
10 hy, =7.9+ 2.2V,, for the windward condition (angle 135°) 21 (Sharples and Charlesworth 1998)
11 h,, = 8.3 + 1.3V, for the windward condition (angle 180°) 22 (Sharples and Charlesworth 1998)

Upy is the heat exchange coefficient corresponding to
the total surface area of the module, i.e. two times the
surface area corresponding to h,, since the heat is lost
from the two faces of the PV (lateral surfaces are
neglected) (Mattei et al., 2006), so if Eq. (12) is used,

Upy = 11.34 4 7.72V,,. (23)
If Eqg. (13) is used,

Upy = 11.64 + 8.14V,,. (24)
If Eqg. (14) and (15) is used,

Upy = 17.10 4 5.70V,,,. (25)

The coefficients of Eq. (23), (24) and (25) are used in
Eq. (4) one by one. However, as the best results are
obtained by using Eq. (25) together with Eq. (4), just
these results are presented in Fig. A4 and in Table 5.

In Eq. (5), U,, is calculated for every module by using
Eq. (14) from (Eckstein, 1990).

U, = GnocTXat (14)
Tm,nocr—TaNocT

In addition, in Eq. (4, 5, 6, 7 and 9) at constant are
used as 0.9 (Eckstein, 1990; Sandnes and Rekstad, 2002).
Another parameter w in Eqg. (8) is taken as 1.0 from
(Skoplaki, Boudouvis, and Palyvos, 2008). Though, this
equation does not estimate the module temperature when
the wind speed equal to zero (Skoplaki, Boudouvis, and
Palyvos, 2008). The last parameters in Eq. (10) w4, w5,
w3, and ¢ are taken from (Schwingshackl et al., 2013)
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which is presented at a table as average values for every
module types.

As the next step to determine and to show which
equation has higher accuracy is conducted using two
procedures. One of them is that the deviation between
estimated and measured values are calculated by using
Eqg. (26), and these temperature differences are presented
as a daily base by using graphics.

(26)

Terror = Tmeasured_ estimated

The other method is the use of statistical errors
between estimated and measured values evaluated by
using mean absolute error (MAE) and root mean squared
error (RMSE) methodologies (Eg. (27) and (28)):

1
MAE = EZ?]:1|Terror,i| (27)
1an 2
RMSE = N i:1(Terror,i) (28)

where N is the total number of data and i is a loop
indexing number. The obtained results are tabulated in
Table 5.

3. RESULTS AND DISCUSSION

To accurately determine the yield of PV systems is
important, and this can only be achieved with the correct
prediction of the module temperature. The estimation of
module temperature could be made by using implicit and
explicit correlations. The implicit correlations generally
include thermal and physical properties of the PV



cell/module, solar resource, climatic data, and heat
convection coefficient because of the wind. The explicit
correlation equations for the operating temperature of the
PV cell/module are simply associated with the ambient
temperature and the solar irradiance. In this study, to
evaluate the accuracy of estimations for some of both
types of correlation forms from the literature are selected
and used. These equations given in Table 3 are
particularly preferred from those in which the best results
are obtained in the literature. The ten equations to
estimate the PV cell/module temperature for the five
different module types are compared using the measured

Table 5. Values of the statistical coefficients for various models!
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data of three years for these module types. The deviations
between estimated and measured data are shown in
Appendix. Considering all results, the deviation
temperatures can be up to +20 and —30 °C. The best
results are obtained from Eq. (1) for a-Si/ pc-Si, Poly-Si,
and HIT modules and Eg. 8 for CIS and Mono-Si
modules. These results have the smallest deviations as
can be seen in Fig. Al and A8, and Table 5. On the other
hand, the equations giving the highest deviations for the
same modules are from Eq. (4) and Eq. (10). These results
are also shown in Fig. A4 and A10, and Table 5.

# of Tm estimation Eq. a-Si/ pc-Si CIS Mono-Si Poly-Si HIT
MAE 2.7001 2.4712 2.6520 3.0282 2.8054
: RMSE 3.2746 3.1084 3.2597 3.6006 3.3831
MAE 3.6931 2.7175 --* 3.9268 3.6153
2 RMSE 4.8522 3.4281 =% 47377 4.3805
MAE 3.9724 3.8277 3.0817 3.7438 3.6682
3 RMSE 5.2178 4.9844 3.8253 4.4985 4.4605
A MAE 4.9210 3.3601 - 4.3650 3.9545
RMSE 6.8621 4.4737 - 5.4310 4.9395
MAE 3.1253 3.0747 --* 3.2659 2.9382
° RMSE 3.9926 4.0215 - 3.9058 3.5223
MAE 3.5149 3.2200 --* 3.8415 3.4405
° RMSE 4.8276 4.2467 =% 4.8189 4.3101
MAE 3.2977 3.1766 =% 3.3938 3.1979
! RMSE 4.3417 4.1793 =% 4.0938 3.9130
MAE 3.5126 2.2913 2.4232 2.9674 2.9275
; RMSE 4.5885 3.0352 3.1016 3.6376 3.5810
MAE 3.2429 2.8345 --* 3.4883 2.8625
° RMSE 4.0496 3.6073 --* 4.1526 3.4589
MAE 4.8815 4.3371 4.2181 5.8809 e
10 RMSE 5.4806 5.0573 4.9287 6.5913 e

* There is no datasheet for this module. Therefore, some results are missing.
** There are no coefficients of Eq. (10) for the HIT module. Therefore, the results are missing.

The best-performing results.

The correlation Eq. (10) presented by NREL in 2003
have high estimation deviation especially during night
time. This is probably due to the fact that the coefficients
of the correlation are site and climate depended.

As mentioned before, the equations giving the best
results are Eq. (1) and (8). Both equations are similar in
their structure, one of them has a heat convection
coefficient whereas the other equation does not have this
coefficient, but instead it has wind speed data which is
related to the convection coefficient.

The Eq. (2), (6), (7) and (9) all have similar terms
containing STC/NOCT values taken from the datasheets.
However, they contain differing additional terms. They
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The lowest-performing results.

all have higher deviations than Eq. (1) and (8) which may
be an indication on the weak correlation of the outdoor
performances of the modules on their standard parameters
given in the datasheet.

The performance of the remaining equations (3) and
(4) do not perform well as the others. Finally, Eq. (5)
interestingly gives the best results after Eq. (1) for the a-
Si/ puc-Si and the HIT modules and better than Eq. (8) for
the other modules, but the differences are not quite
significant. Thus, Eq. (5) could be accepted to be the best
to use in the prediction of the yield of a PV power plant.

Fig. 3a, b, and c give three typical days of clear,
partially cloudy and overcast sky for comparison of the



best- (either of Eq. (1) or (8)) and lowest-performing
(either of Eq. (4) or (10)) estimation models at different
irradiation conditions. For the clear day in July for both
of the models the estimation results highly fluctuate for
the irradiance values between 400 and 1100 W/m2. The
fluctuations for the best-performing model are lower for
the HIT and the a-Si/ pc-Si and for the lowest-performing
model for the other modules. Possible reasons may be the
sensitivity of the structure of the models to the variations
of the parameters of different type modules. The lowest-
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performing model underestimates in general and this
information may be used for further modification of the
models.

The best- and lowest-performing models both seem
better performing for the partially cloudy day of May
(Fig. 3b) except the a-Si / pc-Si module. Hence, in the
irradiance ranges of 400-600 W/m? the models perform
better, so in modest (lower solar irradiance) climatic
conditions the estimations are better than in clear sky
conditions, and this will further be demonstrated in the

performing model

overestimates while the best-

following for the overcast sky day.
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Fig. 3. Comparison measured module temperatures with estimated module temperatures corresponding to best- and
lowest-performing results of all module types from Table 5.

The overcast sky of the day in January (Fig. 3c) the
irradiance values do not exceed 200 W/m?, and the
ambient temperature is always below 0 °C. The module
temperatures are also very low which can be attributed to
the very low or no module yields. That is, the module
temperature simply follows the ambient temperature
closely and the difference is due to thermal response of
the module structures under equilibrium conditions. The
best-performing model for the CIS and the Mono-Si (Eqg.
(8)) does not make predictions for hours with zero wind
speed, so the predictions are missing for some of the
hours of this specific day.

4. CONCLUSIONS

Prediction of the module temperature is very
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important in the techno-economic analysis of the PV
power plants to estimate the yields. There are many
models appeared in the literature for the module
temperature predictions. In the present study three years
measured module temperatures of the five modules tested
in outdoor conditions are analyzed. We have chosen ten
models from the literature which are commonly used and
constructed for all module types and compared their
performances.

The models having a smaller number of parameters
(Eq. (1) and (8)) perform better than the others for
different modules, and this may be attributed to the
various climatic conditions that the data were collected to
construct the models. That is, larger the number of
parameters/coefficients larger the variations of these
parameters at different conditions. Eq. (5), which also has



smaller number of parameters/coefficients, seems the best
in general than the others, for all the module types. On the
other hand, we can state that the prediction performance
of the other models also seems acceptable.

This work is performed using the outdoor
performance data of the modules under cold and semi-
arid climate of Central Anatolia. Such analyses should be
carried out for different climates to decide on the best
performing model for different climatic conditions.
Another further research topic is to carry out the analysis

NOMENCLATURE
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to consider the seasonal variations in the performances of
the models to reach better yield estimation calculations.
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Empirically-determined coefficient establishing

the upper limit for module temperature at low

Transmittance coefficient

a wind speeds and high solar irradiance (dimensionless)
(dimensionless)
a Absorptance coefficient (dimensionless) T, Ambient temperature (°C)
Empirically-determined coefficient establishing
b the rate at which module temperature drops as Tonocr  Ambient temperature at NOCT (°C)
wind speed increases (s/m)
Bsrc Temperature coefficient of P, (1/°C) T, Cell temperature (°C)
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Gnocr Irradiance at NOCT (W /m?) Tmyocr Module temperature at NOCT (°C)
G, Solar radiation flux on module plane (W /m?) Tonstc Module temperature at STC (°C)
A coefficient describing the effect of
h Air forced heat convection coefficient, U U the radiation on the module temperature
w (KWm™2) 01 (W/m?°C), A coefficient describing
the cooling by the wind (Ws/m3°C)
h Air forced heat convection coefficient at U Overall thermal loss coefficient
wNOCT — NOCT, (KWm~2) L (Wm=2/°C)
. - i . Heat exchange coefficient for total PV
w Mounting coefficient (dimensionless) Upy surface area (K /Wm-2)
w1, w,, Correlation constants, (dimensionless, .
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Fig. A2. Difference of module temperatures measured and estimated with Eq. (2).
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