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Determining the operating temperature 𝑇
𝑐
of photovoltaic panels (PV) is important in evaluating the actual performance of these

systems. In the literature, different correlations exist, in either explicit or implicit forms, which often do not account for the electrical
behaviour of panels; in this way, estimating 𝑇

𝑐
is based only on the passive behaviour of the PV. In this paper, the authors propose a

new implicit correlation that takes into account the standard weather variables and the electricity production regimes of a PV panel
in terms of the proximity to the maximum power points. To validate its reliability, the new correlation was tested on two different
PV panels (Sanyo and Kyocera panels) and the results were compared with values obtained from other common correlations
already available in the literature. The data show that the quality of the new correlation drastically improves the estimation of
the photovoltaic operating temperature.

1. Introduction

According to Clean Energy Reports 2012 [1], the renewable
energy market, which includes solar photovoltaic, wind
power, and biofuels, grew 31 percent last year, reaching $246.1
billion. In detail, the solar photovoltaic market (including
modules, system components, and installation) increased
globally, from $71.2 billion in 2010 to a record $91.6 billion
in 2011. Nevertheless, the year 2011 will be remembered for
the infamous Solyndra bankruptcy. The failed company, a
manufacturer of innovative cylindrical PV panels, became
“proof ” that clean and renewable technologies cannot com-
pete without subsidies and government regulations. From the
point of view of the designers and end-users of PV systems,
the availability of reliable building software tools is essential
for evaluating energy efficiency, renewable energy, and sus-
tainability [2–5]. Furthermore, because buildings account for
approximately 40% of the primary energy consumption and
70% of the electricity consumption in OECD countries [6],
the use of photovoltaic to achieve net-zero energy buildings
has been highly promoted [7]. It is well known that predictive
performance tools are important factors in the success of

any technology; the ability to optimise the performance
of a PV system allows consumers to maximize the cost-
effectiveness of the system before installation. Indeed, the
whole-building energy performance simulation tools could
demonstrate whether a renewable energy system will be
economically sustainable [8].

In general, the performance of a photovoltaic panel is
defined according to the “peak power,” which identifies
the maximum electric power supplied by the panel when
it receives an insolation of 1 kW/m2 at a cell temperature
of 25∘C. These conditions are only nominal because the
insolation has a variable intensity and the panel is subjected
to considerable temperature changes [7].

Two important parameters of the 𝐼-𝑉 curve for a PV
module are the short-circuit current 𝐼sc and the open-circuit
voltage𝑉oc that change with the solar irradiance and with the
ambient air temperature [9]. In Andreev et al. [10] it has been
shown that the photocurrent increases with the temperature
at 0.1%∘C−1 due to the decrease of the gap of the solar cell and
that the open-circuit voltage decreases at−2mV ∘C−1 between
20 and 100∘C not only due to a reduction of the gap, but also
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due to an increase of the saturation current.These two effects
lead to a decrease for the maximum available power equal to
0.35%∘C−1. More recently, this influence has been estimated
between −0.3 and −0.5%∘C−1 [11–14]. It is obvious that these
influences on 𝐼sc and 𝑉OC have some consequences on the
electrical efficiency of the PV cell or module.

As it is resumed by Skoplaki and Palyvos [19], many
correlations for predicting the electrical performance of a PV
module have been proposed and used by several authors.
These relations especially emphasize the role of the silicon
temperature that considered themain parameter affecting the
conversion efficiency.The expression proposed by Evans [20]
to describe the module’s efficiency 𝜂 in correspondence of
given values of the operating temperature 𝑇

𝑐
and insolation

𝐺 is well known:

𝜂 = 𝜂ref [1 − 𝜒 (𝑇𝑐 − 25) + 𝜀log10 (
𝐺

𝐺ref
)] , (1)

on the basis of 𝜂ref, which is the efficiency at Standard
Test Conditions (STC) in which the solar irradiance 𝐺ref
is 1000W/m2 and the temperature of the cell 𝑇

𝑐
is 25∘C.

The temperature coefficient 𝜒 and the insolation coefficient 𝜀
have values of 0.004K−1 and 0.12, respectively, for crystalline
silicon modules [21]. Other correlations, which have been
recently proposed in Mattei et al. [9], Koehl et al. [22], and
Skoplaki and Palyvos [23], use empirical constants whose
values only refer to few models of PV panels.

In Faiman [24], the energy balance is based upon a
simplified heat transfer formalism that was originally devel-
oped for flat-plate solar-thermal collectors under conditions
of steady state, namely, the so-called Hottel-Whillier-Bliss
equation; themodule temperatures is correlatedwith ambient
temperature, wind speed, plane-of-array solar irradiance, and
a pair of experimental heat loss coefficients.

The cell temperature appears, thus, to be an important
parameter to study; indeed the operating temperature of
the cell 𝑇

𝑐
is one of the most important parameters in

determining the energy conversion efficiency of a PV panel:
the efficiency of a PV device is a decreasing function of the 𝑇

𝑐

temperature (1). In the literature, there are several available
empirical correlations to obtain the PV panel operating
temperature, where these correlations have been developed
for common geometries and standard weather variables.
From a mathematical point of view, the correlations for
the PV operating temperature are either explicit in form,
thus giving 𝑇

𝑐
directly, or implicit in form; that is, they

involve variables which depend on 𝑇
𝑐
; in the last case, an

iteration procedure is necessary for the calculation. Most of
the correlations typically include the reference condition and
the corresponding values of the pertinent variables [23].

The most common procedure to determine the cell
temperature 𝑇

𝑐
consists in using the Normal Operating Cell

Temperature (NOCT) [25–27].The value of this parameter is
given by the PV module manufacturer: 𝑇

𝑐
is then dependent

on the ambient temperature 𝑇
𝑎
and on the ratio of insolation

𝐺 [W/m2] to the standard value of 800W/m2, according to

𝑇
𝑐
= 𝑇
𝑎
+ (𝑇NOCT − 20)

𝐺

800
. (2)

This very simple method yields satisfying results if the
PVmodules are not roof-integrated. A complete definition of
NOCT and the conditions of determination of this parameter
are presented in [28] and in [29, 30]. But theNOCT approach,
and many of those available in the literature, estimates 𝑇

𝑐

based only on the passive behaviour of the PV, not taking into
account at the same time the standard weather variables and
the electricity production regimes of the PV module. Indeed
it is well known that most of the solar irradiance absorbed
by a photovoltaic panel is not converted to electricity but
contributes to increase its temperature, thus reducing the
electrical efficiency. The typical power curve of a commercial
PV module always contains a single maximum, and in the
aforementioned defined standard conditions, approximately
only 15% of the incident solar energy is converted into
electricity; the remaining part of the insolation is transformed
into heat. The heat transfer between the PV panel and the
surrounding environment is driven by a global heat transfer
coefficient, which describes the radiative and convective
exchange processes.

Standard parameters in PV systems such as final energy
yield (YF) or performance ratio (PR) can be calculated fol-
lowing the definitions coded in IEC 61724. These parameters
are simply calculated as sums (YF) or averages (PR) of the
PV device performance over the measurement period and
therefore do not allow for correlations with parameters such
as solar irradiance, temperature, or downtime. For a better
characterization and prediction of PV module performance
under outdoor conditions, detailed studies on the level of 𝐼-𝑉
parameters would be desirable [31]. To predict the yield of a
photovoltaic system, it is essential to evaluate the operating
condition under all possible circumstances of insolation,
panel temperature, wind speed, air temperature, electric load
𝑅
𝐿
, and the time the photovoltaic elements are working

and producing electricity [32]. The availability of a large
amount of experimental data can give the possibility to build
numerical model that applies several new techniques based
on artificial intelligence to predict the operating temperature
of a PV module. Recently, this methodology has received
attention and its use increased very successfully [33–39].
These methods can work with vague inputs and can han-
dle nonlinearities but, at the same time, do not issue an
exact mathematical model and require a notable calculating
capacity.

For given values of insolation, temperature, and electrical
load, the operating point can be identified by drawing lines of
the different loads 𝑅

𝐿
on the 𝐼-𝑉 characteristic.

In Figures 1 and 2, it is possible to observe how the
intersection between the load line and PV characteristic
corresponds to the working point; with the same graphical
method, it is possible to identify the working point in terms
of electric power.

The aim of this paper is to identify a correlation that
links the weather variables such as solar irradiance, air
temperature, andwind speed to the operative PV temperature
taking into account its actual power production regimes.This
correlation should permit the implementation of simulation
tools to avoid a thermal balance of the panel with the
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Figure 1: Working point of a generic PV panel at constant temper-
ature (25∘C) varying insolation and electric load.
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Figure 2:Working point of a generic PVpanel at constant insolation
(1000W/m2) varying temperature and electric load.

surrounding environment in the deployment of simulation
tools.

2. Electricity Production
Regimes of a PV Panel

As it was previously described, the PV operating temperature
greatly influences the yield of electrical conversion. This
yield decreases dramatically as the temperature increases,
which in most cases occurs when the panel is subjected to
the maximum insolation. This negative temperature effect
is a weakness in PV technology, and the data provided
by the manufacturers are generally insufficient for reliable
evaluation. Typically, only the most accurate technical sheets
provide temperature coefficients that relate only to short-
circuit and open-circuit conditions.

The analysis of the common current-voltage curves
given by manufactures at constant temperature or con-
stant insolation does not allow a correct evaluation of the
thermoelectrical behaviour of a photovoltaic panel because,
in actual conditions, the temperature and the insolation
change simultaneously. Furthermore, the effectiveness of
solar energy conversion into electrical energy is influenced
by the operation mode of the panel. It is easy to verify in
Figure 3 that the electrical characteristics of the panel with
varying insolation tend to overlap in a region characterised by
high values of load (dashed blue circles in Figure 3). In these
regions, the panel is subjected to the saturation phenomenon,
and thus, considerable insolation variations do not cause
large variations in energy production.

To better understand the change of the electrical
behaviour of a PV panel varying climatic conditions and
electric load, some trends of the power production of a
Kyocera KC175GHT-2 panel located in the city of Palermo
(Italy) are showed. Two different conditions are represented
in detail: the power production of the panel connected to an
electrical load of 𝑅

𝐿
= 1Ω and the power production of the

panel connected to an electrical load of 𝑅
𝐿
= 18Ω.

Indeed in the first case, as represented in Figure 4, the
electrical load of 𝑅

𝐿
= 1Ω drives the panel to work in a

regime far away from the saturation condition. It is imme-
diately clear that there is a quasilinear correlation between
the power output and the insolation; in these conditions the
power is maximum when there is the maximum insolation.
In contrast, in Figure 5, the same panel is connected to an
electrical load of 𝑅

𝐿
= 18Ω that achieves the saturation

condition; the panel during the most sunny period becomes
insensitive to insolation variations. At saturation conditions,
the panel delivers the same power output, and from a thermal
point of view, the temperature of the panel must increase to
discharge the heat to the environment, as explained by the
following simple heat balance:

𝑃ele = 𝜏𝛼𝐺 − 𝑃panel, (3)

where𝑃ele represents the power output produced by the panel
(W); 𝜏 is the transmissivity coefficient of the glass of the
panel; 𝛼 is the absorptance coefficient of the silicon layer of
the panel; 𝑃panel is sum of three terms: the thermal power
dissipated by convection into the surrounding environment,
the thermal power dissipated by radiation, and the thermal
power that contributes to changing the temperature of the
entire module.
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Figure 3: 𝐼-𝑉 curves of a PV panel at constant temperature (25∘C)
and electric load lines. Red points indicate maximum power and
blue dashed circles indicate overlap regions where module is in
saturation conditions.
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Figure 4: Power production of a PV panel with an electrical load𝑅
𝐿

= 1Ω.

In summary, Figures 3–5 highlight that the electrical
behaviour of the PV module is really different when the
module is working in different operating regimes. If the panel
is connected to an optimized and variable electrical load
(with a maximum power point tracking system), the output
power is quasilinear to solar irradiance. If the MPPT device
is not present, depending on the connected electric load, the
relation between power output and solar irradiance could be
no longer linear. Such complexity affects even the thermal
behaviour of the module, as described by (3).
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Figure 5: Power production of a PV panel with an electrical load 𝑅
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= 18Ω.

3. Identification of Operation Regimes

As already written, the maximum electrical power produced
by a PV device not only is linked to the solar irradiance on
the panel and to the cell temperature but also depends on
connected electrical load 𝑅

𝐿
as shown in Figures 1 and 2.

In previous works [40, 41] the authors have investigated and
refined a proceduremore andmore reliable, based on the one-
diode equivalent circuit, for the modelling of the electrical
behaviour of the photovoltaic cell, issuing the following
equation:

𝐼 (𝛼
𝐺
, 𝑇)

= 𝛼
𝐺
𝐼
𝐿
(𝑇) − 𝐼

0
(𝛼
𝐺
, 𝑇)

× (𝑒
(𝛼𝐺[𝑉+𝐾⋅𝐼(𝑇−𝑇ref)]+𝐼⋅𝑅𝑠)/𝛼𝐺𝑛𝑇 − 1)

+
𝛼
𝐺
[𝑉 + 𝐾 ⋅ 𝐼 (𝑇 − 𝑇ref)] + 𝐼 ⋅ 𝑅𝑠

𝛼
𝐺
𝑅sh

,

(4)

in which 𝐼
𝐿
is the photocurrent and it depends on the solar

irradiance, 𝐼
0
is the diode reverse saturation current and is

affected by the silicon temperature, 𝑛 is the ideality factor and
𝑇 is the cell temperature in Kelvin, 𝑅sh is the shunt resistance,
𝑅
𝑠
is series resistance, the quantity 𝛼

𝐺
= 𝐺/𝐺ref denotes the

ratio between the generic solar irradiance and the irradiance
at STC (1000W/m2), and 𝐾 is a thermal correction factor
similar to the curve correction factor described by the IEC 891
[42]. Equation (4) is able to represent the 𝐼-𝑉 characteristics
in correspondence of irradiance and temperature values far
from the STC. The graphical representation of the 𝐼-𝑉 curve
described by (4) with the variation of 𝛼

𝐺
= 𝐺/𝐺ref from 1000

to 50W/m2 (Figure 6) permits easily identifying a correlation
between 𝛼

𝐺
and the maximum power point voltage 𝑉mpp.

The application of the model presented in Lo Brano and
Ciulla [41] to the Kyocera KC175GHT-2 panel, characterized
by the data reported in Table 1, allowed us to calculate the
maximum power point voltage 𝑉mpp related to several values
of solar irradiance grouped in Table 2.
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Figure 6: Position of maximum power points (red circles) of Kyocera KC175GHT-2 with variation of solar irradiance calculated with (4).

Table 1: Thermoelectrical features of the Kyocera KC175GHT-2 at
STC.

Maximum power 𝑃max (W) 175
Maximum voltage 𝑉mpp (V) 23.6
Maximum current 𝐼mp (A) 7.42
Open circuit voltage 𝑉oc (V) 29.2
Short circuit current 𝐼sc (A) 8.09
Thermal voltage coefficient 𝜇

𝑉oc
(V/∘C) −0.109

Thermal current coefficient 𝜇
𝐼sc

(mA/∘C) 3.18
Thermal correction factor 𝐾 (Ω/∘C) −0.0008753

The parametric analysis of the results coming from
(4) and reported in Table 2 allows extrapolating a simple
logarithmic correlation between the maximum power point
voltage 𝑉mpp and the solar irradiance 𝐺 as shown in Figure 7:

Vmpp = 1.1686617 ⋅ ln (𝛼𝐺) + 23.5974267 (5)

with Pearson correlation coefficient 𝑅2 = 0.9999958.
The analysis of the results obtained by applying a loga-

rithmic regression on the values grouped in Table 2 allows the
following considerations:

(1) the high value of the Pearson correlation coefficient
fully confirms the reliability of the assumed logarith-
mic correlation between 𝛼

𝐺
and 𝑉mpp;

(2) the degree zero term of the logarithmic correlation is
very close to 𝑉oc value at STC;

(3) the factor that multiplies the logarithmic term is very
close to the value of the 𝑛𝑇parameter.
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Figure 7: Extrapolation of a logarithmic correlation between 𝑉mpp
and the solar irradiance 𝐺.

In order to provide an immediate correlation for the value
of 𝑉mpp with the variation of 𝐺, the authors propose the
following approximate formula:

𝑉mpp ≅ 𝑉
∗

mpp = 𝑛𝑇 ⋅ ln (𝛼𝐺) + 𝑉mpp,ref. (6)

Indeed, in Figure 7 the blue points represent the voltage
values at maximum power point conditions 𝑉mpp with the
variation of solar irradiance in terms of ratio of current
irradiance to 1000W/m2 (standard rating conditions). If we
assume a logarithmic correlation between 𝑉mpp and solar
irradiance, applying a least-squares regression, it is possible
to obtain (5).The red points represent the difference between
the 𝑉mpp calculated by (5) and the 𝑉∗mpp calculated by the
empirical correlation represented by (6), already known in
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Table 2: Tabular data of I-V curve of the Kyocera KC175GHT-2 at different solar irradiance.

Rad. (W/m2) 1000 900 800 700 600 500 400 300 200 100 50
𝑃max (W) 175.1 156.8 138.5 120.3 102.3 84.5 66.8 49.3 32.1 15.5 7.4
𝑉max (V) 23.6 23.5 23.3 23.2 23.0 22.8 22.5 22.2 21.7 20.9 20.1
𝐼max (A) 7.4 6.7 5.9 5.2 4.4 3.7 3.0 2.2 1.5 0.7 0.4
𝑉oc (V) 29.2 29.1 28.9 28.8 28.6 28.3 28.1 27.7 27.2 26.3 25.5
𝐼sc (A) 8.1 7.3 6.5 5.7 4.9 4.0 3.2 2.4 1.6 0.8 0.4

the bibliography. The risible difference observed between the
values 𝑉mpp and 𝑉

∗

mpp permits using (6) instead of (5) to
retrieve the value of 𝑉mpp for each generic panel.

To identify the operation regimes of the panel as a
function of electricity production regimes, the authors chose
to compare the operating voltage 𝑉 with the maximum
power point voltage 𝑉mpp,panel for a given insolation and
temperature. In this way, the ratio 𝑉/𝑉mpp,panel easily allows
the operating regimes of the panel to be characterised:

(i) when the ratio between the working voltage 𝑉 and
the voltage of maximum power 𝑉mpp,panel is less than
0.95, the 𝐼-𝑉 characteristic is almost horizontal, and
the power output is proportional to the incident
insolation;

(ii) when the ratio 𝑉/𝑉mpp,panel is greater than 1.05, the
𝐼-𝑉 characteristic of the panel decreases much more
rapidly and the influence of insolation becomes less
significant (saturation conditions);

(iii) the regimen identified by a ratio 0.95 < 𝑉/𝑉mpp,panel <
1.05 characterises the state of a PV panel connected
to a MPPT in which the load dynamically adapts to
generate the maximum power.

The author observed a relationship between the𝑉mpp,panel
and the insolation and temperature.The analysis of the graph-
ical 𝐼-𝑉 characteristics provided by themanufacturer enables
one to obtain the 𝑉mpp,panel points for five different insolation
values at a constant temperature of 25∘C (Figure 1) and three
points of maximum power for three different temperatures
at a constant insolation of 1000W/m2 (Figure 2). With these
points known, it is possible to extrapolate the𝑉mpp,panel values
in the following forms:

𝑉mpp,panel (𝐺, 25
∘C) = 𝑉mpp,ref +

𝑎 ln (𝐺/1000)
𝐺𝑏

, (7)

𝑉mpp,panel (1000W/m2, 𝑇
𝑐
) = 𝑉mpp,ref + 𝜇𝑇 (𝑇𝑐 − 25) , (8)

where 𝑎 and 𝑏 are two constants, which are different for
each considered panel and are obtained by applying the least-
squares method to five𝑉mpp points (red points in Figure 2) in
correspondence of five values of insolation; 𝜇

𝑇
is the thermal

coefficient of the open-circuit voltage [𝑉/∘C].
This simple procedure permits obtaining the variation

of 𝑉mpp points for each considered PV panel; of course for
different panel there will be a different couple of (𝑎, 𝑏) values.

Applying this methodology to the Kyocera panel, the
authors obtained the following results:

(𝑎; 𝑏)Kyocera = (1.2425; 0.0113) (9)

that, as shown in the graphs of Figures 6 and 7, well
approximates the 𝑉mpp,Kyocera values:

𝑉mpp,Kyocera (𝐺, 25
∘C) = 23.6 +

1.2425 ⋅ Log (𝐺/1000)
𝐺0.0113

(10)

the value of the thermal drift is issued by manufacturer, so
equation (8) becomes:

𝑉mpp,Kyocera (1000W/m2, 𝑇
𝑐
) = 23.6 − 0.108926 ⋅ (𝑇

𝑐
− 25) .

(11)

In detail, for a generic PV panel subjected simultaneously
to changes in temperature and insolation, on the basis of the
previous considerations, the 𝑉mpp,panel value can be obtained
by the following formula:

𝑉mpp,panel (𝐺, 𝑇𝑐) = 𝑉mpp,ref +
𝑎 ln (𝐺/1000)

𝐺𝑏
+ 𝜇
𝑇
(𝑇
𝑐
− 25) .

(12)

To investigate a correlation between the ratio𝑉/𝑉mpp and
the photovoltaic operating temperature, the authors used data
monitored in the field from two different PV panels.

4. Experimental Apparatus

To obtain a correlation that describes the actual photo-
voltaic operating temperature, we analysed experimental data
collected during a monitoring campaign. The experimental
system (Figure 8) was installed on the roof of the Energy
Department in Palermo and consisted of the following
equipment:

(i) two photovoltaic panels: Kyocera KC175GHT-2 and
Sanyo HIT 240 HDE-4 modules;

(ii) a precision resistance set;
(iii) a multimeter Fluke189/FVF2;
(iv) a Delta Ohm pyranometer mod. LP PYRA 02 AV

linked to a data transducer;
(v) an Advantech ADAM 6024 module;
(vi) aDavis Vantage PRO2 PlusWeather station: themon-

itoring system for theweather variables is explained in
more detail in Lo Brano et al. [43].
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Pyranometer

Figure 8: Experimental apparatus.

(a) (b)

Figure 9: Experimental apparatus: little holes in the PET film of the PV panel to measure the temperature.

The PV panels and the pyranometer were tilted at an
angle that is equal to the latitude of the location (38∘ South).
The electrical load 𝑅

𝐿
was obtained by precision resistances,

and the current was calculated on the basis of the measured
voltage, where we accepted the error due to the resistances
precision [44].

The silicon temperature was measured using thermocou-
ples (type T, copper-constantan) installed into little holes
(red circles in Figure 9) made in the PET rear film of
the panel. All of the measurement points were protected
against light and air with a specific high reflective protective
film. All data were collected every 30min and stored for
further calculations and ex-post processing. To take into
account nonhomogeneous variations in the thermal field, five
temperature sensors, suitably distributed, have been used.
The silicon temperature time series are obtained by averaging
the values of the five measurements. From the experimental
point of view, the method is directly related to the silicon
temperature of each panel. Furthermore, due to the specific
geometric conformation of the system, justified by ratio
thickness/surface close to 0.02m−1, it is possible to neglect
the thermal gradient across the panel itself.

5. A New Correlation for the Photovoltaic
Operating Temperature

The authors, after a deep analysis of the experimental data,
observed that, among the operating temperature of the PV
panel, the outside weather conditions, and the electricity
regime, the following empirical correlation exists:

𝑇
𝑐
= 𝑇
𝑎
+

𝐺

𝛼 + 𝛽 ⋅ 𝑊
+ 𝛾 ⋅ ln(1 + 𝑉

𝑉mpp,panel (𝐺, 𝑇𝑐)
) ,

(13)

where𝑊 is the wind speed (m/s) and the numerical values of
the 𝛼, 𝛽, and 𝛾 parameters are three constants.

Equation (13) defines a new implicit correlation that
takes into account the standard weather variables and the
electricity production regimes of a PV panel in terms of
the proximity to the maximum power points. The proximity
to the maximum power points (that generally depends on
solar irradiance and cell temperature) is estimated by means
of the ratio 𝑉/𝑉mpp. So, the essence of the method is to
obtain the cell temperature taking into account the electricity
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Figure 10: Kyocera panel operating temperature calculated with the
novel correlation versus measured temperature.
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Figure 11: Sanyo panel operating temperature calculated with the
novel correlation versus measured temperature.

production regime (measuring only 𝑉), the air temperature
𝑇
𝑐
, and solar irradiance 𝐺. The form of (13) has, therefore, a

general validity. The specific characteristics of each panel are
considered in (8) that provides an estimation of the 𝑉mpp in
any condition of global irradiance and temperature.

In summary, given a set of experimental data, it is possible
to predict the cell temperature versus voltage, air temperature,
and global irradiance.The novelty of the proposed method is
to consider the panel in real operating conditions by means
of the generated voltage.

6. Experimental Application

The values of 𝛼, 𝛽, and 𝛾 were calculated using a large
amount of data monitored in the field with the experimental

Table 3: Thermoelectrical features of the Sanyo HIT-240 HDE4.

Maximum power 𝑃max (W) 240
Maximum voltage 𝑉mpp (V) 35.5
Maximum current 𝐼mp (A) 6.77
Open circuit voltage 𝑉oc (V) 43.6
Short circuit current 𝐼sc (A) 7.37
Thermal voltage coefficient 𝜇

𝑉oc
(V/K) −0.109

Thermal current coefficient 𝜇
𝐼sc

(mA/K) 2.21

apparatus previously described. More than 9000 data have
permitted calculating the best fitting values in (7):

𝑇
𝑐
= 𝑇
𝑎
+

𝐺

37.9862 + 3.13547 ⋅ 𝑊

+ 2.57507 ⋅ ln[1 + 𝑉

𝑉mpp,panel (𝐺, 𝑇𝑐)
] ,

(14)

where (𝛼; 𝛽; 𝛾) = (37.09862; 3.13547; 2.57507); (14) rep-
resents the new implicit correlation able to calculate the
operating temperature of any conventional flat Si-PV panel
taking into account the regimen of electricity production
thanks to presence of 𝑉mpp,panel(𝐺, 𝑇𝑐).

To test its reliability, (14) was applied on two different
panels: a polycrystalline and a monocrystalline panel. The
experimental data presented in Figures 10 and 11 were
collected using the monitoring system described above; data
acquisition lasted for about three months in the spring of
2010; each data vector was acquired with a ten-minute time
step. To allow modules to overcome the thermal transient at
sunrise and at sunset, only data linked with a power output
greater than 15W (less than 10% of the nominal peak power)
were used. No other filter was applied to original data.

Applying this procedure to the above-mentioned Kyocera
panel, the plot of the measured 𝑇

𝑐
values versus the values

obtained from the above correlation in Figure 10 shows a
very good relationship between the measured and calculated
temperature cell data.

To better assess the reliability of the new proposed
correlation, the authors tested the correlation on another
monocrystalline PV panel (Sanyo HIT-240HDE4); see
Table 3. At first the voltage at the maximum power point
described by (12) was evaluated and the values (𝑎; 𝑏)Sanyo =

(0.003; 0.109) were calculated; then the thermal drift value
was extracted by datasheet.

The results in Figure 11 show that even for the Sanyo panel
there is a strong agreement between the real photovoltaic
operating temperature and calculated values.

As already written, in the literature it is possible to find
different correlations about the 𝑇

𝑐
value [23] that permit

evaluating the operating temperature cell knowing the same
weather conditions and the thermoelectrical characteristics
of a PV panel. The authors performed a comparison with
some of the most known correlations [15–18, 45, 46] applying
them to the database of 9000 experimental data points; in this
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Table 4: MAE results for different 𝑇
𝑐
correlations.

Correlation Kyocera
panel MAE (K)

Sanyo
panel MAE (K) Note

𝑇
𝑐
= 𝑇
𝑎
+ 𝐺/(𝛼 + 𝛽 ⋅ 𝑊) + 𝛾 ⋅ ln [1 + 𝑉/𝑉mpp(𝐺, 𝑇𝑐)] 2.4 2.5

𝛼 = 38.0385, 𝛽 = 3.15126,
and

𝛾 = 2.64173

𝑇
𝑐
= 𝑇
𝑎
+ 𝛼𝐺 (1 + 𝛽𝑇

𝑎
) (1 − 𝛾𝑊) (1 − 1.053𝜂) [15] 4.6 4.7 W = 1m/s, 𝛼 = 0.0138,

𝛽 = 0.031, and 𝛾 = 0.042
𝑇
𝑐
= 𝑇
𝑎
+ 𝐺 (𝜏𝛼/𝑈) (1 − 𝜂/𝜏𝛼) [16, 17] 15.1 13.9 𝜏𝛼/𝑈 taken as a constant

𝑇
𝑐
= 𝑇
𝑎
+ 𝐺(𝜏𝛼 − 𝜂)/𝑈 [18] 15.3 16.8 𝜏𝛼/𝑈 determined

experimentally

way it was possible to assess the quality of the new proposed
correlation.

The results of this comparison are shown in Table 4 in
which for each calculation procedure and for each panel
was calculated the mean absolute error (MAE) between the
measured and the calculated 𝑇

𝑐
values as

MAE = 1

𝑁

𝑁

∑

𝑖=1

󵄨󵄨󵄨󵄨𝑇𝑐,measured − 𝑇𝑐,calculated
󵄨󵄨󵄨󵄨𝑖
, (15)

where𝑁 is the number of available samples.
Table 4 shows that the new proposed correlation is char-

acterised by a better MAE value compared with those ones
from other correlations already published in the literature;
more specifically, for theKyocera panel, theMAE is 2.4K, and
for the Sanyo panel, the MAE is 2.5 K.

7. Conclusions

Theauthors presented a new implicit correlation to obtain the
operative cell temperature from standard weather variables
that takes into account the position of the working point
of a PV panel. The analysis of the electrical characteristics
(Figures 1 and 2) suggests that the 𝑉/𝑉mpp,panel(𝐺, 𝑇𝑐) ratio
can be used to characterize the electricity production regimes
of a PV panel. In this paper is suggested a relationship, rep-
resented by (12), that defines the 𝑉mpp,panel(𝐺, 𝑇𝑐), typical for
each panel. Indeed it is necessary to evaluate the value of (𝑎, 𝑏)
parameters for each considered PV panel applying the least-
squares techniques at five 𝑉mpp points in correspondence of
five values of insolation. Finally, on the basis of the hypothesis
that the thermal balance of the panel depends not only on
weather conditions but also on electricity production regimes
summarized by the ratio 𝑉/𝑉mpp, the authors propose a
new correlation to calculate the operative temperature 𝑇

𝑐

represented by (13). In this implicit correlation 𝑇
𝑐
depends

on wind speed𝑊, on insolation 𝐺, on the ratio 𝑉/𝑉mpp,panel
of the considered panel, and on the constant parameters 𝛼, 𝛽,
and 𝛾.

Using a large database of monitored data from only one
polycrystalline PV device, the authors evaluated the 𝛼, 𝛽, and
𝛾 parameters and their values are 𝛼 = 38.038, 𝛽 = 3.151, and
𝛾 = 2.642.

To assess the performance of this new implicit correlation
and to ensure its general validity, the operating temperature

was calculated on two different panels: monocrystalline and
polycrystalline panels.

For greater clarity, all steps of the procedure are listed in
the following:

(1) identification of the PV panel and its current thermal
drift 𝜇

𝑇
;

(2) determination of five 𝑉mpp points in correspondence
of five values of insolation from datasheet;

(3) calculation of the (𝑎, 𝑏) parameters with the least-
squares techniques;

(4) evaluation of the 𝑇
𝑐
value of the PV panel using (14).

As shown in the graphs in Figures 10 and 11, the prediction
of 𝑇
𝑐
values for different panels is very good. The MAE

between the measured and estimated operating temperatures
was extremely low for both panels.The good results obtained
are due to the classification of the operating regimes of
the solar panel summarized by the 𝑉/𝑉mpp ratio, which
represents a novelty in the field. Furthermore, a comparison
with other common correlations, widely used and available in
the literature, showed that the new correlation is a significant
improvement in terms of MAE.
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