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Although efficiency of photovoltaic (PV) modules is usually specified under standard test conditions
(STC), their operation under real field conditions is of great importance for obtaining accurate prediction
of their efficiency and power output. The PV conversion process, on top of the instantaneous solar ra-
diation, depends also on the modules’ temperature. Module temperature is in turn influenced by climate
conditions as well as by the technical characteristics of the PV panels. Taking into consideration the
extended theoretical background in the field so far, the current study is focused on the investigation of
the temperature variation effect on the operation of commercial PV applications based on in-situ
measurements at varying weather conditions. Particularly, one year outdoor data for two existing
commercial (m-Si) PV systems operated in South Greece, i.e. an unventilated building-integrated
(81 kWp) one and an open rack mounted (150 kWp) one, were collected and evaluated. The examined
PV systems were equipped with back surface temperature sensors in order to determine module and
ambient temperatures, while real wind speed measurements were also obtained for assessing the
dominant effect of local wind speed on the PVs’ thermal loss mechanisms. According to the results
obtained, the efficiency (or power) temperature coefficient has been found negative, taking absolute
values between 0.30%/�C and 0.45%/�C, with the lower values corresponding to the ventilated free-
standing frames.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Considerable progress has been encountered during the recent
years in the development of photovoltaic (PV) modules, with new
concepts of improved performance characteristics, remarkable
reliability and long service period released in the market every so
often [1,2]. At the same time, technological innovation along with
policy support, economies of scale, improved manufacturing pro-
cesses and rapid PVmarket growth have led to significant reduction
of manufacturing costs, reflected by a well-documented downward
trend in module prices over the years (see Fig. 1) [3e5]. In fact, it is
since the 70s that global module prices present a reduction of 20%
on average for every doubling of cumulative installed capacity
(learning factor), resulting in a price reduction from about $60/Wp
to about $2.2/Wp (or from 46 V/Wp to 1.7 V/Wp, based on present
day currency conversion prices, that is, $1 ¼ V0.77) between 1976
: þ30 210 5381348.
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and 2010. In this context, the average price of a PV module in
Europe reached approximately 1.2 V/Wp in 2011 [4], although quite
lower module prices have been reported since, i.e. in the order of
0.5e0.6 V/Wp (see for example [6,7]).

Together with this global trend of continuous decline in PV
prices, sustaining and vigorous R&D efforts in the PV
manufacturing industry [8,9] have resulted in consistent im-
provements with regards to solar cell energy conversion effi-
ciencies for commercially available PV modules (see for example
Fig. 1). To this end, present solar cell energy conversion efficiencies
for commercially available PVs are around 14e25% (sufficiently
maintained for a 25e30 year module lifetime), although several
new generation concepts that have recently emerged demonstrate
efficiencies that even reach 40% [10,11].

To this end, the impressive progress made to date in PV tech-
nology in combination with the positive public attitude towards
Renewable Energy Sources (RES) [12] and the environmentally
friendly character of PV plants, have led to an exponential increase
in the worldwide installed PV capacity, Fig. 2. At present, the PV
market is growing rapidly with the worldwide capacity exceeding
100 GW in 2012 (Fig. 2), at an average annual increase rate of about
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Fig. 1. Efficiency development of several PV module technologies and average PV module price in Europe. Based on data found at [4,5].
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40e45% that makes the PV industry one of the fastest growing
industries worldwide. As a result, PV installations are no longer
considered as supporting a niche market. Contrariwise, PV tech-
nology is nowadays increasingly competitive to conventional
sources of electricity generation and can thus be qualified as a vital
component of future energy supply for our planet.

Despite the notable technological improvement in PV technol-
ogy, investigation of external factors which may influence the
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energy performance of PVs’, such as weather conditions [13] or
natural occurring phenomena [14], is still of considerable interest.
In this regard, one of the critical factors negatively affecting PV
energy performance is the increase of the corresponding cell
temperature. For this purpose, remarkable effort has been made
during recent years to estimate the PV panels’ temperature and its
effect on the former performance, mainly on the basis of detailed
theoretical analyses [15e17]. Taking into consideration the
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extended theoretical work carried out so far, the current study fo-
cuses on investigating the effect of temperature variation on the
operation of commercial PV panels through the exploitation of one
year outdoor measurements from two existing commercial PV
systems. On top of that, availability of wind speedmeasurements as
well, enables also the assessment of the wind effect on PV panels’
thermal loss mechanisms. As a result, an overall evaluation of
weather conditions’ effect is currently provided, using as already
mentioned two commercial PV systems operated in the area of
South Greece.

2. Position of the problem

Solar irradiance has the greatest impact on the power output of
a PV system (see for example Fig. 3) [18,19]. Beyond irradiance,
weather conditions such as ambient temperature along with
several other factors (e.g. angle of incidence (AOI), dust, etc.) [20]
may also affect a module’s or an array’s power output and energy
production. To this end, module temperature is influenced by the
ambient temperature, cloud patterns and wind speed [21], while
the rate of temperature change depends also on the PV material
and position of the frame.

At this point it should be noted that with regard to the relevant
weather factors, the PV cell temperature rise is extremely sensitive
to wind speed (comprising one of the most important factors
influencing operating cell temperature) and less so to wind direc-
tion [22].

In this context, it is also well known [15,23] that as the cell
temperature increases the cell voltage decreases and the corre-
sponding current is slightly increased (Fig. 3), all together reducing
the power output of a given PV generator. Consequently, PV panels’
manufacturers provide the efficiency of a given PV panel at the
Nominal Operating Cell Temperature (NOCT) (i.e. cell temperature
Fig. 3. CurrenteVoltage characteristics of a PV module at various cell tem
measured under open-circuit when the ambient temperature is
20 �C, irradiance is 0.8 kW/m2 and wind speed is 1 m/s; TNOCT
usually takes values around 45 �C), including also some semi-
empirical coefficients concerning the voltage and current varia-
tion as a function of cell temperature, see for example Fig. 3. From
the data provided, remarkable performance deterioration due to
cell temperature increase may be expected. For example, by taking
into consideration real world measurements carried out by the
research team of the Soft Energy Applications and Environmental
Protection Lab, one may see in Fig. 4 the impact caused on the PV
panels’ efficiency as a result of cell temperature increase. More
precisely, the data depicted in this figure concern the long-term
(annual) operation of the two medium-sized (i.e. 80e150 kWp)
installations operated in South Greece, with results provided
demonstrating a notable decreasing trend of the efficiency as the
PV cell temperature increases.

The problem of efficiency (or equivalently power) reduction due
to cell temperature increase has attracted the interest of many
research teams during the last years [24e26], resulting in
numerous efforts of quantitative interpretation [16], while lately
the temperature effect is also included in many of the commercial
PV software products. To this end, with regard to the most common
crystalline silicon (c-Si)-based applications, the following linear
relation is used for the cell efficiency “hc”, without incurring sig-
nificant loss in accuracy [27]:

hc ¼ hTref

h
1� bref,

�
Tc � Tref

�i
(1)

The above equation represents e according to Evans and Flor-
schuetz [28] e the traditional expression for the PV cell efficiency.
Subsequently, “hTref” is the module’s electrical efficiency at refer-
ence temperature “Tref” and “bref” is the temperature coefficient
peratures and irradiance levels. Datasheet obtained from Ref. [19].
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Fig. 4. Impact of temperature variation on the efficiency of PV modules as recorded by the research team of the lab in field measurements carried out at the Greek regions of Chania
and Ligourio.

Table 1
Typical manufacturer power (or efficiency) temperature coefficients
for several PV technologies. Based on data from Refs. [29,30].

Technology Temperature coefficient (-%/K)

Mono-c-Si 0.40
Multi-c-Si 0.45
a-Si 0.20
a-Si/mc-Si 0.26
CIGS 0.36
CdTe 0.25
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which is mainly determined by the cell material and “Tref”. Finally,
“Tc” is the cell/module operating temperature.

As reported in the literature, based on the findings of experi-
ments (using artificial lighting and fans) carried out by Griffith et al.
[22] under indoor simulation conditions, the power output of a PV
module decreases by about 0.5% per degree (�C) of cell temperature
rise (i.e. 0.5%/�C). However, as it may be seen in Table 1, this
reduction depends largely on the PV material [29,30]. In this
context, previous studies have shown that the temperature impact
on the PV modules’ performance is more severe for c-Si modules,
currently holding the largest share in the PV market, than for thin
film [31] (of cadmium telluride (CdTe) and copper indium gallium
diselenide (CIGS)) or amorphous silicon (a-Si) solar cells [17,32]. For
instance, according to Kumar and Rosen [27], the decrease in the
efficiency of multicrystalline silicon (m-Si) cells and thin film cells
is found to be about 15% and 5%, respectively, as the module tem-
perature rises from 300 K to 330 K (27 �Ce57 �C). The lowest power
temperature coefficient (i.e. lowest impact on performance) of
approximately 0.20% reduction per Kelvin is demonstrated by a-Si
solar cells [33], while numerous studies have shown that high
module operating temperatures may improve the performance of
stabilized a-Si modules due to thermal annealing [34,35]. In
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addition, Ting and Chao [36] have presented experimental data for
the temperature impact on the photoelectric conversion efficiency
and output power of dye-sensitized solar cells (DSSCs). The
measured temperature range was from 5 �C to 80 �C at an interval
of 10 �C. The results of this study showed that the decreasing rate of
the output power has an increasing trend as temperature rises,
with the maximum value of reduction, within the examined tem-
perature range, being equal to 55%. Similar results with the ones of
Ting and Chao [36] are also found in another study carried out by
Berginc et al. [37], where the authors evaluated the performance of
dye-sensitized solar cells at different cell temperatures, from 5 to
55 �C.

Considering the above, the present work is devoted to the
application of a simple, reliable and coherent theoretical model in
order to determine the effect of changing weather conditions (PV
cell temperature, wind speed) on the efficiency and the heat loss
coefficient of a real world/commercial PV generator. For this pur-
pose extended outdoor measurements at varying weather condi-
tions have been carried out in order to validate the respective
theoretical analysis.

3. Theoretical analysis

The power output “P” of a PV installation is given as the product
of the PV panels’ real collector area “Ac”, the solar irradiance “GT” at
the panels’ surface and the efficiency “h” of the PV generator, i.e.:

P ¼ h,GT,Ac (2)

where the efficiency of the PV generator depends on several factors,
like the solar irradiance, the tracking system (due to solar irradi-
ance angle of attack on the collectors’ surface), the manufacture
characteristics of the PV components, the dust accumulation, the
cell temperature, etc.

The proposed analysis is focused on the impact of cell temper-
ature on the installation efficiency and power output. In this
context, one may assume that the real installation efficiency “h” (or
equivalently “hc” for the cell efficiency) is the difference between
the generator efficiency “ho” at NOCT and the temperature induced
efficiency drop “dh”, thus:

h ¼ ho � dh (3)

To this end, one of themost general approximations results from
the energy balance analysis of the PV panels, i.e.:

U,ðTc � TaÞ ¼ GT,ðs,a� hÞ (4)

where as mentioned before, “Tc” is cell temperature while “Ta” is
the corresponding ambient one. “a” is the absorption coefficient of
solar irradiation and “s” is the PV glazing-cover transmittance
(usual value of s.a. z 0.9), while the entire left hand term of Eq.
(4) estimates the energy removed from the PV modules. More
specifically, “U” is the thermal loss factor (or overall heat loss
coefficient), depending also on the mounting mode of the modules
(sheds, roofing, facade, etc.). Actually, in most PV installations
there are at least three heat transfer mechanisms, i.e. radiation,
free convection and forced convection in presence of remarkable
wind speed. Normally, free convection impact is quite limited,
while the radiation mechanism is dominant during low wind
speed values.

In the following, we assume that the thermal loss factor may be
approximated as the sum of a constant component “Uo” (resulting
from the specific installation characteristics and slightly depending
on the ambient and cell temperatures) and the wind speed of the
area related component “Uw”, hence one may write:
U ¼ Uo þ Uw (5)

The determination of the parameters Uo and Uw is indeed quite
difficult and in most cases site dependent. For example, one may
obtain measured data for free mounted arrays, but these data
cannot be directly transferred to integrated modules [38]. Actually,
the value to be chosen depends among others on the air duct sizes
under the modules and the length of the air path. Taking into
consideration that the specific heat capacity of the air is quite low,
the flowing air under the modules may quickly attain the equilib-
rium with the modules’ temperature at the end of the duct, thus
leading to no real heat exchange at all. Therefore, for the end (top) of
the array the “U” value may take values corresponding to fully
insulated conditions and thus one may encounter quite big differ-
ences between the parts of the array near the air inlet and the outlet.

Several simulation programs may be applied for the sizing of PV
installations, all based on time-series analysis and on hourly values
of variables covering a period of one year. However, most of them
(e.g. PVsyst) cannot take all these phenomena (concerning the
difference of the array temperature) into account, while the wind
speed values included are usually estimated at 10 m height or even
higher. More specifically, the knowledge of the real wind velocity is
extremely seldom thus most of the commercial programs construct
synthetic hourly values from monthly data, using empirical re-
lations and simplifiedmodels. Moreover, the “meteo”wind velocity
database (normally using open space measurements at 10 m
height), which is included in simulation software such as PVsyst, is
not representative of the velocity at the array level (there may be a
factor of about 1.5 between them) [39]. In this respect, the “Uw”

value is obviously not the same for these two definitions (“meteo”
and array level) of wind velocity.

Up to now, the values used in PVsyst for the estimation of the
thermal loss factor, assuming also a linear relation for the “Uw”

term, are:

U ¼ Uo þ lw,V (6)

where “lw” is an empirical coefficient and “V” is the corresponding
wind speed, taking the values given in the following:

�Uo ¼ 20 W=m2 K;.lw ¼ 6 W=m2 K=m=s

for modules mounted in sheds without back coverage and with free
air circulation all around. These values matched the measurements
adequately (average deviation in the order of 0.5e1 �C), but were
defined using wind data recorded just over the array, in built
environment [39]. Such velocities are quite lower than the usual
wind data available in the “meteo” files, recorded at a 10 m level or
higher. Therefore, using these parameters and “meteo” wind speed
data, “PVsyst” calculates a quite high dissipative coefficient and cool
array temperature, leading to strongly underestimated heat losses.

Afterwards, the following U-values were adopted when using
standard “meteo” values such as those in the “US TMY2” data
(usually about 4e5 m/s on average):

�Uo ¼ 25 W=m2 K;.lw ¼ 1:2 W=m2 K=m=s

Finally, whenwind velocity is not present in the data (as it is the
case for all synthetic “meteo” files constructed by PVsyst) PVsyst
“transfers” the wind-dependent contribution into the “Uo” factor,
assuming an average wind velocity of 1.5e3.3 m/s. Therefore, in
version 4.0, the default value for free-standing arrays is finally
fixed, as:

�Uo ¼ 29 W=m2 K;.lw ¼ 0 W=m2 K=m=s



Table 2
Main characteristics of the two examined PV systems.

Location Chania Ligourio

Total rated power 81 kWp 150 kWp

Mounting structure Building-integrated Open-rack mounted
Inclination 12� 30�

Annual energy yield w120 MWhe w232 MWhe

Capacity factor w16.9% w18%
Orientation South South
Type of PV panels Polycrystalline Polycrystalline
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or for fully insulated arrays, as:

�Uo ¼ 15 W=m2 K;.lw ¼ 0 W=m2 K=m=s

Recapitulating, one may note that there are quite different nu-
merical values for both thermal loss coefficients (e.g. “Uo” varies
from 15 to 30W/m2 K and “l” from 0 to 6W/m2 K/m/s), while there
is not a widely accepted measuring position of wind speed that
could be representative of the entire PV installation.

Finally, for the estimation of the PV cell/module temperature
one may use the following linear equation which links “Tc” with
“Ta” and solar radiation [40], i.e.:

Tc ¼ Ta þ k,GT (7)

In this expression, which stands for zero electrical load,
parameter “k”, also known as the Ross coefficient, is normally in the
range of about 0.02 to 0.05 �K m2/W [41] and depends strongly on
the type of the PV module and the way it is mounted (ventilated or
unventilated) as well as on the wind speed at the area of
installation.

Accordingly, a combination of Eqs. (4), (6) and (7) gives:

k ¼ s,a� h

U
¼ s,a� h

Uo þ lw,V
(8)

or equivalently:

Uo þ lw,V ¼ s,a� h

k
(9)

Taking into consideration the above described analysis and the
general expression (Eq. (1)) provided by most PV manufacturers
concerning the impact of the module temperature on energy effi-
ciency, i.e.:

dh ¼ bref,ðTc � TNOCTÞ,ho (10)

where the value of coefficient “bref” usually takes values between
0.3 and 0.5%/�K, onemay calculate the expected efficiency drop and
the corresponding power output (Eq. (2)) due to the cell temper-
ature increase.
4. Description and operational characteristics of the tested
installations

In order to investigate the impact of cell temperature on the
energy efficiency of a PV generator, considering also thewind speed
impact of the installation area, real worldmeasurements of existing
commercial installations have been gathered for about one year.
Actually, in the current study two representative case studies have
been selected. More specifically, the first case study concerns a roof
mounted systemwith practical minimumwind speed in the panels’
location. The second case study concerns an open area farm, with
remarkable wind speed (for similar installations), i.e. the mean
annual value is around 1.6 m/s at the panels’ location. Both systems
are fixed ones.
Fig. 5. The PV installation at Chania-Crete.
4.1. Low wind speed installation (Chania-Crete)

The first installation (see also Table 2) examined concerns a
building-integrated PV system which comprises polycrystalline
panels located on the roof of an industrial structure with south
orientation and panels’ inclination of 12� at Chania of Crete
(35�310N 24�10E), see Fig. 5. The rated power “Po” of the installation
is 81 kWp and the annual energy yield “Ey” of the installation is
almost 120MWh, corresponding to a quite high capacity factor “CF”
value of 16.9%, where:

CF ¼ Ey
8760,Po

(11)

The specific installation is determined by a relatively constant
efficiency all year round (z15%), presenting however slightly lower
energy yield than the expected one for higher solar irradiance
values (Fig. 6), i.e. mainly during the summer.

In this context, in Fig. 7 one may find the probability of the PV
panels to operate at different temperature ranges. More precisely,
the installation operates at an average temperature of 35 �C, while
values of up to 70 �C have been encountered. It is worthmentioning
that the cell temperature values are quite high mainly due to the
poor cooling of the modules located over the building roof [42].
While roof integrated systems have several advantages, like low
cost, no additional land usage, they also present some disadvan-
tages, i.e. fixed tilt angle and higher temperatures especially during
summer due to minimum air ventilation behind the panels. Un-
fortunately, these high temperature values lead to higher thermal
losses and higher efficiency drop with temperature increase (see
also Fig. 4) in comparison to the panels located at the open area
farm.

4.2. High wind speed installation (Ligourio-Peloponnesus)

The second installation (see also Table 2) is located in Ligourio
(Argolida) at Peloponnesus and is an open area PV farm with no
significant shading. It is a fixed angle system of 30� (to maximize
the annual energy yield), comprising 586 polycrystalline panels
(255 W each), Fig. 8. The distance between rows is about 8.5 m
while each row has 20 modules that are separated into two strings
that are connected to the same inverter. The total rated power “Po”
of the installation is 150 kWp and the annual energy yield “Ey” of



Fig. 6. Mean hourly energy production vs. mean hourly irradiance from the PV plant in Chania.
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the installation is almost 232 MWh, corresponding to a capacity
factor value of around 18%. The installation operates at an annual
average temperature of about 27 �C, while values of up to 60 �C
have been encountered (Fig. 9).

5. Measurements’ output

For the two PV installations described, hourly climatic data and
PV performance measurements have been collected and stored to a
central data logger. The monitored meteorological data include
solar irradiance at the plane of the PV array along with wind speed
as well as module and ambient temperature at both test facilities.
The electrical parameters recorded include current and voltage. The
performance of both PV systems currently presented, has been
evaluated for an entire year period from the beginning of April 2010
to the end of March 2011. The basic characteristics of the installed
monitoring devices are shown in Table 3. It should be noted that the
equipment used in the procedure was previously calibrated, while
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in order to avoid uncertainty in the results obtained a number of
sensors and meters were spread around the test fields to detect
potential inhomogeneous values (e.g. due to obstacles, shading,
etc.). In this context, the deviation among measurements was very
small at both locations thus ensuring validity of the results.

Using the extensive data-set gathered for an one year period for
the installation at Chania one may present the values of parameter
“k” for the respective PV installation, resulting by the ratio of
temperature difference and solar irradiance, see Eq. (7). According
to the available measurements (Fig. 10), most values of “k” are
found within the range of 0.02 and 0.06 �C m2/W, while the long-
term average is equal to 0.04 �C m2/W. Note, that in order to
obtain statistically significant results, values of solar irradiance
(along with the corresponding temperature values) that are less
than 400 W/m2 (i.e. GT � 400 W/m2) have been excluded.

Fig. 11 shows the probability distribution of the measured wind
speed at the two test locations. As it may be seen from the figure,
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Fig. 8. The PV plant of 150 kWp at Ligourio-Peloponnesus.

Table 3
Basic equipment used in the measurement procedure.

Measured
parameter

Equipment Main characteristics

Wind speed Anemometer Type: cup anemometer. Accuracy: �5%.
Output signal: alternate signal or frequency
pulse train equivalent to the angular rotation
speed.

Wind direction Wind vane Deadband less than or equal to 10� . Output
signal: analogue voltage equivalent to the
angular position of the instrument.

Module
temperature

Temperature
sensor

Accuracy: �7%. Measurement range
0e100 �C. Output signal: optical indication.
Position: directly in contact (back side) with
the modules in order to measure cell
temperature.

Ambient
temperature

Temperature
sensor

Accuracy: �7%. Measurement range
0e50 �C. Output signal: optical indication.

Solar irradiance Pyranometer Kipp & Zonen pyranometer “Li-Cor” type.
Accuracy: �0.5%. Position: directly mounted
on the PV panel in order to measure solar
radiation on the module surface.
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is below 1e1.5 m/s, at the installation of Chania the values are
rather lower (annual average 0.4 m/s) compared to the ones at the
installation of Ligourio (annual average 1.6 m/s). In this context, due
to the very low wind speed at the installation of Chania, the wind
induced part of “U” may be assumed null, hence using the analysis
of Section 3 the corresponding “U ¼ Uo” value ranges between 10
and 40 (Fig. 12), leading to increased thermal loss of the system and
relatively large efficiency drop due to high temperature of the PV
cells, Fig. 4.

The next case study concerns the PV installation of Ligourio. To
this end, in Fig. 10 one may obtain the values of “k” estimated with
the use of Eq. (7). In this case,most values of “k” are foundwithin the
rangeof 0.01 and0.03 �Cm2/W,while the long-termaverage is lower
than the case of Chania and equal to 0.02 �Cm2/W. Furthermore, one
may also investigate the impact of wind speed (see Fig. 11) on the
parameter “k”. More precisely, in Fig. 13 one may see that the cor-
responding “k” values decrease as thewind speed of the installation
increases, while having the tendency to drop from 0.03 � 0.005 to
0.015 � 0.005 at relatively high wind speeds (V � 3.5 m/s).
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6. Discussion of the findings

Performance of PV modules is usually specified under standard
test conditions (STC) (1000 W/m2, 1.5AM and 25 �C module tem-
perature). However, their performance under real field conditions
is of great importance for correct product selection and accurate
prediction of their efficiency and energy yield. As already described,
the photovoltaic conversion process, on top of the instantaneous
solar radiation, depends also on the modules’ temperature. Module
temperature in turn depends on climate conditions (e.g. ambient
temperature, solar irradiance and wind speed) and on the technical
characteristics of the PV panels (e.g. material, type, mounting and
ventilation).

For a better characterisation and prediction of PV module per-
formance under a wide variety of weather conditions several
detailed studies have been carried out [43,44] and several models
have been proposed, with most of them however based on
controlled indoor measurements only (e.g. controlling the wind
flow over the surface of the panel with fans).
-40 40-45 45-50 50-55 55-60 60-65 65-70

e (oC)

0

20

40

60

80

100

120

C
um

ul
at

iv
e 

P
os

si
bi

lit
y 

(%
)  

   
  .

ity distribution for Ligourio.



0

0,005

0,01

0,015

0,02

0,025

0,03

0,035

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Hours

(T
c

α
-T

)/G
T

LIGOURIO

0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Hours 

(T
c

α
-T

)/G
T

CHANIA

Fig. 10. k values as calculated from the recorded ambient temperature, module temperature and solar radiation data throughout an one year period. Note that values of solar
irradiance less than 400 W/m2 (i.e. GT � 400 W/m2) have been excluded.
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Regarding the wind speed impact, which is often neglected
because of lack of specific data, it plays a fundamental role in
determining modules’ temperature and accordingly their efficiency
[45e47]. At this point it should be mentioned that the most
commonly used standard approach for estimating/predicting the
operating cell temperature [48] does not include the wind cooling
effect and is limited only to ambient air and in-plane irradiance
measurements. Our findings clearly indicate that the change in
Tc�Ta decreases with increasing wind speed, while this change can
be quite satisfactorily described by the linear square fit plotted in
Fig. 14. Actually, the difference between the cell and ambient
temperature is found between 10 and 20 �C during calm spells,
demonstrating a gradual shift to zero for high wind speed cases.

Concerning the relation of the PV mounting structure with the
modules’ temperature, roof integratedmounting (directly mounted
on a roof with no air gap) normally causes higher cell operating
temperatures because the rear surface cannot exchange heat with
the ambient air and heat transfer takes place only from the front
side of the PV module. In this context, Kurnik et al. [49] made
comparisons between open rack mounted and unventilated roof
integrated cases, with both systems operating under the same
weather conditions. They have found that the difference in Tc�Ta
between open rack and roof integrated modules is about 22 �C
(þ69% relative increase in case of roof integrated, compared to the
open rack mounted modules). In our case this difference was found
equal to about 10 �C (Ligourio long term average: 14 �C, Chania long
term average: 25 �C), which is almost 80% increase in case of
building integrated and open rack mounted modules.

Furthermore, regarding the results of the current study, it
should be noted that the significant time periods of high module
temperature (Figs. 7 and 9), mainly observed for the unventilated
roof case, caused remarkable decrease of the installation’s



WIND SPEED PROBABILITY DISTRIBUTION-CHANIA

0

1

2

3

4

5

6

0-0.5 0.5-1 1-1.5 1.5-2 2-2.5 2.5-3 3-3.5 3.5-4
Wind Speed (m/s)

Fr
eq

ue
nc

y 
(%

)

88%

WIND SPEED PROBABILITY DISTRIBUTION-LIGOURIO

0

5

10

15

20

25

30

35

40

0-0.5 0.5-1 1-1.5 1.5-2 2-2.5 2.5-3 3-3.5 3.5-4 4-4.5
Wind Speed (m/s)

Fr
eq

ue
nc

y 
(%

)

Fig. 11. Wind speed probability distribution in the area of the two tested PV installations.

0

10

20

30

40

50

60

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5

Wind speed (m/s)

U
=U

o

Fig. 12. Impact of wind speed on the thermal loss factor-case study Chania.

J.K. Kaldellis et al. / Renewable Energy 66 (2014) 612e624 621



y = -0,0039x + 0,0261

0

0,005

0,01

0,015

0,02

0,025

0,03

0,035

0 0,5 1 1,5 2 2,5 3 3,5 4
Wind speed (m/s)

k

Fig. 13. Impact of wind speed on the coefficient k-case study Ligourio.

J.K. Kaldellis et al. / Renewable Energy 66 (2014) 612e624622
efficiency (Fig. 4). Actually, the gradient of the applied linear square
fit plotted in Fig. 4, may also provide the modules’ efficiency tem-
perature coefficient in both test facilities. Thus, based on the
resulting slope of the plotted line, the temperature coefficient is
estimated to be about �0.30%/�C for the installation at Ligourio
and �0.44%/�C for the installation at Chania, i.e. quite close to the
values of Table 1 for the respective PV module type. Keep in mind
that up to now, negative values between 0.3 and 0.5%/�C have been
reported by manufacturers, without however mentioning the
dominant impact of wind speed on them.

Finally, by applying the analysis of Eqs. (5)e(9) one may also
investigate the impact of wind speed on the thermal loss coefficient
“U”. Thus, Fig.15 shows the corresponding UeV relation for the case
of Ligourio, with the estimated “Uo” and “lw” values varying be-
tween 25 and 30 W/m2 K and 7e10 W/m2 K/m/s (with �7% accu-
racy), respectively. Particularly, the values calculated are slightly
higher than the ones proposed by the widely used commercial
Fig. 14. Impact of wind speed on temperature difference betwe
software (see also Section 3) and impose lower temperature
induced efficiency drop than expected. On the other hand, the
respective values obtained for the roof integrated PV installation
are in accordance with the values given in the literature.
7. Conclusions

The effect of weather conditions on performance parameters
such as efficiency and operating cell temperatures of existing PV
applications has been examined in the present study. One year
outdoor measured data was evaluated for two (m-Si) PV systems,
i.e. an unventilated building-integrated one and an open rack
mounted one, both comprising real world applications located at
South Greece. The monitored data includes electrical output pa-
rameters, solar irradiance at the plane of the PV arrays, wind speed
as well as module and ambient temperature at both test facilities.
en PV modules and the environment-case study Ligourio.
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It is well documented that the operating temperature of a
module plays a critical role in the photovoltaic conversion process.
Both the electrical efficiency and e hence e the energy perfor-
mance (or power output) of a PV module depend on the operating
temperature, with the rate of change however depending mainly
on varying weather conditions, the PV material and the position of
the frame. In fact, according to the results obtained in the current
study, the higher (absolute) values for the efficiency (or power)
temperature coefficient corresponded to the unventilated roof in-
tegrated case. In this context, our findings have clearly shown that
the difference between cell and ambient temperature decreases
with increasing wind speed, thus experimentally highlighting the
important role of adopting cooling measures (e.g. extracting heat
and use it for other purposes) in cases of high temperatures and
unventilated modules.

Finally, regarding the determination of the wind’s effect on the
thermal loss mechanisms of PV panels, the results were found
rather close but not identical (especially for the open area PV farm)
to those existing in the literature and used by the existing PV
simulation/sizing software.
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