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Abstract—This paper investigates defects in photovoltaic (PV)
cell and panels, in particular, the size and location of defects.
We concentrate on characterising photovoltaics under outdoor
environmental conditions with the help of synchronized thermog-
raphy (ST) and time-resolved thermography (TRT). Infrared (IR)
images are obtained under changing solar radiation levels and
moderate wind speeds with the help of a portable IR-camera.
We demonstrate that IR-images obtained outdoors by ST and
TRT provide the same information in the same accuracy as
IR-images recorded indoors. We elaborate the differences in
parameters such as measurement time and region-of-interest
(ROI) which need to be adjusted when moving from indoor to
outdoor environments. Our technique allows maintenance staff
to carry out measurements on the site of a PV power plant to
identify PV panels with defects in an easy way.

Index Terms—defect, indoor environment, infrared, outdoor
environment, photovoltaic cell, photovoltaic panel, solar energy,
synchronized thermography, time-resolved thermography.

I. INTRODUCTION

Forecasts show that world’s energy consumption will in-
crease by 56% between 2010 and 2040. Over the same time
period, it is estimated that global energy-related carbon dioxide
emissions will increase to 45 billion metric tons in 2040,
a 46% increase from 2010 [1]. Solar energy is the most
promising energy resource to counteract these negative future
projections for humanity and to substitute non-renewable
energy resources such as coal, oil, gas and nuclear power
(COGN) energy sources [2], [3].

However, the potential energy of photovoltaics depends not
only on the available irradiation, but can also decrease due
to aging and different types of defects over time. It is worth
noting that a defect in single PV cell has an impact on the
output performance of the whole PV panel and, therefore, on
the performance of the entire PV plant [4]–[7]. Hence, it is
important to detect faults and defects in PV panels. Moreover,
a PV panel which is defect should be replaced by maintenance
staff to improve the performance of a PV power plant [8].

Commonly, the performance of PV panels is characterised
with the help of electrical measurements to obtain the char-
acteristic Current-Voltage (I-V) curve of PV panels [9]–[11].

However, electrical measurements can only measure the I-
V curve of individual PV panels, but not of an array of a
PV power plant. Thus, PV panels must be disconnected from
the array for carrying out measurements. These circumstances
result in longer measurement times to identify PV panels with
defects. Hence, infrared thermal (IRT) imaging techniques
gained significantly interest to be used by maintenance staff
on the site of the PV power plant to verify the performance
of PV panels [12].

Generally speaking, optical measurement techniques such as
lock-in thermography (LIT), electroluminescence (EL) imag-
ing, photoluminescence (PL) imaging, synchronized thermog-
raphy (ST), time-resolved thermography (TRT) and other IRT
techniques are developed for measurements under indoor en-
vironmental conditions [13]–[17]. Recently, efforts have been
made also to use IRT techniques for characterising PV panels
under outdoor environmental conditions to detect defects in
PV panels [18]–[20]. In contrast to measurements indoors,
outdoors, a significant amount of background irradiation can
be present during the measurement.

The background irradiation as well as other factors can
have various impacts on the result of the measurement, in
particular the accuracy of the measurement. As an example,
Akram et al. [18] report in their work that experiments
conducted on PV panels with defects do not result in the
same information. More precisely, IR-images obtained under
outdoor environmental conditions show fewer or not all defects
in PV panels in comparison to indoor measurements [18].
Similarly, Teubner et al. [19] report that weather conditions
can affect the results of IR thermography. In their work, for
measurements outdoors, steady-sate conditions are preferred
in which the solar radiation level does not change within a
certain period of time [19].

In this paper, we wish to utilise TRT, developed in previous
research [17], for detecting defects in PV panels under outdoor
environmental conditions. As in the available literature, we
wish to compare our results obtained outdoors with the results
of measurements obtained indoors (i.e. laboratory conditions)



and electrical measurements. We also consider different cir-
cumstances, as reported in the available literature, which
have an impact on the accuracy of the measurement, such
as frequent changes in the available weather conditions, in
particular the available irradiation.

In previous research [17], we used a portable IR-camera (i.e.
Flir ONE) which can be attached to an Android smartphone
for recording IR-images of PV panels. We demonstrated that
a portable IR-camera is capable of obtaining IR-images which
are similar to the IR-images obtained with an IR-camera for
laboratory measurements such as the Optris PI 640. However,
it is worth noting that the costs of the Flir ONE are much
lower in comparison to the Optris PI 640 [17]. Furthermore,
a portable IR-camera can be easily used by maintenance staff
for analysing PV panels within PV power plants.

II. BACKGROUND OF THE RESARCH

TRT is based on ST, which was originally developed for the
characterisation of thin films [16]. In contrast to illuminated
LIT (ILIT) and PL imaging, ST and therefore TRT does not
require uniform illumination of the device under test (DUT).
These circumstances help as it is expected that under outdoor
environmental conditions the irradiation on top of the PV
panel will be similar but not entirely uniform. Furthermore,
under outdoor environmental conditions, it is expected that
the solar radiation level (λ) changes during the duration of
the measurement. Especially if the sky is overcast, the solar
radiation level can change frequently between shadow and
direct sunlight.

In previous research, we used the Flir ONE with a Samsung
Galaxy S4 (GT-I9506) smartphone [17]. Due to software
limitations in the Flir mobile application, we were not able to
change parameters such as the minimum and maximum value
for the temperature scale within video recordings. Thus, we
fixed the temperature scale in the mobile application and then
streamed as well as recorded the screen of the smartphone to
a computer on which the streamed video was recorded. In this
paper, we use the Flir ONE PRO (with a USB-C connector)
and a Nokia 8 (TA-1004) smartphone. Running on Android
9.0 (Pie), the Flir mobile application allows advanced features
including the option to fix the temperature scale within video
recordings. Hence, streaming and recording externally is not
anymore required.

III. EXPERIMENTAL SETUP AND PROCEDURE

A. Setup under Outdoor Environmental Conditions

Fig. 1 shows the basic measurement setup of TRT. As seen
in Fig. 1, an external power supply is used to forward bias and,
thereby, heat up PV panels. Generally speaking, heating up PV
panels is a common procedure. If PV panels are covered by
snow or ice, then panels are biased forward to melt the snow
or ice covering the protection glass of PV panels, allowing
them again to generate electricity. When forward biasing PV
panels, temperature differences can be obtained in IR-images.
For example, if a hairline crack is present in a PV cell the
defect part of the PV cell is physically disconnected from the

Fig. 1: Schematic of TRT for measurement outdoors

Fig. 2: TRT measurement setup

Fig. 3: Thermal image of the TRT measurement setup



rest of the PV cell. As a result, when the PV cell is forward-
biased, the defect part does not conduct current and, thus, does
not heat up. Moreover, due to the hairline crack, the remaining
part of the PV cell in which no defect is present conducts
more current and, hence, heats up more than non-defect PV
cells [16].

Fig. 2 shows the TRT measurement setup on the roof of the
University of Oulu in the City of Oulu, Finland. Measurements
were conducted in August when the ambient temperature was
14 ◦C, wind speed 7 m/s, gust speed 10 m/s, and the solar
radiation level was frequently varying between 100 and 500
W/m2 (horizontal level). However, as seen on the right-hand
side of Fig. 2, the measurement setup was located next to the
cooling pipes of the university’s air conditioning system. In
addition, even though the ambient temperature was 14 ◦C, the
asphalt shingle type roof reached a temperature of about 50
◦C as shown in the thermal image of the TRT measurement
setup in Fig. 3.

The background temperatures have an impact on the settings
of the IR-camera’s temperture scale. In contrast, indoors, a
narrower temperature scale can be used for the IR-camera
in comparison to outdoors. Furthermore, due to potential
reflections from the DUT, the IR-camera needs to be slightly
tilted when recording IR-images. As a result, the region-
of-interest (ROI) is affected, in other words, the available
resolution of the IR-image for analysing the DUT [16]. The
Flir ONE Pro can record IR-images as a video in a resolution
of 1440×1080 pixels with 9 frames per second.

B. Experimental Results

In this research, we considered the potential practical us-
ability of TRT for characterising PV panels under outdoor
environmental conditions. For measurement indoors [17], as
seen in the schematic of the measurement setup in Fig. 1, we
used a small construction for installing the IR-camera under
an optimal distance (d) from the DUT in order to maximise
the use of the resolution of the IR-camera. However, outdoors,
in particular to record IR-images of PV panels installed on the
roof of buildings, it can be challenging to use a structure for
installing the IR-camera in a certain distance from the DUT.
Most likely, maintenance staff will just hold a IR-camera in
their hands when recording images.

Hence, we decided also to hold the IR-camera in the hand
while recording IR-images within experiments. It is worth
noting that these circumstances have an impact on the IR-
image recording. Not only will a person move naturally during
the recording, also moderate wind and gust speeds will affect
the position of the IR-camera. Fig. 4 shows the temperature
distribution of sample number 2, which was measured in
previous research indoors with ST [16]. The sample was made
out of three PV cells, which were connected in series. Table
I summarises the available data of one PV cell provided by
the PV manufacturer Motech Industries, Inc. As seen in Fig.
4a, in the beginning of the measurement, a strong gust speed
affected the position of the IR-camera and, thus, needed to

(a) t = 2.8 s (frame number = 25)

(b) t = 9.2 s (frame number = 83)

(c) t = 22.1 s (frame number = 199)

(d) t = 47.9 s (frame number = 431)

Fig. 4: Temperature distribution of sample 2 without glass



be readjusted towards the right-hand side. Due to potential
movements of the IR-camera, the ROI needs to be widened.

TABLE I: Data of one PV cell from Motech Industries, Inc.

Parameter Value
Pmpp [W] 0.33
Voc [V] 0.61
Isc [A] 0.69

Vmpp [V] 0.51
Impp [A] 0.65

length [mm] 78
width [mm] 26

AM1.5; λ = 1000 W/m2; Tc = 25 ◦C; standard test conditions (STC)

In experiments, first, the DUT was left in idle outdoors.
In this way, we ensured that the DUT was given enough
time to reach a constant temperature based on the given
ambient conditions. Then, as in previous research [16], [17],
[21], the external power supply was connected to the DUT
and powered on at the same time when recording IR-images
started. Hence, each frame recorded with the help of TRT,
shows the progression of the heating process of the DUT.
The aim of this research was to verify the potential impact
of outdoor environmental conditions on the progression of the
heating process.

Without protection glass, it is easy to see the hairline crack
in the PV cell located in the middle. The Flir One Pro allows
to overlay a visual image over a thermal image, as seen in
Fig. 3. However, for the IR-image recording, this functionality
must be deactivated. Videos were recorded in grey-style to
allow processing videos in MATLAB and, thereby, identifying
the size of potential defects in PV cells. As seen in Fig.
4b-4d, the temperature scale ranging from 0 to 22 ◦C is
much larger than in the measurement indoors (i.e. 0 to 8 ◦C
[16]). In [21], we present the procedure to estimate the size
of a defect in a PV cell based on temperature differences
obtained with TRT. The estimated size of the defect area
and, thereby, the estimated loss in output power (∆P) within
TRT measurements under outdoor environmental conditions
was 47.2% ± 1.5% and correlated with the results obtained
under indoor environmental conditions and with electrical
measurements.

Fig. 5 shows the temperature distribution of PV panel
number 1 which was characterised in previous research with
the help of TRT indoors [17]. Table II summarises the available
data of the PV panel DSP-5P provided by the PV manufacturer
[lux.pro] Corporation. Indoors, a minimum heating time (tmin)
of 30 s was needed. However, outdoors, after t = 30 s,
temperature differences are just starting to form and have
not yet fully developed. After about two minutes, as seen in
Fig. 5b at t = 124.6 s (frame number 1,121), the hot spot in
the middle of the PV panel and the cold spot on the right-
hand side of the PV panel become visible. In Fig. 5d at t
= 209.6 s (frame number 1,886), the defect can be detected
in MATLAB, but still with a notable error in the estimated
size of the defected area. Hence, the measurement needs to
be continued until the total measurement time is about 10

(a) t = 11.1 s (frame number = 100)

(b) t = 124.6 s (frame number = 1,121)

(c) t = 152.9 s (frame number = 1,376)

(d) t = 209.6 s (frame number = 1,886)

Fig. 5: Temperature distribution of PV panel 1

minutes in order to determine the precise size of the defect
under outdoor environmental conditions.

In practice, it is unrealistic that maintaence staff will record
IR-images on a continous basis for such a long period of time.
Hence, we analysed the change in the temperature differences



TABLE II: Data of the [lux.pro] DSP-5P

Parameter Value
Pmpp [W] 5.00
Voc [V] 11.25
Isc [A] 0.81

Vmpp [V] 9.00
Impp [A] 0.56

length [mm] 350
width [mm] 174
height [mm] 19

AM1.5; λ = 1000 W/m2; Tc = 25 ◦C; standard test conditions (STC)

in the IR-images recorded with TRT. Fig. 6 shows the median
temperature over the first 200 seconds of the measurement.
As in previous research [17], the progression of the median
temperature is constant on a linear basis. Hence, as in the
case with ST [16], the DUT needs to be forward-biased for a
sufficient time, before an IR-image is taken. In the meantime,
it is not necessary to take IR-images.

Indoors, when carrying out measurements with the help of
TRT, the ambient temperature (i.e. room temperature) was con-
stant throughout the duration of the measurement. In addition,
as measurements were carried out in a dark environment, λ
≈ 0 Wm/2. Generally speaking, under indoor environmental
conditions, it is possible to control the amount of light in the
background and regulate the ambient temperature. However,
under outdoor environmental conditions, as elaborated in [19],
it is not possible to influence the given ambient conditions.
That is why the impact of outdoor environmental conditions
have to be examined and, if necessary, taken into account.

While Fig. 6 shows the median temperature and, therefore,
the progression of the heating process of the DUT, Fig. 7
presents the progress of a reference temperature outside the
ROI. The reference temperature was taken from the measure-
ment setup on which the DUT was placed. In contrast to other
approaches such as [19], which require a reference sample,
it is worth noting that for TRT a reference is not needed.
Thus, the temperature was only taken as a reference to get an
understanding whether the temperature differences observed in
IR-images are caused by forward biasing the PV panel with the
external power supply or by changes in the ambient conditions.

As seen in Fig. 7, over the first 200 seconds of the
measurement, the reference temperature varied between 29.7
and 30.4 ◦C. Even though, the solar radiation level (λ) changes
and wind as well as gust speeds are present, the ambient
temperature remains relatively constant. Hence, it can be said
that the temperature progression observed in the DUT is
introduced by the TRT and not caused by changes in the
given ambient conditions. However, depending on the actual
circumstances, it can be the case the ambient conditions can
have minor effects on the DUT.

Fig. 8 shows the thermal image of PV panel 1 recorded after
10 minutes. As seen in Fig. 8, the hot and cold spot are now
clearly visible. The estimated size of defect and, thus, loss in
output performance is 18.3% ± 1.5%. This result is well in line
with the results of ST and TRT under indoor environmental

Fig. 6: Progression of the median temperature in PV panel 1

Fig. 7: Progression of the refence temperature

Fig. 8: Thermal image of PV panel 1 after t = 10 min

conditions and electrical measurements. In previous research,
the measurement time for ST was set to a specific time for a
better comparison of the obtained IR-images of different PV
panels [16]. In indoor environments, the measurement time
was less than one minute. However, outdoors, this measure-
ment time must be increased substantially and in the order of
several minutes.



IV. DISCUSSION AND CONCLUSION

PV panels can suffer from various defects and faults due to
aging and other factors. As a result, a defect in a single PV cell
can occur leading to a decrease in output power of a PV panel
and, thus, of an array and an entire PV power plant. Hence, it
is critical to detect defects in PV panels and replace them to
improve the performance of a PV power plant. Commonly, PV
panels are inspected at manufacturing stage to detect defects
before PV panels are installed in the field. However, recently,
thermal imaging techniques have been proposed to characterise
also PV panels which are already installed in the field.

In this paper, we investigated the potential of ST and
TRT to characterise PV panels under outdoor environmental
conditions, exposed to frequent changes in the solar radiation
level. We showed that moderate wind and gust speeds have
an impact on IR-image recording such as the size of the ROI,
for example. In addition, we concentrated on the use of a
portable IR-camera, which can be connected to an Android
smartphone, to potentially characterise PV panels which are
installed on the top of buildings. Thus, we studied the impact
of holding the IR-camera in the hand on the possible usable
resolution of the IR-camera.

In experiments, we used the same samples as in previous
research to compare measurement results under outdoor envi-
ronmental conditions which those ones obtained indoors and
with the help of electrical verification. We showed the defects
in PV cells and panels are clearly visible in the obtained IR-
images. Furthermore, the estimated size of the defected area
and, thus, the estimated loss in output power correlates with
previous measurements and experiments. Hence, ST and TRT
are suitable to obtain IR-images in the same accuracy outdoors
as indoors. However, in contrast to indoor environments, the
heating time of the DUT must be increased significantly.
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