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Abstract— This paper presents a technique to relate the 
temperature distribution over solar panel, achievable by 
means of the UAV thermography, with the electrical power 
distribution which is the cause of those temperatures. 
Differently from a mere thermal analysis, that can only 
identify "hotter" regions throughout the solar field, this 
technique allows evaluating electrical power losses 
associated to malfunctioning events. The method is based on 
the energy balance between the sun irradiance, which tends 
to heat up the solar cells, and the electrical behavior, which 
tends to cool down if the cell is converting light, while tends 
to further increase the cell temperature in those cases in 
which the cell behaves as a load. The reliability of the 
technique is evidenced by providing simulated thermal 
maps, achieved by means of known electrical and irradiance 
conditions, which are analyzed to re-achieve the starting 
electrical condition at the single cell level.

Index Terms--Hot spot, partial shading, thermal analysis, 
photovoltaics, UAV.

I. INTRODUCTION

It is well known that outlier solar cells can 
dramatically reduce the functionality and the energy 
revenues achievable by photovoltaic (PV) plants [1-4].
Since many kinds of possible faults induce the rising in 
temperature of the solar panel (often of only a part of it), 
thermal analysis is one of the most widely employed 
technique for the localization of malfunctioning solar 
panels and cells in wide solar fields [5-6]. Some of those 
faults can be easily detected because the overheating is 
extremely significant and very concentrated in space (hot-
spot); some others, produce a diffuse rising in 
temperature but much less significant. Unfortunately, 
analogous behaviors can be caused by "normal" events, 
like architectural shadowing or localized accumulation of 
grime. To distinguish between real faults and normal 
events is not an easy task, as proved by the numerous 
diagnosis approaches that have been proposed so far in 
the recent literature [7-11]. Such approaches can be
roughly classified in terms of allowed granularity: high-
granularity are those methods that try to inspect, up to the 
single cell, the operation of a solar system; usually, such 
techniques require the presence of devised sensors 
equipping PV panes so that they have the main 
disadvantage to be very costly. On the other side, almost 
all PV systems are provided with some form of low 
granularity monitoring feature, consisting in the 
capability to collect the delivered power and current of 
sections of the PV field up to the entire plant. The second 
approach is, obviously, totally insensitive to local faults. 

From this point of view, thermal maps, that have the 
advantage to be achievable by means of unmanned aerial 
vehicles (drones), combine the capability to "see" the 
thermal behavior of PV systems at the sub-cell level, with
the availability of a global view of the whole plant. 

As said before, fault localization by means of thermal 
maps is based on the widely accepted opinion for which 
heating is deeply related to the malfunctioning.

However, it has never been tried to relate the amount 
of over-temperature to the electrical power which is being 
dissipated. In other terms, even though uneven heating is 
always caused by uneven electrical behavior, the link 
between thermal maps and the electrical operation has 
never been investigated. Such information could be of 
paramount importance because could allow the 
quantification of the electrical issue associated to the 
thermal evidence. The evaluation of the electrical power 
dissipation could also be exploited to quantify, in terms 
of economic revenues, to assess the convenience of the 
fault fixing intervention, thus skipping those faults 
causing negligible losses.

In this paper the power balance equation is exploited 
to estimate the electrical power either dissipated or
generated by each solar cell belonging to a solar panel 
whose thermal map has been captured by an aerial 
vehicle. As a consequence, it is possible to link the 
thermal behavior to the electrical operation, thus allowing 
reliable diagnostic about the healthy status of the solar 
panel. The reliability of the method is evidenced by 
means of accurate three-dimensional numerical 
simulations taking advantage of the COMSOL 
environment, in which, in order to achieve extremely
realistic operation, detailed models describing the actual 
structure of a solar panel have been implemented.   The 
temperature distribution evaluated by COMSOL under 
various operating conditions have been treated as 
experimental thermal maps that have been elaborated by 
means of the power balance approach. Differently from 
real experiments, this approach has the advantage that the 
results that should be achieved are known (because 
corresponding to the operating conditions that have been 
set), thus allowing the reliable estimation of the 
discrepancy between the results of the model compared to 
the exact expected results.

The paper is organized as follows. In Section II details 
about the COMSOL description of the assigned structure, 
are given. Section III gives details of the analytical model 
developed to evaluate the electrical power at the cell level
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starting from temperature information. Section IV 
describes simulated experiments. Conclusions are drawn 
in Section V.

II. SIMULATION STRUCTURE

For simulation purposes a solar panel characterized by 
previously assessed mechanical structure and thermal 
properties of all component materials, has been chosen. 
A photograph is shown in Fig.1

Fig. 1. Solar panel under study.

This solar panel embeds 40 series-connected solar 
cells of the mono-crystalline type. The series is in turn 
made of two groups formed by 20 solar cells. Each group 
is protected by a bypass diode hosted in the junction box 
located in the rear side of the solar panel [12-14].

As can be argued from the figure each solar cell is 
made by half silicon wafer (thus reducing the current and 
increasing the voltage available in the occupied space).
The width of the solar panel is 55.5 cm while the height, 
is 71.9 cm, above measures includes the aluminum frame, 
whose thickness is 3.4 cm.

As usual solar cells are sandwiched between a layer of 
EVA (ethylene vinyl acetate), whose thickness is 0.95 
mm, and the Tedlar back sheet, whose thickness is 1 mm. 
Above the EVA layer, whose main role is to soften the
impact of mechanical stress, the cells are covered by a 
high optical transmittance glass plate, having a thickness 
of 3 mm. The area of each solar cell is 72.8 cm2.

The structure of the solar panel with numbered cells is 
sketched in Fig. 2.

Such a numbering will be exploited in the following of 
the paper to clearly individuate the solar cells and their 
operating conditions.

As said in the previous section the real structure of the 
solar panel was discretized in the COMSOL environment,
which solves the thermal problem on the basis of the 
finite-element method. In particular, nonlinear 3-D
thermal simulations were performed on the mesh 
structure reported in Fig. 3.
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Fig. 2. Solar panel schematization and cell numbering

Fig. 3. Solar panel (a) and corresponding COMSOL mesh (b).

For illustrative purposes the image does not show the 
tempered glass and EVA layer, which were actually taken 
into account in the simulations.

In order to reproduce, by means of simulations,
reliable data (similar to those that would be achieved in 
real experiments), the electrical performance of the real 
solar panel was considered. Under standard test 
conditions (solar irradiance of 1000 W/m2, 1.5 Air Mass, 
and cell temperature of 25°C), the solar panel supplied an 
open circuit voltage of 24.6 V and a corresponding 
maximum power point (MPP) voltage of 20.2 V. The 
short circuit current was 2.81 A and the corresponding 
current at the MPP was 2.48 A. These characteristics 
were exploited to adjust a proper circuit model of the 
solar panel in which each solar cell is described by means 
of the one diode equivalent circuit. The adjusted model 
allowed the evaluation of the electrical power, either 
produced or dissipated by each solar cell under various
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irradiance conditions. Since the solar panel was described 
at the single cell level, uneven irradiance conditions were 
allowed, so that, as an example, partial shading 
conditions (bringing to the hot-spot formation) were 
correctly emulated. Circuit simulations were performed in 
the PSpice environment; the electrical power provided by 
these simulations were summed to the solar irradiance 
impinging on each solar cell. The total power associated 
to each solar cell was converted in the COMSOL 
structure in a corresponding number of heat sources, 
geometrically coinciding with the solar cells. The output 
of the COMSOL simulations were thermal maps 
definitively analogous to those achievable by means of 
infrared thermography. The purpose of the analysis 
reported in the following section is to obtain the electrical 
power distribution that generated the given map.

The approach for the identification of the electrical 
powers of the individual cells, starting from the 
knowledge of the temperature distribution on the front 
side of the solar panel, relies on the idea that the 
temperature increment (or decrement) of each solar cell is 
given by the balance of the impinging power irradiance, 
the electrical power produced inside the solar cell and the 
thermal power exiting form the solar cell.

The above idea can be represented by means of the 
following balance equation applied to the i-th cell:

,( )i i i cell i out iT k G A P P (1)

in this equation Gi is the irradiance actually reaching the 
solar cell area Acell (i.e. taking into account the reflection 
from the glass surface), Pi=Vi∙Ii is the electrical power
generated (or absorbed) by the solar cell; it is subtracted 
from the irradiance because it corresponds to the share of
sun energy converted into electrical power (conversely, if 
this term is negative means that the solar cell is behaving 
as a load, thus increasing the cell temperature). Pout,i is the 
thermal power flowing toward the neighboring cells. The 
terms ki take into account heat dispersion through the 
glass in the vertical direction; they are fitting parameters 
which are determined by means of the calibration 
procedure described in the following section. The model 
takes into account the fact that every solar cell is 
mutually coupled with all other solar cell; in other terms, 
every solar cell contributes to the heating of the others 
and is heated by the others. ΔTi is defined as Ti-Tamb, Ti

being the cell temperature and Tamb the ambient 
temperature.

In the above equation the evaluation of the term Pout,i is 
the critical issue. To this end, the lateral heat propagation 
has been assumed to entirely occur through the glass plate
(this assumption is realistic because solar cells are 
laterally spaced inside the solar panel); as a consequence 
Pout,i can be evaluated from the gradient of the front 
temperature distribution according to

, ˆ
i

out i glass glass front
E

P k t T n dlˆ
i

front
Ei

T n dlˆfrontTfront (2)

where Ei is the lateral boundary of the cell, n̂ is the 
outward-pointing unit normal vector, and tglass is the 
thickness of the glass.

Since the front temperature field Tfront, is assumed to 
be known, because determined by aerial thermal images,
equations (1) and (2) allows determining the distribution 
of the electrical power Pi generated or dissipated by each 
solar cell. In particular, the electrical power dissipated as 
a consequence of a malfunctioning event can be 
determined on the basis of the mere knowledge of the
temperature map.

IV. SIMULATED EXPERIMENTS

The temperature reached by the surface of a solar cell 
III. ANALYTICAL APPROACH depends both on operating conditions and on crystalline 

defects that can be present either the bulk semiconductor 
and on surfaces [15-19]. The method illustrated in the 
previous section has been applied to two case studies. 
The first one refers to the presence, in the solar panel, of 
a single damaged solar cell; the second case is the 
classical hot spot generated by the partial shadowing of a 
solar cell.  approach was applied to identify the Pi

distribution in a panel with a single damaged cell. 
The damage in the solar cell was emulated by setting a

low value for the shunt resistance [20] in the equivalent 
circuit corresponding to the solar cell. As explained in 
Section II, the first step of the procedure has been the 
evaluation, by means of PSpice, of the electrical power 
generated or absorbed by each solar cell, this power 
contributed to the heat generation in the COMSOL 
environment. 

The output of the COMSOL simulation for this case is 
shown in Fig.4 in the form of a thermal map. 

Fig. 4. Thermal map evaluated by COMSOL when cell #3 has a low 
shunt resistance. 

As can be seen, solar cell #03 (the one with the reduced 
shunt resistance) shows a slight increment of the 
temperature. As can be inferred from Fig.5, that reports 
the average temperatures over the solar cells, this 
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increment is about three degrees above the average 
temperature of other cells. In order to pass, from the 
temperature map, to the electrical power that originated 
such a map, it is important to note that in (1) the terms ki,
depending on the particular solar cell, are not known. This 
means that a preliminary calibration is needed to 
determine these values. The calibration can be performed 
by assuming the availability of the thermal map of a solar 
panel operating under normal conditions (no damaged 
cells, no shadows) at the MPP. In such a case the power is 
evenly shared among the cells. From the distribution of 
the front temperatures the average temperatures Ti 
appearing in (1) can be determined; at the same time the
gradient frontT can be determined as well. From the 
gradient (2) allows the evaluation of Pout,i, so that, by 
returning in (1), ki can be evaluated. 

Fig. 5. Average front temperatures corresponding to the thermal map of 
Fig.4

Once ki have been achieved (1) and (2) can be 
exploited to compute the terms Pi corresponding to each 
solar cell. The result is shown in Fig. 6.

Fig. 6. Electric powers [W] evaluated by (1) on the base of the thermal 
map of Fig.4.

As can be seen, the temperature increment of cell #3 is 
dictated by the decreasing, with respect to the normal 
operating solar cells, of the converted electrical power. It 
is interesting to note that it is correctly revealed that, 
actually, the cell does not dissipate power, it just works
with a lower efficiency.

The second experiment was conducted by assuming 
that a solar cell was subject to a shadow covering 20% of 
its area. In this case the subpanel is pushed to bypass; 
under this condition, as confirmed by the electrical 
simulations, all the cells belonging to the bypassed 
subpanel operate close to the MPP, whereas cell #3
behaves like a load.

The temperature map evaluated by COMSOL for this 
case is shown in Fig. 7. As expected, a dramatic increase 
in the temperature of cell #3 is found in this case, with an 
hot spot temperature above 120°C and an average 
temperature over the cell of about 110°C. It is interesting 
to note that the model implemented in COMSOL
correctly describe the heating up of the neighboring cells,
which are subject to the thermal coupling with the shaded 
cell.

Fig. 7. Thermal map evaluated by COMSOL when cll #3 is partially 
shaded.

The electrical power distribution evaluated for this 
case is shown in Fig. 8. As can be seen, the term Pi

corresponding to the shaded cell is negative and quite 
high; in fact, it is correctly evaluated as nearly equal to 
the sum of the power delivered by the sunny cells. It is 
also interesting to note that, even though the neighboring 
cells are hot, they do not dissipate power; indeed, their 
temperature depend on the proximity with the shaded 
cell, the power they deliver is lower because of the 
inverse dependence on temperature.

The analysis of the electrical power map leads to the 
conclusion that the subpanel is bypassed, so that it can be 
evaluated how the shadow affects the energy produced by 
the solar field. 
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Fig. 8. Electric powers [W] evaluated by (1) on the base of the thermal 
map of Fig.7.

V. CONCLUSIONS

In this paper a technique suited to evaluate the electrical 
power delivered or dissipated by single solar cells 
embedded in series connected solar panel has been 
presented. The method relies on the availability of 
thermal maps achieved by means of UAV thermography 
and relates temperature information with local electrical 
power. Simulated experiments have shown the capability 
of the method to individuate both damaged solar cells, not 
causing significant power losses, and limiting solar cells, 
leading the solar panel into bypass. 
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