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1. Introduction Generation (DG) or used for the production combined with 
The problems related to the electrical energy produc-
tion are becoming more and more important, in particular, 
in recent years. A more rational use of energy resources or 
the use of energy production from renewable sources are 
the strategies typically adopted worldwide, to obtain both 
the goal of reducing emissions of pollutants and a lower 
environmental impact. Among the available technologies 
that play a key role, particularly interesting are: photo-
voltaic (PV), wind, biomass and fuel cells. In particular, 
among these photovoltaics had the greatest spread 
throughout the country. In fact, photovoltaic systems can 
also be made in small size, can be easily connected to the 
national grid thus creating a network of Distributed
high efficiency, even local, thermal and electrical energy.
The basic element of these systems is the photovoltaic 

panel, PV panel in the following. This item is definitely very 
reliable but despite its performance is highly dependent on 
many factors, it may fail or degrade in several ways. This 
consideration leads to the necessity to study in detail the 
performance in terms of both reliability and availability of 
the plants that are characterized by a return on invest-
ment on the time horizon of at least 20 years which not 
consider the possible operational errors. Already in the ear-
ly stages of design, reliability problems and potential fail-
ures should be suitably considered in order to ensure 
appropriate countermeasures in a more rapid and less 
expensive way. The reliability can be defined as the capa-
city of the PV panel to maintain its functionality over time, 
under specified environmental conditions and use [1]. 
Indeed, the maintainability is the capacity of the PV panel, 
in given conditions of use, to maintain an operating state in 
which it can perform the required function, when main-
tenance is performed in the given conditions and with
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Table 1
Failures frequency [9].

# Failure subsystem Frequency, %

1 Inverter 43
2 AC subsystem 14
3 External 12
4 Support structure 6
5 DC subsystem 6
6 Modules 2
appropriate procedures and resources [1]. It can be stated 
that the assessment of the reliability and maintainability 
can be made only if the failure modes of the PV panel are 
known and taken into account in a correct way. The eval-
uation of PV system long term reliability is mandatory 
and it should include both a complete and partial outage 
of the system. In fact, a system working at a level below 
expectations can be considered in partial outage. For 
example, a small power loss due to damaged single cell 
can be considered a failure in PV system. In literature sev-
eral papers consider the reliability of PV components and 
in particular that of PV modules [2–8]. A fewer number 
of publications consider the failures of the overall PV sys-
tem. In [9], for example, a failure analysis shows that 
inverters, AC subsystems, support structure, DC subsys-
tems and modules contribute in important but in different 
way to the PV system failures. Golnas in [9] presents a very 
interesting analysis of the system reliability starting from 
the operator’s perspective and Pareto’s table concerning 
the frequency of the abnormal state of the failures.

In Table 1 is shown the frequency of failures to be 
attributed to the subsystems before mentioned [9].

In this paper a detailed review of the most important 
failure causes of a photovoltaic plant is proposed in order to 
identify the parameters that have to be monitored. This 
analysis can be used for the design of a more efficient diag-
nostic system. The paper deals with topics included in a 
long term research concerning PV plants composed by set 
of PV panels, their reliability and modelling as far as the 
prevision of the energy production [10–23]. This paper is a 
part of broader research activities carried out by the 
authors in recent years [10–24].

The paper is organized in the following manner. In Sec-
tion 2 a PV systems overview is presented. In Section 3 the 
possible failure causes are discussed. The diagnostic archi-
tecture is presented in the following Section 4. Section 5 
reports the experimental results and the discussion of the 
experimental results. Conclusions are finally drawn in 
Section 6.
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Fig. 1. Simplified schematic diag
2. PV systems overview

The system under study is a grid-connected photo-
voltaic system with one main inverter. As well written in 
[9] a PV system can be seen as ‘‘a compilation of systems 
and components, ranging from simple hardware like wire 
interconnects to complex units like tracker controllers and 
inverters, which makes the rigorous treatment of the overall 
system reliability a challenging task, but one that is essential 
to the on-going maturation of the industry’’.

It consists, as depicted in Fig. 1 in a simplified way, of 
three main subsystems, photovoltaic modules connected in 
series and parallel, power conditioning subsystem that 
includes inverters and BOS (Balance Of System) subsystem 
that is composed by generator and module junction box, 
solar cable connectors, fuses, DC and AC wires, DC and AC 
switches.

Module junction boxes connect solar cells to the outside 
world by joining the connection cables of the cell strings 
and interconnecting them with the bypass diodes. On the 
other hand, generator junction box consolidates the multi-
ple string cables of the PV generator. Moreover, it includes 
DC switching contactors and performs protection functions 
against over voltages by employing string fuses and against 
lightening through surge suppressors. Mounting structure 
failures are excluded from the considered system as their 
contribution to PV plant outages is very small, less than 
1% [8]. Besides, string diodes will be out of our scope as well, 
since grid connected PV are recently built without string 
diodes to avoid losses associated to their forward bias cur-
rent. Therefore, current modules, nowadays, can withstand 
reverse current up to seven times the short circuit one.

3. Failure causes analysis

The reliability model of PV plant can be obtained by
dividing the whole system into different functional subsys-
tems, each of which fulfills its respective function. After-
wards, the potential failure causes and sub causes in each 
subsystem have been identified and described in the fol-
lowing part of this section. Failure causes can be derive 
from PV modules (as described in Section 3.1), from invert-
ers (as discussed in the following Section 3.2) and, finally, 
from BOS (as presented in the Section 3.3).

3.1. PV module failure causes

The core of every photovoltaic system is the array of PV 
modules. The PV modules represent the power generation 
subsystem and any failure associated with their operation
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Fig. 2. Picture of a typical PV module [22].
will affect the overall performance of the PV system. Fig. 2 
depicts a typical PV module [22].

The failure modes of PV module can be classified as

� Encapsulation failures.
� Module corrosion failures.
� Broken interconnection and solder buses failures.
� Cells cracking failures.
� Dust failures.
� Hot-spots failures.

In the following sub-sections a brief description of each
of the aforementioned failure causes will be given.
3.1.1. Encapsulation failure
The main function of an encapsulant material is to pro-

tect the components of a PV module from foreign impuri-
ties and moisture along with the reinforcement from 
mechanical damage. An encapsulant also acts as an electri-
cal insulator between cells and other module components 
to prevent leakage current and binds all of the components 
together. Encapsulation failure occurs in both early and 
long term degradation. One of the major reason of encap-
sulation failure is Discoloration and Delamination (D&D). 
This failure can occur in both early and long term degrada-
tion and it can be found at the interface between the 
encapsulant material and solar cell [24]. Moreover, it is 
more frequent to find this failure in hot and humid envi-
ronment. The D&D affects the intensity of solar energy con-
verted to electricity [25]. Moisture input is considered 
another cause for encapsulation failure and a reason for the 
increase in the series resistance of the PV electrical model. 
Modules can be constructed with impermeable front – and 
back – sheets where moisture can diffuse in from the sides. 
Even in presence of the impermeable front and back sheets, 
water can permeate in and condense [26]. Therefore, the 
incoming irradiation is partially blocked by the moisture 
and the cells are partially shaded. This phe-nomena leads to 
a reduction of the current generated by
some cells and they may even become reversed biased with 
respect to the other cells in the string if the shading 
becomes severe. Furthermore, Ethylene Vinyl Acetate (EVA) 
sheets reacts with the moisture to form acetic acid that 
speeds up the corrosion process of the inner compo-nents 
of PV module [27]. Shattering of the top glass of 
encapsulation is considered another reason of failure. This 
is due to thermal stress, handling, wind or hail [27]. Mod-
ule broken glass may keep module functioning correctly 
but the risk of an electrical shock and of moisture infiltra-
tion increases. A better description of the above mentioned 
failures has been reported in [25–27].

3.1.2. Module corrosion
The corrosion of the conductive parts of the cells and the 

interconnections through the encapsulant is responsible for 
the deterioration of the PV module, which results in the 
increase of the series resistance and the decrease of the par-
allel resistance of the PV panel electrical model [28].

3.1.3. Broken interconnection and solder buses failure
Solar cells are equipped with two basic elements, the 

front and the rear contacts, allowing to deliver the current 
to external circuit. Electrical current is carried by buses 
strips that are soldered to the front and back contacts. A 
failure of string ribbon is associated with loss of output 
power [29]. Interconnection break occurs as a result of 
thermal expansion and contraction or repeated mechanical 
stress. Moreover, thicker ribbon or kinks in ribbon con-
tribute in breaking of interconnections, and result in short-
circuited cells and open-circuited cells.

3.1.4. Cells cracking
Cells cracking is a common problem encountered in PV 

modules. They may develop in different stages of the mod-
ule lifetime: during manufacturing the soldering induces 
high stresses into the solar cells [30,31], handling and 
vibrations in transportation can induce or expand cracks. 
Finally, during the functioning on the field, a module is 
subjected to mechanical loads due to wind (pressure and 
vibrations) and snow (pressure). Cracking of cells occurs 
with a rate of about 1% per year. Although 1% failure rate is 
small, it leads to significant power degradation because it 
causes around 1–10% open circuit cell failures [32]. The 
consequences of cells cracking on PV performance is a 
decrease of the filling factor and open circuit voltage in 
addition to cells mismatching. Over long periods, through 
200 humidity cycle, it is possible to see that 7% of cracked 
cells develop an electrically disconnected cell areas and 
that cracks parallel to busbars have risk of separating cells 
areas of 16–25% [33].

3.1.5. Dust
In dry regions, dust is considered a detrimental agent 

whenever solar energy applications are concerned. When 
foreign particles fall on the PV modules, they interfere with 
illumination quality by both absorbing and scattering the 
light [34].

The dust deposition depends on its density and size dis-
tribution. The accumulation of dust on the PV module sur-
face can produce spots with different concentrations.



These spots vary in shape, location and concentration den-
sity. The differences in dust accumulation in any place can 
leads to different transmittance of light into the module, 
thus leading to small random areas on the PV module with 
less exposure to solar radiation. It also increases the possi-
bility to trigger the hot spot effect when the operating cur-
rent of a module exceeds the short circuit current of the 
most covered cell. When this case occurs, the affected cells 
are forced into reverse bias and thus dissipate power.

In the literature, many papers discussing the impact of 
dust on the performance of PV systems have been pub-
lished. The experimental investigation on the reduction of 
PV output efficiency presented in [35] has shown that the 
reduction of efficiency can be up to 11.6% when the dust 
deposition density is about 8 g/m2. In addition, a sin-gle 
dust storm can reduce the output power by 20% and a 
reduction of 50% could be experienced if no cleaning is per-
formed on modules for long time that exceeds six months 
[36]. In [22] the results of an experimental comparison 
between two pairs of PV panels are discussed, where one 
PV panel is cleaned and the second artificially polluted.

3.1.6. Hot-spots
Hot spots are a very well-known phenomenon that 

occurs in PV string and they are considered as the primary 
sources of PV failures and modules degradation. Hot spot 
heating occurs in a PV module when the current capability 
of a particular cell or cells is lower than the operating cur-
rent of the cell string. This condition results in a reverse 
bias current flowing in the affected cell(s) and power 
dissipation equal to the product of the reverse voltage and 
the string current [37]. Therefore, the temperature of a 
single cell or portion of cells becomes very higher than that 
of the sur-rounding cells. Over time, hot spots will 
permanently degrade the PV panels and decrease the 
overall performance of the PV plant. Moreover, contact 
delamination, melting of encapsulation layers, and cells 
damage will occur.

Shading conditions, mismatch between cell electrical 
characteristics, and bypass diode failure contribute in the 
occurrence of hotspots [38]. In the field, solar cells arrays 
might be subjected to shadows from both predictable 
sources, weather and environmental conditions, as well as 
from such unpredictable sources as birds or fallen leaves. 
The electrical output of the shadowed solar cell arrays can 
be considerably improved if each row of parallel cell strings 
(series blocks) is shunted by a diode. On the other hand, the 
differences in any part of the I–V curve (current versus 
voltage characteristic curve of th PV panel) between one 
solar cell and another may lead to mismatch losses at some 
operating point. The mismatch in PV mod-ules occurs when 
the electrical parameters of one solar cell are significantly 
altered from those of the remaining devices. The impact 
and power loss due to mismatch depends on the operating 
point of the PV module, the cir-cuit configuration and the 
ageing factor.

3.2. PV inverters failure causes

The inverters are considered the brain of the PV system 
and represent an expensive and complex element in the 

plant. Field experience has shown that the inverter is the
most vulnerable component [3]. In  [39] an investigation 
carried out on 126 systems provided 190 failure events, and 
results have shown that inverters dominate the outage 
causes of PV plants by 76%. Data concerning the reliability 
of the PV modules and BOS components can be found also 
in [40]. Another survey reported in [8] describes the invert-
ers as the leading cause of PV systems failure. The same 
conclusion is reported in [41], which states that 65% of 
outages of 213 events for 103 PV systems were due to 
inverters. The inverter failures can be classified into three 
major categories: manufacturing and inadequate design 
problems, control problems and electrical components 
failures.

A study in Botswana [42] reported that both tropical 
operating conditions and lightening effects cause 77% of 
inverter failures. Thermal management and heat extraction 
mechanisms of switching components and capacitors, are 
considered one of the design and manufacturing flaws 
problems in inverters [43].

Control problems are related to the interaction between 
the inverter and the grid, at the AC side, and between the 
inverter and the PV panels array (the considered PV sys-
tem), on the DC side [3,44]. The components of PV invert-
ers are exposed to electrical and thermal stresses during 
their operation. In [45] the electrolytic capacitors are con-
sidered as the most particularly troublesome component, 
meanwhile [44] is focused on IGBT as the leading compo-
nent in the failure of PV inverters.
3.3. BOS failures

The failures of BOS components are considered the 
major reason behind the presence of non-producing mod-
ules in PV field. For example, a failure in a single fuse can 
get an entire string out of service. A ten years survey [6] 
was carried out by Sandia National Laboratories on 35 PV 
systems, and results showed that failure of BOS compo-
nents such as switches, fuses, dc contactors and surge 
arrestors were responsible for 54% of the non-producing 
modules, around 10,000 non-working modules. The DC and 
AC wires in addition to connectors of modules junction 
boxes contributed in 6.2% of the 68,739 non-working mod-
ules [6].

Bypass diode failure is considered another reason of BOS 
failures since they are usually supplied inside module 
junction box. They are manufactured inside PV modules 
only for sophisticated module types [46]. Its main function 
is to allow the current to pass around the shaded or cracked 
cells and thereby reduces the power losses within the 
module itself. Hence, the hot spots will be avoided and a 
long lifetime of the system will be guaranteed [47]. The 
bypass diodes have a junction temperature reaching 
upwards 150–200 �C but since they are characterized by a 
significant self-heating [48], the main reason of their fail-
ure is the thermal stress.
4. Diagnostic architecture specifications

The smart monitoring of PV plants must be able to carry
out the necessary performance measurements, evaluate



the ageing of PV panels and early detect the possible fail-
ures previously described. This requires the measure of 
both electrical and environmental parameters at PV panel, 
string or plant level. The most significant parameters that 
can be considered are: current and voltage, temperature 
and irradiance. The monitoring of these parameters, both in 
online and offline way, in different position on the plant 
allows to evaluate the actual state of the system. The pro-
ject budget, the size of the plant, operation and mainte-
nance costs, and system criticality are factors that 
determine the necessary level of monitoring and diagnos-
tic. Therefore, the string level monitoring could be a suit-
able option in medium and large PV systems to fulfill the 
balance between optimum costs and a faster detection of 
underperforming strings.

On the other hand, the size of photovoltaic plant plays a 
critical role in the design of smart monitoring systems. 
Deploying wired sensors in small sized plants is currently 
more economic and less complex. On the contrary, a wire-
less network is more suitable for medium sized plants; it 
will be cheaper in terms of fiber and cupper lines used in 
wired sensors. Moreover, the bandwidth will be sufficient 
for transmitting data. A hybrid sensor network architec-
ture might be a solution for large scaled plants by selecting 
the proper sensor type for measuring electrical and envi-
ronmental parameters, and suitable locations for their 
implementation.

Therefore, the implementation of the system monitor-
ing requires the definition of architectures whose com-
plexity depends on the size of the plant and which possible 
failure modes of the system must be identified. Fig. 3 shows 
a possible schematics diagram of the PV sys-tem smart 
performance monitoring.

Three stages can be identified:
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� Data nodes: set of sensing units.
� Data acquisition: measurements, pre-processing, data

storing.
� Data analysis: evaluation and estimation PV

performance.

The first stage is considered the key point for the
achievement of a reliable and accurate database for the 
smart monitoring system. The second stage requires the 
definition of a proper hardware and communication net-
work. The third stages, from an implementation point of 
view, is the more flexible and less expensive one. It can be 
implemented by using different analytic techniques.

Starting from the analysis performed in the previous 
section it can be seen that most of the failure mode could 
be detected by means of the evaluation of the efficiency of 
the PV panel. It has been shown that a very effective way 
for evaluating the PV module efficiency is based on the 
comparison of measured data with a model of the sys-tem 
[49,50]. This approach can be implemented in an effi-cient 
way only if an ad hoc and low-cost measurement system is 
available. The hardware must allow the measure-ment of 
the current, voltage, temperature and be able to get 
information about the solar radiation level. Moreover it has 
to be able to work as a MPP tracker as well as mea-sure the 
I–V curve of the PV panel. In addiction the hard-ware must 
be able to communicate with a central unit that by 
analyzing all data performs the monitor of the whole 
system. With this kind of architecture, the failure modes 
previously discussed can be detected as reported in Table 2.

In Table 2 the detectability can be thought as the proce-
dure and the parameter/index to be evaluated in order to 
detect the analyzed failure.
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Table 2
Failure modes detection strategies.

Failure mode Detectability Requirement

Encapsulation MPP value of the PV
panel is below the value
given by the model.
Output of the other PV
panels are good. We can
compare the actual and
model MPP

The PV panels have to
be clean

Module
corrosion

Model approach: a
comparison between
the value assigned to
the series resistance
during the
characterization of the
PV panel and the value
estimated by means of
the model

This failure mode can
be detected only if the
model algorithm allows
to evaluate the
parameter of the
electrical model

Cells cracking Model approach: open
circuit voltage decrease
so we have to compare
the value obtained by
the actual characteristic
with the value given by
the model

I–V curve has to be
obtained by means an
electronic load

Dust It can be detected
comparing the actual
and model MPP. All PV
panels of the string
show the same problem

An algorithm that
compares all the MPPs
value

PV inverter:
general
failure

If the plant has
centralized or string
inverter, the data base
alarms has to be read by
the monitoring system

BOS
1. Theft
2. Broken

fuse
3. Broken

cable

No string current The three failure mode
can be detected by
means of devoted
sensors
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Fig. 4. (a) I–V characteristic curve of a PV panel, (b) P–V characteristic
curve of a PV panel.
5. Experimental results and discussion

In this section a discussion concerning data obtained 
considering the dust deposition, selected by the previous 
failure modes table, will be given (Table 2). At this aim, it 
is interesting to illustrate a brief description of the mea-
surement system used during the experimental tests on 
PV panels in the laboratory and how it has been designed 
and realized. The test chamber has been described in a pre-
vious papers [12] but a brief notes will be also given in the 
following.

The experimental activity has been implemented by 
using a sun simulator and a test chamber. The fundamental 
part is the light source that has been properly designed. 
The most important point in this step is to ensure the sta-
bility of the light source in order to operate under the 
hypothesis of measurement repeatability. We recall that 
the repeatability condition of measurement is the condi-
tion of measurement, out of a set of conditions that 
includes the same measurement procedure, same opera-
tors, same measuring system, same operating conditions 
and same location, and replicate measurements on the 
same or similar objects over a short period of time.
For this scope a luminous source made up by a matrix of
3 � 3 LED array has been designed and assembled [12]. In
particular, 9 arrays of 4 LED Oslon Star White by OSRAM
have been used. The necessary stability and repeatability
of the test conditions is mandatory to control in an appro-
priate way both the supply current and the cooling system.
In this way a good emitting stability of the LEDs is obtained
and ensured. Moreover, in order to ensure the maximum
level of the stability, the system has been turned on in
advance in order to operate when thermal regime is
reached. In order to obtain the maximum possible level
of repeatability the experimental setup has been located
in a climatic chamber with controlled temperature and
humidity. The complete I–V and P–V characteristic curves
(power vs voltage characteristic curve) have been acquired.
In Fig. 4a an example of I–V curve experimentally obtained
is reported while in Fig. 4b the P–V characteristic on which
the Maximum Power Point (MPP) is highlighted can be
seen. Represented points have been obtained by using
the average measured values and errors bar have been
computed as the experimental relative standard deviation
with a coverage factor of k = 3. The acquired data have
been obtained by a PV panel operating at about 25 �C with
the following characteristic: Pmax = 5 W,  Vmp = 17.5 V,



Table 3
Results of the measurements performed during the test period.

# PV
panel

MP
considered
for new
PV (W)

MP
considered
for used
PV (W)

Test
conditions

Conditions
classification
(see Fig. 7)

1 0.474 0.457 Horizontal, no
rain, 34 days

Increasing
level "

2 0.471 0.443 Horizontal, no
rain, 34 days

3 0.448 0.418 Horizontal, no
rain, 34 days

4 0.467 0.455 Horizontal,
rain, 34 days

5 0.468 0.438 Horizontal,
rain, 34 days

6 0.506 0.489 30�, rain,
24 days

7 0.470 0.454 30�, rain,
24 days

8 0.474 0.456 Horizontal,
rain, 21 days

9 0.478 0.466 Horizontal, no
rain, 21 days

10 0.505 0.494 Horizontal, no
rain, 21 days
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Fig. 7. Trend of the percentage decrease in maximum power.
Imp = 0.285 A, Voc = 21.3 V, Isc = 0.31 A, panel dimension 
245 � 232 mm and panel active area = 210 � 185 mm. 
The tested PV panel is depicted in the previous Fig. 2.

Table 3 reports the experimental data obtained by test-
ing 10 PV panels. For each PV panel the MPP value has been 
obtained in two different conditions: first the PV panels 
have been tested when new or as good as new and careful-
ly clean, second the same PV panels have been tested after a 
certain number of days during which they were exposed to 
the weather conditions according to a pattern reported in 
the last column of Table 3. In the following Fig. 5 the 
Maximum Power (MP) values obtained experimentally for 
new and used PV panels have been drawn.

Fig. 6 reports the Box Plot concerning MP values for PV 
panels that have had an homogenous life: PV panels # 1, 2, 
3, 8, 9 and 10. The graph shows how the average value 
decreases going from the new PV panels to the used PV 
panels. It is also possible to see an increase of the data 
variability.

In Fig. 7 the trend of the percentage decrease in the 
value of the MP is depicted. Here the x axis is qualitative.
Data are taken in compliance with the previous Table 3. 
Going from left to right the conditions of use become more 
demanding, and the intervals of observation and mainte-
nance tend to increase. The measured MP variations due 
to the dust can be considered compliance to the data pub-
lished in literatures [26,35].

The above graph allows us to do a very important 
deduction about the metrological characteristics of the 
measuring system to be used.

In fact, if it is considered appropriate to be able to grasp 
the decrease in the maximum power point of the leftmost, 
the utilized measurement system must have metrological 
characteristics that permit such identification.

In practice, the choice of the measuring system in each 
component, for example sensors, is influenced by the mini-
mum deviation that you want to grasp and the graph men-
tioned in Fig. 7 can be used to this purpose. More precisely, 
the uncertainty of the measuring system should comply 
with the requirement fixed by the aforementioned figure 
and table. Moreover, the components which realize the 
measuring system have to be selected having in mind the 
requirements on the measurement uncertainty.

Finally, it should be noted that this level of uncertainty 
can be easily reached by using simple commercial grade 
sensors for the analysis of the current and the voltage. As 
far as the radiation measurement is concerned the actual 
results has been obtained by means a radiometer of 
medium level.



6. Conclusions

The monitoring of the critical components of a PV sys-
tem, from the reliability point of view, allows to achieve
an improvement of the plant performances. Moreover, by
understanding their behavior in terms of failure causes
during the actual working conditions, it is possible to opti-
mize both the availability and the maintainability of the
most critical subsystem as well as of the whole PV plant.
Monitoring activities can provide useful information
allowing to implement very effective maintenance policies.
It would be noted that a condition based maintenance
(CBM) program can be very interesting in this situation.
In fact, the increment of the efficiency of the operations
and maintenance policy allows to increase the PV’s prof-
itability. Furthermore, this optimization results in an
increased production efficiency leading then to higher
returns for investors. Discussion concerning experimental
results for dust deposition and metrological characteristic
of the measuring systems has been also given. Obtained
results lead to consider that the given hypothesis about
the decrement in the MP are true. Finally, a criterion of
choice about the metrological performance of the measur-
ing system has been provided.
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