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Abstract. Enel Green Power is an Italian company which realises and manages large photovoltaic (PV)
plants around the world. The company is involved in a huge number of research projects and one of them
involves the use of drones for PV inspection in order to guarantee the correct operation of the plants. In this

paper, the use of drones the maintenance of PV plants is analysed from a technical and economic point of
view, as function of plant size. First, the use of drones for thermography and visual inspection is briefly
described, then, on the basis of on-field activities, the technical specifications of drones and the procedure
for the inspection are defined. The results of a thermal infrared analysis performed on six PV plants are
analysed. In particular, the failure rates of PV modules are estimated, describing each failure. Finally, an
economic analysis is performed in order to evaluate the competitiveness of drones for PV inspection

compared to manual maintenance.

1 Innovation in the maintenance of
photovoltaic fields

Enel Green Power is working on innovation and
sustainability in several sectors. In particular, the energy
sector is experiencing a phase of robotisation in order to
increase the sustainability of processes by making daily
operations cheaper and faster.

It is fundamental to limit the operation and
maintenance (O&M) costs, of large-scale photovoltaic
(PV) plants (up to several hundreds of installed
megawatts), maintaining good productivity. In recent
decades, innovations such as drones, exoskeletons, smart
glasses, cleaning and grass cutting machines, have been
introduced to improve O&M activities. Drones can
perform tasks such as geographical mapping, the
monitoring of construction sites, and precision
agriculture [1][2]. The exoskeleton is a passive upper-
limb technology that assists the shoulder flexion-
extension of operators in case of overhead
manipulations. The use of smart glasses, by field
operators allows communication when PV generators are
far from central headquarters, and can receive
information while working or repairing a failure. Dust
and dirt can dramatically reduce PV module power
output [3][4]; thus, cleaning is a fundamental
maintenance operation. Obviously, manual cleaning is
too expensive in the case of multi-megawatt plants, and
thus automated solutions such as robots reduce cleaning
time and the use of water. Cleaning is generally
performed using rotating brushes that are programmable
in terms of rotational speed, and the weight of the robot
is reduced, in order to avoid highly concentrated loads
on the PV modules. Concentrated loads, such as those
involved in walking on the modules [5], can cause
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microcracks and cracks in the cells with unpredictable
reductions in production.

Another maintenance task involves reducing the
shadows that activate the bypass diodes of the PV
modules. The number of productive PV cells decreases,
and the maximum power point tracker (MPPT) inside the
DC-AC converter may not be able to work properly
[6][7]. In free-standing plants, it is necessary to
periodically cut the grass to avoid shadows on the
bottom modules. Large PV plants are usually located in
remote zones, on uneven terrain and sometimes with
some slope. A possible solution is the use of remote-
controlled robots, which cut the grass under the
supervision of an operator. A more advanced solution is
the use of automatic devices: they memorise the pathway
and can repeat it without a supervisor. Obviously, they
have to be equipped with hardware and software to avoid
exceptional obstacles, and safeguard people, themselves
and other assets.

In the present paper, properly selected drones are
used to map large-scale PV plants and check for possible
defects or hotspots by performing visual inspection and
thermal infrared analysis. The economic effectiveness of
these devices at the end of the plant lifetime is evaluated
as a function of the rated power of PV array.

2 Innovation in the maintenance of
photovoltaic fields

According to flight architecture, there are two types of
unmanned aircraft system (UAS): rotor-based and fixed-
wing. The first type of drone is small, light and easy to
control, while the second devices are faster, can reach
higher altitudes and carry heavy loads.
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Drones can currently perform a variety of PV-related
tasks. They are generally equipped with cameras for the
visual inspection of modules: it is possible to rapidly
check the presence of modules with visible defects (e.g.,
modules with broken front-glass). Drones can also be
equipped with thermal infrared cameras. Thermal
cameras [8][9] are used to check the presence of
abnormal temperatures in modules (hot spots), generally
due to cracks in the solar cells or other types of defects.
The test is performed during the operation of the plants,
mainly around noon, when the temperature of the PV
modules is the highest. These cameras are also used to
check the presence of dangerous temperatures in other
components, such as string boxes, cables and converters.
Since 2018, drones have also been equipped with near-
infrared cameras, which are wused to perform
electroluminescence tests [10]. In this case, the device
provides a high quality image of the defects, and
information related to their causes. Figure 1 shows an
example of a drone performing a visual inspection of a
PV plant.

Analyses of visual and thermal infrared images are
performed after the inspection using appropriate pattern
recognition algorithms [11]. In the future, drones will
perform data analysis through pattern recognition and
change detection. Predictive methods will be used to
monitor the productivity of PV plants, optimising
strategic O&M responses [12].

The main advantages of these devices, with respect to
traditional approaches, are the following:

o Efficient, fast, and inexpensive inspection of large-
scale PV plants;

e Safety and increased accessibility to sites that are
difficult to reach or with safety risks for humans,
e.g., rooftops;

e Flexible dispatch thanks to their low cost;

e Larger types of data collection at a faster rate;

e Higher accuracy of measurements for rooftop and
ground assessments.

Fig. 1. Drone flying over a PV plant.

3 Management of the inspections

The first implementation of drones for visual inspections
and thermography analysis was in Enel Green Power
North America. This PV plant with a rating power of
179 MW has been inspected with drones analysing about
8 MW/h.

3.1 Choice of hardware and software

Drones for the inspection of PV plants do not require
high technical specifications because they fly on a 2D
pathway, never exceeding a height of 150 m. For this
reason, their associated costs are limited.
The selection of an adequate drone for PV application
involves several aspects. A major issue concerning
drones is their low flight time. The batteries installed
have limited capacity and their replacement may be
required during the inspection of a plant, causing delays.
Many drones break because they fall down without
warning if the batteries are discharged, and this is a
potential risk for pilot safety. The weight of the drone
cannot be lower than the weight of the camera, it has to
withstand gusts of wind of at least 8§ m/s and
compatibility with several types of camera has to be
taken into account.

A unique camera with thermal and RGB spectrum or two

cameras, one for thermal images detection and one for

visual inspection, have to be selected for PV inspections.

The first solution is preferred in order to limit the weight

on the drone and, thus, allow greater battery life.

It is also important to consider the following aspects:

e Availability of image metadata such as GPS
location, relative altitude, gimbal attitude and
timestamp;

e Resolution of 640x480 dpi or higher;

e Stabilised gimbal to keep the camera in a stable
position despite drone movements;

e Horizontal field of view in order to capture the
maximum area in the images.

3.2 Flight directives

In this work, visual inspections and thermal infrared
analysis of PV plants will be carried out by Enel Green
Power operators in fields. The operator will verify the
following conditions for the initial pre-flight phase:

e  Wind at a maximum speed of 15 mph (6.7 m/s);

e C(lear or slightly overcast sky, with irradiance > 600
W/m2;

e Relative humidity RH < 60%;

e Non-existent or low module soiling.

e The pilot will follow the guidelines below for the
flight plan:

e The flight boundary line will include an extended
area beyond the edges of the solar farm;

e The flight path will be parallel to the rows of the
solar farm;

e The flight elevation will be consistently above
ground level. Terrain with significant elevation
changes may require multiple flights and/or
advanced ground control software with terrain
following capabilities;

e The gimbal pitch will permit deviations up to 20° to
avoid glare;

e Image capture will be automatic, with a shutter
interval set to 2 s;

e The flight speed will not exceed 2.5 m/s;
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e The front overlap will be 80% in the direction of
flight;

e The side overlap will be 20% over each pass;

e The image metadata will contain GPS location,
relative altitude, gimbal attitude, timestamp;

e There will be a constant camera heading during the
inspection despite UAS orientation;

e The images will be saved on a high speed memory
card with a UHS-3 rating;

o After the flight, the following last prescriptions are
necessary:

¢ On-site quality check of the entire dataset;

e Re-fly sections of parts of the plant, if some data is
missing.

4 Photovoltaic modules failures

The cumulative installed PV capacity rapidly grew in the

last decade, increasing from = 9.2 GW in 2007 to ~ 480

GW in 2019 [13]. As a consequence, checking the

presence of defects on the entire production volume is

very long and expensive, therefore, a restricted number
of PV modules is wusually subject to a manual
identification of defects. Moreover, the thickness of
wafers for crystalline silicon PV cells decreased from
~0.3/04 mm to ~0.2 mm [14] in order to reduce the
wastage of silicon and the manufacturing costs.

However, if the wafer is too small, defects such as cracks

and microcracks can appear. For these reasons, the

maintenance of PV arrays is fundamental in order to
detect with fast response defective subarrays and limit
the loss of production.

The results of experimental work are analysed in
order to define the type of defects that can be detected by
thermography and visual inspection. The failures
detected by drones are collected in six thermographic
reports from plants in North and South America. The
average number of damaged modules is less than 2%.
The failures are divided into three main categories:

e (Cell failure: in many cases, the failure of a cell
causes a hot spot. If the temperature increase is high,
the entire module must be replaced. There are many
other failures that can occur during the first years of
life, mainly due to poor quality manufacturing
processes [15]). Other phenomena, such as potential
induced degradation (PID), overheating of diodes in
the junction boxes, and delamination can occur
during the life of the plant [16][17][18].

e Protection system issues: this failure category
includes cases in which entire strings and arrays are
off-line. In this case, there is no damage to the
modules, but wires or protective equipment (mainly
fuses) are damaged.

e Activated bypass diode and soiling: the activation of
the bypass diode can be a consequence of soling or
shading. In this case, the production of the cells
protected by the diode is lost (generally, PV
modules are equipped with three or four diodes).
Production can also be reduced due to the incorrect
operation of the MPPT [19]. In this case, production

is recovered by cleaning the module or the removal
of the shadowing obstacle.

MODULE FAULTS

® module thermal anomalies ™ protection systtem issues
| activated bypass diode

Fig. 2. Frequency for the three categories of failure.

Figure 2 shows the proportions of the total number of
failures in the above categories. The most frequent issue
is the failure of wires or protective equipment. In this
case, the total production of the part of the plant affected
by the failure is lost, but the failure is cheap to repair (it
does not require module substitution). The other failures
comprise 40% of the total, and in the case of thermal
anomalies, the replacement of modules is required.

Visual and thermal inspection permits the detection
of failures; but for most of the failures, there is no
correlation between the defect and the power loss. In
order to calculate power losses, a determination of its
current-voltage (I-V) characteristic curve by dynamic
methods is necessary [20]. This can be performed with
adequate and calibrated measurement systems [21],
using capacitive or electronic loads. Thanks to the
capacitive load [22], a scan of the entire I-V curve can be
easily performed at module, string and array level, up to
several hundred kilowatts. In conclusion, the
complementary execution of the I-V characterisation of
PV generators and the thermal inspection permits defects
to be localised and losses to be quantified.

5 Economic analysis

The net present value (NPV) is used in budgeting and
investment planning to analyse the profitability of an
investment or project. For example, it can be used to
quantify the cost-effectiveness of the installation of a
new PV plant [23], or the replacement of defective
modules in existing plants [24]. In this paper, the NPV is
used to quantify the cost-effectiveness of the use of
drones for thermal inspection, compared to manual
thermography. This procedure is repeated for different
sizes of PV plants. The formula of the NPV is the
following:

(1



E3S Web of Conferences 119, 00021 (2019)
Science and the Future 2

https://doi.org/10.1051/e3sconf/201911900021

where ¢ is the number of years, Ci is the cash flow

(positive for revenue or negative for costs) at " year, and

r is the interest rate of the investment (in this case it is

assumed equal to 8%).

First, the costs have been partitioned into CAPital
EXpenditure (CAPEX) and OPerating EXpense (OPEX).
CAPEX is the cost of developing or providing durable
assets for the product or system, and OPEX is the cost
necessary to manage a product, a business or a system.
In this study, CAPEX involves two costs:

e Drone, batteries and camera purchase cost;

e Training Enel Green Power operators to become
drone pilots.

OPEX are variable costs depending on the plant size.
In particular, they involve the following contributions:

e Fixed maintenance costs for hardware;

e Fixed cost for drone replacement every five years;

e  Costs concerning survey and the image analysis;

e Maintenance plant cost (mainly module replacement
and electrical damage repair and other corrective
actions for PV plant).

The economic benefits were investigated, via two
terms:

e OPEX reduction passing from manual to
automatised inspection that depends on plant size;

e Benefit due to higher production. Using drones, it is
possible to perform two inspections per year instead
of one, and the average time that the damaged
modules spend in the field is halved.

PV plant lifetime is estimated at about 25 years, and
so the NPV after 25 years has been calculated as a
function of plant size. The NPV increases after 25 years
with larger plant size (Fig. 3): the larger the field the
higher the gain. Drones are cost-effective solutions for
inspections in PV plants with a power rating greater than
50 MW (green columns), but manual methods are
preferred for smaller plants (red columns). In this work,
the lifetime of the drones is supposed to be five years,
therefore, after that time interval, they have to be
replaced with new ones.
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Fig. 3. NPV after 25 years for plants of different sizes.

The Pay Back Time (PBT) is the number of years
after which an economic investment is completely
balanced by the cumulative incomes. It is positive for PV
systems with rated power greater than 50 MW and in
Fig. 4, the PBTs due to the utilization of drones for

maintenance tasks are reported for these power ratings.
The PBT decreases with higher PV rated power and few
months are sufficient to have a positive return from the
investment with several hundreds of MW installed.
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Fig. 4. PBTs due to the adoption of drones for plants with size
greater than 50 MW.

6 Conclusions

Future drones will overcome their current limits, further
improving robotisation in PV-related tasks. The current
version will be further developed and this drone can fly
without human control, because it follows a path inserted
in its memory and can be set off remotely. Moreover, it
is able to recharge itself thanks to its platform and it is
possible to remotely activate, deactivate and even
destroy it. It can be used for multiple applications, for
example, for surveillance purposes: when someone
crosses the perimeter of the field, it raises the alarm and
flies to the point of violation, filming the intruder.
Obviously, the most interesting use of this drone is data
capture: if the company has its own software for the
analysis of RGB and infrared images, the drone can fly
and take pictures once a week or once a day. Images
collected at short time intervals are useful for
understanding how the plant degrades based on climate,
years of operation, and technology implemented. Data
and artificial intelligence are the lines of technological
research used to automate the predictive maintenance of
large PV plants.
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