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a b s t r a c t

In regions where the land available is scarce it is of special interest to deploy solar photovoltaic energy
without occupying additional land. Besides solar roofs, which have already been extensively studied,
there are other type of constructions that could be used for the deployment of solar photovoltaic such as
car parking spaces and big water deposits. No much attention has been given so far to these type of
elements that could potentially been used to deploy solar photovoltaic energy. So the aim of this research
is to establish how relevant can these type of surfaces be in terms of solar energy production. For this
purpose a methodology has been developed to identify the surfaces corresponding to uncovered parking
spaces and water deposit at regional level using cartographic information, first, and, secondly, to estimate
how much of these areas could be used to deploy solar photovoltaic energy. This methodology has been
applied to one insular region, the Canary Islands, and the results are surprising in terms of the poten-
tiality of these type of elements for the deployment of solar photovoltaic energy which could cover
around 9% of the whole regional electricity demand.

© 2022 Published by Elsevier Ltd.
1. Introduction

The European Union has set the objective of decarbonizing the
economy by 2050. This objective has been assumed by Spain, which
will try to become a carbon-neutral country by 2050. The Gov-
ernment of the Canary Islands has decided to advance this process
to 2040. In this line, a 100% renewable scenario is proposed for the
Canary Islands by 2040.

This means moving towards a model entirely based on renew-
able energy for all energy uses. In order to meet these objectives,
the Canary Islands have to exploit its great potential in renewable
energies, especially solar and wind energies, which currently ac-
count only for 4% of its total primary energy demand and for 16% of
its electricity consumption [ 1]. Thus, currently, the Canary Islands
are highly dependent on fossil fuels and, therefore, from abroad.

One of the constraints of the Canary Islands is its limited terri-
tory, so the development of solar energy has to be implemented, as
far as possible, without using additional land. Hence the need to
evaluate the photovoltaic (PV) potential in already built surfaces. In
this regard, one of the aims of this paper is to analyse the potential
. Julieta).
contribution of PV open parking spaces and PV water deposits to
the overall goal of achieving 100% RES by 2040 in the Canary Islands
and how these surfaces can contribute to reach this Governmental
objective.

This territorial limitation is common to many European terri-
tories and also, on a global scale, in regions with a high population
density, being especially pressing on islands and small island states.
Therefore, this article proposes a methodology to evaluate the
potential of photovoltaic solar energy on already built surfaces.
Photovoltaic roofs are explicitly excluded from this study since
there are already numerous scientific publications dedicated to
evaluating the photovoltaic potential of roofs in suburbs [1], cities
[2e11], islands [12e14], regions [15,16], countries [17e20] or even
for entire continents [21].

However, scientific articles that address the PV potential in built
areas, except for PV roofs, are scarce. These already built areas are,
for example, large parking areas and large water deposits. Only a
few articles include studies on parking areas and none of them
carry out a joined evaluation of the photovoltaic potential in a given
territory. Some articles estimated the photovoltaic potential on
uncovered car parking spaces, but only for parking lots whose
parking area was already known, so no methodology was devel-
oped to estimate the parking area [22,23]. To our best knowledge,
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no research has studied so far the PV potential on water deposits.
This research focuses on evaluating the PV potential on open

parking spaces and water deposits at a regional scale. To our
knowledge this is the first time that such a research has been
developed. No article dealing with the PV potential on water de-
posits has been found in the literature review, neither any article
that systematically estimates the open air parking areas for PV
purposes in wide geographical areas, such as cities, regions or
countries.

2. Methodology

The main objective of this research is to evaluate the available
surface on uncovered parking lots and on large water deposits for
the exploitation of photovoltaic solar energy, at the regional, island
and municipality level.

The methodology used in this research step by step is described
below.

Step 1 Calculation method to estimate the solar radiation.
Part 2 Methodology to estimate the available area for the instal-

lation of photovoltaic solar energy for each one of the
identified surface typologies, namely uncovered parking
lots and large water deposits.

Step 3 Methodology for the characterization of the surfaces iden-
tified in terms of shadows. Calculation of the Shadow Factor
(FS).

Step 4 Methodology for the characterization of the identified sur-
faces in terms of the useable area for photovoltaic solar
installations. Calculation of the Utilization Factor (FU).

Step 5 Methodology to calculate the photovoltaic power that could
be installed on the available surfaces.

Step 6 Methodology to calculate the annual, monthly and hourly
energy photovoltaic production

Step 7 Impact of the photovoltaic production at island level, po-
tential contribution to 100% RES energy plan, economic
impact and additional benefits of the proposed solution.
2.1. Estimation of the solar radiation

2.1.1. Methodologies overview
Accurate knowledge of the solar irradiation is essential for a

multitude of applications, including solar power generation sys-
tems. Global solar radiation can be measured on the ground using
meteorological stations with pyranometers, which are expensive to
install and maintain. The development of a solar irradiation map by
interpolation/extrapolation only of data from meteorological sta-
tions is not appropriate due to the large errors that arise when
these stations are nor close neither uniformly distributed.

Solar radiation can also be measured through the analysis of
satellite images. Both the resolution of these images, in general of a
few km x km, and their variability in terms of cloud cover and
microclimatic variables, induce in these models a certain degree of
uncertainty that is not known in most cases.

2.1.2. Methodology implemented
The methodology implemented can be summarized as follows.

Step 1 Selection of the satellite databases to be used among the
existing ones

Step 2 Solar data collection from meteorological stations, data
processing and calculation of annual averages

Step 3 Calibration of database datawith pyranometermeasurements.
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This methodology is described below.

2.1.3. Solar irradiation data
2.1.3.1. Satellite databases. In recent years, a series of databases
with information on solar energy resources have been developed.
Some of them are ESRA [24,25], SODA [26,27], Satel-Light [28],
PVGIS [29e31], PVSAT [32], PVSAT-2 [33,34] or Heliostat [35,36].
This has led to the situation that several different databases exist in
parallel, each of them with a different focus, with different spatial
and temporal coverages as well as resolutions.

2.1.4. Solar irradiance and irradiation model. Software tool GRASS-
rsun

This model computes the direct (beam), diffuse and reflected
solar irradiation raster maps for given day, latitude, surface and
atmospheric conditions. Solar parameters (e.g. sunrise, sunset
times, declination, extra-terrestrial irradiance, daylight length) are
saved in the map history file. Alternatively, a local time can be
specified to compute solar incidence angle and/or irradiance raster
maps. The model is implemented in a GIS software called GRASS.

The r.sun model algorithm is conceptually based on the equa-
tions published in ESRA. The direct, diffuse and reflected solar
irradiation components are estimated for both the horizontal and
the inclined planes. The total daily irradiance [Wh/m2] is calculated
by integrating the irradiance values [W/m2] calculated at regular
intervals during the day. In each calculation, the shadows due to the
terrain are taken into account, which are calculated from digital
elevation models. Thus, this model provides daily data, but not
annual averaged data [37].

2.1.5. Solar radiation map of the Canary Islands
The problem of all satellite databases is their resolution which,

in the best of the cases, is 1 � 1 km2. Thus, it has been decided to
use the data from the solar radiation map developed by the com-
pany Dobon's Technology for the Canary Islands, whose resolution
is 50 � 50 m [38].

This map used the horizontal global radiation data from 97
meteorological stations located in the Canary Islands (data collec-
tion periods from 1 to 10 years). These values were fed into a
database to obtain the monthly insolation averages. Using the
GRASS software and the spline interpolation technique, maps were
generated with a resolution of 50 � 50 m. To this end, the digital
terrain elevationmaps provided by GRAFCANwith a grid resolution
of 50 � 50 m were also used. A more detailed description of the
model can be found in Ref. [38].

2.1.6. Measured solar radiation data in the Canary Islands
In the Canary Islands, various solar radiation measurement

campaigns have been carried out over time for different purposes.
Thus, the data sources and their availability is not consistent: data
in different periods and intervals, availability sometimes of the
mean values only, in some cases the reliability and length of records
is unknown.

The institutions that have provided data series are the State
Meteorological Agency (AEMET), the Ministry of Agriculture and
Fisheries, Food and Environment and private companies/pro-
moters. Data series commonly show some measurement errors.
The most common error is that of unmeasured data, meaning that
some intervals were not measured. To solve this problem, a code
was developed that first creates the gaps of the unmeasured data,
and then estimates those data. Two programs were developed in
MATLAB code (MATLAB programversion R2018b, license 40760023
ULPGC): one to complete data of incomplete series, using cubic
interpolations, and another to obtain the corresponding values,
using linear or cubic interpolations depending on the data cadence.



Fig. 1. Examples of the element “parking spaces”.

Fig. 2. Examples of the element “water deposit”.
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Once the series were complete, the annual averages were calcu-
lated. These annual averages were ultimately used to compare
them with the available solar maps.

2.1.7. Calibration of the solar map using pyranometer
measurements

In order to calibrate the radiation maps, two different models
were compared, the GRASS-r.sun and the radiation map of the
Canary Islands, with the pyranometer data. To check possible cor-
relations between the GRASS-r.sun model and the pyranometer
data, and since the GRASS-r.sun provides only daily solar radiation
data, 4 days of the year were selected, representative of each sea-
son, to make an initial comparison with the selected pyranometer
stations.

2.2. Estimation of the available area

The areas that have been selected for this research are the
following ones:

- Outdoor parking areas for vehicles that can be covered with
photovoltaic solar panels.

- Large water deposits (covered or uncovered)

The selection of these areas has been carried out using the
Element Capture Methods in both cases, based on photointerpreta-
tion techniques and extraction of cartographic elements, but
following different procedures, as described below.

The methodology used to identify open parking spaces was
different for public and private parking spaces. In the case of public
parking spaces, the reference used have been the points of interest
layer of “parkings” of the digital street map of the Canary Islands
which have been photo-interpreted. For private open-parking
spaces the methodology used was based on photointerpretation
of the last available orthophoto of urban areas to identify private
parking spaces, since these elements do not exist as polygons in the
cartography. The digitization has been carried out trying to cover
the entire parking area, but excluding the elements that invade it.
Additionally, the general criterionwas a minimum parking space of
200 square meters. Fig. 1 shows an example of one parking space.

The methodology used to identify water deposits was based on
two steps:

Step 1 Use of the layer “deposits” from the regional topographic
map.

Step 2 Photointerpretation of the orthophotos to identify and
exclude the deposits that are not water deposits, e.g. fuel
deposits.

Fig. 2 shows an example of a water deposit.

2.3. Shadow factor (FS) calculation

This section describes the methodology for the characterization
of the identified surfaces in terms of shadows, whichwill ultimately
lead to the calculation of the Shadow Factor (FS) for each type of
surface.

Due to the urban nature of most of the selected items, especially
the parking spaces but also some deposits, the calculation of the
radiation losses due to the shadows projected by the nearby objects
(buildings, trees …) is critical.

Fig. 3 shows an example of the enormous effect of the projected
shadows on a parking space shown in the orthophoto.

To quantify the radiation loss due to shadows on each enclosure
a very detailed model of the objects located above the ground level
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is required as well as the calculation of the solar radiation during
several days of the year along the whole day. This will ultimately
lead to the calculation of the Shadow Factor (SF).

The information from the LIDAR (Light Detection and Ranging)
sensor available for the Canary Islands was used to model the ob-
jects on the ground. This LIDAR provides a detailed net of points,
whose nominal resolution is 1 point/square meter, that contains
both the ground elements and the objects above the ground.

The LIDAR is an airborne laser sensor able to provide a geo-
referenced cloud of points of the territory. The sensor measures
the time that the laser needs to be emitted, hit the ground and
return to the sensor. Since the exact position and orientation of the
plane is known, the coordinates (x, y, z) of each of the points can be
calculated. Fig. 4 shows an example of the operation of this LIDAR.

The r.sun tool, from the GRASS GIS software package, has been
used to calculate the solar irradiation. The r.sun is a solar irradiance
and irradiation model that computes direct (beam), diffuse and
reflected solar irradiation raster maps for a given day, latitude,
surface and atmospheric conditions. Additionally, a local time can



Fig. 3. Example of the shadow effect on a parking space (orthophoto).
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be specified to compute solar incidence angle and/or irradiance
raster maps. The shadowing effect of the topography is incorpo-
rated by default. This can be done either internally by calculation of
the shadowing effect directly from the digital elevation model or by
specifying raster maps of the horizon height which is much faster
[37].

Fig. 5 shows an example of a detailed calculation of the solar
irradiation with the r.sun tool and the Lidar surface model.

This method allows the calculation of the accumulated solar
irradiation during a day (integration every 30 min) using a digital
terrain model. Default parameters of albedo (0.2) and atmospheric
turbidity (Linke atmospheric turbidity) 3.0 have been used, which
are the verified values for the Canary Islands [39].

The r.sun tool allows the calculation of absolute irradiation
values, but, in this case, it has been used to calculate the irradiation
loss due to the shadows (a correction factor that will be later
applied to the solar radiation model chosen for the Canary Islands).
For this purpose, the solar irradiation has been calculated twice.
The first time this calculation is done taking into account the ob-
jects on the ground (buildings, trees, etc.) and the second time
without taking them into account. To do this, own produced clas-
sified LIDAR files are used. These LIDAR files result in a cloud of
points. Within the classification used in these files there is one type
called "soil", by activating the class “2”, one can filter the cloud of
points that are ground (soil) and by deactivating it, one will get all
the cloud of points, meaning the ground plus trees, buildings, etc.
By using this procedure, it was possible to calculate the solar irra-
diation difference between both maps and, thus, the shadow factor
(FS).

Due to the complexity and time requirements of the calcula-
tions, it has been decided to select four days of the year as repre-
sentative of each of the 4 seasons and to use their average to
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calculate the annual solar irradiation losses. For this purpose, the
following days have been selected: day 80, day 172, day 264 and
day 355.

The first step consisted in the generation of the digital terrain
models from the information of the LIDAR points. Twomodels were
generated, one digital surface model that includes all the elements
above the terrain (buildings, trees …) and a second digital terrain
model without the objects on top of the ground. Both models were
calculated at a resolution of 5m/pixel for all areas included in this
study (uncovered parking spaces and large deposits).

The r.sun tool was run for each of the enclosures twice, once for
each of the twomodels, and the irradiationwas calculated for the 4
selected days of the year in each case. Thus, the annual mean ra-
diation loss factor due to shadows was calculated.

To our knowledge, this procedure to calculate the Shadow Factor
as it is described above, is the first time that has been described in
an article.

2.4. Utilization factor (UF) calculation

This section describes the methodology used to characterize the
identified surfaces in terms of their useable area for photovoltaic
solar installations, which will ultimately lead to the calculation of
the Utilization Factor (FU) for each type of surface.

2.4.1. Part 1. Utilization factor (UF)
2.4.1.1. Utilization factor in parking areas. To estimate a realistic
average utilization factor in parking areas, different real examples
of uncovered parking spaces where a photovoltaic installation was
already in place were studied. Fig. 6 shows an example for com-
parison purposes, which is the INFECAR car parking space in Las
Palmas de Gran Canaria, where the right half is already covered



Fig. 4. Example of the operation of the LIDAR.

Fig. 5. Example of calculation of solar irradiation with r.sun and LIDAR.
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with photovoltaic panels and the left side is still to be covered.
After a comprehensive analysis of several photovoltaic parking

projects, the selected utilization factor was 35%, a value that is
considered realistic but also conservative.
2.4.1.2. Utilization factor in deposits. To estimate a realistic average
utilization factor in water deposits (covered or uncovered),
different examples of deposits where a photovoltaic installation
was already in place were studied. Fig. 7 shows an example of an
uncovered deposit with a photovoltaic installation in Arinaga (Gran
Canaria).

After a comprehensive analysis of several photovoltaic water
deposit projects, the selected utilization factor was 40%, a value that
is considered realistic but on the conservative side.
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2.5. Methodology to calculate the photovoltaic power

This section describes the methodology used to calculate the
photovoltaic power that can be installed on the identified surfaces.

To find the installable power, the Surface/Power ratio is multi-
plied by the useable area. The useable area is the result of multi-
plying the available area by the corresponding utilization factor.

The equation to determine the photovoltaic power follows:

P (kW) ¼ UF $ S (m2) / (S/P) (1)

Where:

P (kW): Power (kW)
S: Available Surface (m2)



Fig. 6. Photovoltaic parking space in INFECAR (Gran Canaria).
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S/P: Surface/Power ratio (m2/kW)

This Surface/Power ratio is estimated as follows.
2.5.1. Estimation of the surface/power ratio (S/P)
To estimate the efficiency and the Surface/Power ratio of the

photovoltaic panel, several catalogues of the latest generation
polycrystalline and monocrystalline silicon photovoltaic panels
were consulted. Their main parameters are shown in Table 1.

The PV panels that had an efficiency below 20% were not
considered in this study (dark shaded rows in Table 1). For the
remaining panels, the calculated Surface/Power ratio was between
4.42 and 4.94. As shown in Table 1, the higher the performance, the
lower the Surface/Power ratio. In this study, the Surface/Power
ratio has been prioritized, which is why the SunForte PM096B00
Panel was finally selected whose main parameters are: power
330 W, efficiency 20.3% and Surface/Power ratio 4.94 m2/kW.
Fig. 7. Uncovered water deposit with a photovo
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2.6. Method to calculate the PV production

This section describes the methodology used to calculate the
annual photovoltaic production that could be installed on the
identified areas. The photovoltaic solar production has been
calculated as per equation (2).

P¼365$ IGtilt$ε$PR$S$SF$UF
106

(2)

Where:

P : ProductionðMWh =aÞ
IGtilt : Solar radiation on tilted surfacesðWh=ðm2 $dÞ
ε : Panel efficiency
PR : PerformanceRatio
S : Total area of panelsðm2Þ
SF: Shadow Factor
UF: Utilization Factor

The increase of the solar radiation on tilted areas (average tilt
around 20%) with respect to the horizontal solar radiation was
estimated in ca. 8%. The Performance Ratio (PR) considered was 0.8.
The shadow factors were calculated for each of the identified en-
closures, as specified in the previous sections. The utilization fac-
tors for each identified typology, namely parking spaces an water
deposits, as specified in the previous sections. The efficiency of the
selected panel, SunForte PM096B00, is 20.3% (see Table 1).

The yearly PV production has been calculated using GIS by
crossing the solar radiation map and the map of the resulting
surfaces.

The hourly PV production has been estimated using the series of
pyranometer data for each island. The monthly PV productions
have been calculated aggregating the hourly PV production data.
2.7. Impact of the photovoltaic production at island level and
additional benefits of the proposed solution

This section describes the impact of the proposed solution at
two different levels:

1. The impact of the photovoltaic production at island level and
potential contribution to the island’ energy plan
ltaic installation in Arinaga (Gran Canaria).



Table 1
Main parameters of photovoltaic panels.

Manufacturer Model Efficiency Power Size (mm2) S/P (m2/kW)

SunPower SPR-X22-370 (Ahora MAX3-400) 22.6% 400W 1690 � 1046 4.42
SunPower SPR-X22-360 (Ahora MAX3-390) 22.1% 390W 1690 � 1046 4.53
SunPower MAX3-370 20.9% 370W 1690 � 1046 4.78
LG Neon LG360Q1C-A5 20.8% 360W 1700 � 1016 4.80
LG LG355Q1C-A5 20.6% 355W 1700 � 1016 4.87
AUO SunForte PM096B00 20.6% 335W 1559 � 1046 4.87
SunPower MAX2-360 20.4% 360W 1690 � 1046 4.91
AUO SunForte PM096B00 20.3% 330W 1559 � 1046 4.94
SunPower MAX3-350 19.8% 327W 1690 � 1046
SHARP NQ-R256A 19.8% 256W 1318 � 980
Panasonic VBHN330SJ53 19.7% 330W 1590 � 1053
Panasonic VBHN325SJ53 19.4% 325W 1590 � 1053
SunPower SPR-P19-400 19.4% 400W 2067 � 998
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2. Other impacts: economic impact and additional benefits
2.7.1. Impact of the photovoltaic production at island level
In this subsection several indicators will be analysed as the

percentage of the annual insular demand that could be supplied by
photovoltaic energy and the resulting PV surface to be installed on
parking spaces an water deposits. These indicators will be con-
textualised for each island, indicating relevant islands' parameters
such as total surface, total population, per capita electricity con-
sumption and electricity growth rate, in order to estimate the real
impact of the proposed solutions at the island level, as well as its
potential contribution to the island’ energy plan.
2.7.2. Economic impact
One common benefit for open parking spaces and on water

deposits is the economic benefit associated to the price at which
the solar electricity produced could be sold in the electricity mar-
ket. Open parking spaces and water deposits are surfaces already
used for one purpose, to park cars in the first case and to storewater
in the second one, and the photovoltaic structures will add an
additional purpose to these areas: the production of electricity
without occupying additional space. This electricity produces will
be fed into the electrical grid generating an additional economic
benefit for the promoters.

The methodology used to evaluate the economic impact of the
photovoltaic installations is based on the estimation of the Net
Present Value (NPV), total benefit and annualized benefit, Internal
Rate of Return (IRR) and the payback.

The NPV estimated the total profit or loss of a project
throughout its lifetime (in absolute terms) updated to the year 0,
that is, the year in which the project is commissioned. The NPV has
been calculated using equations (3)e(6).

NPV ¼ �Ci þ
Xn

t¼1

Ft
ð1þ kÞt

(3)

Ci : Pi � pu (4)

Ft ¼ It � Ct (5)

It : Pr � pue (6)
Where:
NPV ¼ Net Present Value
Ci: Capital investment cost of each island (VM)
Pi: Power installed on each island (MW)
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pu: Unit price of investment (VM/MW)
n: lifetime (years)
t: Every year inwhich the calculation of the flowand updating of
the money is carried out
Ft: Annual cash flow (VM)
It: Annual income (VM)
Pr: Average annual production of each wind farm (MWh)
pue: Estimated price of electricity (V/MWh)
Ct: Total annual cost (in this case it is the annual operation and
maintenance cost (VM))
k: Discount rate or interest rate.

The IRR is defined as the interest rate that the project is expected
to have if there were no profit or loss. The higher the IRR, the higher
the return on investment. The IRR has been calculated using
equation (7).

0¼ �Ci þ
Xn

t¼1

Ft
ð1þ TIRÞt (7)

The PAYBACK is the year inwhich the sum of updated cash flows
equals the initial investment cost.

The total benefit is defined as the NPV divided by the total cost
(investment cost plus total O&M cost) in percentage. It has been
calculated using equations (8) and (9).

B¼NPV
CT

� 100 ¼ NPV
Ci þ CO&M

� 100 (8)

CO&M ¼
Xn

t¼1

Ct
ð1þ kÞt

(9)

Where:
B: Total profit in percentage terms (%)
CT: Current total cost of the installation throughout its lifetime
(V M)
C (O&M): Current total O&M cost during the lifetime of the
installation (M V)

The annualized benefit refers to the profit of the periods when
the initial investment has already been amortized. It has been
calculated using equation (10).

Ba ¼ 106 � VAN
ðn� PaybackÞ � 1000Pi

(10)

Where:
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Ba: annualized benefit (V/kW$a~no)

The parameters used to do the calculations are the followings:

pu: 1000 V/MW
n: 25 years
pue: 135 V/MWh (first 4 years) and 55 V/MWh (remaining
years)

Annualized O&M cost (Ct): 1,5% of total initial investment.

k: 2%

Justification of the values selected:
Average PV facilities (including installation and commissioning

costs) in the Canary Islands are currently a bit above 1000 V/MW
for small/medium size facilities, but they are expected to continue
decreasing to a value close to 1000 V/MW within next years.

Common values for lifetime of PV facilities found in the litera-
ture are between 20 and 30 years. An average lifetime has been
selected.

The price of electricity has been estimated based on current and
projected electricity prices. Currently spot market electricity prices
in Spain are very high and, thus, PV is paid on average over 200
V/MWh. The high spot market electricity prices in Spain are ex-
pected to last for the next, at least, four years and then to decrease
to prices similar to previous years. Being rather conservative, the
forecasted spot market electricity prices for PV were estimated in
135 V/MWh for the first 4 years after commissioning and 55
V/MWh for the remaining years [40,41]. In fact, market prices paid
to PV facilities in 2021 reached peaks as high as 400 V/MWh. The
average price paid to PV facilities in 2021 was over 120V/MWh and
the average price paid to PV facilities in the last 3 months of 2021
was around 200 V/MWh [42].

2.7.3. Additional benefits
The integration of solar photovoltaic in open parking spaces and

on water deposits offer several additional benefits besides the
electricity production. Additional benefits depend on type of
intervention, whether open parking spaces or water deposits. Open
parking spaces covered by PV will provide several benefits as
shading the cars and, thus, avoiding their excessive heating which
cause discomfort for car drivers. In the case of open water deposits
covered by PV, the PV systemwill hinder water evapotranspiration
losses, which are, later on, translated into economical losses, thus
providing an extra economic benefit.

3. Results

3.1. Solar radiation

3.1.1. Solar radiation data
In total, 63 pyranometers were used to check the data from the

two maps selected for the Canary Islands. Since the Canary Islands
has a total area of 7493 km2, this means an average of 1 pyran-
ometer per 119 km2. Therefore, the pyranometer network used to
verify themaps is quite dense. The longest data series are those from
AEMET (Spanish Meteorological Agency) and SIAR (Agro-climatic
Information System for Irrigation). The AEMET series of 4 consecu-
tive years from 7 different meteorological stations were used. The
climatological data from AEMETcan be consulted in Ref. [43], which
include hourly solar radiation series of many decades. The Ministry
of Agriculture, Fisheries, Food and Environment also makes their
climatological data, collected through the Agrometeorological Sta-
tions Network of the SiAR (Agro-climatic Information System for
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Irrigation), available via web [44]. This web system provides mete-
orological data every 30 min, hourly, daily, weekly and/or monthly
from 395 stations distributed throughout Spain, which have been
collecting global solar irradiation data on the horizontal plane since
2004. Data series of the 20 SIAR stations located in the Canary
Islands from two consecutive years were used. Series of minute data
from 9 consecutive years provided by the Astrophysics Institute of
the Canary Islands for the island of La Palmawere also used to check
map data. In addition to sources from public agencies, data from
private developers at two locations were also used.

To achieve the highest possible quality of data in different lo-
cations, an extensive bibliographic search of average solar radiation
data was also carried out. It is worth highlighting the data on
annual averages of solar radiation that could be obtained from the
Bioclimatic Map of the Canary Islands [45], which provides data for
specific locations in the Canary Islands; 13 of them were used for
different locations on the islands.

3.1.1.1. Comparison between the GRASS-r.sun model and pyranometer
data. The annual average data from the 63 pyranometer were
compared to the solar annual radiation data from GRASS-r.sun.
Results show that there is no correlation between the annual
average of the r-sun model and the annual average from the pyr-
anometer, beyond the expected result that the GRASS-r.sunmean is
higher, since it is based on a clear sky model. But no consistency is
observed beyond that, the differences varied from 5% to more than
50%. Therefore, the data from the GRASS-r.sun model will not be
used in this work. These large differences may be due to many
circumstances, e.g. the numerous microclimates that are identified
on the islands as well as the abrupt orography of most of the Canary
Islands, factors that condition significant solar radiation changes
over relatively short distances.

3.1.1.2. Comparison between the solar radiation map of the Canary
Islands and pyranometer data. Table 2 shows the results of
comparing the solar radiation map of the Canary Islands with the
pyranometer data for 63 locations. Table 2 shows the Mean Abso-
lute Percentage Error (MAPE) and the Root Mean Squared Error
(RMSE). The cells in grey show MAPE values over 10%; 13 values in
total. All these values correspond to locations in Tenerife except for
3 of them (locations 44, 46 and 50). Overall, the differences are not
consistent (sometimes downwards and others upwards) but, in
most cases, they are not significant, except in the case of Tenerife,
where the data from the Solar Map consistently provide lower
values than those recorded by pyranometers. Thus, it has been
decided to consider the Solar Map data as an adequate data source
for all the islands except for Tenerife. On the island of Tenerife, the
Solar Map data have beenweighted upwards using the mean of the
deviations observed in all measurement stations except for the
Iza~na one, which showed a very large deviation, but it was not
considered meaningful since it is located in a National Park where
no photovoltaic installation is foreseen.

Table 3 shows different statistical parameters for the above
mentioned locations: MAE, weighted MAPE, RSME, correlation
coefficient, Mean Bias Error (MBE) and Mean Bias Percent Error
(MBPE); for three different cases. The first case is the average value
for the 63 above mentioned locations. The second one is the
average value for all above mentioned locations except for the 9
Tenerife locations. The third one includes all 63 locations but in this
case the radiation map values for the locations in Tenerife were
increased 10%. As it can be observed, the statistical parameters
improve when Tenerife is excluded and they improve even more
when the modified values for Tenerife are included. For example,
the average weighted MAPE for all original 63 locations is 6.1%,
while this value comes down to 4.8% when the Tenerife locations



Table 2
Comparison between pyranometer data and the Solar Radiation Map of the Canary Islands.

Location Solar radiation pyranometer (Wh/m2$d) Solar Radiation Map (Wh/m2$d) MAPE RMSE

1. Maspalomas 5531 5455 1.37% 76
2. Roque de los Muchachos 5810 6072 �4.51% 262
3. Aeropuerto FTV 5765 5466 5.18% 299
4. Aeropuerto GC 5650 5331 5.65% 319
5. Aeropuerto LZT 5453 4994 8.41% 459
6. Iza~na 6818 5252 22.97% 1566
7. Sta Cruz Tenerife 5593 4397 21.39% 1196
8. Aeropuerto TNF norte 5240 4590 12.41% 650
9. Aeropuerto TNF sur 5751 4863 15.44% 888
10. Valverde 4300 4556 �5.95% 256
11. La Restinga 5600 5498 1.82% 102
12. San Sebasti�an 5600 5712 �2.00% 112
13. Valle Gran Rey 5100 5024 1.49% 76
14. Llanos de Aridane 5200 5163 0.71% 37
15. Santa Cruz de La Palma 4500 4789 �6.42% 289
16. Granadilla 5300 4812 9.21% 488
17. Puerto Santiago 5300 4960 6.42% 340
18. La Laguna 5000 4674 6.52% 326
19. Puerto de la Cruz 4500 4134 8.13% 366
20. Santa Cruz de Tenerife 5100 4466 12.43% 634
21. Las Palmas GC 4700 4842 �3.02% 142
22. Santa Lucía de Tirajana 5700 5818 �2.07% 118
23. La Aldea de San Nicol�as 5800 5744 0.97% 56
24. San Fernando de Maspalomas 5200 5459 �4.98% 259
25. Mog�an 5200 5517 �6.10% 317
26. Santa Brígida 4700 4923 �4.74% 223
27. Sardina de G�aldar 5100 5193 �1.82% 93
28. Ca~nadas del Río 5700 5780 �1.40% 80
29. El Cotillo 5600 5734 �2.39% 134
30. Betancuria 5500 5763 �4.78% 263
31. Janubio 5300 5272 0.53% 28
32. Los Valles 5400 5483 �1.54% 83
33. Frontera 4964 5117 �3.08% 153
34. Antigua - pozo negro 5396 5443 �0.88% 47
35. Antigua - molino de agua 5551 5534 0.31% 17
36. Arucas 4435 4539 �2.34% 104
37. G�aldar 4720 4890 �3.61% 170
38. San mateo 4918 5204 �5.82% 286
39. La Aldea 5630 5804 �3.10% 174
40. Vecindario 5699 5698 0.01% 1
41. Hermigua 4133 4166 �0.80% 33
42. San Sebasti�an de La Gomera 5343 5383 �0.75% 40
43. Barlovento 4195 4443 �5.90% 248
44. Fuencaliente 3979 4388 �10.27% 409
45. Los Llanos de Aridane 5148 5165 �0.32% 17
46. Los Llanos de Aridane II 5825 5167 11.29% 658
47. Puntallana 4816 4956 �2.90% 140
48. Tazacorte 5259 5237 0.42% 22
49. El Socorro 4445 4856 �9.24% 411
50. La Degollada 4104 5259 �28.14% 1155
51. La Torrecilla 5345 5224 2.26% 121
52. Haría 5213 5221 �0.14% 8
53. Masdache 5399 5106 5.43% 293
54. Tinajo 4782 4864 �1.72% 82
55. Guía de Isora 5529 4960 10.29% 569
56. Garimba 4593 4112 10.47% 481
57. Buenavista del Norte 4630 4224 8.77% 406
58. La Laguna - Güimar 5479 4564 16.70% 915
59. Las Galletas 4952 4146 16.28% 806
60. Puerto de la Cruz 4284 4026 6.01% 258
61. Valle Guerra - Isamar 4742 4146 12.56% 596
62. Valle Guerra - Pajarillos 4684 4274 8.75% 410
63. El Pico 4321 4238 1.92% 83
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are excluded and it comes down again to 4.1% when the modified
values for Tenerife are included. Thus, it can be concluded that the
radiation map are acceptable if the values for Tenerife island are
increased by 10%.
3.2. Shadow factor

The methodology used to calculate the shadow factors (SF), as
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described in the previous section, resulted in SF values that varied
from enclosure to enclosure but, in general, the range of the
calculated values did not vary significantly. In total, 2501 uncovered
parking spaces and a 1602 water deposits were analysed. There
variations by type of surfaces (parking or deposits) are not very
large, although there are differences. So, the mean shadow factor in
deposits is 0.024 (2.4%) and the mean shadow factor in parking
spaces is 0.036 (3.6%). This difference is due to the fact that large



Table 3
Statistical parameters: comparison pyranometer data vs Solar Radiation Map.

MAE MAPE weighted RSME Correlation Coefficient MBE MBPE (Bias)

1. Average value 311.88 6.07% 443.41 0.678 118.03 1.93%
2. Average value without Tenerife 192.67 4.80% 278.52 0.857 �78.73 �1.89%
3. Average value (with 10% increase in Tenerife) 211.07 4.11% 307.68 0.824 �12.25 �0.64%
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deposits are generally located in places with fewer objects around
them (thus, fewer shadows) than the urban surroundings that are
found around most parking spaces.

Regarding the seasonal differences, they are not significant
either, but they do confirm the larger shadow projections over the
winter season. The average of the 2501 uncovered parking spaces
analysed showed the following shadow factor values: 2.95% (day
80), 2.43% (day 172), 2.91% (day 264) and 6.17% (day 355). These
values clearly show the larger shadow effect over winter (more
than double than in any other season of the year), the rest of the
representative values of the different seasons are very similar to
each other with practically the same average over spring and
autumn and less shadow projections over summer. Themean of the
1602 deposits analysed show the following shadow factor values:
1.9% (day 80), 1.43% (day 172), 1.88% (day 264) and 4.4% (day 355).
These values clearly show the larger shadow effect over winter
(more than double than in any other season of the year), the rest of
the representative values of the different seasons are very similar to
each other with practically the same average over spring and
autumn and less shadow projections over summer. These values in
winter, a season inwhich the shadow factor more than doubled the
yearly average value, reflect the larger projection of shadows in this
season due to the lower position of the sun. Likewise, it can be
observed that the values of the shadow factors are significantly
lower in deposits than in parking spaces along the whole year.

Table 4 shows an example of the calculation of the shadow
factor including the following data (from left to right): island,
municipality, water deposit area (m2), radiation ratio between the
two results from r.sun tool (with and without object above the
ground level) for 4 days of the year (representative of each season)
and their annual mean. This last value is the representative one for
the shadow factor (FS) and the one that has been used as such for
calculation purposes.
3.3. Available area, power and annual energy production for
deposits and parking spaces

Table 5 shows the results for the parking areas and water de-
posits: the available areas identified on each island, the resulting
power and the annual production (calculated with the equations
set described in the previous section) and the corresponding uti-
lization and shadow factors.

As shown in Table 5, the area of the uncovered parking areas is
much larger than the deposits' area, represents ca. 30% of the total
area (2 km2 of water deposits) compared to ca. 5 km2 of uncovered
parking spaces. However, in terms of power and production the
water deposits represent around 45%, this is due to the fact that
fewer shadows are projected on the water deposits than on the
parking spaces, which are more exposed to the shadows created by
the urban surroundings. The total power reaches 502 MW and the
production 787 GWh/a.
3.4. Photovoltaic energy production

The hourly and monthly PV productions have been calculated.
Results are shown for two of the islands, Gran Canaria and La Palma.
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Gran Canaria is the island that shows the highest PV production in
absolute terms and a similar PV production contribution as the
regional one. La Palma is that shows the highest average PV
contribution to the annual electricity demand, around 41%.
3.4.1. Hourly photovoltaic production in Gran Canaria
Fig. 8 shows the results of the hourly photovoltaic production in

comparison to the hourly electricity demand for the island of Gran
Canaria, the yearly average PV contribution is 8% although there are
peaks that can reach values as high as 40%. Fig. 9 shows a zoom of
Fig. 8 for the month of May, where one 40% PV contribution peak
the 26th of May can be observed. Fig. 10 shows the PV contribution
to the hourly electricity demand in Gran Canaria. As it can be
observed the highest peak contributions are found in themonths of
April and May. Fig. 11 shows the PV contribution to the hourly
electricity demand in Gran Canaria aggregated by ranges, showing
the number of hours per year within each range. The highest range,
30e40% PV contribution, shows a relatively small number of hours,
121 h.
3.4.2. Monthly photovoltaic production in Gran Canaria
Fig. 12 shows the monthly PV contribution in comparison to the

monthly electricity demand in Gran Canaria. It can be observed that
the months that show the highest PV contribution are May and
June. Although the months that show the highest PV production in
absolute terms are May and July. All in all, from April to August the
monthly PV contribution is very similar in absolute terms as well as
in percentage terms.
3.4.3. Hourly photovoltaic production in La Palma
Fig. 13 shows the results of the hourly photovoltaic production

in comparison to the hourly electricity demand for the island of La
Palma, the yearly average PV contribution is 41% although there are
peaks that can reach values as high as 191%. Fig. 14 shows a zoom of
Fig.13 for themonth of May, where one 190% PV contribution peaks
can be observed. Fig. 15 shows the PV contribution to the hourly
electricity demand in La Palma. As it can be observed the highest
peak contributions are found in the month of May, although from
March to October peaks over 100% can be observed. This high PV
contribution leads to a cumulative storage need of 12.52 GWh/a,
11.7% of the PV production need to be stored, which represent ca. 5%
of the annual demand. Fig. 16 shows the PV contribution to the
hourly electricity demand in La Palma aggregated by ranges,
showing the number of hours per year within each range. The
highest range, over 100% PV contribution, shows the highest
number of hours (except for the night hours), 1469 h.
3.4.4. Monthly photovoltaic production in La Palma
Fig. 17 shows the monthly PV contribution in comparison to the

monthly electricity demand in La Palma. It can be observed that the
months that show the highest PV contribution is July, which also
shows the highest PV production in absolute terms. All in all, from
April to August the monthly PV contribution is very similar in ab-
solute terms as well as in percentage terms.



Table 4
Calculation of the shadow factor for a selection of water deposits.

Island Municipality Area (m2) Radiation (day 80) Radiation (day 172) Radiation (day 264) Radiation (day 355) SF_mean

LA GOMERA AGULO 47567 0.9919 0.9944 0.9920 0.9837 0.991
LA GOMERA VALLEHERMOSO 37475 0.9816 0.9890 0.9819 0.9620 0.979
LA GOMERA SAN SEBASTI�AN DE LA GOMERA 3037 0.9913 0.9814 0.9913 0.9917 0.989
LA GOMERA HERMIGUA 21057 0.9760 0.9951 0.9770 0.9363 0.971
LA GOMERA AGULO 8614 0.9947 0.9962 0.9939 0.9809 0.991
LA GOMERA VALLEHERMOSO 11347 0.9988 0.9981 0.9989 0.9954 0.998
LA GOMERA SAN SEBASTI�AN DE LA GOMERA 3753 0.9867 0.9927 0.9858 0.9764 0.985
LA GOMERA ALAJER�O 6227 0.9898 0.9920 0.9907 0.9689 0.985
LA GOMERA SAN SEBASTI�AN DE LA GOMERA 779 0.9913 0.9948 0.9888 0.9437 0.98
LA GOMERA VALLE GRAN REY 1068 0.9836 0.9857 0.9828 0.9675 0.98
LA GOMERA ALAJER�O 5876 0.9981 0.9986 0.9983 0.9968 0.998
LA GOMERA VALLEHERMOSO 4504 0.9969 0.9980 0.9971 0.9969 0.997
LA GOMERA HERMIGUA 6589 0.9059 0.9169 0.9077 1.0000 0.933
LA GOMERA VALLEHERMOSO 4591 0.9445 0.9611 0.9457 0.8248 0.919
LA GOMERA SAN SEBASTI�AN DE LA GOMERA 1864 0.8650 0.9306 0.8679 0.7372 0.85
LA GOMERA VALLEHERMOSO 2671 0.9771 0.9839 0.9779 0.9617 0.975
LA GOMERA SAN SEBASTI�AN DE LA GOMERA 1297 0.9422 0.9728 0.9439 0.8744 0.933
LA GOMERA AGULO 1110 0.9443 0.9719 0.9484 0.7795 0.911
LA GOMERA AGULO 1962 0.8856 0.9111 0.8867 0.7906 0.869
LA GOMERA VALLEHERMOSO 1629 0.9617 0.9774 0.9635 0.8591 0.94
LA GOMERA HERMIGUA 1485 0.9656 0.9580 0.9644 0.9041 0.948
LA GOMERA HERMIGUA 2110 0.9219 0.9848 0.9229 0.9090 0.935
LA GOMERA VALLE GRAN REY 1585 0.9987 0.9972 0.9985 0.9939 0.997
LA GOMERA VALLE GRAN REY 927 0.9971 0.9974 0.9970 0.9962 0.997
LA GOMERA AGULO 867 0.9641 0.9875 0.9775 0.8552 0.946

Table 5
Area, power and yearly energy production of parking areas and water deposits.

Area (m2) Power (kW) Production (MWh/a)

EL HIERRO Parking 56,475 4000 6010
Water tank 8137 659 1027

FUERTE-VENTURA Parking 615,727 43,611 76,117
Water tank 92,666 7501 13,135

GRAN CANARIA Parking 1,629,281 115,399 183,348
Water tank 830,406 67,218 104,544

LA GOMERA Parking 76,084 5389 8792
Water tank 18,434 1492 2307

LA PALMA Parking 168,957 11,967 18,471
Water tank 690,987 55,933 88,835

TENERIFE Parking 1,836,851 130,100 191,887
Water tank 227,970 18,453 27,216

TOTAL Parking 4,882,210 345,797 541,451
Water tank 1,933,374 156,499 245,559

Fig. 8. Hourly PV production versus electricity demand (Gran Canaria).
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3.4.5. Annual photovoltaic production and energy demand supplied
by photovoltaic

Table 6 shows the summary of the annual photovoltaic pro-
duction of the elements identified in this study (parking spaces and
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water deposits) compared to the electricity demand in 2019.
Table 6 shows that the percentage of photovoltaic production in

parking spaces is much higher than inwater deposits, except on the
island of La Palma, which has an exceptionally high PV contribution



Fig. 9. Hourly PV production versus electricity demand for the month of May (Gran Canaria).

Fig. 10. PV contribution to the hourly electricity demand (Gran Canaria).

Fig. 11. PV contribution to the hourly electricity demand aggregated by ranges (Gran Canaria).
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from water deposits. The percentages of electricity demand sup-
plied by PV (global and also per element), vary significantly from
island to island. Nonetheless, in general terms, it can be concluded
that the percentage of demand supplied by photovoltaic solar
1057
energy using only uncovered parking spaces and water deposits
ranges from 6% to 14% (an average of ca. 9%). This is the case for all
the islands except for the island of La Palma, where this percentage
raises until 41%, mainly due to the big area covered by water



Fig. 12. PV contribution to the monthly electricity demand (Gran Canaria).

Fig. 13. Hourly PV production versus electricity demand (La Palma).

Fig. 14. Hourly PV production versus electricity demand for the month of May (La Palma).
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deposits on this island.

3.5. Impact of the photovoltaic production at island level and
additional benefits of the proposed solution

This section summarizes the results of the impact of the pro-
posed solutions.

3.5.1. Impact of the photovoltaic production at island level
Table 7 shows the resulting PV surface that can be installed on
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parking spaces and water deposits as well the percentage of the
annual insular demand that could be supplied by photovoltaic
energy, contextualised for each island, indicating also the total
surface, total population and per capita electricity consumption, in
order to estimate the real impact of the proposed solutions at the
island level.

The annual average demand growth has been calculated as the
average growth of the last 5 years. The resident population refers to
the population that permanently lives on the islands and their
residence is fixed on the islands. The floating population refers



Fig. 15. PV contribution to the hourly electricity demand (La Palma).

Fig. 16. PV contribution to the hourly electricity demand aggregated by ranges (La Palma).

Fig. 17. PV contribution to the monthly electricity demand (La Palma).
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mainly to the tourists, including those that spend many months on
the islands but their residence is located in a foreign country.

The average annual PV contribution is significantly different
from island to island as, thus, their potential contribution to the
island’ energy plan. In this regard, the PV contribution of open
parking spaces and water deposits shows their lowest percentage
in the island of Tenerife, where this contribution is as low as 6.2%.
Thus, in order to reach the required 100% RES in 2040, it is
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recommended to significantly increase the PV contribution by
adding other PV actions such as e.g. PV roofs or PV greenhouses. At
the other end, the island of La Palma, where this contribution is as
high as 41%. Nearly no additional PV contributionwould be needed
to reach the required 100% RES in 2040, since this contribution
already means nearly 12% PV storage needs. Although there could
be some complementarity with PV roofs, the main complemen-
tarity should come from wind energy and other RES sources in



Table 6
Annual photovoltaic production compared to the electricity demand in 2019.

Production (GWh/a) % of electricity demand supplied by PV (2019) Electricity Demand 2019 (GWh)

EL HIERRO Parking 6.0 9.7%
Water deposit 1.0 1.7%
TOTAL 7.0 11.4% 62

FUERTE-VENTURA Parking 76.1 10.6%
Water deposit 13.1 1.8%
TOTAL 89.2 12.4% 717

GRAN CANARIA Parking 183.3 5.1%
Water deposit 104.5 2.9%
TOTAL 287.8 8.0% 3582

LA GOMERA Parking 8.8 11.4%
Water deposit 2.3 3.0%
TOTAL 11.1 14.4% 77

LA PALMA Parking 18.5 7.1%
Water deposit 88.8 33.9%
TOTAL 107.3 41% 281

LANZAROTE Parking 56.8 6.3%
Water deposit 8.5 0.9%
TOTAL 65.3 7.2% 906

TENERIFE Parking 191.9 5.2%
Water deposit 27.2 0.7%
TOTAL 219.1 5.9% 3711

CANARY ISLANDS Parking 541.4 6.10%
Water deposit 245.4 2.77%
TOTAL 786.8 8.87% 8874

Table 7
Annual photovoltaic production and main parameters for each island.

Island'
surface
(km2)

Resident
Population
(2019)

Floating
population
(2019)

Total
population
(2019)

Electricity
Demand 2019
(GWh)

Average annual
demand growth

Yearly electricity
demand per capita
(MWh/a$hab)

PV production GWh/a
(deposits and parkings)

PV
Contri-bution %

Lanzarote 875 154,530 65,007 219,537 861 1.36% 3.9 65.3 7.6%
Fuerte-ventura 1659 126,227 45,231 171,458 683 1.64% 4.0 89.2 13.1%
Gran Canaria 1560 870,595 85,921 956,516 3406 0.23% 3.6 287.8 8.5%
Tenerife 2034 966,354 110,622 1,076,976 3547 0.56% 3.3 219.1 6.2%
La Palma 708 85,840 6214 92,054 262 1.06% 2.8 107.3 41.0%
La Gomera 370 22,426 1679 24,105 74 1.66% 3.1 11.1 15.0%
El Hierro 269 11,338 78 11,416 43 �0.03% 3.8 7 16.3%
TOTAL 7475 2,237,310 314,752 2,552,062 8875 0.60% 3.5 786.8 8.9%

S.-R. Julieta, R.-B. Jos�e-Julio and Y.-R. Pablo Renewable Energy 189 (2022) 1046e1062
order to decrease storage needs. For the rest of the islands, the PV
contribution ranges from 7.6% to 16.3%. Thus, some increase in the
PV contribution by adding other PV actions such as PV roofs are still
recommended, although the main complementary contribution
should also come from other RES sources.
3.5.2. Economic analysis of the proposed solutions
Table 8 summarizes the results of the economic analysis for each

of the islands, including the installed power per island and the
yearly production (calculated in previous section) to be able to
calculate the normalized production per MW installed, the NPV per
MW, the yearly net profit per installed MW after amortization (it
has been supposed that benefits will be rip after the amortization
Table 8
Economic analysis for each island.

Gran Canaria Tenerife L

Installed Power (MW) 183 149 4
Yearly Production (MWh/a) 287,892 219,103 6
Production per MW installed (MWh/MW) 1576 1475 1
NPV (kV/MW) 917 775 9
Yearly net profit (kV/MW$a) 52 48 5
Net benefit 71% 64% 7
IRR 11% 10% 1
Payback (years) 7.5 9 7
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period), the net profit as percentage of the total investment, the IRR
and the payback.

As shown in Table 8 the payback time depends on the island but
it is always located between 6 and 9 years (best and worst case
scenarios). The island that show the best payback time is Fuerte-
ventura and the island that show the worst one is Tenerife, mainly
becausemany of the installations are located in the northern part of
the island, which shows lower radiation data. All in all, the yearly
net profits per MW installed ranges from 48,000 V to 61,000 V and
the IRR varies from 10% to 13%.
3.5.3. Additional benefits of the proposed solutions
Additional benefits could also be translated into economic
anzarote Fuerte-ventura La Palma La Gomera El Hierro

0 51 68 7 5
5,300 89,252 107,306 11,099 7037
622 1746 1580 1613 1510
82 1156 923 969 825
5 61 53 54 50
6% 89% 71% 75% 64%
2% 13% 11% 11% 10%

6 7.5 7 8.5
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benefit. In the case of the open parking spaces, a side effect of the
PV systems is the shading of the cars, which will reduce the
discomfort for car drivers due to excessive car heating; this effect
could be monetized. In the case of open water deposits, water
evapotranspiration losses could be as high as 5e10%. PV systems
will reduce these losses, thus providing an extra economic benefit.

4. Conclusions

This study shows the important potential of photovoltaic solar
energy and the development that could be achieved without using
additional land as, in this case, by using uncovered parking spaces
and largewater deposits. It is important to highlight that it is key to
work with high quality solar radiation data to be able to make a
good estimate of the photovoltaic production. In this research the
methodology proposed is to calibrate the selected solar maps with
a network pyranometers that should be as large as possible. The
network used in this work consisted in 63 pyranometers (approx-
imately 1 pyranometer per 120 km2). By comparing the selected
maps with the network of pyranometers, it can be concluded that
no correlation was found with the GRASS-r.sun model, probably
due to the numerous microclimates that are identified on the
islands as well as their abrupt orography. The comparison with the
Solar Map of the Canary Islands provided better results, the dif-
ferences were not significant except for one of the islands, whose
values were consistently lower than those recorded by the pyran-
ometers. Therefore, it was decided to weight the Solar Map data for
this island (according to the pyranometer data), and to use directly
the Solar Map data for the rest of the islands.

In regard to the methodology implemented there are two main
novelties in comparison to the literature review. On one hand, to
estimate the available parking and deposit surfaces suitable for PV
exploitation, one novelty is the use of certain layers from topo-
graphic and cartographic regional maps and certain orthophoto
photointerpretation techniques. On the other hand, the determi-
nation of the shadow factor was estimated using a novel technique
which combines the use of LIDAR and the r.sun software tool. The
first step consisted in the generation of the digital terrain models
from the information of the LIDAR points. Two models were
generated, one digital surface model that includes all the elements
above the terrain (buildings, trees …) and a second digital terrain
model without the objects on top of the ground. The r.sun tool was
run for each of the enclosures twice, once for each of the two
models, and the irradiationwas calculated for 4 selected days of the
year in each case.

Results show that the photovoltaic solar energy that can be
installed on open air parking spaces and large water deposits could
supply an important part of the energy demand. The total instal-
lable power reaches 502 MW, the production 787 GWh/a, which
contributes to cover nearly 9% of the annual regional electricity
demand (6% on parking spaces and nearly 3% on water deposits),
although this percentage varies largely from island to island, this
contribution was as high as 38% in the island of La Palma. Although
the average annual contribution is well below 100%, the hourly
analysis shows that the hourly contributions can be very high. In
Gran Canaria, where the annual average contribution was 8%, one
can find hourly PV contributions as high as 40%. In La Palma, where
the annual average contribution was 38%, one can find nearly
1500 h when the hourly PV contributions is higher than 100%. The
monthly contribution is more evenly distributed, ranging in the
case of Gran Canaria from5% to 11% and in the case of La Palma from
27% to 55%.

In general, the typology of surface that contributes the most, in
terms of power and annual production, is the uncovered parking
spaces, mainly due to the fact that the total parking area is generally
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much larger than that of the water deposits area. Nonetheless, this
distribution is uneven among the different islands, and even in one
of the islands the contribution of the water deposits is higher than
the one from the parking spaces. Regarding the shadow factors,
they are similar in both cases, reaching around 2.4% in the case of
water deposits and 3.5% in the case of uncovered parking spaces.
This higher shadow coefficient in the case of parking spaces is
mainly due to the larger shadows projected on urban areas, which
affect parking spaces more than water deposits. The seasonal
analysis of the shadow factors showed similar values throughout
the year except for winter (whose values more than double the
values from any other season). This result reflects the larger shadow
projection during this season due to the fact that the sun is lower.

The estimated utilization factor is 35% for parking spaces and
40% for water deposits. Thus, as per shadow factor as well as by
utilization factor, the water deposits result in a higher ratio of
installable power per surface unit: on average 33.7% of the parking
area can be covered with photovoltaic panels compared to 39.2% in
the case of water deposits. However, the area of uncovered parking
spaces that has been identified is, in general, much larger than that
of water deposits (in total, about 5 km2 of surface of uncovered
parking spaces compared to about 2 km2 of water deposits), thus
the power that can be installed in parking areas is higher than on
water deposits, although the useable surface per unit area is higher
in the water deposits.

The economic analysis of the PV facilities shows good results
with payback time that varied from 6 to 9 years depending on the
island.
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