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Abstract: The progressive energy transition to systems with higher shares of renewable energy is
particularly important in islands regions, which are largely dependent on energy imports. In this
context, to assess the impact of climate change on renewable energy resources during the 21st century
is crucial for polycimakers and stakeholders. In this work, we provide an overview of wind and
photovoltaic (PV) resources, its variability and complementarity between them, as well as their future
changes, in the Canary Islands and surrounding areas. Variability is assessed through the analysis of
energy droughts (low-productivity periods). In addition, a sensitivity test is performed to find the
optimal combination of PV (photovoltaic) and wind that reduce energy droughts and the persistence
of that conditions at a local scale. A set of climate simulations from the MENA-CORDEX runs
are used, in present and future climate (2046–2065, 2081–2100) for two different scenarios (RCP2.6,
RCP8.5). Results show different changes in wind productivity depending on the scenario: a decrease
in RCP2.6 and an increase in the RCP8.5. PV experienced a subtle decrease, with some exceptions.
Changes in variability are small and the complementarity test shows that high shares of PV energy
(above 50%) reduce both, energy droughts and the persistence of drought conditions.

Keywords: climate change; renewable energy; energy complementarity; Canary Islands; climate
modeling

1. Introduction

Greenhouse gass (GHG) emissions produced during energy generation constitute
one of the main causes of anthropogenic climate change [1]. Due to that, a reduction of
greenhouse emissions necessarily requires an increase in the share of renewable energy and
a progressive energy transition. Because renewable energy generation fluctuates in time
due to climate variability, the characterisation of the future climate is crucial for a transition
towards renewable energy [2–6]. This aspect is particularly important in islands, as the
insular nature of which makes them totally, or partially, dependent on energy imports.
Therefore, a transition towards renewable energies intended to lower GHG emissions and
reduce energy dependence necessarily requires a good characterisation of present and
future climate variability, especially when long-term investments are planned. Climate
models are the only way to perform climate projections and study renewable energy
resources in the future. In particular, regional climate models, which attain fine horizontal
resolution at the expense of a smaller domain than that from global climate models, are the
most suitable tool for regional purposes and particularly for islands [7].

Solar PV (photovoltaic) and wind energy are presently, and likely in the future, the
main technologies in the deployment of renewable energies due to their reduced cost and
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technological maturity [8]. Because of that, the interest and amount of research on PV and
wind energy using regional climate models has increased rapidly [5,9–17]. Additionally,
offshore wind technologies are growing fast and they are expected to become one of the
main sources of electricity generation due to the reduced time variability of offshore winds
(compared to onshore winds) and to their high capacity factor [18–20]. The technological
development of the offshore wind will be specially interesting for islands, since suitable
onshore locations are scarce due to space limitations. Likewise, offshore PV energy has
advantages for islands or countries with restrictions in space for the installation, besides the
increased performance due to the cooling effect of the water on PV cells [21]. Although in a
less mature stage of development, the installation of floating PV panels has been already
tested over sea waters next to Malta [22] and one offshore PV farm is already operating
near the coast of the Netherlands [23], an area characterised by high ocean waves.

Regarding that aspect, there is growing interest in the combination of different types
of offshore renewable energy sources (including wind and solar) in the same location. On
the one hand, because of the complementarity in time of the resources, which made the
combined output more stable. On the other hand, it could be a reduction in costs, due to the
simplification of the installations that could be partly shared [24]. An example is that there
are now projects for designing a floating offshore platform integrating wind, PV and wave
energy for use on islands [25]. This project will develop roadmaps for its deployment in
three case study islands, among them the Canary Islands [26]. Among the European islands,
the Canary Islands, which constitute an integral part of Spain, located about 100 km off the
African coast and comprise seven islands of volcanic origin, stand out as an excellent region
to investigate for several reasons. First, they are characterised by a great solar resource
potential, with a summer maximum that presently produces more than 22,000 MWh [13]
on the archipelago. In addition, the presence of persistent winds (i.e., trade winds and the
Canary Low-Level Jet), which presently ensure a sustained wind energy productivity over
time, much higher than in other regions such as the Mediterranean Islands [27–29].

Regarding future projections, climate model simulations with the RCP4.5 and RCP8.5
scenarios indicate that future annual-mean changes in irradiation will not be relevant,
whilst PV potential is expected to increase in winter due to a reduction of cloud cover
and to decrease in summer in response to a temperature rise [13]. In addition to this,
previous modelling works have found a slight increase in the wind energy in the offshore
area near the Canary Islands for the RCP8.5 and RCP4.5 scenarios for the 2070–2099 time
period [14,15]. In spite of the promising climate characteristics of the Canary Islands for
renewable energy generation, these are highly dependent on energy imports (e.g., oil)
and the electricity network is not connected to the mainland grid. These problems are
exacerbated by the fact that islands are not interconnected with each other (with the
exception of Lanzarote and Fuerteventura). Only recently, the first large offshore wind
power farm in Spain has been projected in the Canary Islands Special Zone [30], which
represents an important step towards the energy transition.

The aim of this work is to evaluate renewable resources in present and future climate
(2046–2065 and 2081–2100), and their potential changes with respect to present conditions
making use of regional climate model simulations from the MENA-CORDEX dataset [31]
in the Canary Islands and the sorrounding regions. In addition to the analysis of pho-
tovoltaic and wind productivity, variability of the resources is also studied through the
concept of energy droughts [29,32], which is not as frequently analyzed as mean resource
values. Energy productivity droughts can be regarded as low-productivity periods and are
therefore an indicator of productivity variability. In addition, a complementarity analysis
of solar and wind resources is made through a sensitivity test that provides the optimum
share of each technology to reduce total power variability at each location. The relevance of
this work is not only to show future evolution of renewable resources, but also to provide
an assessment on their variability and complementarity in future conditions. This paper
is structured as follows. In Section 2 the methodology is described. In Section 3 the most
relevant results are presented and discussed. Conclusions are presented in Section 4.
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2. Methodology

In this work we make use of variables from a set of simulations from regional climate
models of the MENA-CORDEX dataset. These simulations are used to estimate present
values and future changes in energy productivity (wind and solar), variability (estimated
through the so-called energy droughts and its frequency and persistence conditions) and
complementarity between sources. The chosen models are shown in Table 1.

Table 1. Regional climate model (RCM) and forcing global climate models (GCMs) used for each
simulation used in the study.

Scenario GCM RCM

RCP2.6 ICHEC-EC-EARTH SMHI-RCA4

RCP8.5 ICHEC-EC-EARTH, CNRM-CM5, GFDL-ESM2M2 SMHI-RCA4

Wind and solar productivity are defined as the normalised series of power generation,
that is to say the produced energy divided by the capacity installed and is given in kWh/kW.
Variability is assessed through energy drought days and the persistence of these days
(i.e., number of consecutive drought days, cdd). Complementarity assessment is made
considering a energy coming from PV and wind only and an optimization criterion is used
to obtain the PV and wind share that minimizes variability.

All these variables are computed for a control time period (1986–2005), as well as for
the mid and final stages of the 21st century (i.e., 2046–2065 and 2081–2100, respectively).
To study future climate changes we use data from simulations forced with the RCP2.6 and
RCP8.5 emission scenarios.

As to marine energy sources, we take into account not only offshore wind but also
offshore solar PV energy, in addition to onshore resources. On the one hand, this is done
for consistency reasons as we consider a combined PV-wind energy indicator, but also
because of the growing interest in offshore solar energy. The considered domain (25.75◦ to
31.25◦ N, −10.25◦ to −11.75◦ W) for the analysis is far from the islands coast, will allow us
to get better insights from the climate variables patterns and its evolution.

2.1. Models

The MENA-CORDEX dataset comprises a set of simulations of 0.44◦ horizontal resolu-
tion made with several regional climate models (RCMs) driven by different global climate
models (GCMs). Only one RCMs in the MENA-CORDEX simulation list has available the
RCP2.6 scenario. In this work, the selected simulations consist of this RCM (SMHI-RCA4)
nested in three different GCMs (EC-EARTH-ICHEC, CNRM-CM5, GFDL-ESM2M2) for
evaluation of the present period and two different scenarios: RCP2.6 and RCP8.5. The
results presented are the averaged results of three simulations for the control period and
the RCP8.5 scenario, whereas only one simulation is available for the RCP2.6. When
differences between scenarios and control are presented, only the control period of the
EC-EARTH-ICHEC is used for RCP2.6, for consistency. Each calculation is made for each
of the simulations and the average of different indicators is computed afterwards.

2.2. Wind and Photovoltaic Energy Models

In order to obtain wind energy productivity, wind speed from climate simulations is
needed as an input of the model. Wind speed at the surface (i.e., 10 m) is calculated with
the six-hourly wind components from the model. Values at the surface are extrapolated to
the turbine hub height, which is considerd as 100 m over land cells and 150 over sea cells,
using the wind profile power law in [33]. This approximation has been previously used by
other authors because is recognized to approximate well, although it does not account for
variations in the boundary layer stability [12]. From wind speed at hub height, we calculate
wind potential considering a normalised standard power curve for the wind turbine as
in [11,12], with values: cut-in wind velocity, Vi = 3 m/s; rated velocity, VR = 12 m/s;
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cut-out velocity, Vo = 25 m/s. Once the wind potential is obtained, wind productivity is
calculated from the wind potential produced by the 6-hour average wind (which is the
time resolution of climate models wind components), multiplied by the time interval (6 h
in this case). As the power curve is an standard normalised power curve, we consider
this magnitude as wind productivity, defined as the energy production from that standard
wind turbine.

To obtain PV productivity we use daily surface solar radiation and temperature from
the climate simulations, which are used as input variables for a parametric PV model. This
process is described in previous works [34] and it can be resume in two main steps: first,
the obtention of incident solar radiation that reaches solar cells inside the panels through
the decomposition of global solar irradiation and the transposition to the plane-of-array,
considering an optimal inclination of the generator dependending on the latitude. The
decomposition of solar radiation at the surface is made using a classical approximation
that uses empirical equations and involves the calculation of the clearness index, which
is defined as the extraterrestrial radiation (radiation at the top of the atmosphere) and
solar radiation at the surface [35]. In oder to calculate components at the plane of the
generator, models proposed by [36,37] are used. After that, the electrical performance
of the photovoltaic system and its components is modeled in order to obtain daily PV
productivity. The details and characteristics of the PV system considered are described
in [38,39], where a comprehensive explanation of the methodology followed in this work
is presented. Calculations has been made using R software [40]. The library solaR [41] is
used for the solar model and [42] for visualization.

2.3. Wind and Photovoltaic Variability
2.3.1. Energy Droughts and Concecutive Drought Days

We consider PV and wind energy productivity droughts as an indicator of variability
of both resources in the studied regions. Following [32], renewable energy droughts can
be defined as periods of low productivity. Specifically, we consider periods in wich daily
productivity (Prodi), takes values below a threshold. That threshold is computed follow-
ing [32] as a percentage of the mean daily productivity estimated for the analyzed time
period, in particular, 0.5 times mean daily productivity is used. Therefore, drought days
are defined as those when:

Prodi ≤ 0.5 · Prod, (1)

where Prodi is the daily productivity for each cell (kWh/kW) and Prod is the mean daily
productivity of the period analyzed. Following the energy drought definition, we also
calculate the number of consecutive days that fullfill that condition.

2.4. Complementarity
2.4.1. Combined Energy

In order to address the complementarity of both wind and solar resources, additionally
combined photovoltaic and wind productivity droughts are computed. To do that, we
first need to compute the combined productivity. Assuming total energy coming from
photovoltaic and wind sources, normalized total productivity can be written as:

Prod = SPV · PV + SW · W (2)

where PV and W are the productivity of wind (Wprod) and photovoltaic (PVprod) series
respectively, each one divided by its average in order to scale mean productivity to 1 as
in [43–45]. The share coefficients go from 0 to 1 (equivalent to an energy share of 0 to 100%)
and are related to each other with the next expression:

SPV = 1 − SW (3)

where is SPV is the share of PV and the SW the share of wind.
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2.4.2. Optimum Share Coeficients

A sensitivity analysis is made in order to see the impact that different values of share
coefficients have on variability. A set of values from 0 to 1, in steps of 0.05, are given to
Spv, and in consequence to Sw. Then, combined productivity droughts are computed
for each case as explained above and the optimum Spv and Sw for which the number
of droughts is minimum, are found. In addition, the share coefficient that minimises the
persistence of drought conditions i.e., consecutive drought days (cdd), is also calculated.
The cdd should be regarded as the maximum number of consecutive drought days within
the corresponding 20-year period.

3. Results and Discussion
3.1. Changes in Annual Productivity

In the control time period, wind and PV productivity showed important differences
in terms of magnitude and regional distribution. Starting from wind productivity we
observed that it is greater over the sea than over land (Figure 1A). This is related to the
lack of obstacles over the marine domains and the higher hub height in offshore wind
turbines. Within the islands, wind productivity is close to 2000 kWh/kW, whereas it takes
values of about 5000–6000 kWh/kW over the oceanic areas adjacent to the archipelago.
PV productivity shows the largest values over the African continent, reaching a locally-
maximum value close to 1800 kWh/kW (Figure 1G). Over the sea, smaller values of PV
productivity towards the NW can be observed, with the minimum values reached close to
1400 kWh/kW.

As to future changes in wind productivity, we observed that the spatial pattern is
set by the chosen time period (Figure 1B–E). In the RCP2.6 scenario, a subtle increase to
the SW of the considered domain can be observed in the 2046–2065 period, but a general
decrease in the northern half of the domain is projected by the end of the century. In the
RCP8.5 scenario, a productivity increase which is even more pronounced by the end of
the century, with a maximum increase close to 300 kWh/kW near Tenerife, Gran Canaria
and the African coast, is projected. However, most of the changes are not singnificant,
in most of the domain, with the exception of the RCP8.5 by the end of the century. This
result of the increase by the end of the century and at the mentioned areas is consistent
with results presented in [14,15], in which the authors found a generalised intensification
of the North African Coastal Low-Level Jet. That means more frequent and intense winds
at the north western African coast, which is likely to occur for every season. In the case
of PV, all scenarios and time periods show an overall, but subtle, decrease in productivity
for the studied domain in marine areas, of higher magnitude for the RCP8.5 scenario
and statistically significant in most cases. Smaller changes are found over the islands in
agreement with [13], where non-significant changes are projected in annual terms.

3.2. Changes in Variability: Wind and Photovoltaic Droughts

In order to study the variability of wind and PV resources separately, we focused
on the study of the frequency of droughts (expressed in % of drought days within the
considered time period), as well as the number of consecutive drought days (cdd, expressed
in absolute terms, days). We calculated all the events with more than one consecutive day
of drought and we analyze the longest event. This provides an estimation of the propensity
of the generation to drop below a critical level and the persistence of those events. In
addition, the longest consecutive drought days event was important in order to estimate
how long could the PV and wind production persist below the normal to plan storage or
backup facilities.
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Figure 1. Panel (A): Ensemble-mean wind productivity (Wprod; ×103 kWh/kW) over the studied
domain in the control time period (1986–2005). Panels (B–E): Future changes relative to control
(×103 kWh/kW) for the different time periods (2046–2065: upper row; 2081–2100: lower row) and
scenarios (RCP2.6: left column, RCP8.5: right column). In panels (B–E) blue colors indicate a pro-
ductivity decrease and red colors the opposite. Panel (F): Ensemble-mean photovoltaic productivity
(photovoltaic (PV); kWh/kW) over the studied domain in the control time period (1986–2005). Pan-
els (G–J): as panels (B–E) but for PV changes relative to control (kWh/kW). Grey dots represent
non-significant changes at 95% confidence level using a t-test.

3.2.1. Frequency of Wind and PV Droughts

As an estimation of wind and photovoltaic variability, the study of the frequency of
droughts from each source i.e., 100% of the energy derived from that source (Figure 2), is
made. In the control time period, wind droughts were more frequent over land than over
the sea (Figure 2A), whilst over land, they took values close to 30%, the corresponding
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percentage of drought days is smaller over the sea, with values ranging from around 15 to
25%. This may be driven by the lack of obstacles in marine areas which reduce productivity
variations over time. On the contrary, when all the energy comes from PV generation, the
frequency of droughts becomes substantially smaller (Figure 2B). In this case, the percentage
of droughts did not exceed about 5% of the days. Whilst PV productivity was smaller than
wind productivity, it was less variable and thus ensured a smaller number of days with
drought conditions and a more sustained production over time. Comparing this results to
previous analysis over different regions, we observed that the percentage of drought days
over the Canary region was in general lower than for the Mediterranean Islands [29].
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Figure 2. Panels (A,B): Frequency (%) of drought days for wind (A) and PV (B) productivity. Panels
(C–J): Future changes in the frequency of wind (left column) and PV (right column) droughts relative
to the control for the different time periods and scenarios (RCP2.6: C–F; RCP8.5: G–J). In panels
(C–J) blue colors indicate a productivity increase and red colors the opposite.
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Regarding future energy droughts for wind and solar productivity, respectively (i.e.,
RCP2.6, RCP8.5; Figure 2C–I), wind droughts feature a slight decrease in the percentage
of drought days over most of the domain regardless of the scenario and time period
considered. The greatest decrease appeared in the near future (2046–2065), in the RCP2.6
scenario. In this case, a decrease was projected over most of the considered domain, with
the exception of the north–eastern side of the domain. A similar pattern was observed
for this scenario by the end of the 21st century, but with smaller differences with the
control period.

Interestingly, solar productivity droughts present a clear pattern which depends on the
emission scenario chosen (Figure 2D–J). On the one hand, a slight increase in the percentage
of drought days is generally projected over under the RCP2.6 scenario. On the other hand,
a decrease in the percentage of drought days compared to the control period occurs in all
the studied periods under the RCP8.5 scenario. Moreover, under this scenario, a marked
latitude-dependent pattern can be observed in the 2081–2100 period, with a larger decrease
in the frequency of PV droughts to the north of the domain. Results presented so far
highlight that, whilst changes in the frequency of PV and wind droughts, respectively, are
relatively small (i.e., not larger than five percentage points in magnitude), different patterns
can be found depending on the energy source, time period and scenario considered.

3.2.2. Consecutive Energy Drought Days

Drought days have been defined as those in which energy production is below a given
threshold (see methodology in Section 2). That situation can persist up to several days, be-
coming an event of consecutive drought days. Drought events usually last 2 to 3 days in the
control period, for wind and 1 day for PV technology (see Figure A1 of the Appendix A).
However, longer periods of drought conditions are also possible and can affect stability
of the supply as well as the planning of the energy system, due to the higher amount of
needed storage. Due to that, the longest events for each source in the control period, as
well as their future changes, are evaluated in this section.

In the control time period, in line with what has been found in the frequency section,
wind productivity is more prone to experience longer periods of drought conditions
compared to PV productivity (Figure 3). In land areas along the African coast, the longest
event for consecutive wind productivity droughts was close to 40 days, whereas in the case
of PV, the longest event lasts around 10 days over the islands. Values of the 95 percentile of
cdd for both resources can also be seen in Figure A2, where the same pattern is observed,
but with smaller values. For wind, the 95 percentile was around 11 days and 4 in the case
of PV cdd.

Regarding future changes in the cdd, although there were almost no changes in the
median value of the length of cdds (Figure A1), meaning that in the future most of the
drought events will continue to last 1 to 3 days, some changes were found in the extreme
values. We observe that different patterns can be distinguished for the wind and PV
cases (Figure 3C,D). In particular, regardless of the time period and scenario chosen, the
maximum of wind cdd decreases over the African continent, with a maximum decrease up
to 15–20 days for the longest event. Elsewhere, the number of cdd shows a generalised, but
subtle, increase with the exception of RCP2.6 by the end of the century, when a remarkable
increase close to 15 days is projected north of the Canary Islands. Moving to the cdd
concerning PV productivity, differences are, in general, of a smaller magnitude than those
encountered for the wind. Specifically, in the RCP2.6 scenario, an overall increase of cdd
up to a maximum value of about 5 days occurred over most of the domain in the two time
periods considered. In the RCP8.5 case, changes were even more subtle than in the RCP2.6
scenario. In Figure A2 changes of the 95 percentile present great spatial variability for both
resources, but with small changes as in the longest event projections.
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Figure 3. As for Figure 2, but this has been created for the maximum number of consecutive drought
days (cdd). Panels (A,B): maximum number of cdd for wind (A) and PV (B). Panels (C–J): Future
changes in cdd for wind (left column) and PV (right column) relative to the control for the different
time periods and scenarios (RCP2.6: C–F; RCP8.5: C–J). In panels (C–J) blue colors indicate a
productivity increase and red colors the opposite.
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3.3. Changes in Complementarity

After the analysis of variability changes for each source, an assessment of how the
different combinations of PV and wind energy could affect the energy output intermittency
(i.e., the frequency of drought days and the number of cdd), is presented in this section.
A sensitivity test that varies the share of PV energy (Spv) from 0 to 1 (and in each case
the corresponding wind energy Sw = 1 − Spv) with an increment of 0.05 in each step was
made to obtain how complementarity between both resources changes. Values of Spv
multiplied by 100 were the equivalent percentage of PV technology considered. In some of
the sensitivity simulations performed, the amount of Spv that leads to minimum was not a
unique value, which means that different shares of PV would result in the same percentage
of drought days. Here, we have considered the combination with the lowest amount of
Spv. Other restrictions could be applied in different studies.

3.3.1. Frequency of Drought Days
Values of PV and Wind to Minimize the Frequency of Drought Days

The optimal combination of PV and wind (values of Spv and Sw), to reduce the
frequency of drought days to a minimum is obtained from a sensitivity test (explained in
the methodology section) that analyzes different percentages of PV and wind production in
a scenario that considers only these two sources. Figure 4 shows the values of Spv i.e., the
percentage of PV energy which leads to the optimal combination for each cell in the control
time period, as well as future changes with respect to the control. In spite of the great
spatial variability, optimum values of PV are always greater than 65% (Spv of 0.65) either in
the control period or in the scenarios (Figure 5A,B). This indicates that an important share
of PV energy is necessary to decrease the frequency of drought days to its minimum. A
compilation of the battery of results obtained with different combinations of PV and wind
for the control time period can be found in Figure A3 of the Appendix A. A clear decrease
in the frequency of droughts is seen when the amount of PV energy increases. Changes in
the frequency of drought days are subtle when more than 50% of PV is considered.

In the control, interestingly, the optimum Spv was higher over the African continent,
with values as high as 0.80–0.95 (Figure 4A) and lower values of Spv are found in the north
of the domain (0.65–0.70), where wind productivity is larger. This was the result of two
factors: first, wind variability is larger over land than over the sea, which is consistent with
the fact that marine wind productivity is higher due to the lack of obstacles. Second, PV
variability was also lower in the southern part of the domain and over African continent
(Figure 2B). This pattern is observed in Figure 5A, with, in general, lower Spv values over
the sea, with a median value of 0.75 (75% of PV share) compared to the median value over
the land, which is around 0.85 (85% of PV share).

Differences in the optimum PV values for the RCP2.6 and RCP8.5 scenarios with
respect to the control period show great spatial variability over land and over the sea
(Figure 4B–E). We note that the optimum values of Spv are in some locations, in the RCP2.6
scenario, lower than in the present case, although the presence of a spatial pattern is not
straightforward (Figure 4B,C). This indicates that combined variability does not show
a clear pattern with a spatially-dependent increase or decrease of steadiness with time.
However the fact that Spv becomes smaller in some areas is consistent with a decrease
in wind variability in the future combined with an increase in PV variability as seen in
Figure 2. When differences between land and sea cells are considered (Figure 5B), small
differences (non-significant) are found in the median values for Spv with respect to the
control in both periods either for land or sea cells.

Regarding the RCP8.5 scenario, we note that, with the exception of some islands and
a great part of the continent, there is a prevailing increase in Spv with respect to the control
in certain areas. As for the RCP2.6 scenario, there is large spatial variability in this case.
Values of Spv appear to be larger than at present over the sea in both periods (75% median
value of PV share in control period and close to 80% in future periods) and small changes
are found over the land (Figure 5B). It is important to note that, in some of the sensitivity
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simulations performed, the amount of Spv that leads to minimum energy droughts is not a
unique value, which means that different shares of PV would result in the same percentage
of drought days (Figures A3–A5).
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Figure 4. Panels (A): Spv required to obtain the minimum frequency of combined (wind and PV)
droughts. Panels (B–E): Future changes in Spv for the different time periods (2046–2065: left column;
2081–2100: right column) and scenarios (RCP2.6: B,C; RCP8.5: D,E). In panels B-E blue colors
indicate a future increase of Spv and red colors the opposite. Panel (F): This is equivalent to Panel A,
but this shows the frequency of combined (wind and PV) droughts with the optimum value of Spv.
Panels (G–J): These are equivalent to panels (B–E) but for the frequency of energy droughts (%) with
the optimum value of Spv.
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Figure 5. (A): Optimal PV coefficient (Spv) for minimizing the frequency of energy droughts for
control period grouped by land or sea cells. (B): Changes with respect to the control period in optimal
PV coefficient (Spv) for minimizing the frequency of energy droughts for each period grouped by
scenario and land/sea cells. (C): Optimal PV coefficient (Spv) for minimizing the maximum of
consecutive droughts days for control perriod grouped by land or sea cells. (D): Changes with respect
to the control period in optimal PV coefficient (Spv) for minimizing the maximum of consecutive
drought days for each period grouped by scenario and land/sea cells.

Minimum Number of Drought Days Using the Optimal Combination of PV and Wind

We now examine the frequency of drought days in the control time period when
the optimal combination of energy is considered, as well as future changes relative to
the control (see Section 2 for details of the methodology), Figure 4. We note that, in the
control time period, the frequency of drought days does not exceed about 7% of the days
(Figure 4F), which is remarkably lower than the percentage obtained for wind productivity
alone. A marked NW—SE gradient exists, with the highest values to the NW. This gradient
seems to be triggered by both wind and PV energy, which present a qualitatively similar
regional distribution in terms of frequency of energy droughts. However, differences of
magnitude between them are observed. In addition to this, local maxima of the drought
frequency for wind can be found over the islands. This can also be observed for the wind-
PV combination. This may be caused by the fact that wind productivity is smaller and
more variable over land due to the presence of obstacles. However, when the frequency of
drought is aggregated by land or sea cells, respectively, it is observed that there are lower
values of droughts over the land, with median value around 1.5% compared to median sea
value, 2.5% (Figure 6A). This is due to the minimum observed over the African continent,
that minimizes the impact of the Canary Islands values.

Regarding future changes in the minimum frequency of drought days, in general,
these present a decrease in the RCP2.6 scenario but with subtle positive changes in some
islands, the African coast and the south of the domain by end of the century Figure 4G,H.
Whilst a generalised decrease in the occurrence of drought days occurred under the RCP8.5
scenario with a more prominent lowering in the 2081–2100 period (Figure 4I,J). These
changes can be observed grouped by land and sea cells in Figure 6B. In particular, the
RCP2.6 case presents non-significant changes and only in the 2046–2065 positive increase
in median value can be observed by the end of the century for sea cells, whereas land
cells present similar values, with some local increases. As to changes in the frequency of
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droughts in the RCP8.5 scenario, we observe a generalised decrease (statistically significant)
in the percentage of drought days regardless of the time period considered (Figure 4I,J).
The reduction is especially important by the end of the 21st century, particularly over the
CI, which can be seen in Figure 6B. By the end of the century median value of droughts for
land cells decrease around 0.75. This is in agreement with the decrease in drought days
observed in the scenario of 100% PV and 100% wind productivity projections respectively.

1986−2005

CTRL

0

2

4

6

 

%
 D

ro
ug

ht
s

land_sea

land

sea

A 2046−2065 2081−2100

rcp26 rcp85 rcp26 rcp85

−1.5

−1.0

−0.5

0.0

0.5

−1.5

−1.0

−0.5

0.0

0.5

 

C
ha

ng
e 

%
 D

ro
ug

ht
s

B

1986−2005

CTRL

0

2

4

6

8

 

C
D

D

land_sea

land

sea

C 2046−2065 2081−2100

rcp26 rcp85 rcp26 rcp85

−2.5

0.0

2.5

5.0

−2.5

0.0

2.5

5.0

 

C
ha

ng
e 

C
D

D

D

Figure 6. (A): Frequency of drought days (%) for control period grouped by land or sea cells.
(B): Changes in the frequency of drought days for each period with respect to the control grouped by
scenario and land/sea cells. (C): Longest event (days) of consecutive drought days for each scenario
and period grouped by land or sea cells. (D): Changes in the longest event of consecutive drought
days for each period with respect to the control grouped by scenario and land/sea cells.

3.3.2. Maximum Number of Consecutive Drought Days
Values of PV Energy to Minimize the Maximum Number of Consecutive Drought Days

As for the frequency of drought days in the previous section, the optimization as-
sessment is made in order to obtain the PV share (Spv) that minimizes the length of the
consecutive drought days events, cdd. Usually, drought events last from 1 to 3 days (me-
dian value) in the control period and very similar results are obtained for future periods,
regardless of the scenario (see Figure A1) and the amount of Spv (Figures A9–A11). There-
fore, there are different values of PV share that would minimize the length of these events
to 1 day and it is also possible to find this minimum in the scenarios (see Figure A1).

However, although events of 1 to 3 days were the most common ones, longer periods
of drought conditions can impact the stability of the supply and it is thus important to
detect the optimal combination of resources that minimize extreme events in the control
period as well as their future changes. In the control time period (Figure 7A), values of
Spv are always greater than 0.6 (60%), with a median value around 0.7 (70% of PV share)
for both land and sea cells (Figure 5C), which means that PV energy has to prevail over
wind energy in order to minimize the length of the maximum cdd event as seen for the
minimization of the frequency of drought days. No clear spatial pattern arises in the control
period. Maximum values of Spv close to 0.9 can be found to locally minimize the longest
cdd event. As to future changes (Figure 7B–E), we can see that these also present large
spatial variability. There is a maximum in the magnitude of the absolute changes close to
0.3 positive (increase in the Spv share) and negative (decrease in the Spv share). Minimum
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value changes are found for the RCP2.6 scenario, which shows overall changes of greater
magnitude regardless of the time period compared to RCP8.5 (Figure 7B–E). In spite of the
large spatial variability and local maximum, changes in the RCP2.6 scenario (Figure 7B,C)
tend to be negative as seen in Figure 5D (a decrease in Spv leads to a minimization of the
length of cdd). A clear decrease in Spv is seen over land for RCP2.6 in both periods. For
the RCP8.5 case, there is large spatial variability and some islands show a clear decrease in
the optimum Spv, like Tenerife (Figure 7D,E). We observe an increase over the sea, higher
at the end of the century, but a decrease over land in both time periods (Figure 5D), more
important for 2046–2065.

Maximum Number of cdd Using the Optimal Combination of PV and Wind

As seen in the previous section, there was a wide range of values that minimize the
most common length of cdd to just 1 and this also happens in future periods regardless
of the scenario (see Figure A1). Although there was no change for the median length
of consecutive drought days, cdd, we note differences in the extreme cases of cdd. In
Figure 7F–J we observed the maximum number of cdd of the considered time period
making use of the optimal percentage of each technology for the control, as well as the
corresponding future changes. We note that, in the control period (Figure 7F), the longest
event of cdd never exceeded about 7 days and the median value is around 4 over the sea
and over the land (Figure 6C). The number of maximum cdd was higher in the islands
than in the marine areas adjacent to them. A maximum was found over La Palma island
and a north-to-south gradient with larger values to the north of the domain can also be
distinguished. On the contrary, the 95 percentile of the cdd was reduced to a maximum
of three consecutive days when the optimal Spv was considered, as we can see in the
Appendix A (Figure A12).

Regarding future changes in the longest cdd event relative to the control we observed
that differences were small with a local maximum of 3 days for changes in RCP2.6 by the
end of the century (Figure 7H). The spatial pattern shows a more generalized decrease for
RCP2.6 (with some regional exceptions at the ned of the century) and more subtle changes
in RCP8.5. In addition in all the different time periods and scenarios tested (Figure 7G–J),
the southern portion of the domains tended to experience a decrease in the maximum cdd
event. For the RCP2.6 scenario, the median value of the maximum cdd was around 4 in the
2046–2065 period and increased to 5 at the end of the century over the land, whereas sea
changes were smaller. Changes founded for the RCP8.5 scenario grouped by land or sea
cells were small, with a subtle decrease more noticeable (and significant) at the end of the
century either for land and sea (Figure 6D).

3.4. Implications

The availability of renewable energy resources could change in the future because of
the impact of climate change and the possibility of evolving through different emission
scenarios, as we have seen in previous sections. For that reason, the study of the future
evolution of these resources is specially important to reduce greenhouse gasses emissions
(GHG) derived from energy generation and provide the necessary tools to accelerate the
sustainable energy transition. In regions of insular nature, which are highly dependent on
energy imports, this assessment could help in the planning of a system with some particular
characteristics, like the land–surface limitations for the deployment of large generation
plants. Due to that, the assessment of offshore resources becomes more important in these
areas. Wind and photovoltaic (PV) technologies, which will be likely the most important
renewable technologies for the new generation system, present high potential in the Canary
Islands and their adjacent marine regions. Our results indicate that in the future, wind
resource may slightly decrease or increase, depending on the future emissions evolution In
the case of photovoltaic resource, it will change only slightly regardless of the scenario, in
good agreement with a previous study with a single model [13].
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Figure 7. As for Figure 4, but this represents the value of Spv required to obtain the minimum
duration of the longest combined (wind and PV) consecutive drought days (cdd) of the event. Panels
(A): Spv required to obtain the minimum duration of the longest combined (wind and PV) cdd.
Panels (B–E): Future changes in Spv for the different time periods (2046–2065: left column; 2081–2100:
right column) and scenarios (RCP2.6: B,C; RCP8.5: D,E). In panels B-E blue colors indicate a future
increase of Spv and red colors the opposite. Panel F: This is equivalent to Panel A, but this shows the
duration of cdd of combined wind and PV with the optimum value of Spv. Panels (G–J): These are
equivalent to panels (B–E) but for the maximum of cdd (days) with the optimum value of Spv.
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In general, uncertainty related to climate models, has been seen as a constraint for the
applicability of climate models in policy. In spite of that, different research works encourage
policymakers to include climate models projections in their decision tools. In the present
work, the uncertainty in the climate change signal of the wind resource could be seen as a
limitation in order to advise policymakers in terms of investment. However, the fact that
greatest disagreement among scenarios happens at the end of the century, facilitates the
use of climate model results because planning strategies on immediate infrastructure can
be made with near-future projections, that present small differences between scenarios.

As the intermittency of renewable energy has been one of the main constraints during
their integration into the grid, it is worth evaluating whether the variability of these
resources could change in future climate. The concept of energy drought is used to indicate
the frequency of days in which renewable energy production is below a given threshold and
to estimate the maximum number of consecutive drought days. In present climate, wind
productivity presents a much higher frequency of drought days compared to photovoltaic
productivity, which shows a more steady pattern. In terms of future climate, small changes
are seen in the variability of both technologies, which is and advantage in terms of planning
backup infrastructure. As a strategy to overcome the limitation due to daily variations in
renewable energy generation, the complementarity between different technologies becomes
a possible solution. When a combination of PV and wind energy is considered at each
location of the domain, a reduction in the output variability is found in terms of a decrease
in the frequency of drought days and the length of drought periods.

We look for optimal combinations with the objective of reducing variability, and it
is found that PV share should be higher than wind share. PV share should be about four
times higher than wind over land, and about three times higher over the sea in order to
optimally reduce the frequency of drought days. The optimal PV capacity share is, in
general, lower in marine regions, where the wind productivity is more steady. When the
objective is to reduce the longest event of consecutive drought days, the optimal PV share
is lower, but in any case larger than the wind share. These results can be compared to
other studies made in different regions, which have shown that the optimum values of PV
for reducing variability in areas with high solar resource are above 50% [44,45]. Certain
studies give different results depending on the time frequency analysed [43]. In any case,
the fact that a combination of resources reduce most of the times the variability of the
energy output is clear.

There is a strong need for including complementarity between different renewable
technologies in energy planning schemes [46], as an adequate application of this char-
acteristic can reduce the reserve requirements and the uncertainty in generation costs.
A deployment process centered on installing the least costly energy source at the most
productive sites can end in a highly unbalanced generation mix. To avoid such out-
comes, complementarity criteria should also be included in renewable energy support
mechanisms. There is a debate between the convenience of using technology-neutral or
technology-specific approaches [47], as technology-specific policies allow to incorporate
criteria beyond electricity prices and can be cost-effective in the presence of market failures
and social costs. Many renewable energy auctions have focused on promoting the least
costly installations, but auction designs can incorporate complementarity criteria or even
enforce wind-solar hybrid installations [48].

The results obtained here present the limitation that the space needed for PV plants
with the same capacity than a wind farm is larger, which in some cases could be a prob-
lem for island regions. However a more detailed analysis including other factors in the
optimization process (like economic factors as prices and cost) is beyond the scope of this
paper, and could be considered in a future research. In addition, the objective function
could be adapted depending on the strategy to be followed, for instance reducing seasonal
variability instead of daily variability. Further research should include a more comprehen-
sive approach for system modeling, considering other generation sources, but in any case
climate information should be used in the assessment of the resources.



Sustainability 2021, 13, 4104 17 of 32

4. Conclusions

An evaluation of the resources and their future variability is of special interest for the
different stakeholders to efficiently manage planning of new power infrastructure. For that
reason, the use of climate simulations to evaluate climate evolution in different possible
scenarios is a necessary tool.

In this work, we have seen that in the RCP2.6 scenario, regardless of the time period
examined, wind productivity experiences a more generalised decrease by the end of the
century. However, in the RCP8.5 scenario, a remarkable increase in wind productivity is
projected, especially by the end of the century. As to PV changes, all scenarios show an
overall decrease of productivity in the studied domain with changes of a small magnitude,
with the exception of the islands, where changes are subtle or slightly positive.

The variability of wind and PV resources can be described by the frequency of energy
drought days, which we define as the frequency of days (in %) that the productivity of each
resource is under a given threshold. Wind droughts are more frequent than PV droughts
and, in general, an event of several consecutive drought days (cdd) has a duration between
1 and 3 days. However, the longest event can reach about 40 days in the case of wind energy
and only more than five days in some areas for PV. In the future, wind droughts feature
a slight decrease in the frequency of drought days over most of the domain regardless of
the scenario and time period considered. Interestingly, PV productivity droughts present a
clear spatial pattern which depends on the emission scenario chosen. A small increase in
the percentage of drought days is generally projected under the RCP2.6 scenario, whilst a
decrease occurs under RCP8.5.

In terms of the persistence of drought conditions i.e., cdd, future projections show
a general, increase of the longest event for wind energy regardless of the time period
and scenario, with an important decrease along the African coast and some islands. The
reduction of the length in the maximum cdd is bigger for RCP2.6, coinciding at the same
time with some areas where wind productivity decrease is projected. Small changes are
found for PV energy, although these are positive in general with the exception of the RCP8.5
scenario by the end of the century. These results highlight that the strategy adopted to
address the lack of production for several cdd, hardly needs to change in the future.

The optimal combination of PV and wind energy required to reduce droughts of
combined energy production have, in general, PV shares greater than 65% regardless of the
scenario or time period chosen, as well as a median value of around 70% over the sea and
around 85% over the land, which highlights the greater stability of PV energy over time with
respect to wind energy. The frequency of energy droughts when the optimal combination
is considered, which is larger over the sea (1.5%) than over land (2.5%) although small in
both cases, is generally reduced for both scenarios, but an increase over land is found in
RCP2.6 by the end of the century. At that time, the projected frequency of drought days in
the RCP8.5 scenario is 1% over the land and 1.5% over the sea. In summary, the optimal
combination of wind and PV energy in each period, mostly conformed by a high share
of PV, would benefit the total energy production reducing the variability, i.e., frequency
of drought days to a very low value. However, the amount of PV energy necessary to
reduce this varibility to a minimum would require a great occupation of space, due to the
technology characteristics. For that reason, the necessary constrains in each case should be
considered specifically.

In order to reduce the length of the longest drought event, changes in the optimal
combination of PV and wind show great spatial variability and, in general, the longest
event is either reduced or increased in 1 day in general, regardless of the scenario or period.
Values of PV share to minimize the longest event of cdd are generally lower than for
minimizing the frequency of droughts, but always above 50%. Opposite to the Spv for
minimizing drought days, Spv tends to be larger over sea cells, than over land. The optimal
combination of PV and wind projects a median value of the longest event of consecutive
drought days that varies between 3 and 4 days in every period and scenario considered. It
is important to remark that the optimization in this study is focused on the minimization of



Sustainability 2021, 13, 4104 18 of 32

the total percentage of energy droughts, as well as the longest cdd event. Although beyond
the scope of this analysis, future works could focus on the analysis of the optimal share of
each technology over different time scales, giving a broader insight of the future evolution
of the resources in order to find the most suitable strategy for the energy transition.
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Appendix A. Figures
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Figure A1. As for Figure 2, but this has been created for the median of the number of cdd. Panels
(A,B): median number of cdd for wind (A) and PV (B) productivity. Panels (C–J): Future changes in
the median value of cdd for wind (left column) and PV (right column) relative to the control for the
different time periods and scenarios (RCP2.6: C–F; RCP8.5: G–J). In panels (C–J) blue colors indicate
increase and red colors the opposite.
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Figure A2. As for Figure 2 but this has been created for the 95 percentile of the number of cdd. Panels
(A,B): 95 percentile of the number of cdd for wind (A) and PV (B) productivity. Panels (C–J): Future
changes in the 95 percentile of the number of cdd for wind (left column) and PV (right column)
relative to the control for the different time periods and scenarios (RCP2.6: C–F; RCP8.5: G–J). In
panels (C–J) blue colors indicate increase and red colors the opposite.
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Figure A3. Minimum % of drought days for the sensitivity analysis with different percentages of Spv
(PV share) from 0 to 1 (from 0 to 100% of energy coming from PV), and the complementary wind
energy share Sw.
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Figure A4. As for Figure A3, but for the RCP2.6 scenario. Left panel: 2046–2065 time period. Right panel: 2081–2100
time period.
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Figure A5. As for Figure A3 but for RCP8.5 scenario. Left panel: 2046–2065 time period. Right panel: 2081–2100 time period.
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Figure A6. Maximum number of consecutive drought days, cdd, for the sensitivity analysis with different percentages of
Spv (PV share) from 0 to 1 (from 0 to 100% of energy coming from PV), and the complementary wind energy share Sw.
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Figure A7. As for Figure A6 but for RCP2.6 scenario. Left panel: 2046–2065 time period. Right panel: 2081–2100 time period.
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Figure A8. As for Figure A6 but for RCP8.5 scenario. Left panel: 2046–2065 time period. Right panel: 2081–2100 time period.
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Figure A9. Median value of consecutive drought days, cdd, for the sensitivity analysis with different
percentages of Spv (PV share) from 0 to 1 (from 0 to 100% of energy coming from PV), and the
complementary wind energy share Sw.
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Figure A10. As for Figure A9 but for RCP2.6 scenario. Left panel: 2046–2065 time period. Right panel: 2081–2100
time period.
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Figure A11. As for Figure A9 but for RCP8.5 scenario. Left panel: 2046–2065 time period. Right panel: 2081–2100
time period.
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Figure A12. As for Figure 4, but this represents the value of Spv required to obtain the minimum p95
(wind and PV) of cdd (consecutive drought days) of the event. Panels (A): Spv required to obtain the
minimum p95 of combined (wind and PV) cdd. Panels (B–E): Future changes in Spv for the different
time periods (2046–2065: left column; 2081–2100: right column) and scenarios (RCP2.6: B,C; RCP8.5:
D,E). In panels B-E blue colors indicate a future increase of Spv and red colors the opposite. Panel
(F): This is equivalent to Panel A, but this shows the p95 of combined (wind and PV) cdd with the
optimum value of Spv. Panels (G–J): These are equivalent to panels (B–E) but for the p95 of cdd with
the optimum value of Spv.
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