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ARTICLE INFO ABSTRACT
Keywords: Renewable energy plays a key role into achieving the international targets for reducing global greenhouse gas
Wind energy emissions. Considering that these forms of energy are dependent on climate conditions and that their variability

Solar photovoltaic energy
CMIP6

Climate change

North America

Energy complementarity

occurs at different time scales, it is important to analyze the complementarity to ensure a stable power supply to
the grid in the context of climate change. A multi-model ensemble of 10 global climate models from the CMIP6
project was used to analyze the complementarity between wind and solar photovoltaic power in North America
from 2025 to 2054 under the SSP2-4.5 scenario. This complementarity was evaluated using two indices that
account for the similarity between the two resources (Similarity index, S;) and the temporal complementarity
(Concurrency index, C;). The combination of the two resources reduced spatial heterogeneity in terms of annual
mean power in North America. The highest values of S; were detected west of California and in the Caribbean
Sea, and the lowest were found in Mexico. Regarding C;, the highest values were detected in ocean areas north of
30°N. Both indices were divided into four categories to assess the most suitable areas for combining wind and
solar photovoltaic power. Coastal areas in the Gulf of Mexico and substantial areas in the Caribbean Sea are
considered optimal in terms of complementarity. Inland, good complementarity was observed on the US-Canada
border (e.g., the Great Lakes) and in northern areas such as Alaska or the Labrador Peninsula. The lowest values
of complementarity were detected in Mexico.

prominent worldwide, with the highest annual new installed capacity in
2020 and the third highest in 2021, accounting for 14% of new wind
installations, behind Asia Pacific (59%) and Europe (19%) [6]. In
addition, the United States had the second highest new wind power
capacity of any country in 2021 with 13.01 new GW installed, which
was surpassed only by China. Considering total wind power capacity,
Canada occupies the ninth position in the world [7]. Regarding solar PV
power, North America had an installed solar PV capacity of ~104 GW in
2021, with the US accounting for ~90% (93.7 GW) followed by Mexico
with ~7 GW and Canada with 3.6 GW [8]. Currently, Asia and Europe
have higher solar PV installed capacity than North America, however, it
increase the use of clean renewable energy resources will increase the is expected that North America will have the second-highest installed

share of electricity generation by these sources from the estimated 25% sola.lr PV capacity.(~430 GW) by 2030 [9]. The.refor e, North America isla
in 2017 to roughly 85% in 2050 [4]. region where an important development of wind and solar PV power is

expected. This observation is in accordance with the various Nationally
Determined Contributions (NDCs) presented by the countries of North
America under the Paris Agreement. In this context, Canada has recently

1. Introduction

The development of renewable energy systems is paramount to
reduce greenhouse gases emissions to achieve international decarbon-
ization targets (e.g., the Paris Agreement [1]). Therefore, the transition
from conventional fossil energy sources to clean renewable energy plays
a key role in climate change mitigation [2]. However, although
renewable energy sources are crucial to mitigate climate change, they
are also dependent on weather conditions, which are expected to change
in a global warming context [3]. It is estimated that global efforts to

Globally, solar PV and wind capacity have experienced rapid growth
in recent years: solar PV saw an increase of 162 GW in 2022 (50% higher
than in 2019), whereas global wind capacity increased by more than

90% in 2020 [5]. This global increase was also reflected in North updated its commitment to reduce greenhouse gasses emissions by

America: regarding wind energy, this region was the second most 40-45% below 2005 levels by 2030 [10]. As for the US, the commitment
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Nomenclature

CBO Congressional Budget Office

CMIP coupled model intercomparison project

CORDEX coordinated regional climate downscalling experiment
C concurrency index

ECMWF european centre for medium-range weather forecasts
ERA ECMWEF atmospheric reanalysis

GCMs global climate models

GDP Gross Domestic Product

hPa hectopascal

IPCC intergovernmental panel on climate change

NDC Nationally Determined Contribution

OP overlap percentage

PDF Probability density function

PV Photovoltaic

PVres Photovoltaic solar power resource

PDF Probability density function

RCMs regional climate models

RSDS shortwave downward radiation
SSP shared socioeconomic pathway
St similarity index

UNFCCC United Nations Framework Convention on Climate Change
w Watts
WPD wind power density

achieved is to reduce its net greenhouse gas emission by 50-52% in 2030
compared to 2005 [11]. These targets should be achieved in a context of
population growth in North America over the upcoming decades. Ac-
cording to the United Nations [12] population growth of ~12% is ex-
pected in 2050 compared to 2022. In addition, an increase in the main
macroeconomic parameters, such as Gross Domestic Product (GDP), is
also forecast [13,14]. In this way, commitments to reduce fossil fuel
dependency in conjunction with population growth and economic shifts
highlight the need to develop new ways to exploit renewable energies in
the near future.

Climate models are one of the most used tools to analyze the impact
of climate change on renewable energies. Phase 6 of the Coupled Model
Intercomparison Project (CMIP6) represents the state of the art of
climate projection [15]. CMIP6 encompasses various simulations carried
out with Global Climate Models (GCMs) that make climate projections
based on different Shared Socioeconomic Pathways (SSPs) [16]. SSPs
are scenarios that represent different socio-economic developments with
different assumptions about education, urbanization, economic growth,
greenhouse gases, aerosol emissions, energy supply and demand,
land-use changes, and other factors [17]. SSPs differ from other pa-
rameters in their stabilized radiative forcing, or in other words, the
difference between the incoming energy from the Sun and the energy
radiated into space. Recently, different studies have used data from the
CMIP6 project to analyze the impact of climate change on wind and solar
PV power. Carvalho et al. [18] analyzed wind energy projections in
Europe during the 21st century under SSP2-4.5 and SSP5-8.5, whereas
Martinez & Iglesias [19] carried out a similar analysis in North America.
Data from the GCMs of the CMIP6 project were also used to carry out
future wind resource variations at regional scale. Akinsola et al. [20]
analyzed changes in wind energy potential over West Africa. Qian &
Zhang [21] studied future changes in the wind energy resource over the
Northwest Passage, and Zhang & Li [22] analyzed future offshore wind
energy resource variation in China. Also related to future wind energy
changes, Moradian et al. [23] studied variations in wind speed in the
United Kingdom and Deng et al. [24] analyzed variations in this variable
over China using an ensemble of GCMs. As for the analysis of future
variations in solar photovoltaic power using data from the CMIP6 sim-
ulations, Dutta et al. [25] carried out a global analysis of projected
changes in solar energy potential using a multi-model ensemble and
considering three SSPs. Hou et al. [26] used a multi-model ensemble to
analyze future variations of solar PV power in Europe.

To date, projections of wind and solar PV power carried out with
GCMs from the CMIP6 project have focused on analyzing renewable
resources individually, without considering their combination. Given
that renewable sources will be predominant in future electricity gener-
ation, it is also important to analyze the spatial and temporal comple-
mentarity between different renewable energy resources to ensure a
stable power supply to the grid. Each renewable energy has its own
inherent production variability that depends on local climate

characteristics. Therefore, a hybrid system using different renewable
resources that are complementary can improve the reliability of energy
generation. In addition, co-location of different renewable resources can
lead to benefits regarding infrastructure and land usage, which may
reduce economic costs. Acknowledging this, a combined climate impact
analysis can clarify whether energy stability will be minimized or
augmented [27]. For this reason, there is increasing interest in analyzing
future combined projections of renewable energy power. In this context,
various combined analyses have been carried out with data from pre-
vious phases of the CMIP project (e.g. Ref. [28]). In addition, numerous
studies (e.g. Refs. [29-32]) have been carried out using future climate
projections derived from older CMIP generations (e.g., CMIP5, CMIP3)
and/or their respective downscaling initiatives such as CORDEX, EN-
SEMBLES, etc. The complementarity of different renewable resources
can be analyzed with different metrics and indices (detailed information
about these methodologies can be found in Ref. [33]).

This study aimed to analyze the effect of climate change on wind and
solar photovoltaic power in North America using the latest future
climate projections from the CMIP6 project, which served as a basis for
the latest IPCC 6th Assessment Report (REF). The analysis focused on the
coming decades because a rapid increase was expected in the exploita-
tion of both renewable resources in this region over this period. The
analysis will be carried out in terms of the mean production of each
resource, which will be then integrated into a combined analysis to es-
timate the impact of climate change on the temporal stability of the
combined production. To the authors’ knowledge, this is the first study
to analyze the complementarity between wind and solar PV power in
terms of energy supply stability using CMIP6 data. In addition, new
indices were created to evaluate this complementarity. The methodol-
ogy, as well as the data used to carry out the study, are described in
Section 2. Results are shown in Section 3 and discussed in Section 4. The
main conclusions of the study are presented in Section 5.

2. Data and methods
2.1. Data

Historical and projected wind-power density (WPD) and solar
photovoltaic (PV) power were analyzed using simulations from the sixth
phase of the Coupled Model Intercomparison Project (CMIP6) [15]. To
analyze PV power, three variables are necessary: surface downwelling
shortwave radiation, temperature measured at 2 m above sea level, and
wind speed measured at 10 m above sea level. This last variable is the
only one necessary to calculate WPD. Data were downloaded from the
Earth System Grid Federation (ESGF) data portal: https://esgf-data.
dkrz.de/search/cmip6-dkrz/.

The CMIP6 project offers data from multiple GCMs. The existence of
the three atmospheric variables at a daily temporal resolution and with a
horizontal spatial resolution of at least 1.25° x 1.25° (latitude x
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longitude) was the criterion used to select the GCM simulations. A total
of 10 GCM simulations fulfilled these conditions and were selected to
carry out the analysis (Table 1). The Shared Socioeconomic Pathway
(SSP) selected was SSP2-4.5, which is a middle-of-the-road scenario that
assumes that greenhouse gas emissions will increase until 2050 and then
steadily decline until 2100.

Analyzing more in detail the expected evolution of the global-
average carbon dioxide (CO;), methane (CH4), and nitrous oxide
(N20O) in greater detail revealed, it is expected that the CO5 concentra-
tion of COy will be around 506 ppm in 2050 and 602.8 ppm in 2100
[34]. CH4 will increase until 2050 (2020 ppb) and then will decrease
until 2100 (1683 ppb), whereas N,O is expected to slight increase
slightly throughout the 21st Century under this scenario (343 ppb in
2050 and 354 ppb in 2100). This evolution in greenhouse gasses con-
centrations can be translated into a radiative forcing of 4.5 W/m2 at the
end of the century, which will cause a temperature increase of 2.5 °C
when compared to the pre-industrial era. The SSP2-4.5 scenario does not
consider significant trend variations regarding social, economic, and
technological aspects compared to historical patterns. It assumes a
moderate increase in the global population, with a peak of 9.4 billion
people around 2070 and a stabilization in the second half of the century
[35]. Regarding energy demand, an increase is expected reaching values
of 640 EJ/y by 2050 and 970 EJ/y by 2100 [36]. From an environmental
point of view, a degradation is also expected because a slow progress in
achieving sustainable development objectives by global and national
institutions is assumed. Finally, this scenario also includes the assump-
tion that the income inequality will persist or improve only slowly.

The present analysis has also considered the SSP5-8.5 scenario,
which is a business-as-usual scenario that assumes that greenhouse gas
emissions will not be sufficiently limited, and that radiative forcing will
reach 8.5 W/m? in 2100 [16]. This scenario projects rapid growth of the
global economy based on high global energy demand. This choice was
made because the lack of coordinated and well-founded policies
worldwide to reduce greenhouse gas emission [37] could drive to this
scenario. In this way, a scenario based on development along historical
patterns (SSP2-4.5) and another one based on development driven by
extensive fossil-fuel use (SSP5-8.5) were selected. Results from the
SSP5-8.5 scenario will be presented only in the Appendix.

A multi-model ensemble approach based on calculating the various
parameters for each GCM, and then averaging the results to produce a
global value was followed. Previous analyses ([38,39]) have shown that
this approach reduces the biases and uncertainties of individual models.
Because each GCM has its own spatial resolution, it was necessary to
remap all GCMs to a common spatial grid. Hence, the 10 GCMs were
remapped to a common spatial grid with a resolution of 1° x 1.25°
(latitude x longitude). Regarding the period analyzed, a historical
period (1985-2014) and a near-future period (2025-2054) were
considered. Two periods of 30 years were chosen because this is the
minimum time span that should be considered to analyze climate change
[40]. The complementarity between the two resources was analyzed for
2025-2054 because a rapid increase in both renewable resources is
expected during the coming decades, with the aim of achieving global
greenhouse gas emissions reduction targets in the region. The historical
period was considered to assess model quality by comparing numerical
results with the ERAS reanalysis; the future period was used to calculate
future projections of energy resources.

Table 1

Global climate models from the CMIP6 project [15] used in this study.
GCM Institute GCM Institute
MPI-ESM1-2-HR MPI-M NorESM2-MM NCC
TaiESM1 AS-REC MRI-ESM2-0 MRI
CMCC-CM2-SR5 CMCC CESM2-WACCM NCAR
CMCC-ESM2 CMCC CM4 GFDL
EC-Earth3 EC-Earth ESM4 GFDL
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The reliability of CMIP6 GCMs to represent WPD and solar PV
contemporary climatologies was evaluated by comparing them with
data from the ERA5 reanalysis [41], which is the latest state-of-the-art
reanalysis from the European Centre for Medium-Range Weather Fore-
casts. Previous studies have already used the ERA5 dataset to validate
data from CMIP6 GCMs. (e.g: [18]). ERAS data were retrieved from the
Copernicus Climate Data Store Service (https://cds.climate.copernicus.
eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form). The
spatial horizontal resolution of ERAS5 is 0.25° x 0.25°. Hourly data for
the three variables used in the present analysis are available from 1979
onwards. To carry out the comparison with CMIP6 GCMs simulations,
ERA5 data were daily averaged and re-gridded to the same common grid
as the CMIP6 GCMs.

2.2. Methods

2.2.1. Wind power density and solar photovoltaic power calculation

The photovoltaic solar power resource (PV,s) was calculated
following the methodology developed by Jerez et al. [42]. This calcu-
lation is mainly based on the use of the shortwave downward radiation
that the earth’s surface receives from the Sun. However, it also considers
a correction for the negative effect that an increase in temperature has
on PV cell efficiency [43]. This method is based on the following
expression:

PV, =Pg * RSDS (€D)]

where RSDS refers to the shortwave downward radiation (Wm’z) and Py
is a performance ratio that accounts for the effect of temperature on PV
cell efficiency. Detailed information on the Py calculation can be found
in Jerez et al. [42] or Costoya et al. [44].

On the other hand, WPD was calculated as:

1
WPD = 5pawH3 (2

where p, is the air density (1.225 kgm ™ at 288.15 K and 1000 hPa) and
Wy is the wind speed at the selected hub height (100 m). The WPD
metric is widely used in wind energy studies because it only considers
the wind energetic resource available in the atmosphere. Hence, it fa-
cilitates comparison among different areas to analyze the most favorable
zones for wind turbines installations.

WPD was calculated at 100 m because the typical hub height of wind
turbines has increased significantly in the past few decades [45]. In
addition, it is expected to increase even more during the next decades.
The typical hub height of offshore wind turbines is even higher nowa-
days [46]. Therefore, the selected height to extrapolate WPD values
represents a good balance between land-based and offshore wind tur-
bines and also considers the future development of this technology. To
carry out the extrapolation from 10 m to 100 m the following expression
was used:

Wy = W, (Hi) 3)

where H is the selected height to extrapolate winds (100 m a.g.l/a.s.]);
Hyj is the height at which near-surface winds are measured; Wy is the
wind speed measured at H,g; Wy is the wind speed at the desired mea-
surement height H and o is an empirically derived coefficient that varies
according to atmospheric stability. A common value for this exponent
used in wind resource assessment is 1/7 (neutrally stable atmosphere)
for land areas ([47,48]). However, a lower value is more suitable over
water [48]. Considering that the present analysis encompasses land and
ocean areas the approach developed by Carvalho et al. [18], was fol-
lowed. These authors analyzed future WPD changes in Europe by means
of CMIP6 GCMs. Using ERAS5 wind speed data at 10 m and 100 m, they
calculated the o exponent that best fit land areas and ocean waters. They
obtained a value of 0.17 for land areas and 0.06 for water bodies.
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PV,.s and WPD were calculated for each grid point and each GCM
from the CMIP6 project. After that, following the multi-model approach,
values from each GCM were averaged for each grid point.

2.2.2. CMIP6 GCM validation

The reliability of CMIP6 GCMs to reproduce WPD and PVres values
was evaluated by comparing them with values from the ERA5 reanalysis.
This comparison was carried out for the historical period (1985-2014).
The metric used to carry out the validation process was the overlapping
percentage (OP). Its calculation was based on a study by Perkins et al.
[49]. It has been previously used in several renewable energy analyses
(e.g. Refs. [18,50,51]). The OP metric is based calculating the proba-
bility density functions (PDFs) for each series. The minimum value be-
tween the ERA5 and GCM series was then selected for each bin and
finally all the minima were summed. This process can be mathematically
summarized in the following expression:
OP="> " minimum(Z}", Z**) * 100 “4)

i=1

where n is the number of bins used to calculate the PDFs of each variable
(WPD or PV), and ZFR4 and ZM are the frequencies of values of the
ERAS and the GCM simulation respectively for each bin i. Therefore, an
OP value of 100 means a perfect match between the ERA5 and the
simulated data. This metric was calculated for each of the ten GCMs
from CMIP6. In this way, the reliability of each GCM could be known,
and the calculation of both renewable resources could be reproduced. In
addition, this approach also makes it possible to determine the perfor-
mance of the multi-model ensemble in reproducing the variables
analyzed. This procedure was applied for each grid point of the area
under study.

2.2.3. Indices for evaluating the complementarity between WPD and PV

Different metrics were implemented to assess the complementarity
between wind and PV solar energy resources to accurately design hybrid
solutions in North America. Briefly, two new indices based on analysis of
the similarity and temporal complementarity of WPD and PV, were
implemented. Detailed information regarding these metrics is given
below.

2.2.3.1. Similarity index. This index evaluates the degree of similarity of
WPD and PV solar power in terms of averaged power throughout the
period analyzed. Taking advantage of the fact that both series are
measured in Wm ™2, an index to analyze the degree of similarity in power
intensity at annual scale was developed:

min (WPD', PVJ

—’“‘) %)
max ( WPD# | PVﬁ;{S)

i

where the superscripts i and j correspond to the grid points, WPD and
PV,s are the annual power resources (in Wm ?), and min and max
represent the minimum and the maximum values between the two re-
sources calculated for every grid point. A value close to one is obtained
when WPD and PV, are very similar, which is desirable, whereas the
more different the intensity of the two resources, the lower S; will be.
The similarity index was calculated for every CMIP6 model.

2.2.3.2. Concurrency index. A concurrency index (Cy) was created to
analyze the temporal simultaneity between both resources for each grid
point (i,j) according the expression:

1—p

i _
C=—p ©

where pi¥ is the correlation between WPD¥ and PV, calculated as:
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., Cov(WPD', PViI) o
 o(WPD)o(PV)
where Cov is the covariance and ¢ the standard deviation.

It is important to bear in mind that to provide an efficient supply of
energy to the grid based on renewable energies, it is necessary that the
renewable energies balance each other throughout the year. Hence,
according to Cj, the most desirable situation (value of 1) is obtained
when both resources are perfectly anti-correlated. The concurrency
index was calculated for every CMIP6 model.

2.2.3.3. Combined index. With the aim of discovering the locations that
best suit the complementarity between both energy resources, both
indices (S; and Cj) were first classified into four categories (Table 2) and
then blended into a combined index.

3. Results
3.1. Capability of CMIP6 simulations to reproduce WPD and PV, data

The 10 simulations of the CMIP6 project (Table 1) were validated by
comparing them with ERA5 reanalysis. As explained in Section 2.2.2,
the validation was done in terms of OP because this metric can compare
the whole data distribution. OP was applied over the WPD and PV
values for each grid point over the historical period, 1985-2014. This
approach made it possible to validate the whole study area. Fig. 1 shows
OP for WPD and solar PV, in North America. Regarding OP for WPD
(Fig. 1a), values over 70% were obtained for WPD in most of North
America. In addition, higher values (>85%) were obtained over the
ocean, whereas lower values were detected over land, with values
ranging from 70% to 80%. It is well-known that land areas have more
complex topography than ocean surfaces and that this fact causes higher
inaccuracies and biases when wind speed is simulated onshore.
Regarding OP for PV, (Fig. 1b), values higher than 80% were obtained
throughout the area under study, and north of 30° latitude, values were
higher than 90%.

To determine whether there are differences in the representation of
WPD and solar PV,,; among the ten GCMs used to construct the multi-
model ensemble, a global OP value was calculated for each GCM
(Table 3). The global OP value was calculated by averaging the OP
values of all the grid points in the study area. Overall, high OP values
(>80%, with the exception of one GCM for WPD) were obtained both for
solar PV,.; and WPD. Because the differences between GCMs were slight,
the ten GCMs available were considered suitable to construct the multi-
model ensemble. In addition, the global average OP for all GCMs was
90.5% for PV,,s and 84.0% for WPD. Carvalho et al. [18] compared wind
speeds from different CMIP6 models with ERA data by means of OP in
Europe. Although it is important to remember that the analyzed variable
and the region under study are different, the values obtained in the
present analysis are slightly higher than those obtained by these authors.
In addition, the OP values from Table 3 are similar to OP values obtained
in other studies that analyzed renewable energies in the United States (e.
g. Ref. [52]). Therefore, it can be concluded that the 10 GCMs from the
CMIP6 project can properly represent WPD and solar PV, in North
America and that the CMIP6 multi-model ensemble is an appropriate

Table 2
Classification category of S; and C;.

Categorization value

Category Degree of complementarity Sy Cr

1 Poor x < 0.25 x < 0.25

2 Marginal 0.25 < x < 0.50 0.25 < x < 0.50
3 Good 0.50 <x<0.75 0.50 <x<0.75
4 Optimal x > 0.75 x > 0.75
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100

Fig. 1. Overlap percentage (OP, %) between the multi-model ensemble of
CMIP6 simulations and ERAS dataset for the wind power density (WPD) and the
solar photovoltaic power.

Table 3
Overlap percentage between each GCM and ERA5 database for North America
over the period 1985-2014.

OP (%)
GCM PV,es WPD
CESM2-WACCM 89.4 86.3
CMCC-CM2-SR5 91.0 82.8
CMCC-ESM2 90.8 82.5
EC-Earth3 93.2 88.3
GFDL-CM4 90.7 85.8
GFDL-ESM4 90.1 82.7
MPI-ESM1-2-HR 89.2 85.0
MRI-ESM2-0 91.0 79.2
NorESM2-MM 89.0 86.2
TaiESM1 90.4 81.5
GCM average 90.5 + 1.2 84.0 + 2.8
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tool to carry out the present study.

3.2. Mean values of future wind and solar power resources

The annual mean PV,,s in North America for the near future is shown
in Fig. 2a. A clear latitudinal gradient is apparent, as expected, with
lower values (~100 W m'z) in the northernmost zone of North America
and higher values (~250 W m®) in the southern part (Mexico and
oceanic areas south of 24°N). Fig. 2b shows the annual mean WPD.
Different patterns between land and ocean were detected. It is well
known that WPD over land is lower than over ocean because of the
greater roughness of land due to complex topography and the presence
of many natural obstacles that reduce wind speed. Hence, annual mean
WPD values lower than 300 W m™ were found over land, with the
highest values in the innermost part of the continent. However, values
higher than 300 W m™ were detected in most of the oceanic parts of
North America. The highest values (~1000 W m'2) were observed north
of 36°N, whereas values around 500 W m2 prevailed in the oceanic
regions south of this latitude, except for the western coast of Mexico,
where lower values were observed. Similar annual patterns of the mean
solar photovoltaic power and the wind power density were obtained
under the SSP5-8.5 scenario (Figure Al).

Finally, the combined resource (WPD + PV,,s) was also represented
with the aim of assessing the potential viability of using both renewable
resources in the same location (Fig. 3). In annual average terms, a more
homogeneous pattern was obtained compared with the PV, power
pattern (Fig. 2a) or the WPD one (Fig. 2b), with the exception of the
ocean north of 36°N, where values higher than 1000 W m™2 were found
due to the high WPD resource observed in these areas. Over land,
combined values ranged from 250 to 500 W m2, with the highest values
in the innermost area of the continent. A similar annual pattern of the
combined resource (WPD + PV,) was obtained under the SSP5-8.5

1500

1000

500

Fig. 3. Annual mean WPD + PV, (Wm™?) calculated by means of the CMIP6
multi-model ensemble in North America over the near future (2025-2054)
under the SSP2-4.5 scenario.

1500

1000

500

Fig. 2. Annual mean (a) solar photovoltaic power (Wm2) and (b) wind power density calculated by means of the CMIP6 multi-model ensemble in North America

over the near future (2025-2054) under the SSP2-4.5 scenario.
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scenario (Figure A2).

3.3. Analysis of the complementarity between WPD and PV,.s power

S1, which represents the degree of similarity between WPD and PV,
in terms of mean power, is shown in Fig. 4. High S; values (>0.7) were
found in the ocean south of 24°N, especially along the Gulf of Mexico, in
the Caribbean Sea, and in the ocean area around the California Penin-
sula. This fact is related to the high PV,,; power detected in the south-
ernmost zone (Fig. 2a) and the high WPD over the ocean compared to
over land (Fig. 2b). In fact, the lowest S; values were detected in some
areas of Mexico because the PV,.s power is high, but the WPD is low over
these continental areas. As for the S; values for land areas in Canada and
USA, values higher than 0.6 were detected in most of these areas,
although lower values were observed in the western part of the
continent.

An analysis of the temporal complementarity of the two resources
was carried out in terms of the Concurrency Index (Fig. 5). Values higher
than 0.6 were obtained in most of North America except for the western
coast around the California Peninsula and some areas of Mexico, such as
the Yucatan Peninsula or the northeastern corner, where lower values
(<0.5) were observed. The highest values were detected in the Pacific
Ocean north of 24°N. Similar patterns for the similarity and concurrence
indices were obtained under the SSP5-8.5 scenario (Figure A3 and A.4).

S (similarity between resources) and C; (temporal complementarity)
were categorized into four classes (Fig. 6). According to Table 2, Class 1
means the worst possible value from the point of view of resource sta-
bility, whereas Class 4 is the best (optimal). Regarding S; (Fig. 6a), the
highest values (Class 4) were obtained in marine areas of the Gulf of
Mexico, Caribbean Sea, and the western area of the California Peninsula.
Over the continent, higher values (Class 3) were detected in the inner-
most area of North America than in areas near the coastline, although
some coastal areas such as Alaska or the northeastern coast were also
categorized as Class 3. Regarding the classification according to the
concurrency index (Fig. 6b), most of the study area was classified in
Class 3. However, important areas such as the Hawaiian Islands and
most of Mexico were categorized as Class 2 (marginal). Similar results
were also obtained under the SSP5-8.5 scenario (Figure A5).

Finally, the areas with the best features in terms of complementarity
between wind and solar PV power were mapped (Fig. 7). An area was
considered to present good complementarity when it was classified as
good on both the S; and Cj indices. In addition, an area that was
considered optimal for one index and at least good for the other was
classified as optimal. In this way, most of the coastal area of the Gulf of
Mexico, as well as important areas of the Caribbean Sea such as Cuba,
were classified as optimal in terms of complementarity between the two
resources. In addition, an oceanic area south of 24°N and around 115°W

Fig. 4. Similarity index (S;) calculated by means of the CMIP6 multi-model
ensemble in North America over the near future (2025-2054) under the
SSP2-4.5 scenario.
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Fig. 5. Concurrency index (Cp) calculated by means of the CMIP6 multi-model
ensemble in North America over the near future (2025-2054) under the SSP2-
4.5 scenario.

was also considered optimal. This area classified as optimal will be
higher under the SSP5-8.5 scenario (Figure A6). In terrestrial North
America, good complementarity was found in the inner continent,
especially along the border between the United States and Canada, in
areas such as the Great Lakes. Furthermore, vast areas of Alaska and the
Labrador Peninsula were also classified as good. Regarding ocean areas,
most of the Gulf of Mexico, the Caribbean Sea, and the Atlantic Ocean
south of 24°N were classified as good.

4. Discussion

Spatial differences in mean future solar photovoltaic power (Fig. 2a)
and wind-power density (Fig. 2b) were observed in North America over
the near future by means of a multi-model ensemble of 10 GCMs from
the CMIP6 project. The spatial heterogeneity observed in PV,,; and WPD
when analyzed individually is attenuated when both resources are
combined (Fig. 3). This occurs mainly because low WPD values over the
continent (orange color in Fig. 2a) are compensated for by higher PV,
values. In addition, the highest WPD occurred in oceanic areas north of
36°N, where the lowest values of PV,,; were also found.

Previous studies analyzed both solar PV power and WPD projections
at specific locations in North America with simulations carried out with
various regional climate models (RCMs). Haupt et al. [53] analyzed both
resources for the contiguous United States, and Losada-Carreno et al.
[30] used a RCM to downscale 5 GCMs from CMIP5 to analyze the
impact of climate change on wind and solar PV power in Texas. How-
ever, these studies analyzed wind and solar PV separately without
considering their spatial and temporal complementarity. Therefore, to
the authors’ knowledge, the present study represents the first attempt to
assess the complementarity between the two renewable resources in
North America considering the effect of climate change and taking
advantage of a CMIP6 multi-model ensemble. In the only similar study,
Jerez et al. [29] studied combined wind and solar PV power production
and its correlation by means of a CORDEX (CMIP5 downscaling)
multi-model ensemble, but in Europe.

The classification of the new indices (S;, Fig. 4 and Cy, Fig. 5) into four
categories (Fig. 6) provides an integrated and comprehensive view of the
future complementarity between WPD and PV, by distinguishing the
areas where the combined resource will be good or optimal (Fig. 7).
When focusing on nearshore areas, the highest complementarities are
obtained in the Gulf of Mexico and some Caribbean countries, such as
Cuba or the Bahamas, which are classified as optimal. This is an inter-
esting fact because islands are often isolated energy systems where
offshore renewable sources can represent a great opportunity. New
technological solutions for offshore wind energy such as floating plat-
forms and offshore PV solar energy ([54] can anticipate an important
development over the coming years. In fact, various studies (e.g. Refs.
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Fig. 6. (a) Similarity index (S;) and (b) Concurrency index (C;) range classification in North America from the CMIP6 multi-model ensemble over the near

future (2025-2054).
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Fig. 7. Most suitable areas for combining wind and solar photovoltaic power.

[44,55]) have already analyzed the benefits of combining offshore wind
and solar PV energy for other areas of the globe. Therefore, considering
the high degree of complementarity in the Gulf of Mexico and the
Caribbean Sea, this can be a viable energy alternative for these regions.
In terms of land areas, a high degree of complementarity was obtained in
the innermost part of North America, which was rated as good, espe-
cially along the border between the United States and Canada, for
example in the Great Lakes. In addition to Alaska, some areas of Hawaii
and the oceanic area west of Mexico were also classified as good. Finally,
the lowest complementarity values were detected in Mexico (Fig. 6).
This was related to the low WPD (Fig. 2b) and the high solar PV power
values (Fig. 2a) detected in this area. In addition, both resources showed
low concurrency (blue color in Fig. 6b).

The results previously described provide information that can help
policymakers adopt and modify strategies to improve the stability of the
energy supply. In addition, they could be useful for evaluating the
number of wind turbines or PV solar panels that optimize the stability
considering the average mean power production of each type of energy
(Fig. 2; Fig. 3). Although the present analysis of complementarity be-
tween wind and solar PV power was carried out with a multi-model of
the most recent climate change projections, future analysis should be
carried out considering two other important aspects: On the one hand, a
similar analysis to that provided in the present manuscript should be
done at hourly temporal resolution because both renewable resources
have strong intra-daily variations, especially solar PV power. On the
other hand, it is important to consider the specific energy demand of
each area where wind and solar PV power are combined, because the
ultimate goal is to better adjust the supply-demand balance through
renewable energies. For these purposes, it is necessary to carry out
simulations with RCM for each specific location. Furthermore, techno-
logical developments such as improvements in energy storage systems
will help to achieve this goal [56].

Besides the benefits regarding the balance of the energy supply to the

grid, it is important to mention that hybrid solar-wind systems could
present other advantages. From an infrastructure point of view, only a
single grid connection point is necessary and land is used more effi-
ciently. These aspects could favor a lower Levelized Cost of Electricity
([57,581). For these reasons, various hybrid power plants involving solar
PV and wind have been developed in recent years, including pilot pro-
jects and even larger plants (e.g., Haringvliet Hybrid Energy Park in The
Netherlands) [58]. One of these pilot projects has been developed in
Minnesota (USA). Therefore, important growth in solar-wind hybrid
energy systems utilizations can be expected in coming decades. How-
ever, it is worth noting that environmental, political, and economic is-
sues should be considered in such energy developments. The regulatory
and legal aspects of importance depend on each country [59]. Regarding
technical issues, aspects such as sizing of hybrid systems (e.g. Ref. [57])
or different system structures [60] (Roy et al., 2022) are being analyzed.
In addition, wind turbines and solar PV panels are also expected to
become more efficient in the upcoming decades. For this reason, the
present analysis focused on the WPD and PV, resources, and no specific
wind turbine or solar PV panel model was selected. From an economic
point of view, the macroeconomic implications of decarbonization sce-
narios are multiple (employment, GDP, welfare, debt, etc) [61]. A pos-
itive or negative impact on these fields will be conditioned by structural
changes in energy supply and demand systems. At this level, hybrid
solar-wind systems can favor a more efficient transition that reduces the
economic impacts of decarbonization policies.

5. Concluding remarks

The effect of climate change on the complementarity between wind
and solar photovoltaic power was assessed in North America for the near
future (2025-2054) under the CMIP6 SSP2-4.5 and SSP5-8.5 future
climate scenarios. The analysis was carried out using a CMIP6 multi-
model ensemble that had been previously validated with the ERA5
reanalysis. Two new indices were implemented to provide a more in-
tegrated and comprehensive view of the complementarity between WPD
and PV;. The similarity in terms of intensity between both renewable
resources (Sy) and their temporal concurrency (C;) was explored. These
indices were then classified and integrated in a combined index to assess
the locations that best suit the complementarity between the two energy
resources. The main findings of this study can be summarized as follows:

- A high degree of similarity (S;) between the two renewable resources
was detected in the Gulf of Mexico, the Caribbean Sea, the coastal
fringe of the southern Pacific Ocean, and in most of the inner
continent of North America.

- A high temporal concurrency (C;) was obtained in most of North
America except for the coastal fringe around California and some
areas of Mexico, Hawaii and the eastern Caribbean Sea.

- The degree of complementarity between PV,,; and WPD was esti-
mated as optimal in the coastal zone of the Gulf of Mexico, some
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zones of the Caribbean Sea, and in the oceanic zone west of Mexico.
In addition, it was considered good inland along the US-Canada
border (e.g., the Great Lakes) and in northern areas such as Alaska
or the Labrador Peninsula. The lowest complementarities were
detected in Mexico.

This study represents the first attempt to analyze the future
complementarity between the two most important renewable energy
sources in North America in the context of climate change. This infor-
mation is relevant for improving the stability of the energy supply
because substantial development of renewable energy sources is ex-
pected, with the aim of achieving international decarbonization targets.
However, this research represents only a first step; future analyses at
finer spatial and temporal resolution are necessary to combine both
resources at specific locations and ensure energy supply-demand
balance.

Author statement

Xurxo Costoya: Conceptualization, Methodology, Software, Writing -
Original Draft, Writing — Review & Editing, Data curation, Formal
Analysis. Maite deCastro: Data curation, Software, Methodology, Re-
sources, Formal Analysis. David Carvalho: Writing - Review & Editing,
Investigation, Formal Analysis, Data curation. Moncho G6émez-Ges-
teira: Software, Supervision, Visualization.
Declaration of competing interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

APPENDIX

200

150

100

Renewable and Sustainable Energy Reviews 173 (2023) 113101
Data availability
Data will be made available on request.
Acknowledgments

This study forms part of the Marine Science programme (ThinkInA-
zul) supported by Ministerio de Ciencia e Innovacién and Xunta de
Galicia with funding from European Union NextGenerationEU (PRTR-
C17.11) and European Maritime and Fisheries Fund.

X. Costoya is supported by Grant 1JC2020-043745-1/MCIN/AEl/
10.13039/501100011033 by MCIN/AEI/10.13039/501100011033
and, by “European Union NextGenerationEU/PRTR”. This work was
partially supported by Xunta de Galicia under project ED431C 2021/44
(Grupos de Referencia Competitiva) and Ministry of Science and Inno-
vation of the Government of Spain under the projects SURVIWEC
(PID2020-113245RB-100) and SAFE (TED2021-129479A-100). D. Car-
valho acknowledges the Portuguese Foundation for Science and Tech-
nology (FCT) for his researcher contract (CEECIND/01726/2017) and
the FCT/MCTES for the financial support to CESAM (UIDP/50017/
2020-+UIDB/50017/2020), through national funds.

We acknowledge World Climate Research Programme, which,
through its Working Group on Coupled Modelling, coordinated and
promoted CMIP6. We thank the climate modelling groups cited in
Table 1 for producing and making available their model output, the
Earth System Grid Federation (ESGF) for archiving the data and
providing access, and the multiple funding agencies who support CMIP6
and ESGF. We also acknowledge ECMWF and the Copernicus Climate
Change Service for providing and making available the ERA5 reanalysis
data used in this work.

1500

1000

500

Fig. A.1. Annual mean (a) solar photovoltaic power (Wm~2) and (b) wind power density calculated by means of the CMIP6 multi-model ensemble in North America
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Fig. A.2. Annual mean WPD + PV, (Wrn’z) calculated by means of the CMIP6 multi-model ensemble in North America over the near future (2025-2054) under the
SSP5-8.5 scenario.
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Fig. A.3. Similarity index (S;) calculated by means of the CMIP6 multi-model ensemble in North America over the near future (2025-2054) under the SSP5-
8.5 scenario.

Fig. A.4. Concurrency index (Cp) calculated by means of the CMIP6 multi-model ensemble in North America over the near future (2025-2054) under the SSP5-
8.5 scenario.

Fig. A.5. (a) Similarity index (Sp and (b) Concurrency index (Cj) range classification in North America from the CMIP6 multi-model ensemble over the near
future (2025-2054).

Fig. A.6. Most suitable areas for combining wind and solar photovoltaic power.
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