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Abstract

Renewable energy is key for the development of African countries, and knowing the best location for the implementation of
solar and wind energy projects is important within this context. The purpose of this study is to assess the impact of climate
change on solar and wind energy potential over Africa under low end (RCP2.6) and high end (RCP8.5) emission scenarios
using a set of new high resolution (25 km) simulations with the Regional Climate Model version 4 (RegCM4) produced
as part of the CORDEX-CORE initiative. The projections focus on two periods: (i) the near future (2021-2040) and ii) the
mid-century future (2041-2060). The performance of the RegCM4 ensemble mean (Rmean) in simulating relevant present
climate variables (1995-2014) is first evaluated with respect to the ERAS reanalysis and satellite-based data. The Rmean
reproduces reasonably well the observed spatial patterns of solar irradiance, air temperature, total cloud cover, wind speed
at 100 m above the ground level, photovoltaic power potential (PVP), concentrated solar power output (CSPOUT) and
wind power density (WPD) over Africa, though some biases are still evident, especially for cloud-related variables. For the
future climate, the sign of the changes is consistent in both scenarios but with more intense magnitude in the middle of the
century RCP8.5 scenario. Considering the energy variables, the Rmean projects a general decrease in PVP, which is more
pronounced in the mid-century future and under RCPS8.5 (up to 2%). Similarly, a general increase in CSPOUT (up to 2%) is
projected over the continent under both the RCP2.6 and RCP8.5 scenarios. The projection in WPD shows a similar change
(predominant increase) in the near and mid-century future slices under both RCPs with a maximum increase of 20%. The
present study suggests that the RCP2.6 emission scenario, in general, favours the implementation of renewable energy in
Africa compared to the RCPS.5.
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1 Introduction

Fossil fuels are currently the main sources of energy sup-
ply globally. According to the International Energy Agency
(IEA), more than 70% of the global primary energy demand
(IEA 2018) is met by fossil fuels due to their affordability,
efficiency, and technological maturity. The combustion of
fossil fuels, however, releases greenhouse gases into the
atmosphere, such as carbon dioxide (CO,), which are the
main cause of current global warming. The rapid increase of
CO, emissions from fossil fuel burning has raised a red flag
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among policymakers, politicians, and scientists because it
has the potential to increase the global average surface tem-
perature of the Earth beyond the danger level (Obama 2017;
Matthews et al. 2009; Matthews et Caldeira 2008). Nonethe-
less, energy is the backbone of socio-economic activities
and development of any nation. The access to electricity is,
therefore, closely linked to the welfare in human develop-
ment including productivity, health and safety, gender equal-
ity, and education (Alstone et al. 2015).

Access to uninterrupted electricity in most African coun-
tries remains a challenge. In fact, there is a thin line of sepa-
ration between population growth and the high demand for
electricity access in Africa. About 630 million people in
Africa do not have access to electricity, with a low electrifi-
cation rate of about 35% (Bertheau et al. 2017). According
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to the World Bank, about 25 Sub-Saharan African countries
are facing an energy crisis evidenced by continuing black-
outs (Hancock 2015). Additionally, the average per capita
electricity consumption in Sub-Saharan Africa is 488 kWh
a year, which is the lowest per capita electricity consumption
in the world (Avila and Kammen 2018). The gap between
electricity supply and demand is still high over the continent
due to poor electricity production from existing electricity
generation plants and the lack of modern infrastructures.
To meet the electricity demand in a climate-friendly man-
ner, African countries thus need alternative modern energy
systems.

Renewable energy is the key to the expansion of a mod-
ern energy system especially for developing countries
in Africa. Renewable energy is defined as a clean and
free energy source naturally replenishable without being
exhausted (Owusu and Asumadu-Sarkodie 2016). Among
the renewable energy sources currently used for electricity
generation, solar and wind energy are the most promising
and widely used (IEA 2019). The Levelized Cost of solar
and wind energy technologies have dropped substantially
during the last decade (Braff et al. 2016) and their cost-
effectiveness in terms of electricity price is now lower than
the use of fossil fuels for electricity generation (Kaberger
2018). Furthermore, solar and wind energy technologies
may help least developed countries to increase independ-
ent access to electricity for people and run socio-economic
activities. However, solar and wind energy mainly depends
on solar irradiance and wind speed, which are sensitive to
natural variability and changes in the climate system. There
is, therefore, a need to investigate how climate change may
influence the potential for solar and wind energy over Africa
before promoting and investing in such energy systems.

Many studies have assessed the impact of climate change
on wind and solar energy around the world. For instance,
Carvalho et al. (2017) projected a general decrease in wind
energy density in Europe, particularly in Eastern Europe
(except the Baltic Sea) and the Mediterranean under both the
RCP8.5 and RCP4.5 scenarios. Davy et al. (2018) reported
similar results, where they projected a general decrease
in wind power density over most of Europe. Conversely,
Reboita et al. (2017) found for the end of the century, under
the RCP8.5 scenario, an increase in wind intensity and wind
power density at 100 m height over the northern regions
of South America, central-east Brazil, and latitudes higher
than 50°S. At the global warming levels of 1.5, 2.0, 2.5,
and 3.0 °C, wind power density was found to increase over
West Africa under the RCP8.5 scenario by Sawadogo et al.
(2019a). Similarly, Soares et al. (2019a), using a coupled
ocean (25 km resolution)-atmosphere (50 km resolution)
regional model, projected an increase in wind energy den-
sity in the northern regions of Africa and a decrease in the
southern ones. On the other hand, over Southern Africa, Fant
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et al. (2016) projected small changes in wind speed at 50 m
above the ground level by 2050.

The impacts of climate change on solar energy are also
well-acknowledged in the literature (e.g. Tobin et al. 2018;
Wild et al. 2015; Jerez et al. 2015; Burnett et al. 2014; Crook
et al. 2011). For instance, a reduction of direct normal irra-
diation over Africa (up to 10%) and an increase over Europe
(up to 10%) were projected by Huber et al. (2016). Bazy-
omo et al. (2016) also projected a general decrease of PV
power generation over West African countries, except for
Sierra Leone. Using an ensemble of regional climate models
(RCMs) from the Coordinated Regional Climate Downscal-
ing Experiment (CORDEX; Giorgi et al. 2009), Sawadogo
et al. (2019b) projected a general decrease of photovoltaic
power potential (PVP) over West Africa under RCPS.5,
with a maximum decrease reaching 3.8%. Likewise, Bichet
et al. (2019) projected an average decrease of PVP of about
4% over most of Africa by the end of the century. At the
seasonal scale, most of the Southern African countries are
found to possibly experience a decrease in solar irradiance
during June—July—August by 2050 (Fant et al. 2016). Addi-
tionally, Tang et al. (2019b) projected a significant increase
in solar irradiance in December—January—February over
Southern Africa under both the RCP4.5 and RCP8.5 sce-
narios by 2100 and Soares et al. (2019b) found an increase
in PV power potential over Southern Africa and a decrease
in Eastern Central Africa under the RCP 4.5 and RCP 8.5
scenarios.

Clearly, results are still uncertain and often mixed con-
cerning the future potential of solar and wind energy over
Africa under a warming climate, and more data and analyses
are needed to provide more robust information toward the
development of energy production strategies. To date, most
studies employed models with relatively coarse resolution,
up to 50 km, or single model and scenario approaches. The
CORDEX - Coordinated Output for Regional Evaluations
(CORE) initiative was established to provide a homogene-
ous fine horizontal resolution ensemble of RCM projections
over multiple CORDEX domains for application to climate
change impact studies (Gutowski et al. 2016). The COR-
DEX-CORE protocol establishes that a homogeneous set of
twenty-first century projections are completed with a set of
RCMs over all CORDEX domains at relatively high reso-
lution (25 km grid spacing) driven by multiple GCMs for
multiple scenarios. The RegCM4 model (Giorgi et al. 2012)
is one of the RCM systems that have actually completed
these projections and the resulting dataset is thus an optimal
resource to revisit the issue of the effects of climate change
on potential energy production. Compared to previous COR-
DEX experiments over Africa, the CORDEX-CORE ones
have higher resolution and consistency across scenarios.

Taking advantage of the availability of this dataset, we
here assess its use for the study of current and projected



Current and future potential of solar and wind energy over Africa using the RegCM4 CORDEX-CORE... 1649

PVP, concentrated solar power output (CSPOUT), and
wind power density (WPD) over the entire Africa conti-
nent. We examine results for two greenhouse gas (GHG)
concentration scenarios, the low end RCP2.6 and high end
RCP8.5, and for a near term (2021-2040) and mid-century
(2041-2060) time slice. Before discussing the future projec-
tions, we also present an analysis of present day simulated
variables of relevance to wind and solar energy production.
In the next section we describe the datasets and metrics used,
and then in Sect. 3 we proceed to the discussion of the pre-
sent day and future projection results.

2 Models and methods
2.1 Model description

We analyze simulations conducted with the latest version of
the Abdus Salam International Centre for Theoretical Phys-
ics (ICTP) Regional Climate Model, namely RegCM version
4 (hereafter RegCM4; Giorgi et al. 2012). The RegCM4 sim-
ulations for CORDEX-CORE were nested in three CMIP5
(Coupled Model Intercomparison Project—Phase 5) Earth
System Models (ESMs): Hadley Center Global Environ-
ment Model version 2 (HadGEM2-ES; Collins et al. 2008),
Max Planck Institute Earth System Model (MPI-ES-MR;
Giorgetta et al. 2013) and Norwegian Earth System Model
(NorESM-1 M; Bentsen et al. 2012). These models were
chosen as common GCMs to downscale in the first phase
of CORDEX-CORE because a preliminary analysis indi-
cated that they perform relatively well over most CORDEX
domains and are representative of the climate sensitivity
spread in the CMIP5-ESM ensemble (Elguindi et al. 2014).

RegCM4 uses a horizontal grid spacing of 25 km and
23 sigma-pressure vertical levels over a domain covering
the whole African continent and parts of adjacent oceans.
The simulations span the period from 1970 to 2100 for two
future representative concentration pathways (RCP), i.e.,
the RCP2.6 (low GHG concentrations) and RCP8.5 (high
GHG concentrations) (Moss et al. 2010). Therefore, in total
we analyze 6 projections (three driving GCMs, two forcing

scenarios), and we focus on the period 1995-2014 as ref-
erence present day conditions common to both scenarios,
2021-2040 for near future and 2041-2060 for mid-century
conditions. RegCM4 includes a wide choice of physics
schemes, and based on a series of preliminary experiments
the ones reported in Table 1 were selected.

2.2 Data

We use three types of datasets for the model analysis. First,
RegCM4 output obtained from the Earth System Grid Feder-
ation (ESGF) data node for the following variables: monthly
solar irradiance (Rs), surface air temperature (TAS), total
cloud cover (clt), and wind speed (wspd) at 100 m above
the ground level (AGL). We then use data from the ERAS
reanalysis product (herein ERAS; Hersbach et al. 2019) for
the validation of the model present day period. ERAS is
the fifth-generation reanalysis from the European Centre
for Medium-Range Weather Forecasts (ECMWF) with a
horizontal grid spacing of ~31 km. It was built from the
Era-Interim dataset and provides a high spatial and tem-
poral resolution reference data. Note that, although ERAS5
is an advanced dataset with assimilation of observations,
improving on several aspects of the previous ERA-Interim
product, it is still a model product characterized by some
systematic biases (Dullaart et al. 2020; Wang et al. 2019;
Tall et al. 2019). From ERAS5 we use monthly TAS, clt, and
wind speed at 100 m for the reference period 1995-2014.
Finally, the Satellite Application Facility on Climate
Monitoring (CM-SAF) second edition of the Surface Solar
Radiation Data Set-Heliosat Edition 2 (SARAH-2; Pfeifroth
et al. 2018) is used for further model evaluation. SARAH-2
is a product derived from satellite observations on the visible
channels of the MVIRI and the SEVIRI instruments onboard
the geostationary Meteosat satellites. Satellite based obser-
vations are characterized by lower uncertainties than the
reanalysis dataset due to higher accuracy (Boilley et Wald
2015) and they are widely used to evaluate the solar irradi-
ance simulated by climate models (Tang et al. 2019b; Sawa-
dogo et al. 2019b; Bichet et al. 2019). From the CM-SAF
platform, we retrieved monthly Rs for the period 1995-2014.

Table 1 Parameterizations used in the RegCM4 simulations for the CORDEX-CORE Africa domain

Parameterization Schemes used

References

Boundary layer processes Holtslag

Interaction surface-atmosphere
Turbulent fluxes over sea Zeng scheme
Cumulus convection
Radiation scheme

Large scale precipitation

Community land model version 4.5 (CLM4.5)

Tiedtke over the land and Kain-Fritsch over the sea
NCAR community climate model 3
Subgrid explicit moisture scheme (SUBEX)

(Holtslag et al. 1990; Holtslag and
Boville 1993)

(Oleson et al. 2008)

(Zeng et al. 1998)

(Tiedtke 1989; Kain-Fritsch 1990)
(Kiehl et al. 1996)

(Pal et al. 2000)
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Note that the Rs from SARAH-2 dataset is derived from
a cloud index (from satellite observation), water vapour,
surface albedo, aerosols and ozone (from climatology data)
through a radiative transfer model. For simplicity in this
study ERAS and SARAH-2 dataset are referred to as obser-
vations, but it should be acknowledged that these are ulti-
mately model products possibly characterized by systematic
biases.

2.3 Methodology
2.3.1 Solar energy

2.3.1.1 Concentrated solar power Concentrated solar power
(CSP) systems use direct irradiance (Rd) through a combina-
tion of mirrors or lenses to produce energy in the form of
electricity and heat. We estimate the CSP using the approach
proposed by Crook et al. (2011), which requires the thermal
efficiency of CSP (1cgp) and Rd. Since Rd is not available
from the model, we derive it from an empirical relationship
between the fractional cloud cover (fclt) and the clear sky irra-
diance at the surface (Rsc) as (Edwards and SLingo 1996):

Rd = 0.75 x Rscx (1 —fclt) 1)

where the factor 0.75 represents the effect of sunlight scat-
tering by air molecules and aerosols.

Also, Rsc is not available from the model output, and
therefore we use a method defined by Deardorff (1978) to
link the fractional cloud cover (fclt), solar irradiance (Rs)
and Rsc as follows:

felt =1 - Rs/Rsc )
which, by substitution in Eq. (1) leads to
Rd =0.75Rs 3)

The 7gp can then be computed as:

(T; — TAS)
Nese = ko = ky = @

where k,=0.762 Wm= °C~! and k,; =0.2125 Wm~2 °C~!
are the collector specific coefficients, and 7;=115 °C is the
temperature of the fluid. The coefficients have been tested
for an Industrial Solar Technology parabolic trough collec-
tor at Sandia National Laboratories and used by Crook et al.
(2011) and Wild et al. (2017). TAS is the ambient air tem-
perature, taken from the model.
Finally, CSP is given by:

CSPOUT = #gp.Rd 3)
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2.3.1.2 Photovoltaic power potential The photovoltaic
power potential (PVP) can be estimated using the power
rating or the energy rating method. The power rating
method uses the integration of instantaneous photovol-
taic power generation over time, while the energy rating
method estimates the photovoltaic potential by multiply-
ing the total solar irradiance during a specific period of
time by a performance ratio (Dubey et al. 2013). Simi-
larly, to previous studies (Jerez et al. 2015; Sawadogo
et al. 2019b; Bichet et al. 2019), here we use the energy
rating method, and in particular we quantify the PVP fol-
lowing Mavromatakis et al. (2010):

R(@®)

R STC

PVP(t) = P,(2). (6)
where Rgyc is the solar irradiance at Standard Test Condi-
tions (STC), which is equal to 1000 W/m?. P (1) is referred
to as the performance ratio, which accounts for changes in
the efficiency of the photovoltaic cells due to changes in
temperature (Jerez et al. 2015) and is computed as:

P(t)=1+7.[To — Tsrc] @)

where Tqpc is the ambient air temperature at STC and is
equal to 25 °C. The constant y depends on the type of solar
cell, and we use in this study a monocrystalline silicon solar
cell (the most used in Africa) for which y takes the value
of —0.005 °C~! (Jerez et al. 2015). T, (°C) is the solar cell
temperature, which depends on solar irradiance, air tempera-
ture, wind speed and relative humidity (TamizhMani et al.
2003). Recent studies have shown that the contribution of
wind speed and relative humidity to changes in PVP is neg-
ligible in Africa (Sawadogo et al. 2019b; Bichet et al. 2019).
Therefore, T, is expressed as a function of solar irradiance
(Rs) and air temperature (TAS) as:

T, =c¢; +¢,, TAS+c3.Rs (8)

Ci

The coefficients ¢;=3.75 °C, c¢,=1.14, and
¢;=0.0175 °C m* W~ for a monocrystalline silicon cell
were taken from Lasiner and Ang (Lasnier and Ang 1990)
and used in (Crook et al. 2011).

2.3.2 Wind power density (WPD)

The wind power density (WPD) is an indicator of the
potential of wind energy generation in a location. Here
WPD (W/m?) is expressed as:

WPD = 1/2pV? ©)
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where p is air density (kg/m3) and Vis wind speed (m/s) at
the desired height. Since p is a function of elevation (Z), we
estimate it following Custédio (2009):

7 5.2624
N 353.4(1 - 4—5271> 10y
p= 27315+ T

where Z is the elevation (in meter) and T is the air tempera-
ture at 100 m. The parameter T is calculated by considering
a dry adiabatic lapse rate of about 1 °C per 100 m (Wallace
and Hobbs 2006). The same method was used by Reboita
et al. (2017) to estimate p in the calculation of WPD over
Southern America.

To compute WPD, most studies extrapolate the surface
wind speed (generally at 10 m) to the desired height with
different approaches due to the unavailability of the wind
speed at a general elevation Z. These approaches have been
reported to underestimate the wind speed in stable condi-
tions and overestimate it in unstable conditions (Gualtieri
and Secci 2012). Here, we use the wind speed at 100 m
above ground level (AGL), which is a standard output of
RegCM4. This wind speed is computed using a linear inter-
polation between adjacent model sigma levels of the zonal
and meridional wind components.

20°E 40°E 60°E

2.3.3 Analyses

Our analysis consists of two phases. First, we evaluate
the capability of the RegCM4 driven by the three ESMs
(HadGEM2-ES, MPI-ES-MR, and NorESM-1 M) and its
ensemble mean (hereafter referred as Rmean) in reproduc-
ing present day (1995-2014) variables related to renewable
energy potential (PVP, CSPOUT, and WPD) along with
some key atmospheric variables (Rs, clt, TAS, and wspd).
We stress that since there is no assimilation of observations,
this validation exercise is carried out only in a statistical
sense, and not for individual events or years.

We then analyse changes with respect to the reference
period 1995-2014 in these energy-related variables for the
two scenarios, RCP2.6 and RCP8.5, and two time slices
near-term (2021-2040) and mid-century (2041-2060).
Both for the climate and energy variables the analysis is
based on monthly values, the annual means are calculated
as averages of these monthly values, and the ensemble aver-
age is computed by averaging over all ensemble members.
We define the projected changes as the difference between
the future and reference periods expressed either as absolute
values (for TAS) or as percentage of reference values (all
other variables). Furthermore, we assess the robustness of
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Fig.2 Annual mean of solar irradiance (Rs), total cloud cover (clt),
air temperature (TAS), and wind speed (wspd) at 100 m AGL in the
present climate (1995-2014) of the RegCM4 driven by three ESMs
(HadGEM2-ES, MPI-ES-MR, and NorESM-1 M) and its ensemble
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Fig.3 Annual mean of PV power potential (PVP), concentrated solar
power out (CSPOUT), and wind power density (WPD) at 100 m
above the ground level in the present climate (1995-2014) of the
RegCM4 driven by three GCMs (HadGEM2-ES, MPI-ES-MR, and
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the simulated changes by (1) the level of agreement across
simulations, e.g. when all the individual ensemble members
agree on the sign of the change; and (2) when at least one of
the individual members indicate that the projected change
is statistically significant at the 90% confidence level based
on a student t-test. The results are presented for the whole
Africa domain and/or for values averaged over the specific
sub-regions shown in Fig. 1: West Africa (WAF), North
Africa (NAF), Central Africa (CAF), East Africa (EAF),
and Southern Africa (SAF).

3 Results and discussions
3.1 Model evaluation
Figure 2 presents the annual mean for the reference period

(1995-2014) of solar irradiance (Rs), total cloud cover (clt),
air temperature (TAS), and wind speed (wspd) at 100 m

AGL from observations (see Sect. 2), each RegCM4 sim-
ulation and Rmean. All the three simulations along with
their Rmean reproduce well the observed spatial distribu-
tion of Rs, clt, TAS, and wspd at 100 m AGL across the
continent (Fig. 2), with a spatial correlation in the range of
0.83-0.98. For example, in agreement with observations,
Rs maximum values are located over the northern Sahel,
the eastern Sahara Desert, the Horn of Africa and South-
Western Africa, while the lowest values occur along the
Guinea Coast, over Central Africa, and the Eastern coast of
Southern Africa (Fig. 2a—e).

The simulated and observed Rs spatial distributions
across the continent show a link with the cloud cover, as
lower (higher) Rs values are associated with higher (lower)
clt values (see Fig. 2a—e and f—j). In general, high cloud
cover is located between 18°S and 8°N, especially along
the coast of West Africa and Central Africa (Fig. 2f—j),
because of the presence of the Intertropical Convergence
Zone and feedbacks with the underlying forest cover. The
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Fig.5 Taylor diagrams comparing the statistics (spatial correlation
and normalised standard deviation) of Rs, TAS, clt, and wspd as sim-
ulated by RegCM4 nested in different GCMs (HadGEM2-ES, MPI-
ES-LR, and NorESM-1 M) over the African sub-domains in Fig. 1.

high temperatures along the northern Sahelian band and
Sahara are due to desert conditions and/or to less vegeta-
tion over this region. Additionally, all datasets exhibit low
wind speed (Fig. 2p—t) over the areas with more dense veg-
etation (mainly between 20°S and 0°) because the higher
aerodynamic roughness reduces the surface wind speed. In
agreement with observations, the Rmean locates the highest
values of wind speed in the fringe of Northern, Southern,
and Eastern Africa.

Despite the capability of the simulations to reproduce the
observed spatial distributions, there are still some notice-
able biases over the continent (See Appendix; Fig. 11).
For instance, all the simulations overestimate Rs along the
Sahelian band (up to 20 W m~?) and underestimate it over
most parts of Southern Africa (up to —6 W m~2). These
biases may be linked to cloud back-scattering or albedo and
cloud absorption, but also to the representation of aerosols
in climate models and the SARAH-2 datasets (Wilcox et al.
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Both spatial correlation and normalised standard deviation are cal-
culated for each simulation and for the ensemble mean of RegCM4
(Rmean) and the GCMs (Gmean)

2013; Wu and Fu 2011). Furthermore, the model simulates
less cloud cover than observed over West Africa and over-
estimates it over most parts of Southern and Central Africa
(Fig. 2f—j). The positive bias in cloud cover exceeds 20%,
while the negative bias is in the range of 6-8%, indicating still
the presence of shortcomings in the representation of cloud
processes in climate models (De Souza et al. 1997; Solomon
et al. 2009). The simulated TAS shows a prevailing warm
bias across the continent in the range of 0.4—1 °C. Also, the
simulated wind speed exhibits a positive bias (1 m s~') over
several parts of the continent and negative ones over central-
western Africa (Fig. 2p—t). Despite these biases we assess
that our simulation ensemble has a performance certainly
in line with, if not better than, previous applications of the
RegCM4 model (e.g. Sylla et al. 2010; Mariotti et al. 2014).

The spatial distribution of the simulated PVP, CSPOUT,
and WPD over Africa are similar to the observed, as shown
by the high spatial correlation, low root-mean-square
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Fig.6 Rmean projected changes in the annual mean of solar irradi-
ance (Rs), air temperature (TAS), total cloud cover (clt), and wind
speed at 100 m AGL in the near future (2021-2040) under RCP2.6
and RCP8.5 scenarios. The vertical lines indicate the agreement

deviation, and low biases over the continent (Fig. 3). The
observed potential for solar energy is characterized by high
values of CSPOUT (up to 150 W m~2) and PVP (about 28%)

between the RegCM4 members while the horizontal lines show the
statistically significant change (at 90% confidence level). All the mod-
els agree on the signal and statistical significance of TAS changes
over Africa

in the latitudinal band extending from 15° N to 30° N, delin-
eating the northern Sahel and Sahara Desert. This is con-
sistent with the observed Rs over that region and supports
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Fig. 7 Similar to Fig. 6, but for the middle future (2041-2060)

the association between Rs and PVP previously reported by
Nasrin et al. (2018). The simulations with their Rmean and
the observational datasets also agree on the high WPD in
the same latitudinal band (like PVP and CSPOUT). Over
the ocean, the western coast of Southern Africa and West
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Africa along with the coast of East Africa show higher WPD
(~400 W m~2). Additionally, the eastern regions of the con-
tinent present the highest WPD (Fig. 3g, h), with the Rmean
showing a negative bias of about 6 W m~2 (see Appendix;
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Fig.8 Rmean projected changes in the annual mean of PV power
potential (PVP), concentrated solar power out (CSPOUT), and wind
power density (WPD) at 100 m above the ground level in the near
future (2021-2040) under RCP2.6 and RCP8.5 scenarios. The verti-

Fig. 12). For PVP and CSPOUT the simulated biases are
consistent with those for Rs.

The performance of the three different simulations vis-
a-vis the observations varies depending on the variables
considered. For example, for Rs the RegCM4 nested in
HadGEM2-ES exhibits a low MBD (2.6%) and RMSD
(0.85%), while RegCM4 nested in the MPI reproduces well
the observed spatial pattern (correlation of 0.91) (Fig. 2b).
Conversely, for the clt variable, the RegCM4 nested in
NorESM-1 M shows better agreement with observations
than that forced by HadGEM2-ES and MPI-ES-MR. Similar
remarks are valid for TAS and wspd, where the three simu-
lations perform differently. RegCM4 nested in HadGEM2-
ES performs better in simulating the PVP (Fig. 3b) and the

cal lines indicate when all RegCM4 members agree with the sign of
the projected changes while the horizontal lines show the statistically
significant change (at 90% confidence level)

CSPOUT (Fig. 3g) while the model performs better for
WPD when driven by MPI (Fig. 30).

Figure 4 presents the mean regional spread of the simu-
lated and observed annual values of PVP, CSPOUT, and
WPD over the African sub-regions highlighted in Fig. 1 for
each simulation. The spread is measured by the interquartile
range of annual values, where we first average each year
of the 1995-2014 period across the given region, result-
ing in 20 mean annual values, from which we then calcu-
late the interquartile range and full spread across years.
Overall, most simulations overestimate the mean value of
observed PVP and CSPOUT in most subdomains, which
may be the result of higher than observed Rs, clt, and TAS.
The model performance is better for WPD, with the model
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Fig.9 Similar to Fig. 7, but for the middle future (2041-2060)

being close to observations in all sub-domains except EAF.
Despite these systematic biases, which may also be due to
uncertainties in the observed estimates, the models repro-
duce the inter-regional distribution of the variables and the
RegCM4 driven by NorESM-1 M shows the highest values.
For instance, in agreement with observations, the simu-
lated spread indicates the highest value of PVP over NAF
(27.21%) followed by WAF (27.04%), while the CSPOUT
shows the highest value over WAF (144.05 W m™~?) followed
by NAF (143.05 W m~2). Finally, the model reproduces
the maximum of WPD over EAF. In fact, the East African
stands out as the most viable region for the implementation
of wind energy technology with the highest WPD median.
We also carried out a comparison of the RegCM4 and
driving GCM fields to identify whether any added value is
obtained by the regional model nesting. For this purpose, we
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utilized as a metric the Taylor diagram, which has been high-
lighted as an optimal measure of added value (e.g. Torma
et al. 2015). In fact, the Taylor diagram encompasses three
metrics of comparison between simulated and observed
spatial distribution of a variable, the correlation, the spatial
standard deviation normalized by the observed value, and
the centered root-mean-square difference (distance from the
observed reference value in the diagram). Figure 5 shows
the Taylor diagrams for Rs, clt, TAS and wspd calculated
over the 5 sub-regions of Fig. 1. Results are shown for the
regional and global model ensemble means, Rmean and
Gmean, respectively, and for each RegCM4 simulation.
For Rs, the regional and global model results are quite
similar, with a slight advantage for the RegCM4. Both
ensembles show high correlations and close to observed
spatial standard deviations. Cloudiness is the variable for
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Fig. 10 Projected changes in the annual average of PV power poten-
tial (PVP), concentrated solar power out (CSPOUT), and wind power
density (WPD) at 100 m above the ground level of the mean of the
3 individual simulations over African sub-domains in Fig. 1 in the

which the regional model performs most poorly, and is out-
performed by the global models. This is due to the persis-
tence in the model of thin high clouds, a feature noted also in
previous applications. These clouds do not contribute much
to the surface solar radiation, as shown by the Rs field, but
strongly affect the calculated total cloud cover, also because
in the calculation of clt the model assumes random overlap
across the different model levels, which tends to maximize
the value of total cover.

The added value of the RegCM4 simulations is already
much clearer in the TAS field, again with high correla-
tions and good standard deviations in all regions, but the
variable for which this is most clear is the wind speed,
since the RegCM4 performs quite well in all regions
while the GCMs perform poorly except for CAF and
EAF. This better performance in the simulation of wind
speed is most likely attributable to the higher resolution
of the RegCM4. Finally, we see how the results for the
different ensemble members are similar to each other,

near future (2021-2040) and middle future (2041-2060) and under
RCP2.6 and RCP8.5 scenarios. Each boxplot indicates the minimum,
first quartile, median, third quartile and maximum of the 3 simulation
means

i.e. the performance of the model for these variables
does not depend strongly on the driving GCM boundary
conditions.

In summary, this section shows that, despite the pres-
ence of systematic biases mostly related to the total cloud
cover field (for the reasons highlighted above), the regional
model ensemble performs reasonably well in the simula-
tion of solar and wind energy related variables, showing
in several instances significant added value compared to
the driving GCMs. We turn therefore our attention to the
future climate projections.

3.2 Climate projections
3.2.1 Projected changes in climate variables
Figure 6 presents the projected annual changes in Rs, clt,

TAS, and wspd under both the RCP2.6 and RCP8.5 emission
scenarios for the near future (2021-2040). The projections
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indicate an increase in solar irradiance and wind speed over
western, central, and northern Africa under both RCPs.
The projected increase of solar irradiance and wind speed
ranges from 1% to more than 6%, respectively, and is more
widespread under the RCP8.5 than the RCP2.6 scenario.
The southernmost parts of South Africa exhibit an increase
in solar irradiance only under RCP8.5, with a correspond-
ing significant decrease in total cloud cover. In general, a
decrease in solar irradiance is found over most of East Africa
under both emission scenarios with a slight increase in total
cloud cover. TAS is projected to undergo a statistically sig-
nificant increase of ~0.8 °C under RCP2.6 and ~ 1.0 °C under
RCP8.5 over most of the continent.

Similar to the near future, the mid-century time slice
(2041-2060) indicates a general increase of Rs, wspd, and
TAS, and a decrease in clt over the continent (Fig. 7). In
both emission scenarios, the changes in Rs, clt, TAS, and
wspd are greater for the middle future than the near future.
The projections are characterised in the mid-century by an
increase in Rs over Southern Africa under RCP2.6 and a
slight decrease under RCP8.5. In both scenarios, Western
and Northern Africa are projected to experience an increase
in Rs of about 1%. This result contradicts the projected
decrease of Rs over West Africa found by Sawadogo et al.
(2019b), Bichet et al. (2019) and Bazyomo et al. (2016), but
agrees on a slight increase of Rs in some parts of Southern
Africa found by Bichet et al. (2019). The differences could
be due to the number of models and specific GCMs used,
the spatial resolution, or the internal configuration of the
RegCM4 compared to other RCMs used in previous studies
(Nikulin et al. 2018; Jerez et al. 2018; Giorgi 2010). The
increase of Rs here is consistent with the projected decrease
of clt (up to 8%). Concerning TAS, when averaged over the
entire continent the RCP8.5 indicates a warming by mid-
century of ~2.0 °C, and the RCP2.6 a warming of ~ 1.0 °C.

3.2.2 Projected changes in energy potential

Figures 8 and 9 present the projected annual change in
energy potential under the RCP2.6 and RCP8.5 emission
scenarios in the near future and mid-century time slice,
respectively. The main conclusion from these figures is that
the sign of the changes is consistent across scenarios, but
more intense and significant in the mid-century slice under
the RCP8.5 scenario. The exception occurs for CSPOUT,
which is more intense in mid-century under RCP2.6. In gen-
eral, the Rmean shows a general increase of CSPOUT (up to
2%) over Africa, which is consistent with Wild et al. (2017).
This can be explained by the increase of Rd (which is used
in Eq. 3 to compute the direct irradiance) over the WAF,
NAF, and SAF regions for the RCP2.6 in the mid-century
(Fig. 7a). This is in line with the study of Crook et al. (2011)
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showing that the concentrated solar power technology is
more sensitive to direct insolation.

The projected changes in PVP exhibit, however, a differ-
ent signal over the continent. In both emission scenarios,
the Rmean shows an increase over parts of WAF, CAF, and
the eastern portions of SAF and a decrease elsewhere in
the near future. The RCP2.6 shows a consistent pattern in
the mid-century slice, but with a slight increase over the
Eastern CAF region. For the RCP8.5 scenario, in the mid-
century future, the Rmean suggests a general decrease of
PVP over the continent except for some parts of CAF. The
highest decrease (more than 1%) is located over the Horn of
Africa, western SAF, western Madagascar, NAF, and some
parts of WAF. These results agree with previous studies that
projected prevailing decreases in PVP over Africa in the
future (Sawadogo et al. 2019b; Bichet et al. 2019; Bazyomo
et al. 2016). The decrease in PVP over Africa could likely
be attributed to the high increase in TAS under RCP8.5 in
the mid-century future, since previous studies have shown
that PVP technology is sensitive to the ambient temperature
(Jerez et al. 2015; Patt et al. 2013).

The projected changes in WPD exhibit a consistent pat-
tern for both future periods and emission scenarios, but with
different magnitudes. Specifically, the WPD is projected to
increase mainly over some parts of WAF and NAF (~30%),
which agrees with results from Sawadogo et al. (2019a) over
WAF under RCPS.5.

It is interesting to note that regions such as Southern
Africa, where the model projects a future increase in WPD
(Figs. 8 and 9), are characterized by future decreases in PVP,
irrespective of the emission scenarios and the period ana-
lysed. These results highlight the need for combining both
wind and solar energy as energy strategies in such regions.
In terms of wind farms, Fig. 8 suggests central-west NAF
and the Horn of Africa as the most favorable to consider
for renewable energy investments since in the present and
future climates they show high potential for wind energy
generation.

Figure 10 provides a first order illustration of the
robustness of the projection of renewable energy potential
over the different African sub-regions using the interquar-
tile spread as a measure. The spread is obtained by first
averaging for each year of the reference period and future
slices the region-mean values of the three simulations
(HadGEM2-ES, MPI-ES-MR, and NorESM-1 M) and then
taking a year-by-year difference of future minus reference
values (i.e. year 1 of future minus year 1 of reference, year
2 of future minus year 2 of references and so on). This
results in an ensemble of 20 change values, which allow
us to construct quantile box plots. The robustness is then
measured by the position of the inter-quantile range with
respect to the O line, implying that if the interquartile range
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is fully above or below the line, there is an agreement, and
thus more robustness, on the sign of the change.

With this definition, the level of robustness of the
RegCM4 simulations differs depending on the region,
emission scenario and future period considered. Under
both the RCP2.6 and RCP8.5, we find a projected decrease
in PVP in the near and mid-century future in all sub-
regions, with this agreement being most robust (in the
sense defined above) in the mid-century, RCP85 time
slice. This implies a possible decrease in the potential
electricity production based on solar photovoltaic tech-
nology. Conversely, CSPOUT is projected to increase for
most sub-regions although with less robustness based on
the interquartile range. Concerning the WPD projections,
we find a consistent and robust signal of increase over all
sub-regions and both periods and RCPs. NAF presents the
highest increase in WPD, up to 18%.

The uncertainties (in terms of magnitude) associated with
the projections of PVP, CSPOUT, and WPD are due to the
driving GCM:s or/and the RCP scenario. Among the individual
members, the projected changes are most pronounced in the
experiment where RegCM4 is driven by HadGEM2-ES (see
Appendix; Figs. 13, 14, 15, 16, 17, 18, 19 and 20). The largest
uncertainties are found in the solar-related variables because
these depend on cloudiness, which is one of the most diffi-
cult variables to describe in climate models, and on possible
variations in aerosol loading, which are not included in the
RegCM4 simulations and are anyways characterized by large
uncertainties.

4 Conclusions

This study investigated the potential impacts of climate
change on PVP, CSPOUT, and WPD under the RCP2.6
and RCP8.5 climate change scenarios in order to better
understand the vulnerability of solar and wind energy
potential to climate change over Africa. A high horizon-
tal resolution (25 km grid spacing) ensemble of three
RegCM4 twenty-first century projections completed as
part of the CORDEX-CORE initiative was analyzed both
for a present-day reference period (1995-2014) and two
future time slices, a near term (2021-2040) and a mid-
century one (2041-2060), with three driving GCMs. The
findings of our study can be summarized as follows:

e The individual RegCM4 members and their ensemble
mean (Rmean) simulate reasonably well the spatial pat-
tern of solar irradiance, cloud cover, air temperature,
and wind speed at 100 m AGL, but with some biases
over different sub-regions, especially for cloud cover.
The spatial correlations with observations exceed 0,98
for certain variables (see Figs. 2 and 3), and the RCM

ensemble provides substantial added value compared to
the driving GCMs especially for TAS and wspd;

e The different simulation members and their Rmean also
reproduce the basic observed spatial distribution of PVP,
CSPOUT, and WPD over the continent, but with some
biases as well, most noticeably for PVP and CSPOUT;

e Projections under the RCP2.6 and RCP8.5 emission sce-
narios indicate an increase in solar irradiance (as a result
of a decrease in total cloud cover) and wind speed for the
near and middle future over most of Africa. Exceptions
are some regions in the northeastern and southwestern
parts of the continent;

e In general, the projected changes for the renewable
energy potential in the near and mid-century future are
consistent in both RCPs but more intense in the RCP8.5
scenario. We find a prevailing decrease in PVP, increase
in WPD, and mixed results in CSPOUT;

e Regions with high wind intensity in the present climate,
such as northwestern Africa and the Horn of Africa, will
continue to present this feature in the mid-century, in
fact with increased potential. Thus, based on our simula-
tions, such regions would be appropriate for wind farm
investments.

Given the different responses of different energy sources,
complementary energy strategies should be used in differ-
ent regions. The results of this study are consistent with,
and thus reinforce, a number of previous findings over the
continent (Sawadogo et al. 2019a, b; Soares et al. 2019b, and
Bichet et al. 2019), although the magnitude of changes found
in this study appear smaller than in previous ones, and some
differences are found over specific regions.

Although our results provide useful additional informa-
tion on the issue of the potential impact of climate change
on PVP, CSPOUT, and WPD over Africa, they can be
improved in several ways. A larger simulation ensem-
ble with more driving GCMs would provide more robust
information (Rozante et al. 2014), as would the analysis
of different RCMs using the CORDEX-CORE simula-
tion protocol. The availability of different RCMs in the
CORDEX-CORE framework would also be important to
better assess the differences between RCMs and GCMs in
the projected changes. Additionally, high temporal reso-
lution (hourly) model outputs are necessary for a more
accurate renewable energy assessment and will help to
consider diurnal variations of different parameters, which
are especially important for solar-related variables. The
current spatial resolution of the CORDEX-CORE protocol
is higher than that of the CORDEX-phase I (50 km). None-
theless, it is not sufficient to capture mesoscale circulations
(sea breeze, mountain winds), which require 2—-10 km
resolution (Abbs and Physick 1992). The increasing use
of RCMs at convection-permitting resolutions (e.g. Prein
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et al. 2013; Coppola et al. 2018), would offer the opportu-
nity to better represent mesoscale systems along with the
diurnal cycle of convective clouds, which would enable a
more accurate estimate of the solar resource. Moreover,
the current CORDEX simulations do not include the radia-
tive effects of natural and anthropogenic aerosols, which
can be important for an assessment of solar energy. We are
in the process of assessing all these model uncertainties
in future work to produce further improved information
for renewable energy planning and to help stakeholders in
building strategies for climate change adaptation.
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Appendix

See Figs. 11, 12, 13, 14, 15, 16, 17, 18, 19 and 20.
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Fig. 11 Bias (simulations minus observations) of the annual mean of
solar irradiance (Rs), total cloud cover (clt), air temperature (TAS),
and wind speed (wspd) at 100 m AGL in the present climate (1995—
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2014) of RegCM4 driven by three ESMs (HadGEM2-ES, MPI-ES-
MR, and NorESM-1 M) and their ensemble mean (Rmean)
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Fig. 12 Bias (simulations minus observations) of the annual mean of the present climate (1995-2014) of the RegCM4 driven by three
PV power potential (PVP), concentrated solar power out (CSPOUT), ESMs (HadGEM2-ES, MPI-ES-MR, and NorESM-1 M) and their
and wind power density (WPD) at 100 m above the ground level in ensemble mean (Rmean)
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Fig. 13 Projected changes in the annual mean of solar irradiance three ESMs (HadGEM-2ES, MPI-ES-MR, and NorESM-1 M) and
(Rs), temperature (TAS), total cloud cover (clt), and wind speed the ensemble mean (Rmean). The dot lines in the Rmean indicate the
at 100 m AGL over Africa in the near future (2021-2040) under agreement where all the simulations exhibit the same signal change
RCP2.6 scenario with individual RegCM4 simulation driven by
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Fig. 14 Same as Fig. 13, but for the RCP8.5 scenario
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Fig. 15 Projected changes in the annual mean of solar irradiance three ESMs (HadGEM-2ES, MPI-ES-MR, and NorESM-1 M) and
(Rs), temperature (TAS), total cloud cover (clt), and wind speed at the ensemble mean (Rmean). The dot lines in the Rmean indicate the
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Fig. 16 Same as Fig. 15, but for the RCP8.5 scenario
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Fig. 17 Projected changes of individual RegCM4 simulation driven density (WPD) at 100 m above the ground level over Africa in the
by three ESMs (HadGEM-2ES, MPI-ES-MR, and NorESM-1 M) and near future (2021-2040) under RCP 2.6 scenario. The dot lines in the

the ensemble mean (Rmean) in the annual mean of PV power poten- Rmean indicate the agreement where all the simulations exhibit the
tial (PVP), concentrated solar power out (CSPOUT), and wind power same signal change
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Fig. 18 Same as Fig. 17, but for the RCP8.5 scenario
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