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Abstract: Renewable energy development is growing fast and is expected to expand in the next
decades in West Africa as a contribution to addressing the power demand and climate change mitiga-
tion. However, the future impacts of climate change on solar PV and the wind energy potential in the
region are still unclear. This study investigates the expected future impacts of climate change on solar
PV and wind energy potential over West Africa using an ensemble of three regional climate models
(RCMs). Each RCM is driven by three global climate models (GCMs) from the new coordinated
high-resolution output for regional evaluations (CORDEX-CORE) under the RCP8.5 scenario. Two
projection periods were used: the near future (2021-2050) and the far future (2071-2100). For the
model evaluation, reanalysis data from ERA5 and satellite-based climate data (SARAH-2) were
used. The models and their ensemble mean (hereafter Mean) show acceptable performance for the
simulations of the solar PV potential, the wind power density, and related variables with some biases.
The Mean predicts a general decrease in the solar PV potential over the region of about —2% in the
near future and —4% in the far future. The wind power density (WPD) is expected to increase by
about 20% in the near future and 40% in the far future. The changes for solar PV potential seem to be
consistent, although the intensity differs according to the RCM used. For the WPD, there are some
discrepancies among the RCMs in terms of intensity and direction. This study can guide governments
and policymakers in decision making for future solar and wind energy projects in the region.

Keywords: CORDEX-CORE; regional climate modelling; climate change; renewable energy; West Africa

1. Introduction

Global energy demand is increasing driven by income and population growth. The
US Energy Information Administration expects a 47% increase by 2050 [1]. Currently,
fossil fuels remain the dominant source, 80% of energy demand is met by fossil fuels,
and the energy system is the source of approximately two-thirds of the world’s CO,
emissions [2]. These fuels are associated with the degradation of the environment by
releasing greenhouse gases (GHG) into the atmosphere through their combustion. The
increase in the concentration of GHG changes the atmosphere’s radiative equilibrium and
is considered to be the principal driver of the observed changes in hot and cold extremes
on the global scale and most continents [3].

Many African countries are promoting renewable energy in the framework of climate
change mitigation. Renewable energy sources (RES) play a role in providing energy services
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in a sustainable manner [4]. RES derive their energy directly from the Sun or the heat in the
Earth’s interior and are thus constantly being renewed. Among the RESs currently used in
power generation, solar and wind are the most promising and used [5].

Global renewable energy capacity is expected to expand by 50% between 2019 and
2024, led by solar photovoltaic (PV) [5]. Based on this projection, solar PV represents
nearly 60% and onshore wind 25%. The sub-Saharan Africa region is forecasted to add
22 GW of renewable energy capacity during the period 2019-2024 [5]. For example, Senegal
implemented more than eight solar plants since 2016 and has the largest wind farm in West
Africa, with a capacity of 158.7 MW. Nevertheless, the energy sector, especially renewable,
is highly dependent on weather and climate conditions, which affect energy supply and use,
energy demand, transport, distribution, and markets. Some of the key environmental effects
of climate change are an increase in global surface temperature, changes in hydrological
cycles, a rise in mean sea level and a higher incidence of extreme weather events. The
disruption to electricity production and supply is expected to be significant as a result of
these environmental changes [6]. For this reason, it is important to assess and quantify the
magnitude of changes in climate variables that will affect future energy systems, both from
a climate and energy perspective, especially in the renewable energy sector [7].

To date, there are several studies on the potential impacts of climate change on solar
and wind energy resources and the results depend on the region. Two approaches are
widely used to verify or project these changes: using long-term historical data (reanalysis,
satellite, climate models or ground data) or using climate models for future changes. A
review of potential mechanisms by which global climate variability and change may affect
wind resources and operating conditions revealed changes in wind shear, intensity, and
duration [8]. Studies for Europe using an ensemble of regional climate models Tobin
et al. [9], showed that changes in wind power potential will remain within +15 and +20%
over most European countries by the mid and late centuries, respectively. Using the
Coupled Model Intercomparison Project Phase 5 (CMIP5) projections for solar PV, Miiller
et al. [10] observed positive impacts for most European countries with only minor adverse
impacts in the Nordic countries. In the United States, Breslow and Sailor [11] and Crook
et al. [12] projected a reduction in wind speed of up to 5% by 2050 and 2100, and a decrease
in the PV output over the Western USA (~3%) by 2100, respectively. In contrast in Brazil,
solar resources are expected to increase by 3.6% and wind potential by 40% by the end of
the century, especially in the Northeast [13]. In the last few years, studies over Africa on
the same topic are becoming more numerous. Sawadogo et al. [14] and Soares et al. [15]
projected, respectively, an increase in wind power density in the near and mid-century
under RCP2.5 and RCP8.5 over Africa and an increase in wind energy density in the
northern regions (<+10%) and a decrease (>—10%) in the southern region of Africa. Studies
over West Africa found an increase in wind speed and wind power density Sawadogo
et al. [16], while Ogunjobi et al. [17] found a possible decrease in energy produced that
can reach 12% in the period 2021-2050 and an increase (~24-30%) in energy production
in 2071-2100. On the other hand, using different climate models to assess future solar
resources, a general decrease with different magnitudes of PV potential was found over
West Africa [18-21].

In the mid-2010s, the CORDEX-CORE initiative was launched by Gutowski et al. [22]
to better address the problem of dissimilarity in the size and simulation setup of the
projections in different CORDEX domains. The CORDEX-CORE simulations furnish a
homogeneous set of projections for all CORDEX domains using a core set of RCMs driven
by a common set of GCMs. The model horizontal grid spacing is 25 km x 25 km, i.e., a
resolution four folded compared to the previous CORDEX simulations [23]. Studies on the
subject of this investigation over West Africa using an ensemble of RCMs from CORDEX-
CORE are very few, if not non-existent, to our knowledge. The existing CORDEX-CORE
studies for the African region mainly deal with other variables and processes such as
precipitation, dry and wet spell, low-level jets, etc. [24-27].
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The objective of this study is therefore to investigate the projected future impacts
of climate change on solar and wind energy potential over West Africa using the high-
resolution RCM simulations from CORDEX-CORE under the RCP8.5 scenario. As stated
above, the projected changes in wind power potential over West Africa are still uncertain,
with widely diverging results. We use an ensemble of GCM-RCM combinations to better
explore the inherent uncertainties of climate projections for the target variables of this
study. As stated by Tebaldi and Knutti [28], the ensemble mean of a multi-model approach
in climate modelling often presents fewer biases compared to the individual models,
especially for first-order statistics. Moreover, the new high-resolution (25 km) CORDEX-
CORE climate models could provide significant added value in terms of spatial resolution
as compared to the standard simulations of the CORDEX initiative, which were conducted
in 50 km resolution. The study is complemented by a detailed model evaluation of the
RCMs for the target variables using state-of-the-art reanalysis and satellite global datasets
as reference products.

The following section provides a description of the CORDEX-CORE simulations
and the methodology used. The model evaluation results and the projected changes are
discussed in Section 3. Section 4 presents the conclusion of the study.

2. Materials and Methods
2.1. Study Area

The study region ranges from 0° N to 25° N and —20° W to 20° E, and includes all
West African countries (Figure 1). The region is endowed with renewable energy potential
with a high solar energy resources availability [29]. The climate of West Africa is strongly
determined by the different atmospheric processes of the West African monsoon system [30].
Continental dry air masses from the high-pressure system above the Sahara Desert cause
dusty Harmattan winds over most of West Africa from November to February. In the
main monsoon period (June to August), humid air masses originating from the Atlantic
Ocean bring monsoon rains over most parts of the study region [30]. Both temperature
and rainfall and their annual cycle depend on the way in which dry and moist air masses
interact over the year [31]. In this study, we consider three different climatic zones of the
region, namely the Guinea zone (18° W to 18° E, 4° N to 8° N), the Savannah zone (18° W
to 18° E, 8° N to 12° N), and the Sahel zone (18° W to 18° E, 12° N to 16° N) adopted
from Abiodun et al. [32]. Similar domains were used by many other RCM studies for this
region (e.g., [16,33,34]). The Guinea zone is characterized by a sub-humid climate with
average annual rainfall usually between 1250 mm and 3000 mm, and the Savannah is a
semiarid zone with average annual rainfall between 750 mm and 1250 mm [35]. Most of
the rainfall in the Sahel zone falls in the boreal summer months (June to September) with
an annual mean rainfall amount from roughly 750 mm in the south to less than 200 mm in
the north [36].
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Figure 1. Study area with the three climatic zones (Guinea, Savannah, and Sahel) and the topography
in meters (m) in West Africa.
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2.2. Data

The data used in this study are the current CORDEX-CORE simulations from the
Word Climate Research Program (WCRP), the atmospheric reanalysis dataset (ERA5, [37]),
developed by the European Centre for Medium-Range Weather Forecasts (ECMWFEF), as
well as a satellite-based climate dataset (SARAH-2, [38]).

The CORDEX-CORE simulation data used in this study are based on three RCMs
namely: RegCM4, REMO, and CCLM, each driven by three GCMs (NorESM1-M, MPI-ESM-
MR, and HadGEM2-ES) from the Coupled Model Intercomparison Project 5 (CMIP5, [39,40]).
According to Giorgi et al. [41], these GCMs are among the best performing models in the
CORDEX domains within the CMIP5 ensemble (e.g., [42,43]). They roughly span the
range of global climate sensitivity of the CMIP5 ensemble, with HadGEM?2-ES having high
sensitivity, and MPI-ESM-MR and NorESM1-M having medium and low sensitivity, re-
spectively, in terms of increase in global mean temperature compared to the pre-industrial
level. RegCM4 is the fourth generation version of the RegCM regional modelling sys-
tem Giorgi et al. [41] developed at the Abdus Salam International Centre for Theoretical
Physics (ICTP). REMO is a hydrostatic atmospheric model using hybrid vertical coordi-
nates developed at the Climate Service Center Germany (GERICS) [44,45]. CCLM is a
non-hydrostatic model developed by the Consortium for Small-scale Modelling (COSMO)
community. In addition, RCMs participating in CORDEX-CORE offer only two RCPs:
RCP2.6 and RCP8.5 scenarios [40]. All three RCMs were frequently used for climate
simulations in West Africa. Examples are shown by Sawadogo et al. [20] and Kouassi
et al. [46] for RegCM, Paeth et al. [47] and Paxian et al. [48] for REMO, and Dosio and
Panitz [49] and Dieng et al. [50] for CCLM. To study the future solar PV and wind energy
potential, the climate variables taken from the CORDEX-CORE simulations via the ESGF
nodes (https:/ /esgf-data.dkrz.de/search/cordex-dkrz/ Accessed on 6 December 2021) are
monthly surface downwelling shortwave radiation (RSDS), near-surface air temperature
(Tas), and near-surface wind speed at ten meters above ground level (WSPD).

To validate the RCM simulations, monthly surface wind speed (10 m above the ground
level) and the ambient air temperature were taken from the ERA5 dataset, which is the
fifth generation ECMWFE reanalysis for the global climate and weather produced by the
Copernicus Climate Change Service at ECMWE. The ERAS dataset provides estimates of
atmospheric variables at a resolution of approximately 31 km worldwide. The monthly
shortwave solar radiation was received from the second version of the Surface Solar
Radiation Dataset-Heliosat (SARAH-2). SARAH-2 is a satellite-based climate data record
of the solar irradiance, the direct irradiance, the sunshine duration, spectral information,
and the effective cloud albedo derived from satellite observations of the visible channels of
the MVIRI and the SEVIRI instruments onboard the geostationary Meteosat satellites [38].
Details about the quality of this dataset were demonstrated in many studies, including
Mueller et al. [51] and Pfeifroth et al. [52]. The SARAH and the ERA5 data cover the period
from 1985 to 2014. More details about the model configurations and the data used in this
study are given in Table 1.

Table 1. Configuration of the RCMs used in this study in the CORDEX-CORE simulation [53-70].

RegCM REMO CCLM

Consortium for Small-Scale

Abdus Salam International Climate Service Centre Germany  Modelling (COSMO)

Institution gf;rclt;; for Theoretical Physics (GERICS) community, the German
Weather Service (DWD)
Microphysics SUBEX Pal et al. [53] Lohmann and Roeckner [61] Doms et al. [68]
Tiedtke and Kain-Fritsch Tiedtke [54] . . -
Cumulus convection Tiedtke [54] Nordeng [62] Tiedtke [54] being modified by

Kain and Fritsch [55] Pfeifer [63] D. Mironow (DWD)
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Table 1. Cont.

RegCM REMO CCLM
Holtslag Monin-Obukhov similarity theory
Planetary boundary layer Holtslag et al. [56] Louis [64] Herzog et al. [69]
Morcrette et al. [65]
Radiation scheme Kiehl et al. [57] Giorgetta and Ritter and Geleyn [70]
Wild [66]

No aerosol module is included.
The information about aerosols,
for example in the radiation
scheme is based on the
climatology from Tanre et al. [67].

Organic and black carbon,
SO4 (Solmon et al. [58])
Dust (Zakey et al. [59])
Sea salt (Zakey et al. [60])

No aerosol module is

Interactive aerosols included.

SUBEX = Subgrid explicit moisture scheme.

2.3. Methods

Figure 2 indicates the conceptual framework of the study with the two state-of-the
global datasets used for RCM evaluation (left side) and the different RCM/GCM combi-
nations of the CORDEX-CORE ensemble (right side). To estimate the solar PV and wind
energy potential, the PV potential (PVP) and the wind power density (WPD) are calculated
from the respective RCMs and reference datasets. In addition, further variables such as
wind speed at 100 m and cell temperature (Tcell) are calculated from the datasets, which
are needed for the estimation of the main target variables. Afterwards, a model evaluation
of the RCMs of CORDEX-CORE is performed for a 30-year period based on the Mean using
the reference datasets. In addition, the projected changes of PVP and WPD are calculated
from the CORDEX-CORE ensemble for future periods.

" CMIPS/CORDEX-CORE

’:: o e ol — RSDS, Tas, WSPD i
ERAS SARAH2 — 2
Tas, WSPD RSDS HadGEM2- MPIL-ESM- NorESMI1-
' \ Es MR M
RegCM RegCM RegCM
‘ REMO ‘ ‘ REMO ‘ ‘ REMO ‘
CCLM CCLM CCLM
~ i
.-"'. .I' o 'I.
\Y7A AN / \ J/
¢ : ) \\_\ PVP and g
‘ P\"Plan“ld “dPD ‘ b & o o
L caleniare ) | calculated |
i e ‘ Mean
4L |
Model .
evaluation Projection
1971-2000 20212100

Figure 2. Conceptual framework of the research methodology including the main target variables
(e.g., PVP and WPD), the chosen RCMs/GCM combinations of CORDEX-CORE for providing climate
projections and the reference datasets used for model evaluation.
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2.3.1. Solar PV Potential (PVP)

Photovoltaic potential (PVP) is a value for the expected average electricity production
(in kilowatt-hours per kWh) of grid-connected photovoltaic systems without batteries
under standard test conditions. The PVP is a function of the performance ratio (Pr) and the
RSDS. Pr measures the performance of a PV system and considers environmental factors
such as temperature, irradiance, humidity, wind speed, and other meteorological variables.
In this study, the PVP is computed following the formula of Mavromatakis et al. [71]. It
accounts for the performance of the PV cells in relation to their nominal power according to
the actual environmental conditions. This formula was adopted by many studies [16,72-75].
It can be expressed by the Equation (1):

PVP = Pr « RSDS 1)

where RSDS is the shortwave solar radiation at the location (W m~2) and Pr is the perfor-
mance ratio, which refers to the changes in PV cell efficiency due to the effect of the cell tem-
perature (Tcep). According to Jerez et al. [72], it can be estimated by using the Equation (2):

Pr=1+v (Teen — Ts1C) )

where T is the PV cell temperature and Tsrc is the temperature of the cell under standard
test conditions (25 °C). y is the power thermal coefficient and is equal to 0.005 °C~!
for mono-crystalline silicon cells [76]. According to Chenni et al. [77], Tcey is usually
calculated based on multiple linear regression, considering the effects of the temperature,
solar radiation, and wind speed as follows:

Tcell = Cl + Cz x Tas + C3 *x RSDS + C4 * WSPD (3)

where Tas is the ambient temperature around the cells (°C), RSDS is the downward solar
radiation (W m~2), WSPD is the wind speed (m s~!) and Cy, Cy, C3, and Cy are coefficients
which depend on the PV material properties. From recent studies, it was shown that the
wind speed effect on the PVP can be negligible in the West Africa region [20]. We use
only the effect of the temperature and the shortwave solar radiation to calculate the Tcell.
Equation (3) can be reduced as follows:

Teenn = C1 + Cy * Tas + C3 * RSDS @)

In this study, we assume that the PVP is generated from a mono-crystalline silicon
plant, as they are commonly used in West Africa. For this category of material, the coef-
ficients of Equation (4) are C; = 3.75 °C, C; = 1.14, and C3 = 0.0175 °C m? W~! based on
Crook et al. [12].

2.3.2. Wind Power Density Estimation

The wind power density (WPD) is an important indicator for assessing the potential
of wind energy at a site [78]. Following Sawadogo et al. [16], the WPD expressed in W m 2
is calculated using the following equation:

WPD = %p(WSPDz)3 (5)

where WSPD,, is the wind speed at 100 m above ground level and the air density p. In this
study, the 100 m wind speed is calculated by extrapolating the 10 m wind speed, using the
power law equation [79]:

WSPD, = WSPD,, (; )“ ©)

where z is the turbine hub height (100 m), zr is the reference height (10 m), and WSPDy; is
the wind speed at the reference height. We assume that « = 0.143 for open land surfaces [16].
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The air density is estimated following Custédio (2009):

) 5.2624

_ 3534(1 B 45;71
0= 27315+ T

@)

T is the temperature at 100 m height. The calculation is based on a dry adiabatic lapse
rate of about 1 °C per 100 m.

2.3.3. RCMs Evaluation and Impact Analysis

The analysis of the CORDEX-CORE ensemble is conducted for a simulation period
ranging from 1971 to 2100, from which the period 1971-2000 was taken as reference,
2021-2050 for the near future simulation, and 2071-2100 for the far future and under the
RCP8.5 scenario. The RCP8.5 scenario illustrates a somewhat conservative situation of
business as usual with low income, high population, and high energy demand. It uses
the 90th percentile of the baseline scenario without explicit climate policy and represents
the highest RCP scenario in terms of greenhouse gas (GHG) emissions. The choice of this
scenario was based on the fact that it is one of the most used emission scenarios in climate
projection, which helps to explore an unlikely high-risk future [80,81]. The future period
is divided into two time slots: 2021-2050 for the near future and 2071-2100 for the far
future. Monthly data are used for all variables calculated from the model and reference
datasets. The annual means are obtained by averaging the monthly values and the Mean
is obtained by averaging over the three RCMs, which are also averaged over the 3 GCMs.
The model evaluation of the RCM is conducted for target variables (Tcell, PVP, and WPD)
and further variables (WSPD, Tas, and RSDS) relevant for the calculation of the target
variables (Section 2.3) using common performance metrics, such as the root mean square
error (RMSE), the mean absolute error (MAE), and the correlation coefficient r using the
Equation (8), (9), and (10), respectively.

RMSE = ®)

MAE:%iﬂPi—Oﬂ) ©
i=1

1y (0i— O)(P;i — D) (10)

r=
VIR (0 — O ER, (P — P)

where P is the RCM data, O the reference data at timestep i, and n the number of data
points. O and P are the mean value of the reference and RMC data, respectively.

The validation of the model output focuses on important climate features (e.g., annual
patterns and cycle) in addition to temporal statistics using diagnostic tools such as the
Taylor Diagram. Relative to the reference period, the changes in future PVP and WPD
over the region are analyzed and no bias adjustments are applied. Indeed, bias requires
reference data that reflect the true weather of the location [82]. The reference datasets used
in this study are subject to some biases that were pointed out in previous studies [83,84]. A
recent study by Dieng et al. [85] showed that the change signals of wind speed and solar
irradiance are largely preserved after bias correction over West Africa.

The projected changes in temperature are estimated as the difference between the
future and reference periods (absolute change). For the other variables, the changes are
estimated in terms of percentage (relative change). A statistical ¢-test is also conducted to
indicate the significance of the projected changes at a 95% confidence level. According to
Seaby et al. [86], it could be useful to evaluate climate models for statistically significant
changes over the 21st century for purposes of model comparison and selection for impact
modelling. The t-test is among the most common tests used in climate science for the
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approximation of the significance of modelled changes [87]. Finally, the model agreement
for the projected changes is assessed, as agreement across models became an important tool
to evaluate the robustness of model outputs. When multiple independent models agree,
their shared conclusion is more likely to be true [88]. In this study, the agreement of the
RCMs is designated by the colored areas and the disagreement by uncolored or white areas.

3. Results and Discussion
3.1. Evaluation and Validation of the Model
3.1.1. Annual Patterns of the Climate Variables in the Reference Period

For the validation of the models, a comparison of the model outputs and the reference
datasets (ERA5 and SARAH-2) is conducted. Figures 3 and 4 show the simulated and
observed spatial patterns of the annual averages for all the variables of this investigation, for
the reference period 1971-2000. The RCMs and the ensemble mean show a relatively good
representation of the spatial distribution of the different variables. All spatial correlations
are greater than 0.8. Despite this performance of the RCMs, there are some pronounced
biases. A high bias of PVP and WPD is noticed for all the single RCMs and especially
for the Sahel zone. There is a bias ranging from —300 to 150 kWh m~2 for PVP and 50 to
150 W m~2 for WPD, with CCLM having a strong underestimation of —300 kWh m~2 of
PVP in the Guinea sub-region. The RCMs present less bias for the other variables. RegCM
shows an overestimation of all the climate variables, especially in the Sahel. CCLM presents
an underestimation of RSDS over Guinea and Savannah and T and Tas over West Africa
as a whole. In opposite to RegCM and CCLM, REMO underestimates RSDS and PVP
in the Sahel zone but overestimates WSPD and WPD as the other two RCMs. However,
the Mean shows a better representation in terms of RMSE, MAE, and correlation, and
presents less biases as compared to the single RCMs. Similar biases of RSDS and Tas are
shown in the study by Sawadogo et al. [16], who used an ensemble of 14 RCMs from the
coordinated regional climate downscaling experiment simulations to investigate the impact
of climate change on the production potential of solar PV over West Africa. However, for
WSPD, while we find an overestimation of about 2 m s~ over West Africa, results from the
studies of Sawadogo et al. [16] and Ogunjobi et al. [17] present a similar overestimation,
but only for Guinea and Savannah, and underestimation for the Sahel. Model biases can
be related to many factors. These biases could arise from both the driving GCM and the
RCM, but differences between the GCMs are usually larger than those between the RCMs,
except for coastal areas and regions with complex topography [89]. This study used the
CORDEX-CORE datasets, which provide high-resolution regional climate information.
Some comparison studies between the global climate models (CMIP5, CMIP6) and regional
climate models (CORDEX, CORDEX-CORE) showed a better performance of the CORDEX-
CORE in simulating drought and rainfall indices over the region [25,27].

Regardless of these biases, The RCMs are able to reproduce the spatial pattern of the
different climate variables. The highest values of RSDS and Tas are in the Sahel zone and the
lowest in the Guinea zone. The same observation is indicated for T and PVP. This could
be explained by a lack of vegetation in the Sahel, a very low amount of precipitation during
a short period of time, and a long dry season compared to the Guinea zone, which has a
long rainy season. The highest wind speed and wind power density are in the northern
coastal area, mainly the northern coast of Senegal, Mauritania, and the Sahel zone. The
lowest are in the Guinea zone.
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3.1.2. Annual Cycle of the Climate Variables in the Reference Period

For the same variables, the mean annual cycle of the three selected climatic zones of
West Africa is represented, namely Sahel, Savannah, and Guinea (Figures 5 and 6). The
RCMs capture the pattern of the variables in all regions, although strong overestimations
are present, especially for the wind variables. Comparing the model’s performance, the
temperature variables (Tas and T,¢);) are better simulated by the RCMs, which capture not
only the pattern, but also the amplitude in the three areas of the region, apart from a slight
underestimation of the CCLM model.
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Figure 5. Annual cycle of observed and simulated solar irradiance (RSDS), ambient air temperature
(Tas), and surface wind speed (WSPD) over the three climatic zones of West Africa.
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Figure 6. Annual cycle of observed and simulated cell temperature (Tcell), solar, and wind potential
(PVP and WPD, respectively) over the three climatic zones of West Africa.

The WSPD and the WPD are strongly overestimated by all the RCMs and the Mean as
well as in all climatic zones with higher biases observed for the WSPD than the WPD and
the Sahel zone. Nevertheless, the RCMs agree well with the pattern of these variables, with
REMO showing better amplitudes and less bias compared to the other RCMs. The highest
values of WSPD and WPD are in the Sahel with two peaks in February and in July, with
WSPD reaching almost 4 m-s~! in the Harmattan period (DJF). RSDS and PVP exhibit the
same pattern according to the region. The RCMs and the Mean underestimate the RSDS
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3.1.3. Model Performance in the Reference Period

To evaluate the accuracy and other quality attributes (e.g., correlation and standard
deviation) of the model simulations, a statistical analysis is also performed using a Taylor
diagram (Figure 7). The Taylor diagram is an analysis of the monthly average of the
variables over each climatic zone. The black dot indicates data perfect model simulation,
while the other colored dots indicate that of the different RCMs simulations. The Mean
and RegCM perform best in most cases for the radiation variables (RSDS and PVP) with
better results for Guinea and Savannah compared to the Sahel zone. CCLM is the least
efficient model for RSDS and PVP simulations. In the case of the wind variables, REMO
is the best model among the RCMs for representing WSPD and WPD in the sub-regions
and West Africa, therefore confirming the findings of the previous section. The simulations
of T and Tas present smaller differences in the normalized standard deviation for the
RCMs than the wind and radiation variables. CCLM shows better performance in the Tas
and T, simulations. Nevertheless, there is more consistency between the observation and
simulation in the other zones than in the Sahel.
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Figure 7. Taylor diagram of the observed and simulated solar irradiance (RSDS), ambient air temper-
ature (Tas), surface wind speed (WSPD), cell temperature (T, ), photovoltaic potential (PVP), and
wind power density (WPD) in the reference period and over the three sub-regions of West Africa.

Basically, the models show a high disparity for the WSPD and WPD simulations and
for all the sub-regions. The same disparities in the simulation of all the climate variables
and for the Sahel zone are noticed. Across the individual RCMs and the individual climate
variables, the model RegCM is the best at simulating the RSDS and PVP in the sub-regions.
For the WSPD and WPD simulations, REMO best fits the observation in the different zones.
Both REMO and RegCM perform well in the simulations of the temperature variables.
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3.2. Projected Climate Changes
3.2.1. Future Temperature, Shortwave Solar Radiation, and Wind Speed Changes

All three RCMs agree that there will be significant warming over West Africa (Figures 8 and 9).
This increase in temperature is more pronounced in the far future than in the near future.
However, the magnitude of the changes varies according to the RCM in both periods.
For instance, where RegCM, REMO, and Mean project an increase of around 2.5 to 3 °C,
CCLM projects lower temperatures (~2 °C) for the northern coast of Senegal and around
Mauritania. For the near future, the highest temperatures are above 16 °N for RegCM,
while for REMO, they are in the northern part of Mali and Niger. The Mean shows an
increase of 2.5 °C over the Savannah and Sahel zones, while in Guinea, it projects lower
values of around 1.5 °C. This uncertainty in the degree of warming is also discussed by
Deme et al. [90] who found differences in the warming trend in the north of 15° N (where
3.5 °C is reached) and south of 15° N (2 °C) over the period 2041-2070 with more moderate
warming across the Guinean coast under the RCP8.5 scenario.
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Figure 8. Projected changes in the annual average of solar irradiance (RSDS), ambient air temperature
(Tas), and surface wind speed (WSPD) over West Africa for the near future (2021-2050) and under the
RCP8.5 scenario. Statistically significant areas are indicated with black dots.

In contrast, to the temperature projection, a much more diverse picture is shown for
RSDS and WSPD projections. A general decrease in RSDS is projected by RegCM, REMO,
and Mean for the near and far future. For the near future, RegCM projects a slight decrease
(—1%), which is not significant in most parts of the region, and a slight increase (~1%) over
Senegal and Mauritania. For the far future, a significant decrease is projected in Niger,
Mali, and the Guinea zone (~—3%). The REMO model indicates a significant decrease in
almost all West African countries for both periods. A decrease of ~—3% and ~—2% for
the Guinea and Sahel areas, respectively, in the near future, and ~—5% and ~—3% in the
far future. These results are consistent with those of Huber et al. [18], who projected that
solar irradiance is likely to decrease mainly in southern and western Africa. In addition,
Sawadogo et al. [16] projected a general decrease in RSDS over West Africa. Only CCLM
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projected a significant increase (~2%) over Savannah and a significant decrease (~3%) over
northern Mali and Niger, for the near future. A significant increase of up to 5% is projected
over Guinea, Savannah, and Sahel for the far future.
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Figure 9. Same as Figure 8 but for the far future (2071-2100) and under the RCP8.5 scenario.

The projected decrease in RSDS could be explained by an increase in aerosol and cloud
cover. Future changes in these parameters will be directly linked to the projected changes
in surface irradiance [21]. In their study, Danso et al. [21] investigated the relationship
between the change in surface irradiance, the cloud water path (CWP) and the aerosol
optical depth (AOD) at 550 nm, using multiple linear regression. The results show negative
coefficients between CWP and AOD changes and the surface irradiance. They conclude
that a unit increase in either CWP or AOD will result in a decrease in surface irradiance.

There are also discrepancies between the models in the wind speed projection. In both
future periods, RegCM, CCLM, and Mean show a dominant increase in WSPD (up to 10%
for the far future) which is also statistically significant over the region, whereas REMO
shows a decrease in most parts of the region and for both periods.

3.2.2. Changes in Cell Temperature, PV Potential and Wind Power Density

The projection of these variables is similar to that of Tas, RSDS, and WSPD. The
formulae presented in Section 2.3 show the dependence of the variables. As noted in the
previous section on Tas, the projection of Tc.; shows an increase across the region, which
is higher and more accentuated in the far future. In the near future, the lower values
of Teey are in the Guinea zone for RegCM, REMO, and Mean (~2 °C), while for CCLM,
they are on the northern coast of Senegal and around Mauritania. In the far future, a
general increase of about 4 °C to 6 °C is projected by the RCMs and Mean. As shown
in Equation (4), Tcen depends only on air temperature and solar radiation. Since the
radiation changes are marginal, the increase in T} may be due to the relatively strong
increase in air temperature.
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A general decrease in PVP is projected over the region (Figures 10 and 11). The Mean
shows a decrease of —2% in the near future and more than —3% in the far future. All
RCMs agree on the magnitude of the changes in the far future (>—2.4%) except CCLM,
which projects lower values ranging between —0.8 and —1.6% in the north of Senegal,
Mali, Mauritania, north of Niger, and Algeria. The RegCM model indicates that the Sahel
area will experience a higher decrease in PVP than the Guinea and Savannah areas in the
near future, while REMO projects a higher decrease in the north of Mali, Niger, and a part
of Algeria. The spatial variation in PVP in the region could be explained by the spatial
variation in T and RSDS. The PVP is sensitive to Tcell, which can induce its reduction.
According to Mavromatakis et al. [71], one of the main factors causing the power output of
a PV system to decrease is the increase in its temperature. Another factor is solar irradiance
since it is the dominant variable for PVP calculation. For instance, Sawadogo et al. [16]
found a strong positive correlation between RSDS and PVP (r > 0.93). The decrease in
PVP in West Africa was shown by several studies [16,18,19,21]. As shown in the previous
section, RCM simulations suffer from biases and other limitations, but the future decrease
in the PVP over West Africa seems evident even though the magnitude of the decrease
varies among the RCMs.
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Figure 10. Projected changes in the annual average of the cell temperature (Tcell), photovoltaic
potential (PVP), and wind power density (WPD) over West Africa for the near future (2021-2050) and
under the RCP8.5 scenario. Statistically significant areas are indicated with black dots.

Conversely, the projection of WPD is subject to some uncertainties (Figures 10 and 11).
The models RegCM and CCLM, as well as the Mean, project a dominant increase of up to
20% in near future, but more pronounced in the far future (~40%). REMO is more likely
to project a dominant decrease of about —10% in most parts of the region in both future
scenarios. The results of the studies of wind power potential in West Africa are quite diverse.
The uncertainties in the projection of wind energy potential are larger than those of solar PV
potential over West Africa. This could be due to the consistency of the models in simulating
the temperature and solar radiation compared to the representation of the wind speed.
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Figure 11. Same as Figure 10, but for the far future (2071-2100) and under the RCP8.5 scenario.

The results of this study are in line with those of Sawadogo et al. [14], who projected
an increase in the WPD when using the RegCM4 CORDEX-CORE ensemble. However,
they are in contradiction with the study of Ogunjobi et al. [17], who found a decline in the
wind production in Guinea and Savannah in the near future (2021-2050) before increasing
towards the end of the century under RCP4.5 and RCP8.5 scenarios. It is noted that results
obtained at lower resolution (CORDEX, CMIP6) show a decrease in wind power density
over the Sahel Akinsanola et al. [91] and over Guinea and Savannah Ogunjobi et al. [17],
where an increase is projected in our study.

3.3. Inter-Annual Variability

Figure 12 shows the inter-annual variability of Tcell, PVP, and WPD under the RCP8.5
scenario and for the mid and late centuries. The models broadly agree on the pattern and
magnitude of Tcell and PVP projections as compared to WPD in all the sub-regions. For
both future scenarios, the RCMs indicate a progressive increment in Tcell and a decrease in
PVP. In the near future, for all sub-regions, a rapid increase in Tcell of about 3 °C for the
Sahel and Savannah, 2.4 °C for Guinea, and about 2.7 °C for West Africa were found for the
period 2021-2050, and about 6 °C and 5 °C for Sahel-Savannah and Guinea, respectively,
by the end of the century. For the same period of 2021-2050, the decrease in PVP is
slightly stronger (—2%) in the Sahel-Savannah than in Guinea, (~—1.4%) and becomes more
pronounced in the far future where the values for Sahel-Savannah and Guinea reach —3.5%
and —3%, respectively.
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Figure 12. Inter-annual variability of the projected changes of the cell temperature (Tcell) and the
solar and wind potential (PVP and WPD respectively) over the climatic zones of West Africa for the
near future (a) (2021-2050) and far future (b) (2071-2100) and under the RCP8.5 scenario.

The inter-annual variability of WPD shows a divergence between the models. CCLM
predicts a higher magnitude in the projected WPD in both periods and for all the climatic
zones. In the mid-century, CCLM and REMO project a slight increase and a slight decrease
in WPD over the region, respectively. In comparison, CCLM expects a sharp increase for
the period of 2071-2100, which in terms of intensity at the end of the century, is about 60%
for the Guinea zone, about 65% for the Savannah, and 40% for the Sahel. On the other
hand, REMO expects a slight decrease in WPD of about —3 to 5% for Guinea, Savannah,
and the whole region of West Africa and no major change for the Sahel. RegCM and Mean
tend to show no major variations in the near future and an increase between 10 and 20%
in the far future.

3.4. Models” Agreement on the Projected Changes

The representation of the agreement between the models for the projections of the
variables (Figure 13) shows a general agreement across the region for Tas (near and far
future) and Tcell (near future). This shows a robust projected change for the temperature
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variables. The RCMs agree on warming and project a 1 °C increase in the air temperature in
the near future and between 3.5 °C and 4 °C in the far future with Mali, Burkina, and Niger
experiencing the highest temperatures at the end of the century. The models also expect an
increase in Tcell of 1 °C to 1.5 °C in the near future. In the far future, an increment of 3.5 °C
to 5 °C is expected in the northern part of the region, mainly the Sahel zone, in some parts
of Savannah and above 16° N. This is also valid for the other variables, such as WSPD, PVP,
and WPD, where the RCMs show consistent agreement results in the same zones.
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Figure 13. Models agreement: Projected changes in the annual average of solar irradiance (RSDS),
temperature (Tas), surface wind speed (WSPD), cell temperature (Icell), photovoltaic potential (PVP),
and wind power density (WPD) over West Africa for the near (2021-2050) and far future (2071-2100)
under the RCP8.5 scenario. The white color indicates areas where the models disagree.

For the decrease in PVP, the models disagree in most parts of Guinea and Savannah,
as well as for both future periods. A general decrease ranges between —0.8 and —2.4%,
and more than —2.4% over the Sahel area and above 16° N, respectively, in the near and far
future is projected. A similar agreement is noticed for WSPD and WPD for both periods.
Unlike PVP, the disagreement in WPD is spread over the region in both periods, it is not
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just limited to one area. The RCMs agree majorly in Niger, the north of Mali, and Nigeria,
but also around Mauritania and Algeria, for the far future. In these areas, an increase in
WPD ranges between 10 and 20% is expected. The projection of the temperature variables
and PVP show more consistent agreement as compared to RSDS, WSPD, and WPD. In
summary, most parameters show inconsistency in the sign of future changes in some areas,
which could be related to the internal variability of the model, the initial conditions, or the
configurations of the different GCMs [92]. A lack of agreement and therefore implies lower
reliability of projected change in these variables over the considered period.

4. Summary and Conclusions

This study presents the projected changes in solar PV and wind energy potential
over West Africa using CORDEX-CORE ensemble simulations. Three regional climate
models (RCMs), driven by three different GCMs, namely NorESM1-M, MPI-ESM-MR, and
HadGEM2-ES from the CMIP5, were used. The expected changes in solar PV and wind
potential, as well as related variables such as air temperature, solar radiation, and wind
speed, were analyzed. The results of our investigation can be summarized as follows:

s The model evaluation shows a relatively good representation of selected annual and
monthly patterns of the simulated solar PV potential, the wind power density, and
related variables, with high spatial correlations ranging between 0.82 and 0.97. How-
ever, we also identified strong under and overestimations of the RCM simulations,
especially for the wind variables.

= RegCM is the best model among the RCMs for the simulations of the solar irradiance
and the solar PV potential and the sub-regions.

= REMO is the best model for wind speed and wind power density simulation over the region.

s For the air temperature, both REMO and RegCM had a good performance. CCLM
was the least efficient model for this simulation.

= A better simulation of these variables with less biases is noted when using the
ensemble mean.

s The projection under the RCP8.5 scenario indicates a decrease in solar irradiance and
solar PV potential. The solar PV potential is expected to have a significant decrease for
all the RCMs and the ensemble mean, as well as for the near (2021-2051) and far future
(2071-2100), and under the RCP8.5 scenario. The decrease concerns the whole of West
Africa and varies from ~—2 to about —4% in the considered period. This is mainly due to
the increase in cell temperature and the decrease in solar radiation over the region.

s The wind power projection shows a predominant increase over West Africa, with a
projection of about 20 to 40% by the ensemble mean and for the two future periods.
The RCMs convey more consistency in the projection of the other climate variables
than the wind speed and the wind power density. The latter is subject to some
divergences, with REMO expecting a decrease, RegCM and Mean an increase, and
CCLM a high increase.

The CORDEX-CORE provides, in a consistent manner, a high-resolution dataset of
RCM projections for West Africa. However, the current projections are only based on three
RCMs, as they are the only modelling groups that participated in the CORE initiative (to
date). Therefore, a relatively small ensemble of RCM projections is used to determine
the inherent uncertainty of climate projections. To reduce the uncertainties in the climate
projections, more simulations should be available from the CORDEX-CORE, similar to
the CORDEX data (~50 km). Another limitation of this work is that we only consider the
RCP8.5 scenario. The results of this study could be improved by considering other scenarios
like the RCP2.6 and 4.5 scenarios. Future studies could also assess the robustness of the
projected change in wind and solar energy from CORDEX-CORE over the West Africa
region. Nevertheless, the study shows useful results, which are an important contribution
to research on the future changes in solar PV and wind energy potential over West Africa.
The results of this study can help governments and policymakers in targeting RES for
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future projects as part of the energy transition for climate change mitigation by considering
the impacts of climate change on these resources.
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