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Abstract. This study was carried out in the White Bandama watershed (WBW) in Cote d’Ivoire (West Africa).
The objective is to assess the impacts of future climate change (CC) on the hydropower potential (HPP) of
the WBW. The methodology is based on coupling the SWAT (Soil and Water Assessment Tool) hydrological
model with the Geographic Information System (GIS) QGIS to assess HPP on streams and evaluate the impacts
of future CC on HPP of the watershed. Historical and climate projection data (precipitation, minimum and
maximum temperature) for a set of three Regional Climate Models (RCM) from CORDEX-AFRICA (CCCma-
CanRCM4, CCLM4-8-17 and REMO 2009) under RCP 4.5 were used. The biases of the ensemble mean were
corrected by the Delta-change method. The relative change of streamflow discharge and HPP was assessed as
the relative difference between the projection periods (2041-2070 and 2071-2100) and the reference period
(1976-2005). The results showed a total of 22 future hydropower potential sites in the watershed. These sites
were identified, geolocated and classified according to their potential capacity of generation in 82 % as small
(1-25 MW potential capacity), 9 % as medium (25-100 MW potential capacity) and 9 % as large (more than
100 MW potential capacity) hydropower. The climate models’ ensemble projected an upward trend for both the
annual mean discharge of rivers and HPP of the WBW according to RCP 4.5 for the periods 2041-2070 and
2071-2100. On the annual cycle, the months of August and September will record the highest monthly mean
flows between 150 and 200 m3 s~! while the months from November to April will record low monthly mean
flows in the WBW.
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1 Introduction

Hydroelectricity (HE) represents the largest source of re-
newable electricity in the world with a global production
of more than 4250 TWh of electricity (IHA, 2022). In West
Africa, HE contributes about 40 % of total electricity pro-
duction (Barbier et al., 2009). In Cote d’Ivoire, HE is the
second source of energy production after thermal energy and
can contribute to the production of clean electricity with low
Greenhouse Gas (GHG) emissions (Kouadio et al., 2020;
IEA, 2020). HE could be an essential energy of the future to
mitigate climate change (CC). However, there is a duality re-
lationship between hydroelectricity and climate (Kouadio et
al., 2022). Although contributing to CC mitigation through
its low GHG emission, hydroelectricity can be affected by
climate due to changes in the hydrological cycle (Berga,
2016). HE is dependent on climatic parameters (precipi-
tation, temperature, insolation, potential evapotranspiration
[PET], etc.) (De Souza Dias et al., 2018). These parameters
influence the availability of water resource, the hydropower
potential (HPP) and therefore the HE. Previous studies by
Amoussou et al. (2012), Kouame et al. (2019) and Kouadio et
al. (2020, 2022) have shown that CC can influence the inten-
sity and duration of precipitation as well as river flows. It can
also vary the PET. Furthermore, rainfall deficits cause runoff
deficits (Savane et al., 2002) and impacts on HE (Kouadio
et al., 2020). In the literature, numerous scientific works, in
particular authors such as Hamududu and Killingtveit (2012),
Grijsen (2014) and, Turner et al. (2017) focused, on the one
hand, on the potential impacts of CC on water resources/on
hydrology and, on the other hand, on hydropower. All these
studies have endeavored to demonstrate that CC has impacts
on both water resources and hydroelectric production. An-
alyzing the impacts of CC on hydrology and HPP in dif-
ferent watersheds in Africa, Yira et al. (2021) and Nonki et
al. (2021) proposed a methodology based on the use of a hy-
drological model and climate model outputs. Thus, this study
is a contribution to the establishment of a methodology us-
ing hydrological modelling coupled with geospatial analysis
to assess the impacts of CC on the HPP in the White Ban-
dama watershed (WBW) in Cote d’Ivoire. The purpose of
this paper is to adopt a hydrological model combined with
a Geographic Information System (GIS) to assess the poten-
tial impacts of future CC on the HPP of the White Bandama
River watershed. This article is structured as follows: after
the Introduction, which presents the background and objec-
tives of this study, the Materials and Methods section de-
scribes the materials and methods used, the main results and
discussion are presented in the Results and Discussion sec-
tion. This manuscript ends with the Conclusion section.
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2 Material and methods

2.1 Study area

This study was conducted in the WBW with an area of ap-
proximately 32400 km? (Cbte d’Ivoire) (Fig. 1). The WBW
extends from the center to the north of Cote d’Ivoire. Its ge-
ographic coordinates in the WGS 84 reference vary between
5° and 6°30’ in longitude and between 6°30’ and 10°30’ in
latitude. The White Bandama River has its source in the
northern part of Cote d’Ivoire between Boundiali and Ko-
rhogo, at an altitude of 480 m. The WBW is under the influ-
ence of two climates: the Baoulean climate or equatorial cli-
mate or attenuated transition with annual precipitations vary-
ing on average between 1000 and 1600 mm yr~! and the su-
danian climate or tropical climate of transition with annual
precipitations of unimodal distribution varying between 1000
and 1200mmyr~! (Goula et al., 2007). The population liv-
ing on the WBW is estimated ~ 3 000 000 inhabitants (Ivo-
rian Institute of Statistics, 2014). In 1972, one of the major
socio-economic assets of Cote d’Ivoire, the Kossou hydro-
electric dam was built in this basin, with an installed capacity
of 174 MW.

2.2 Description, data and configuration of the SWAT
model

In this study, hydrological modelling was carried out with
the SWAT (Soil and Water Assessment Tool) model (https:
/lswat.tamu.edu/software/, last access: 17 May 2022) cou-
pled with the QGIS interface (https://download.qgis.org, last
access: 17 May 2022). The choice of this model is justified
by a wide field of applications and use in several relatively
recent studies. In addition, coupling facilitates access to vari-
ables and parameters. It offers a set of GIS tools for the
development, execution and editing of hydrological inputs,
and promotes the management of raster, vector and alphanu-
meric data. SWAT is an agro-hydrological model developed
by researchers at the Agricultural Research Service (ARS) of
the United States Department of Agriculture (USDA) in the
1990s. It is a physically based, spatially distributed, basin-
scale hydrological model developed to simulate the impact
of land use and management practices on water quantity and
quality (surface water and groundwater). A detailed descrip-
tion of the model can be found in the work of Neitsch et
al. (2011) and Arnold et al. (2012). The SWAT model simu-
lates the water cycle through the hydrological Eq. (1):

t
SW; = SWy + Z (Ri — Qsi — Ei — Wi — Qqwi) (1)
i=1

With: SW;: final soil water content (mm), SWy: initial soil
water content on day (mm), ¢: time (day), R;: precipitation
of day i (mm), Qy;: surface runoff on day i (mm), E;: po-
tential evapotranspiration on day i (mm), W;: percolation or
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Figure 1. Location of the White Bandama Watershed (WBW).

infiltration of day i (mm), Qqw;: low water flow or quantity
of water returning to the soil of day i (mm).

Several data were needed to configure the model and
simulate the flows. The satellite images were obtained by
the NASA (National Aeronautics and Space Administration)
and NGA (National Geospatial-Intelligence Agency) radar-
surveying mission in 2000. These satellite images are 30 m
spatial resolution and are available on the United States Ge-
ological Survey (USGS) website https://earthexplorer.usgs.
gov (last access: 10 December 2021). In addition, daily re-
analysis data of precipitation, temperature (minimum and
maximum), relative humidity, solar radiation, wind speed
available for a period of 34 years (1980 to 2013) with a
resolution of 38 km were used. They are available at https:
//globalweather.tamu.edu/ (last access: 10 December 2021;
Saha et al., 2014). These reanalysis data collected at a daily
time step were aggregated in monthly time step before the
simulation of the SWAT model at the monthly time step.
The daily hydrometric data observed were collected from
the Ivorian direction of human hydraulics (DHH) for the sta-
tions of Marabadiassa (1980 to 2013) and Badikaha (1982
to 1989). The model setup also required soil and land cover
data in raster form. For this purpose, a soil map of the WBW
with a spatial resolution of 1km provided by the Food and
Agriculture Organization of the United Nations (FAO) was
used. The WBW Iland cover map from 2006, with a spa-
tial resolution of 300 m, was obtained from the ESA web-
site (http://due.esrin.esa.int/page_globcover.php, last access:
10 December 2021; Leroy et al., 2006). PET was computed
using the Penman-Monteith equation. The variable storage
method developed by Williams (1969) was chosen for the
discharge simulation. Runoff was computed using the Curve
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Number (CN) method. The simulation period was defined
from 1980 to 2013 (34 years) with a warming period of
2 years (1980-1981). The configured and calibrated model
was used to assess the potential impacts of CC. The model
was calibrated from 1982 to 1985 (4 years), and validated
from 1986 to 1989 (4 years) at a monthly time step by the
coefficient of Nash-Sutcliffe (NS) and the coefficient of de-
termination (R2).

2.3 Assessment of future climate impacts on
hydropower potential

For the assessment of CC impacts, the outputs (precipitation,
minimum and maximum temperature) of three CORDEX-
AFRICA climate models (0.44° resolution) were used:
CCCma-CanRCM4, CCLM4-8-17 and REMO 2009. These
data were obtained for the RCP 4.5 scenario for the reference
period PO (1976-2005) and the projection periods P1 and P2
respectively (2041-2070) and (2071-2100). In this study, the
methodological approach for evaluating the impacts of CC
on the HPP is based on a process similar to that used by De
Oliveira et al. (2017). Bias correction of the dataset mean
of the three climate models was performed by the Delta-
Change method (Teutschbein and Seibert, 2012). The HPP
was assessed over the reference periods PO and projection
periods P1 and P2 of the RCP 4.5 by Eq. (2) of Maher and
Smith (2001).

HPP = pgQ-h 2)

With: HPP: hydropower potential (W), p: density of wa-
ter (1000kg m~3), g: acceleration due to gravity (m s72):
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9.81ms~2, Q: flow in (m?s~1) on the section of the net-
work, h: vertical drop height in meters (m).

The relative change (A) characterized by the fluctuations
makes it possible to assess the potential CC impacts over the
projection periods (2041-2070 and 2071-2100) by Eq. (3).

Xoroi — X
A= |2 TR} 100 3)
Xref

With: A: Relative change or fluctuation, Yproj: Average value
of the variable calculated on the projection period X .f: Aver-
age value of the variable calculated on the reference period.

3 Results and discussion

3.1 Model calibration and validation

The calibration and validation of the SWAT model on the
WBW are shown in Fig. 2a and b. The results are illus-
trated here for the Badikaha hydrological station. The Nash-
Sutcliffe (NS) and determination (R?2) coefficients obtained
(NS and R? > 0.6) indicate that there is a very good cor-
relation between the simulated and observed flows. The
whole correlation over the calibration period (NS = 0.83 and
R?=0.839) is much better than that of the validation pe-
riod (NS=0.70 and R? = 0.772). Furthermore, the model
underestimated flood peaks. It would be a limit of the SWAT
model.

3.2 Evaluation of the HPP in the WBW

The calibrated and validated model was used for the evalu-
ation of the HPP in the basin. Figure 3 presents potentially
exploitable hydroelectric sites and their geospatial distribu-
tion in the basin. Twenty-two sites have been identified, ge-
olocated and classified according to their potential produc-
tion capacity at 82 % small (potential capacity 1-25 MW),
9 % medium (potential capacity 25-100 MW) and 9 % large
(more of 100 MW) hydropower (Table 1). The results show
that the WBW has a good potential in small HE. This would
be a major asset in the decentralization of electrification in
this basin.

3.3 Impacts of future CC on the HPP

The analysis of the impacts of future CC was carried out on
the HPP of the 22 sites spread over eight Sub-Watersheds
(SW 60, 101, 118, 119, 120, 123, 134 and 171). The relative
changes in monthly average flow and HPP for SWs 101 and
171 are shown in Figs. 4 and 5. Compared to the reference
period PO, all the climate models project a general upward
trend in flows on the eight SWs for the periods P1 and P2
according to the RCP 4.5 scenario. On an annual cycle, flows
will increase from July to October. This increase in flows
over this period is estimated at a rate of ~ 35 % and 53 % re-
spectively on P1 and P2 for SW 101, and ~ 54 % and 65 %
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Table 1. Distribution of HE sites by type.

SW  No.of Generation HE type Distribution
sites  capacity per
HE class (MW)

60 2 [1-25] Small HE

101 3 [1-25] Small HE

118 3 [1-25] Small HE 18 sites

119 2 [1-25] Small HE or 82 %

123 6 [1-25] Small HE

134 2 [1-25] Small HE

120 2 [25-100[ Medium HE 2 sites
or 9%

171 2 >100 Large HE 2 sites
or 9%

22

respectively on P1 and P2 for SW 171. Like the discharges,
the models project an increase in HPP on all SWs compared
to the reference period PO. Furthermore, the results show that
SW 171 will register the largest HPP with a monthly average
during the months of August and September oscillating be-
tween 400 and 500 MW according to the RCP 4.5 scenario.
The SW101 will record the lowest HPP with a monthly aver-
age maximum of less than 18 MW during these same months.

4 Discussion

The analysis of CC impacts on the HPP used outputs from
a set of three CORDEX- Africa climate models (ensemble
mean). According to Pandey et al. (2019), the use of a set of
models would contribute to the reduction of uncertainties in
climate projections. The results of the climate impact analy-
sis project a general upward trend in monthly mean stream-
flow and HPP on the WBW according to RCP 4.5. This in-
crease in flows on P1 and P2 could be explained, on the one
hand, by a resumption of rainfall and, on the other hand, by a
degradation of the vegetation cover in the medium and long
term. This situation would allow strong flow to the detriment
of infiltration, as Amoussou et al. (2012). The degradation
or reduction of the vegetation cover would favor strong sur-
face runoff to the detriment of infiltration. In addition, the
work of Kling et al. (2016), based on the reference (1998—
2014) and future (2046-2065) periods, estimate that an in-
crease in precipitation in West Africa would be of the order
of 1 % to 6.8 %. Moreover, according to the fifth report of the
GIEC (2014), an increase in precipitation until 2100 is pro-
jected according to the scenario considered. However, these
projections remain marked by many uncertainties. For this
reason, in this study it would be interesting to consider the
general trend marked by a future increase in flows and HPP
over the basin for P1 and P2 compared to the reference PO.
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In the work of Kouadio et al. (2020), hydrological dynamics
was analyzed under CC in the WBW. This study has shown
that the Kossou dam plays a role in reducing floods in the wa-
tershed. Moreover, the analysis of monthly flows has demon-
strated that the flood flow incoming to the Kossou Lake was
skimmed ~ 93.7 %

5 Conclusion

The objective of this study was to assess the potential im-
pacts of CC on the HPP of the WBW in Céte d’Ivoire. For
this purpose, the SWAT hydrological model combined with
geospatial analysis was applied. The potential impacts of CC
on the monthly flow and HPP of the basin were analyzed
over the projection periods P1 and P2 compared to the ref-
erence period PO, under the RCP 4.5 scenario. The analysis
of these impacts also focused on eight (8) SWs with twenty-
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two (22) HE sites identified (SW 60, 101, 118, 119, 120, 123,
134 and 171). In comparison with the PO reference period, a
general upward trend in flows and HPP on the WBW was
observed. On the annual cycle, the models have projected
that the months of August and September will register the
highest flows between 150 and 200 m> s~! with a high HPP
while the months of November through April will register
the lowest flows with a low HPP. In addition, an increase in
flows and HPP on the 8 SWs for periods P1 and P2 com-
pared to PO is projected. The models also showed that the
SW 171 would have the largest HPP with a monthly average
during the months of August and September oscillating be-
tween 400 and 500 MW. In addition, SW 101 will record the
lowest HPP with an average monthly maximum of less than
18 MW during these same months. This general increase in
flows could however increase the problems of siltation, eu-
trophication and the risk of flooding in certain areas and for
certain activities in this basin. To this end, additional studies
should be carried out to better assess these consequences on
the basin.

Data availability. The data used in this study is publicly available.
The reanalysis data are freely available at https:/globalweather.
tamu.edu/ (SWAT, 2021), and the satellite data are available on the
USGS website (https://earthexplorer.usgs.gov, USGS, 2021) and
the ESA website (http://due.esrin.esa.int/page_globcover.php, ESA,
2021). However, the observed data comes from national service
databases available upon request.
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