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An assessment of hydropower potential at the watershed scale was conducted at
the White Bandama Watershed (WBW) in Cbte d’lvoire (West Africa). The method
used involves the application of a hydrological model [Soil and Water Assessment Tool
(SWAT)] coupled with a Quantum Geographic Information System (QGIS), denoted as
QSWAT, to assess the water resource availability and hydropower potential of streams
and determine potential hydropower sites for future hydropower development in the
watershed. Geospatial data about the topography, soil types, land use/land cover,
weather, and discharge were considered in hydrological and hydro-geomorphological
characterization of the watershed. Streamflow and climate data-enabled model operation
and simulation of the hydrology of the watershed. The model performance and
robustness were confirmed with the p-factor, r-factor, coefficient of determination R?,
and Nash-Sutcliffe (NS) efficiency coefficient. The hydropower potential of streams was
evaluated by considering the simulated streamflow and water head. A total of 22 future
hydropower sites was identified, geolocated, and classified with an estimated total
production capacity of 538.56 MW.

Keywords: hydrological modeling, hydropower potential, GIS, SWAT, White Bandama Watershed, West Africa,
hydropower

INTRODUCTION

Hydropower is considered as a clean, renewable, and environmentally friendly energy source
(Berga, 2016; Kayastha et al., 2018) depending on the size of the plant. Hydropower is a technically
mature and economically competitive renewable energy source that can provide notable advantages
in the operation and stability of energy systems (International Hydropower Association, 2018).
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This energy source can contribute to a reduction in greenhouse
gas (GHG) emissions and can better facilitate energy security
assurance (Kusre et al., 2010). A record amount of 4,185 TWh
of hydropower electricity was generated in 2017, avoiding up to
4 billion tons of GHGs and harmful pollutants (International
Hydropower Association, 2018).

In Cote d’Ivoire, a study conducted by the National Action
Plan for Renewable Energies of Cote d’Ivoire (PANER) revealed
that the country contains a high renewable energy potential
(National Action Plan for Renewable Energies of Cote d’Ivoire,
2016). Hydropower is one of the potential energy sources and
remains largely untapped in Coéte d'Ivoire (Sakellariou et al.,
2018; Deshaies and Kouadio, 2019). Hydropower development in
Cote d’Ivoire is not proportional to its potential. The contribution
of hydropower to the energy mix in Cote d’Ivoire is low, at
~20% (Ivorian Company of Electricity, 2016). The impacts of
hydroclimatic variability on surface water, as determined in
previous White Bandama Watershed (WBW) studies (Kouame
et al, 2019; Kouadio et al., 2020) and the increasing need
for rural electrification with rapid population growth in Cote
d'Ivoire have resulted in the need for additional hydropower
generation sites. It is therefore important to evaluate the
hydropower potential and plan future hydropower development
sites. Hydropower potential assessment could contribute to the
provision of affordable and less polluting electricity to local
communities (Korkovelos et al., 2018). Previous studies in
hydropower projects proposed a methodology to investigate
hydropower potential. The researchers such as Dudhani et al.
(2006), Belmonte et al. (2009), Rojanamon et al. (2009), and
Yi et al. (2010) highlighted the importance of GIS technology,
geospatial analysis and remote sensing data in the selection of
potential sites for future development of hydropower, particularly
for small hydropower projects. However, they did not include
hydrological analysis. Furthermore, the studies conducted by
Kusre et al. (2010), Pandey et al. (2015), Zarfl et al. (2015) and
Al-Juboori and Guven (2016) suggested a methodology based
on hydrological modeling and GIS. These studies confirmed
that the coupling of hydrological model and GIS is suitable to
assess the hydropower potential and to determine future sites.
Sustainable development of hydropower contributes to increase
the share of energy generated from renewable sources. In the
climate change mitigation policies, small hydropower is actively
promoted. It has grown in popularity and continues to grow.

Abbreviations: ARS, Agricultural Research Service; CIE, Ivorian Company of
Electricity; CN, Curve Number method; DEM, Digital Elevation Model; ESA,
European Space Agency; GHG, Greenhouse Gas; GIS, Geographic Information
System; HRU, Hydrological Response Units; HWSD, Harmonized World Soil
Database; IHA, International Hydropower Association; ISRIC, International
Center for Soil Reference and Information; ISSS, International Soil Science
Society; NCEP, National Centers for Environmental Prediction; NS, Nash-
Sutcliffe; PANER, National Action Plan for Renewable Energies of Cote d’Ivoire;
PET, Potential Evapotranspiration; PPU, Percentage Prediction Uncertainty;
QGIS, Quantum Geographic Information System; SB, sub-basin; SCS, Soil
Conservation Service; SRTM, Shuttle Radar Topography Mission; SUFI-2,
Sequential Uncertainty Fitting version 2; SWAT, Soil and Water Assessment
Tool; SWAT-CUP, SWAT-Calibration Uncertainty Program; USDA, United States
Department of Agriculture; USGS, United States Geological Survey; WBR, White
Bandama River; WBW, White Bandama Watershed.

Small hydropower may support the transition from fossil fuels to
more sustainable electricity systems (Kelly-Richards et al., 2017).
Therefore, hydropower plays an important role in the renewable
energy and in electricity generation for future. Hydropower is the
largest renewable energy source in terms of electricity generation
and will remain the main energy source of renewable energy
(International Energy Agency, 2019; Doso and Gao, 2020). The
investigation of scientific literature showed that the development
of hydropower plants should undergo adequate environmental
requirements. Rigorous planning and management concerning
the selection of sites are needed to reduce the ecological impacts
of hydropower projects (Kuriqi et al., 2021). Thus, this study
is a new contribution to implement a methodology using an
integrated hydrological modeling and a geospatial analysis to
assess the hydropower potential. The scope of this article is
to adopt a hydrological model combined with a geographic
information system (GIS) to assess the hydropower potential of
the White Bandama River (WBR) and to determine probable
sites for future hydropower generation. This article is structured
as follows: after the general introduction which presents the
background and the objectives of this study, Section Material
and Methods describes the Material and Methods used, the
key results and discussion are presented in Section Results and
Discussion. This manuscript end-up with the take-away message
in Section Conclusion.

MATERIALS AND METHODS
Study Area

The study area is the WBW, which is located in central-northern
Cote d’Ivoire (West Africa), between latitudes 6°30" and 10°30’
N and longitudes 5° and 6°30" W, with an area of ~32,400 km?
(Figure 1). The WBW is an elongated basin with a perimeter of
~1,020 km and a Gravelius compactness index Kg value of 1.59
(Kouadio et al., 2020). The source of the WBR is situated in the
northern part of Cote d’'Ivoire between Boundiali and Korhogo
at an altitude of 480 m. The basin is under the influence of two
climates, namely, the Baoulean or equatorial transitional climate
and the Sudanese or tropical transitional climate (Goula et al.,
2007). The Baoulean climate extends from the south to the center
of the WBW. This climate type is characterized by four seasons,
namely, two rainy seasons and two dry seasons with the annual
precipitation varying between 1,000 and 1,600 mm on average.
The Sudanese climate in the north is characterized by one rainy
season and one dry season, with the annual precipitation varying
between 1,000 and 1,200 mm, thereby exhibiting a unimodal
distribution (Soro et al., 2017).

The WBW contains an important hydrographic network of
the dendritic type according to Strahler’s classification (Koffi
etal., 2011). In the WBW, the Kossou hydropower dam was built
in 1971 and completed in 1972 (FAO, 2002). The dam reservoir
exhibits a volume of approximately 28.8 billion m> and an area
of 1,855 km? (Anoh et al., 2017). The Kossou hydropower dam
is one of the major hydropower plants in Céte d’Ivoire. This dam
has an installed capacity of 174 MW, i.e., which represents ~20%
of the total hydropower generation of Cote d’Ivoire (Ivorian
Company of Electricity, 2016).

Frontiers in Water | www.frontiersin.org

March 2022 | Volume 4 | Article 844934


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Kouadio et al.

Hydropower Potential in West Africa Watershed

100000

200000

300000

25 50
e

1100000

1000000

Legend

* Locality
> Outlet
—— Streamflow network
I Water body
[ White Bandama Watershed

Area

Bagoué
[ Bélier

[ Béré

[0 Gbéké
[ Hambol
B Marahoué
B Poro
Tchologo

900000

800000

100000

FIGURE 1 | Location of the WBW.
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Description of the Hydrological Model

In this study, an agro-hydrological model, ie., the Soil and
Water Assessment Tool (SWAT), coupled with a GIS interface in
QGIS software, denoted as QSWAT, was applied in the WBW.
This tool was developed by researchers from the Agricultural
Research Service (ARS) of the United States Department of
Agriculture (USDA) (Arnold et al,, 1993, 1998). The adopted
model is a physically-based, basin-scale, spatially distributed, and
computationally efficient hydrological model with continuous
daily time steps (Gassman et al., 2007). This model was developed
to simulate the impact of land use and management practices
on the water quantity and quality and to quantify sediment and
agricultural chemical yields in large and complex watersheds
with changing soil, land use, and management conditions over
long periods (Neitsch et al., 2005, 2011). This model can be
employed to simulate a single watershed or a system of multiple
hydrologically connected watersheds (Winchell et al., 2013). The
SWAT model divides the watershed into sub-basins, which are
further divided into hydrological response units (HRUs). HRUs
are unique soil, land use, and slope combinations used to describe
the spatial heterogeneity within a given watershed. Thus, in the
simulation process, flows are computed daily in each HRU and
summed to provide an overall value at the sub-basin outlet (Anoh
et al., 2017). According to Neitsch et al. (2005, 2011) and Dile
et al. (2016), the SWAT hydrological modeling process can be

split into land and routing phases. The land phase controls the
water quantity and sediment, nutrient, and pesticide loads in each
sub-basin and is based on the following water balance equation:

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

i=1
where:

SW¢: final soil water content (mm),

SWo: initial soil water content on day i (mm),

t: time (days),

Ri: amount of precipitation on day i (mm),

Qsi: amount of surface runoft on day i (mm),

Ej: amount of evapotranspiration on day i (mm),

Wi: amount of water entering the vadose zone from the soil
profile on day i (percolation) (mm), and

Qyi : amount of return flow on day i (mm).

The model estimates the surface runoff amount based on the
Soil Conservation Service (SCS) curve number (CN) method
considering daily rainfall data. Detailed descriptions of the SWAT
model can be found in Arnold et al. (1993, 1998, 2011, 2012) and
Neitsch et al. (2005, 2011).

Several data points are required to set up and operate the
WBW SWAT model and simulate streamflows. The Digital
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Elevation Model (DEM) data were retrieved from the Shuttle
Radar Topography Mission (SRTM). These data were freely
obtained from the United States Geological Survey (USGS)
website (https://earthexplorer.usgs.gov). The data are available
at a 30-m spatial resolution and cover the entire WBW. This
study required the acquisition and fusion of nine layers. The
topography and slope of the WBW were extracted from the
acquired DEM-SRTM data with GIS technology.

Soil and land use/land cover maps are essential for model
operation. A WBW soil map of 1-km spatial resolution and
corresponding physico-chemical properties originating from the
Harmonized World Soil Database (HWSD) were provided by
the Food and Agriculture Organization (FAO), the International
Center for Soil Reference and Information (ISRIC) and,
International Soil Science Society (ISSS) (FAO, 1999). These
properties included the soil type, number of soil layers, and
texture. The land use/land cover map used was obtained from
the European Space Agency (ESA) website (http://due.esrin.esa.
int/page_globcover.php) for 2006 and has a spatial resolution
of 300-m. This map contained physico-chemical and biological
properties for simulation purposes.

Daily reanalysis climate data retrieved from 1980 to 2013
(34-years) were adopted. These data of about 38-km grid
resolution entirely covered the WBW and included precipitation,
temperature (minimum and maximum), solar radiation, wind
and relative humidity data. They were obtained from the National
Centers for Environmental Prediction (NCEP).

Daily and monthly hydrometric data originating from 4
gauging stations in the WBW were employed: Badikaha, Tortiya-
amont, Marabadiassa, and Tortiya-aval. Missing streamflow data
were corrected through linear interpolation according to the
criteria described by Ardoin-Bardin (2004).

Model Setup and Functioning

The GIS interface of the SWAT model applied in this study
is QSWAT. QSWAT is an effective tool for geospatial analysis.
The application of QSWAT facilitates access to variables and
parameters. This contributes to the management of raster, vector
and alphanumeric data. QSWAT was adjusted considering the
WBW. In this study, we could distinguish three (3) steps in the
QSWAT setup process:

e The first step involved considering the acquired DEM-SRTM
data in the automatic extraction of the hydrographic network.
In this step, the D8 algorithm (Jenson and Domingue, 1988)
was employed for the extraction of the WBW streamflow
network and delimitation of the basin and sub-basins from the
DEM data. The WBW outlet was defined at Kossou Lake. The
threshold was set to 100 km? in the model. During operation,
the D8 algorithm considers eight flow directions following
unidirectional flow in eight connections. This algorithm
considers all eight neighboring cells of the considered point
(Figure 2). First, the D8 algorithm determines the flow
direction based on the DEM. Then, the algorithm calculates
the slope to determine the flow direction. Finally, the flow
direction is determined along the direction of the highest
slope. The algorithm assigns a code to the considered point

3

= W
> 1

5.><

0 5 0

-

FIGURE 2 | Computation directions of the D8 algorithm (Coulibaly et al.,
2016). Directions: 1—east, 2—north-east, 3—north, 4 —north-west, 5—west,
6—south-west, 7—south, 8 —south-east.

according to the relative position of the cell with the
lowest altitude. A flow direction matrix is thus obtained.
According to the flow direction, the algorithm determines the
direction of flow accumulation, which is finally considered in
hydrographic network extraction.

e The second step comprised the integration of the soil and land
use/land cover maps of the WBW and soil physico-chemical
properties in QSWAT to divide the basin into HRUs that
constitute the basic spatial units in hydrological modeling with
the SWAT model. HRUs represent a combination of land use,
soil type and slope. In this step, the model considers potential
evapotranspiration (PET) values for each type of crop, soil type
and crop management.

e The last step entailed the integration of daily climate data
in streamflow simulation. Daily climate data are the last
data to be integrated into the model. These data included
the precipitation, temperature, solar radiation, wind and
relative humidity at 33 stations covering the WBW. PET was
calculated according to the Penman-Monteith equation (Allen
et al., 1998, 2005). The variable storage method developed by
Williams (1969) was chosen for the streamflow calculation
process. This method calculates the difference between the
inflow and outflow as a function of the time elapsed following
prism water storage. Runoff was calculated with the CN
method. The simulation period was defined from 1980 to 2013
(a 34-year simulation period) with a warming period of 2 years.

Model Sensitivity Analysis, Calibration, and
Validation

Sensitivity analysis, calibration and validation of the WBW
model were automated at monthly time steps in SWAT-
Calibration Uncertainty Program (CUP) software through the
Sequential Uncertainty Fitting version 2 (SUFI-2) algorithm
(Schuol and Abbaspour, 2006; Abbaspour, 2015; Abbaspour
et al., 2018). The SUFI-2 algorithm was chosen in this study
because of its wider use in simulation studies with the SWAT
model. This algorithm has been verified to be quite effective
for complex models associated with long computation times.
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In addition, the effectiveness of this algorithm has already
been demonstrated based on satisfactory sensitivity analysis,
calibration and validation result in several basins. The SUFI-2
algorithm was employed for WBW QSWAT model calibration
and validation according to the method described by Arnold
et al. (2012), Abbaspour (2015), and Abbaspour et al. (2018).
Model calibration and validation are important to perform a
comparative analysis of observed and simulated data. Nineteen
parameters were selected based on the literature and previous
studies conducted in Cote d’Ivoire (Anoh et al.,, 2017; Koua
et al,, 2019) (Table 1). Sensitivity analysis, encompassing 500
simulations, was performed through model operation while
varying a particular value of a given model parameter within a
prescribed range. The calibration and the validation of the model
were carried out on periods where the data are complete on the
four gauging stations. Calibration was performed from 1982 to
1985 with five iteration steps for a total of 2,500 simulations, and
validation was performed from 1986 to 1989 with one iteration
step for a total of 500 simulations. The observed and simulated
streamflows at four gauging stations in the WBW were compared
in SWAT-CUP software.

In this study, two objective functions were employed for
calibration: the Nash-Sutcliffe (NS) coeflicient and the coefficient
of determination (R?). Santhi et al. (2001) and Coftey et al. (2004)
recommended the joint application of R?> and NS as a method
to analyze and evaluate simulations at monthly time steps. The
performance of the model was therefore evaluated considering
quality statistics based on these two objective functions.

¢ 2
(Qu - Qs)
NS=1- E —— )
i=1 (Qo - Qo)2

R2 _ [Zle (Qo,i - 60) (Qs,i - 63)]2
[25:1 (Qu,i - 60)]2 [Zgzl (Qs,i - as)]

NG

where:

Q,: observed or measured streamflow;

Q: simulated streamflow;

Q, : average value of the observed or measured streamflows;
Q: average value of the simulated streamflows; and

i is the i observed/measured or simulated data.

In addition, two statistical parameters were determined to
quantify the calibration and validation results (the simulation
uncertainty in particular), namely, the p-factor and r-factor.

k
1
Pfactor = % Z (sz - Xpl) (4)
1
ﬁ ctor
Tfactor = Jact (5)
ox

where:

k: number of observed or measured data points;
Xpy: cumulative distribution percentage of the simulated
points corresponding to 2.5%;

TABLE 1 | List of parameters analyzed with the SUFI-2 algorithm.

Parameters Description Spatial entity

CN2 SCS runoff curve number HRU (.hru ou.mgt)
under moisture condition Il

ALPHA_BF Base flow alpha factor HRU (.gw)

SOL_AWC Available water capacity of Sub-basin (.sol)
the soil layer

GW_DELAY Groundwater delay time HRU (.gw)
(days)

ESCO Soil evaporation Basin (.hru et.bsn)
compensation factor

GWQMN Threshold contribution of HRU (.gw)
shallow aquifers to channel
flow

CH_K2 Effective hydraulic Basin (.rte)
conductivity of the main
channel

CH_N2 Manning roughness Sub-basin (.rte)
coefficient of the main
channel

SLSUBBSN Average slope length Sub-basin (.hru)

GW_REVAP Groundwater re-evaporation HRU (.gw)
coefficient

ALPHA_BNK Base flow alpha factor for Sub-basin (.rte)
bank storage

SOL_K Saturated hydraulic Sub-basin (.sol)
conductivity

SOL_BD Moist bulk density Sub-basin (.sol)

SURLAG Surface runoff lag time Sub-basin (.bsn)

EPCO Plant uptake compensation Sub-basin (.bsn)
factor

REVAPMN Threshold evaporation from HRU (.gw)
groundwater

RECHRG_DP Deep aquifer percolation HRU (.gw)
fraction

HRU_SLP Average slope steepness Sub-basin (.hru)

OV_N Manning’s n value for Sub-basin (.hru)

overland flow

Xpy: cumulative distribution percentage of the simulated
points corresponding to 97.5%; and
ox: standard deviation of measured quantity X.

The NS coefhicient value ranges from —oo (reflecting a very weak
adjustment between the observed and simulated values) to 1
(reflecting a very strong adjustment). An NS value < 0 could
indicate that the mean variable value could be the best model
prediction result. A model is generally deemed unsatisfactory for
NS < 0.5. Moreover, 0.5 < NS < 0.65 indicates a satisfactory
performance, 0.65 < NS < 0.75 indicates a good performance,
and 0.75 < NS <1 indicates a very good performance. The
R? value varies between 0 and 1 for a perfect model. An R?
value > 0.5 indicates a good agreement between the observed
and simulated data. The best simulation results exhibit a p-
factor value approaching 1 and an r-factor value approaching 0.
Thus, in acceptable simulations, a suitable balance between these
parameters must be achieved. According to Abbaspour (2011,
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TABLE 2 | List of the restriction criteria for hydropower potential evaluation.

Criteria Type Description

Order of the stream >3 To ensure a sufficient water

according to Strahler flow amount;

(1957) To select permanent
streams

Average slope of the >2% To ensure a sufficient water

river relief

Average water head >5m

Urban agglomerations

Residential, industrial or
economic areas with
high human activity
intensity

To reduce environmental
and human damage;
protected areas must be
avoided whenever possible

to preserve the environment

Protected areas Reserves and national

parks
Distance between two >10km

consecutive sites

The minimum distance
between consecutive
hydropower sites should not
be smaller than 10 km

2015), a p-factor value of at least 0.7 and an r-factor value < 1.5
are acceptable for model calibration and validation purposes. The
p-factor is the fraction of measured data bracketed by the 95PPU
band and varies from 0 to 1 (where 1 indicates 100% bracketing
of the measured data within model prediction uncertainty). Xp,
and Xp1 are, respectively, the upper and lower boundary of the
95PPU. The quantity (1 - p-factor) could hence be referred to
as the model error. The r-factor is the ratio of the average width
of the 95PPU band and the standard deviation of the measured
variable (Abbaspour et al., 2015).

Assessment of the Hydropower Potential

In this study, the gross hydropower potential was assessed
along each stream branch in the WBW. This parameter
typically depends on the streamflow and water head and was
assigned a weighting coeflicient. The hydropower potential was
calculated and assigned to each branch of the streamflow network
considering the flow volume generated by the watercourse branch
from upstream to downstream of the sub-basin and elevation
difference. The water head was determined from the DEM
based on the difference in height between the start and end
of the stream section. The hydropower potential P (in W) can
be calculated with the equation of Maher and Smith (2001),
as follows:

P (W) =p.gQh (6)

where:

p: density of water (1,000 kg/m?),

g: gravitational acceleration (9.81 m/s);
Q: discharge (m3/s); and

h: difference in elevation (water head) (m).

Selection of Future Hydropower Potential
Sites

Potentially exploitable sites for future hydropower development
were selected with a geospatial tool in GIS software. Certain
criteria linked to environmental, topographical, and hydrological
restrictions were considered to select probable future sites
(Table 2). These criteria were superimposed in GIS software,
and geospatial analysis was performed to select probable future
hydropower sites. A search distance of 10 km is used assuming
that the minimum distance between consecutive hydropower
sites should not be smaller than 10km. The hydropower sites
are searched from upstream to downstream of the stream based
on the criteria defined on the gross hydropower. The search for
potentially exploitable sites terminates when the site respects the
set restriction criteria. These criteria are very similar to those
reported by Kusre et al. (2010), Pandey et al. (2015), Tarife et al.
(2017) and Korkovelos et al. (2018). A filter was employed in
the GIS-based on these criteria to identify future hydropower
potential sites. The hydropower production ratio (Rp,) was
calculated per linear kilometer. This ratio represents the linear
density of hydropower production given by:

PHexp
L

Rpp = ™)

where:

Rpp: linear production density (W/km or kW/km);
PHeyp: exploitable potential (W or kW); and
L: stream length (km).

Figure 3 summarizes the methodology used for the hydropower
potential assessment and the identification of the potentially
exploitable sites. The figure shows the input and output data of
the whole framework.

RESULTS AND DISCUSSION

Model Calibration and Validation

The WBW SWAT model was calibrated at monthly time steps,
with 5 iteration steps for a total of 2,500 simulations at 4 stations
in the sub-basins of Badikaha (SB 62), Tortiya-amont (SB 97),
Tortiya-aval (SB 135), and Marabadiassa (SB 137) from 1982 to
1985 (4 years). The best calibration parameters were applied in
model validation without any other changes. A single iteration
step of 500 simulations was enough to validate the WBW
model from 1986 to 1989 (4 years). Model performance and
robustness evaluation parameters (NS, R%, p-factor, and r-factor)
were calculated for each station during calibration and validation.
Figure 4 shows the calibration/validation results for the SWAT
model. Figures 5, 6 show the correlation between the observed
and simulated monthly streamflows during the calibration and
validation periods, respectively. Model calibration and validation
in the 4 sub-basins yielded R? and NS values >0.5. The p-
factor values ranged from 0.70 to 0.81 for the calibration
period and from 0.63 to 0.73 for the validation period. The
statistical tests of p-factor indicated that 70-81% and 63-73%
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of observed streamflow, respectively, over the calibration and
validation period, are framed by the 95PPU band with model
errors estimated between 19 and 30%. These p-factor values
being close to 1 (100%), they are satisfactory. The r-factor
values ranged from 0.49 to 0.71 for the calibration period and
from 0.32 to 0.54 for the validation period. These values were
<1.5 and quite close to 0, respectively. The p- and r-factor
values for the calibration/validation periods were acceptable.
There existed a good correlation between the observed and
simulated monthly streamflows during the calibration/validation
periods. The model attained a good performance and robustness
regarding streamflow simulation in the WBW. The SUFI-2
algorithm considers model uncertainties. The SWAT parameters
adopted to evaluate the model performance and robustness are
summarized in Table 3.

Hydrological and Hydrogeomorphological

Characterization of the WBW

DEM processing yielded hydrological and
hydrogeomorphological characteristics of the basin. Figure 7
shows the streamflow network, watershed outline, and sub-
basins extracted from the DEM with the SWAT model coupled
to geospatial tools.

The hydrographic network of the study area was extracted
considering the watershed outlet at Kossou and threshold, which
was set to 100 km? This threshold resulted in a network
with a total length of ~2,605km. The mainstream length was
~736.3 km. The total area of the WBW estimated with the model

covered ~32,898 km?. The results indicated that the network of
the WBW is quite dense, and drainage is quite important. This
could comprise a considerable asset for hydropower generation
in the basin.

A total of 185 HRUs was discretized. An HRU is a small
unit, representing a combination of land use, soil type, and
slope in SWAT hydrological modeling. Figure 8 shows a spatial
distribution of the discretized HRUs.

Analysis of the HRUs in the basin indicates that savannah
plants constituted the dominant vegetation type in more than
88% of all HRUs. In addition, the dominant soil types in over
81% of all HRUs included Acrisols (Ferric, Plinthic, and Orthic
Acrisols). The proportion of surface water reached ~6%. The
slopes were relatively low, and in 60% of all HRUs, the slope
varied between 0 and 6%.

Water Availability

The discharge flow of the WBR was assessed from 1980 to
2013. Figure9 shows the hydrological modules of the WBR
for this period. The model synthesizes the average annual river
flows over at least 30 years high discharge values occurred
in Kossou and Yamoussoukro. The northern basin generally
attained lower discharge values than those of the southern basin.
Simulated average discharge values were considered to assess the
hydropower potential of the WBW.

Hydropower Potential and Future Sites
First, the gross hydropower potential of the WBW was
assessed without limitations or constraints on the entire
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hydrographic network (Figure 10). Then, the exploitable
hydropower potential was determined with geospatial tools and
via superimposition of criteria linked to environmental,

topographical, hydrological, and geological restrictions

in GIS software (the order of the streamflow network,
average stream slope, difference in level or water head,
and protected areas such as national parks and reserves)
(Figure 11).
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TABLE 3 | WBW model performance/robustness parameters during the
calibration and validation periods.

Stations Parameters Calibration Validation
(1982-1985) (1986-1989)

SB 62 NS 0.83 0.69

Badikaha R2 0.84 0.77
p-factor 0.70 0.63
r-factor 0.56 0.32

SB 97 NS 0.80 0.81

Tortiya-amont R? 0.83 0.84
p-factor 0.75 0.73
r-factor 0.49 0.38

SB 135 NS 0.83 0.76

Tortiya-aval R? 0.86 0.78
p-factor 0.71 0.69
r-factor 0.71 0.54

SB 137 NS 0.89 0.63

Marabadiassa R2 0.90 0.64
p-factor 0.81 0.70
r-factor 0.58 0.57

Finally, in geospatial analysis, the criterion involving a
distance of at least 10 km between two exploitable sites enabled
the identification of 22 potentially exploitable sites spread across
8 sub-basins, with an estimated total hydropower production
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FIGURE 7 | Automatic extraction of the streamflow network, watershed
outline, and sub-basins in the study area.

capacity of ~538.56 MW. Figure 12 shows these potential sites
for future hydropower deployment and their geospatial location
in the WBW.
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2013.

Table 4 provides a summary of these potentially exploitable
sites by the sub-basin. The total hydrographic network of
hydroelectric production is ~238.29km, covering an area of
2,450.7 km? or ~7.45% of the total area of the WBW.

The hydropower generation ratio (linear production density
per kilometer) was also determined in the WBR (Table 5).
This ratio is necessary to better appreciate the hydroelectric
production capacity of each stream in the sub-basin considered.

Analysis of the results revealed that SB 171 exhibited the
highest linear density of hydroelectric generation per kilometer,
at 11.47 MW/km. SB 171 could represent the most productive
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FIGURE 11 | Assessment of the exploitable hydropower potential of the WBW.

SB of the WBW. SB 101 was the least productive sub-basin,
with the lowest linear production density value of 0.23 MW/km.
The 22 hydropower potential sites were classified according to
their production capacity. The results indicated three (3) types
of hydropower potential sites in the WBW: small-hydropower
potential sites accounting for 82% of all hydropower potential
sites, medium-hydropower potential sites accounting for 9% of
all hydropower potential sites, and large-hydropower potential
sites accounting for 9% of all hydropower potential sites
(Figures 13, 14).

DISCUSSION

In this study, the applicability and performance of a distributed
agro-hydrological model of the WBW, namely, QSWAT, were
assessed. Agrohydrological models coupled to GIS tools are of
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great interest not only for the integration of different data sources
into a single system but also for model output processing. This
is also important within the context of multi-objective analysis.
The results obtained via WBW modeling confirm that the
model can simulate the hydrology of the WBW. The streamflow
network automatically extracted from the DEM is similar to that
reported in the literature (Lehner et al., 2008; Dallaire et al.,
2019). This confirms the QSWAT performance and applicability
in future hydro-morphological basin studies. However, the
model underestimated the peak flows at the four hydrometric
stations both over the calibration and validation period. This
underestimation of peaks could be linked to the quality of the
input data (Tan et al., 2021), to the parameterization, or a limit of
the SWAT model (Koua, 2014).

Notably, the results are satisfactory with NS coeflicient and
R? values >0.5. In our study, the comparison of the results
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>
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between the observed and simulated streamflows demonstrates
that there exists a good correlation between the observation
and simulation values during both the calibration and validation
periods. The NS and R? values are acceptable according to
Santhi et al. (2001) and Coffey et al. (2004). Additionally,
the p-factor value approaches 1, and the r-factor value is
<1.5. According to Abbaspour (2011, 2015), these values are
considered acceptable to validate the SWAT model. Overall, the
model is accurate.

The hydropower potential of the basin was assessed by
coupling the above agro-hydrological model and geospatial
tools. The equation considered to assess the potential is
that developed by Maher and Smith (2001). This equation
does not consider the overall system efficiency, which
already assumes the installation of a turbine, transformer,
generator, and/or pump. In contrast, this equation is based
on the assessment of the gross theoretical potential of the
hydrographic network. Depending on the restriction criteria
defined, this study identified 22 potentially exploitable sites
for future hydropower deployment. These sites were divided
into small, medium- and large -hydropower potential sites.
Small-hydropower potential sites dominated the basin with an
estimated proportion of 82%. The total production capacity

TABLE 5 | Linear density of hydroelectric generation by the sub-basin.

g . . ] SB Stream length Sites  Capacity (MW) Linear density
S S (km) (MW/km)
puakeé Legend 60 18.06 2 10.20 0.56
- * Locality , , 101 36.52 3 8.49 0.23
S Kossou S| © Potentially exploitable sites
§ + + § > Outlet 118 22.84 3 74.37 3.26
@ 0 25 50km & | — Streamflow network
——— Bl Water body 119 22.22 2 28.78 1.30
Yamoussoukro [ White Bandama Watershed
100000 200000 300000 120 38.90 2 67.42 1.73
123 62.66 6 110.52 1.76
FIGURE 12 | Geospatial location of the potentially exploitable sites for future 134 18.13 2 21.30 117
hydropower deployment in the WBW. 171 18.96 2 217.48 11.47
TABLE 4 | Distribution of the potentially exploitable sites by the sub-basin.
SB Area (km?) Stream Strahler Elevation Hydrological Average Potential Hydropower Total
length (km) order (m) model (m3/s)  slope (%) sites potential capacity
(MW) (MW)
Min Max
60 240.71 18.06 3 282 288 86.67 0.033 2 5.10 10.20
101 478.36 36.52 3 309 318 32.03 0.025 3 2.83 8.49
118 204.63 22.84 4 208 225 168.48 0.074 3 24.79 74.37
119 317.23 22.22 4 225 233 162.96 0.036 2 14.39 28.78
120 308.82 38.90 4 233 254 156.20 0.054 2 33.71 67.42
123 487.07 62.66 3 260 309 37.55 0.078 6 18.42 110.52
134 246.61 18.13 4 188 194 180.99 0.033 2 10.65 21.30
171 167.27 18.96 4 165 185 291.70 0.158 2 108.74 217.48
Total 2,450.7 238.29 22 538.56
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was estimated at ~538.56 MW. The hydropower potential
assessment methodology was quite similar to that of Kusre
et al. (2010). However, although noteworthy, this approach
suffers limitations and requires other more in-depth socio-
economic and technical analysis approaches. The restriction
criteria for the identification of potentially exploitable sites
included parameters that are only partially described in this
work. Other important parameters should be considered
(Korkovelos et al., 2018), such as economic feasibility, social
acceptability, legal/geopolitical constraints, and water use
conflicts. Overall, the results indicated that the WBW contains
an important hydropower potential, the exploitation of which
could provide electricity to various populations, especially those
in remote areas.

The geospatial distribution of sites in GIS software comprises
the basis in the process of establishing a hydroelectric
information system with spatial references, which could

be employed as a decision-making tool. The efficiency
and performance of this tool depend on good-quality
data and constant updating. Although the results of this
study are interesting, they impose certain reserves. Any
modeling study may show many uncertainties related to
the quality of the model input data, observation data for
model calibration/validation, and the model itself. Instead,
these results provide a basis for further improvements.
The hydropower potential values obtained in the WBW
could present imperfections and/or inaccuracies due to the
combination of several data of different spatial or temporal
resolutions. However, they should be considered as indicators
of the effective availability of hydropower in the basin.
The identification of future sites for hydroelectricity by
basin is important and would be an asset for decentralized
hydroelectricity supply. These results could be served as
an initial step for a practical site selection process at a
watershed scale. Moreover, the methodology can be applied
to other basins to estimate the hydropower potential.
Hydropower deployment is an efficient solution to rural
electrification and serves as an electrification option in today’s
electrification challenge.

CONCLUSION

The purpose of this study was to apply a hydrological
model combined with GIS technology (QSWAT) to assess the
hydropower potential and identify probable hydropower sites for
future hydropower development.

The coupled hydrological QSWAT model enabled the
extraction of physical, hydrological, and agro-pedological basin
parameters: basin contour, sub-basins, hydrographic network,
order of the rivers, level difference, HRUs, land use, and soil types.

Model calibration and validation at monthly time steps
were carried out at four WBW stations. The obtained p-
factor, r-factor, R?, and NS values were considered to evaluate
the performance and robustness of the WBW SWAT model.
The results demonstrated that there exists a good correlation
between the observed and simulated monthly flows, with p-
factor values approaching 1, an r-factor value < 1.5, and
R? and NS values between 0.6 and 1. The calibrated and
validated model was applied in flow simulation and evaluation
of the hydropower potential of the WBW. Hydropower
potential assessment identified 8 sub-basins containing 22
potentially exploitable sites, and the total production capacity
was estimated at 538.56 MW. The total hydrographic network
of hydroelectric production reached ~238.29km, covering an
area of 2,450.7 km? in the WBW. Hydrological modeling
enabled geolocation of potentially exploitable sites for future
hydropower deployment. In addition, the results indicated that
the basin was dominated by small-hydropower potential sites,
accounting for 82% of all sites, followed by medium- and
large-hydropower potential sites, each accounting for 9% of all
sites. The methodology and obtained results could serve as a
basis for the creation of a hydroelectric information system
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with spatial references, which could be employed as a decision-
making tool in energy matters. This approach could be adopted
to support electrification decentralization and thus guarantee
energy security.

Considering this study, additional work to assess the
hydropower potential should include, in the applied approach,
an assessment of the impacts of climate change combined with
several scenarios of land use at different climatic horizons. In
addition, other aspects should be considered in future research
to identify potentially exploitable hydropower generation
sites, namely, economic feasibility, social acceptability,
legal/geopolitical constraints, and water use conflicts.
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