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Abstract: Hydropower is one of the major renewable energy resources worldwide faces challenges day after day. Climate 
change and anthropogenic pressures can have negative impacts on hydropower production. This paper considers reservoir-
dams in the GR2M hydrological model in order to simulate the impacts of anthropogenic water withdrawals on the 
hydropower potential of the Ouémé River basin (Benin) by 2040. The rain-flow model, GR2M of the National Institute for 
Research in Science and Technology for Environment and Agriculture (IRSTEA) is used to estimate the impacts of two 
scenarios of future water withdrawals on the hydropower potential of the Ouémé River. Water withdrawals taken respectively 
at the Bétérou, Savè and Kétou sites, representing the Ouémé River, using multifunction tanks and mixed tanks were carefully 
analyzed. The results obtained show that the mixed reservoir scenario is more tolerant to water withdrawals compared to the 
multi-function reservoir scenario regardless of the site considered. In addition, high sensitivity of the hydropower potential to 
annual water withdrawals was observed at Bétérou, which was relatively lower at the Savè and Kétou sites. Moreover, with the 
mixed reservoir scenario, Savè and Kétou sites show stability in their production at water withdrawals rates lesser than 10% 
and 20% respectively. This study highlights the importance of the Ouémé basin’s potential, the exploration of which would 
constitute a strong link in the development strategy of energy and hydro-agricultural sectors of Benin Republic. 
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1. Introduction 

In his perpetual pursuit of well-being, mankind has 
destabilized the planet earth equilibrium by emitting 
excessive greenhouse gases into the atmosphere. 
Consequently, there is an acceleration of extreme weather 
phenomena due to the destruction of the ozone layer. Despite 
the fact that some natural processes lead to environmental 
and climatic changes, current research indicates that these 
processes are insignificant compared to man-made processes 

[1]. 
In tropical Africa, surface water resources dependent on 

verry irregular rainfall over time and space, are becoming 
increasingly limited due to climatic deterioration [2]. 
Subsequently, this region of Ouémé (Benin), is exposed to 
chronic food crises due to drought and floods. To adapt to it, 
many West African countries adopted integrated water 
resources management policy by setting up dams, not only to 
regulate the flow of watercourses but especially for the 
promotion of irrigated agriculture with a view to averting 
food crises. In fact, in Benin, the Ouémé basin alone 
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accounts for about 45% of the 13 billion cubic meters (m3) of 
surface water and 60% of the 2 billion m3 of annual recharge 
of groundwater [3]. This represents a strong hydroelectric 
and agricultural potential but also a strong threat for coastal 
cities, particularly in terms of flood risk. On the Ouémé 
basin, there is still no hydropower production facility. A 
study was conducted in 1992 on the optimal development of 
Ouémé River hydropower potential [4]. The results led to the 
selection of eight construction sites for hydroelectric dams. 
The impacts of dams in general and anthropogenic pressures 
in particular on river flows are specific to watersheds and 
management objectives (flood capping, irrigation, 
hydroelectricity) and also to the type of climate [5, 6]. 
Hydrological studies addressing the issue of surface water 
withdrawals aim to analyze the impacts of one or more dams 
on the hydrological behavior of a given watershed, but few 
syntheses or general exist [7]. The embryonic state of 
research in this area is mainly due to the lack of a reliable 
scientific quantification method of water withdrawals. To 
date, two conventional approaches have been used to 
estimate water withdrawals. The first approach distributes 
water withdrawals uniformly throughout the year [8], which 
is unrealistic in the current climate change contexts where 
spatial and temporal variability of water needs are very 
obvious. The second uses the standards defined by the FAO 
per unit and type of use. The bias associated with this 
approach is according to Hughes and Mantel [9], the 
invariability of this norm in time and space by type of use 
and also the scarcity of reliable information on the number 
and type of use. To circumvent these shortcomings to a 
limited extent, it is proposed in this work, the establishment 
of a method of correlation between sampling and monthly 
evapotranspiration for taking into account water requirements 
in the GR2M model. 

A large number of modelling and simulation of the 
hydrological cycle have been carried out on the Ouémé basin 
in Benin [3; 10]. As part of the Ouémé-2025 project, several 
hydrological models have been applied, but only the gobal 
GR2M model has proved satisfactory at the basin scale by its 
robustness and by its results [10, 11]. These results were 
similar to those obtained on the same historical data by 
Vodounnon [12] and Lawin et al. [13]. The main gap 
identified in the previous studies is their failure to consider 
the impacts of climate change and possible anthropogenic 
pressures. Indeed, the problem of the behavior of the 
hydrological regime and the water resources management of 
the Ouémé River includes the dimensions of the evolution of 
climate and human activities. The climatic dimension is 
concerned with the way in which the variability of climatic 
parameters and their impacts on the Ouémé basin are 
manifested [14]. This study aims to highlight the impacts of 
anthropogenic surface water withdrawals on the hydropower 
potential of the Ouémé basin by 2040. It is a question of 
integrating these collected water, restored or not, into the 
model GR2M in order to simulate their impacts on the 
hydropower production of the sites of Bétérou (in Bétérou 
Amont), Savè (in Béthel-Bis) and Kétou (in Dogo), three 

representative sites of the Ouémé basin in Benin. 

2. Material and Methods 

2.1. Study Area 

The Ouémé basin (Figure 1) covers an area of 47,000 km2, 
about 43% of the country's surface [15]. Located between 6.8 
and 10.2° Latitude North, the Ouémé basin is characterized 
by a transition from the Sudanese climate in the North with 
an average of 900 to 1000 mm of precipitation per year, the 
climate of Benin in the south with 1200 mm of rain per year 
on average. About 89% of the Ouémé River basin is located 
in Benin, 10% in Nigeria and 1% in Togo [16]. Its basin has 
an average annual temperature of 26 to 30°C [16]. From a 
hydrological point of view, this basin is characterized by 
lower and lower water flows and the early drying up of 
seasonal courses [17]. The Ouémé River is 510 km long and 
leads to two considerable affluents (Okpara and Zou). It 
flows towards Lake Nokoué (150 km2) and falls into the sea 
through the coastal lagoon [18]. 

 

Figure 1. Description of Basin flowing from Ouémé River and location of 

the 3 representative sites. 

2.2. Data Used 

The data used in this work are listed as follows: average 
monthly flow, monthly average water height, the height of 
natural drop, the monthly average evapotranspiration and the 
average monthly electrical potential of the three 
representative sites of the different areas of the Ouémé River 
namely Bétérou, Savè and Kétou. The collected data covers 
the periods from 2017 to 2040. They come from research 
carried out on the Ouémé River at the 2040’s horizon by 
Nounangnonhou et al. [19]. Due to the unavailability of a 
reliable database on water withdrawals in the Ouémé River 
basin, a database that can be used to model and predict future 
trends, a series of forecast based on water withdrawals taken 
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in the year 2011 alone were therefore used in the present 
study: 221,000,000 m3 in Bétérou [3], 4,200,000 m3 in Savè 
and 3,000,000 m3 in Kétou [20]. These values were used to 
simulate the future behavior of the hydropower potential of 
the river basin. 

2.3. Methods 

Based on annual water withdrawals data from 2011 in 
Bétérou [3], Savè and Kétou [20], monthly water 
requirements (monthly water withdrawals) were generated 
from the monthly coefficients of potential evapotranspiration 
(PET), previously determined by the arithmetic mean 

method. This methodology is based on an assumption of the 
existence of a strong correlation between the potential 
evapotranspiration and the needs of water withdrawals 
intended for irrigation because the soils are considered to be 
rocky type with very low permeability to water [21; 22]. 
Thus, the water requirements determined are the monthly 
water withdrawals (Qp) to be used as input to the GR2M rain-
flow model developed by the National Research Institute of 
Science and Technology for the Environment and Agriculture 
(IRSTEA) that takes into consideration water withdrawals 
[23]. 

 

Figure 2. IRSTEA’s GR2M rain-flow model with consideration of anthropogenic water withdrawals [23]. 

The water deriving from the average monthly precipitation 
(P) and discharges into the basin (Figure 2) is subdivided into 
water intercepted by the plants, water retained by the soil, 
infiltrated water and water flowing at the surface [24]. All of 
the intercepted water and some of the water retained by the 
soil are lost through evaporation and transpiration [25]. 
Excess water flowing over the surface contributes 
significantly to the outfall flow (Q). It is divided between a 
more direct path P1 and the production reservoir having a 
filling level S and a maximum capacity X1. A portion of the 
reservoir water is used to meet the evapotranspiration 
demand and a quantity P2 infiltrates into the soil, thus adding 
to P1 to form P3 with a fill level R. This reservoir can gain or 
lose water with the outside of the basin according to the 
coefficient of underground exchanges X2. It empties 
according to a quadratic function to form the flow (Q) of the 
watercourse. The parameters X1 and X2 are determined by 
forcing the model by the chronicity of rain and potential 
evapotranspiration by a calibration on the observed flows. 

With this model, water withdrawals made in the river basin 

have a direct impact, they can modify the flow of the river. 
For the volumes pumped in the aquifers, the impact is 
different with an extraction which is carried out at the level 
of the routing reservoir R as indicated in Figure 2. However, 
the hydrogeological formations of the middle and upper sub-
basins of the Ouémé (study area) consist of two types of 
groundwater. The first type is located in the sandy-clayey 
alteration zone with a thickness generally of the order of 10 
to 30 m. Their accessibility is very difficult because the 
permeability of these zones is very low and often in the order 
of 8.10-6m/s [26]. 

The second type is located in the crystalline basement 
which does not contain a continuous aquifer because of the 
absence of porosity. These rocks are almost impervious if 
they are not cracked or altered [3]. Because of these 
constraints, most previous studies are based on surface water 
catchment. In view of the challenges with the two types of 
groundwater described above, it can be considered that the 
quantities of water extracted in the aquifers are negligible 
compared to the quantities taken from surface water. To 
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evaluate the impact of the water withdrawals on the 
hydropower production, two scenarios were simulated. 

The first scenario is based on the analysis of the behavior 
of a single multipurpose dam towards the impacts of climate 
change and anthropogenic water withdrawals of low water. 
This scenario is conceived around the hydroelectric dams of 
Bétérou, Savè and Kétou as the only ones to satisfy all the 
surface water needs in time and space by having as main 
function-objective the hydropower production. 

The second, described as a mixed reservoir scenario, is 
based on the creation of intermediate reservoirs between 
multipurpose dams on the river and its affluents. These 
intermediate dams are then intended to collect excess water 
during periods of flood and water directed by multipurpose 
dams during periods of low water, for mainly agricultural and 
domestic uses when needed and especially during periods of 
drought.  

For each scenario, the obtained flows 	��  after the water 
withdrawals, are used to determine the annual potential 
hydropower energy E (GWh) defined by: 

�����	 
 ∑ ���� , ��	. ��
����
���                   (1) 

Where 	���� , ��	 is the monthly potential electric power 
[27] expressed in Gigawatt (GW) as follows: 

���� , ��	 = 
�.��.��.��

����
                            (2) 

�� 
 �� + ��                                (3) 

With: 
Qi: average monthly interannual flow of month i expressed 

in cubic meters per second (m3/s); 
��: the total water drop (difference between the upstream 

level and the downstream level of the plant, 
Ti: the production time associated with the rate Qi 

expressed in hours (h), 
�� : the natural fall of the hydroelectric plant (natural 

elevation of the site) 
��: the height of water upstream of the water reservoir 
Finally, for the evaluation of annual potential hydropower 

generation, the following constraints have been considered: 
If 

	�� �	1.25. �� , �����	 
 ∑ ���� , ��	. ��
����
���       (4) 

�� � ��  1.25. �� , �����	 
 ∑ ��0.8. �� , ��	. ��
����
���   (5) 

If 

��  ������ , ��	 
 0 et �� 
 0              (6) 

With Qn the nominal flow rate of the hydraulic turbine 
installed. 

3. Results and Discussions 

In this part, we first present the results recorded following 
the application of multifunction scenario procedure on each of 
the three reference sites of the Ouémé River basin, followed by 

their interpretation. This scenario derives from the construction 
of three large multipurpose hydroelectric dams on the Ouémé 
River, namely: Kétou (Dogo), Savè (Bethel-Bis) and Bétérou 
(Bétérou Amont). In this scenario, all possible water 
withdrawals are made in the dam intended for the production 
of electricity and especially during periods of low water and 
drought. The second part presents the results and discussion of 
the scenario labelled mixed, which includes, in addition to the 
three large multipurpose hydropower dams, the construction of 
a number of small dams on the affluent in order to receive 
excess water withdrawals during floods. These volumes of 
water withdrawals are therefore used for hydropower 
production but are instead intended for other uses (agricultural, 
domestic, etc.). 

3.1. Multifunction Scenario 

Figures 3.a, 3.b and 3.c show respectively on the sites of 
Bétérou, Savè and Kétou, the curves of evolution of the 
hydropower potential of the Ouémé River according to the 
rates of water withdrawals applied. The rate T = 0% is used 
to display the reference curve, which is the obtained 
hydropower potential on the assumption that, there has been 
no water withdrawal from the river. 

In the Figure 3, it became clear with this scenario, that 
water withdrawals in the Ouémé basin is likely to reduce the 
hydropower production capacity of all the sites under 
consideration, but to some varying degrees. For rates lower 
than 5% and 20%, water withdrawals will have almost no 
impact on electricity production respectively in Savè and 
Kétou. 
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Figure 3. Simulation of the annual hydropower potential of the Ouémé River 

according to the water withdrawals rates using the multifunctional scenario. a) 

Case of the Bétérou site; b) Case of the Savè site; c) Case of the Kétou site. 

Unlike these two sites, Bétérou site shows more sensitivity 
to the water withdrawals, even at a rate of 2.5%. This may be 
due not only to the direct impact of climate change (reduction 
of rainfall and elevation of ETP) which has considerably 

reduced the hydrology of the Ouémé River to Bétérou [3; 10] 
but also to the current volumes of water withdrawals that are 
huge in Northern Benin (221 million cubic meters in 2011). It 
is equally important to note that, the year 2028 turns out to be 
a year of rupture where electricity production has declined 
regardless of the rate of water withdrawals for all the sites. 
This is noticed on the reference signals (T = 0%) but the 
decrease is very pronounced for the rates higher than 12.5% 
and 25% on the sites of Savè and Kétou respectively. Finally, 
the sites of Savè and Kétou offer water withdrawals 
possibilities relatively higher than that of Bétérou. The 
highest collection rate is 30% in Kétou. This high percentage 
could be explained first by the density of the hydrology of 
the production site and secondly by the weakness of the 
current quantities of water withdrawals in this region which 
is located in the upstream side of the majority of irrigable 
perimeters of the Ouémé River. 

Table 1 shows the reduction that would be generated over 
the period 2017 to 2040 by the anthropogenic water 
withdrawals on the hydropower production of the Bétérou, 
Savè and Kétou sites of the Ouémé River. 

Table 1. Hydropower potential reductions caused by future water withdrawals at the Bétérou, Savè and Kétou sites according to the multifunctional scenario. 

Units 

Rate of 

water with 

drawals 

Bétérou Site Savè Site Kétou Site 

Average annual 

hydropower 

production 

(2017-2040) 

Average 

reduction on 

hydropower 

production 

Average annual 

hydropower 

production 

(2017-2040) 

Average 

reduction on 

hydropower 

production 

Average annual 

hydropower 

production 

(2017-2040) 

Average 

reduction on 

hydropower 

production 

% GWh % GWh % GWh % 

 2.5 57.49 18.50 88.15 0.64 380.55 0.27 
 5 43.55 38.26 87.78 1.05 380.00 0.41 
 7.5 27.13 61.54 85.34 3.81 379.11 0.64 
 10 - - 83.55 5.83 373.74 2.05 
 12.5 - - 80.03 9.79 373.06 2.23 
 15 - - 76.35 1.95 372.98 2.25 
 17.5 - - 70.94 20.04 372.25 2.44 
 20 - - 60.98 31.27 371.20 2.72 
 22.5 - - - - 367.43 3.71 
 25 - - - - 351.49 7.88 
 27.5 - - - - 337.21 11.62 
 30 - - - - 270.09 29.21 

 
As shown in Table 1, when the 7.5% retention rate of the 

2011 reference value is maintained, Bétérou's production will 
fall by 61.54% over the 2017- 2040 with a production 
shutdown in 2032. At the same rate of 7.5%, the Savè and 
Kétou stations will show a decrease of 3.81% and 0.64% 
respectively. These results confirm that the latter two sites are 
insensitive to low water withdrawals rates, unlike that of 
Bétérou. In addition, it appears that the Savè plant will cease 
electricity production in 2039 when its dam will be subject to 
the average annual rate of 20% water withdrawals (compared 
to the 2011 water requirements). At this same rate however, 
the production in Kétou seems stable with a drop of 2.72%. 
This confirms the robustness of the Kétou site. However, 
when the Kétou site would be subject to an average annual 
water withdrawals rate of about 30%, its production would be 
strongly impacted to the point where it will not be profitable 

to produce electricity from the year 2038 which marks the 
probable cessation of production in Kétou. To improve the 
phenomena observed at these three sites, another alternative 
has been explored: the mixed scenario. 

3.2. Mixed Scenario 

Figure 4 presents the evolution of the hydropower 
production potential of the three representative sites of the 
Ouémé River according to the water withdrawals taken in the 
period from 2017 to 2040. This figure reveals, as in the case 
of the multifunctional scenario, that the sensitivity of the 
hydropower production to anthropogenic water withdrawals 
is not the same in comparison with the multifunction 
scenario. 
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Figure 4. Simulation of the annual hydropower potential of the Ouémé River 

according to the water withdrawals rates according to the mixed scenario. 

a) Case of the Bétérou site; b) Case of the Savè site; c) 
Case of the Kétou site With the mixed scenario, the different 
hydropower production curves are closer to each other, 
contrary to what is observed in the multifunction scenario. 
The scenario makes the Bétérou power station less sensitive 
to water withdrawals rates of less than or equal to 7.5%. This 
implies a significant increase in water volumes that could be 
collected at all hydropower generating sites in the Ouémé 
River Basin and in Bétérou particularly, without a remarkable 
degradation of the hydropower potential. 

Table 2. Hydropower potential reductions caused by future water withdrawals at the Bétérou, Savè and Kétou sites according to the mixed scenario. 

Units 

Rate of 

water with 

drawals 

Bétérou Site Savè Site Kétou Site 

Average annual 

hydropower 

production 

(2017-2040) 

Average 

reduction on 

hydropower 

production 

Average annual 

hydropower 

production 

(2017-2040) 

Average 

reduction on 

hydropower 

production 

Average annual 

hydropower 

production 

(2017-2040) 

Average 

reduction on 

hydropower 

production 

% GWh % GWh % GWh % 

 2.5 68.40 3.04 88.39 0.37 380.55 0.27 
 5 66.27 6.05 87.78 1.05 380.05 0.40 
 7.5 62.41 11.52 87.03 1.91 380.00 0.41 
 10 47.68 32.41 85.97 3.09 379.91 0.43 
 12.5 - - 82.83 6.64 379.77 0.47 
 15 - - 79.00 10.95 379.54 0.53 
 17.5 - - 75.53 14.86 379.12 0.64 
 20 - - 71.14 19.82 378.24 0.87 
 22.5 - - 66.76 24.75 375.40 1.62 
 25 - - - - 367.41 3.71 
 27.5 - - - - 357.03 6.43 
 30 - - - - 346.23 9.26 
 32.5 - - - - 334.82 12.5 
 35 - - - - 314.86 17.48 

 
As shown in Table 2, the maximum collection rates in 

Bétérou, Savè and Kétou are respectively 7.5%, 20% and 30% 
for the multifunction scenario and 10%, 22.5% and  35% for 
the mixed scenario. Considering the new rates obtained with 
the mixed scenario, it is obvious that the decreases are 
considerably reduced by the application of the mixed scenario. 
The decreases changed from 61.54%, 31.27% and 29.21% to 
11.52%, 19.82% and 9.26% respectively in Bétérou, Savè and 
Kétou sites, which can be expressed in relative reduction as 
81.28% in Bétérou, 36.62% in Savè and 68.30% in Kétou. It is 
clear that the adoption of the mixed scenario brings a lot of 

improvements to the hydropower potential of the various sites 
in general and that of Bétérou and Kétou in particular. For 
rates of less than 10% and 20%, the water withdrawals will 
have almost no major impact on the electrical production 
potential in Savè and Kétou respectively. In addition, a 
hydropower potential in Savè would experience a total 
shutdown of production of electricity in 2040, should the dam 
be subject to an average annual rate of 22.5%. At these same 
water withdrawals, the Kétou site would know only a drop of 
6.43%. This predicts a better hydropower production 
performance on the latter. Even when the Kétou site would be 
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subjected to an average annual rate of water withdrawals of 
about 35%, its hydropower production would not be 
significantly impacted and this prediction indicates that until 
the year 2040, there will only be an average decrease in 
electricity production of 17.48%. Comparing the two scenarios, 
it can be observed that the mixed scenario offers more 
possibilities of extracting water than the multifunctional 
scenario, regardless of the site considered. Indeed, the 
maximum water withdrawals rates are higher for the mixed 
scenario at the three respective sites: 10% in Bétérou, 22.5% in 
Savè and 35% in Kétou compared to the multifunction 
scenario: 7.5% in Bétérou, 20% in Savè and 30% in Kétou. 

Notwithstanding this favorable performance for the mixed 
scenario, it is not advisable to exceed the annual water 
withdrawals thresholds, which are in fact average maximum 
values, of 320,000,000 m3, 23,000,000 m3 and 120,000,000 
m3 respectively for Bétérou, Savè and Kétou sites over the 
period from 2017 to 2040. Any water withdrawals rates 
exceeding these maximum values might significantly impact 
the potentials and therefore the hydropower production of the 
hydroelectric plants to be constructed on these different sites. 

4. Conclusion 

At the end of this study, forecasts show that climate 
change will significantly affect the level of hydropower 
generation capacity. In addition, anthropogenic removals will 
also significantly affect the production of hydropower in the 
Ouémé basin, regardless of the scenario used in the two 
proposed in this study. However, the results allow to 
conclude that the mixed reservoir scenario is the most 
profitable on the study area. As a result, it is most 
recommended for any energy policy initiative or decision 
aimed at hydropower generation on the Ouémé River. 
However, this scenario would contribute to an increase in 
evapotranspiration and water infiltration into the soil. Our 
study could not address the impacts of groundwater 
abstraction on the hydropower potential of the study area. It 
is essential that future studies incorporate this parameter in 
order to reduce the margins of error in the prediction of the 
hydropower potential of this basin. 
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