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Evolution of Sedimentation in a Headrace  lems, reducing the exploitable draft and limiting the production capacity of

Canal for Hydroelectric Production Case of  the two main Inga hydropower plants during the low water period. During
the Shongo Basin of the Inga Complex

from February 2020 to May 2021 (Kongo

Central Province/DR Congo). Journal of . . ] .
Geoscience and Environment Protection, 1 & 2 power plant, resulting in massive load shedding of power supply to

11,404-426. downstream customers. The cardinal aim of this study is to determine the
https://doi.org/10.4236/gep.2023.115024 quantities of sediments deposited and those eroded, in order to know the evo-
lution of sedimentation in the Shongo basin from February 2020 to May 2021.

the 2019 low water period, several sediment slumps occurred in the Shongo
basin, disrupting the production of hydroelectric power generated by the Inga
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go basin. The cleaning of the Shongo basin in terms of the spatial distribution

The results obtained show that the running index of the turbines alternators
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1. Introduction

Sedimentation of water reservoirs has become a major problem for water re-
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source management worldwide (Miiller, De Cesare, & Schleiss, 2014; Althaus,
De Cesare, & Schleiss, 2015; Fox et al., 2016; Sumi, 2018; Ren et al., 2021). Ac-
cording to (WCD, 2000; Schleiss et al., 2010; Schleiss et al., 2016), the rate of
filling of dam impoundments exceeds the number of new projects being built
worldwide. World Commission on Dams (2001) estimates the annual volume of
water lost to be between 0.5% and 1%. Palmieri et al. (2001) state that 0.8% of
water reservoirs are filled, representing an annual loss of 13 billion dollars
worldwide. However, Schleiss et al. (2010, 2016) estimate that the annual in-
vestment spent to replace the volume lost due to sedimentation on average was
13 to 19 trillion ($1012) dollars.

In Europe, (Mekerta, 1995; Justrich, Hunziger, & Wildi, 2006; Schleiss et al.,
2016) indicate that this is a worrying situation in some regions. For example,
Patro et al. (2022) noted that out of a total of 543 large dams currently operating
in Italy, the result of a study of fifty reservoirs shows that 12 have sediment ac-
cumulation problems, six of which are in a catastrophic situation, and another
six will be in the same situation if appropriate measures are not taken.

According to (Boualem & Wassila, 2004; Patro et al., 2022; Miiller, De cesare,
& Schleiss, 2014), sedimentation is a major problem in many reservoirs in the
US. A survey of reservoir managers identified that approximately 28% of reser-
voirs >250 ac in the US had moderate to high or high concern with sedimenta-
tion (Krogman & Le Miranda, 2016). These percentages vary by region; for ex-
ample, sedimentation affects up to 51% of reservoirs in areas along the central
plains of the US.

In the African continent with variations according to the regions are observed
in particular in Malgrébin, (Kassoul et al., 1997; Remini, 1997; Boualem & Was-
sila, 2004) point out that the rate of sedimentation in the Algerian water reser-
voirs is the highest in the world because the Ghrib dam had recorded an annual
accumulation in volume of silt equal to 3.2 x 10° m’. In South Saharan Africa,
Kouassi et al. (2007) inform that there is little data concerning the sedimentation
of dams.

In Asia, several reports on the state of sedimentation in the dams of Java in
Indonesia indicate that 2 billion-m’ of sediment have been retained by the dams
since their commissioning Heng (2013). According to Wu et al. (2020) the sedi-
ment load carried by rivers in China is 10% on a global scale. Dai et al. (2018)
report that the construction of the Three Gorges Dam (TGD) accumulates 1.23 X
10° t of sediment per year and Yang, Zhang, & Xu (2007) report 1.51 x 10° t
from 2003 and 2005.

According to Schleiss et al. (2016), more than 3/4 of scientific papers related
to reservoir sedimentation have only been published in the period from 1970 to
date. On the other hand, in the African continent most of the data on dam re-
servoirs come from Malgreb (Mammou & Louati, 2007; Boualem & Wassila,
2004), Zambia and West Africa. In East Africa, Amasi et al. (2021) states that

there is a lack of data on sedimentation rates in hydroelectric reservoirs. The
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same is true for Central Africa, which has one of the world’s largest hydropower
reservoirs, the Congo River Basin, which drains 30% of Africa’s hydropower po-
tential and is second only to its American equatorial rival in terms of flow
(Fliigel, Eckardt, & Cotterill, 2015).

The Congo River accounts for 13% of the world’s hydroelectric potential and
66% of Central Africa’s potential (Gnassou, 2019). By way of illustration, the
Amazon River drains 23% of water and the Congo at 10%, followed by Gag-
es-Brahmaputra at 9.11%, and Yangzé at 8.15%. On the African continent, the
Zambezi River accounts for 1.68%, the Niger River for 1.44%, and the Nile River
for 0.72%. However, there are few scientific papers on reservoir sedimentation in
this part of the world. However, a number of reservoirs for hydroelectric pro-
duction have been built since the 1930s, including: Inga, Zongo, Sanga Mpozo,
Mwadingusha, Koni, Seke, Bendera, Tshopo, Nsilo, Busanga, Imboulu and
others are under construction. Moreover, the Oubangi River, the second larg-
est tributary of the Congo, has a potential of 2000 MW. However, less than 60
MW are currently exploited and it is one of the least exploited regions in the
world in terms of hydraulic resources (Nzango, 2018). Paradoxically, the electri-
fication rate in rural areas was 1% in 2020 and 40.6% in urban areas (Gnassou,
2019).

However, the Inga 1 and 2 power plants cannot operate at full capacity,
notably because of silting up to 30 million-m’® on the Inga headrace canal
(CRENK, 1988; SNEL, 2005, 2011; Fichtner, 2010, 2011; Artelia, 2014). This
presence of sediment deposits (Figure 1) led the Société Nationale d’Electricité
(SNEL S.A.) to reduce its energy production by up to half. This has resulted in
the reinforcement of the load shedding system (SNEL, 2020). For example,
during the 2019 low water season, several sediment slides occurred in the
Shongo basin, disrupting the production of hydroelectric power generated by
the Inga 1 plant.

 Smempme 7
@0 25 0 50 100 Meters S, =58
[ I | [ .
Figure 1. View of the Shongo basin channel, appearance of deposits forming mounds of
sediment during the 2011 low flow (Alam, 2011c).

DOI: 10.4236/gep.2023.115024

406 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2023.115024

0. Kawende Kalonda et al.

This work has the merit of arousing the interest and curiosity of researchers
on sedimentation management, particularly in the reservoirs of the Inga dams
(DRC) built as downstream diversions in the lower reaches of the Congo River.
The feedback from the current hydraulic management of the Shongo basin in
the Inga intake canal will allow us to address the sustainable management of se-
dimentation in the Congo River development project in its lower reaches. The
latter has a potential of 70,000 MW in the section between Kinshasa and Matadi
and is sufficient to electrify the entire African continent.

It is in this perspective that this work is carried out, with the aim of deter-
mining the quantities of sediment deposited and eroded, in order to know the
evolution of sedimentation in the Shongo basin from February 2020 to May
2021.

2. Study Area

The Inga hydroelectric scheme is located in the western part of the DR Congo, in
the province of Central Kongo (in the Sumbi sector, Seke-Banza territory,
Bas-Fleuve district), 150 km from the mouth of the Congo River (the Atlantic
Ocean) and about 225 km southwest of the provincial city of Kinshasa, and close
to the village of Inga (Francou, 1977; Barrage Inga, 2019).

The Shongo basin is the main water reservoir for the supply of the Inga 1 and
Inga 2 power stations. It measures approximately 98 hectares; along the Shongo
basin are the PEXIV rockfill dykes, the Downstream Pass Dyke 1 and 2 and the
Salvinias Canal. At the end of this basin is a gravity dam. On the right bank, this
basin is bounded by the three intakes of the Inga 2 intake canal (Figure 2).

3. Methodology

The underwater configuration of a river is obtained hydrographic method of
bathymetric surveys from data provided by GPS instrumentation and echo
sounder. The GPS gives the X longitudes and the Y latitudes provided by the sa-
tellites. The echo sounder will transmit a signal that will be reflected back to the
echo sounder. The distance to the bottom or depth Z will be determined by
knowing the signal’s travel time and speed. These data will be processed in a
computer program.

Currently there are several methods to quantify the sediment deposited in a
dam reservoir (Schleiss et al., 2016) among others empirical methods using
mathematical equations. Topographic methods have been used by (Mekonnen
et al., 2022) in Spain, Italy (Diaz, Mongil-Manso, & Navarro, 2014), in the re-
servoir of Obruk dam located in Corum province in Tiirkiye (Ilci et al., 2017)
and are proving to be effective in assessing the volumes of sediments trapped
by the reservoirs (Ramos-Diez et al., 2017). Geographic Information Systems
are an important tool (Schleiss et al., 2016) allowing the overlay of several lay-
ers of information to be used in clustered or distributed models. According to

(Mekonnen et al., 2022; Il¢i et al., 2017) sediment accumulation in a reservoir
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Figure 2. View of the Shongo basin (of the water reservoir), dam and central building of Inga 1 (Alam, 2011b).

can be estimated from repeated bathymetric measurements. According to Mor-
ris & Fan (1998) the difference between two campaigns makes it possible to ob-
tain the volume deposited and to locate the deposition zones. Mammou & Loua-
ti (2007) presents some of these methods in his study on the temporal evolution
of silting in Tunisian dams, notably the solid matter balances at the scale of a
dam and the hydrographic method of bathymetric surveys by echo sounder.
Other methods requiring an extensive database using various types of data

and information for better quantification of the reservoirs in a catchment area

DOI: 10.4236/gep.2023.115024

408 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2023.115024

0. Kawende Kalonda et al.

can be implemented, e.g. the Prism method used in Italy to determine the max-

imum potential volume of sediment stored in 912 check dams by combining the

geometric characteristics of the reservoirs, silted structures and the sediment ba-

sin of seven catchments (Bombino et al., 2022).

This work uses the bathymetric hydrographic method to quantify sediment
deposition in the Shongo Basin.
The method consisted of:

v" The raising of the water level at the limnimetric scale on the upstream face of
the Inga 2 dam;

v" Positioning the boat on the profile to be surveyed: plunging the echo sounder
probe to within 5 cm of the surface of the water coupled to the GPS for the
recording of the geographical coordinates (X, Y, Z) of the various points, and
following the profiles in parallel one after the other, from one bank to the
other, by surveying several points along the profile;

v" And finally to the processing of the data collected in the field with the help of
software such as: Arc gis, Map info, Sagagis, Excel calculator, etc.; to identify
the various bathymetry profiles.

The materials and equipment used in the execution of this work according to
the rules of the trade and in complete safety are, in particular:

v" 1laptop GPS-Echo sounder interface computer (Figure 3);

1 single beam echo sounder;

1 YAMAHA canoe;

4 life jackets;

GARMIN MAP 78 GPS;

2 lifebuoys.

AN NN

B@e---------- GPSAtenna - - - - —— . ___ ->0d

Satellite Satellite

Reference
water surface

Outgoing

Measured depth is fuction of:
signal

*Pulse travel time (t)
*Pulse velocity in vater (v)
D

Reflected D=1/2*"v*t

Sediment core

Figure 3. Depth measurement by echo sounder according to Iradukunda & Bwambale
(2021).
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According to Mammou & Louati (2007), the Digital Terrain Models (DTM) of
the reservoirs are increasingly used to quantify the sediment deposited in a re-
servoir. GIS calculates sediment volumes over the entire reservoir area by com-
paring numerical surfaces, whereas the traditional approach applies an average
surface method to calculate volumes based on a limited number of sections
(Shaikh, 2021). In order to build and process a digital terrain model (DTM), it is
necessary to choose a GIS software that can build and process Raster GIS files.
During this study we used Qgis, Arcgis 10.8, Global Mapper.

Scanning of a paper map with the EDF 1972 and ICM 1990 profiles in jpg
format;

v' Geo-referencing of said digitized map with GIS software in UTM, zone 33
South, WGS 84;

Projection of the said map with GIS software;

Create a line vector shapefile;

Editing sections on the geo-referenced map;

LSRN NEN

Recording of the line vector shapefile converted into 33 cross sections of the
Inga feeder canal. We note that this operation was necessary and allowed the
channel sections to be calibrated to allow comparisons of past, present and
future bathymetric profiles.

The construction of a DTM:

v" The conversion of the AutoCad file into a “vector” type file, also called “sha-
pefile”, available at SNEL and readable by Gis software;

v" The construction of a DTM of the inlet channel bottom by interpolating the
bathymetry points and the existing shoreline during the various measure-
ment campaigns.

We underline that a DTM allows us to obtain several pieces of information
such as contour lines, rasters, accumulation areas, sediment volumes, water vo-

lume.

4. Results

This study uses the spatial and temporal analysis of four bathymetry surveys car-
ried out in the Shongo Basin in the period February 2020 to May 2021 (Figures
4-10) and provides an assessment of sedimentation its extent and location.

Figures 11-16 below show the shape of the sediment roofs deposited next to
the Shongo dam by the inrush of the six generating units of the Inga 1 power
plant in February, November 2020 and May 2021.

Using Gis software, ArcGIS, ArcMap, Arctoolbox, and Cutfill Tool, we can
quantify the deposition and erosion of sediments in the Shongo basin by over-
laying the bathymetry of the Shongo basin.

Figures 17-19 locate and quantify the sediment deposition and erosion that
has affected the ShongoBasin.

5. Discussions

In this work we focus on sediment deposition, particularly in the Shongo basin
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Figure 4. Echosounder-GPS interface, bathymetric survey and
bathymetric team in the Shongo basin.
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Figure 5. Bathymetry of the Shongo basin in February 2020.

located in the Inga intake canal.
The mechanism of reservoir sedimentation, according to Schleiss et al. (2016)

the natural sedimentary cycle is a continuous coherent set of mechanical and
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Figure 6. Bathymetry of the Shongo basin in May 2021.
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Figure 9. 1101 profiles of the Shongo basin for May, November 2020 and May 2021 from point A (Right
Bank) to point B (Left Bank).
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Figure 10. Profiles 1201 of the Shongo basin for May, October and May 2021 from point A (Right Bank)
to point B (Left Bank).
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Figure 11. Silting profile in the Shongo basin of the alternator turbine group number 1 (G11) Inga Power
Plant in February, November 2020 and May 2021 from point A (Upstream of the dam) to point B (Dam).
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Figure 12. Silting profile in the Shongo basin of the alternator turbine group number 2 (G12) Inga Power Plant in
February, November 2020 and May 2021 from point A (Upstream of the dam) to point B (Dam).
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Figure 13. Silting profile in the Shongo basin of the alternator turbine group number 3 (G13) Inga Power Plant
in February, November 2020 and May 2021 from point A (Upstream of the dam) to point B (Dam).
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Figure 14. Silting profile in the Shongo basin of the alternator turbine group number 4 (G14) Inga Power Plant in
February, November 2020 and May 2021 from point A (Upstream of the dam) to point B (Dam).
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Figure 15. Silting profile in the Shongo basin of the alternator turbine group number 5 (G15) Inga Power Plant in
February, November 2020 and May 2021 from point A (Upstream of the dam) to point B (Dam).
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Figure 16. Silting profile in the Shongo basin of the alternator turbine group number 6 (G16) Inga Power Plant in February,
November 2020 and May 2021 from point A (Upstream of the dam) to point B (Dam).
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Figure 17. Dredge locations in the Shongo Basin and the amount of sediment deposited
in the Shongo Basin between October 2020 and May 2021 which was 393074.00 m’.
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Figure 18. The amount of sediment eroded next to the Shongo Dam between October

2020 and May 2021 was 82,445 m>.
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Figure 19. The amount of sediment eroded in the Shongo basin between October 2020

and May 2021 was 687220.90 m’.

chemical processes along a river basin, consisting of three processes production,

transport and deposition of sediments. These disintegrated rocks give rise to

loose rocks. And these rocks in turn will be carried into the rivers by rain, wind,

air, erosion, etc. The sediment is transported in three main modes in relation to

the classes of sediment transported, i.e. scouring (sands, gravels and pebbles),

graded suspension (fine sands) and suspension of clay and silt leaching (Came-

nen, 2017). In front of an artificial obstacle called a dam, the continuity of the
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water flow of a river willbe impeded (Lee, Lai, & Sumi, 2022). According to sev-
eral authors (Schleiss et al., 2014; Randle, 2017), there will be an abrupt and rap-
id drop in velocities when river water enters a dam, and depending on the densi-
ties of the material, coarse material will be deposited rapidly, usually forming a
delta.

Schleiss et al. (2016) states that the delta generally consists of three parts, from
upstream to downstream: top-set: the coarse material, fore-set: the stratified
zone and bottom-set (Morris & Fan, 1998; Sloff, 1997). The fine sediments con-
sisting of silt, clay and silt will spread throughout the reservoir until they reach
the intake structure. And if mitigation measures are not taken, the reservoir
could fill up to 99% with sediment.

The results of this work indicate that over an eight month period from Febru-
ary 2020 to October 2020 (low water period), 574,972 m’ of sediment was depo-
sited in the Shongo basin. In contrast, the volume of sediment eroded is
584838.78 m’ in the Shongo basin during the above period. The water intakes in
the Congo River function as a pump and downstream we have the turbines of
Inga 1 and 2. The sediment balance is relatively stable with a slight increase in
erosion. According to Miiller et al. (2014) the sediment balance only remains in
equilibrium when there is a balance between the turbine and pump operations.

However, over a further eight months from October 2020 to May 2021 (a pe-
riod with a lot of water in the canal), 393074.00 m® were deposited and 687220.90
m?® eroded. This can be corroborated with (Kouassi et al., 2007) who state that
out of 19450.44 m® of suspended matter that reaches the reservoir in the course
of a year, 16278.12 m® are turbinated by the hydro-generators and only 3172.38
m’/year are deposited in the reservoir of the Taabo dam, which does not have a
bottom emptying structure like Inga. The installed capacity of the Taabo power
plant is 210 MW.

For the specific case of the Shongo basin in the Inga intake canal, the evaluation
of the sediment balance from February 2020 to May 2021 shows that there was less
accumulation of sediment and m more eroded sediment turbinated by the Inga 1
and 2 hydroelectric power stations, thus a self-cleaning of the Shongo basin.

In the results of this work, the average daily turbine flows of the Inga 1 and 2
power plants are 2200 m*/s from February 2020 to May 2021, equivalent to the
operating rate of 10 operational generating units. This is in contrast to the flow
rate used by (ENEL, 1984) of 410 m*/s for about 3 generating units in operation.
The silting up profiles of the Inga 1 generating units show that the water intake
of the hydro-generators causes slumping and hydraulic dredging of the sedi-
ments deposited in the Shongo basin.

According to (Althaus et al., 2008), the release of sediment-laden water from
power intakes and turbines is a promising possibility to manage the long-term
problem of sedimentation processes in reservoirs. For suspended sediment to be
carried into the intake, it must be suspended just in front of the intake.

This approach of increasing water flow velocities in the intake channel has al-
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so been singled out as a strategy to combat sedimentation by Schleiss et al.
(2016).

Run-of-river plants with low water storage volumes often face high sediment
loads starting very early in their operational lif—the case of Inga. Many plants
experience high operating costs and accelerated rates of turbine abrasion.
(Schleiss et al., 2008; Chhetry & Rana, 2015) have indicated that when sediments
reach the hydromechanical part of the turbine generator sets, abrasion will acce-
lerate and cause high maintenance costs. Abrasion will induce pressure losses
with consequences on the efficiency of hydraulic machines.

At the level of the hydromechanical installations of Inga, corrosion followed
by cavitation and abrasion only occupy the 3éme position as physico-chemical
phenomena affecting the hydromechanical equipment in the last 4 decades of
operation. This can be explained by the nature of the sediments and by the
structure of the Midway water intakes, which essentially favour suspension be-
cause these water intakes on the Congo River are perched. According to An-
nandale et al. (2016) from a sustainability perspective, the release of fine sedi-
ments can significantly extend the operation of the project at the cost of a mod-
est increase in turbine abrasion over the first decades of operation.

In the literature, (Remini, 1997, 2003; Schleiss et al., 2016) mention that me-
chanical dredging of sediments in water reservoirs is considered to mitigate se-
dimentation worldwide. Alam (2011a) believes that with the particle size com-
position of the sediments consisting mainly of fine sediments in the Inga intake
canal, the effectiveness of desilting and maintenance of the Inga intake canal
with a flushing structure is guaranteed. This is confirmed by the distribution of
suspended sediments in a turbulent flow established by Rouse (1937) and veri-
fied in nature and on a model in a glass channel by several researchers (Sedi-
mentation Engineering ASCE M&R No. 54).

Although the map elaborated by Wu et al. (2021) and Moukandi (2020) indi-
cates that the Congo watershed has a lower solute dissolution index than the
Amazon or Ganges-Brahmaputra watersheds, this means that the erosion rate is
low compared to those of America or Asia. It confirms the previous studies on
solid transport carried out in the Congo River referred to by Alam (2011a), in
particular those carried out in Congo Laraque et al. (1993) and those carried out
by various contractors in the framework of the maintenance and hydraulic
management of the Inga intake canal.

However, the volumes quantified in terms of sediment deposition and erosion
using the hydrographic method in the course of this work are significant at the
scale of the Shongo basin compared to previous data (Kawende, 2020). Africa
has tremendous water potential, yet it is vulnerable to current climate change.
Better integrated natural resource management at the catchment level is needed
(Fox et al., 2016; Schleiss et al., 2016; Pierrefeu et al., 2018; Lee, Lai, & Sumi,
2022). The rate of forest area loss in Africa has increased steadily since 1990,
weakening the capacity of the continent's ecosystem to withstand the effects of

climate change.
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According to Gillet (2023) agriculture is the most obvious cause of deforesta-
tion in the Congo Basin. Combating deforestation phenomena and promoting
reforestation. Esseqqat (2011) estimates the demand for domestic biomass ener-
gy in the DRC at 45 million cubic metres of wood per year and is responsible for
the destruction of 400,000 hectares of forest each year. Governments in the
sub-region should facilitate access to clean energy sources for the population in
order to significantly reduce dependence on the use of charcoal (Imani & Moore,
2021). In the immediate term, encourage the population to use improved stoves
and briquettes, and raise awareness and educate the population on sustainable
development and the conservation of natural resources. Better management of
housing estates and urbanisation in accordance with environmental standards,
the list is not exhaustive.

An extensive literature is available on integrated reservoir resource manage-
ment including surveyed articles (Yang et al., 2006; Mammou & Louati, 2007;
Hu et al., 2009; Althaus et al., 2015; Schleiss et al., 2016; Fox et al., 2016). And
theses (Adam, 2013) point out that the fight against reservoir sedimentation is
carried out jointly in the catchment area, in the reservoir and at the level of the

hydraulic structures.

6. Conclusion

At the end of this work, we can affirm that between the concentration of sus-
pended solids and the running index of the alternator turbine groups combined
with the dredging works of the Shongo basin, the sedimentation process is influ-
enced more by the combination of the running index and the ongoing dredging
works. This combined action is crucial to ensure hydroelectric production at the
two largest hydroelectric power plants in the DR Congo during low water period.

The Inga 1 and 2 dams do not have flushing structures and the construction of
these structures in the Shongo basin remains relevant in order to relieve the hy-
dromechanical organs of the power plants in the long and medium term.

The sizing of the hydraulic structures and hydromechanical components of
the future Grand Inga project, which will have turbine-generator units three to
four times higher than the nominal power of Inga 2 and more than twelve times
those of Inga 1, should take into account feedback from the current management
of sedimentation in the Shongo basin.

At the regional level, there is a need for better integrated management of nat-
ural resources to be taken into account upstream in the countries of the Congo
basin. The Inga intake canal is just one of many thermometers in the Congo ba-
sin. Increasingly larger amounts of sediment are being deposited in the Inga head-
race or turbined by the Inga 1 and 2 hydroelectric plants, affecting the hydroe-
lectric production of DR Congo. The question is open for further study.
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