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Abstract: The case study presents the results of numeric simulations of deformations of Vistula
River bed downstream the Wtoctawek Dam, with and without development of the downstream
dam cascade. Calculations were performed using a one-dimensional flow model MIKE11 with a
river transport module. Using synthetic inflow hydrographs, predictions were performed for 39 year
period (2016-2055). Results indicate that the construction of the dam cascade will reduce the erosion
of the river bed downstream the Wtoctawek dam.

Keywords: dam cascade; river transport; dam effect on bed deformations

1. Planned Vistula Dam Cascade

Vistula is one of the largest European rivers. The 1047 km long Vistula is the longest
river in Poland. Its 194,000 km? catchment area is almost entirely within the borders of
Poland. The average flow in the Vistula mouth to the Baltic Sea is ~1046 m3/s. The lower
part of the Vistula River has a quite large hydro-energy potential. There have been many
plans for the development of the Lower Vistula River so far [1].

In 1970, a water dam and a power plant were built in Wloctawek (674.850 km of
the river—Figure 1, downstream—upstream stationing). It was assumed that it would be
the first of many dams on the Vistula River. The next dams and hydropower plants in
the lower reaches of the Vistula were to be built 10-15 years after the Wloctawek dam
was put into operation. The country’s economic problems prevented the emergence of
further dams. In order to optimally use the facility, the peak operation of the power plant
was assumed, i.e., multiple water release a day. The assumed backwaters of the designed
dam downstream Wtoctawek should enable complete shutdown of the facility for several
hours, thus collecting water for hours of the peak demand. An exemplary hydrograph of
hydropower work in this period is shown in Figure 2 [2].

It was assumed that prior to the construction of the subsequent dam in Ciechocinek,
the determined minimum flow should be ensured 24 h a day, to maintain required water
levels in the river channel downstream Wloclawek Dam. The peaks release from the
reservoir were expected only when using excess water. Ultimately, the Ciechocinek Dam
was not built, but the Wloctawek power plant operated in this way for many years, which
led to accelerated erosion of the riverbed downstream the dam. As a result, the downstream
water levels got lowered. In 2002, the schema of the power plant’s operation was changed.
The damming of the Vistula with the Wioctawek dam (674.850 km) caused increased
erosion of the downstream Vistula channel [3,4]. The main cause was the slowing down
of the water velocity upstream the dam, resulting in the deposition of sediment in the
dam reservoir. The bathymetric measurements performed in the 1969-2008 period showed
that during 39 years of operation of the Wloctawek dam, the bottom of the downstream
riverbed dropped by more than 3.5 m. Comparing to the state before construction of the
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Wioctawek dam, the bottom was lowered by 3.5-4.0 m immediately downstream the dam;
2.8-3.0 m in the line of the road bridge in Wloctawek; 1.6 m on the section near Nieszawa
(703.750 km); near Torun (734.550 km), about 0.5 m [5]. The development of the erosion
downstream of the dam was characterized in terms of speed of the lowering of the channel
bottom and the movement of the front of erosional zone shifting—boundary between the
zone of intensive erosion and zone without it. The average annual speed of movement of
the erosion front is determined as 1.9 km/year. It was estimated that 40 years after the
construction of the dam in Wloclawek, the front of the erosion zone would exceed the
water gauge profile in Torun (734.550 km) and would be found probably in the area of
Solec Kujawski (758.000 km), i.e., approximately 83 km from the dam in Wioctawek [3-6].

Krakéw ®

1 - Wioctawek
2 - Siarzewo

3 - Solec Kujawski
4 - Chetmno

5 - Grudziadz

6 - Gniew

Figure 1. Location of the Wioclawek Dam and proposed further dam locations.

Currently, in a section almost 15 km downstream the Wtoctawek dam (674.850 km),
the bottom of the Vistula riverbed is made of hardly erodible deposits, e.g., clay, often
covered with moraine paving, and loams (without alluvia). The erosion process is limited
here due to the elevation of the bottom material (sand-gravel) downstream and reaching
erosion-resistant tertiary loam. From 707 km up to the town of Silno (720 km), the bottom
substrate consists solely of sandy formations with a median grain diameter (dsp) of 0.3 to
0.7 mm. In this section, it is difficult to predict the bottom erosion boundary of the stream
bed, because the hardly erodible materials are much deeper here. A sand material with
such graining at the bottom of the Vistula River will not protect the bed against erosion,
when the supply of sediment from the basin and lateral erosion of river banks would
become limited. The analysis of the graining of the remains of alluvia in the longitudinal
profile of the bed from the dam to Torun (734.550 km) shows that they are very diverse.
They come from eroded side massifs and clumps and sandbanks, which were formed in
the initial phase after the construction of the dam, and the majority of sand is medium and
coarse-grained. The entrainment of sand and fine gravel alluvials in the river channel will
continue until they are completely eroded.
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Figure 2. The example of the Wloctawek outflow hydrograph when it was operation in the peak

system, 1 August 1987 time starts at 1.00 a.m.

Then, the bottom of the bed will be made of clay or moraine till [4,7].

In order to stop the triggered erosion processes, it is planned to build a cascade of five
dams downstream the Wioctawek dam over the period of 24 years (Figures 1 and 3).

The characteristics of the planned dams, downstream Wloclawek are summarized in

Table 1.
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Figure 3. Planned Vistula cascade downstream the Wloclawek Dam, with dams: Siarzewo, Solec

Kujawski, Chelmno, Grudziac and Gniew (commissioning year given in the Figure); NWL—normal

water level, black lines—dam locations, blue line—water levels, green line—minimum bed elevations.
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Table 1. Characteristic of water dams planned in years 2024-2048 downstream Wioctawek.

No. Location River Station Normal Water Level [m asl] Head Height Commissioning Year
[km] [m]
1 Siarzewo 706.380 46.00 8.50 2024
2 Solec Kujawski 758.000 37.50 8.50 2030
3 Chetmno 801.550 29.00 7.00 2036
4 Grudziadz 829.500 22.00 7.00 2042
5 Gniew 876.300 15.00 7.20 2048

The first step is to be built in 2024 in Siarzewo. The next dams were to be completed
every six years.

The aim of the article is an attempt to answer the crucial question: What will be
the further changes of the Vistula riverbed, when no more dams will be built and, what
will change if the dam cascade is finally constructed? The answer is given using numeri-
cal modeling of the sediment transport for different scenarios of the river infrastructure
development. The long-term effect of the dam cascade on the river bed is compared
to the scenario with a single currently present dam. For the Lower Vistula River, it is
one of the first assessments, based on the numerical model of the river transport. The
only numerical analysis for this river reach was performed by Kubrak [2], and was lim-
ited to the impact of the Wloctawek dam. More recent studies have been performed
by Babinski et al. [3], Babiniski and Habel [4], ARUP [5], Babiriski and Habel [6], but have
been based on regression analyses, rather than transport modeling.

2. Methods
2.1. Computation Methods

The MIKE 11 model [8] was used for predictions of the deformation of the Vistula
riverbed. This model uses the numerical solution of de Saint-Venant equations by the finite
difference method to describe the one-dimensional unsteady river flow. The calculations of
the bed deformation are based on the sediment transport equations performed parallel in
time and space with the calculation of the unsteady river flow. The water levels at each
time step in the river cross sections were calculated accounting for the changes in the cross-
sectional area caused by erosion or accumulation. The calculations assumed the existence
of one active layer of sediment and a uniform change in erosion and sedimentation below
the water table [7].

The MIKE model was used for in numerous studies on the river transport. The ex-
amples can be found in studies of Azarang et al. [9,10], Neary et al. [11], Grozav et al. [12].
The presented methodological approach is very similar to the research of Ghimire and
DeVantier [13], but applied with the different numerical model.

2.2. Boundary Conditions

The simulations of the riverbed erosion were made using two scenarios: the absence
and the construction of subsequent dams. They included the 234.400 km Vistula river reach,
starting from the Wtoctawek Dam to the water gauge in Tczew (km 909.140). The Vistula
channel is described with 365 cross sections measured in 2016, excluding tributaries. The
cross sections were generally regularly spaced. The distance was shorter at characteristic
points such as bridges. Average distance was 642 m, with a maximum of 1900 m and
minimum of 112 m. The simulation period was 39 years. The length of the river reach was
determined on the basis of the average speed of the erosion line in the Vistula downstream
the Wloclawek dam. The erosion line, which at the beginning of the simulation time is
located near the Solec Kujawski dam (758.000 km),will move by the end of the 39-year
forecast period by a distance of 39 years x 1.9 km/year = 74.1 km and will not reach the
section in Tczew (758.000 km + 74.1 km < 909.140 km). With the planned construction time
scheduled of the Vistula dams, the Gniew dam (876.300 km) will be the closest to Tczew.
The erosion line downstream this dam during the 7-year simulation period will probably
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move to a distance of ~13 km and also will not reach the cross section in Tczew (909.140 km).
On this basis, it was assumed that the cross section in Tczew during simulation period
would not be deformed in the case of absence of dams downstream the Wloclawek, but also
in the event of commissioning the planned cascade. This finding allowed to establish the
lower boundary condition in the form of the flow curve in the Tczew cross section, valid for
2015 (Figure 4). The curve in this profile does not change significantly with time, so it was
assumed that it would also not change in the simulation period used in the present study.
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Figure 4. Rating curves for the Tczew river gauge (909.140 km), years 1970-2015.

The upper boundary condition for the simulations was the hypothetical flow hydro-
graph downstream the Wloctawek Dam. It was prepared on the basis of daily observations
of the flow in the Wloctawek Dam cross section in the period from 2006 to 2016 with the
hypothetical flood peak Qg 5, = 9885 m?3 /s (from 10 June to 16 July 2007), Q19, = 8008 m3/s
(from 14 September to 6 November 2008) and Q;ge, = 5195 m3/s (from 3 March to 8 April
2010) shown in Figure 5. For the 39-year simulation period, the 10-year hypothetical
hydrograph was repeated four times. The simulation time starts in 2016.
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Figure 5. Flow hydrograph in Wioctawek in 2006-2016.
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The simulations of the river transport required the introduction of boundary condi-
tions for the upstream cross section, in the form of changes in its elevation or upstream
sediment supply. In the performed simulations, the existence of one active layer of sediment
and a uniform change in the cross-sectional bottom as a result of erosion and sedimentation
below the water profile were assumed. The transport intensity in the MIKE 11 program
can be calculated from various formulas. The choice of the formula defining the transport
intensity, used for calculations of the bed deformation, was based on the analysis of the
transport intensity computed for the conditions of the steady water flow and the available
observations. On this basis, it was decided to use the Meyer—Peter and Miiller formula,
which does not take into account the transport of the suspended sediment.

For the analyzed river reach no systematic studies of the grain size composition of the
river bed were carried out. DHV HYDROPROJEKT performed such measurements in 2015
on the river reach from km 853.00 to km 862.00 [14]. In 2017, DHV HYDROPROJEKT [7]
repeated the study of the grain size composition of the sediment on the reach of the Vistula
River from 704.25 km to 711.18 km (Figure 6).
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674.740

Figure 6. Granulometric measurements sites and locations of planned dams of the Lower
Vistula Cascade.

Due to the lack of other measurement results, the given values of characteristic
diameters were assumed as representative for the reach of the Vistula River from the dam
in Wioctawek to 825.00 km and from 825.00 km to the Tczew water gauge (909.140 km).

Taking into account the previously described state of the Vistula riverbed, the variabil-
ity in values of the characteristic diameters of the bottom material shown in Figure 7 was
used in the simulations. Downstream the Wloctawek step—from 675.85 km to 694.00 km,
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no values of the characteristic diameters of the bottom material were given due to the
above-mentioned flushing of finer bottom sediments. Similarly, between 704.00 km and
the planned Siarzewo dam—706.38 km, no characteristic bottom diameters were given, as
there is no erodible material (Figure 7).
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Figure 7. The changes of the characteristic grain diameters of bottom material along the Vistula River

assumed for the simulations.

As aforementioned, the simulations of the sediment transport of the Vistula River
downstream the Wloctawek dam to the Tczew river gauge were made for a period of
39 years, starting in 2016 and ending in 2055. The changes in the cross sections and the
longitudinal profile of the Vistula obtained from the calculations were used for comparisons
with the simulations of the scenario where cascade of the Vistula River is being developed,
according to the planned schedule (Figure 8).

12016 - Start

J 2024 - Siarzewo
2030 - Solec Kujaw.

>2036 - Chetmno

>2042 - Grudzigdz

>2048 - Gniew

) 2055 - Koniec

|IIIIIITII|III‘|’IIIIIC|'\IIIIITIII|ITIIIIIYI|IIIIYIIII|
2010 2020 2030 2040 2050 2060
[vears]

Figure 8. Time schedule of the planned cascade of the Lower Vistula River.

3. Results

The development of dams in the Vistula River reach causes a clear change in the
hydrodynamic conditions: the water depth upstream the dams will increase, as a result of
which the water velocities in the channel will decrease by 10-15% at maximum flows and
by approximately 50-60% at medium and low flows. Thus, the intensity of the sediment
transport will decrease, which will reduce the erosion of the river channel. However, this
will not eliminate the erosion process of the bed downstream the designed dams.



Water 2021, 13, 2142

8of11

The predicted changes in the volume of the Lower Vistula channel in the period from
2016 to 2055 on the reach from Wloctawek to Tczew without and with the dam cascade
is shown in Figure 9. The channel volume is defined as the volume of water above the
bed and is computed for bankfull water levels in 2016. The slope of the green line in
relation to the time axis in Figure 9 illustrates the intensity of the increase in the volume
of the bed from 2016 to 2055 when the dam cascade will not be developed. The red line
in Figure 9 illustrates this change in the case the dams will be built according to the given
time schedule. After the construction of the dam in Siarzewo, Solec Kujawski, the slope
of the red line is clearly reduced compared to the green one, which means that erosion
processes are inhibited. The construction of the dam in Chelmno will not significantly
reduce the intensity of the channel volume increase. On the other hand, the construction
of the dam in Grudziadz and Gniew will have an impact on the increase in the volume of
the channel. The projected difference in the volume of the channel between the scenarios
without and with dams is illustrated by vertical blue sections, the length of which increases
significantly with the forecast time.

Predicted channel volume

313.0 in 2055 without cascade
312.6691 min m’
3125 Change of the predicted
channel volume in 2055
6@\ with the cascade comparing
312.0 9(7’ - to the scenario
K5 without planned dams
,,&o" 1.1008 min m’
o —
3115 ,0(\‘ 0369\ = Predicted channel volume
- \Q'b-‘ . “0?5 / in 2055 with cascade
E I W 312.6691 min m’
£ 311.0 e \‘a(\"‘
> / N’bc’ /
310.5 /J/'/f /
310.0 T ——]
309.5 ,/ :
fd/o % 3
=1 o °
Channel volume = X c Ry
in 2016 309.0 |~ & o £ e Z
without casade /'[ 3 % 2 > z
308.61713 minm’ ——— n N (@) o
308.5 O
01/2020 01/2030 01/2040 01/2050

Figure 9. The effect of the planned cascade of the Lower Vistula River on the volume of the

river channel.

The projected volumes of the Lower Vistula channel without and with the cascade are
given in Table 2 and describe the quantitative prediction of the erosion process.

Table 2 shows that when the cascade downstream Wioctawek dam will not be commis-
sioned, there will be a further increase in the volume of the channel in the analyzed reach
and in 2055 it will be 4.0518 million m3 compared to the volume in 2016. Construction
of the dam in Siarzewo, similarly to Solec Kujawski, will contribute to the reduction of
erosion in the prediction period compared to the scenario without the cascade, which
results in a reduction in the volume of this section of the channel (positive values in the last
column of Table 2). It will be influenced by sedimentation of alluvia in the reservoir part
and the lack of erosion downstream the dam. On the other hand, the construction of the
dam in Chelmno, Grudziadz, and Gniew will initiate erosion of the channel in the lower
position of the dams, which will weaken after the construction of the subsequent dams. It
is worth emphasizing that the changes in the channel volume in time caused by erosion
downstream the new dams will be smaller in relation to the changes caused by the dam in
Wrioctawek. This is evidenced by the lower slope of the red curve of the channel volume
increment over time in relation to the slope of the green curve in Figure 9. This fact is also
confirmed by the direction of the channel volume changes shown in Figure 10, where the
changes in the channel volume were compared to the channel volume without cascade.
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Table 2. Predicted changes in the channel volume of the Vistula River, in years 2016-2055 for scenarios without and with cascade.

Change of the Predicted

Channel Volume in 2016 Predicted Channel Volume Predicted Channel Volume Channel Volume in 2055
River Reach N 3 in 2055 without Cascade in 2055 with Cascade with the Cascade Comparing
without Cascade [mln m’] 3 3 N
[mln m?] [mIn m’] to the Scenario without

Planned Dams * [mIn m?]

Wioctawek dam (674.74 km)—

Siarzewo (706.38 km) 763971 78.2353 76.7088 1.5265

S ks Ty 626194 64.1469 62.8529 1294
SOleCChI;‘;fr‘l’fgo(i 552'?( 11;’)“)* 47.9065 49.897 50.285 —0.388
e 05 k) 328651 324892 33.2869 —0.7977
Grgﬁ;ﬁigiﬁ?ﬁ;ﬂ;’— 53.8647 53.3471 53.7068 ~0.3597
Gniew ((2369311“1:&)_ Tezew 349645 34,5536 34.7278 —0.1742

Whole reach 308.6173 312.6691 3115683 1.1008

* (+) decrease of the channel volume with cascade (accumulation), (—) increase of the channel volume (erosion).

El -0.400--0.300 j \“
=1 -0.300--0.200
-0.200--0.100
-0.100- 0.000 b
0.000 - 0.100 '
0.100-0.200 g‘k
B 0.200-0.287 Gniew -
Y e
Grudziadz
~x
? =
,] 4 Chetmno
»
J“\J_,_r‘—
Bydgoszcz Solec Kujawski
7
S=Torun
JSilno
Siarzewo

5 055 1015 20km
N e

Figure 10. Predicted changes in the channel volume (mln m3) of the Lower Vistula with cascade,
comparing to the scenario when cascade is not being developed. The channel volume, as the volume
of water above the bed, was calculated between computation cross sections.

The erosion front downstream the Gniew Dam reached the cross section at km
879.009 after seven years of its operation. This means that it moved the distance of
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879.009 km — 876.300 km = 2.709 km in 7 years, which gives the erosion front speed of
390 m/year. This confirms the correctness of adopting the cross section in Tczew (909.14 km)
as the location of the lower boundary condition with the rating curve unchanged during
the forecast period.

4. Conclusions

The development of the cascade of the Lower Vistula River will result in a clear change
of hydrodynamic conditions: the depth of the flow will increase, as a result of which usually
the water velocities in the channel will decrease by 10-15% at maximum flows and by
approximately 50-60% at medium and low flows. Thus, the intensity of sediment transport
will decrease, which will significantly reduce the bed deformation processes. The obtained
results of the bed deformation calculations allow for the identification of the bed sections
where erosion or accumulation of the transported sediment will occur, and what will be
the evolution of these processes over time.

The scenario analysis for the cascade design requires consideration of various factors
such as the size of the dam, water management policy, and limitation of downstream
channel erosion. The presented analysis of the dam’s impact on sediment transport should
be part of the general assessment of the dam cascade suitability.
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