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11 MODELLING OF THE DANUBE RIVER MORPHOLOGY AND DANUBE HEAT LOAD 

11.1 LEGAL BACKGROUND 

European Union legislation (Decision, Directive) 

Directive 2006/44/EC of the European Parliament and of the Council of 6 September 2006 on the quality of fresh waters needing 
protection or improvement in order to support fish life.  

Acts 

Act No LIII of 1995 laying down the general rules for the protection of the environment 

Government Decrees 

Government Decree No 314/2005. (XII.25.) on the Environmental Impact Assessment and the integrated licensing procedure for the 
utilisation of the environment 

Government Decree No 220/2004. (VII. 21.) laying down the rules for protecting the quality of surface waters 

Government Decree No 221/2004. (VII. 21.) laying down certain rules for river basin management 

Government Decree No 123/1997. (VII. 18.) on the protection of water bases, long term water bases, as well as of water facilities 
serving drinking water supply 

Government Decree No 21/2006. (I. 31.) on the use and utilisation of high water riverbeds, littoral zones, water-inundated areas and 
of areas at risk from welling-up groundwater behind flood dykes, and on the procedure related to the allowance for 
depreciation of the value of land protected by summer dykes 

Government Decree No 147/2010. (IV. 29.) laying down the general rules for the activities and facilities dedicated to the utilisation, 
protection of and mitigation of damages caused by waters 

Government Decree No 100/2014. (III. 25.) amending certain Government Decrees in the context of the full transposition of the 
environmental objectives set by Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 
establishing a framework for the Community action in the field of water policy 

Ministerial Decrees 

Ministerial Decree No 6/2002. (XI. 5.) KvVM on the contamination limit values of surface waters used for drinking water extraction, or 
dedicated as drinking water base and of surface waters dedicated for ensuring the conditions of life for fishes and on their 
control 

Joint Ministerial Decree No.6/2009. (IV. 14.) KvVMïE¿MïFVM on the limit values necessary for the protection of the geological 
medium and underground water bodies against pollution and the measurement of contamination levels  

Ministerial Decree No.10/2010. (VIII. 18.) VM on the limit values applicable to the contamination of surface waters and laying the rules 
for the application thereof 

Ministerial Decree No 11/2010. (IV. 28.) KvVM on the design level of floods on rivers 

Ministerial Decree No 15/2001. (VI. 6.) KºM on the emission and emission control of radioactive substances into the air and in water 
n the course of the application of nuclear energy 

Ministerial Decree No.28/2004: (XII. 25.) KvVM on the limit values applicable to the contamination of waters and laying the rules for the 
application thereof 

Ministerial Decree No.31/2004. (XII. 30.) KvVM laying down certain rules for the monitoring and state assessment of surface waters 
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11.2 GENERAL HYDROLOGICAL FEATURES OF THE DANUBE 

The Danube is the second largest river in Europe with a length of 2 857 km. The catchment area ranges up to 
817 000 km2. It has three characteristic sections, the Upper Danube including the Bavarian and Austrian basins and 
having a high gradient, the Middle Danube within the crown of the Carpathians and the Lower Danube, crossing 
Wallachia. 

The river enters this country at Rajka in the 1 850 river km profile and leaves the country south of Moh§cs at 1 433 river 
km. The 127 km southern section from Dunafºldv§r up to the southern borderline consists of 32 bends. Bends vary in 
their curves the most dangerous being the S§ros-parti bend, where the radius of the curve is merely 1 000 m. The 
average width of the river s 400-600 m, with a gradient of 6-8 cm/km up to Fajsz and 4-5 cm/km downstream of it. 

The width of the floodway at Dunafalva is merely 450 m (this is one of the narrowest flood level profile of the country), 
but at the Gemenc and B®da-Karapancsa regions it reaches 3-5 km. 

Bottom material in the section upstream of FoktŖ is coarse gravel and sand, and finer sand and mud downstream of it. 

In the surrounding of the Paks Power Plant (the power station profile is at 1527 river km from the mouth) site the Danube 
is slightly of low course section character. The average water flow of the Danube hardly varies from Duna¼jv§ros to 
Moh§cs, it is everywhere between 2 300-2 330 mį/s. 

11.3 MODELLED STATES, MODELS APPLIED 

The Danube model studies conducted as part of the Environmental Impact Study of Paks II aim to determine how the 
Paks Power Plant site affected in case the conditions deemed to be the most extreme and most unfavourable occur, to 
investigate the morphodynamic changes developing as a result of the various hydrological events and to assess the 
typical parameters of the heat plume in the Danube of the warmed up cooling water returned into the Danube. 

The Danube models studied and analysed the following aspects in details: 

o One dimensional (1D) modelling of the impacts arising from extreme natural and artificial conditions 
Á on the exposure of the site to floods 
Á on the safety of cooling water extraction 

o Two dimensional (2D) modelling of extreme low and high water events  
o River morphology changes, morphodynamics 

Á One dimensional (1D) model assessment of suspended sediment and bed loads 
Á Two dimensional (2D) model assessment of morphodynamic processes in the Danube 

channel  
o The impact of the warmed up cooling water returned in the Danube - Three dimensional (3D) 

modelling of the heat plume 

11.4 DESIGN OPERATING STATES AND TIMES FOR THE PURPOSES OF MODELLING ON THE DANUBE 

The cooling water requirements of the currently functional Paks Power Plant units at full capacity ranges up to 25 mį/s 
per unit (4 units total: 100 mį/s). Maximum operating cooling water needs of the proposed 2 x 1 200 MW new units is 
66 mį/s per unit (2 new units total: 132 mį/s). The maximum cooling water extraction levels and returned hot water 
volumes to be taken into account for the purposes of modelling the Danube ï with a view to the lifetime extension of 
Paks Power Plant and the proposed operation of Paks II ï were summarised in Table 11.4-1. 

  



MVM Paks II Zrt. Environmental Impact Study 

Implementation of new nuclear power plant units at the Paks site Modelling of the Danube river morphology and Danube heat load 
 
 
 

 
 

File name: PAKSII_KHT_11_Dunamodell_EN 18/250 

 

Period 
[years] 

Number of operating units 
[piece] 

Maximum cooling water 
extraction levels and returned 

hot water volumes 
[mİ/s] 

2014 (present) Paks Power Plant 4 existing units 100 

2014 ï 2025 Paks Power Plant 4 existing units 100 

2025 ï 2030 Paks Power Plant 4 existing units + Paks II Unit 1 166 

2030 ï 2032 Paks Power Plant 4 existing units + Paks II Unit 1 and 2 232 

2032 ï 2034 Paks Power Plant 3 existing units + Paks II Unit 1 and 2 207 

2034 ï 2036 Paks Power Plant 2 existing units + Paks II Unit 1 and 2 182 

2036 ï 2037 Paks Power Plant 1 existing unit + Paks II Unit 1 and 2 157 

2037 ï 2085 Paks II Unit 1 and 2 132 

2085 ï 2090 Paks II Unit 2 66 

2090 - 0 

Table 11.4-1: Design operating states and times for the purposes of modelling on the Danube 

11.5 DEMARCATION OF THE MODELLED AREAS BY THE IDENTIFICATION OF THE MODELS APPLIED  

The assessed area of the Danube channel bottom extends in the broader sense to the 128 km long river section from 
Dunafºldv§r (Danube 1560.6 river km) down to the national border (Danube 1433 river km) both to the middle-stage and 
high water stage river bed area. 

In order to allow the study of the impact from the Gabļ²kovo (Ļunovo) barrage system as a water level control facility the 
range of investigation was extended from Dunafºldv§r upstream to V§mosszabadi (Danube 1805.6 river km). This large 
scale geographic monitoring task was accomplished with the use of a one dimensional (1D) model (HEC-RAS). 

In order to allow more detailed investigation of the impacts from the proposed development project, two dimensional (2D) 
and three dimensional (3D) model studies were conducted for the environment of the project site, by delineating the 
channel bottom area of the Danube as a function of the task. 

11.5.1 2 D MODEL AREA OF EXTREME LOW AND HIGH WATER EVENTS AS WELL AS BED ALTERATIONS 

Extreme low and high water events on the Danube  

The detailed relief model for the Danube bed at medium water - and high water stages was prepared for the 
Dunafºldv§r - Fajsz (Danube 1560.6 - 1500.0 river km) section in a length of approximately 60 km. For the purposes 
of assessing extreme low and high water Danube discharge rates recurrent in every 20 000 years and the impact of 
undesirable events (landslide, river wall collapse, bursting of a dam) under such conditions the 30 km long Danube 
channel bottom section (Danube 1500 river km ï 1530 river km) of the relief model was taken as a basis. 

The impact of the proposed development on the river morphology changes in the neighbourhood of the site was 
concluded from the calculation of the flow ratespace and the analysis of the historical processes along a 10 km long 
Danube section using the 2D flow model simulation results.  

River morphology changes, morphodynamics 

Morphodynamic assessment of the impact from the proposed development project were completed for this Danube 
channel bottom section using the Delft3D-Flow (hereinafter referred to as: Delft3D) model, in two dimensional version 
(Delft3D-Flow, 2013). As a result of the model assessment it can be stated that the morphodynamic impact area was a 
lot less than the area modelled. Therefore, the longer term (concerning the cases of a few average and a few high 
precipitation hydrological years) morphodynamic calculations were carried out for the Danube channel bottom section 
affected most by the morphodynamic impact area in a length of 3 km (between the Danube profiles 1524.75 ï 
1527.75 river km) in the neighbourhood of the proposed site. [11-17] 
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11.5.2 ASSESSMENT OF THE EXTREME NATURAL AND ARTIFICIAL CONDITIONS ON THE FLOOD EXPOSURE OF 

THE SITE AND SAFETY OF COOLING WATER EXTRACTION - 1D MODEL AREA 

The impacts of phenomena encountered in non-standard circumstances or in extreme cases of the conditions formed by 
natural (river bank wall collapse, landslide, formation of pack-ice) or artificial (surface water control facility) factors of the 
Danube are assessed in the form of accidental and failure events on the cooling water extraction and on the risk of being 
flooded or inundated. 

The impact of surface water control facilities, extreme landslides and ice phenomena ï as operating trouble, accident or 
failure ï were tested by the one dimensional (1D) model (HEC-RAS). These variations concerned the study of the 
impacts of extreme floods and the impacts of extreme low waters stages affecting the security of cooling water 
extraction. 

11.5.2.1 Assessment of the extreme natural and artificial conditions on the flood exposure of the site  

The cases assessed are as follows: 

- The modelling of the impacts of surface water control facilities, extreme landslides and ice phenomena - model area: 
V§mosszabadi - Moh§cs Danube section. 

- Forecast of the impacts of and forecasting downstream landslides and the formation of ice gorges using the flow 
model - model area: Budapest - Moh§cs Danube section. 

- Forecast of the formation of ice gorges and assessment of its impact in high water using the flow model - model 
area: Duna¼jv§ros - Moh§cs Danube section. 

11.5.2.2 Assessment of the extreme natural and artificial conditions on the safety of cooling water 
extraction 

The cases assessed are as follows: 

- Impacts of the damage and abnormal operation of the upstream water level controlling structure- model area: 
V§mosszabadi - Moh§cs Danube section. 

- Upstream impacts on water extraction security of the situation encountered in consequence of ice gorges and 
packed ice - model area: Duna¼jv§ros - Moh§cs Danube section. 

- Assessment of the impact of river wall collapses and river wall slides - model area: Duna¼jv§ros - Moh§cs Danube 
section. 

11.5.3 ASSESSMENT OF THE WARMED UP COOLING WATER DISCHARGED INTO THE DANUBE - 3D MODEL 

AREA 

The assessment of the heat load impacts is decisive mainly in the cases of low and medium Danube water flows, 
therefore it concerns the Danube medium stage river bed on the Danube section downstream of the hot water discharge 
up to the southern national border by defining the design cross border impact across the southern national border. 

Using the free software named OpenFOAM 3D model assessment was carried out for the approximately 3 km long 
Danube section in the neighbourhood of the site on the Danube channel bottom section between 1527 - 1524 river 
km profiles. For this, a 2D hydrodynamic flow model (River2D and Delft3D free software programmes in two 
dimensions) was calibrated in a 10 km long Danube section in order to allow transfer of the boundary conditions to the 
3D model without boundary disturbance. 

The impact area of the heat load and the design impact appearing in the southern national border profile were defined by 
a quasi ("semi") three dimensional free transport model (CORMIX) ï by adapting to the 3D (OpenFOAM) model ï for the 
section between the proposed hot water discharge and the southern national borderline crossing the Danube, in other 
words for the approximately 93 km long Danube section between the 1526.25 ð 1433 river km Danube profiles. 
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11.6 METHODOLOGY OF THE DESIGNLOAD STATUSES AND PROPORTIONING OF THE MODELS 

11.6.1 ASSESSMENT OF THE DESIGN LOAD STATUSES OF EXTREME LOW AND HIGH WATER EVENTS ON THE 

DANUBE AND PROPORTIONING OF THE 2D FLOW MODEL 

11.6.1.1 Design load statuses of extreme low and high water events on the Danube 

Calculations of the various model variations were accomplished for water flows occurring in average once in every 
20 000 years for high and low stream flows, for the 1500 ï 1530 river km (Fajsz - Paks) section of the Danube. 

11.6.1.1.1 Extreme low water event on the Danube 

The impact of the proposed design cooling water extraction status as the standard design operation status on the 
security of cooling water extraction was examined in extreme low water level situations taking the current information 
available on channel bottom morphology into account in comparison with the current status (i.e. the highest level of 
water extraction by Paks Power Plant, which is 100 mį/s).  

As a failure incident, landslide was assumed upstream of the cold water canal to the Danube at extreme low water level 
conditions, since this is the situation when the water levels are expected to diminish in the neighbourhood of the Danube 
cold water profile (cooling water extraction point), which may have an impact on the security of cooling water extraction. 

The study of the cases below is presented in the following chapters: 

Current state 

Calculated with extreme, permanent low water flows occurring in average once in every 20 000 years on the Danube, 
QDanube = 579 mİ/s (the outcome of the statistical processing of the low water stages in the 1965-2011 period on the 
Danube ï when year 2012 is also taken into account, somewhat higher levels are obtained) and with the maximum 
level of 100 mį/s cooling water extraction (through the existing cold water canal), including return through the energy 
dissipation device. 

Design standard operation 

Calculated with extreme, permanent low water flows occurring in average once in every 20 000 years on the Danube, 
and a maximum of 232 mį/s (to be set up by the proposed extension of the existing cold water canal, through the 
Danube mouth cross-sectional area) cooling water extraction. Return is accomplished via the existing hot water canal 
and across the energy dissipation device into the Danube (in the form of right bank discharge) with a maximum of 
100 mį/s hot water discharge volume, and also through the recuperation structure designed approximately 
200 metres upstream into the Danube (in the form of right bank Danube discharge) with a maximum of 132 mį/s hot 
water discharge volume. 

Failure incident 

This is the assessment of the design standard operation by taking into consideration a potential adverse event such 
as landslide, or river wall collapse. 

11.6.1.1.2 Extreme high water (flood) event on the Danube 

The impact of the proposed design cooling water extraction status as the standard design operation status on the safety 
of the current and future site in case of a flood situation was examined in extreme high water level situations taking the 
current information available on channel bottom morphology into account in comparison with the current status (i.e. the 
highest level of water extraction by Paks Power Plant, which is 100 mį/s). 

Under the current status assessment the impact of the bursting of a dam (or artificial cutting through the embankment) 
on the Danube section upstream of the cold water canal outflow was modelled in extreme flood situation on the safety of 
the current and future site and their environment. 
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Landslide was assumed to happen as a failure incident downstream of the hot water canal outflow on the left bank in 
extreme flood situation, since this is the situation when the landslide has an impoundment effect on the Danube water 
levels and an adverse flood situation compared to the standard operating mode may develop in the environment of the 
current and future site.  

Current state 

Calculated with extreme, permanent high water flows occurring in average once in every 20 000 years on the 
Danube, QDanube =14 799 mİ/s and with the maximum level of 100 mį/s cooling water extraction (through the existing 
cold water canal), including return through the energy dissipation device. 

Current state including bursting of a dam upstream 

The assessment of bursting of a dam (or artificial cutting through the embankment) on the Danube left bank section 
upstream of water extraction inflow ï in case of extreme high water flows occurring in average once in every 20 000 
years on the Danube Danube=14 799 mİ/s) on the flood safety situation in the environment of the site. 

Design standard operation 

Calculated with extreme, permanent high water flows occurring in average once in every 20 000 years on the 
Danube QDanube=14 799 mİ/s and a maximum of 232 mį/s (to be set up by the proposed extension of the existing 
cold water canal, through the Danube mouth cross-sectional area) cooling water extraction. Return is accomplished 
via the existing hot water canal and across the energy dissipation device into the Danube (in the form of right bank 
discharge) with a maximum of 100 mį/s hot water discharge volume, and also through the recuperation structure 
designed approximately 200 metres upstream into the Danube (in the form of right bank Danube discharge) with a 
maximum of 132 mį/s hot water discharge volume. 

Failure incident 

This is the assessment of the design standard operation by taking into consideration a potential adverse event such 
as landslide, or river wall collapse. 

11.6.1.2 Presentation of the calibration of the applied (2D) hydrodynamic model to low water and high 
water events 

11.6.1.2.1 Development of channel bottom level in low and high water stages and of land use 

The modelling under the permanent low state and flood level run-off referred to above in the bottom channel of the 
Danube was accomplished with the application of the Delft3D hydrodynamic model using its two dimensional (2D) depth 
integrated module, under the extreme high and low water flows occurring in average once in every 20 000 years on the 
Danube for the 1500-1530 river km channel bottom section of the Danube.  

The assessed Danube-section included the upstream and downstream sections of the existing and proposed sites of the 
power plant. 

The calculation results are described below in the following geographic breakdown (per Danube section): 

a) Danube 1519-1530 river km (in the calculations: Stage 1) 
b) Danube 1509-1519 river km (in the calculations: Stage 2) 
c) Danube 1500-1509 river km (in the calculations: Stage 3) 

The relief map and morphological map of the area concerned (main river branch and floodway channel bottom section 
on the Danube) were developed in a 2 x 2 m resolution. Modelling was deemed to be sufficient in details with the 6 x 6 m 
resolution grid. 

On the figures below the morphological model developed for the main river branch channel bottom and for the floodway 
on the Danube is illustrated (see Figure 11.6.1-1; Figure 11.6.1-2; Figure 11.6.1-3 and Figure 11.6.1-4, respectively). 
Danube morphological model applied in the landslide type situation assessed (soil slip) and the features of the ground in 
the Danube channel bottom are presented on Figure 11.6.1-1. 
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11.6.1.2.1.1 Morphological model developed for the main river bed and floodway of the Danube 

 

Figure 11.6.1-1: The morphological model of the Danube 1519-1530 river km section - bottom levels [metres above Baltic sea level] 
ï including EOV coordinates 
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Note: 
(the arrow shows the location of the landslide) 

Figure 11.6.1-2: The morphological model of the Danube 1519-1530 river km section - version assuming landslide - bottom levels 
[metres above Baltic sea level] ï including EOV coordinates 
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Figure 11.6.1-3: The morphological model of the Danube 1509-1519 river km section - bottom levels [metres above Baltic sea level] 
ï including EOV coordinates 
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Figure 11.6.1-4: The morphological model of the Danube 1500-1509 river km - bottom levels [metres above Baltic sea level] ï 
including EOV coordinates 
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11.6.1.2.1.2 Presentation of the area use of the Danube model area ï areal separation of roughness coefficient/factors 

 

Figure 11.6.1-5: Land use categories on the Danube 1519-1530 river km section ï including EOV coordinates 
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Figure 11.6.1-6: Land use categories along the Danube 1509-1519 river km section ï including EOV coordinates 
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Figure 11.6.1-7: Land use categories along the Danube 1500-1509 river km section ï including EOV coordinates 



MVM Paks II Zrt. Environmental Impact Study 

Implementation of new nuclear power plant units at the Paks site Modelling of the Danube river morphology and Danube heat load 
 
 
 

 
 

File name: PAKSII_KHT_11_Dunamodell_EN 29/250 

 

11.6.1.2.2 Calibration on high water 

For the purposes of high water level calibration the benchmark data were the actually measured at the flood 
crest/culmination with the discharge rate of the Danube Q = 8 790 mį/s (this is the largest ever historical measured ice 
free flood level from the year 2013). The river bed ranges where the flow phenomenon actually takes place (modelled 
river section) were generated by plane section, taking into account the measured downstream water levels in all three 
partial sections involved in the model simulation. Height of the section plane: Z0_plane (see Table 11.6.1-1 below). 

Danube [river km] 
Z (measured water 

level) [metres above 
Baltic sea level] 

Baseline data 

1499.882 92.16  

1500.920 92.24  3. Danube-section  

1501.847 92.28 Danube 1500 ï 1509 river km 

1502.842 92.34 Q = 8790 mį/s  

1503.071 92.36  

1503.819 92.42  

1504.806 92.55 
Z0_plane = 92.00 metres above 

Baltic sea level 

1505.794 92.64 
Z_downstream section =92.16 
metres above Baltic sea level 

1506.781 92.71  

1507.316 92.75  

1507.768 92.82   

1508.756 92.91   

1509.743 92.94  

1510.641 93.00  2. Danube-section  

1511.539 93.03 Danube 1509-1519river km  

1511.579 93.05 Q = 8790 mį/s 

1512.437 93.10   

1513.335 93.21  

1514.233 93.23 
Z0_plane = 92.70 metres above 

Baltic sea level 

1515.170 93.32 
Za_ downstream section = 92.92 

metres above Baltic sea level 

1515.418 93.32  

1515.838 93.34  

1516.072 93.35  

1517.291 93.37  

1518.245 93.48   

1519.022 93.49   

1519.196 93.48  

1520.199 93.62  1. Danube-section  

1521.184 93.69  Danube 1519-1530 river km 

1521.303 93.70 Q = 8790 mį/s 

1522.193 93.77  

1523.100 93.83  

1523.550 93.84  

1524.000 93.89 
Z0_plane = 93.00 metres above 

Baltic sea level 

1525.131 93.93 
Za_ downstream section = 93.49 

metres above Baltic sea level 

1525.714 93.99  

1526.287 94.01  

1526.706 94.04   

1527.707 94.14 Surface gradient: 6.7 [cm/km]  

1529.528 94.21   

1529.710 94.22   

Table 11.6.1-1: Modelled river section ï the measured surface curve of the Danube, at the time of the highest ever ce free flood level 
in June 2013 (LNV)  
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The purpose of the calibration was to set the river bed roughness or river smoothness coefficient by which it can be 
ensured that the measured and calculated longitudinal water level sections get as close to each other as possible. 

The river bed smoothness feature ranges of the Danube main channel and floodway (Danube 1500-1530 river km) 
channel bottom section including the calibrated river bed smoothness coefficients are presented on Table 11.6.1-2 
below. 

 

Land use Serial number of 
land use category 

Range of smoothness 
coefficient 

Calibrated Manning smoothness 

coefficient [m1/3/s] 

Water surface, and main 
channel  

1 40 ï 50 45 

Forest 2 5 ï 20 11 

Shrubs, woodlots 3 15 ï 25 17 

Open area (floodway) 4 20 ï 40 26 

Table 11.6.1-2: River bed smoothness coefficient ranges of different land use categories and calibrated value ranges 

The outcome of the model calculations was the map of the static water depth, which are illustrated on the figures below 
(Figure 11.6.1-8, Figure 11.6.1-9 and Figure 11.6.1-10). 
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Figure 11.6.1-8: Static water depth along the 1519-1530 river km Danube section ï high water (flood crest/culmination of the year 
2013) ï including EOV coordinates 
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Figure 11.6.1-9: Static water depths at the-1509-1519 river km Danube section ï high water (flood crest/culmination of the year 
2013) ï including EOV coordinates 
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Figure 11.6.1-10: Static water depths of the 1500-1509 river km Danube section ï high water (flood crest/culmination of the year 
2013) ï including EOV coordinates 
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The flow rate distribution findings calculated with the calibrated river bed smoothness coefficients (2D) are presented on 
the figures below (Figure 11.6.1-11, Figure 11.6.1-12 and Figure 11.6.1-13). 

 

Figure 11.6.1-11: The distributionof the absolute flow rate values on the 1519-1530 river km Danube river section after calibration, in 
[m/s] dimensions (Danube discharge rate: 8 790 mį/s ï year 2013 LNV) ï including EOV coordinates 
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Figure 11.6.1-12: : The distributionof the absolute flow rate values on the 1509-1519 river km Danube river section after calibration, 
in [m/s] dimensions (Danube discharge rate: 8 790 mį/s ï year 2013 LNV) ï including EOV coordinates 
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Figure 11.6.1-13: The distributionof the absolute flow rate values on the 1500-1509 river km Danube river section after calibration, in 
[m/s] dimensions (Danube discharge rate: 8 790 mį/s ï year 2013 LNV) ï including EOV coordinates 
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The longitudinal profiles of the Danube surfaces measured and calculated at the time of the June 2013 flood crest are 
illustrated on Figure 11.6.1-14. 

 

Legend:  

Sz®lsŖs®ges nagyv²zi esem®nyek modell vizsg§lata ï Model study of extreme high water events 
Sodorvonal menti felsz²ngºrb®k ºsszevet®se ï comparison of surface curves along the main current line 
V²zszint m.B.f ï Water level (metres above Baltic sea level) 
Duna Fkm ï Danube river km 
M®rt (2013 ®vi §rv²zi tetŖz®s) ï measured (flood crest of the year 2013) 
Sz§m²tott v²zfelsz²n (kalibr§lt simas§gi t®nyezŖkkel) ï calculated water surface (including calibrated smoothness coefficients)  
Telephely kºrnyezet®nek Duanszelv®nye ï Danube profile in the neighbourhood of the plant site 

Figure 11.6.1-14: Comparison of the calculated and measured longitudinal profiles after calubration for high water along the 1500-
1530 river km Danube section ï based on the measurement data of the flood crest in the 2013 flood (LNV)  

11.6.1.2.3 Calibration on low water 

The longitudinal profile of the assessed Danube-section associated with the 1180 mį/s Danube navigation low water 
stage discharge rate approved by the Danube Commission (DB) (HKV) was proportioned with the help of the low water 
calibration method including the proportioning of the river bed smoothness coefficient. Information concerning the 
Danube profile is contained in Table 11.6.1-3. 
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Danube [river km] 
Z (measured surface) 
[metres above Baltic 

sea level] 
Baseline data 

1499+000 83.12   

1500+000 83.18  3. Danube-section  

1501+000 83.24 Danube 1500 ï 1509 river km 

1502+000 83.30 Q = 1180 mį/s 

1503+000 83.35  

1504+000 83.40  

1505+000 83.43  

1506+000 83.49 
Z0_plane = 83.00 metres above 

Baltic sea level 

1506+700 83.52 
Z_downstream section = = 83.18 

metres above Baltic sea level 

1507+000 83.53   

1507+600 83.57   

1508+000 83.60  

1509+000 83.68  

1510+000 83.75  2. Danube-section  

1511+000 83.82 Danube 1509-1519 river km 

1512+000 83.90  Q = 1180 mį/s 

1513+000 83.97  

1514+000 84.05  

1515+000 84.15 
Z0_plane = 83.50 metres above 

Baltic sea level 

1516+000 84.20 
Z_downstream section = 83.68 
metres above Baltic sea level 

1517+000 84.26  

1518+000 84.35  

1519+000 84.44  

1520+000 84.50  1. Danube-section  

1521+000 84.57  Danube 1519-1530 river km 

1522+000 84.66 Q = 1180 mį/s 

1523+000 84.71  

1524+000 84.78   

1525+000 84.94  

1526+000 85.04 
Z0_plane = 84.30 metres above 

Baltic sea level 

1527+000 85.16 
Z_downstream section = 84.44 
metres above Baltic sea level 

1528+000 85.24  

1529+000 85.33  

1530+000 85.40  

1531+300 85.45   

Table 11.6.1-3: Modelled river section ï DB longitudinal profile : modelling benchline data 

Matching of the calculated and Danube Commission water levels after calibration are presented on Figure 11.6.1-15 

ï the match is thought to be very good. The calibrated river bed smoothness coefficient has the same trend seen in the 
case of calibration for high water. 
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Legend:  
Sz®lsŖs®ges kisv²zi esem®nyek modell vizsg§lata ï Model study of extreme low water events 
Sodorvonal menti felsz²ngºrb®k ºsszevet®se ï comparison of surface curves along the main current line:  
V²zszint m.B.f ï Water level (metres above Baltic sea level) 
Duna Fkm ï Danube river km,  
M®rt (Dunabizotts§gi haj·z§si kisv²zszint 1180m3/s) ï Measured (Danube Commission, navigation low water stage at 1180 m3/s) 
Sz§m²tott v²zfelsz²n (kalibr§lt simas§gi t®nyezŖkkel) ï Calculated water surface (including calibrated smoothness coefficients) 
Telephely kºrnyezet®nek Dunaszelv®nye ï Danube profile in the neighbourhood of the plant site  

Figure 11.6.1-15: Comparison of the calculated and measured longitudinal profiles after calibration for low water along the 1500-
1530 river km Danube section ï based on the Danube Commission water surface data  

11.6.2 ASSESSMENT OF THE IMPACTS OF EXTREME NATURAL AND ARTIFICIAL CONDITIONS - 
PROPORTIONING OF THE 1D MODEL 

In the following chapter the (1D) model simulation methodology of the impact of upstream side water level control 
structures, extreme landslides and ice phenomena is summarised. 

11.6.2.1 Assessment of the extreme natural and artificial conditions on the flood exposure of the site 

11.6.2.1.1 Impact of the failure of water governing structures on the upstream side 

The purpose of this assessment is to define the exposure of the power plant site at times of high water in the case of the 
worst case flood event scenario, taking also into account the additional water level rising originating from the burst and 
disruption of the Ļunovo water-retaining works. The basis for the worst case flood event analysis was provided by the 
historical most permanent and most adverse high water situation, i.e. the series of flood waves travelling in the Danube 
profile of Bratislava in 1954 and in 1965, respectively.  

The discharge rates of the flood waves taken as a benchmark were modified so that the rate of flow during the 
culmination of the flood wave be calculated with a discharge rate of maximum 1 ă probability which can be expected 
only once in every 1 000 years and which has never occurred before. (It should be noted that the most systematically 
observed daily parameter s the water stage to which a specific water level was assigned and the daily discharge rate 
particulars were obtained by the associated expedition-like measurements which were processed by calculations with 
the Q-H curves corrected by computed processing.) Since the flood level discharge rate of 1 ă probability remained 
below the formation level of the flood control dykes, discharge rates were increased in a manner that the peak of the 
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flood wave levelled with the grade of the flood control embankment and this way a load with lower probability than the 
1 ă level was obtained. 

Taking into account the entire catchment area of the Danube the Paks Danube section is determined to be exposed to a 
flood crest of at least 20 000 mį/s on the basis of the preliminary estimates and calculations. This estimate does not take 
into account the actual times of concentration and travelling in the case of extreme flood waves overtopping and 
deteriorating the flood control works. In such situations the Danube will be transformed a series of reservoirs where the 
actual course of travelling of the flood wave is influenced and determined by the water absorption of the effluent 
bottlenecks downstream. This result confirmed the empirical conclusion which claimed that in order to encounter any 
extreme flood levels in the Paks section the joint impact of several cumulative consecutive flood waves when extreme 
high water volumes travel for a long time. For such phenomena mostly the spring and early summer floods of 1954 and 
1965 could be determined from the observation time series as an analogous example, which also resulted the highest 
ever water levels (LNV) as well on the assessed section.  

For the purposes of the extreme scenario taking into account the realistic boundary conditions only the section of the 
Danube in the Carpathian-basin was considered instead of the water system as a whole. The scenario tested took into 
account the flood level discharge rate transferred across the Devin (Theben)-Bratislava section without the bursting of a 
dam. Statistical analysis of the discharge rates at the flood crest was carried out by fitting the generalised extreme value 
distribution (GEV) and the generalised Pareto distribution. In the model simulation test run the 1 000 years flood level 
obtained for the Bratislava section was taken into account with a culmination level of 13 400 mį/s. The flood control 
works of the Slovak capital is currently being developed to this level. Assuming the excess water levels originating from 
the active flood control effects, and making and estimate on the safe side a flood wave of 14 000 mį/s culminating peak 
discharge rate at the V§mosszabadi (Medve) profile downstream of Gabļ²kovo was taken as the input value. For most of 
the cases the flood waves level out downstream of Bratislava and Gabļ²kovo. In an extreme situation ï actually 
encountered by the observation in 2006 ï culminating peak discharge rates may increase travelling downstream. In the 
configuration considered for the model the flood wave on the Danube meets the 1 % flood wave of the tributaries, R§ba 
(Mosoni-Danube), V§g, Garam and Ipoly, with a recurrence probability in every 100 years. According to simulation 
studies carried out earlier on this can be regarded a very rare, since a diminishing culminating discharge rate can be 
observed in 80-90% of the cases with high flood waves along the Bratisvala-Nagymaros section. All in all, the flood wave 
in question can be deemed to be less frequent than occurring once in every 10 000. 

In order to enhance safety further, this flood wave at V§mosszabadi was taken as the boundary condition of the 
hydrodynamic model by disregarding the subsidence of the flood wave in the course of its travelling up to 
V§mosszabadi. Then, in the next step this flood wave was topped with the impact of the failure of the barrage system at 
Ļunovo in the least favourable and most adverse conditions which result in an additive downstream wave, that is the 
entire efficient volume in the Ļunovo storage reservoir between the upper operational and the lower impoundment levels 
(110 million mį) including the additional volume of the by-pass canal (190 million mį), furthermore the junction volumes 
during the effluence were added to this figure, resulting a total of 293 million mį water volume (VITUKI, 1992-1993) 
discharged in a 2 days period. 

 

11.6.2.1.2 Assessment of the impacts originating from steep bank slides  

The triggering cause of river wall collapses and landslides 

The Hungarian section of the Danube downstream of Budapest flows mainly along a north-south direction structural 
valley. In the geological time scale the river still migrates toward the West by scouring the elevated river bank on the 
right hand side. This process is the basic cause underlying the landslides and collapses customary on the steep banks.  

A second factor is the loess, a material which builds up the flood-free high banks. These features allow the river to 
create 20-60 metre high banks on the assessed section and to have such river walls collapsed under the appropriate 
conditions relatively often.  

The river wall sections closer to the Danube channel bottom are characterised by the so called sliced slides (soil slips). 
This form of mass movements is generated on slopes and steep walls where the stability of the slope ceases to exist for 
some reason and the material of the river bank wall slips down in slices along a sliding track up to a point when the wall 
is stabilised in a new balance position. 
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In the case of landslides along the course of the Danube usually higher than average level of precipitation can be 
experienced for a couple of months before the event actually takes place, which soaks the loess formation from above. 
Additionally, the permanent high water stages followed by rapid subsidence on the Danube were also typical for these 
events. The latter fact leads to the observation that such phenomena occur in low water stages but not at extremely low 
water levels, since they do not happen following several months of arid periods.  

Several authors refer to the role of earthquakes in the case of landslides. However, earthquakes are usually not he direct 
triggering causes of landslides, they rather have a kind of preparatory roles through the system of cracks created in the 
rocks.  

Current state of certain sections of the elevated river bank walls and documented landslides 

Based on literary sources 65 documented landslide incidents can be identified back to 1862 on the section stretching 
from Kulcs to DunaszekcsŖ (see Figure 11.6.2-1).  

For the purposes of our study those parts of the river wall seem to be important which run close to the channel bottom of 
the Danube and hence the collapse or slide of which may change the actual cross section of the river bed. 

The £rd high bank is a 30-50 metres high, steep, nearly vertical wall. The Danube demolishes the foot of the steep bank 
directly. The scientific literature recorded several minor collapses on this section. In other words, large mass landslides 
are not typical for this part of the river bank. 

The Ercsi section is usually attached to the Danube with a 30-40 degrees slope. The stretch running the closest to the 
Danube river bed is situated from 1618.3 river km up to 1613.4 river km. The risk of a high mass slide is relatively low 
here, partly as a consequence of the bank protection measures. 

The section between Kulcs and Duna¼jv§ros is some 20 km long. Earth movements causing the most serious impacts 
were observed in this area in the past few decades. Even today there is an approximately three kilometres long section 
within the built-up area of Kulcs community where several lots are declared to be at risk of collapse, with more than a 
third of them being particularly dangerous and being constantly in motion already. 

The Dunafºldv§r section can be divided up into two parts. North of the Dunafºldv§r bridge the elevated river bank is 
somewhat lower (approximately 20 metres). The most typical mass movement is collapse here. South of the bridge the 
high bank rises even higher, up to 30-50 metres above the level of the Danube. In contrast, sliced sliding of land is 
predominant here. This is the place, next to the bridge, where a 700 metres long and 100-120 metres wide slide took 
place on 15 September 1970. The estimated volume of the dislocated earth mass was approximately1 million mį. Just 
like in the case of the Duna¼jv§ros event the Danube channel bottom was deformed in a length of several hundred 
metres, but the twice a day readings of the water-level gauge/indicators in Dunafºldv§r and Paks are insufficient to 
determine the impact of the collapse on the water levels. 

The DunaszekcsŖ section is the only one found south of Paks, towering directly beside the Danube. This section is 
particularly instable. The most recent major landslide also took place at this section on 12 February 2008. An earth mass 
of 550 000 mį was moved in a length of 520 metres and in a maximum width of 240 metres. In this case some figures 
are also known with regard to the changes encountered in the channel bottom of the river Danube. According to them at 
least 37 000 mį, but not more than 45 000 mį of ground slipped into the river bed. It is assumed that the proportions 
between the total earth mass moved and the part which actually made its way into the channel bottom might be similar 
to the other landslide cases. This landslide by the way had no detectable impact on the Baja or Moh§cs watermark 
posts, either. 
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Legend:  
Mozg§s ®ve: Years of movement 
Magaspart a Duna mellett: Elevated river bank close to the Danube 
Magaspart t§vol a Dun§t·l: Elevated river bank further up along the Danube 

Figure 11.6.2-1: Landslide incidents in the past decades documented along the high banks [11-30] 
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At the time being there are three such sections along the Danube, where the risk of major landslides may exist. One of 
them at Kulcs can be found directly beside the main river bed. It can be imaged that a landslide involving channel bottom 
deformation occurs here, but with a view to the distance from Paks no serious impact is accounted with. The 
Duna¼jv§ros-T§bor§ll§s section is a bit further up from the main river bed, and therefore, although a slide may occur any 
time, this is not expected to affect the main channel bottom. Additional landslides should be reckoned with at the third 
risk zone in DunaszekcsŖ, which is already way downstream of Paks, but any major closure of the channel bottom can 
only be caused by mass movements larger with an order of magnitude than that which has happened recently. 

Since most of the dangerous sections are monitored on a continuous way, and in a number of places bank protection 
works are underway, the chances that there will be a landslide along the Paks section big enough to cause a drop in the 
discharge rates or the closure of the river bed are very low and can practically be excluded in extreme low water 
situations.  

11.6.2.1.3 Forecast of the formation of ice gorges and assessment of its impact in high water 

The purpose of the current model simulation is to determine to which extent the Paks Power Plant area is affected by icy 
high waters as an impact of an ice gorge formed upstream of the Power Plant in the worst case scenario situation of icy 
high waters and water level increase achieved as a result of the packed ice or ice gorge (which usually happened in the 
low and medium water discharge rate periods of the winter season). 

Design flood elevations (DFE) published in the Ministerial Decree No 15/1997 (IX. 19.) KHVM on the design flood 
elevation of rivers (DFE) were determined by the ice high water situations learnt on the basis of the measurement data 
recorded up to that date on the Danube section downstream of Esztergom, while non ice water situations were more 
dominant on the Danube section upstream of Esztergom. In the surroundings of the Paks Power Plant the design flood 
elevations formed in the Danube, that is not the ice free but the ice high water levels were determined (practically those 
was the packed ice period in 1956). The formation level (crest elevation) of the flood control works erected were also 
determined as the design flood elevation (DFE1997, i.e. 95.31 metres above Baltic sea level in the 1526.5 river km 
Danube profile), with a one (1) metre safety tolerance in the neighbourhood of the power plant (DFE1997 + 1 m). 

Ministerial Decree No 11/2010. (IV. 28.) KvVM on the design flood elevation of the rivers entered into force on 6 May 
2010 and repealed the former Ministerial Decree No 15/1997. (IX.19) KHVM. In this new regulation the design role of the 
ice high waters downstream of Esztergom was terminated as a result of the experiences gained in the past period, they 
have all become ice free design flood elevations and in the Paks Power Plant neighbourhood the design flood elevation: 
DFE 2010 (94.01 metres above Baltic sea level, in the 1526.5 river km profile of the Danube). 

For the purposes of solving the task a one dimensional hydrodynamic model was successfully calibrated for the 
Duna¼jv§ros (1580.6 river km) ï Moh§cs (1446.9 river km) Danube section in order to determine the worst case scenario 
ice high water elevations developed so far on 5 to 6 March 1956 (in the Duna¼jv§ros profile of the Danube the elevation 
of the ice was raised by 3.68 metres within two days due to the packed ice and ice gorges formed downstream).  

The locations where packed ice stopped at the time of the 1956 ice flood on the assessed Danube section for design 
purposes were as follows: 

Dunafºldv§r  1560.6 ï 1558.0 river km 
Harta 1548.0 ï 1546.0 river km 
Si·torok 1510.0 ï 1489.0 river km 
Baja (bridge) 1485.0 ï 1480.0 river km 
S§rospart 1475.0 ï 1470.0 river km 

Hydraulic proportioning of the model for ice free flood waves: 

The maximum discharge rate associated with the flood wave travelled across the Duna¼jv§ros profile (Danube 1580.6 
river km) between 1 and 20 of April 2006 was taken as a permanent state for the purposes of upper boundary 
conditions: QDuna¼jv§ros = 8 460 mį/s. The lower boundary condition was provided as a water level based on the daily 
water stage figures recorded in the Moh§cs profile (1446.9 river km).  

1D permanent numeric modelling of a three dimensional natural turbulent hydraulic process changing in space and time 
is merely a poor approximation of reality. However, calculations with acceptable accuracy can still be made in practical 
terms and to handle the problem when the model is proportioned.  
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Proportioning was made for the water levels measured in the profile of the respective watermark posts by the 
determination of the smoothness coefficients in the main channel bottom and the floodway on the left and right hand 
side.  

Water levels observed and calculated by proportioning, respectively, were provided in the following table (Table 
11.6.2-1): 

Watermark post 
(Danube) 

Danube 
[river km] 

Zcalculated Zmeasured ȺZ 

[metres 
above Baltic 

sea level] 

[metres 
above 

Baltic sea 
level] 

[cm] 

Duna¼jv§ros 1580.6 97.47 97.49 -2.0 

Dunafºldv§r 1560.6 95.75 95.79 -4.4 

Paks  1531.3 93.95 93.98 -3.0 

Dombori 1506.8 92.42 92.37 4.6 

Baja 1478.7 90.52 90.50 2.4 

Moh§cs 1446.9 88.50 88.50 0 

Table 11.6.2-1: Measured and calculated by proportioning water levels 

Proportioning for the ice flood of 1956: 

The 1D hydraulic model used, can also be applied for the situations where ice gorges are formed and breaking-up and 
floating of ice occur. Since for the definition of the ice gorge multiple data need to be known (location, thickness, 
dimensions, smoothness coefficient of the ice gorge), the proportioning of the model was carried out for the 1956 ice 
flood event.  

Similarly to the case of hydraulic proportioning, proportioning took also place with the help of the smoothness 
coefficients. As a function of the ice gorge thickness the following smoothness coefficients are recommended by the 
program (Table 11.6.2-2). 

Thickness of ice gorge Manning type smoothness coefficient  

[m] [m1/3/s] 

0.1 0.015 

0.3 0.04 

0.5 0.05 

0.7 0.06 

1.0 0.08 

1,5 0.09 

2.0 0.09 

3.0 0.10 

Table 11.6.2-2: Manning type smoothness coefficient  

During proportioning efforts were made to arrive at a good match of water levels between the 1510 and 1565 river km 
profiles of the Danube. Due to the uncertainties of the upper and lower boundary conditions larger errors were also 
accepted for the other sections.  

11.6.2.2 Assessment of the extreme natural and artificial conditions on the safety of cooling water 
extraction 

11.6.2.2.1 Impacts of the damage and abnormal operation of the upstream water level controlling structure 
(1D) 

Non-operational functioning of the Ļunovo storage reservoir (failure events) may have an impact under extreme 
conditions when the previously emptied storage reservoir with the effective storage volume of 110 million mį (VITUKI, 
1992-1993) between the lower and upper impoundment levels would be started to be filled in times when low water 
stages occur on the Danube. This undesirable process may only cause problems with cooling water supply and trigger 
interventions in case of extreme low water periods.  



MVM Paks II Zrt. Environmental Impact Study 

Implementation of new nuclear power plant units at the Paks site Modelling of the Danube river morphology and Danube heat load 
 
 
 

 
 

File name: PAKSII_KHT_11_Dunamodell_EN 45/250 

 

Water retention intended to fill up the reservoir starts an ebbing or depression wave which enforces water level subsiding 
effects in the area of cooling water extraction. The lower discharge rate is used for the filling of the storage reservoir, the 
longer s the duration of the depression wave and the lesser the extent of the water level subsidence. In the event the 
storage reservoir s filled with a more substantial flow rate which approximates that discharge rate of the Danube at low 
water stages, the higher the extent of the depression wave formed and travelling along the river will be but the duration 
of the ebbing will be proportionally shorter. 

The predicted trends of a joint probability of extreme events on the Gabļ²kovo barrage system and the extraordinary low 
water events are not investigated here in the periods of standard operation, since the dam will not retain any water below 
1 000 mį/s Danube discharge rates and the entire rate of flow arriving to the dam is let through to flow into the Danube 
mainly in order to maintain the appropriate living water supply of and stability to the Danube channel bottom. The 
extreme low water event on the Danube was defined pursuant to the provisions laid down in Government Decree No 
118/2011. (VII. 11.) on the nuclear safety requirements of nuclear facilities and the related activities of the authorities. 

In order to maintain the level of nuclear safety the cooling water necessary for ensuring permanent cooling functions with 
fresh water cooling operating modes will only be available at the appropriate safety level when minimum water discharge 
rates are also available in addition to the minimum water levels. Compliance with the aforementioned criterion is 
investigated as a 5x10-5/year frequently level (an event recurrent in every 20 000), just a it is required by the provisions 
for meteorological features (p = 5 x 10-5 /year = 5 x 10-3 / 100 year). 

A simulation test was carried out with the use of the flow (1D hydrodynamic HEC-RAS) model for the non-standard 
operation of the Ļunovo (Gabļ²kovo) barrage system during a period when the Danube is in permanently low water 
stages in order to detect adverse effects on the cooling water extraction of the Nuclear Power Plant.  

The worst case scenario is caused by the circumstances when for some extraordinary reason ï which is a failure event 
not considered to be part of standard operations and which is depending on external conditions beyond control ï the 
110 million mį volume storage reservoir s emptied to its full extent and at the same time the incoming Danube discharge 
rate is extremely low. The joint occurrence of such incidents in the event of standard operation of the Ļunovo barrage 
system is practically zero, while the frequency in the cases of functioning under non-standard operating mode can not be 
judged. 

Water discharge at the Ļunovo barrage system at a flow rate lower than 1000 mį/s is considered to be a non-standard 
operating mode which deviates from the operating instructions included in the operation license, but the impact of water 
retention in this failure event is assessed in the periods when the Danube water stage is extremely low. The Water 
Management Service detects the launch of undesirable depression waves in the Medve Danube profile, thus their arrival 
to Paks can be forecasted 1.5 - 2 days beforehand. It is recommended that the operator of Paks Power Plant and the 
proposed Paks II Nuclear Power Plant negotiated with the operator of the Ļunovo barrage about the causes of the water 
retention policy applied and to be applied in the future, including information exchange between them about the 
expected effects. At the negotiation meeting, the operator of the power plant is able to verify the well foundedness of the 
extraordinary water retention operating mode leading to the restrictions on the power generation schedule, and may 
obtain information contributing to the proper decision making process resulting in the measures necessary for the 
extraordinary operating state in question. In case the consultation does not arrive at a successful agreement and the 
depression wave originating from the non-standard water retention policy of the Ļunovo barrage system endangers 
cooling water extraction, the Nuclear Power Plant must accomplish the operative shut down of the units and must 
provide for a safe cooling water supply. In other words, the impact of filling the Ļunovo barrage system results in 
extraordinary situations when the incoming Danube discharge rate is extremely low and the storage reservoir is entirely 
empty under various water retention strategies. The extreme low water discharge rate of the Danube upstream, arriving 
from the reservoir was determined as an event with the probability defined by the Nuclear Safety Code for the extreme 
cooling water extraction and meteorological conditions, respectively, for the Bratislava watermark post of the Danube at 
the 1868.7 river km profile: Qincoming =556 mį/s - Q(p=5x10-5/year) probability event, recurrent in every 20 000 years. 
Filling of the reservoir in times of low water stages causes a depression wave with a varied depth and duration pending 
on the rate of flow retained for surrounding of the proposed site at the Danube 1526.5 river km profile. 
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Retained water discharge 
mİ/s 

Duration of the 
depression wave 

days 

The extent of water level 
subsidence caused by the 

depression wave 
cm 

10 127 ~2 

50 24 ~12 

80 13 ~22 

100 10 ~25 

150 8 ~38 

200 6 ~50 

250 4 ~62 

Table 11.6.2-3: Characteristic features of the depression waves in the event of non-standard operation of the Ļunovo barrage 
system, with a number of different water retention (reservoir filling) strategies 

Regression analysis relationship of the associated measured water level readings between the watermark post of Paks 
(Danube 1531.3 river km) and the gauge at the embayment (Danube 1527 river km + cold water canal) was carried out 
in the entire range of the hydrological conditions pattern of the Danube, in the medium and low water range, and in the 
high water range. 

The following correlations could be established as a result of the test (Z [metres above Baltic sea level]: water level): 

- Danube low water (and medium water level) range: ZDanube, 1531.3 river km = Zembayment + 38 cm, 
- Danube high water level range: ZDanube, 1531.3 river km = Zembaymenti + 30 cm, 

The average surface gradient of the Danube between the Danube 1531.3 river km profile and Danube 1527 river km 
profile (cooling water outflow into the Danube) is approximately 27 cm in average (somewhat lower at high water, higher 
n times of low water, since the roughness coefficient of the floodway is higher than that of the main channel bottom). It 
can be stated that approximately 3 cm gradient was necessary in the cold water canal for the approximately 27 cm 
Danube surface water gradient in times of high water (27+3=30), while the same figure in the periods of low water stages 
is approximately 11 cm surface gradient on the cold water canal (27+11=38). Hereinafter an approximation is applied. 

The surface of the water has a gradient of approximately 38 cm between the embayment watermark post of the power 
plant and the Danube Paks watermark post profile (Danube 1531.3 river km). The resistance of the cold water canal 
from the Danube mouth (channel bottom friction and local losses along the channel bottom of the cold water canal, such 
as debris screens) up to the water extraction plant in the Danube low water periods is ~11 cm.  

Surface of the water falls approximately 27 kilometres between the Nuclear Power Plant water extraction profile (cold 
water canal mouth) of the Danube (1526.5 river km) and the Paks watermark post profile (Danube 1531.3 river km) in 
times of low water stages on the Danube. 

The outcome of the 1D hydrodynamic model simulation for the Ļunovo barrage system are contained in the sub-chapter 
entitled ñImpacts of the damage and abnormal operation of the upstream water level controlling structure(1D)ò (No 
11.9.2.2.1). 

11.6.2.2.2 Impacts of the situation encountered in consequence of ice gorges and packed ice 

The purpose of this simulation is to define the impacts of ice extreme low water stages within the surroundings of the 
power plant as a result of the ice gorge formed upstream of the water extraction site of the power plant in order to 
characterise the security of cooling water extraction. 

An ice gorge is the most extreme variation of packed ice which closes the entire cross sectional profile of the 
watercourse. In such cases (at least in principle) flow-through would be eliminated for a period of time and the passing 
rate of flow drops to zero. This state will be maintained until the level of the water impounded behind the ice gorge 
reaches the crest of the ice gorge and water overspills the packed ice. After this point the water discharge rate along the 
downstream section is gradually increased until reaches the initial discharge rate.  

This simplified model was used under a targeted safety assessment study [11-68] and partial closure of the channel 
bottom, the breaking up of the ice gorge, by-passing of the packed ice, etc. which all would result in a more rapid 
restoration of the water levels downstream to the extent prevailing before the closure were not dealt with. For the 
purposes of the simulation a barrage system with hinged-leaf tainter gate was placed in the 1527+025 river km profile to 
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model the ice gorge and packed ice the bottom level of which was identical with the lowest point of the actual channel 
bottom and the width of which equalled the width of the cross profile at the height of the crest level of the overfall weir. 
By moving (erecting) the hinged-leaf tainter gate the closing effect of the packed ice could be simulated.  

11.6.2.2.3 Assessment of the impact of river wall collapses and river wall slides 

Since most of the dangerous section along the Danube are continuously monitored, and a bank protection works are 
underway in a number of locations, the possibility of a landslide resulting detectable level of decline in the water 
discharge rates and river bed closure at the Paks section is extremely low, and can be practically excluded in the event 
of extreme low water situations. Even under artificial situations the congestion of the low water channel bottom of the 
Danube to an extent more than modelled can not be expected.  

In spite of this landslide was anticipated at one location upstream the Paks Power Plant water extraction site in our 
model simulation. 

11.6.3 MODELLING THE HEAT PLUME - PROPORTIONING OF THE 3D HYDRODYNAMIC AND TRANSPORT 

MODELS  

11.6.3.1 The case when the current design heat load status or the development is omitted 

In the current conditions the warmed up cooling water of the Paks Power Plant is returned into the Danube via the 
existing hot water canal (1526+250 river km right bank. 

The cooling water requirements of the Paks Power Plant at full capacity, is 25 mį/s per unit (4 unit altogether, meaning 
100 mį/s).  

The Paks Power Plant operates up to 20137 with the lifetime extension permit and the units will be shut down from 2032 
to 2037 according to the schedule included in the lifetime extension permit. Provided the current state of affairs is 
retained and the proposed development project is omitted, the following schedule for the shutdown of each unit and the 
following hot discharge rates are to be accounted with: 

Period [years] Highest hot water discharge rate 
Q [mİ/s] 

Number of operating units 
[piece] 

2013 ï 2032 100 4 existing units 

2032 ï 2034 75 3 existing units 

2034 ï 2036 50 2 existing units 

2036 ï 2037 25 1 existing unit 

2037 0 - 

Table 11.6.3-1: Trends in hot water discharge in the event the current state of affair prevails 

According to the Ministerial Decree No 15/2001. (VI. 6.) KºM on the emission and emission control of radioactive 
substances into the air and in water in the course of the application of nuclear energy currently in effect the reference 
profile is the profile of the Danube situated 500 metres downstream of the hot water discharge profile, at 1525+750 river 
km (its denomination is: +500 m).  

For the purposes of operation the decisive factor is the level of the Danube background temperature (TDanube [ÁC]) and its 
changes in the reference profile +500 m downstream of the outflow: 

TDanube + æTheat gradient - æTmixing Ò Tlimit value,  

where: 

Tlimit value: 30 ÁC, 

æTheat gradient: 8 ÁC (described in details in Chapter 6 pursuant to Ministerial Decree No 15/2001. (VI. 6.) KºM),  

æTmixing: The extent of cooling caused by mixing of the lead load with the Danube water at the +500 m Danube 
reference profile specified in the regulation referred to above. The maximum temperature increment of the 
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temperature distribution in the Danube reference profile as a result of the heat load, compared to the Danube water 
temperature.  

Having the inequality above rearranged, the environmental requirements are met at the Danube temperature levels of 
TDanube as follows: 

TDanube Ò Tlimit value - æTheat gradient + æTmixing, 

In this inequality æTmixing = æTmixing (QDanube), in other words the extent of cooling is a function of the Danube discharge 
rates. Both the model and the measurements suggest that this value is relatively independent from the actual discharge 
rate due to the changes in the flow rate space in the range of the low discharge rates in the low water stage and medium 
water stage of the Danube (2300 mį/s) that is below 1850 mį/s, therefore a 1500 mį/s Danube rate of flow was taken as 
the design level for the calculations.  

According to the hydrodynamic and heat transport calculations the value of æTmixing varied to slight extent in the case of 
the design operational state of the Paks Power Plant with for units (and the design discharge rate of the effluent: 
100 mį/s), as a function of a number of factors. In the reference situation of 2014, with a heat gradient of 8 ÁC, the 
temperature decreased by ~4 ÁC 500 metres downstream of the hot water discharge point. This also means that in the 
event when the Danube water temperature is 26 ÁC, the 34 ÁC temperature of the hot water discharge is reduced to 
30 ÁC in the Danube in the line of the maximum temperature of the heat plume formed (water temperature is less in 
other places, varying between 26 and 30 ÁC). 

Due to an increase of the Danube water temperature over time, the reference situation in terms of heat loads is achieved 
by the year 2032 in the scenario when the development project is not implemented, when the hot water discharge 
reached 100 mį/s and the design water temperature on the Danube is 26.38 ÁC. Later on ï 2032 to 2037 ï due to the 
exit of the units proposed for each second year the heat loads will not be a cause for concern any more. Since the 
design water temperature of the Danube exceeds 26 ÁC by the end of the lifetime extension and hence, the 30 ÁC 
temperature level would be exceeded in the 500 metres reference profile should there be no measure taken.  

Therefore, to be on the safer side, the 25 ÁC Danube water temperature level will be taken as a benchmark on a 
preliminary basis for the purposes of defining the anticipated duration of the periods when measures are necessary in 
each of the years. 

11.6.3.2 Specification of the design heat load statuses in case the proposed development project is 
implemented 

The warmed up technology process water of the proposed new units will be discharged into the Danube on the right 
bank of the 1526+450 river km Danube profile, on the upstream side of the current inlet point, via a new inlet point 
approximately 200 metres to the north of the existing hot water canal, crossing the recuperation structure.  

The maximum operational cooling water need of the proposed 2 x 1200 MW new units will be 66 mį/s per unit (2 new 
units totalling in 132 mį/s).  
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The operating schedule of the Paks Power Plant and the proposed new development is summarised in Table 11.6.3-2 
below. 

Period [years] 
Maximum hot 

water discharge  
[mİ/s] 

Number of operating units 
[pieces] 

Design 
dates 
[year] 

Estimated highest annual 
water temperature on the 

Danube [oC] 

2014. (present) 100 Paks Power Plant 4 existing units 2014 25.61 [̄C] 

2014 ï 2025 100 Paks Power Plant 4 existing units  26.10 [̄C] 

2025 ï 2030 166 Paks Power Plant 4 existing units + 1 new unit    

2030 ï 2032 232 Paks Power Plant 4 existing units + 2 new units 2032 26.38 [̄C] 

2032 ï 2034 207 Paks Power Plant 3 existing units + 2 new units    

2034 ï 2036 182 Paks Power Plant 2 existing units + 2 new units    

2036 ï 2037 157 Paks Power Plant 1 existing unit + 2 new units    

2037 ï 2085 132 2 new units  2085 28.64 [̄C] 

2085 ï 2090 66 1 new unit    

2090 0 -   

Table 11.6.3-2: The trends in hot water discharge (Q mį/s) in the event the proposed development project is implemented, with the 
highest expected annual water temperature on the Danube (TDanube, ÁC) in the design operation dates 

The maximum water temperature of the Danube at the power plant profile 25.6 ÁC was taken as an initial value in the 
year of 2014 as a result of the trend analysis (+1.2ÁC), and the steepness of its linear trend was defined as 0.04 ÁC/year 
obtained from the climatic models, extended up to 2120. 

The warmed up technology process water s mixed with the water of the Danube after discharge. Such mixing is a multi-
stage process, and in terms of space in depth, cross directional and longitudinal mixing patterns are differentiated, which 
are fundamentally influenced by the flow and temperature conditions prevailing in the Danube. According to this the 
critical design state is determined by the low water discharge rates and the Danube background temperature, as well as 
by the coincidence of the two. Based on earlier experiences and the measurements conducted it can be stated that the 
periods of critical discharge rates and high background temperature usually do not concur, the critical high temperature 
incident typically occur at low and medium rates (1 500 ï 1 850 mį/s), therefore the 1 500 mį/s discharge level on the 
Danube was selected for the purposes of describing the current and future design heat load states.  

In the event the proposed development project is implemented, the design heat load states on the Danube can be 
expected in the years of 2032 and 2085, since after the year of 2032 the existing units are scheduled to quit and the 
volume rate of flow of the hot water loads is thus reduced to a substantial extent (reduced by 25 mį/s in every second 
year). After the year 2085 the discharge rates of the hot water loads is also reduced substantially again (from 132 mį/s to 
66 mį/s). The volume rate of flow of the hot water loads is reduced more than the increase in the Danube background 
temperature, this is why the years 2032 and 2085 will be the reference years for design. 

In the design heat load states of the years 2032 and 2085 the efficiency of mixing and the extent of temperature 
reduction is expected to drop from approximately ~4 ÁC to approximately 2 ÁC as a result of the increase in the Danube 
water temperature over time and exceeding the current design hot water discharge rate at the current Paks Power Plant 
(100 mį/s). Compliance with the 30 ÁC limit value at the 500 metres Danube reference profile, in other words in the case 
of the 8 ÁC heat gradient is possible only below approximately 26 ÁC and in the design heat load states of the year 2032 
and 2085 is possible only below approximately 24 ÁC of Danube water temperature, respectively.  

For the sake of safety, the Danube water temperature soliciting measures (launching of on-site monitoring 
measurements, then the making of the potentially necessary measures to an eventual intervention) is included due to 
the aforementioned reasons on a preliminary basis as 23 ÁC (Paks Power Plant + Paks II joint operation and Paks II 
stand-alone operation) and as 25 ÁC (Paks Power Plant).  

It is also investigated in the later stages what are the average expected periods of time in days when the Danube water 
temperature concerned is expected to be exceeded, in other words the durations for both current and future design heat 
load states as a function of the climatological scenarios. The study encompasses the range of Danube water 
temperature between 20 ÁC and 30 ÁC (for each 1ÁC step), and the 800 mį/s ï 3500 mį/s discharge rate ranges of the 
Danube (for each 100 mį/s). 

The mixing states critical for the purposes of the heat loads which take into account the higher background temperature 
levels occurring as a result of the climate change can be characterised by the following parameters: 
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Design state of 2014 

- the background temperature of the Danube (TDanube) TDanube = 25.61 ÁC,  

- cooling water discharge rate at the Paks Power Plant (q) 100 mį/s,  

- the warmed up cooling water s discharge into the Danube at the current outflow,  

- its temperature (i) (Thot water)=33 ÁC, and (ii) the inlet with the 8 ÁC heat gradient was investigated in a separate model 
run (Thot water =TDanube+8 ÁC = 33.61 ÁC), 

Design state for 2032 

- TDanube = 26.38 ÁC,  

- as a result of the joint operation of Paks Power Plant and Paks II, the current qcurrent =100 mį/s flow is discharged at 
the current inlet point and the future qfuture =132 mį/s flow is discharged on the upstream side of the current inlet 
point, via a new inlet point to the north of the existing hot water canal, crossing the recuperation structure: (i) Thot water 

= 33 ÁC, and (ii) Thot water = 34.38 ÁC, respectively 

Design state for 2085 

- TDanube = 28.64 ÁC,  

- q future = 132 mį/s flow is discharged on the upstream side of the current inlet point, via a new inlet point to the north 
of the existing hot water canal, crossing the recuperation structure: (i) Thot water = 33 ÁC, and (ii) Thot water = 36.64 ÁC, 
respectively. 

Supplementary measures to be applied to comply with the Danube temperature limit 

Additional measures: 

- Extraordinary special monitoring of Danube water temperature (upstream of the cold water canal, in the 
neighbourhood of the hot water discharge point and at the reference profile), 

- de-loading of the units, 

- or additional cooling options, 

- or shut down of units 

may become necessary during the period when the undesirable event lasts. 

Additional cooling options: 

- additional extraction of Danube water for cooling purposes, 

- post-cooling by the installation of a post cooling system. 

Heat technology analysis of the additional cooling options for the new units was accomplished. According to the analysis 
carried out for the potential supplementary measures de-loading of the units is the most cost efficient solution under the 
currently known set of criteria, therefore the additional cooling options are not dealt with henceforward. 

In the sections below the duration of the measures (in days per year) expected in the future and necessary in order to 
adhere to the 30 ÁC temperature limit value in the 500 metres reference profile in the Danube, based on the 
climatological modelling results. 

11.6.3.1 Presentation of the hydrodynamic and heat transport models used for the calculation of the 
heat plume 

Two kinds of models were used for calculating the heat load calculations:  

I. a permanent (content in time) 3D hydrodynamic and heat transport model was created (OpenFOAM) in the 
mixing zone close to the outflow in the Danube channel bottom area between the 1528 ï 1526 river km 
profiles of the Danube, 
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II. a quasi 3D transport model (CORMIX) was applied in the more distant mixing zone the lower boundary of 

which concur with the southern national border (Danube 1433 river km), using one dimensional 

hydrodynamics. 

Close mixing zone 3D (OpenFOAM) model 

OpenFOAM (Open Field Operation and Manipulation) is a free CFD software with an open access source code. The 
software has extremely wide range of modelling features which render s suitable for the purposes of modelling complex 
processes in fluid flow physics. These features in fact are identical with the features of the Fluent and ANSYS software 
programmes. The services provided are identical with those provided by the very costly aforementioned programmes 
and can be upgraded further as necessary since they are permanent and non-permanent models based on finite 
volumes written in the C++ language.  

The software was used to model the 3 kilometres section calculated from the discharge point. 

The summary of the model calculation processes is as follows 

¶ the construction of a geometric model starting with the river bed survey in the surrounding environment of the 
outlet point into the Danube along an approximately 3 km long Danube section (Danube channel bottom survey 
of the year 2012) 

¶ definition of the finite element cell system of the calculation area for the numeric calculations, 

¶ definition of the input values of the model by providing the boundary conditions and the initial values (in order to 
determine the upper boundary condition flow rate distribution the 2D flow model was used to calculate the 
permanent flow field of the 1531.3-1519 river km section of the Danube, using the River2D free use model) 

¶ calibration of the model with the use of the measurement results, 

¶ application of the model to solve the tasks and objectives set, 

¶ processing of the model simulation results. 

Distant mixing zone "semi" 3D (CORMIX) model 

The CORMIX (Cornell Mixing Zone Expert System) is a free hydrodynamic mixing model and decision making 
preparation system developed by the USEPA-CEAM. The software allows simulation and analysis of the mixing of 
contaminants and the planning of emission parameters meeting water quality requirement criteria. It is used extensively 
in the official licensing procedure of emitters of industrial and municipal wastewater or heat pollutants. The software 
calculated the features of the plume analytically in 3D and provides text based assistance to describe and analyse the 
mixing process formed. The system consists of three subsystems which handle various types of emissions, and are 
supplemented with a number of data preparation and analytical subsystems.  

The software was used to calculate the features of the heat plume formed in the area marked out by the heat emission 
point and the national border. 

The summary of the model calculation processes is as follows 

- the construction of a geometric model starting with the river bed survey for the river section marked out by the outlet 
point into the Danube and the southern national border, 

- definition of the input values of the model by providing the boundary conditions and the initial values, 

- calibration of the model with the use of the measurement results and of the findings of the 3D (OpenFOAM) 
simulation process, 

- model calculations of the emission cases, 

- processing of the model simulation results. 

It should be noted that the hot water travels from the point of discharge in the Danube (Danube 1526.25 river km) up to 
the southern border (Danube 1433 river km) on a route of approximately 93 km long in the Danube river bed, within a 
time of 24 days as an average ï in times when the actual discharge rate of the river s less than the Danube medium 
water rate of flow (2300 mį/s) the travel time is greater. The discharge of the hot water into the Danube was taken at 12 
oôclock a.m. (the trend of the Paks watermark post daily temperature readings adapted to the annual maximums was 
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increased by 1.2 ÁC in the cold water canal profile for the noon hours), thus the hot water s expected to leave the country 
at around noon. The cooling effects of the lack of sunshine during the night and of the drop of the ambient air 
temperature were taken into account for the purposes of the calculations. 

11.6.3.2 Proportioning of the flow and heat transport models 

11.6.3.2.1 Proportioning of the 3D flow and heat transport (OpenFOAM) models 

Based on the hydrodynamic calculations carried out for the present state of affairs it can be concluded that the discharge 
of a 100 mį/s discharge rate of cooling water represents a surplus pulse locally (Figure 11.6.3-1), having an 
advantageous impact on the mixing process. The flow rate differential between the Danube and the discharge flow 
increases the turbulent diffusion. Speed vectors with different directions favour the formation of eddies and whirlpools. 
The main current line of the Danube pulled towards the right bank at the point of the outflow, meaning that the majority of 
the water volume carried by the Danube is found here. For the purposes of mixing it was critical that the heat plume be 
mixed with as much as possible of the Danube water rate of flow, therefore it is important that the cooling water arrived 
to the river n an angle from which it can penetrate in a transversal direction the more the better. This initial condition has 
a strong influence on the fate of the plume later.  

 

Figure 11.6.3-1: Flow rate distribution pattern near the surface (Danube measured rate of flow 1540 mį/s; heat gradient is 8 ÁC) ï 
design state in 2014 (TDanube,max=25.61 ÁC) 
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The sections promoting mixing most can be found at the spur and transverse dyke situated under the inlet point. In 
contrast, stagnant zones are formed in the shallower parts between the spur and the transverse dyke. In these regions 
mixing is prevented in addition to the lower speeds by the cooling water which forms a kind of wall against the Danube 
water and does not lets it into this area. It can be said of the flow distribution measures in the +500 m profile that lower 
speed ranges are formed on the right bank between the inlet of the cooling water and the cross dyke (Figure 11.6.3-2). 
Relative flow rates were formed in order to compare model findings with the measurement results since they belong to 
albeit close, yet not the same discharge rates. For the purposes to obtain relative speeds the component of the flow rate 
concerned was divided with the mean flow rate. The standard deviation of the measurement points and the homogeneity 
of the model can be observed, nevertheless a high level of concurrence can be established. 

 

Legend:  
+ 500 m szelv®nyben m®rt relative sebess®gek ï Relative flow rates measured in the +500 metres profile.  
m®rt ï measured 
Jobb partt·l val· relativ t§vols§g y/B [-]  ï Distance from the right bank y/B [-] 
relat²v sebess®g v/v§tl ï relative flow rate v/vaverage  

Figure 11.6.3-2: Relative flow rates measured and calculated in the +500 m referencia profile, as a function of the relative distance 
(y/B [-])- where: B [m] is the width of the Danube cross profile, QDanube, measured = 1540 mį/s) 

The heat plume of the version calculated with the use of the 8ÁC heat gradient is illustrated on Figure 11.6.3-3, where it 
can be clearly seen that the plume is pressed against the right bank. Furthermore, it can be seen that the significant 
temperature drop takes place at the inlet point and the transverse dyke due to the phenomenon discussed above. 

The maximum temperature of the heat plume in the Danube reference profile (discharge profile + 500 m) was checked 
on the basis of former measurements. An approximately ~4 ÁC drop was measured in relation to the discharge 
temperature during the control measurements when Danube background water temperature was 25 ÁC. Due to a high 
level of correlation between the measured and calculated results the heat transport model is regarded to have been 
calibrated. 
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Figure 11.6.3-3: Heat plume, 8ÁC heat gradient (Danube measured discharge rate 1540 mį/s) ï design state in 2014 
(TDanube,max=25.61ÁC) 

11.6.3.2.2 Proportioning of the 'semi' 3D heat transport (CORMIX) model 

The analytical quasi 3D CORMIX model was applied on the Danube section ranging from the inlet point up to the 
southern national border (Danube 1525.75 - 1433 river km) in order to calculated the features of the heat plume. In the 
first step the built up model was calibrated to the measurement data available on the cross profile. The successful 
calibration is demonstrated by the sufficient level of concurrence between the modelled results and the measurement 
results. Figure 11.6.3-4 shows the comparison of the modelled values with the August 2013 measurements. The 
calibration for the direction of the longitudinal profile was carried out using the results obtained from the 3D (OpenFOAM) 
model simulation. 
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Legend:  
v²z hŖm®rs®klet ï Water temperature,  
T§vols§g a jobb partt·l (m) ï Distance from the right bank 
m®r®s ï measurement 

Figure 11.6.3-4: Results of the CORMIX model calibration (+500 m; August 2013) 

11.6.4 MORPHODYNAMIC MODEL ASSESSMENT OF THE DANUBE CHANNEL 

11.6.4.1 One dimensional (1D) model assessment of suspended sediment and bed loads 

It was investigated earlier on in details (VITUKI Nonprofit Kft., 2011.), by the application of which morphodynamic model 
the state of equilibrium in sediment load on the Danube section concerned can be characterised using a one 
dimensional model.  

As a rule, quite a number of parameters play a role in the determination of the extent of the bed load transport:  

- depth of the watercourse, 

- width of the watercourse 

- mean flow rate, 

- fall of the energy line, 

- typical particle diameter, 

- water density, 

- density of the bead load material  

- the shape of the bed load particle, 

- composition of the bed load (particle distribution), 

- water temperature. 

The module created for the calculation of the bed load transport of the HEC-RAS one dimensional hydrodynamic 
program developed by the Hydrologic Engineering Centre established from the engineers of the Army Corp of Engineers 
and of the U.S. Institute for Water Resources was used for accomplishing the modelling tasks. The calculation of the bed 
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load transportation capacity is made on the basis of the particle composition of the bed load, thus there is a possibility to 
simulate grading below transportation and colmatation of the channel bottom. Due to its architecture the model is also 
suitable for modelling complete river networks, to estimate maximum cavities caused by intense flood events, to forecast 
the impact of river dredging and to investigate the formation of shoals. Calculation of the bed load transport was possible 
with the use of the various equations in the literature. 

The HEC-RAS calculation method can be used for the purposes of determination of the bed load transportation capacity 
in the case of the known hydraulic parameters and bed load properties. The bed load transport obtained contained the 
volumes of both the boulders bed load and the suspended sediment. 

The boulders bed load is rolled and slipped away on the channel bottom. Touch of the river bed can be seen as 
continuous. It happens that the sliding, rolling particle of the bed load leaps over a larger boulder or other obstacles, and 
in such cases the contact with the channel bottom is disrupted for a short period of time and a short distance. One of the 
most important issues with regard to the movements of the boulders bed load is the definition of the boundary state 
when the bed load particle on the bottom just starts to move, and the quantity of the bed load transported by rolling. 
Movements of the boulders bed load may happen in smooth channel bottom but in the event the material of the river bed 
is sandy, sand waves, dunes and anti-dunes may be formed as it goes along. 

In the Hungarian stretch of the Danube river the bedding material is able to undergo colmatation, compaction or clogging 
in the periods of permanent low and medium water stages, that is the cohesion force keeping the bed load particles 
together s able to grow which causes the increase of the critical sliding tension on the bottom and thus it can resist the 
domination of the channel bottom erosion processes even in the case of high water stages. In the event of an extreme 
high water stage in flood events the compacted river bed is also able to get loosened and breaking up, thus starting 
substantial incision and rearrangement processes in the channel bottom. 

In contrast with the boulders bed load the movement of the suspended sediment is characterised by the fact that the 
sediment material is suspended in the water, moving with a flow rate which is nearly the same as that of the water flow. 
Movements of the suspended load is more continuous than the movement of the boulders bed load, however the forces 
keeping the sediment suspended keep on changing all the time and therefore the particle composition and quantity of 
the suspended load is subject to constant changes.  

According to the American interpretation there are two kinds of definitions for river loads, pending on the place of origin 
and the mode of transportation: 

- bed material load: the part of the load which is kept suspended mainly as the result of turbulence, settled when 
such turbulence subsides and its material is originating primarily from the own bed and banks of the river. 

- wash load: this is the part of the suspended sediment the material of which is a lot more delicate than the bed 
material and which is in constant motion along river stretches without impoundment, passing the section under 
consideration without settling. Its quantity is predominantly determined by the load washed out from the 
catchment area of the river. The particle size of this fraction of the bed load depends on the properties of the 
turbulence in the flow and of the size of the flow rates. 

In the event the amount of bed load arriving from upstream does not exceed the transportation capacity of the river, 
suspended load will pass without filling up or changing the channel bottom. In contrast, sediment settling on the river bed 
or washed out from there will change the shape of the bottom. 

The basic equation of the bed load transport modelling is as follows: (Exner continuity equation): 
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where: 

B  width of the channel bottom, 
ɖ depth of the channel bottom, 
ɚp porosity of the active layer, 
t  time, 
x  distance, 
Qs sediment load. 
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According to the equation the changes in the cross section of the bed equals the difference between the amount of 
sediment load inflow and outflow in the assessed section.  

The bed load continuity equation can be solved by the determination of the transportation capacity. In the event the 
transportation capacity is higher than the incoming loads (i.e. the extent of bed load replenishment), a shortage of bed 
load will occur leading to erosion and deepening of the bottom of bed if it is not protected by natural colmatation or an 
artificial pavement. If the supply of bed loads is higher than the transportation capacity, in other words the stock exceeds 
the rate of removal, excess bed loads are generated causing the siltation of the river bed. 

Thus, according to the continuity equation incoming and outgoing loads are compared in the environment of the 
assessed cross profile of the river bed. The amount of the incoming loads is determined by the extent of replenishment 
or supply (boulders bed load, suspended sediment). The quantity of the outgoing load is the amount of bed load which 
can be moved and transported by the water on the assessed section. Differences in the sediment load is proportional 
with the changes in the bottom of the bed which is determined in the environment of each transverse profile of the 
section under consideration. 

Transportation capacity is influenced by a number of measurable and non-measurable physical factors of the bed loads 
and of the watercourse. The continuity of the transportation capacity in the watercourse are determined by the following 
factors: 

- particle composition of the bed load, 

- the bed load transport potential, 

- siltation capacity: it is related to the rate of settling and the effective transportation depth 

- erosion capacity: it is related to the dislocating force, the inclination of particle grading (classification) and 
colmatation. 

The rate of bed load transport is determined by the hydraulic parameters and the properties of the load. The 
transportation capacity is determined for each particle size. The full bed load transport: 

ä
=

Ö=
n

i

isis pgg
1  

where:  

gs full bed load transport, 
gsi bed load transport of the fraction No i, 
pi particle size of the fraction No i, 
n the number of particle grades in the composition of the load. 
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Particle size grading of the bed load material (based on the classification system of the American Geophysical Union): 

Bed load material 
Particle diameter 

[mm] 
Median geometric particle diameter 

[mm] 

Clay 0.002 ï 0.004 0.003 

Very fine silt 0.004 ï 0.008 0.006 

Fine silt 0.008 ï 0.016 0.011 

Medium silt 0.016 ï 0.032 0.023 

Coarse silt 0.032 ï 0.0625 0.045 

Very fine sand 0.0625 ï 0.125 0.088 

Fine sand 0.125 ï 0.250 0.177 

Medium sand 0.250 ï 0.5 0.354 

Coarse sand 0.5 ï 1.0 0.707 

Very coarse sand 1.0 ï 2.0 1,41 

Very fine gravel 2.0 ï 4.0 2,83 

Fine gravel 4.0 ï 8.0 5,66 

Medium gravel 8.0 ï 16.0 11,3 

Coarse gravel 16.0 ï 32.0 22,6 

Very coarse gravel 32.0 ï 64.0 45,3 

Small cobbles 64 ï 128 90.5 

Large cobbles 128 ï 256 181 

Small boulders 256 ï 512 362 

Medium boulders 512 ï 1024 724 

Large boulders 1024 ï 2048 1448 

Table 11.6.4-1: Sediment material classification system according to the size of particles (based on the classification system of the 
American Geophysical Union) 

Vulnerability assessment of the Danube transportation capacity: 

Stationary sediment load and potential bed load transportation capacity Gt [kg/s] was calculated in prismatic channel 
bottom in the event of permanent water flows. Calculations covered suspended sediment load only. 

The impact of fluctuations in the values of typical geometric, hydraulic and bed material parameters encountered in the 
assessed section of the Danube (VITUKI Hungary Kft., 2011.) on the full potential (stationary) transportation capacity 
were investigated. 

Properties assessed and their intervals: 

- Q, discharge rate  between [1 000 mį/s ï 6 000 mį/s], at four discrete values, 

- B, width of water table between [456 m ï 800 m], at eight discrete values,  

- identical (homogeneous) sediment 

- d, particle diameter n loads bed loads characterised by a particle size distribution in the range of [0.707 mm ï 
5.66 mm] (inhomogeneous bed loads) with four discrete values,  

- dg, typical diameter  in the range of [0.64 mm ï 3,79 mm], 3 types of distribution, 

- So, channel bottom gradient between [4 cm/km ï 10 cm/km], 5 discrete values, 

Having assumed the characteristic features set forth above the following values were derivative parameters: 

- H, hydraulic median depth  in the [2.44 m ï 7.57 m] range, at 8 discrete values, 

- v, average flow rate in the profile in the [0.60 m/s ï 1.59 m/s] range, at 8 discrete values. 

Assuming a prismatic river bed, combination typical for the assessed Danube section were compiled using the 
parameters referred to above. The constructed morphological model was run for each combination in five different bed 
load transport correlations.  
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The following bed load transportation equations were used (these are the equations also used in the 2D and 3D 
models): 

d) Ackers-White (marked as AW on the figures below), 

e) Engelund-Hansen (EïH), 

f) Laursen-Copeland (LïC), 

g) Toffaleti (Tof) and  

h) Yang-type (Yang) transport equations. 

The suspended sediment load measurements available for the Duna¼jv§ros profile of the Danube during the years 
between 1950 and 2008: 

Correlations between sediment loads and water discharge rates were determined for each decade based on the data 
from the 267 measurements. Figure 11.6.4-1 shows clearly the permanent decline of the suspended sediment load. In 
order to allow comparison, a consistently identical exponential functional correlation was fit to the measured points of 
each decade. Reverse tendencies deviating from the prevailing trends occurred only in the 1971-1979 and 1980-1989 
periods at larger discharge rate ranges. In the range of low Q values the correlation curves are very uncertain due to the 
large level of standard deviation in the measured points.  

 

Figure 11.6.4-1: The rate of suspended sediment load of the Danube measured at the Duna¼jv§ros profile (1950-2008) and 
equalising lines of the data for each decade 
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The ômeasuredô sediment loads associated with the various discharge rates were calculated using the functional 
correlation determined for the 2000-2008 period (exponential and power function curves). However, sediment load was 
also determined for the Duna¼jv§ros profile based on the graphic line of the best fit for the water level-suspended 
sediment load (Gs) data supplied by Bog§rdi J. (1955, 1971) (measurements by VITUKI) (Table 11.6.4-2):  

Danube Q 
[mİ/s] 

1000 mİ/s 2500 mİ/s 4000 mİ/s 6000 mİ/s Note: 

Sediment load 
supply 
Gs [kg/s] 

~7 kg/s 150 kg/s 800 kg/s 7000 kg/s 1931-40. (Bog§rdi, 1955) 

~7 kg/s 188 kg/s 1019 kg/s 4365 kg/s 1950-53. (Bog§rdi, 1971) 

~23 kg/s 65 kg/s 182 kg/s 722 kg/s 2000-2008 exponential 

~10 kg/s 87 kg/s 263 kg/s 682 kg/s 2000-2008 power function curve. 

Table 11.6.4-2: Aggregate particle distribution pattern of the Danube bottom material and suspended sediments at the Danube 1524-
1527 river km section as a function of the Danube discharge rate 

It should be noted that no measured values than 2000 kg/s occurred in the past 60 years among the measurement 
points reflecting a very high level of standard deviation in spite of the fact that QDanube, max > 8500 mį/s was also observed. 
This questions the validity of the values obtained from the readings of the line of best fit by Bog§rdi J. [11-10] in 
response to a level of 6000 mį/s under the current conditions, because sediment load declined since 1950 substantially. 

The impact of profile average flow rate fluctuations on the sediment load: 

The data obtained from the bed material samples taken from the Danube 50-61. VO (hydrographical class) profiles 
(1513.88ï1536.35 river km) in the year of 2009 were used for the purposes of vulnerability assessment. A method was 
developed by which the approximate uneven distribution in general typical for the cross profile concerned can be 
generated from the individual characteristic distribution curves obtained for each of the transverse profiles. Particle 
distribution curves measured at three transversal profiles (VO 50, 51 and 60) were used for the tests and the overall 
general particle distribution pattern adopted as typical for the entire profile was generated from these curves.  

They were as follows:  

- Hydrographical class VO 60 including the average of 7 particle distribution dg 0.588 mm, with an average particle 
distribution dg of 0.644 mm, 

- Hydrographical class VO 50 including the average of 7 particle distribution dg 1.28 mm, with an average particle 
distribution dg of 1.86 mm, 

- Hydrographical class VO 51 including the average of 6 particle distribution dg 4.15 mm, with an average particle 
distribution dg of 3.79 mm. 

As an example, average distribution patterns of particles as measured in the hydrographical class VO 50 profile and 
calculated by us will be presented on Figure 11.6.4-2. 
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Figure 11.6.4-2: Particle distribution patterns measured at the VO 50 profile and the average typical particle distribution pattern 
calculated for the cross profile as a whole 

Now the independent variable is the average flow rate in the profile and the dependent variable is the entire sediment 
load again. Corresponding to the three selected particle distribution curves the following three figures were generated 
(Figure 11.6.4-3, Figure 11.6.4-4; Figure 11.6.4-5). No distinction is made on the graph with respect to ónarrowô or ówideô 
types of river bed, they are included jointly as a function of the average flow rates. Medium flow rate of a profile 
condensates the key hydraulic and geometric properties (Q, B, H, S) in an implicit manner. Therefore the calculated 
points are a bit scattered around since for instance a given discharge rate passes once a wide and once in a narrow 
river bed. (Medium flow rates calculated for each of the channel bottom with were provided in small tables on the 
Gt (Q,B) type figures.)  

 

Figure 11.6.4-3: Stationary suspended sediment loads calculated with different correlations as a function of the average flow rate in 
the profile, in the case of dg = 0.64 mm average particle diameter 
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Figure 11.6.4-4: Stationary suspended sediment loads calculated with different correlations as a function of the average flow rate in 
the profile, in the case of dg =1.86 mm average particle diameter 

 

Figure 11.6.4-5: Stationary suspended sediment loads calculated with different correlations as a function of the average flow rate in 
the profile, in the case of dg = 3.79 mm average particle diameter 

Trend lines show clearly the differences between each of the calculation methods. In line with what was stated earlier, 
the calculation method recommended by Laursen-Copeland and the Yang formula provides the highest and lowest 
values, respectively. 

From 1985 on, profile median flow rates were determined in the Duna¼jv§ros profile at the times when suspended 
sediment load measurements were made. The trend lines plotted from the measurement data of the measurement 
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between 2000 and 2008 were also featured on the graph. The line of the ñmeasured trendò best fit was obtained from 49 
data. It can be seen that the measurement trend line is placed between the lines of best fit of Gt values derived from the 
Engelund-Hansen and Yang calculation formulas, respectively.  

It could be concluded that the Engelund-Hansen type sediment load calculation formula seems to be the best for the 
purposes of assessing the morphodynamics of the Danube section concerned. 

Therefore, the two dimensional (2D) morphodynamic model, i.e. the River2D (free access) model is used for the 
purposes of investigating the impacts of the proposed development project on the changes in the river morphology of the 
Danube, supplemented with the Engelund-Hansen sediment load calculation sub-module. 

11.6.4.2 Two dimensional (2D) model assessment of morphodynamic processes in the Danube 
channel 

The task was to carry out two dimensional (2D) morphodynamic (flow and channel bottom movements) model simulation 
on the Danube section between the Paks watermark post profile (Danube 1531.3 river km) and the Danube 1519.0 river 
km profile.  

Data requirements of the model simulation are as follows: 

- Expected changes in the Danube channel bottom morphology were investigated using the water stage, discharge 
rate and bed material (concentration and particle distribution of suspended sediment, as well as particle distribution 
of bed material) data ranging from 1965 up the end of 2012. 

- channel bottom data at low and medium water stages of the Danube including their changes and trends over time in 
order to calibrate the morphodynamic model. 

- Historical analysis of and future forecast for the water level reduction trends referring to the bed bottom changes at 
low and medium water stages of the Danube. 

The method of the model simulation: 

- Flow rates and channel bottom morphology changes have mutual impacts on each other. The description of the 
dynamic relationship between the flow rate field and the movements of the bed load is possible in an approximate 
manner with the use of quasi permanent 2D morphological models applicable to consecutive periods, since the time 
required for non-permanent assessments is very long and does not provide any measurable more accurate results. 

- Quasi permanent calculations were carried out for different hydrological years and local river morphology changes 
were estimated for longer periods of time. Full river morphology changes are provided by the sum of the estimated 
trends and the local changes. With the use of the 2D hydrodynamic model the main current line and the surface 
gradient can be calculated. 

Model simulation tasks: 

The morphodynamic model is calibrated and applied on the basis of the channel bottom measurements in the past 
period of time and of the results of bed load investigations, taking the following cases as a basis. 

1.) Determination of the expected river morphology changes and alterations in the flow conditions in 2014, 2120, 
scheduled quitting of the four existing units, taking into account the extraction of the following cold water volumes and 
discharge of the same amount of hot water: 

¶ 2014-2032: 100 mį/s (4 units x 25 mį/s); 

¶ 2032-2034: 75 mį/s (3 units x 25 mį/s); 

¶ 2034-2036: 50 mį/s (2 units x 25 mį/s); 

¶ 2036-2037: 25 mį/s (1 unit x 25 mį/s); 

¶ 2037-2120:  0 mį/s. 
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2.) Determination of the expected river morphology changes and alterations in the flow conditions in 2014, 2120, 
scheduled entry of the two new units (2 x 1 200 MW), taking into account the extraction of the following cold water 
volumes and discharge of the same amount of hot water:  

¶ 2014-2025: 100 mį/s (4 existing units x 25 mį/s); 

¶ 2025-2030: 166 mį/s (4 existing units x 25 mį/s + 1 new x 66 mį/s); 

¶ 2030-2032: 232 mį/s (4 existing units x 25 mį/s + 2 new x 66 mį/s); 

¶ 2032-2034: 207 mį/s (3 existing units x 25 mį/s + 2 new x 66 mį/s); 

¶ 2034-2036: 182 mį/s (2 existing units x 25 mį/s + 2 new x 66 mį/s); 

¶ 2036-2037: 157 mį/s (1 existing unit x 25 mį/s + 2 new x 66 mį/s); 

¶ 2037-2085: 132 mį/s (2 new x 66 mį/s); 

¶ 2085-2090: 66 mį/s (1 new x 66 mį/s); 

¶ 2090-2120:  0 mį/s (2 new x 66 mį/s); 

3.) Determination of the impact area for the river morphology changes and alterations in the flow conditions using the 
outcome of the two tasks referred to above (dislocation of the main current line, changes in surface gradient). 

Below, the 2D morphodynamic model applied is shown. The detailed analysis of the expected changes in the river bed 
morphology of the Danube and of the section next to the cold water canal mouth (the hot water canal is paved and 
raised, therefore it is not subject to investigation) will be discussed at a later stage in the Chapter entitled 
ñCharacterisation of the expected flow and morphodynamic impacts on the Danubeò (No 11.9.1.3). 

11.6.4.2.1 Presentation of the 2D hydrodynamic and sediment transport model used 

The Delft3D-Flow hydrodynamic and morphodynamic model (Delft3D-Flow, 2013) was used for the assessment of the 
morphodynamic processes with the application of its two dimensional hydrodynamic module. 

The Delft3D is a modular multi-dimensional (2D, 3D) hydrodynamic and transport model system. The depth integrated 
2D and the non-permanent 3D flow and transport model applied are able to take into account the impacts of the density 
variations, temperature difference and of the meteorological elements on the flow formed. The flow module of the model 
uses the solution of the shallow water equations with finite differentials on the shifted type computational grid. In the 
event of a computational grid the model offers three options: orthogonal grid, curvilinear grid and the combination of the 
two, respectively. The model system contains data preparation modules and modules allowing the display and 
evaluation of the calculation results.  

The most wide spread procedure for the modelling of bed load transport is the connection of the hydrodynamic and bed 
load continuity equations. The hydrodynamic processes and the morphological processes are usually described with the 
help of shallow water (depth integrated liquid and pulse balance) equations and with the Exner bed load continuity 
equation, respectively. The mathematical model system of the morphodynamic process is obtained by the connection of 
the Navier-Stokes and Exner equations. 

Bed load movements ï understood as the complex process of bed load uptake (from the perspective of morphology 
changes: erosion, deepening, incision), transport and settling (settlement, deposit, siltation) ï result in alterations of the 
river morphology and morphodynamics. The accuracy of the calculations is mostly influenced by the accuracy by which 
the partial process of transport can be described. In spite of the fact that in the last 50-60 years more and more 
correlations were described for the purposes of calculation of bed load transport ï volume rate of flow of bed loads, 
sediment load ï, the almost half a century old statement claiming that ñhardly any general method can be found for the 
determination of the bed load transport ratesò still holds true [11-9]. The calculations which can be used in practical 
conditions are still predominantly based on ósemi-empiricalô correlations obtained from laboratory experiments. The term 
ósemi-empiricalô means that the form of the correlation looked for was determined on the basis of dimension analysis 
and/or theoretical considerations and statistical methods. 

To tell the whole truth it must be said that sporadically there are field measurements as well, but their number s very low 
and no correlations were derived from them, the most frequent use was to verify the existing ones (For instance: 
Tsubaki-Shinohara, Einstein, Hansen in van Rijn, 1984/a, 1984/b; [11-52]). On top of that, the description of the 
circumstances by which such field measurements were made is also incomplete. 
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The mathematical description of bed load transport: 

Selection of the appropriate method 

The Delft3D model system uses a number of different bed load transport formulas in order to calculate the movements of 
the bed loads. You can choose from them ï is you are lucky ï with the help of proportioning based on in field transport 
or morphology measurements. In the current case, however, the measurement data with appropriate accuracy and 
spatial density necessary for morphological model proportioning is not available. Therefore, the bed load transport 
formula marked "van Rijn (1984)" [11-59] was selected from the nine (9) different methods offered on the basis of the 
most characteristic properties of the river and the phenomenon to be investigated, river morphology.  

It is noted that the model system recommends the van Rijn (1993) [11-59], [11-60] as a default (that is, the default values 
of the model parameters) but this provided unrealistically large movements of bed loads even with realistic input 
parameters. Several calculations were conducted with the method of Engelund-Hansen (1967). This was the first trial, 
since in a former study (VITUKI, 2011) it could be concluded of the 1D (HEC-RAS) model in relation with the vulnerability 
testing of the correlations calculating bed load transports: ñBased on the results it is probable that any of the Yang or of 
the Engelund-Hansen type potential bed load transport calculation methods will be fit for making estimates on long term 
morphological changes after proportioning.ò The Delft3D-Flow model system does not contain the Yang transport 
formula. Now it was also demonstrated that the Engelund-Hansen (E-H) formula can not be used, either, for 2D 
modelling without proportioning. This might not be very surprising, considering the following: 

- The (VITUKI, 2011) study applied 1D methods. 

- The Duna¼jv§ros suspended sediment load measurements (dgå0.060 mm) results were used for making the 
conclusions at the time. 

- The E-H calculates stationary full (total) sediment load only with the help of the particle diameter, gauging vertical 
average flow rate and the Ch̄ zy-type roughness, and therefore it is easy to proportion it to a narrow validity range 
only. 

- It does not take into account the differences hidden in the movement processes based on the nature of the 
suspended- and boulders bed load which are therefore based on different principles. 

Description of the van Rijn (1984) bed load transport calculation 

The van Rijn (1984) (in shorthand: vR'84) method calculates the entire bed load transport (ôtotal transportô) as a sum of 
the boulders bed load - and suspended sediment, pending on the particle diameter of the bed material and the form of 
the channel bottom as well as the flow conditions.  

It expressed the two bed load transport formulas and the stationary sediment loads with the help of the function of two 
non-dimensional parameters.  

Detailed description of the multi-dimensional Delft3D-Flow model system applied, modelling hydrodynamic and transport 
processes was compiled on the basis of the Delft3D-Flow model manuals (Version: 3.15. and 3.15.30932; Delft3D-Flow, 
2011, 2013).  

It does not really emerge from the short description above that a very serious theoretical background is hidden behind 
the calculation method. The developer of the mode, van Rijn used a total of several hundred in field and laboratory 
measurement results in order to substantiate the applicability of his method (van Rijn 1984/a, 1984/b). Measured rates of 
rolling bed loads and sediment loads from 580 total and 783 (St = Sb + Ss) measurements from various authors were 
compared to the values obtained by calculation methods offered by other authors and his own. The calculation methods 
used for comparison can be found in the following references: Mayer-Peter-M¿ller (1948), Engelund-Hansen (1967), 
Ackers-White (1973) and Yang (1973). Differences were specified in detailed percentage values based on the r factors 
derived from the ratio of the sediment load results derived with the different calculation methods and the findings of the 
various field and laboratory measurements (r = Scalculated/Smeasuredt). It was stated in general that it was óhardly possibleô to 
calculated bed load transport with r < 2 error rates with confidence. It can also be seen from the results that the method 
by Ackers-White (1973) is also of similar accuracy for the purposes of the boulders bed load transport than the method 
recommended by him (vR'84), while in the case of full bed loads the method offered by him provided the most accurate 
results in all r ranges tested. This is the reason why we selected the method developed by van Rijn (1984) for the 
purposes of calculating boulders bed load - and suspended sediment load necessary to make estimates on the 
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morphological changes in the Danube. However, you should not ï as highlighted by a number of authors ï forget that 
the sediment load, describing the most important partial process of the channel bottom morphology may provide 
differences in the order of magnitude under the same hydraulic conditions when calculated with different correlations 
[11-28], [11-71]. 

The mathematical model of channel bottom morphology changes 

Since the stationary (potential) sediment load depending on the momentary hydraulic conditions and characteristic 
properties of the bed load is known to one cell, the model will write up an equation for conservation of mass (continuity 
equation) for all the cells. This is principle identical with the Exner type continuity equation provided for the 1D state in 
our previous study (VITUKI, 2011).  

The initial thickness of the channel bottom potentially involved in the bed load transport and movements is a parameter 
specified by the user. In the light of the mass alterations and the density of the bed material under water the alterations 
in the channel bottom thickness can be calculated easily. 

11.6.4.2.2 Specification of morphodynamic design load statuses 

The tasks described above will be accomplished by selecting the design states for the existing power plant operation 
and of the proposed development project and by analysing and evaluating the results based on the 2D morphodynamic 
model calculations. 

Local river morphology changes concerning the Danube medium water channel bottom expected as a result of the 
proposed development project are assessed in the design load situations. The integrated trends in the Danube medium 
water river bed are shaped predominantly by the multiple years average of the hydrodynamic processes (flow regime), in 
other words by the multiple years average discharge rate as the rate of flow shaping the channel bottom. Therefore the 
quasi-permanent discharge rate of 2 300 mį/s is considered to be an average hydrological year on the Danube.  

According to the statistical analysis, the extreme high precipitation hydrological on the Danube can be seen as 1.3 times 
the multiple years average water flow speed (2 300 mį/s) ï which is the ratio of the average of the daily discharge rates 
in the year of 1965 and the multiple year average daily water rate of flow ï rounded upwards as 3 000 mį/s Danube 
discharge rate. 

Design morphodynamic states of the proposed development project depend basically on the extent and rate of flow of 
the design water extraction and return. 

Based on the results of the model simulation it can be determined that the key driver of the morphodynamic changes is 
the multiple year average discharge rate on the Danube and flood waves of lesser duration (non-permanent processes) 
perturb it only to a slight extent. Therefore, model assessment of the river morphology changes are carried out in the 
quasi-permanent hydrodynamic state of the Danube for the multiple year average discharge rate of 2 300 mį/s. 
Additionally, the river morphology changes in several consecutive high precipitation hydrological years are also 
assessed for the 3 000 mį/s average annual discharge rate of the Danube in order to analyse the increments in impacts. 

In the aforementioned context the design morphodynamic states are summarised as follows: 

A.) Current state (2014-2025) ï operation of the Paks Power Plant  

Current state and the maintenance of that state according to the schedule of the lifetime extension (2014-
2037)  

Cold water extraction: 100 mį/s, through the existing cold water canal, 

Hot water discharge: 100 mį/s from the existing hot water canal, through the energy dissipation device, 

A1) In the case of an average hydrological year: a Danube discharge rate of 2 300 mį/s 

A2) In the case of high precipitation hydrological year: a Danube discharge rate of 3 000 mį/s 
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B.) Joint design operating state (2030-2032) - Simultaneous operation of Paks Power Plant and Paks Il  

Design operating state with the entry of the two new units 

Cold water extraction: 232 mį/s, through the expanded channel bottom profile of the existing cold water 
canal, 

Hot water discharge: (232 mį/s): 

¶ 100 mį/s through the existing energy dissipation device, 

¶ 132 mį/s through the proposed recuperation works, 200 m upstream of the current outlet 
point. 

B1) In the case of an average hydrological year: a Danube discharge rate of 2 300 mį/s 

B2) In the case of high precipitation hydrological year: a Danube discharge rate of 3 000 mį/s 

C.) Stand-alone operation of Paks II (2037-2085) ï only Paks II is in service 

After the exit of the existing Paks Power Plant units  

Cold water extraction: 132 mį/s,  

Hot water discharge: (132 mį/s): 

¶ 132 mį/s through the proposed recuperation works, 200 m upstream of the current outlet 
point. 

C1) In the case of an average hydrological year: a Danube discharge rate of 2 300 mį/s 

11.6.4.3 Analysis of the local morphodynamic processes along the river section affected by the 
proposed project 

11.6.4.3.1 Assessment methods of the local morphodynamic impacts and impact areas 

The local morphodynamic impacts of the design load states and the demarcation of the impact area was investigated 
with the following details: 

- based on the comparison of the river morphology changes caused and the sedimentation (siltation, deepening) 
(Zriver bedr (x,y) [metres above Baltic sea level]), 

- through the analysis of the differences between the absolute values of the flow rate distribution patterns formed in 
the Danube water space: (V being the geographic distribution of the absolute value of the depth integrated flow rate 
vector V=V(x,y) [m/s]): 

¶ ȹVB1-A1(x,y) = VB1(x,y) - VA1(x,y) and ȹVC1-A1(x,y) = VC1(x,y) - VA1(x,y) (average year), 

¶ ȹVB2-A2(x,y) = VB2(x,y) - VA2(x,y) and ȹVC2-A2(x,y) = VC2(x,y) - VA2(x,y) (high precipitation year), 

¶ the area with higher than Ñ0.2 m/s changes in the flow rate is considered to be the impact area. 

- based on the relocation of the main current line (the line of the maximum flow rates of the Danube, which is the 
deep channel bottom route meandering in the area of the medium water stage channel bottom), 

- by the analysis of the differences in the Danube water surface (Z being the geographic distribution of the water 
surface Z = Z(x,y) [metres above Baltic sea level]): 

¶ ȹZ B1-A1 (x,y) = Z B1(x,y) - Z A1(x,y) and ȹZ C1-A1(x,y) = ZC1(x,y) - ZA1(x,y) (average year), 

¶ the high precipitation year is evaluated on the basis of the impact on flow rate changes, 

¶ the area with higher than Ñ0.2 m/s changes in the flow rate is considered to be the impact area. 

The main current line of the Danube which can be determined under the current flow conditions (downstream of the Paks 
Power Plant operation) ï that is, the location where the deep channel bottom route meandering in the area of the 
medium water stage channel bottom is situated ï can be found near the site, close to the right bank of the main channel 
of the a Danube. The position of this line may be modified to a slight extent as a function of the Danube discharge rate, 
pending on the flow rates.  
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11.6.4.3.2 Analytical methods for the local morphodynamic processes 

The temporal patterns of the local morphodynamic impacts in the design load states longer term permanent 
morphodynamic model calculations were carried out.  

According to the study results the additional channel bottom erosion and siltation processes will be expected to diminish 
substantially within approximately 2 years and to stop in an asymptotic behaviour within ~3-5 years from the date when 
the proposed development project is commissioned. 

This morphodynamic process over time is illustrated by the presentation of the 5 years time series of the channel bottom 
morphology changes of the Danube at the locations downstream of the hot water discharges (A, B: time series of the 
river morphology changes at the control points). 

11.6.4.3.3 Trends in river morphology changes 

Expected trends in river morphology changes based on the statistical assessment of the Danube low water levels: 

The trends of the river morphology changes are usually concluded from the hydrological statistical analysis of the annual 
low water levels. 

The outcomes of the forecasts for the Paks watermark post profile of the Danube (Danube 1531.3 river km) up to the 
year 2120 set forth in details at the statistical analysis of the Danube low water stages are summarised in the table 
below (Table 11.6.4-3): 

Period of the proposed 
development project and lifetime 

extension 

Expected low water levels (lowest annual) 
in terms of time 

Z [metres above Baltic sea level] 

Expected subsidence of low water 
stages in terms of time 

ȹZ [m] 

Year Unit operation schedule 
Linear 
trend 

Logarithmic 
trend 

Average 
trend 

Linear 
trend 

Logarithmic 
trend 

Average 
trend 

2013 - 83.78 83.78 83.78 0.00 0.00 0.00 

2025 Enter new unit I 83.51 83.74 83.62 -0.27 -0.04 -0.16 

2030 Enter new unit II 83.39 83.72 83.55 -0.39 -0.06 -0.23 

2032 Exit existing unit I 83.34 83.71 83.53 -0.44 -0.07 -0.25 

2034 Exit existing unit II 83.30 83.70 83.50 -0.48 -0.08 -0.28 

2036 Exit existing unit III 83.25 83.70 83.48 -0.53 -0.08 -0.30 

2037 Exit existing unit IV 83.23 83.69 83.46 -0.55 -0.09 -0.32 

2085 Exit new unit I 82.13 83.52 82.83 -1.65 -0.26 -0.95 

2090 Exit new unit II 82.02 83.50 82.76 -1.76 -0.28 -1.02 

2100  - 81.79 83.47 82.63 -1.99 -0.31 -1.15 

2120  - 81.33 83.39 82.36 -2.45 -0.39 -1.42 

Table 11.6.4-3: Expected low water levels in terms of time based on the projection of the trend (Paks watermark post- Danube 
1531.3 river km) 

Logarithmic trend fit of the low water levels is an optimistic estimate assuming full stop of the industrial river dredging 
operations and a declining tendency of their impacts, while the fit of the linear trend can be regarded as a conservative 
estimate. 

Based on the table above in summary it can be stated that the following annual low water stage levels and the following 
estimated subsidence levels of the channel bottom can be expected by the year of 2090, when the second new unit of 
the proposed Paks II power plant quits: 

- In the case the linear trend is extended: a subsidence of ~1.8 [m] (-2.29 [cm/year]), 

- In the case the logarithmic trend is extended: a subsidence of ~0.3 [m] (average: -0.36 [cm/year]), 

- Calculated with the average value of the linear and logarithmic trends: a subsidence of ~1.0 [m] (average: -1.33 
[cm/year]). 

Expected trends in the river morphology changes based on the annual assessment of the Danube medium water stage 
channel bottom: 

The survey of the channel bottom profile carried out by the Lower -Danube-Valley Water Management Directorate (ADU-
VIZIG) in the year of 2013 at the Danube 1537.3-1512 river km section with a 100 metres profile density, and with a 100 
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metres profile density at the two river kilometres long section near Madocsa on the assignment by MVM Paks Power 
Plant Zrt. (ADU-VIZIG, 2013). 

The executive summary of the ADU-VIZIG report [11-2] reads like this: 

ñEvaluation of the results confirmed a water level subsidence of approximately 2 cm/year just like the previous attempts. 
No dredging took place in 2013 in the Danube 1560-1510 river km section. The annual specific river morphology 
changes for the year 2013 (developed to the full profile width) represented -0.0 cm/year deepening on the upstream 
section, and 2.0 cm/year deepening downstream of the cold water canal. It should be highlighted that the channel 
bottom of the 1537-1527 river km section subsided upstream of the cold water canal since 2006 to a various extent but 
continuously. Deepening occurred in the 1527-1512 river km section in the 2006 to 2008 period while the subsequent 
three years were characterised by an approximate stationary channel bottom with some fluctuations, then deepening 
could be observed in the year of 2013 again." 

Annual dredging volumes dropped to about the half of the former (1997-2007) quantities starting from 2008 and were 
terminated altogether by 2011 along the 1536-1557 river km Danube section which is the Danube section upstream of 
the site. 

11.6.4.3.4 Proportioning of the two dimensional (2D) model describing the local morphodynamic processes of 
the Danube channel 

The calibration of the two dimensional (2D) morphodynamic modelôs hydrodynamic sub-model was possible, however no 
accurately administered series of measurements was available for the calculation of the channel bottom changes 
(deepening and siltation) on the Danube channel bottom section under investigation. 

Model parameters were proportioned and confirmed to the flow measurements at the medium and high water stage flow 
regimes of the Danube in the year of 2012 and 2013 (Danube discharge rates in this period were 2700- 5100 mį/s, 
respectively). The results of the proportioning exercise are illustrated on the figures below (Figure 11.6.4-6, Figure 
11.6.4-7 and Figure 11.6.4-8): 

 

Legend:  
Duna 1527+000 fkm keresztszelv®ny®nek f¿gg®ly kºz®psebess®g eloszl§sa, Duna v²zhozam: 2700 m3/s ï Gauging vertical average flow rate distribution of the 
Danube transverse profile at Danube 1527+000 river kilometre. Danube discharge rate: 2700 m3/s.  
F¿gg®ly-kºz®psebess®g (m/s) ï Gauging vertical average flow rate (m/s) 
V²zt¿kºrsz®less®g (m) ï Width of water table (m) 
M®rt f¿gg®ly-kºz®psebess®g ï Measured gauging vertical average flow rate  
Sz§m²tott f¿gg®ly-kºz®psebess®g ï Calculated gauging vertical average flow rate 
bal part ï right river bank 
jobb part ï left river bank 

Figure 11.6.4-6: Calibration of the Delft3D morphodynamic model in the 1527 river km cross-profile of the Danube for a Danube 
discharge rate of 2 700 mį/s  
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Legend:  
Duna 1527+000 fkm keresztszelv®ny®nek f¿gg®ly kºz®psebess®g eloszl§sa, Duna v²zhozam: 5100 m3/s ï Gauging vertical average flow rate distribution of the 
Danube transverse profile at Danube 1527+000 river kilometre.  
Duna v²zhozam: 5100 m3/s ï Danube discharge rate: 5100 m3/s.  
F¿gg®ly-kºz®psebess®g (m/s) ï Gauging vertical average flow rate (m/s) 
V²zt¿kºrsz®less®g (m) ï Width of water table (m) 
M®rt f¿gg®ly-kºz®psebess®g ï Measured gauging vertical average flow rate  
Sz§m²tott f¿gg®ly-kºz®psebess®g ï Calculated gauging vertical average flow rate 
bal part ï right river bank 
jobb part ï left river bank 

Figure 11.6.4-7: Validation of the Delft3D morphodynamic model in the 1527 river km cross-profile of the Danube for a Danube 
discharge rate of 5 100 mį/s  

Taking into account the maximum permitted error n measurement of the flow rates it can be stated that the flow model 
represents the calculated depth integrating flow rates properly. 

The fit of the measured water surface on the longitudinal Danube profiles is illustrated on the following figure: 
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M®rt ®s modellezett v²zszintek a Duna paksi szakasz§n ï Measured and modelled water levels in the river section of the River Danube at Paks 
V²zszint m.B.f ï Water level (metres above Baltic sea level) 
Duna folyamkilom®ter ï Danube river km 
M®rt v²zszint ï Measured water level 
Sz§m²tott v²zszint ï Calculated water level 

Figure 11.6.4-8: Calibration of the Delft3D morphodynamic model in the 1525-1527 river km longitudinal profile of the Danube 
calibrated for a Danube discharge rate of 2 700 mį/s and validated for a discharge rate of 5 100 mį/s. 

11.7 BASE STATE OF THE DANUBE SECTION ASSESSED 

11.7.1 CHARACTERISATION OF THE HYDROLOGICAL PATTERN ON THE ASSESSED DANUBE SECTION 

11.7.1.1 General hydrological characteristics 

The Danube is the second largest river n Europe with a length of 2 857 km. The catchment area ranges up to 
817 000 km2. It has three characteristic sections, the Upper Danube including the Bavarian and Austrian basins and 
having a high gradient, the Middle Danube within the crown of the Carpathians and the Lower Danube, crossing 
Wallachia. 

The river enters this country at Rajka in the 1 850 river km profile and leaves the country south of Moh§cs at 1 433 river 
km. The 127 km southern section from Dunafºldv§r up to the southern borderline consists of 32 bends. Bends vary in 
their curves the most dangerous being the S§ros-parti bend, where the radius of the curve is merely 1 000 m. The 
average width of the river s 400-600 m, with a gradient of 6-8 cm/km up to Fajsz and 4-5 cm/km downstream of it. 

The width of the floodway at Dunafalva is merely 450 m (this is one of the narrowest flood level profile of the country), 
but at the Gemenc and B®da-Karapancsa regions it reaches 3-5 km. 

Bottom material in the section upstream of FoktŖ is coarse gravel and sand, and finer sand and mud downstream of it. 

In the surrounding of the Paks Power Plant (the power station profile is at 1527 river km from the mouth) site the Danube 
is slightly of low course section character. The average water flow of the Danube hardly varies from Duna¼jv§ros to 
Moh§cs, it is everywhere between 2 300-2 330 mį/s. 
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Legend:  
Duna, Dombori, 1506,8 fkm, 1956-2012 ®ves v²zhozamai ï Annual discharge rates from 1956 to 2012 at the Dombori profile of the Danube 
Minim§lis  ï Minimum,  
Ćtlagos ï Average and 
Maxim§lis ï  Maximum  

®v ï year 

Figure 11.7.1-1: The trends of the annual low, medium and high water discharge rates on the Danube at Dombori 

The discharge rate of the Danube in the neighbourhood of the power plant site (Danube 1527 river km) varied at around 
~600 mį/s and 8 785 mį/s, while the water levels fluctuated in the 84.6 ï 94.06 metres above Baltic sea level range (ice 
free LNV on 1 June 2013, Danube 1531.3 river km Paks watermark post 891 cm water level, 94.29 metres above Baltic 
sea level) up to the end of the year 2013. 

Characteristic annual high, medium and low water discharge rates typical in the area of the proposed development are 
presented on Figure 11.7.1-1. The highest and lowest annual discharge rates were chosen for each year n the Danube 
1506.8 river km profile (Dombori watermark post) closest to the power plat site on the basis of the daily data measured in 
the years between 1965 and 2012 and the annual average water discharge rate was calculated. It can be seen that high 
water stage Danube discharge rates reflect an increasing tendency while the discharge rates seen at low - and medium 
water stages fluctuate around a steady median value (Figure 11.7.1-1).  

Linear fit of the water levels associated with the high, medium and low water stages in the Paks watermark post profile of 
the Danube (Danube 1531.3 river km) in the years 1965 to 2012 summarised on the following figure (see:Figure 
11.7.1-2). Trends and average annual water level variations associated with the low water levels (KV), medium water 
levels (K¥V) and high water levels are presented in Table 11.7.1-1: 

KV K¥V NV 

[cm/year] [cm/year] [cm/year] 

-2.33 -2.43 +0.88 

Table 11.7.1-1 Average annual water level variations associated with low, medium and high water levels 
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Paksi ®ves v²zszintek ï Annual water levels on the Danube at Paks 

Figure 11.7.1-2: Trends in the low, medium and high water levels on the Danube at the Danube 1531.3 river km profile (Paks 
watermark post) 

11.7.1.1.1 Fords and straits 

A ford is a typical element of the channel bottom relief, generated by the sedimentation of the bed load in the form of an 
elevation crossing the river bed in an oblique angle relative to the direction of the flow. 

From the genetic perspective a ford can be regarded as a solitary sand bank, built up in opposite direction of the flow on 
meandering rivers in the transitional section between the consecutive bends. 

The gradient of the river and the average flow rate are relatively higher in the fords in times of low water and medium low 
water stages than next to the culminating points of the bends. 

¶ A good ford is formed when the basins of the consecutive bends do not exceed each other but are bending 
towards each other gradually, without any sudden changes of direction. 

¶ In the case of a bad ford the basins referred to above overlap each other shifted in the layout of the transitional 
section and a threshold of sediment is formed between the two basins.  

A strait is a channel bottom section too narrow relative to the average width or the training width of the river bed. They 
are usually formed on channel bottom sections set up of cohesive materials which resist the drifting power of the water. 
The formation of straits may be encouraged by the integration of the littoral shoals with the banks of the river of the soil 
slip on the steep banks. The straits impede the travel of flood waves and navigation. 

The elements of the channel bottom relief are formed as a result of the interaction between the river bed, the water 
moving in it and the mass of the bed load, their formation, changes and elimination being in close relationship with the 
flow regime. 

The proper research of both the fords and straits is prevented by the circumstance that their observation is restricted 
predominantly to the period when they represent an obstacle of navigation. On this basis the following statements can 
be made: 

- on fords with fixed threshold the diminishing water levels are associated with the reduction of the ford depth, 
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- in the case of fords with gravel and sandy materials the following options are possible, pending on the local factors 
such as channel bottom width, gradient or lateral branches, etc: 

o lowering of the water level and in conjunction with it the size of the wetted cross profile results in the increase of 
roughness which may start the erosion of the ford and in times of long term low water stages even the depth of the 
ford may be observed, 

o substantial amount of bed load is settled in the wide and shallow channel bottoms during the diminishing curve of the 
flood wave, the build-up of the ford is continued, the depth of the ford is reduced significantly and due to the 
increasing roughness the main current line is getting further and further up from the ford, the river bed is transferred ï 
eventually on the other side of an island or bridge pier. 

The aforementioned processes can be observed with straits as well, but in these cases the bed load balance of the 
section concerned and the inclination of the bed material to cementing play a more significant role. 

Variations of the fords on individual sections of the river depend mainly on the flow regime of the given years. In years 
with abundant water supply and relatively even flow regime only a few fords with negligible impact are formed, while 
consecutive flood waves or permanent low water stages may equally result the generation of a multitude of fords just as 
well. 

The flow regime and the hydrological behaviour of the period investigated was usually characterised by random 
changes, with occasional clustering of wetter and drier years. The beginning of the sixties was characterised by a 
diminishing tendency of annual water transport, followed by the great flood of the year 1965 and several other years with 
abundant water supply. The first third of the seventies was again a little bit more dry followed by a period of higher 
precipitation. The eighties were characterised by the alternating nature of the hydrological behaviour. From the nineties 
of the last century clusters of arid and humid years alternated in every 1-3 years, and quite a number of times the year 
with the most abundant water supply was followed by the driest one. These conditions were naturally reflected in the 
formation of the fords as well.  

During the assessed period the significant growth of the duration of low water stages could be observed, in particular n 
the last third of the last century. The underlying causes of this increase include the following: 

¶ factors of the weather, 

¶ the impact of barrage systems, 

¶ expansion of bottlenecks,  

¶ reduction of channel bottom roughness, 

¶ the impact of industrial level dredging. 

The occurrence of the days when fords surface within a day under natural conditions usually follows the hydrological 
behaviour of the river. Corresponding to the flow regime of the low water stages the appearance of fords and straits as 
an obstacle to navigation can be expected in August, with a more explicit low water flow regime in September, but the 
most critical month is October. Following this season the share of the winter and early spring months in the ford periods 
declines gradually and by March the navigation obstacle usually disappears.  

The fords and straits in the wider environment of the power plant at the Dunafºldv§r ï Gerjen Danube section can be 
characterised as follows: 

× Dunafºldv§r /upper/ford (1561.0-1560.0 river km). This ford with the marly and sand stone bottom was first 
observed in 2001. Water depth in the wide channel is 18 dm. In 2006 dredging works were accomplished 
to reach the lowest navigation water level of LKHV-27 dm, the result of which was confirmed only in 
patches. Due to the risk of sliding on the right steep bank the narrowing of the medium water stage river 
bed is proposed for the future instead of further dredging. 

× Dunafºldv§r /lower/ford (1559,8 - 1558,5 river km). On this ford which was seen regularly in the first half of 
the sixties and then appearing again in the eighties the number of days exposed to the ford increased 
frequently above 100 in a year, while the depth of the ford receded to the 13-20 dm range. As a result of 
the dredging the depth deficiency of the ford was eliminated but the strait remained. At the time being the 
repeated build-up of the ford can be observed. 

× Solt /upper/ford (1558.5 ï 1557.5 river km). The ford which appears regularly from the eighties of the past 
century is clearly the result of the channel bottom erosion caused by the dredging operations carried out on 
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this section. The number of days when the ford is exposed varies between 50 and 150, occasionally with a 
depth deficiency of 5-10 dm. A mid-stream shoal was formed in the two wide river bed. 

× Solt /lower/ford (1555.8 ï 1554.8 river km). The circumstances which have rise to the ford correspond to 
those described for the upper ford. Due to the mid stream shoal referred to there a double river bed 
structure was formed on this section. The 5-10 dm depth deficiency of the ford is intended to be mitigated 
by local impoundment created by narrowing. 

× Bºlcske strait (1551.5 ï 1551.4 river km). The conditions of the 130 m wide strait formed in the adverse 
bend are intended to be improved by transverse dikes. 

× Harta ford (1548.5 - 1547.0 river km). This ford could be observed from the second half of the sixties up to 
the beginning of the nineties with minor interruptions. The depth levels observed rarely dropped below 
20 dm, and the number of days exposed to the ford was also not significant. The training of the Harta bend 
also contributed to the elimination of the ford. 

× Madocsa ford (1541,1 - 1540.4 river km). It could be observed for a period of three years in the first half of 
the eighties, subsequently it has disappeared. 

× Ordas ford (1540.0 ï 1539.1 river km). The ford observed regularly in the sixties was characterised by a 
ford depth of 25-18 dm measured on 30-40 days throughout the year n average. 

× Felh§g·-puszta ford (1537.5 - 1536.0 river km). This ford, observed between 1970 and 1985 has become 
the top ford of the Hungarian section several times due to its very nasty features such as the minimum 
depth of 12 dm and 50-70 days of observation. It was eliminated by dredging. 

× Z§dor ford (1535.0 ï 1533.7 river km). The ford was formed in the bend of the river and disappeared in a 
few yearôs time as a consequence of the dredging works. 

× Paks strait (1530.5 ï 1529.5 river km). Due to the unfavourable bend and the formation of shoals the width 
of the navigation route is merely 150 m here. The construction of a guard fender s anticipated here to 
eliminate the strait. 

× Bar§ka ford (1522.0 ï 1521.5 river km). The ford is the local base of erosion on this section of the river, its 
elimination or even partial erosion would result in further deepening of the connecting section. The ford 
appeared periodically in the sixties and seventies and could be almost continuously observed from the 
nineties, with an average number of exposed days of 45, and a minimum depth of 15 dm. 

× Kov§cspuszta ford (1512,5 ï 1511.8 river km). As a result of the channel bottom subsidence process the 
ford currently exists mainly due to the lack of control works and is caused by the too wide river bed prone 
to shoal formation generated downstream of the narrow channel bottom section at Gerjen.  

In 2013 navigation bottleneck was reported from the Danube-section around the Paks power plant from the 
Kov§cspuszta ford situated between 1 512.5-1 511.8 river km (dimensions: width 160 m, length 700 m). No deficiency of 
depth occurred in 2013 along the navigation route near Paks. 

11.7.1.1.2 Gauge connection between the watermark post at Paks (Danube 1531.3 river km) and the 
embayment watermark post of the existing site (cold water canal, foreground of the water extraction 
plant) 

The hydrographical station situated the closest to the power plant profile (Danube 1527 river km) possessing long term 
observation data series on water levels is the Paks watermark post.  

Key features: 

¶ the Paks above ground hydrographical station was established on the Danube on 1 January 1868, and 
systematic water level readings are carried out at the station since 1876, 

¶ data on discharge rates are available only sporadically, 

¶ the size of the catchment area associated with the profile is 189 092 kmĮ, 

¶ the elevation of theò0ò point on the watermark post is 85.38 metres above Baltic sea level. 
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The data series available from the Paks watermark post are to be transformed to the Danube mouth profile of the power 
plant cold water canal (1527 river km), for which the embayment watermark post profile of the cold water canal (the 
anteroom of the cold water extraction pumps) was used. The correlation of the watermark posts between the profiles 
was determined by calculations.  

It can be established on the basis of watermark post correlation calculations that the water level is 38 cm lower n the 
embayment watermark post profile of the cold water canal (the anteroom of the cold water extraction pumps) in the low 
and medium water stage range of the Danube then at the Paks (1531.3 river km) watermark post profile of the Danube, 
and the same difference is approximately 30 cm in the Danube high water range. The 8 cm difference is caused by the 
higher roughness coefficient of the Danube high water bed and the channel bottom resistance of the cold water canal. 

The cold water canal surface water gradient can be estimated to be approximately 11 cm in the case of low water on the 
Danube, and to approximately ~3 cm at high water, therefore the surface water gradient of the low and medium water 
stages (~27 cm) can be accepted as the high water surface water gradient of the Danube not influenced by the ice 
phenomena between the Paks watermark post and Danube mouth of the cold water canal (Danube 1527 river km) due 
to the proximity of the Paks watermark post,. Thus the Danube profile of the power plant (1527 river km), in other words 
the water level of the cold water canal at the Danube mouth is practically approximately ~27 cm lower n all times than 
the water level measurable on the Paks watermark post (1531.3 river km). Therefore, this gradient will be applied to the 
Danube profile of the power plant during the further calculations. 

The watermark post ñ0ò point of the embayment was set up to 85.00 metres above Baltic sea level, therefore the 
readings of the water level gauge in times of low and medium water stages corresponds to the readings of the water 
level gauge at the Paks watermark post (watermark post ñ0ò point is at 85.38 metres above Baltic sea level). 

11.7.1.1.3 Characterisation of water discharge rate and stage duration(1965-2012) 

Discharge rate durations in the surrounding of the site (Danube 1506.8 river km, Dombori watermark post): 

The discharge rate duration levels determined for the Dombori (Danube 1506.8 river km) Danube profile in the 1965-
2012 homogeneous period are contained in Table 11.7.1-2, and illustrated on Figure 11.7.1-3. 

Danube, Dombori Discharge rate (Q) duration (1965 ð 2012) 

Discharge rate, 

Q [m3/s] 

Discharge rate duration  

[nap] 

Discharge rate duration  

[%] 

8320 0.02 0.01 

5625 3.65 1.00 

3635 36.35 9.98 

3045 72.73 19.96 

2655 109.27 29.98 

2375 145.52 39.93 

2125 181.96 49.93 

1905 219.27 60.16 

1695 255.67 70.15 

1495 291.79 80.06 

1295 327.06 89.74 

941 360.81 99.00 

825 365.23 100.00 

Table 11.7.1-2: The discharege rate duration figures of the Danube (1965ï2012), at Danube 1506.8 river km, Dombori watermark 
post profile  

Inundation of the floodway starts at 5 000-6 000 mį/s high water discharge. Flood, i.e. the inundation of the entire 
floodway occurs at 7 000-8 000 mį/s. The flood level is determined as approximately 93.30 metres above Baltic sea 
level. It can be stated from Table 11.7.1-2, that the duration of the floods from the figures obtained in the period between 
the years of 1965 and 2012 fall short of one day per year.  
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Duna, Dombori, 1506,8 fkm, 1965-2012 ®vek kºzºtti napi v²zhozam tart·ss§gi diagrammja ï Danube daily discharge rates duration diagram, on the Danube, in 
Dombori at the river km 1506.8 between 1965-2012 

Figure 11.7.1-3: Danube discharge rates duration diagram, on the Danube in the Dombori watermark post profile (Danube 1506.8 
river km) 

Duration of water levels in the Danube profile of the existing site of the power plant: 

The results of the processing of water levels and water level durations for the cold water canal Danube power plant 
profile (Danube 1527 river km) are presented in a transformed form in Table 11.7.1-3 and on Figure 11.7.1-4. 

Danube, Dombori water level (Z) duration (1965 ð 2012) 

Water level Q  

[mİ/s] 

Duration of water level  

[nap] 

Duration of water level  

[%] 

93.83 0.02 0.01 

93.29 0.52 0.14 

91.76 3.67 1.00 

89.51 36.60 10.02 

88.64 72.85 19.95 

88.10 109.60 30.01 

87.64 146.25 40.04 

87.23 182.90 50.08 

86.85 219.15 60.00 

86.46 255.92 70.07 

86.11 291.94 79.93 

85.68 328.94 90.06 

85.05 361.50 98.98 

84.57 365.23 100.00 

Table 11.7.1-3: The Danube water level duration figures (1965ï2012) in the Danube power plant profile (1527 river km) 
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Paks erŖmŤ szelv®ny 1527 fkm. Tart·ss§gi diagram 1965-2012 kºzºtt ï Paks power plant profile (1527 river km). Duration diagram between 1965-2012. 

Figure 11.7.1-4: Danube water levels duration diagram in the Danube power plant profile (1527 river km) 

The Danube floods of the year 2013 culminated with the following water heights and water level on the surrounding 
watermark posts: 

¶ in the Paks watermark post profile (1531.3 river km) at 891 cm, with a water level of 94.29 metres above Baltic 
sea level (ñ0ò 85.38 metres above Baltic sea level),  

¶ in the Dombori watermark post profile (1506.8 river km) at 918 cm with a water level of 92.70 metres above 
Baltic sea level (ñ0ò 83.52 metres above Baltic sea level), 

¶ in the Baja watermark post profile (1478.7 river km) at 984 cm, with a water level of 90.83 metres above Baltic 
sea level (ñ0ò 80.99 metres above Baltic sea level). 

The levels of preparedness decisive for the purposes of flood control preparedness on the Baja (Danube 1478.7 river 
km) and Paks watermark post (Danube 1531.3 river km) are illustrated on Table 11.7.1-4: 

Grades of preparedness 
Baja watermark post  

(cm) 
Paks i watermark post  

(cm) 

Grade I 700 650 

Grade II 800 800 

Grade III 900 900 

Table 11.7.1-4: Water elevations on the Baja and Paks Paks watermark posts of the Danube at which each of the flood control 
preparedness grades are ordered 

Duration of water levels over time, deepening of the river bed 

Based on the water elevations observed on a daily basis in the Danube 1531.3 river km (Paks watermark post) profile 
from 1965 up to the end of 2012 the multiple year water level duration curve can be plotted which is presented on Figure 
11.7.1-5, the full period supplemented with the water level duration curves prepared for ten years cycles. The duration 
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figure associated with any given Danube water level means the retention time below the water level concerned in 
[days/year], or [%] (projected to a year) dimensions.  

The water level duration curves prepared for ten years cycles tend to decline at water levels below approximately 
88.5 metres above Baltic sea level water level, referring predominantly to the subsidence of the Danube medium water 
stage and low water stage channel bottom. The curves also reflect the effects of the flood waves passing along in the 
past years (2002, 2006, 2010). 

An extraordinary flood wave travelled along the Danube in July of the year 2013 which exceeded the highest ice free 
water levels ever measured up to Moh§cs. It produced higher than ever water level (94.29 metres above Baltic sea level 
/891 cm water elevation 2013) exceeding the highest measured water elevation ever measured at Paks (872 cm, 1965.) 
by 19 cm. 

 

Legend:  
Paksi v²zszintek tart·ss§ga ï Duration of water levels at Paks 
v²zszint (mBf) ï Water level (mBa) 
tart·ss§g (%) ï  duration (%) 

Figure 11.7.1-5: Characterisation of the Danube 1531.3 river km (Paks watermark post) water level durations and presentation of the 
changes in 10 years cycles 

The trend of medium water stages and of the low water stages subsided approximately 1.0 metre and 1.4 metre, 
respectively, on the basis of the analysis of the data series originating from the past 60 years [11-2]. High waters 
culminated with dramatically increasing high water levels ever since the date of the inhomogeneity in the year of 1965.  

In the time series of the annual low water stages a discontinuity can be observed during the period between 1981 and 
1983. The trend of low water stages in the past 60 years is slightly diminishing. A transient increasing trend can be 
observed in the periods of 1983-2002 and subsequently after the year of 2003 with extremely low water stages in the 
2003-2013 periods. The correlation of the sixty years linear fit is apparently better than that of the twenty years period, 
and in spite of the interim fluctuations and the increase starting in 2003 on the longer term still the declining, mitigation 
trend of the low water stages can be expected for the near future. 

The specific annual river morphology changes could be characterised by a 2.0 cm/year lowering in the neighbourhood of 
the cold water canal and in the year 2013 downstream of it was well. The river bed on the section between 1537-
1527 river km upstream of the cold water canal deepened in various extents but gradually since 2006. There was a 
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subsidence in the 1527-1512 river km section during the 2006-2008 period, the next three years were characterised by 
an approximate stationary channel bottom ï with fluctuations ï and in 2013 deepening could be experienced again. 

11.7.1.2 Statistical analysis of the high waters in the Danube 

Based on the complete daily water elevation data series measured at the Danube 1531.3 river km in the Paks watermark 
post profile (including those influenced by ice phenomena) the annual or yearly high water levels were determined from 
1986 to 2012. Trends were determined on the basis of the homogeneity evaluation of the data series (sections of the line 
of best fit), which are illustrated on the following figure (Figure 11.7.1-6). The high water levels tend to grow since 1965. 

 

Legend:  
Paks NV param®terek 1876-2012 ï High water figures at Paks between 1876-2012 
NV ï high water 
1 %-os ï 1 % 
kiegyenl²t®s ï homogeneity  

Figure 11.7.1-6: Homogeneity testing and trends of the Danube 1531.3 river km (Paks watermark post) high water levels by 
processing the high water figures in the period from 1987 to 2012 

11.7.1.2.1 Justification of the probability level for exceeding the design flood level 

Design low and high water levels were determined by calculating the best fitting probability distribution to be fitted to the 
measured data as extreme events with a 20 000 years recurrence period and 5 x 10-5 /year probability level. This 
corresponds to a hundred years (100) long service period and a 5 x 10-3 probability level corresponding to the full service 
period (p = 5 x 10-5 /year = 5 x 10-3 / 100 year). 

The provisions laid down in Government Decree No 118/2011. (VII. 11.) on the nuclear safety requirements of nuclear 
facilities and the related activities of the authorities (Annex No 7: Nuclear Safety Codes /in abbreviation: Nuclear Safety 
Code / Volume 7: Assessment and Evaluation of the Sites for Nuclear Facilities, Sub-chapter No 7.5: Assessment and 
Evaluation of the Sites for Nuclear Power Plants, 7.5.5. Point of floods) deal with the nuclear safety requirements of 
nuclear power plant sites in the case of flood control as follows: 

7.5.5.0100. The probability that the flood water level throughout the entire service period exceeds at the site the level taken into 

account in the design basis of the nuclear power plant shall not be any greater than 5 x 10ï3. 

7.5.5.0200. Parameters belonging to the design basis of the site shall be selected for the purposes of designing the flood control 
works and embankment so that the probability of inundation at the site for the entire service period could not be more than 

5x10ï3. For this purpose the characteristic properties of the inundation and flood risk must be determined during the 
assessment of the site in accordance with the respective requirements applicable to the design of flood control works and 
embankments as well as those applicable to nuclear safety of the nuclear power plant. Unless provided for by the law 

otherwise, such properties must be determined at the 5x 10ï3 surpassing probability level for the entire service period.ò 
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11.7.1.2.2 Typical elevations of the site in relation to flood control  

Water heights on the Paks watermark post (Danube 1531.3 river km, a watermark post ò0ò point at the elevation of 
85.38 metres above Baltic sea level) at which each of the flood control preparedness grades are ordered: 

Grades of 
preparedness 

Water height and water level at the 
Paks watermark post  

Water level at the embayment 
watermark post* 

Grade I 
650 cm 91.88 metres above 

Baltic sea level 
91.50 metres above Baltic sea level 

Grade II 
800 cm 93.38 metres above 

Baltic sea level 
93.00 metres above Baltic sea level 

Grade III 
900 cm 94.38 metres above 

Baltic sea level 
94.00 metres above Baltic sea level 

Note: 
* The elevation of the embayment watermark post profile of the cold water canal (the anteroom of the cold water extraction 
pumps): 85.00 metres above Baltic sea level. 

Table 11.7.1-5: Characteristic water levels of flood control gradfes on the Paks and power plant watermark posts 

11.7.1.2.3 High water levels influenced by ice incidents within the proposed project area 

As it is customary in the hydrological statistical studies, water height observation data recorded with ice codes (Z: drift 
ice, A: standing ice, T: packed ice, P: shorefast ice) at the time of observation were omitted from the assessment aiming 
at water levels not influenced by ice phenomena. 

In the course of hydrological statistical studies the influence of ice phenomena means that all water height records are 
counted with, in other words data with and without ice code are assessed jointly. 

The joint analysis of water levels influenced by ice phenomena and those taken in ice free conditions shows to which 
extent the statistical characteristics are modified when the water levels marked with ice codes are taken into account. 

If the condition precedent of independence is met for the annual high water data series assessed, the last historically 
significant inhomogeneity is identified and the assessment of the part of the data series originating from an earlier date 
than the significant inhomogeneity is omitted. The independent and homogeneous and later on arranged data series of 
the annual high water stages (empirical distribution function) are fit with the distribution curves presented below and then 
the best fit as the most probable value is selected. 

The most probable value of the flood water level influenced by the ice incident recurrent in every 20 000 years (p = 
5 x 10-5/year probability) is 96.49 metres above Baltic sea level in the Danube 1531.3 river km profile. The area of the 
site to be extended is situated downstream of the Danube 1531.3 river km profile (Danube 1527 river km), therefore the 
expected 20 000 years recurrence probability high water level is taken to be approximately 27 cm lower at 96.22 metres 
above Baltic sea level. The ground of the currently operational and the proposed power plants lies below 97.00 metres 
above Baltic sea level and the 96.30 metres above Baltic sea level crest of the flood control works fall short of this, over 
spilling on the left bank crest of the dikes (95.80 metres above Baltic sea level).  

Pursuant to the currently effective Ministerial Decree No 11/2010. (IV. 28.) KvVM on the design flood elevation of rivers 
the design flood elevation applicable in the power plant profile (Danube 1527 river km) will be DFE 2010 = 94.10 metres 
above Baltic sea level. The flood water level determined by us as the level recurrent in every 20 000 years is: 96.22 
[metres above Baltic sea level], in other words it exceeds by more than two metres the design flood elevation (recurrent 
in every 100 years) value provided for by the legal provisions. 

Empirical and adjusted probability distribution functions of high water levels influenced by ice phenomena (JNV) are 
illustrated on Figure 11.7.1-7. 
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Note:  
The Gaussian and Gamma probability distribution functions on the figure above are practically identical, therefore the curve of 
the Gaussian probability distribution function is found below the curve of the Gamma probability distribution function. 
 
Duna 1531.3 fKm (Paksi v²zm®rce) JNV eloszl§s 1965-2012 ï Duna 1531.3 river km (Water level gauge at Paks) high water 
level influenced by ice phenomena 1965-2012  
P ï val·sz²nŤs®g ï P ï probability 
Emp²rikus ï empirical 
Norm§l ï normal 

Figure 11.7.1-7: The probability distribution function of the high water levels influenced with ice phenomena (JNV) (1968-2012) ï 
Danube 1531.3 river km 

The highest icy water level ever observed so far occurred in the time of the ice flood of the year 1876 (27 February 
1876), the value of which was 1006 cm in the Paks watermark post profile (Danube 1531.3 river km), and could be only 
a couple of centimetres lower n the power plant profile, since the surface of the Danube could be almost horizontal 
because of the packed ice. 

The last serious ice flood occurred in the year of 1956, and the data recorded reflect an intensive decline in the number 
and duration of the ice phenomena. Such changes can be explained by three factors according to the research 
conducted in this issue: 

¶ A set of high performance hydropower plants were built on the Austrian stretch of the Danube like a chain. 
Riparian settlements along the Danube were canalised almost everywhere. Inlet of power plant cooling water 
and sewage represent a serious level of heat pollution. 

¶ Water quality was subjected to adverse changes. The growth of total dissolved matter concentrations increases 
the time necessary for the formation of solid ice a great extent, but other chemical contaminations also prevent 
the formation of ice. 

¶ The Austrian barrage systems now form a cascade of hydropower plants and the Austrian stretch of the river 
can be considered as fully canalised. According to the rules of operation in the Austrian barrages no ice is 
discharged from the storage reservoirs and therefore the ice supply from the Austrian stretch is reduced 
significantly. 

As a result of the river training efforts and other human manipulations the probability of the formation of packed ice was 
reduced in the past few decades substantially. In spite of this ï having regard to the unexpected nature and difficult to 
forecast size of this phenomenon ï the risk of ice floods must not be disregarded hereinafter, either. The ice-breaker 
fleet is currently maintained by the water management bodies (National Directorate of Water Management: OVF and the 
Water Management Directorates: VIZIG). The ice-breaker fleet on the Danube consists of 9 ships. 
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11.7.1.2.4 Calculation of ice free design high water levels 

If the condition precedent of independence is met for the annual high water data series assessed, the last historically 
significant inhomogeneity is identified and the assessment of the part of the data series originating from an earlier date 
than the significant inhomogeneity is omitted. The independent and homogeneous and later on arranged data series of 
the annual high water stages (empirical distribution function) are fit with the distribution curves presented below 
(Gaussian, Gamma and Gumbel) and then the best fit as the most probable value is selected. 

The most probable value of the flood water level influenced by the ice incident recurrent in every 20 000 years (p = 
5 x 10-5/year probability) is 96.49 metres above Baltic sea level in the Danube 1531.3 river km profile. The area of the 
site to be extended is situated downstream of the Danube 1531.3 river km profile (Danube 1527 river km), therefore the 
expected 20 000 years recurrence probability high water level is taken to be approximately 27 cm lower at 96.22 metres 
above Baltic sea level which lies below the ground of the currently operational and the proposed power plants of 
approximately 97.00 metres above Baltic sea level.  

Pursuant to the currently effective Ministerial Decree No 11/2010. (IV. 28.) KvVM on the design flood elevation of rivers 
the design flood elevation applicable in the power plant profile (Danube 1527 river km) will be DFE 2010 = 94.10 metres 
above Baltic sea level. The flood water level determined by us for the period between 1968 and 2012 as the level 
recurrent in every 20 000 years is: 96.22 [metres above Baltic sea level], in other words it exceeds by more than two 
metres the design flood elevation (recurrent in every 100 years) value provided for by the legal provisions, but it still falls 
short of the 96.30 metres above Baltic sea level crest of the flood control works, over spilling on the left bank crest of the 
dikes (95.80 metres above Baltic sea level). 

The culminating height of the 2013 flood wave at the power plant (Danube 1527 river km) was 94.06 metres above Baltic 
sea level. 

Empirical and adjusted probability distribution functions of ice free high water levels (NV) are illustrated on Figure 
11.7.1-8:  

 

Note:  
The Gaussian and Gamma probability distribution functions on the figure above are practically identical, therefore the curve of 
the Gaussian probability distribution function is found below the curve of the Gamma probability distribution function. 
 
Duna 1531.3 fKm (Paksi v²zm®rce) NV eloszl§s 1965-2012 ï Duna 1531.3 river km (Water level gauge at Paks) high water level 
distribution 1965-2012  
P-val·sz²nŤs®g ï P-probability 
Emp²rikus ï empirical 
Norm§l ï normal 

Figure 11.7.1-8: The probability distribution function of the high water levels (NV) (1965-2012) ï Danube 1531.3 river km 
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Based on the figures above it can be concluded that if the last data series which can be regarded as homogeneous 
(1965-2012) is taken as the benchmark, maximum water heights not influenced by ice phenomena are greater then the 
higher water heights with less probability of occurrence (longer periods of recurrence). 

Figure 11.7.1-9 shows the highest annual water heights influenced and not influenced by ice phenomena measured on 
the Danube Paks watermark post from 1876 up to 2013. The data series can be considered as homogeneous since 
1965 with the declining impact of ice phenomena on the high water levels. 

It can be seen from the highest daily water level figures presented on an annual basis in Figure 11.7.1-9 (Danube 1531.3 
river km, Paks) that high water stages influenced by ice phenomena were greater than those which were ice free in the 
years of 1968, 1969 and 1971, therefore the angular coefficient of the trend line influenced by ice phenomena is higher 
than that of the ice free trend line, but no significant difference can be seen in the data series analysed from 1965. 
Because since approximately the year of 1999 the ice free trend line rises above the ice loaded trend line, the ice free 
high water data series will be used hereinafter. 

 

Duna 1531.3 fKm (Paksi v²zm®rce) j®ggel befoly§solt ®s j®ggel nem befoly§solt nagyvizeinek adatsora 1965-2012 ï Duna 
1531.3 river km (Water level gauge at Paks) data of high water levels influenced by ice phenomena and ice free high water 
levels 1965-2012  
Duna v²zszint ï water level of the River Danube 
JNV ï high water levels influenced by ice phenomena 
NV ï high water level 

Figure 11.7.1-9: Time series and trends of maximum ice free (NV) high water levels and high water levels influenced by ice 
phenomena (JNV) in the 1876-2013 and 1965-2013 periods ï Danube 1531.3 river km - Paks  

Forecast for the annual high water levels: 

Fitting the data series (1965-2012) to a logarithmic trend and projected to the future the high water level recurrent in 
every 20 000 years was predicted to 2120, and a height of 97.41 metres above Baltic sea level was obtained in the 
Danube 1531.3 river km profile. In the power plant profile the same prediction was 97.14 metres above Baltic sea level. 
According to the calculations the high water levels not influenced by the annual ice phenomena will be increased by 
approximately one more metre. 

This water level will never be formed as it surpasses the crest level of the flood control works (at the power plant on the 
Danube right bank at 96.30 metres above Baltic sea level, on the left bank at 95.80 metres above Baltic sea level), which 
is not possible, since the flood waves is skimmed by over spilling across the crest of the upstream embankments during 








































































































































































































































































































































