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Note to the reader:

In this report the time for start of construction is artificially set to 1 October 2014 for
the tunnel and 1 January 2015 for the bridge alternative. In the Danish EIA (VVM)
and the German EIA (UVS/LBP) absolute year references are not used. Instead the
time references are relative to start of construction works. In the VVM the same time
reference is used for tunnel and bridge, i.e. year 0 corresponds to 2014/start of tun-
nel construction; year 1 corresponds to 2015/start of bridge construction etc. In the
UVS/LBP individual time references are used for tunnel and bridge, i.e. for tunnel
construction year 1 is equivalent to 2014 (construction starts 1 October in year 1)
and for bridge construction year 1 is equivalent to 2015 (construction starts 1st Jan-

uary).

FEHY iv E1TR0O059-Volume III
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EXTENDED SUMMARY

The impact assessments of the tunnel and the bridge alternatives are carried out
for conceptual designs of the tunnel and bridge projects with a number of mitiga-
tion measures included in the assessed designs of the projects. Following the im-
pact assessment, additional mitigation measures have been included.

The consequences of the additional mitigation measures are commented where rel-
evant throughout this report.

In this report the time for start of construction is artificially set to 1 October 2014
for the tunnel and 1 January 2015 for the bridge alternative. In the Danish EIA
(VVM) and the German EIA (UVS/LBP) absolute year references are not used. In-
stead the time references are relative to start of construction works. In the VVM the
same time reference is used for tunnel and bridge, i.e. year 0 corresponds to
2014/start of tunnel construction; year 1 corresponds to 2015/start of bridge con-
struction etc. In the UVS/LBP individual time references are used for tunnel and
bridge, i.e. for tunnel construction year 1 is equivalent to 2014 (construction starts
1 October in year 1) and for bridge construction year 1 is equivalent to 2015 (con-
struction starts 1st January)..

Environmental theme and assessed components

The topic of this report is the impact on the so-called “Coastal Morphology” in the
Fehmarnbelt. Coastal morphology covers in the present report from the dunes,
dikes, coastal cliffs, or other structures, which back the present coastline, to the 6
m DVR90 depth contour.

The character of the natural coastal zone is to a large extent determined by the ge-
ology in the area and the exposure to waves. If the coast consists of loose sedi-
ments, mud, sand or gravel, the coastal profiles will adjust to the exposure from
the predominant waves. If the predominant waves approach the coast under an
angle the wave breaking process will result in currents in the surf zone and high
turbulence levels which for periods keep the sand in suspension and transport it
along the coast. This longshore sediment transport, the so-called littoral drift, is the
process which leads to shoreline advance updrift of coastal structures blocking the
transport zone, and shoreline and sea bed erosion on the downdrift side, as pres-
ently seen on the west and east side of Rgdbyhavn, respectively.

Any longshore variation in the longshore transport - also for other reasons than
structures - leads to either shoreline advance or retreat. The coastal zone both on
the Fehmarn and Lolland side is dominated by narrow sandy beaches in front of
dikes on long stretches at low-lying areas. The coastal morphology is generally un-
der development along the coasts of the Fehmarnbelt. The present report deals
with the influence of the tunnel and bridge projects on this on-going development
of the coastal morphology.

The sub-components listed in Table 0.1 are addressed in the impact assessment of
the component Coastal Morphology.

E1TR0059-Volume III 1 FEHY



=

0.2

FEHY

Table 0.1 Component Coastal Morphology with sub-components
Component Sub-components
Coastal Beaches and other unprotected sections of the coastline
Morphology Coastal protection

Individual coastal structures
Special morphological features

Assessment of impacts of tunnel alternative

Impacts on the coastal morphology from the tunnel alternative E-ME/August 2011
were assessed. Impacts are caused by the permanent reclamations, the protection
reefs and the access channel to the production facilities (the latter only on Lolland).
The reclamations extend 3,720 m east and 3,750 m west of Rgdbyhavn on the
Danish side and 700 m east of Puttgarden on the German side.

The impacts on the coastlines of Lolland and Fehmarn were quantified by analysis
of the results from numerical modelling of waves, longshore sediment transport and
shoreline evolution. These modelling tools were calibrated and applied in the evalu-
ation of the baseline conditions (FEHY 2013a).

The time scales for various impacts are evaluated. Effects lasting less than 25-30
years are denoted temporary effects. Permanent effects are those lasting more
than 25-30 years.

The impacts on the coastal morphology from the tunnel project as well as the
bridge project develop with time. All impacts on coastal morphology are therefore
assessed as permanent.

Impacts on the coastal morphology may start during the construction period due to
pressure from temporary structures such as the temporary work harbours. Howev-
er, these impacts will be of the same character as the impacts caused at a later
stage by the permanent structures. The impacts from the temporary structures on
the coastal morphology are hence not assessed separately.

The mitigation measures included in the assessed design of the tunnel project and
the additional mitigating are supplied in Table 0.2.

2 E1TR0059-Volume III
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Table 0.2 Mitigation and compensation measures at Lolland
Project Mitigation and compensation Additional mitigation and com-
measures included in the con- pensation measures

ceptual assessed design

Tunnel project Erodible cliff at the eastern part of Nourishment of  approximately
the reclamation on Lolland 14,000 m3/year at the coast east of
the reclamation to keep the base-
Two beach sections in the reclama- line situation
tion on Lolland
New/improved structures to secure
A new beach section in the reclama- two outlets (one at Dragsminde
tion on Fehmarn Sluice and one outlet east of
Rgdbyhavn

Measures to establish a new and
adequate waste water outlet at
Rgdbyhavn

Regular monitoring and strengthen-
ing of coastal protection structures,
if required, to prevent potential ero-
sion at Ohlenborgs Huk

Impacts - Lolland

A total stretch of 11,500 m of the Lolland coast were assessed to be impacted by
the assessed design of the tunnel project. The 11,500 m are composed of 7,470 m
of lost coastline and 4,030 m of impaired coastline. Seven individual structures
were assessed to be impacted (2 lost and 5 impaired). A summary is provided in
Table 0.3. The impacts on the coast are primarily caused by the reclamation occu-
pying part of the original coastline and by blocking of the sediment transport
caused by the reclamation. To a minor degree, the impacts are caused by changes
to the wave field. The blocking of sediment transport is to some degree compen-
sated by an erodible cliff at the eastern part of the reclamation.

The impacts on the coastline comprise of loss and impairments of unprotected sec-
tions (including beaches) as well as sections with coastal protection such as revet-
ments and breakwaters as indicated in Figure 0.1. The impacted individual struc-
tures are also shown in the figure. The Hyllekrog/Rgdsand barrier system, which is
categorised as a ‘special morphological feature’ was found not to be impacted by
the tunnel project.

West of Rgdbyhavn, only the coastline occupied by the new reclamation is classified
as ‘loss’ and no impairment of the coastline is considered. It is noted, however, that
accumulation of sand west of the reclamation is expected to cause an increase in
the widths of the beaches by up to 160 m, starting from the end of the reclamation
and extending to Skarholm over 30 years. However, this new beach is not consid-
ered as a (nhegative) impairment, except that one structure, Dragsminde Sluice at
Sandholm west of Rgdbyhavn, will be impaired as this sedimentation blocks the wa-
ter outflow. It should be mentioned that the plans for the reclamation is to include
new beach areas to compensate for the loss of existing beaches west of Rgdby-
havn.

E1TR0059-Volume III 3 FEHY
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East of Rgdbyhavn, the coastline is impacted by the assessed design of the tunnel
project between Rgdbyhavn and Brunddragene. The lost present coast due to the
reclamation covers a length of 3,750 m. Increased erosion is expected to cause loss
of beaches and failure of structures within 5-10 years after construction for the
coastal section 0-1,100 m east of the reclamation. The predicted impacts include
failure of the breakwater scheme protecting the beach in front of the summerhouse
area, Hyldtofte @stersgbad, and a risk of erosion in the dike in this area. Further
east, increased erosion caused by the tunnel project is also expected but on a long-
er time scale. Increased erosional pressure due to the assessed design of the tunnel
project is predicted to extend to Brunddragene.

The problem of erosion along this coastline is as such a problem, which is expected
even without the tunnel project. The Rgdbyhavn breakwaters cause similar impacts
on the coast east of the harbour; however, the impacts at Hyldtofte @stersgbad are
predicted to occur earlier in time with the assessed design of the tunnel project
(about 15-25 years). The wind farm, Rgdsand 2, located offshore of Hyllekrog,
causes slight erosion along this section too. The present impacts/erosion from es-
pecially the section nearest the reclamation will be enhanced by the tunnel project.
The problems can, however, be resolved with available and efficient methods of
mitigation such as nourishment at a relatively low cost.

Two individual structures (one water outlet and a waste water outlet east of Rgdby-
havn) will be lost and four structures (older groynes west of Hyldtofte @stersgbad)
are impaired.

The recreational value of the coastal landscape of the new reclamation is assessed
to improve or at least balance the loss of the part of the Lolland coastline, which
will be integrated into the new reclamation.

Project including additional mitigation measures

On Lolland the additional mitigation measures for the tunnel project include nour-
ishment of approximately 14,000 m? each year to the coast east of the reclamation
and two new/improved outlet structures at Dragsminde Sluice and east of Rgdby-
havn, respectively. A new and adequate waste water outlet at Rgdbyhavn is also in-
cluded as a planned mitigation measure.

Nourishment of about 14,000 m3each year initiated at the beginning of the project
is assessed to prevent the erosion-problems (maintain the baseline conditions)
caused by the blocking of the land reclamation along the coastline east of the rec-
lamation.

With the implementation of these mitigating measures, the residual impacts are in-
significant.

4 E1TR0059-Volume III
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Severity of loss and degree of impairments for marine soil component: coastal morphology

Degree of impairment Severity of loss
Minor Minor
Medium @ Medium
High e High
@ Very high @ \/ery high
fxxk Coastal protection (impacted) [—‘ Footprint
€3 Individual marine structure (impacted) D Near zone (500 m from footprint)

Local zone (10 km from alignment)

Figure 0.1 Degree of impairment and severity of loss assigned to sections of the coast due to the
pressure from reclamation, protection reef and access channel on the Lolland side. Note
that legends for structures along the coast (coastal protection and individual marine struc-
tures) are shown on top of signatures for loss/impairment. These indicate hence the sever-
ity of loss of and degree of impairment for such structures. Note: following this assess-
ment, additional planned mitigation measures have been included. These are assessed to
mitigate the impairments to the coast east of the projects, the outlet at Sandholm
(Dragsminde Sluice) and an outlet as well as a waste water outlet east of Rgdbyhavn,
please refer to the text. Aerial photo from 2009 (©COWI Orthophoto April 2009)
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Table 0.3 Summary of impacts on the coastal morphology on Lolland from tunnel project (E-
ME/August 2011). Impacts on unprotected and protected sections are provided in lengths
(m) of impacted coast. Impacts on individual structures and special morphological features
are provided as a number of impacted structures/features. All impacts are permanent

Summary of impacts Total Individual Special morpholog-
structures ical features
m (No.) (No.)
Severity of loss
Very high severity 0 22 0
High severity 3,1801 0 0
Medium severity 0 0
Minor severity 4,290 0 0
Total 7,470" 22 0
Degree of impairments
Very high impairment 75023 2?2 0
High impairment 0 0 0
Medium impairment 3,280? 32 0
Minor impairment 0 0 0
Total 4,030%° 52 0

lincludes 3,180 m of loss of beach west of Rgdbyhavn, which will be compensated by artificial beaches
and a lagoon as a part of the conceptual design, 2Impacts, which will not to be effectuated following ad-
ditionally planned mitigation measures, please refer to the text

Impacts - Fehmarn

The tunnel project has been assessed to cause impacts on a total of 1,070 m of the
coastline southeast of Puttgarden on Fehmarn. The 1,070 m are composed of 700
m of lost coastline and 370 m of impaired coastline, see summary in Table 0.4. The
impacts on the coast are caused by the reclamation occupying part of the original
coastline and the changes in the sediment transport as a result of changes to the
waves. Six groynes are impacted of which one is considered ‘lost’ since the new
reclamation will extend beyond this groyne.

Impacts on the coast of Fehmarn from the tunnel project are restricted to the
coastline southeast of the reclamation east of Puttgarden shown in Figure 0.2. No
impacts are predicted west of Puttgarden, i.e. no changes are predicted for Griner
Brink, which is classified as a ‘special morphological feature’ and protected Natura
2000 area as well as Naturschutzgebiete.

700 m of the existing beach east of Puttgarden will be directly affected by the rec-
lamation for the tunnel portal. The new reclamation is planned to have a beach of
about the same length facing an east-southeastern direction. The loss of original
beach east of the eastern breakwater of Puttgarden due to the occupancy of the
reclamation is therefore compensated by a new beach.

The erosional pressure on the groynes and the seawall protecting the Ohlenborgs
Huk from erosion is predicted to increase with the tunnel project.

The overview of affected areas by the assessed design tunnel project is shown in
Table 0.4.

Project including additional mitigation measures

On Fehmarn regular monitoring and strengthening of coastal protection structures,
if required, to prevent potential erosion around coastal structures at Ohlenborgs

6 E1TR0059-Volume III
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Huk are planned for as an additional mitigation measure. The impacts on this part
of the coastline are hence considered insignificant.

In conclusion, the impacts from the tunnel project on the coastline of Fehmarn are
assessed as insignificant with the included additional mitigation measures.

E1TR0059-Volume III 7 FEHY



Severity of loss and degree
of impairments for marine
soil component: coastal morphology

Severity of loss

Minor

» Medium
@ High
@ \/ery high

N

qieberehrm;klin%énﬁdndfarm Degree of impairments

LS Minor
: Medium
High

@ Very high
fxkx% Coastal protection (impacted)

£ Individual marine structure (impacted)
| Footprint
:] Local zone (10 km from alignment)

i Near zone (500 m from footprint)

Figure 0.2 Degree of impairments and severity of loss assigned to sections of the coast of Fehmarn
southeast of Puttgarden due to the pressure from the tunnel project. Note that legends for
structures along the coast (coastal protection and individual marine structures) are shown
on top of signatures for loss/impairment. These indicate hence the severity of loss of and
the degree of impairment for such structures. Note: following this assessment additional
planned mitigation measures have been included. These are assessed to mitigate the im-
pairments to the coast at Ohlenborgs Huk/Marienleucte, please refer to the text. Aerial
photo from 2009 (©COWI Orthophoto April 2009). Note: Bieberehren-Klingen wind farm is
not the correct name of the wind farm south of Presen
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Table 0.4 Summary of impacts on the coastal morphology on Fehmarn from tunnel project (E-
ME/August 2011). Impacts on unprotected and protected sections are provided in lengths
(m) of impacted coast. Impacts on individual structures and special morphological features
are provided as a number of impacted structures/features. All impacts are permanent

Summary of impacts Total Individual Special morph. fea-
structures tures
m (No.) (No.)
Severity of loss
Very high severity 0 0 0
High severity 700! 1 0
Medium severity 0 0 0
Minor severity 0 0 0
Total 700 1 0
Degree of impairments
Very high impairment 0 0
High impairment 0
Medium impairment 3702 52
Minor impairment 0 0 0
Total 370° 5° 0

L includes 700 m of loss of beach east of Puttgarden, which will be compensated by a new artificial beach
in the new reclattion, 2Impacts, which are assessed not to be effectuated following additionally planned
mitigation measures, please refer to text.

Assessment of impacts of bridge alternative

Impacts on the coastal morphology from the bridge alternative Var. 2 B E-
E/October 2010 were assessed. Impacts are caused by project pressure from the
marine ramps including reclamations and new beaches (Lolland and Fehmarn) and
the piers/pylons. The marine ramps are located east of respectively Rgdbyhavn and
Puttgarden.

The impacts on the coastlines of Lolland and Fehmarn were quantified by analysis
of results from numerical modelling of waves, longshore sediment transport and
shoreline evolution.

The time scales for various impacts are evaluated. Effects lasting less than 25-30
years are denoted temporary effects. Permanent effects are those lasting more
than 25-30 years.

The impacts on the coastal morphology from the bridge project develop with time.
All impacts on coastal morphology are therefore assessed as permanent.

Impacts on the coastal morphology may start during the construction period due to
pressure from temporary structures such as the temporary work harbours. Howev-
er, these impacts will be of the same character as the impacts caused at a later
stage by the permanent structures. The impacts from the temporary structures on
the coastal morphology are hence not assessed separately.

The mitigation measures included in the assessed design of the bridge project and
the additional mitigating measures are supplied in Table 0.5.

E1TR0059-Volume III 9 FEHY
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Table 0.5 Mitigation and compensation measures

Project Mitigation and compensation Additional mitigation and compen-
measures included in the conceptual sation measures
assessed design

Bridge project Beaches east and west of the marine Nourishment of costal sections exposed
ramp on Lolland to erosion on Lolland by the bridge pro-
ject (approximately 1,500 m3/year at
New beach section included in the ma- Bredfjed 10,000-12,000 m3/year east of
rine ramp on Fehmarn the marine ramp) to keep the baseline
situation

New/improved structures to secure two
outlets (one at Dragsminde Sluice and
one outlet east of the eastern breakwa-
ter at Rgdbyhavn)

Measures to establish a new and ade-
quate waste water outlet at Rgdbyhavn

Regular monitoring and strengthening of
coastal protection structures, if required,
to prevent potential erosion at Ohlen-
borgs Huk, Fehmarn

Nourishment of costal sections on the
coast southeast of Puttgar-
den(approximately 2,000 m3/year be-
tween Marienleuchte and Presen on
Fehmarn)

Regular monitoring of the outlet from
Blankenwisch west of Puttgarden and
improved/new structure, if required

Regular monitoring of the beach in front
of Marienleuchte and new/improved
structures, if required, to ensure the
functionality of the water outlet in front
of Presen and the bathing bridge at Ma-
rienleuchte, Fehmarn

Impacts - Lolland

A total stretch of the Lolland coast of about 3,400 m is either lost (1,300 m) or im-
paired (2,100 m) by the assessed design of the bridge project. The impacts on the
coast are caused by the marine ramp including the planned beaches occupying part
of the original coastline, by the blocking of the sediment transport caused by the
marine ramp and changes to the sediment transport due to changes in the near-
shore wave field.

The impacts on the coastline comprise of a minor degree of impairment of a section
of beach west of Rgdbyhavn and loss/impairment of sections of coast with coastal
protection east of Rgdbyhavn as indicated in Figure 0.3 and summarised in Table
0.6. Three individual structures (outlet at Dragsminde at Sandholm, a waste water
outlet and a water outlet east of Rgdbyhavn) are impaired with a minor degree of
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impairment due to increase in sedimentation or erosion. The special morphological
feature, the easternmost part of the spit of Hyllekrog located within a Natura 2000
area, is impaired with to minor degree.

West of Rgdbyhavn, the impairment of the beach in front of Bredfjed is caused by a
relatively weak increase in erosion is predicted.

East of Rgdbyhavn, blocking of the sediment supply to the coastline 0-1,100 m east
of the marine ramp may potentially cause a risk of failure of the revetment since
enhanced erosion along this section is expected. Erosion in front of this revetment
and also further east than 1,100 m from the ramp was to be expected even without
the bridge project since the Rgdbyhavn breakwaters cause similar impacts on the
coastline; however, not to the degree of impact as assessed for the bridge project.

Only a short section of the coastline at Lolland is lost. The ramp with the two
beaches to the east and west occupies about 1,300 m of the original coastline. The
two new beaches - a total of about 1.3 km new beach - provide a new section of
coast with recreational value near Rgdby.

The impacts on Hyllekrog are assessed to be an issue of minor extent with a weakly
reduced migration of the spit on a longer time scale. Mitigation of this type of im-
pact is not possible. The impacted spit of Hyllekrog is considered a morphological
element belonging to conservation objectives within Natura 2000. It is noted that
the offshore wind farm Rgdsand 2 was evaluated to cause a weak additional ero-
sional pressure (DHI 2007c) along the western one third of Hyllekrog. This includes
the stretch where the barrier has the smallest width. The impacts from the bridge
project are assessed to have the opposite effect, i.e. reduce the erosion. The order
of magnitude of the two effects is about the same but in both cases evaluated to be
insignificant. Furthermore, the reduction in the migration of the eastern spit caused
by Rgdsand 2 was assessed to be <5%. The reduction in the migration rate of this
spit caused by the bridge project is in the order of 10-15%. The cumulative impact
is a reduction of 15-20%. The significance of the impacts on the overall morpholog-
ical development of Hyllekrog is considered minor. The bridge project is assessed
not to have impacts on the littoral transport and hence on the barriers further to
the east, the West and the East Rgdsand.

In conclusion, it is assessed that the impairments from the assessed design of the
bridge project consist of sections of the coast with potentially significant impacts.

Project including additional mitigation measures

On Lolland the additional mitigation measures include nourishment of approximate-
ly 1,500 m3/year at Bredfjed and 10,000-12,000 m3/year to the coast east of the
ramp. With this nourishment is assessed that erosion from the beach at Bredfjed
and from coastal profiles in front of the coastal protection east of the ramp due to
the bridge project can be prevented. Impacted outlet structures on the coast of Lol-
land are mitigated by the additional mitigation measures including new/improved
outlet structure at Dragsminde Sluice at Sandholm, new/improved outlet east of
Rgdbyhavn, as well as measures to establish a new and adequate waste water out-
let at Rgdbyhavn.

Conclusion

In conclusion, it is assessed that the impacts from the bridge project in the concep-
tual design when including the additional mitigation measures are restricted to the
insignificant loss of original coastline in the area of the marine ramp. The bridge
project imposes a minor impact on the special morphology feature, Hyllekrog,
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which will not change the overall coastal morphology of the barrier. The impact is
hence assessed as insignificant.

With the implementation of these mitigating measures, the residual impacts are in-

significant.

7
Rogdsand Lagoon

Brunddragene

Severity of loss and degree of impairments for marine soil component: coastal morphology

Degree of impairment Severity of loss
Minor Minor
Medium @ Medium
High @ High
@ Very high @ \/ery high
#¥xxx Coastal protection (impacted) E Footprint
£2  Individual marine structure (impacted) |:| Near zone (500 m from footprints)
Special morphological feature (impacted) [:] Local zone (10 km from alignment)
Figure 0.3 Degree of impairment and severity of loss assigned to sections of the coast due to the

pressure from permanent structures of the bridge, the marine ramp on the Lolland side
and the piers/pylons. Var. 2 B E-E/October 2010. Note that legends for impacted struc-
tures (coastal protection and individual marine structures) and impacted parts of special
morphological features along the coast are shown on top of signs for loss/impairment.
These indicate hence the loss and impairment of such structures/features. Note: following
this assessment additional planned mitigation measures have been included. These are as-
sessed to mitigate the impairments to the coast west and east of Rodbyhavn, and the im-
pairments to the three outlets (two water outlets and one waste water outlet, individual
structures) west and east of Rodbyhavn, please refer to the text. Aerial photo from 2009
(©COWI Orthophoto April 2009)
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Table 0.6 Summary of impacts on the coastal morphology on Lolland from bridge project (Var. 2 B
E-E/October 2010). Impacts on unprotected and protected sections are provided in lengths
(m) of impacted coast. Impacts on individual structures and special morphological features
are provided as a number of impacted structures/features. All impacts are permanent

Summary of impacts Total Individual Special morpholog-
structures ical features
m (No.) (No.)

Severity of loss

Very high severity 0 0 0

High severity 0 0 0

Medium severity 0 0 0

Minor severity 1,300¢ 0 0
Total 1,300' 0 0
Degree of impairments

Very high impairment 1,100 0 0

High impairment 0

Medium impairment 0

Minor impairment 1,000 33 14
Total 2,100? 33 14

lthe lost section of the coast is compensated by new beaches east and west of the marine ramp,
2Impairments, which will not to be effectuated following additionally planned mitigation measures, please
refer to text, new/improved structures included as additional mitigation structures will prevent impair-
ments to these structures, please refer to text, “outside local + near zone

Impacts - Fehmarn

A total of about 3,235 m of the coastline of Fehmarn (of which 700 m are loss and
2,535 m are impaired), nine individual structures and the special morphological fea-
ture of Griner Brink will be impacted to some extent by the bridge solution, see
summary of impacts in Table 0.7 and in Figure 0.4-Figure 0.5 for the coastline west
and southeast of Puttgarden, respectively. The impacts on the coast are caused by
the ramp, piers and pylons and reclamation and the changes to the sediment
transport as a result of changes to the waves.

700 m of the existing beach east of Puttgarden is directly affected by the reclama-
tion for the marine ramp. The reclamation with the marine ramp is planned to be
implemented with a beach east of the ramp. The loss of original beach east of the
eastern breakwater of Puttgarden due to the occupancy of the reclamation is there-
fore compensated by a new beach.

The erosional pressure on the groynes and the seawall protecting the Ohlenborgs
Huk from erosion is predicted to increase. Possible erosion at this section can be ef-
fectively prevented by strengthening the existing protection scheme.

The erosion along the beach southeast of Marienleuchte can effectively be prevent-
ed by nourishment.

Nine individual structures (six groynes around Ohlenborgs Huk, two outlets - from
Blankenwisch and in front of Presen, respectively — and the bathing bridge at Mari-
enleuchte) are predicted to be impaired/lost caused by the bridge project.

Griner Brink is impaired to a minor degree of impairment. The area is a highly dy-
namic feature and the effects are assessed not to influence the character of the
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feature and how it develops, but only slightly increases the rate of development.
Mitigation of this type of impact is not possible.

Project including additional mitigation measures
Following the assessment, additional mitigation measures have been planned for.

On Fehmarn regular monitoring and strengthening of coastal protection structures,
if required, to prevent potential erosion around the coastal structures at Ohlenborgs
Huk are planned for as an additional mitigation. Nourishment of about 2,000
m3/year on the coast between Marienleuchte and Presen and regular monitoring as
well as new/improved structures (bathing bridge at Marienleuchte and water outlet
at Presen), if required, are also planned for. The residual impacts on the coastline
southeast of Putgarden are with these mitigation measures considered insignificant.

Regular monitoring and new/improved structure, if required, to secure the water
outlet from Blankenwisch west of Puttgarden is similarly included as additional miti-
gation and the impairment to this outlet is hence also considered insignificant.

Conclusion
In conclusion, the impacts from the bridge project on the coastline of Fehmarn are
assessed as insignificant with the included additional mitigation measures.

The residual impacts include loss in the marine ramp area and a slight increase in

the rate of development of the Griiner Brink. The residual impacts are considered
insignificant.
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Markelsdorfer Huk

Severity of loss and degree of impairments for marine soil component: coastal morphology

Degree of impairment Severity of loss
Minor Minor
Medium » Medium
High @ High

e \/ery hig

Fkkkx Coastal

h @ \/ery high

protection (impacted) \ Footprint

& Individual marine structure (impacted) \:’ Near zone (500 m from footprint)

. Special morphological feature (impacted) E Local zone (10 km from alignment)

Figure 0.4

E1TR0059-Volume III

Degree of impairment and severity of loss assigned to sections of the coast of Fehmarn
west of Puttgarden due to the pressure from the bridge project. Note that legends for im-
pacted structures (coastal protection and individual marine structures) and impacted parts
of special morphological features along the coast are shown on top of signs for
loss/impairment. These indicate hence the loss and impairment of such struc-
tures/features. Note: following this assessment additional planned mitigation measures
have been included. The impairments to the outlet from Blankenwisch (individual struc-
ture) west of Puttgarden will not become effectuated, please refer to the text. Aerial photo
from 2009 (©COWI Orthophoto April 2009)
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Severity of loss and degree
of impairments for marine soil
component: coastal morphology

Severity of loss
Minor

TS

» Medium

@ High
@ \/ery high
Degree of impairment

Minor

'\‘Bieberékré}i;l(lin

Medium
High
@ Very high
¥¥xxx Coastal protection (impacted)
& Individual marine structures (impacted)
lj Footprint
E Near zone (500 m from footprint)
; \:’ Local zone (10 km from alignment)

Figure 0.5 Degree of impairment and severity of loss assigned to sections of the coast of Fehmarn
southeast of Puttgarden due to the pressure from the bridge project. Note that legends for
structures along the coast (coastal protection and individual marine structures) are shown
on top of signs for loss/impairment. These indicate hence the loss of and degree of im-
pairment for such structures. Note: following this assessment, additional planned mitiga-
tion measures have been included. The impairments to coastline southeast of Puttgarden
will hence not become effectuated, please refer to the text Aerial photo from 2009
(©COWI Orthophoto April 2009). Note: Bieberehren-Klingen wind farm is not the correct
name of the wind farm south of Presen
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Table 0.7 Summary of impacts on the coastal morphology on Fehmarn from bridge project (Var. 2 B
E-E/ October 2010). Impacts on unprotected and protected sections are provided in
lengths (m) of impacted coast. Impacts on individual structures and special morphological
features are provided as a number of impacted structures/features. All impacts are per-

manent
Summary of impacts Total Individual Special morph. fea-
structures tures
m (No.) (No.)
Severity of loss
Very high severity 0 0 0
High severity 700! 1 0
Medium severity 0 0 0
Minor severity 0 0 0
Total 700! 1 0
Degree of impairments
Very high impairment 0 0 0
High impairment 0 0
Medium impairment 3702 52 0
Minor impairment 2,1652 32 1
Total 2,535 82 1

Lincludes 700 m of loss of beach east of Puttgarden, which will be compensated by a new artificial beach
in the new reclamation, 2Impacts, which are assessed not to be effectuated following additionally
planned mitigation measures, please refer to text

Comparison of bridge and tunnel

The impacts from the tunnel and the bridge alternatives are compared below. The
impact assessments of the tunnel and the bridge alternatives are based on a num-
ber of mitigation measures included in the assessed designs of the projects.

In the comparison below, the projects are compared based on the assessed design
of the projects. The consequences of the additional mitigation measures and a
comparison of the residual effects for the two projects are commented on further
below.

Comparison of impacts from assessed designs of the projects
Lolland

A comparison of the impacts from the tunnel and the bridge projects on the Lolland
coastline are provided in Table 0.8. A larger part of the coastline of Lolland will be-
come impacted by the tunnel project compared with the bridge project due to the
relatively large reclamation area on the Danish side, which is a part of the tunnel
project.

Furthermore, the tunnel project has more impacts classified with a very high, high
or medium degree of impact (severity of loss or degree of impairment) than the
bridge project, which only has impacts classified with a medium and minor degree
of impact to the coastline of Lolland.

Both projects impose impacts within the Natura 2000 area SCI DK 006X238. The
tunnel project impacts the protected coastal landscape along the shoreline east of
the reclamation. The bridge project imposes an impact on the special morphology
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feature, Hyllekrog, further east. Mitigation of the impact on Hyllekrog is not possi-
ble.

The overall evaluation of the impacts from the assessed design of the tunnel project
on the coastline of Lolland is that a) the assessed impairments to the Lolland coast-
line and structures can be mitigated effectively and at a relatively low cost and b)
the added value of the new reclamation with respect to coastal landscape compen-
sates the loss of original coastline.

The impact from the bridge on Hyllekrog is assessed to be of a minor impact, which
will not change the overall coastal morphology of the barrier.

Fehmarn

Table 0.9 provides the comparison of the assessed tunnel and the bridge alternative
of the impacts on the coastline of Fehmarn. The assessed design of the bridge pro-
ject causes larger impacts on the Fehmarn side, which is contrary to the situation
on Lolland, where the tunnel project impacts a larger part of the coastline.

The main difference between the impacts on the Fehmarn coastline caused by the
bridge and the tunnel project is the impacts from the bridge on a) Griner Brink and
b) the mild increase in erosion along the coastline between Marienleuchte and
Presen caused by the impact on the waves caused by the piers/pylons.

The bridge is assessed to increase the rate of the morphological development of
Griner Brink. No mitigation methods can be recommended. Griner Brink is part of
the Natura 2000 area SCI DE 1532-391 and Naturschitzgebiete ‘Griiner Brink’;
however, the effects are assessed not to influence the character of the feature. The
impact is therefore assessed to be insignificant. The mild increase in erosion along
the coast between Marienleuchte and Presen can be mitigated effectively and at a
relatively low cost and is also evaluated as insignificant.

Conclusion based on assessed designs

In conclusion, the main difference between the assessed bridge and tunnel project
for the marine soil component coastal morphology is the relatively large new recla-
mation along the coast of Lolland, which is a part of the tunnel project. The recla-
mation is, however, also considered to add value to the area with respect to recrea-
tional value and coastal landscape and to compensate the loss of original coastline.

The impacts on the remaining sections of the coastlines of Fehmarn and Lolland
from the tunnel as well as the bridge project are assessed to be insignificant, if mit-
igated where possible. Effective mitigation is possible for all significant impacts at a
relatively low cost for the bridge as well as the tunnel project.

The differences in the impacted areas as well as the differences in the character of
the impacts from the assessed designs of the projects do not lead to one or the
other project being the preferred option based on the impacts on coastal morpholo-

gy.
Projects including additional mitigation measures

Following the assessment, additional mitigation measures have been planned for as
described above.
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Lolland

The residual impacts after including the effects of the additional mitigation
measures are the loss of coastline in the areas where the projects occupy the exist-
ing coastline due to reclamations/ramps. The bridge project imposes a minor im-
pact on the special morphology feature, Hyllekrog, which will not change the overall
coastal morphology of the barrier.

Coastal sections exposed to increased erosion caused by either of the projects are
with the additional mitigation measures mitigated by nourishment and effects to
structures such as outlet structures are handled by including regular monitoring
and, if required, new/improved structures to ensure their functionality.

The main difference between the bridge and the tunnel project is therefore also
with the additional mitigating measures included in the project designs the relative-
ly large new reclamation on Lolland.

The differences in the loss of coastline as well as the minor impact to Hyllekrog
from the bridge solution, do not lead to one or the other project being the preferred
option based on the impacts on coastal morphology on Lolland.

Fehmarn

The residual impacts after including the effects of the additional mitigation
measures are for both projects the loss of the same part of the coastline east of
Puttgarden in the area, where the projects occupy the existing coastline due to rec-
lamation (tunnel) or marine ramp (bridge). The bridge project imposes a minor im-
pact on the special morphological feature, Griner Brink, which will not change the
overall coastal morphology of the formation.

Coastal sections exposed to increased erosion from the projects are planned to be
mitigated by nourishment and effects to structures such as water outlets are han-
dled by including regular monitoring and if required new/improved structures to en-
sure their functionality.

The only difference between the two projects is therefore the minor impact to Gri-
ner Brink from the bridge project. This impact is insignificant, since the effects from
the bridge are assessed not to influence the character of the feature.

The impact to Griner Brink from the bridge solution, do hence not lead to one or
the other project being the preferred option based on the impacts on coastal mor-

phology.

Conclusion

In conclusion, the main difference between the bridge and the tunnel project for the
marine soil component coastal morphology is the relatively large new reclamation
along the coast of Lolland, which is a part of the tunnel project. The reclamation is,
however, also considered to add value to the area with respect to recreational value
and coastal landscape and to compensate the loss of original coastline.

The impacts on the remaining sections of the coastlines of Fehmarn and Lolland are
assessed to be insignificant with the additional mitigation measures.

The differences in the loss of coastline as well as the differences in the character of

the residual impacts from the projects including the additional mitigation measures
do not lead to one or the other project being the preferred option based on the im-
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pacts on coastal morphology. Table 0.10 summarises the comparison of the im-
mersed tunnel and cable stayed bridge.

Table 0.8 Comparison of impacts on Lolland for the assessed immersed tunnel (main alternative, E-
ME/August 2011) and cable stayed bridge (main alternative Var. 2 B E-E/October 2010)
Component: Coastal morphology, Lolland
Immersed tunnel Cable stayed bridge
E-ME/August 2011 Var. 2 B E-E/October 2010
Total |y dividual | SPeC Total | 1 dividual | Spec. Morph.
coastline Morph. | coastline
structures structures features
(m) features (m)
Severity of loss
Very high severity 0 24 0 0 0 0
High severity 3,180 0 0 0 0 0
Medium severity 0 0 0 0 0 0
Minor severity 4,290 0 0 1,300° 0 0
Total 7,470? 24 (1] 1,3003 0 0
Part of coastline (%)* 37.32 - - 6.5° - -
Degree of impair-
ments
Very high impair- 750* 24 0 1,100* 0 0
ment
High impairment 0 0 0 0 0 0
Medium impairment 3,280* 34 0 0 0
Minor impairment 0 0 0 1,000* 34 0
Total 4,030* 54 (1] 2,100* 3¢ (1]
Part of coastline (%)*! 20.1* - - 10.5% - -
Reference (m) 20,035 20,035

! Refers to part of coastline (%) within the near zone + local 10-km zone, %includes 3,180 m of loss of
beach west of Rgdbyhavn which will be compensated by artificial beaches and a lagoon as a part of the
conceptual design, 3the lost section of the coast is compensated by new beaches east and west of the
marine ramp, ‘impacts, which are assessed not to be effectuated following additionally planned mitiga-
tion measures, please refer to text
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Table 0.9 Comparison of impacts on Fehmarn for the assessed immersed tunnel (main alternative,
E-ME/August 2011) and cable stayed bridge (main alternative Var. 2 B E-E/October 2010)

Component: Coastal morphology, Fehmarn
Immersed tunnel Cable stayed bridge
E-ME/August 2011 Var. 2 B E-E/October 2010
co-:;:?ilne A IAGTEY nfgr?r;. co-;?s:?ilne ndiyidusi Mof;he.cf.ea-
(m) structures e (m) structures e

Severity of loss

Very high severity 0 0 0 0 0 0

High severity 700? 1 0 7002 1 0

Medium severity 0 0 0 0 0 0

Minor severity 0 0 0 0 0 0
Total 700 1 0 7007 1 0
Part of coastline (%)* 3.1 - - 3.1 - -
Degree of impairments

Very high impairment 0 0 0 0 0 0

High impairment 0 0 0 0 0 0

Medium impairment 370° 5° 0 370° 5° 0

Minor impairment 0 0 1 2,165° 3® 1
Total 370° 5° 1 2,535 g° 1
Part of coastline (%)* 1.6 - - 11.2 - -
Reference (m) 22,680 22,680

refers to part of coastline (%) within the near zone+ local 10-km zone, 2 includes 700 m of loss of

beach east of Puttgarden, which will be compensated by a new artificial beach, 3impacts, which are as-
sessed not to be effectuated following additionally planned mitigation measures, please refer to text
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Table 0.10 Comparison matrix of impacts from Immersed tunnel and Cable stayed bridge including
additional mitigating measures. For each factor, the relatively environmentally best alter-
native is identified. 0: No difference; (+) Small environmental benefit; + Environmental
benefit; ++ Large environmental benefit. Note that even an alternative is evaluated less
environmental beneficial, this does not imply that there are significant impacts on the en-
vironment

Component Sea bed morphology
Immersed tunnel Cable stayed bridge
Assessed
sub-components E-ME/August 2011 Variant 2 B E-E/October 2010
Beaches / unprotected Loss of beaches compensated Insignificant loss of beach (at 0
coastline by new beaches (Fehmarn Fehmarn), compensation by
and Lolland) and new coastal new beach.
landscape (Lolland). Loss of beach/unprotected
coastline smaller than for tun-
nel project.
Coastal protection No impairments on the coastal No impairments on the coastal 0
protection on Lolland and protection on Lolland and
Fehmarn (with additional mit- Fehmarn (with additional mit-
igation measures planned by igation measures planned by
Femern A/S). Femern A/S).
Insignificant loss of coastal Insignificant loss of coastal
protection (covered by the protection (covered by the
Lolland land reclamation) marine ramp)
Individual structures No significant effects on the No significant effects on the 0
individual structures on Lol- individual structures on Lol-
land and Fehmarn land and Fehmarn
Special morphological No effects Insignificant minor impact to 0
features Hyllekrog but no morphologi-
cal effects on the barrier. In-
significant minor impact to
Griner Brink, but no changes
to character of formation
Total - No significant impacts on the No significant impacts on the 0
coastline of Lolland. Loss of coastline of Lolland. Loss of
coastal morphology . o
beaches compensated by new coastline significantly smaller
beaches and new coastal than for tunnel project. New
landscape. beaches included in project
Femern: no significant im- design.
pacts. Femern: no significant im-
pacts.
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1 INTRODUCTION

1.1 Environmental theme

The topic of this report is the impact on the so-called “Coastal Morphology” in the
Fehmarnbelt. Coastal morphology is the topography ( above mean sea level) and
bathymetry (below mean sea level) in the coastal zone covering from dunes, dikes,
coastal cliffs, or other structures which back the present coastline, to the active
depth of the nearshore zone. “Active depth” is the water depth within which the
wave action is strong enough to agitate any loose bed material. The morphology
within the 6 m DVR90 depth contour is dealt with in the present report.

The character of the natural coastal zone is to a large extent determined by the ge-
ology in the area and the exposure to waves. If the coast consists of loose sedi-
ments, mud, sand or gravel, the coastal profiles will adjust to the exposure from
the predominant waves. If the predominant waves approach the coast under an
angle the wave breaking process will result in currents in the surf zone and high
turbulence levels which keep the sand in suspension and transport it along the
coast. This longshore sediment transport, the so-called littoral drift, is the process
which lead to shoreline advance updrift of coastal structures, which block the
transport zone, and erosion on the downdrift side, as presently seen on the west
and east side of Rgdbyhavn, respectively. Any longshore variation in the longshore
transport leads to either shoreline advance or retreat. The coastal zone both on the
Lolland and the Fehmarn side is dominated by narrow sandy beaches, which are
backed by dikes on long stretches at low-lying areas. The coastal morphology is
generally under development along the coasts of the Fehmarnbelt. The present re-
port deals with the influence of the tunnel and bridge projects on this on-going de-
velopment of the coastal morphology.

In this report the time for start of construction is artificially set to 1 October 2014
for the tunnel and 1 January 2015 for the bridge alternative. In the Danish EIA
(VVM) and the German EIA (UVS/LBP) absolute year references are not used. In-
stead the time references are relative to start of construction works. In the VVM the
same time reference is used for tunnel and bridge, i.e. year 0 corresponds to
2014/start of tunnel construction; year 1 corresponds to 2015/start of bridge con-
struction etc. In the UVS/LBP individual time references are used for tunnel and
bridge, i.e. for tunnel construction year 1 is equivalent to 2014 (construction starts
1 October in year 1) and for bridge construction year 1 is equivalent to 2015 (con-
struction starts 1st January)..

1.2 Environmental components assessed

Coastal Morphology is one out of three components under the Sub-factor Marine
Soil, see Table 1.1.

The sub-components listed in Table 1.2 are addressed in the impact assessment of
the component Coastal Morphology. These include beaches/unprotected sections of
the coast as well as coastal protection along the coast. Coastal protection refers to
structures parallel to the coast such as revetments, dikes and wave breakers. The
total length of sections of the coastlines of Fehmarn and Lolland with beach-
es/unprotected sections as well as coastal protection are listed in Table 1.3 and Ta-
ble 1.4, respectively. Individual coastal structures refer to point-structures on the
coast, such as groynes, outlet structures or the harbour breakwaters/piers of
Rgdbyhavn and Puttgarden. Special morphological features such as spits, barrier is-
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lands and beach lagoons occurring at the Hyllekrog/Rgdsand barriers and at Griner
Brink are assessed as a separate sub-component.

The coastline and the coastal morphology closer to the coast than the 6 m DVR90
depth contour are assessed in the present impact assessment. The sea bed mor-
phology offshore the 6 m DVR90 depth contour are assessed in (FEHY 2013b) re-
lated to Sea Bed Morphology.

The influence of deposition of spill of fine sediments from the dredging activities on
the bathing water is treated in (FEHY 2013c).

Table 1.1 Marine area Factor Soil with Sub-factors and components. Coastal Morphology is one out
of three components under the Marine area Factor Soil and Sub-factor Marine Soil

Factor Sub-factor Components
Soil Marine Soil (including marine land-  Sea Bed morphology
scape) Coastal Morphology

Sea Bed Chemistry

Table 1.2 Component Coastal Morphology with sub-components

Component Sub-components
Coastal Morpho- Beaches and other unprotected sections of the coastline
logy Coastal protection

Individual coastal structures
Special morphological features

Table 1.3 Sections of the coastline with the sub- components beaches and other un-protected
stretches and coastal protection along the Fehmarn coast within the 10-km zone

Beaches and other unprotected Coastal protection Total
sections (m) (m) (m)
20,925 1,755 22,680
Table 1.4 Sections of the coastline with the sub-components along the Lolland coast within the 10-
km zone
Beaches and other unprotected Coastal protection Total
sections (m) (m) (m)
12,020 8,415 20,035!

! The length of the coastline (total of 20.035 m) deviates by 400 m from the sum of Beaches and Coastal
protection due to overlapping of beach and coastal protection at Hyldtofte @stersgbad, where a beach
section of 750 m is fronted by 10 shore-parallel breakwaters of each 40 m
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2 THE FEHMARNBELT FIXED LINK PROJECT

The impact assessments of the tunnel and the bridge alternatives are carried out
for conceptual designs of the tunnel and bridge projects with a number of mitiga-
tion measures included in the assessed designs of the projects.

Following the impact assessment below, additional mitigation measures. have
been planned for.

In Table 2.1, the mitigation measures included in the assessed designs of the pro-
jects as well as the additional mitigation measures are tabulated.

The consequences of the additional mitigation measures are commented on where
relevant.
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Table 2.1

Project

Mitigation and compensation measures

Mitigation and compensation
measures included in the con-
ceptual assessed design

Additional mitigation and com-
pensation measures

Tunnel project

Erodible cliff at the eastern part of
the reclamation on Lolland

Two beach sections in the reclama-
tion on Lolland

A new beach section in the reclama-
tion on Fehmarn

Nourishment of in average 14,000
m3/year to the coast east of the
reclamation

New structures to replace the pre-
sent outlets at Dragsminde Sluice
and the two outlets east of Rgdby-
havn

Regular monitoring of potential ero-
sion at Ohlenborgs Huk

Bridge project

Beaches east and west of the ma-
rine ramp on Lolland

New beach section included in the
marine ramp on Fehmarn

Nourishment of costal sections ex-
posed to erosion on Lolland by the
bridge project (approximately 1,500
m3/year at Bredfjed, 10,000-12,000
m3/year east of the marine ramp)

Monitoring of sedimentation and
improved/new outlet structure for
Dragsminde Sluice at Sandholm
(Lolland)

Monitoring of sedimentation and
new/improved structures to ensure
the functionality of the present two
outlets east of the eastern breakwa-
ter of Rgdbyhavn on Lolland

Nourishment of costal sections ex-
posed to erosion by the bridge pro-
ject (approximately 2,000 m3/year)
between Marienleuchte and Presen
on Fehmarn

Monitoring of sedimentation and
improved/new structure if required
for water outlet from Blankenwish
on Fehmarn

Monitoring of erosion and
new/improved structures if required
to ensure the functionality of the
water outlet in front of Presen and
the bathing bridge at Marienleuchte,
Fehmarn
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General description of the project
The Impact assessment is undertaken for two fixed link solutions:
e Immersed tunnel E-ME (August 2011)

e (Cable Stayed Bridge Variant 2 B-EE (October 2010)

The Immersed Tunnel (E-ME August 2011)

The alignment for the immersed tunnel passes east of Puttgarden, crosses the
Fehmarnbelt in a soft curve and reaches Lolland east of Rgdbyhavn as shown in
Figure 2.1ure 2.1 along with near-by NATURA2000 sites.

\\\\\

I\
&
AN

N
N

[ Natura 2000 site

1 2 4
9:—:3_ Kilometres

Figure 2.1 Proposed alignment for immersed tunnel E-ME (August 2011)

Tunnel trench

The immersed tunnel is constructed by placing tunnel elements in a trench dredged
in the seabed, see Fig. 2.2. The proposed methodology for trench dredging com-
prises mechanical dredging using Backhoe Dredgers (BHD) up to 25m water depth
and Grab Dredgers (GD) in deeper waters. A Trailing Suction Hopper Dredger
(TSHD) will be used to rip the clay before dredging with GD. The material will be
loaded into barges and transported to the near-shore reclamation areas where the
soil will be unloaded from the barges by small BHDs. A volume of approx. 14.5 mio.
m? sediment is handled.
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Figure 2.2 Cross section of dredged trench with tunnel element and backfilling

A bedding layer of gravel forms the foundation for the elements. The element is ini-
tially kept in place by placing locking fill followed by general fill, while on top there
is a stone layer protecting against damage from grounded ships or dragging an-
chors. The protection layer and the top of the structure are below the existing sea-
bed level except near the shore. At these locations, the seabed is locally raised to
incorporate the protection layer over a distance of approximately 500-700m from
the proposed coastline. Here the protection layer is thinner and made from concrete
and a rock layer.

Tunnel elements

There are two types of tunnel elements: standard elements and special elements.
There are 79 standard elements, see Fig. 2.3. Each standard element is approxi-
mately 217 m long, 42m wide and 9m tall. Special elements are located approxi-
mately every 1.8 km providing additional space for technical installations and
maintenance access. There are 10 special elements. Each special element is ap-
proximately 46m long, 45m wide and 13m tall. After placement of the elements,
the tunnel trench will be backfilled with marine material, potentially partly from
Kriegers Flak.

BAABERBSS s
BhbBERSaEmooda

10000 11000 12000 13000 14000 15000 16000 17000 18000 19000 20000 21000 22000 23000 24000 25000 26000 27000 28000 29000

Figure 2.3 Vertical tunnel alignment showing depth below sea level

The cut and cover tunnel section beyond the light screens is approximately 440m
long on Lolland and 100m long on Fehmarn. The foundation, walls, and roof are
constructed from cast in-situ reinforced concrete.
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Tunnel drainage

The tunnel drainage system will remove rainwater and water used for cleaning the
tunnel. Rainwater entering the tunnel will be limited by drainage systems on the
approach ramps. Fire fighting water can be collected and contained by the system
for subsequent handling. A series of pumping stations and sump tanks will
transport the water from the tunnel to the portals where it will be treated as re-
quired by environmental regulations before being discharged into the Fehmarnbelt.

Reclamation areas

Reclamation areas are planned along both the German and Danish coastlines to ac-
commodate the dredged material from the excavation of the tunnel trench. The size
of the reclamation area on the German coastline has been minimized. Two larger
reclamations are planned on the Danish coastline. Before the reclamation takes
place, containment dikes are to be constructed some 500m out from the coastline.

The landfall of the immersed tunnel passes through the shoreline reclamation areas
on both the Danish and German sides

Fehmarn reclamation areas

The proposed reclamation at the Fehmarn coast does not extend towards north be-
yond the existing ferry harbour outer breakwater at Puttgarden. The extent of the
Fehmarn reclamation is shown in Fig. 2.4. The reclamation area is designed as an
extension of the existing terrain with the natural hill turning into a plateau behind a
coastal protection dike 3.5m high. The shape of the dike is designed to accommo-
date a new beach close to the settlement of Marienleuchte.

Figure 2.4 Proposed reclamation area at Fehmarn

The reclaimed land behind the dike will be landscaped to create an enclosed pas-
ture and grassland habitat. New public paths will be provided through this area
leading to a vantage point at the top of the hill, offering views towards the coastline
and the sea.

The Fehmarn tunnel portal is located behind the existing coastline. The portal build-
ing on Fehmarn houses a limited number of facilities associated with essential
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equipment for operation and maintenance of the tunnel and is situated below
ground level west of the tunnel.

A new dual carriageway is to be constructed on Fehmarn for approximately 3.5km
south of the tunnel portal. This new highway rises out of the tunnel and passes on-
to an embankment next to the existing harbour railway. The remainder of the route
of the highway is approximately at level. A new electrified twin track railway is to
be constructed on Fehmarn for approximately 3.5km south of the tunnel portal. A
lay-by is provided on both sides of the proposed highway for use by German cus-
toms officials.

Lolland reclamation area

There are two reclamation areas on Lolland, located either side of the existing har-
bour. The reclamation areas extend approximately 3.7km east and 3.4km west of
the harbour and project approximately 500m beyond the existing coastline into the
Fehmarnbelt. The proposed reclamation areas at the Lolland coast do not extend
beyond the existing ferry harbour outer breakwaters at Rgdbyhavn.

The sea dike along the existing coastline will be retained or reconstructed, if tempo-
rarily removed. A new dike to a level of +3m protects the reclamation areas against
the sea. To the eastern end of the reclamation, this dike rises as a till cliff to a level
of +7m. Two new beaches will be established within the reclamations. There will al-
so be a lagoon with two openings towards Fehmarnbelt, and revetments at the
openings. In its final form the reclamation area will appear as three types of land-
scapes: recreation area, wetland, and grassland - each with different natural fea-
tures and use.

The Lolland tunnel portal is located within the reclamation area and contained with-
in protective dikes, see Fig. 2.5. The main control centre for the operation and
maintenance of the Fehmarnbelt Fixed Link tunnel is housed in a building located
over the Danish portal. The areas at the top of the perimeter wall, and above the
portal building itself, are covered with large stones as part of the landscape design.
A path is provided on the sea-side of the proposed dike to serve as recreation ac-
cess within the reclamation area.

Figure 2.5  Proposed design of tunnel portal area at Lolland
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A new dual carriageway is to be constructed on Lolland for approximately 4.5km
north of the tunnel portal. This new motorway rises out of the tunnel and passes
onto an embankment. The remainder of the route of the motorway is approximately
at level. A new electrified twin track railway is to be constructed on Lolland for ap-
proximately 4.5km north of the tunnel portal. A lay-by is provided in each direction
off the landside highway on the approach to the tunnel for use by Danish customs
officials. A facility for motorway toll collection will be provided on the Danish land-
side.

Marine construction works

The temporary works comprises the construction of two temporary work harbours,
the dredging of the portal area and the construction of the containment dikes. For
the harbor on Lolland an access channel is also provided. These harbours will be in-
tegrated into the planned reclamation areas and upon completion of the tunnel con-
struction works, they will be dismantled/removed and backfilled.

Production site

The current design envisages the tunnel element production site to be located in
the Lolland east area in Denmark. Fig. 2.6 shows one production facility consisting
of two production lines. For the construction of the standard tunnel elements for the
Fehmarn tunnel four facilities with in total eight production lines are anticipated.

Construction
hall ~ >

Tunnel elements
in production

Floatil ate
| oating g Work harbour

Sliding gate
Low basin

Figure 2.6 Production facility with two production lines

In the construction hall, which is located behind the casting and curing hall, the re-
inforcement is handled and put together to a complete reinforcement cage for one
tunnel segment. The casting of the concrete for the segments is taking place at a
fixed location in the casting and curing hall. After the concrete of the segments is
cast and hardened enough the formwork is taken down and the segment is pushed
forward to make space for the next segment to be cast. This process continues until
one complete tunnel element is cast. After that, the tunnel element is pushed into
the launching basin. The launching basin consists of an upper basin, which is locat-
ed at ground level and a deep basin where the tunnel elements can float. In the
upper basin the marine outfitting for the subsequent towing and immersion of the
element takes place. When the element is outfitted, the sliding gate and floating
gate are closed and sea water is pumped into the launching basin until the ele-
ments are floating. When the elements are floating they are transferred from the
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low basin to the deep basin. Finally the water level is lowered to normal sea level,
the floating gate opened and the element towed to sea. The proposed lay-out of the
production site is shown in Fig. 2.7.

Dredging of approx. 4 million m? soil is required to create sufficient depth for tem-
porary harbours, access channels and production site basins.

Landfill

Redbyhavn

Planned motorwa |
o Tunnel element factory

Planned railway

,——‘//"
om 500 m 1000 m

Figure 2.7 Proposed lay-out of the production site east of Rgdbyhavn

The Cable Stayed Bridge (Variant 2 B-EE, October 2010)
The alignment for the marine section passes east of Puttgarden harbour, crosses
the belt in a soft S-curve and reaches Lolland east of Rgdbyhavn, see Fig. 2.8.

Bridge concept

The main bridge is a twin cable stayed bridge with three pylons and two main spans
of 724m each. The superstructure of the cable stayed bridge consists of a double
deck girder with the dual carriageway road traffic running on the upper deck and
the dual track railway traffic running on the lower deck. The pylons have a height of
272m above sea level and are V-shaped in transverse direction. The main bridge
girders are made up of 20m long sections with a weight of 500 to 600t. The stand-
ard approach bridge girders are 200m long and their weight is estimated to ~
8,000t.

Caissons provide the foundation for the pylons and piers of the bridge. Caissons are
prefabricated placed 4m below the seabed. If necessary, soils are improved with
15m long bored concrete piles. The caissons in their final positions end 4m above
sea level. Prefabricated pier shafts are placed on top of the approach bridge cais-
sons. The pylons are cast in situ on top of the pylon caissons. Protection Works are
prefabricated and installed around the pylons and around two piers on both sides of
the pylons. These works protrudes above the water surface. The main bridge is
connected to the coasts by two approach bridges. The southern approach bridge is
5,748m long and consists of 29 spans and 28 piers. The northern approach bridge
is 9,412m long and has 47 spans and 46 piers.
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Figure 2.8 Proposed main bridge part of the cable stayed bridge

Land works

A peninsula is constructed both at Fehmarn and at Lolland to use the shallow wa-
ters east of the ferry harbours breakwater to shorten the Fixed Link Bridge between
its abutments. The peninsulas consist partly of a quarry run bund and partly of
dredged material and are protected towards the sea by revetments of armour
stones.

Fehmarn

The peninsula on Fehmarn is approximately 580m long, measured from the coast-
line, see Fig. 2.9. The gallery structure on Fehmarn is 320m long and enables a
separation of the road and railway alignments. A 400m long ramp viaduct bridge
connects the road from the end of the gallery section to the motorway embank-
ment. The embankments for the motorway are 490m long. The motorway passes
over the existing railway tracks to Puttgarden Harbour on a bridge. The profile of
the railway and motorway then descend to the existing terrain surface.

Lolland

The peninsula on Lolland is approximately 480m long, measured from the coastline.
The gallery structure on Lolland is 320m long. The existing railway tracks to Rgdby-
havn will be decommissioned, so no overpass will be required. The viaduct bridge
for the road is 400m long, the embankments for the motorway are 465m long and
for the railway 680m long. The profile of the railway and motorway descends to the
natural terrain surface.
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Figure 2.9 Proposed peninsula at Fehmarn east of Puttgarden

Drainage on main and approach bridges

On the approach bridges the roadway deck is furnished with gullies leading the
drain water down to combined oil separators and sand traps located inside the pier
head before discharge into the sea.

On the main bridge the roadway deck is furnished with gullies with sand traps. The
drain water passes an oil separator before it is discharged into the sea through the
railway deck.

Marine construction work

The marine works comprises soil improvement with bored concrete piles, excava-
tion for and the placing of backfill around caissons, grouting as well as scour pro-
tection. The marine works also include the placing of crushed stone filling below
and inside the Protection Works at the main bridge.

Soil improvement will be required for the foundations for the main bridge and for
most of the foundations for the Fehmarn approach bridge. A steel pile or reinforce-
ment cage could be placed in the bored holes and thereafter filled with concrete.

The dredging works are one of the most important construction operations with re-
spect to the environment, due to the spill of fine sediments. It is recommended that
a grab hopper dredger with a hydraulic grab be employed to excavate for the cais-
sons both for practical reasons and because such a dredger minimises the sediment
spill. If the dredged soil cannot be backfilled, it must be relocated or disposed of.
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Production sites

The temporary works comprises the construction of two temporary work harbours
with access channels. A work yard will be established in the immediate vicinity of
the harbours, with facilities such as concrete mixing plant, stockpile of materials,
storage of equipment, preassembly areas, work shops, offices and labour camps.

The proposed lay-out of the production site is shown in Fig. 2.10.

Figure 2.10  Proposed lay-out of the production site at Lolland east of R@gdbyhavn

2.2 Relevant project pressures

Impacts on the coastlines of Fehmarn and Lolland are caused by the permanent
structures. The relevant project pressures and potential impacts are described be-
low for the tunnel as well as the bridge alternative.

Temporary structures such as the temporary work harbours and temporary work
areas occupying part of the coast and potentially influencing the transport pattern
along the coast on a short time-scale are not considered to cause any significant
impacts on the coastlines of Fehmarn and Lolland compared to the effects caused
by the permanent structures, which impact the coastlines throughout the lifetime of
the project.

The impacts on the coastal morphology from the tunnel or bridge project develop
and extend further in time than the 25-30 years, which is used as the differentiator
between temporary and permanent effects. All impacts from the tunnel project are
therefore assessed as permanent.
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Impacts on the coastal morphology may start during the construction period due to
pressure from temporary structures mentioned above. However, these impacts will
be of the same character as the impacts caused at a later stage by the permanent
structures. The impacts from the temporary structures on the coastal morphology
are hence not assessed separately.

The ferry operation is not expected to have any significant impacts on the sediment
budget for the coastlines of Fehmarn and Lolland. The assessment carried out for
the situation with continued ferry operation is therefore expected to cover the sit-
uation without continued ferry operation, which is hence not assessed further.

Project pressures for the tunnel alternative

Impacts on the coastlines of Fehmarn and Lolland are caused by the permanent
structures, the reclamations and the protection reefs, and by the access channel to
the production facilities on Lolland. The pressures and potential impacts are listed in
Table 2.2.

The impacts on the coast are caused by the reclamations including new beaches oc-
cupying part of the original coastline and blocking the natural transport of sediment
along the coast. The reclamations and protection reefs, but also the access channel
to the production facilities on Lolland will cause changes to the nearshore wave field
and thereby changes to the sediment transport along the coasts.

Table 2.2 Project pressures for component Coastal Morphology in the case of the main alternative of
the tunnel

Project Features Environmental pres- Potential impacts

sure
Permanent struc- Pressure 1: Increased ero-
tures Reclamations and pro- sion/accretion along
tection reefs of Lolland beaches/unprotected
and Fehmarn sections of the
coastline
Access channel to pro-
duction facility on Lol- Increased erosion in
land front of structures/

failure of structures

Changes to special
morphological fea-
tures

Project pressures for the bridge alternative

Impacts on the coastlines of Fehmarn and Lolland are caused by the permanent
structures in the bridge project: the marine ramps with the attached beaches and
the piers and pylons of the bridge. The pressures and potential impacts are listed in
Table 2.3.

The impacts on the coast are caused by the marine ramps including beach-
es/reclamations occupying part of the original coastline, blocking the natural
transport of sediment along the coast and the changes to the sediment transport as
a result of changes to the nearshore wave field.
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the bridge

Project fea-
tures

Environmental pressure

/

Project pressures for component Coastal Morphology in the case of the main alternative of

Potential impacts

Permanent struc-
tures
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DATA AND METHODS

Areas of investigation

The Fehmarnbelt is part of a narrow transition area between the North
Sea/Kattegat and the Baltic Sea, connecting the southern part of the Great Belt and
the Kiel Bight with the Mecklenburg Bight and further over the shallow Darss Sill in-
to the Arkona Basin of the Baltic Sea, see Figure 3.1.

This report focuses on the coastal areas near the alignment within which potential
impacts from the project may occur, see Figure 3.2. These coastal areas cover the
coastal stretch between Kramnitze and the barrier formation Hyllekrog on Lolland
and the coastal stretch between Markelsdorfer Huk and the coast off the village of
Klausdorf on Fehmarn. These stretches are shown in more detail in Figure 3.3 and
Figure 3.4. A description of the baseline conditions can be found in (FEHY 2013a).
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Figure 3.1 Bathymetry of the Fehmarnbelt region
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Figure 3.2  Investigation areas on Fehmarn and Lolland. Green boxes indicate the coastlines assessed.
Area marked by the red curve is the ‘local 10-km zone’, which is the area of the Fehmarn-
belt within a distance of 10 km from the planned alignment of a fixed link. Note: the local
zone excludes a near zone, which is defined as a zone of 500 m around the tunnel or
bridge project, respectively
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Figure 3.3  Coastal area on Lolland between Kramnitze and Rgdbyhavn (upper figure) and between
Radbyhavn and Hyllekrog (lower figure). Aerial photo from 2009 (©COWI Orthophoto April
2009)
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Figure 3.4 Coastal areas on Fehmarn between Markelsdorfer Huk and Puttgarden (upper figure) and
between Puttgarden and Klausdorf (lower figure). Aerial photo from 2009 (©COWI Ortho-
photo April 2009). Note: Bieberehren-Klingen wind farm is not the correct name of the
wind farm south of Presen

E1TR0059-Volume III

41

FEHY



/

3.2 The Assessment Methodology
To ensure a uniform and transparent basis for the EIA, a general impact assess-
ment methodology for the assessment of predictable impacts of the Fixed Link Pro-
ject on the environmental factors (see box 3.1) has been prepared. The methodol-
ogy is defined by the impact forecast methods described in the scoping report
(Femern and LBV-SH-Libeck 2010, section 6.4.2). In order to give more guidance
and thereby support comparability, the forecast method has been further specified.
As the impact assessments cover a wide range of environs (terrestrial and marine)
and environmental factors, the general methodology is further specified and in
some cases modified for the assessment of the individual environmental factors
(e.g. the optimal analyses for migrating birds and relatively stationary marine bot-
tom fauna are not identical). These necessary modifications are explained in Sec-
tion 3.2.2. The specification of methods and tools used in the present report are
given in the following sections of Chapter 3.
3.2.1 Overview of terminology
To assist reading the background report as documentation for the German UVS/LPB
and the Danish VVM, the Danish and German terms are given in the columns to the
right.
Term Explanation Term DK Term DE
Envi The environmental factors are defined in the EU EIA Miljgforhold/- Schutzgut
‘nvironmental
factors Directive (EU 1985) and comprise: Human beings, faktor
Fauna and flora, Soil, Water, Air, Climate, Land-
scape, Material assets and cultural heritage.
In the sections below only the term environmental
factor is used; covering all levels (factors, sub-
factors, etc.; see below). The relevant level depends
on the analysis.
As the Fixed Link Project covers both terrestrial and Sub-faktor Teil-Schutzgut
Sub-factors
marine sections, each environmental factor has been
divided into three sub-factor: Marine areas, Lolland
and Fehmarn (e.g. Marine waters, Water on Lolland,
and Water on Fehmarn)
To assess the impacts on the sub-factors, a number Compo- Komponente
Components
and sub- of components and sub-components are identified. nent/sub-
Examples of components are e.g. Surface waters on komponent
components
Fehmarn, Groundwater on Fehmarn; both belonging
to the sub-factor Water on Fehmarn.
The sub-components are the specific indicators se-
lected as best suitable for assessing the impacts of
the Project. They may represent different character-
istics of the environmental system; from specific
species to biological communities or specific themes
(e.g. trawl fishery, marine tourism).
Construction The period when the Project is constructed; including Anlaegsfase Bauphase
phase permanent and provisional structures. The construc-
tion is planned for 62 years.
Structures Constructions that are either a permanent elements Anlaeg Anlage
of the Project (e.g. bridge pillar for bridge alternative
and land reclamation at Lolland for tunnel alterna-
tive), or provisional structures such as work har-
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Operation
phase

Permanent

Provisional
(temporary)

Pressures

Magnitude of
pressure

Footprint

Assessment
criteria and
Grading

Importance

Sensitivity

Impacts

Loss

Severity of
loss
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bours and the tunnel trench.

The period from end of construction phase until de-
commissioning.

Pressure and impacts lasting for the life time of the
Project (until decommissioning).

Pressure and impacts predicted to be recovered
within the life time of the project. The recovery time
is assessed as precise as possible and is in addition
related to Project phases.

A pressure is understood as all influences deriving
from the Fixed Link Project; both influences deriving
from Project activities and influences originating
from interactions between the environmental factors.
The type of the pressure describes its relation to
construction, structures or operation.

The magnitude of pressure is described by the inten-
sity, duration and range of the pressure. Different
methods may be used to arrive at the magnitude;
dependent on the type of pressure and the environ-
mental factor to be assessed.

The footprint of the Project comprises the areas oc-
cupied by structures. It comprises two types of foot-
print; the permanent footprint deriving from perma-
nent confiscation of areas to structures, land
reclamation etc., and provisional footprint which are
areas recovered after decommissioning of provisional
structures. The recovery may be due to natural pro-
cesses or Project aided re-establishment of the area.

Assessment criteria are applied to grade the compo-
nents of the assessment schemes.

Grading is done according to a four grade scale: very
high, high, medium, minor or a two grade scale:
special, general. In some cases grading is not doa-
ble. Grading of magnitude of pressure and sensitivity
is method dependent. Grading of importance and
impairment is as far as possible done for all factors.

The importance is defined as the functional values to
the natural environment and the landscape.

The sensitivity describes the environmental factors
capability to resist a pressure. Dependent on the

subject assessed, the description of the sensitivity
may involve intolerance, recovery and importance.

The impacts of the Project are the effects on the en-
vironmental factors. Impacts are divided into Loss
and Impairment.

Loss of environmental factors is caused by perma-
nent and provisional loss of area due to the footprint
of the Project; meaning that loss may be permanent
or provisional. The degree of loss is described by the
intensity, the duration and if feasible, the range.
Severity of loss expresses the consequences of occu-
pation of land (seabed). It is analysed by combining

magnitude of the Project’s footprint with importance
of the environmental factor lost due to the footprint.
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Term Explanation Term DK Term DE
Impairment An impairment is a change in the function of an envi-  Forringelse Funktionsbe-
ronmental factor. eintrachtigung
Degree of im-  The degree of impairments is assessed by combining ~ Omfang/grad Schwere der Funk-
airment magnitude of pressure and sensitivity. Different af forringelser tionsbe-
p methods may be used to arrive at the degree. The eintrachtigung

degree of impairment is described by the intensity,
the duration and if feasible, the range.

Severity of Severity of impairment expresses the consequences
of the Project taking the importance of the environ-
mental factor into consideration; i.e. by combining
the degree impairment with importance. Virkningens

impairment

tlighed Erheblichkeit
Significance The significance is the concluding evaluation of the vaesentlighe

impacts from the Project on the environmental fac-
tors and the ecosystem. It is an expert judgment
based on the results of all analyses.

J

It should be noted that in the sections below only the term environmental factor is
used; covering all levels of the receptors of the pressures of the Project (factors,
sub-factors, component, sub-components). The relevant level depends on the anal-
ysis and will be explained in the following methodology sections (section 3.2.3 and
onwards).

3.2.2 The Impact Assessment Scheme

The overall goal of the assessment is to arrive at the severity of impact where im-
pact is divided into two parts; loss and impairment (see explanation above). As
stated in the scoping report, the path to arrive at the severity is different for loss
and impairments. For assessment of the severity of loss the footprint of the project
(the areas occupied) and the importance of the environmental factors are taken in-
to consideration. On the other hand, the assessment of severity of impairment
comprises two steps; first the degree of impairment considering the magnitude of
pressure and the sensitivity. Subsequently the severity is assessed by combining
the degree of impairment and the importance of the environmental factor. The as-
sessment schemes are shown in Figure 3.5 - Figure 3.7. More details on the con-
cepts and steps of the schemes are given below. As mentioned above, modification
are required for some environmental factors and the exact assessment process and
the tools applied vary dependent on both the type of pressure and the environmen-
tal factor analysed. As far as possible the impacts are assessed quantitatively; ac-
companied by a qualitative argumentation.

3.2.3 Assessment Tools
For the impact assessment the assessment matrices described in the scoping report
have been key tools. Two sets of matrices are defined; one for the assessment of
loss and one for assessment of impairment.

The matrices applied for assessments of severity of loss and degree of impairment

are given in the scoping report (Table 6.4 and Table 6.5) and are shown below in
Table 3.1 and Table 3.2, respectively.
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Table 3.1 The matrix used for assessment of the severity of loss. The magnitude of pressure = the
footprint of the Project is always considered to be very high

Magnitude of the Importance of the environmental factors

predicted pressure
(footprint) Very high High Medium Minor
Very High Very High High Medium Minor

The approach and thus the tools applied for assessment of the degree of impair-
ment varies with the environmental factor and the pressure. For each assessment
the most optimal state-of-the-art tools have been applied, involving e.g. determin-
istic and statistical models as well as GIS based analyses. In cases where direct
analysis of causal-relationship is not feasible, the matrix based approach has been
applied using one of the matrices in Table 3.2 (Table 6.5 of the scoping report)
combining the grades of magnitude of pressure and grades of sensitivity. This
method gives a direct grading of the degree of impairment. Using other tools to ar-
rive at the degree of impairment, the results are subsequently graded using the
impairment criteria. The specific tools applied are described in the following sec-
tions of Chapter 3.

Table 3.2 The matrices used for the matrix based assessment of the degree of impairment with two
and four grade scaling, respectively

Sensitivity of the environmental factors

Magnitude of the
predicted pressure Very high High Medium Minor

. General loss of function, must be substantiated for specific
Very high h

instances

High Very High High High Medium
Medium High High Medium Low
Low Medium Medium Low Low

Sensitivity of the environmental factors

Magnitude of the

predicted pressure Special General

Very hiah General loss of function, must be substantiated for specific
y hig instances

High Very High High

Medium High Medium

Low Medium Low

To reach severity of impairment one additional matrix has been prepared, as this
was not included in the scoping report. This matrix is shown in Table 3.3.
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Table 3.3 The matrix used for assessment of the severity of impairment
Importance of the environmental factors
Degree of impairment | Very high High Medium Minor
Very High Very High High Medium Minor
High High High Medium Minor
Medium Medium Medium Medium Minor
Low Minor Minor Minor Negligible
Importance of the environmental factors
Degree of impair-
ment Special General
Very high Very High Medium
High High Medium
Medium Medium Medium
Low Minor Minor

Assessment Criteria and Grading

For the environmental assessment two sets of key criteria have been defined: Im-
portance criteria and the Impairment criteria. The importance criteria is applied for
grading the importance of an environmental factor, and the impairment criteria
form the basis for grading of the impairments caused by the project. The criteria
have been discussed with the authorities during the preparation of the EIA.

The impairment criteria integrate pressure, sensitivity and effect. For the impact
assessment using the matrix approach, individual criteria are furthermore defined
for pressures and sensitivity. The criteria were defined as part of the impact anal-
yses (severity of loss and degree of impairment). Specific assessment criteria are
developed for land and marine areas and for each environmental factor. The specif-
ic criteria applied in the present impact assessment are described in the following
sections of Chapter 3 and as part of the description of the impact assessment.

The purpose of the assessment criteria is to grade according to the defined grading
scales. The defined grading scales have four (very; high, Medium; minor) or two
(special; general) grades. Grading of magnitude of pressure and sensitivity is
method dependent, while grading of importance and impairment is as far as possi-
ble done for all factors.

Identifying and quantifying the pressures from the Project

The pressures deriving from the Project are comprehensively analysed in the scop-
ing report; including determination of the pressures which are important to the in-
dividual environmental sub-factors (Femern and LBV SH Libeck 2010, chapter 4
and 7). For the assessments the magnitude of the pressures is estimated.

The magnitudes of the pressures are characterised by their type, intensity, duration
and range. The type distinguishes between pressures induced during construction,
pressures from the physical structures (footprints) and pressures during operation.
The pressures during construction and from provisional structures have varying du-

46 E1TR0059-Volume III



3.2.6

3.2.7

3.2.8

=

ration while pressures from staying physical structure (e.g. bridge piers) and from
the operation phase are permanent. Distinctions are also made between direct and
indirect pressures where direct pressures are those imposed directly by the Project
activities on the environmental factors while the indirect pressures are the conse-
quences of those impacts on other environmental factors and thus express the in-
teractions between the environmental factors.

The intensity evaluates the force of the pressure and is as far as possible estimated
quantitatively. The duration determines the time span of the pressure. It is stated
as relevant for the given pressure and environmental factor. Some pressures (like
footprint) are permanent and do not have a finite duration. Some pressures occur
in events of different duration. The range of the pressure defines the spatial extent.
Outside of the range, the pressure is regarded as non-existing or negligible.

The magnitude of pressure is described by pressure indicators. The indicators are
based on the modes of action on the environmental factor in order to achieve most
optimal descriptions of pressure for the individual factors; e.g. mm deposited sedi-
ment within a certain period. As far as possible the magnitude is worked out quan-
titatively. The method of quantification depends on the pressure (spill from dredg-
ing, noise, vibration, etc.) and on the environmental factor to be assessed (calling
for different aggregations of intensity, duration and range).

Importance of the Environmental Factors

The importance of the environmental factor is assessed for each environmental
sub-factor. Some sub-factors are assessed as one unity, but in most cases the im-
portance assessment has been broken down into components and/or sub-
components to conduct a proper environmental impact assessment. Considerations
about standing stocks and spatial distribution are important for some sub-factors
such as birds and are in these cases incorporate in the assessment.

The assessment is based on importance criteria defined by the functional value of
the environmental sub-factor and the legal status given by EU directives, national
laws, etc. the criteria applied for the environmental sub-factor(s) treated in the
present report are given in a later section.

The importance criteria are grading the importance into two or four grades (see
section 3.2.4). The two grade scale is used when the four grade scale is not appli-
cable. In a few cases such as climate, grading does not make sense. As far as pos-
sible the spatial distribution of the importance classes is shown on maps.

Sensitivity

The optimal way to describe the sensitivity to a certain pressure varies between the
environmental factors. To assess the sensitivity more issues may be taken into con-
sideration such as the intolerance to the pressure and the capability to recover after
impairment or a provisional loss. When deterministic models are used to assess the
impairments, the sensitivity is an integrated functionality of the model.

Severity of loss

Severity of loss is assessed by combining information on magnitude of footprint, i.e.
the areas occupied by the Project with the importance of the environmental factor
(Figure 3.5. Loss of area is always considered to be a very high magnitude of pres-
sure and therefore the grading of the severity of loss is determined by the im-
portance (see Table 3.1).

The loss is estimated as hectares of lost area. As far as possible the spatial distribu-
tion of the importance classes is shown on maps.
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Severity of loss

Figure 3.5 The assessment scheme for severity of loss

Degree of impairment

The degree of impairment is assessed based on the magnitude of pressure (involv-
ing intensity, duration and range) and the sensitivity of the given environmental
factor (Figure 3.6). In worst case, the impairment may be so intensive that the
function of the environmental factor is lost. It is then considered as loss like loss
due to structures, etc.

[ Magnitude of ] [ Sensitivity J
pressure

Figure 3.6 The assessment scheme for degree of impairment

As far as possible the degree is worked out quantitatively. As mentioned earlier the
method of quantification depends on the environmental factor and the pressure to
be assessed, and of the state-of-the-art tools available for the assessment.

No matter how the analyses of the impairment are conducted, the goal is to grade
the degree of impairment using one of the defined grading scales (two or four
grades). Deviations occur when it is not possible to grade the degree of impair-
ment. The spatial distribution of the different grades of the degree of impairment is
shown on maps.

3.2.10 Severity of Impairment

FEHY

Severity of impairment is assessed from the grading’s of degree of impairment and
of importance of the environmental factor (Figure 3.7) using the matrix in Table
3.3.
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Table 3.3 If it is not possible to grade degree of impairment and/or importance an
assessment is given based on expert judgment.

[ . Degfee of J [ Importance ]
impairment

' Severity of impairment

Figure 3.7 The assessment scheme for severity of impairment

In the UVS and the VVM, the results of the assessment of severity of impairment
support the significance assessment. The UVS and VVM do not present the results
as such.

Range of impacts

Besides illustrating the impacts on maps, the extent of the marine impacts is as-
sessed by quantifying the areas impacted in predefined zones. The zones are shown
in Figure 3.8. In addition the size of the impacted areas located in the German na-
tional waters and the German EEZ zone, respectively, as well as in the Danish na-
tional plus EEZ waters (no differentiation) are calculated. If relevant the area of
transboundary impacts are also estimated.
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Figure 3.8 The assessment zones applied for description of the spatial distribution of the impacts.
The near zone illustrated is valid for the tunnel alternative. It comprises the footprint and
a surrounding 500 m band. The local zone is identical for the two alternatives. The eastern
and western borders are approximately 10 km from the centre of the alignment

Duration of impacts

Duration of impacts (provisional loss and impairments) is assessed based on recov-
ery time (restitution time). The recovery time is given as precise as possible; stat-
ing the expected time frame from conclusion of the pressure until pre-project con-
ditions is restored. The recovery is also related to the phases of the project using
Table 3.4 as a framework.
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Table 3.4 Framework applied to relate recovery of environmental factors to the consecutive phases
of the Project

Impact recovered In wording

within:

Construction recovered within 2 year after end of construction
phase+

Operation phase A recovered within 10 years after end of construction
Operation phase B recovered within 24 years after end of construction

Operation phase C recovery takes longer or is permanent

In this report the time for start of construction is artificially set to 1 October 2014
for the tunnel and 1 January 2015 for the bridge alternative. In the Danish EIA
(VVM) and the German EIA (UVS/LBP) absolute year references are not used. In-
stead the time references are relative to start of construction works. In the VVM the
same time reference is used for tunnel and bridge, i.e. year 0 corresponds to
2014/start of tunnel construction; year 1 corresponds to 2015/start of bridge con-
struction etc. In the UVS/LBP individual time references are used for tunnel and
bridge, i.e. for tunnel construction year 1 is equivalent to 2014 (construction starts
1 October in year 1) and for bridge construction year 1 is equivalent to 2015 (con-
struction starts 1st January)..

Significance

The impact assessment is finalised with an overall assessment stating the signifi-
cance of the predicted impacts. This assessment of significance is based on expert
judgement. The reasoning for the conclusion on the significance is explained. As-
pects such as degree and severity of impairment/severity of loss, recovery time and
the importance of the environmental factor are taken into consideration.

Comparison of environmental impacts from project alternatives

Femern A/S will prepare a final recommendation of the project alternative, which
from a technical, financial and environmental point of view can meet the goal of a
Fehmarnbelt Fixed Link from Denmark to Germany. As an important input to the
background for this recommendation, the consortia have been requested to com-
pare the two alternatives, immersed tunnel and cable-stayed bridge, with the aim
to identify the alternative having the least environmental impacts on the environ-
ment. The bored tunnel alternative is discussed in a separate report. In order to
make the comparison as uniform as possible the ranking is done using a ranking
system comprising the ranks: 0 meaning that it is not possible to rank the alterna-
tives, + meaning that the alternative compared to the other alternative has a mi-
nor environmental advantage and ++ meaning that the alternative has a noticeable
advantage. The ranking is made for the environmental factor or sub-factor included
in the individual report (e.g. for the marine area: hydrography, benthic fauna,
birds, etc.). To support the overall assessment similar analyses are sometimes
made for individual pressures or components/subcomponents. It should be noticed
that the ranking addresses only the differences/similarities between the two alter-
natives and not the degree of impacts.

Cumulative impacts

The aim of the assessment of cumulative impacts is to evaluate the extent of the
environmental impact of the project in terms of intensity and geographic extent
compared with the other projects in the area and the vulnerability of the area. The
assessment of the cumulative conditions does not only take into account existing
conditions, but also land use and activities associated with existing utilized and un-
utilized permits or approved plans for projects in the pipe.
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When more projects within the same region affect the same environmental condi-
tions at the same time, they are defined to have cumulative impacts. A project is
relevant to include, if the project meets one or more of the following requirements:

e The project and its impacts are within the same geographical area as the fixed

link

e The project affects some of the same or related environmental conditions as the

fixed link

e The project results in new environmental impacts during the period from the
environmental baseline studies for the fixed link were completed, which thus not

is included in the baseline description

e The project has permanent impacts in its operation phase interfering with im-
pacts from the fixed link

Based on the criteria above the following projects at sea are considered relevant to
include in the assessment of cumulative impacts on different environmental condi-

tions. All of them are offshore wind farms:

Project

Placement

Present
Phase

Possible interactions

Arkona-Becken Sidost

North East of Rigen

Construction

Sediment spill, habitat displacement,
collision risk, barrier effect

EnBW Windpark Baltic 2

South east off Kriegers
Flak

Construction

Sediment spill, habitat displacement,
collision risk, , barrier effect

Wikinger

North East of Rigen

Construction

Sediment spill, habitat displacement,
collision risk, , barrier effect

Kriegers Flak II

Kriegers Flak

Construction

Sediment spill, habitat displacement,
collision risk, barrier effect

GEOFReE Libeck Bay Construction Sediment spill, habitat displacement,
collision risk
Rgdsand II In front of Lolland’s south- | Operation Coastal morphology, collision risk,

ern coast

barrier risk

Rgdsand II is included, as this project went into operation while the baseline inves-
tigations for the Fixed Link were conducted, for which reason in principle a cumula-
tive impact cannot be excluded.

On land, the following projects are considered relevant to include:

Project Placement Phase Possible cumulative im-
pact
Extension of railway Orehoved to Holeby Construction Area loss, noise and dust
Operation Landscape, barrier effect
Construction of emergency | Guldborgsund to Rgdbyhavn Construction Area loss, noise and dust
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Project Placement Phase Possible cumulative im-
pact
lane Operation Landscape, barrier effect
Extension of railway Puttgarden to Libeck Construction Area loss, noise and dust
Operation Landscape, barrier effect
Upgrading of road to high- | Oldenburg to Puttgarden Construction Area loss, noise and dust
way
Operation Landscape, barrier effect

3.2.16

FEHY

The increased traffic and resultant environmental impacts are taken into account
for the environmental assessment of the fixed link in the operational phase and is
thus not included in the cumulative impacts. In the event that one or more of the
included projects are delayed, the environmental impact will be less than the envi-
ronmental assessment shows.

For each environmental subject it has been considered if cumulative impact with
the projects above is relevant.

Impacts related to climate change
The following themes are addressed in the EIA for the fixed link across Fehmarn-
belt:

e Assessment of the project impact on the climate, defined with the emission of
greenhouse gasses (GHG) during construction and operation

e Assessment of expected climate change impact on the project
¢ Assessment of the expected climate changes impact on the baseline conditions

e Assessment of cumulative effect between expected climate changes and possi-
ble project impacts on the environment

e Assessment of climate change impacts on nature which have to be compensated
and on the compensated nature.

Changes in the global climate can be driven by natural variability and as a response
to anthropogenic forcing. The most important anthropogenic force is proposed to be
the emission of greenhouse gases, and hence an increasing of the concentration of
greenhouse gases in the atmosphere.

Even though the lack of regulations on this issue has made the process of incorpo-
rating the climate change into the EIA difficult, Femern A/S has defined the follow-
ing framework for assessment of importance of climate change to the environmen-
tal assessments made:

e The importance of climate change is considered in relation to possible impacts
caused by the permanent physical structures and by the operation of the fixed
link.

e The assessment of project related impacts on the marine hydrodynamics,
including the water flow through the Fehmarnbelt and thus the water exchange
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of the Baltic Sea, is based on numerical model simulations, for baseline and the
project case, combined with general model results for the Baltic Sea and climate
change.

e Possible consequences of climate change for water birds are analysed through
climatic niche models. A large-scale statistical modelling approach is applied
using available data on the climatic and environmental factors determining the
non-breeding distributions at sea of the relevant waterbirds in Northern
European waters.

e The possible implications of climate change for marine benthic flora and fauna,
fish, marine mammals, terrestrial and freshwater flora and fauna, coastal
morphology and surface and ground water are addressed in a more qualitative
manner based on literature and the outcome of the hydrodynamic and
ecological modelling.

e Concerning human beings, soil (apart from coastal morphology), air,
landscape, material assets and the cultural heritage, the implications of climate
changes for the project related impacts are considered less relevant and are
therefore not specifically addressed in the EIA.

The specific issues have been addressed in the relevant background reports.

How to handle mitigation and compensation issues

A significant part of the purpose of an EIA is to optimize the environmental aspects
of the project applied for, within the legal, technical and economic framework. The
optimization occurs even before the environmental assessment has been finalized
and the project, which forms the basis for the present environmental assessment,
is improved environmentally compared to the original design. The environmental
impacts, which are assessed in the final environmental assessment, are therefore
the residual environmental impacts that have already been substantially reduced.

Similarly, a statement of the compensation measures that will be needed to com-
pensate for the loss and degradation of nature that cannot be averted shall be pre-
pared. Compensating measures shall not be described in the impact assessment of
the individual components and are therefore not treated in the background reports,
but will be clarified in the Danish EIA and the German LBP (Land-
schaftspflegerischer Begleitplan), respectively.

In the background reports, the most important remediation measures which are in-
cluded in the final project and are of relevance to the assessed subject are men-
tioned. In addition additional proposals that are simple to implement are presented.

Modelling tools and methodologies

The present section gives a brief overview of modelling tools and applied methods
including references to relevant reports.

Wave modelling
Information on the nearshore waves in the situation after the construction of the
tunnel or the bridge is obtained by numerical modelling.

The nearshore wave conditions are predicted by simulations of the wave fields ap-
plying the numerical wave model, MIKE 21 SW, developed by DHI. MIKE 21 Spec-
tral Wave Model is a third generation spectral wind-wave model. The model simu-
lates the growth, decay and transformation of wind generated waves and swells in
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offshore and coastal areas. More detailed information about the model can be found
in (DHI 2011a).

This modelling tool was also applied in the evaluation of the baseline conditions
(FEHY 2013a) and wave modelling for the impact assessment follows the same pro-
cedures as the wave modelling performed for the baseline situation, refer to (FEHY
2013a) for a description of the wave model setup.

Calculations of the wave conditions (wave heights, wave directions and wave peri-
ods) are carried out for a time period of 21 years (1989-2010) with hourly values.
The calculations are performed in a fine grid of calculation points (mesh points).

In the impact assessment, the effects of the structures involved in the projects are
included in the wave modelling, see the following sections.

It should be noted that in the baseline study it was found necessary to adjust the
nearshore waves, since some deviations were found between measured and mod-
elled waves. The deviations have their origin in the wind field applied as forcing for
the waves and vary with the directions from which the waves approach. A thorough
description is included in (FEHY 2013a). The adjustments of the nearshore waves in
the baseline situation are applied also to the modelled nearshore waves for the sit-
uations with the tunnel project and the bridge project, respectively.

Wave modelling for the tunnel project

e In the tunnel project, the structures, which have an impact on the wave fields,
are included in the calculation mesh. These include:The reclamations on the Lol-
land and Fehmarn side. These are included as additional land areas in the calcu-
lations

e The protection layers in the areas where the tunnel approaches the reclama-
tions

e The access channel to the production facilities on Lolland

e The new beaches are included as additional land areas in the calculation mesh.
Offshore from the waterline, the water depths have been decreased to have a
beach slope in the order of 1:30. This corresponds to infill with sand with a
grain diameter about 0.3 mm (Mangor 2004)

The tunnel trench itself will not influence the wave field, since the natural water
depths are maintained above the tunnel trench. Also the lagoon and the bay in the
reclamation area on the Lolland side are not included.

The calculation mesh including the structures at the Lolland and Fehmarn side, re-
spectively, are shown in Figure 3.9.

The impacts on the waves from the tunnel are discussed in Sections 5.1.2 and
5.1.5.
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Figure 3.9 Inclusion of structures for the tunnel project in the wave model calculation mesh. Upper
figure: Fehmarn. Lower figure: Lolland

Wave modelling for the bridge project
In the wave simulations for the bridge project, the man-made structures which
have an impact on the wave fields are included in the following way:

e Marine ramps at the Lolland and Fehmarn side are included as additional land
areas in the calculations

e The new beaches are included as additional land areas in the calculation mesh.
Offshore from the waterline, the water depths have been decreased to have a
beach slope in the order of 1:30. This corresponds to infill with sand with a
grain diameter about 0.3 mm (Mangor 2004)

e The effect of the bridge piers and pylons is included by altering the transmission

of wave energy at the locations of the structures. This is described in further de-
tails below and in Appendix A. It is assumed that the energy is reflected 180
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degrees and no energy loss is assumed. The effect of wave reflection on the
wave field is therefore considered conservative

The calculation mesh including the structures at the Lolland and Fehmarn side and
the locations of the piers/pylons, respectively, are shown in Figure 3.10.

The temporal work harbours are not included as they will be demolished and have
no permanent effects.
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Figure 3.10 Inclusion of structures for the bridge project in the wave model calculation mesh. Upper
figure: Fehmarn. Central figure: Lolland. Lower figure: location of bridge piers/pylons

Effect of bridge piers/pylons in the wave model
When waves interact with bridge pier/pylon foundations, spreading of the wave en-
ergy takes place.
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The main cause for the spreading of wave energy in the area of bridge piers/pylons
is reflection and diffraction of the waves caused by the structures. Diffraction is the
process by which wave energy is transmitted around the structure. The physical
processes of reflection and diffraction are well known and happen around all off-
shore structures, such as bridge piers, offshore platforms, and breakwaters. Other
mechanisms as friction and separation also reduce the wave energy. Separation is
the process, where the flow very near the surface/foundation detaches from the
surface and creates lee-side vortices. Based on experience, however, friction and
separation are known to be insignificant compared to the other effects.

The wave energy flux is proportional with the square of the wave height. The
change of the wave height and hence the energy flux due to reflection/diffraction
effects depends on:

water depth

wave period for the incoming waves

the shape and size of the pier/pylon-foundation

the number of piers/pylons and the distance between them

In order to quantify the wave height changes a three-step procedure has been
used:

1. Detailed calculations of the wave climate around a single foundation: calcula-
tions are performed for a selection of bridge piers/pylons using a separate mod-
elling tool, WAMIT. An example of how the foundations of the piers/pylons are
represented in WAMIT is shown in Figure 3.11

2. The results are parameterised to the Equivalent Blocking Widths. Equivalent
Width corresponds to the width of the structure, which allows no energy to pass

3. Wave modelling including bridge piers/pylons: the change in wave climate from
all the bridge piers/pylons is calculated with the numerical wave model, MIKE 21
SW, now modified to include these blocking widths so that the transmitted and
reflected wave energy is altered at each position of a bridge-pier/pylon

The 3 steps are described in more details in Appendix A.
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Figure 3.11 Example of how the foundation is included in WAMIT: here the pier/pylon is placed in a
caisson from the seabed level (here -28.7 m) up to +4 m. The caisson is 80 m long and 50
m wide. From the seabed level up to -20 m the caisson is sur-rounded by a protection lay-
er

Littoral drift modelling and shoreline changes

The littoral drift calculations are carried out using LITDRIFT in DHI’s LITPACK mod-
elling system. It simulates the cross-shore distribution of wave height, set-up and
set down, longshore current and sediment transport for an arbitrary coastal profile.

Littoral drift calculations from LITDRIFT at selected locations along the coasts are
used to calculate a continuous variation of the littoral drift rates along the coastline.
The variation in the wave conditions and changes in the coastline orientation or the
coastal profile are therefore integrated into the results.

A description of LITDRIFT can be found in (DHI 1998).

This modelling tool was calibrated and applied in the evaluation of the baseline
conditions (FEHY 2013a).

The littoral budgets for the projects are compared to the similar budget for the
baseline situations. The same procedures in calculating the budgets are followed.

The variability in the littoral transport rates along the coasts causes erosion or ac-
cumulation at the beach due to an increase or a decrease in the transport rates
along the coast. This makes the shoreline retreat or advance with time.

The impact assessments on the shoreline are carried out based on a comparison of
the calculations of the changes to the littoral budget due to the projects.

The following results are presented in Section 5:
o Littoral drift rates: net transport, gross transport and east- and westgoing

transport components of the sediment transport along the coast in the littoral
zone in the situation without and with the tunnel or bridge projects
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e Shoreline evolution. Shoreline advance and retreat: the calculated tenden-
cies for the shoreline to retreat and advance are compared with results for the
baseline situation as evaluated in (FEHY 2013a)

e Equilibrium beach orientations: the equilibrium beach orientation is the
beach orientation (defined as the normal to the depth contours at the beach)
that gives a net annual littoral drift of zero. Along a shoreline with a dominant
incident wave direction, the equilibrium orientation is reached when the coast-
line is facing this direction. If a new beach is designed such that it faces the
equilibrium orientation, the average net transport is zero leading to a stable
shoreline

A brief description of the methodology in the littoral transport calculations is pro-
vided below.

Littoral drift calculations

A two-step approach is applied to calculate the littoral transport rates along the
coasts:

e Step 1: establishment of the overall sediment budget
e Step 2: refined calculation of the variability along the coast

Step 1: establishment of the overall sediment budget

Sediment transport computations have been performed at selected profiles with
about 1 km distance along coastal stretches. The sediment transport computations
are based on nearshore wave climates extracted from the wave models at a water
depth of approximately 4 m DVR90. The locations of the coastal cross sections, for
which the nearshore wave climates and/or the littoral drift rates are evaluated, are
shown in Figure 3.12 and Figure 3.13. Littoral drift calculations are carried out for
coastal cross sections, where the fixed link projects impose changes to the near-
shore wave climates, which may change the sediment budget. Sediment budgets
are hence established between D6 and D17 on the Lolland coast and between G1
and G14 on the Fehmarn coast.

Another output from the Step 1 calculations is the ‘g-alpha’ relations. The ‘g-alpha’-
curves define at a given location the relationship between the net littoral drift and
the beach orientation at the location. For the actual beach orientation, this curve
gives the net littoral transport rate at this location.

The calculations are based on specification of physical parameters (specified wave
conditions, coastal profile and sea bed conditions etc) and model parameters. The
zone of movable beach sand is restricted due to hard sea bed or revetments. These
levels within which the littoral transport takes place are listed in Table 3.5 together
with other key parameters. Further details can be found in (FEHY 2013a).

The littoral drift rates give input to the overall sediment budget for the coastal
stretches and are the basis for analysis of the overall tendency for the sediment
budget to change due to the fixed link project.

Step 2: refined calculation

The small-scale variability within these locations is not captured in Step 1. In Step
2, the littoral drift rates between the locations where the transport rates are calcu-
lated in Step 1 are estimated by interpolation in the transport rates for the adjacent
locations, both of which computed with the actual beach orientation at the point
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where the transport rate is interpolated to. The active depth is the water depth
where waves and wave driven currents generate littoral drift. Insignificant transport
rates were found offshore at about 3-4 m water depth in the baseline study (FEHY
2013a). The resulting shoreline evolution, the shoreline advance or retreat, is cal-
culated from the gradient of the transport rates.

Details in the calculations in Step 1 and Step 2 and the comparison with observed
shoreline changes/maintenance dredging rates are described for the baseline situa-
tion in (FEHY 2013a).

The calculation methodology described above has as a precondition that the along-
shore variations in the coastal profile, wave and sea bed conditions should be lim-
ited and slowly varying. This is not the case along the stretch west of Puttgarden
due to the presence of Griiner Brink and the long groyne, which are so large and
within a short stretch of the coast that they result in a large variability of the near-
shore bathymetry. The littoral drift rates and the changes to the rates due to the
projects have therefore been calculated in selected cross sections only where the
conditions are approximately fulfilled.

The quantification of the changes to the coastlines and the erosion in front of the

structures are estimated to be correct within the factor of two which is the general
uncertainty in the estimation of sediment transport.
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Figure 3.12 D1-D22: locations of coastal cross sections for analysis of nearshore wave cli-mate. D6-
D17: coastal cross sections where littoral drift has been calculated. Lolland coast. Aerial
photo from 2009 (©COWI Orthophoto April 2009)
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Figure 3.13 C1-C14: locations of coastal cross sections for analysis of nearshore wave climate and
calculation of littoral drift. Fehmarn coast. Aerial photo from 2009 (©COWI Orthophoto
April 2009)
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Table 3.5 Sea bed characteristics applied in the littoral transport model. The cut-off levels indicate
the limits for the littoral zone; note not all locations are relevant for the tunnel project
Loca- Grain size, Geometrical Nearshore cut-off Offshore cut-off
tion dso standard devia- level for level for
[mm] tion transport transport
[-1 [m DVR90] [m DVR90]
D6 0.25 1.4 -0.4 -2
D7 0.25 1.4 - -2
D8 0.25 1.4 - -4.5
D9 0.25 1.4 - -2
D9B 0.25 1.4 - -2
D10 0.2 1.3 - -5
D11 0.3 1.5 -1 -2
D12 0.3 1.5 -1 -2
D13 0.25 1.3 -0.2 -2.5
D14 0.25 1.4 -1 -2.5
D15 0.25 1.3 -0.75 -2.5
D16 0.25 1.3 - -2.5
D17 0.25 1.3 - -2.5
G1 0.25 1.35 - -3.5
G2 - - - -
G3 0.2 1.35 - -
G4 0.25 1.3 - -
G5 0.2 1.3 - -3.2
G6 0.2 1.3 - -0.6
G7 0.25 1.4 - -1.5
G8 0.2 1.4 -1 -2.5
G10 0.25 1.5 -1.5 -2.5
G11 0.2 1.55 - -0.6
G12 0.25 1.65 - -1
G13 0.25 1.5 1 -2
Gl4 0.25 1.5 -1.5 -1.8

Hydrodynamic modelling
Nearshore current conditions are obtained from a local 3D flow model carried out by
FEHY for Femern A/S (FEHY 2013d).

The model is operated for the baseline situation. The (small) effects of changes to
the currents from the structures are therefore not included. The model results are
from the year 2005 only and the current conditions for this year are therefore as-
sumed representative for the average current conditions in the 21-year period,
1989-2011, required for the littoral drift calculations. The applied methodology fol-
lows the procedure in the baseline assessment in (FEHY 2013a).

Assessment of magnitude of pressures

The magnitude of the pressure for the tunnel alternative is summarised in Table 3.6
and for the bridge alternative in Table 3.7.

The assessment of pressure for the bridge alternative is based on results calculated

with a previous bridge alternative; bridge alternative B E-E/April 2010. However,
the differences between the two layouts are such that the differences in the effects
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on waves along the adjacent coasts, which are the driving force for the sediment
transport in the coastal zone, are judged to be small.

The pressure indicators are mainly the changes to the near shore wave and current
conditions (wave heights and directions, current speeds) and the blocking of the lit-
toral transport by the structures in the littoral zone. The potential impacts are
shoreline advance/retreat due to the projects on the sandy coasts and the possible
additional erosion or deposition in front of coastal structures along protected
stretches and around marine structures.

The magnitude of pressure is evaluated within the modelling complex described in
Section 3.3 above.

Table 3.6 Methods for assessment of magnitude of pressures for the tunnel alternative

Environmental pressure Assessment of magnitude of pressure

e Reclamations and protec- Extent of structures along the coastline ( GIS analysis)
tion reefs

e Access channel production Quantification of effects on waves, currents and sedi-
facility on Lolland ment transport

Table 3.7 Methods for assessment of magnitude of pressures for the bridge alternative

Environmental pressure Assessment of magnitude of pressure
e Piers and pylons Quantification of effects on waves, currents and sedi-
¢ Embankments ment transport

Assessment of sensitivity

The sensitivity of shoreline advance/retreat and of the erosion/deposition in front of
marine structures along the adjacent coastlines to the projects is quantified. The
shoreline retreat/advance and the coastal erosion/deposition are mainly determined
by the wave action and the sediment characteristics in the coastal zone. The sensi-
tivity is therefore quantified first by modelling of the longshore sediment transport,
the so-called littoral drift, in the baseline situation and with the projects in place.
The corresponding changes in shoreline retreat/advance and coastal ero-
sion/deposition measured in [m/year] and [m>/m/year] respectively are calculated.
The quantification of the sensitivity is described in Section 5.

Assessment criteria

The impairments of the subcomponents have been assessed based on the criteria
summarised in Table 3.8.
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Table 3.8 Criteria for assessment of changes to the coastal morphology and assignment of degrees

of impairments

Factor
Sub-factor
component

Impact by
project

Criteria for assessment of changes |Duration
(short description)

Degree of
impairment

Soil

Coastal

Marine soil

morphology

Blocking of
sediment,
changed sedi-
ment budget
and ero-
sion/accretion
along the
coastline,
changes of
areal use due
to structures
related to pro-

Loss of beaches due to severe ero-
sion

Permanent loss of functionality of
special morphological features such
as Hyllekrog/Rgdsand and Griiner
Brink

Failure of coastal structures

Permanent

Very high

Increased erosion of beach materi-
al/sea bed material of more than an
average of 5 m3/m/year or

Permanent/
temporary

High

FEHY

ject

More than 5 m3/m/year extra accre-
tion adjacent to harbours and in-
takes/outlets, both of which for aver-
age year wave conditions

Temporary loss of functionality of
special morphological features such
as Hyllekrog/Rgdsand and Griiner
Brink

Increased erosion of beach materi-
al/sea bed material at an average of
2.5-5 m3/m/year or

Permanent Medium

2.5-5 m3/m/year extra accretion ad-
jacent to harbours and intakes/out-

lets, both of which for average year

wave conditions

Changes in functionality of special
morphological features such as
Hyllekrog/Rgdsand and Griiner Brink

Increased erosion of beach materi-
al/sea bed material at an average of
0.5-2.5 m3/m/year

Permanent Minor

0.5-2.5 m3/m/year extra accretion
adjacent to harbours and intakes/out-
lets, both of which for average year
wave conditions

Changes in morphological elements of
special morphological features such
as Hyllekrog/Rgdsand and Griiner

Brink

Increased erosion/accretion of beach and in front of coastal structures

A very high impact on a coast is typically related to a situation where the coast los-
es its function. The coast provides recreational areas, typically the beaches, but al-
so natural protection to the facilities built in the coastal hinterland. The “coast” is
defined as: “the topography (above mean sea level) and bathymetry (below mean
sea level) in the coastal zone covering from dunes, dikes, coastal cliffs, or other
structures which back the present coastline, to the active depth of the nearshore
zone. The morphology within the 6 m depth contour is dealt with in the present re-
port. This means that a Very High impact on a coast could be complete erosion of
the coastal features or failure of coastal structures within a specified time horizon
whereby it would be required to mitigate with beach nourishment to maintain a
beach or perform coast protection in order to safeguard the coastal structures built
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against the retreat of the coastline. A very high impact is related to the situation,
where the coast or coastal structures lose their functionality within 5 years after
construction. How much that is in terms of erosion per year depends on the width
of the coastal land and the structures.

A high impact is related to the impact which on a longer time scale causes severe
changes of function to the coast/beaches or risk of failure of the structures. Mitigat-
ing measures (coast protection) to prevent such future severe impairments to fixed
coastal installations or existing beaches, will to some degree interfere with the
natural and existing coastal landscape and mitigationg measures should conse-
quently only be allowed when there is a real need for protection of valuable installa-
tions or recreational areas. Such mitigation measures are by expert judgement
assessed to be acceptable only when severe impairments are expected within 25
years after the end of construction of the project. The width of the coast, typically
the dunes, along the coast of Fehmarn and of Lolland is varying quite a lot, but a
natural width is typically in the order of 30 m. It is actually less at many locations
although at many of them the coast is in consequence thereof protected by revet-
ments in front of the dikes. Combined with the time horizon of 25-30 years this
gives a critical erosion rate of 1 m/year in average corresponding to 5 m3/m per
year for the Fehmarnbelt area, where the active height of the coastal profile is in
the order of 5 m. In front of structures with no beach, the erosion will take place
from the sea bed in front of the structures.

An accumulation of sand along a coast and thereby accretion of the coastline is not
critical in the same way as the coastline retreat. Accretion of coastlines can be di-
vided in accretion of sand spits and accretion of long strait coastlines. Examples of
naturally accreting sand spits in the area are the sand spit east of Gruner Brink,
which accretes about 20 m/year and the Hyllekrog sand spit, which accretes about
25 m/year. These are special morphological cases and not relevant to include in a
general classification. An accretion along a natural coastline is not considered criti-
cal and is therefore not included in the general classification for impacts, which will
cause a risk to the coastal environment. The only cases where an accretion along a
coast causes a damaging impact are accretions adjacent to harbours, intakes and
outlets from pumping stations etc., where the accretion may impact negatively on
the function of these installations. One example of an accreting coastline is the
coastline immediately west of Rgdbyhavn, which accretes about 4 m/year. This ac-
cretion causes bypass of sand to the entrance of Rgdbyhavn and is therefore be-
yond the critical rate. Consequently, it is recommended to use an accretion rate of
1 m/yr (corresponding to about 5 m3/m per year) as being critical in relation to ac-
tion to be taken. This is used as the criteria for a high impact.

Factors of 0.5 have been applied to go from High to Medium and from Medium to
Minor. Erosion/accumulation of sand of less than 0.5 m>/m/year is applied as the
lower limit for when the shoreline is assessed with an impact. 0.5 m3/m/year corre-
sponds to a shoreline retreat or accretion of about 0.1 m/year. This effect is very
small and also within the uncertainty for prediction of shoreline changes.

Special morphological features

The barrier islands/spits of Hyllekrog/Rgdsand and the migrating formation of Gri-
ner Brink are special morphological features in the Fehmarnbelt. Hyllekrog/Rgdsand
protects the hinterland against wave action and the lengths of the spits/barriers are
determining factors in the water exchange between the Fehmarnbelt and the shal-
low estuary Rgdsand Lagoon. Griner Brink is an area of coastal lagoons enclosed
by the sea along the entire perimeter by barriers. It is a dynamic feature, which is
created and continuously developing by spit-formation fed by a net transport of
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sediment from the west. The sediment deposits partly in front of the sub-surface
spit and partly at the submerged front west of the long groyne west of Puttgarden.

A very high degree of impact is denoted the situation, where the features lose their
functionality permanently. This refers to a situation where Hyllekrog/Ra@dsand would
lose functionality in protecting against the wave action and where the water ex-
change would change drastically. For Griner Brink, severe erosion of the protecting
barrier or a drastic change of the sediment transport regime would also cause loss
of functionality. A high impact refers to a situation where the loss of function is
temporary.

A medium degree of impairment is assigned in the situation where the morphologi-
cal functionality changes and a minor degree of impairment is assigned where
changes occur only to the morphological elements of the special features.

Assessment of loss

Loss does for all sub-components under Coastal Morphology take place only where
the projects’ permanent footprints occupy parts of the coastline. No other pres-
sures cause loss of the sub-components under Coastal Morphology.

Method of assessment

The magnitude of loss is evaluated as a section of the coast of the given sub-
components, which is occupied by the permanent structures. The sections are
found by combining maps of the permanent footprints with maps of the coastline
including mapped structures from FEHY (2013a) in GIS analysis.

Assessment of degree of impairment

Methods of assessment
Impairment covers all impacts, where the function of the environmental sub-
component is reduced or changed compared to the state in the O-alternative.

The impairments are considered permanent because the present coastal dynamics
and rates of coastal development are changed. Only pressures from the permanent
structures/operation period are considered of relevance for coastal morphology, re-
fer to discussion in Section 2.2.

The degree of impairment is defined from the magnitude of the impairment and the
assessment criteria in Table 3.8. The impairment is for all sub-components under
Coastal Morphology evaluated as sections of the coast or coastal protection (in me-
tres) or the numbers of coastal structures, which are impaired.

In general, the impaired sections/structures of the coast and the degrees (very
high, high, medium or minor) of impairment are determined from a combination of
numerical modelling results of the response of the shoreline evolution to the project
pressures and sensitivity of the sediment budget and as well as an expert evalua-
tion of the results. The present state as well as recent and historical development of
the coasts are also considered in this evaluation.

The impaired sections of the coast are compared to the sections of each sub-
component within the 10-km zone from the alignment. The 10-km zone is shown in
Section 3.1.

The data and model results described in Section 3.2 are applied.
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3.9 Assessment of severity

The severity of the impact is assessed by combining loss and degree of impairment
along sections of the Fehmarn and Lolland coasts with importance levels assigned

to these areas.

3.9.1 Importance levels

The importance of the coastal sections within the investigation area has been as-
sessed based on the conservation objectives of the Natura 2000 areas occurring
within the area of investigation, coastal sections which are protected under German
legislation as Naturschutzgebiete and the key functional importance of these areas.

The assignment of importance levels for the Marine Soil component coastal mor-
phology to sections of the coastlines of Fehmarn and Lolland is described in (FEHY
2013a). Maps of the importance levels for relevant sections of the Fehmarn and
Lolland coastlines are presented in Figure 3.14 and Figure 3.15 for Fehmarn and in

Figure 3.16 for Lolland, respectively.

Table 3.9 Importance levels for the Marine Soil component: Coastal morphology

Importance Description

Coastal areas (including coastal protection structures along these)
within Natura 2000 areas, where coastal morphological elements are
part of the conservation objectives. Coastal sections, which are pro-
tected under German legislation as NGS areas. Individual marine
structures (not coastal protection)

Coastal stretches (including coastal protection structures along these)
High with sandy beaches and cusp areas (cuspate foreland) including
9 coastal lagoons, not included under the ‘Very high’ category.

All other coastal stretches (including coastal protection structures
along these), which are not heavily influenced by anthropogenic activi-

S ties as mentioned under the “Minor” category
Minor Coastal stretches under heavy influence of anthropogenic activities
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Figure 3.14 Importance levels for relevant sections of the northern shoreline of Fehmarn

70

E1TR0059-Volume III



Ohlenborgs Huk

Importance

Minor Bieberehren-Klingen Vin

Medium
High Klausdorf
@ \/ery high

[ e——— L)l
0 0.5 1 2

N\
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Figure 3.16 Importance levels for relevant sections of the southern shorelines of Lolland

Degree of severity

The degree of severity of the impacts is derived from a combination of the loss or
degree of impairment and the importance levels described above. The degree of
severity obtained by the combination of degree of impairment and the importance
levels is given in Table 3.10. The degree of severity follows the four-level scale:
very high, high, medium and minor. As an example an impact, which has been
classified as a medium degree of impairment within a high importance level section
of the coast, is evaluated to be of medium severity. This classification is used for
sections of the coast with beaches/unprotected coastlines and for coastal protection
structures such as revetments/breakwaters/sea walls. Individual groynes are treat-
ed similarly. It is noted that an impact, classified as a minor impairment within a
minor importance level part of the coast, is assigned “negligible severity”.

Individual marine structures such as water outlets and sluices are not related to the
coastal area in the same way - they often have a functionality connected to the
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hinterland. They are assigned a degree of severity of impairment/loss matching the
assigned degree of impairment or - in case of loss - a very high degree of severity
loss.

Coastal stretches with loss are assigned a degree of severity matching the assigned
importance level for the area, see Table 3.11.

Sections of the coast/number of structures or features impacted by a certain degree
of severity are quantified by GIS-analysis applying the mapping of each of the four
sub-components (beaches/unprotected sections, costal protection, individual ma-
rine structures, special morphological features) from the baseline study (FEHY
2013a).

Table 3.10  Matrix by which the degree of severity is assigned. The degree of severity is based on the
combination of the degree of impairment (vertical axis) and the importance level (horison-

tal axis)
Degree of impair- Importance of the environmental factor, sub-factor or component
ment
Very high High Medium Minor
Very high Very high High Medium Minor
(loss of function) eoce ooe oo .
High High High Medium Minor
(L1} 00 o0 [ ]
Medium Medium Medium Medium Minor
(1) (1] o0 [ ]
Minor Minor Minor Minor (Negligible)
[ () () 0

Table 3.11 Degree of severity for areas with loss. The degree of severity is based on the combination
of the magnitude of pressure (vertical axis) and the importance level (horisontal axis)

Importance of the environmental factor, sub-factor or component
Magnitude of pressure (four levels)
Very high High Medium Minor
Very high (caused by foot- Medium Minor
print) 0 .

Assessment of significance

Assessment of significance is based on expert judgement. The assessment of signi-
ficance is primarily based on an overall evaluation of impacts on the coastlines
compared with the loss/impairment of the recreational val-
ues/functionalities/conservation objectives. The possibilities for effective mitiga-
tion/compensation methods at a low cost and the state of the coastlines in the 0-
alternative are taken into account and commented on.
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4 ASSESSMENT OF O-ALTERNATIVE

All impacts on coastal morphology are compared to the existing conditions
(2009/2010).

Given the present knowledge on the coastal morphology of the Fehmarnbelt, it is a
reasonable assumption that the conditions in 2025 without the fixed link project will
remain unchanged compared to the situation in 2009/2010.
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SENSITIVITY ANALYSIS

The sensitivity of the beaches, coastal structures as revetments and breakwaters,
other coastal structures as inlets, outfalls and groynes, and special morphological
features, to the pressures from the tunnel alternative and bridge alternative is pre-
sented in this section.

The sensitivity of these components are related to changes in the nearshore wave
conditions due to new structures, such as dampening or shelter in the lee of struc-
tures, which in turn changes the sediment transport in the coastal zone and block-
age of the littoral drift by structures. These changes lead to coastal erosion or ac-
cretion. On open sandy coasts these changes correspond to shoreline retreat or
advance. On coastlines, which are protected by structures such as revetments,
groynes or shore parallel breakwaters, erosion in front of these structures may lead
to failure of the structures. In this chapter the sensitivity of the littoral drift and
shoreline evolution to the tunnel and the bridge projects is described.

It is noted that the sensitivity analysis is carried out for the assessed designs of
the projects. The additional mitigation measures mentioned in the beginning
of Chapter 2 are not part of the sensitivity analysis.

The Tunnel Alternative

The Permanent Structures along the Lolland Coast

An overview of the planned structures along the Lolland coast is provided in Figure
5.1 and Figure 5.2 together with the present structures. Note that the access chan-
nel to the production facilities is classified as a “permanent structure” in this con-
text. This access channel will be left for natural backfilling. The time scale for back-
filling is more than 30 years, see (FEHY 2013b), and the channel is therefore
included as a pressure on the coastal morphology.

The present day coastline in the area, where the new structures/reclamations are
planned, is described briefly below. A further description of the baseline conditions
can be found in (FEHY 2013a).

Bredfjed to Sandholm

This stretch has a sandy beach with some gravel. Low dunes are found along this
section. The western end of the reclamation area - a curved beach - extends to the
section in front of Sandholm, see Figure 5.1.

Lalandia

West of Rgdbyhavn is Lalandia, a holiday resort. The present beach in front of La-
landia is sandy with dunes in front of the dike, see Figure 5.3. During the period
1999-2009 the area has experienced accumulation of sand causing the shoreline to
move forward by about 5-10 m in the period.

Lalandia to Redbyhavn

Along the shoreline between Lalandia and Rgdbyhavn, the area is filled up and the
new shoreline at this location is the rock protection in the reclamation about 500 m
from the present shoreline. Except for a small part presently protected by a revet-
ment, the present day shoreline in this area consists of a sandy beach as the area
is an accumulation zone for littoral transport from the west.
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Rgdbyhavn to Hyldtofte @stersgbad

The planned reclamation extends to 3.8 km east of Rgdbyhavn to the western end
of Hyldtofte @stersgbad. Hyldtofte @stersgbad is a summerhouse area. The present
coastline along this section is a continuous revetment in front of the dike. There is
no beach in front of the revetment. The new reclamation will extend to about 500-
800 m from the existing shoreline.

Hyldtofte @stersgbad

The reclamation is planned to terminate just west of the breakwater scheme at
Hyldtofte @stersgbad, see Figure 5.4. The coastal shore-parallel breakwaters were
constructed in 1999 to keep sand in the area and prevent erosion of the beach. The
scheme consists of 10 breakwaters covering a stretch of 800 m. The small sections
of beaches suspended between the breakwaters have in general eroded since 1999.
The erosion occurred primarily in the first period after construction, 1999-2004,
while the beaches have stabilised since 2004 (FEHY 2013a).

Lolland

5,

g
sPuttgarden ~ /¢
Fehmarn

[Structures
Groyne
Dike
' Revetment
Harbour structure
Seawall
Shore parallel breakwate!
Water outflow structure
Bathing bridge
Camping site

Pumping station

Sluice

Figure 5.1 New permanent structures along the Lolland coast in the tunnel project — west of Rodby-
havn. For enlarged version of this figure, refer to Figure 6.1. Aerial photo from 2009
(©COWI Orthophoto April 2009)
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Figure 5.2 New permanent structures along the Lolland coast in the tunnel project and the tunnel
alignment - east of Rgdbyhavn. For enlarged version of this figure, refer to Figure 6.2.
Aerial photo from 2009 (©COWI Orthophoto April 2009)

Figure 5.3 Sandy beach off Lalandia with dunes in front of the dike, steel piles for bathing bridge in
the foreground
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Figure 5.4 Hyldtofte Osterspbad. Aerial photo from 2009 (©COWI Orthophoto April 2009)

Impacts on nearshore waves along the Lolland coast

Quantification of the changes in the nearshore waves due to the tunnel project is
input to the assessment of changes to the sediment budget on the Lolland coast.
The waves are the primary driving force in transporting loose sea bed material
along the coast (littoral transport). The waves act by enforcing an alongshore cur-
rent and by introducing an additional stirring mechanism, which helps mobilising
the sediment.

The changes in the nearshore waves are assessed by comparing nearshore waves
calculated by numerical models for a 21-year period (1989-2010) for a) the base-
line situation and b) the situation after the tunnel project. The simulations of the
wave fields are carried out for the situation with the permanent structures as de-
scribed in Section 3.3.1.

West of Rgdbyhavn

A snapshot illustrating the changes to the wave field west of Rgdbyhavn is shown in
Figure 5.5. The shown instant in time is representative for situations with high
waves from east (see upper panel).

Wave heights are shown as so-called ‘significant wave heights’, which is a measure
for the average wave height for the highest one third of the waves in an irregular
wave field. Wave directions are shown with arrows indicating the travelling direc-
tions.

The planned reclamation for the tunnel project is seen to cause a lee-zone just west
of the reclamation. The lee zone stretches for the shown instance about 1.5 km
west of the curved beach at the western end of the reclamation. The coastal section
west of Sandholm will therefore experience small reductions up to the order of 5%
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of the wave heights in the baseline situation (central panel) along the original
coastline when the waves come from eastern directions. The changes to the wave
directions (lower panel) for the same situation are shown in the lower figure. West
of the reclamations the waves change to have a slightly more clockwise mean wave
direction since the reclamation primarily shadows for the eastern wave compo-
nents.

The slight change in directions is due to the protection layer and the access chan-
nel, both of which change the refraction slightly. Further, the illustration shows the
effect of the steep slope on the wave heights and directions along the revetment.

In case of waves from western directions, the reclamation in the tunnel project will
not influence the nearshore waves.

Changes in the relative wave heights and wave directions further away from the
coast are due to changes in the spreading of wave energy caused by the combina-
tion of the reclamation and the access channel. Note that the waves are small in
this area (~0.4 m) for the shown point in time and the absolute changes in the
wave height are therefore very small.

East of Rgdbyhavn

A situation with waves from west-northwestern direction is shown in Figure 5.6.
The figure illustrates the influence of the tunnel project to the wave field east of the
reclamation.

The reclamation extends offshore to a maximum of about 700-800 m from the orig-
inal coastline east of Rgdbyhavn, but the gently curving shape towards the east re-
duces the impacts of the reclamations to the waves. The lee zone east of the rec-
lamation is seen to extend about 1 km east. Wave heights from the western
directions will be decreased at the coastal stretch in front of Hyldtofte @stersgbad
towards Saksfjed Inddeemning.
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Figure 5.5

Changes to the wave field along the Lolland coast from Kramnitze in the west to Hyllekrog
in the east. Typical situation (Date: 28-12-2005, 6:00 AM) with waves from east. Upper
figure: wave field for the situation with the tunnel project. Middle figure: relative changes
in wave heights (% of wave height in the baseline situation). Lower figure: change in wave
directions (degr. clockwise)
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Changes to the sediment budgets and shoreline evolution, Lolland Coast
The littoral drift budget has been established along the south coast of Lolland for
the situation after the construction of the tunnel project. The littoral drift budgets
are calculated for coastal stretches west (Bredfjed to Sandholm) and east
(Hyldtofte @stersgbad to Brunddragene) of the planned reclamation on the Lolland
side.

Littoral drift budget and shoreline evolution west of the reclamation

The littoral drift budget for the coast west of the reclamation has been calculated
using the average wave conditions (1989-2010), see Figure 5.7. The littoral drift
rates are compared to the transport conditions in the baseline situation. The net
and gross littoral drift rates in the situation with the tunnel project and the changes
compared with the baseline case are tabulated in Table 5.1. The annual shoreline
advance or retreat for the average year (1989-2010) evaluated from the littoral
drift rates is shown in Figure 5.8 and compared to the simulated shoreline evolution
for the baseline situation.

The net eastwards transport rate of 20,000-30,000 m?3/year along this section
found in the baseline situation is in general seen to maintain the same order of
magnitude. Only within about 1 km from the western termination of the reclama-
tion the transport and shore evolution pattern do change.

The reclamation blocks the littoral drift and the sediment will hence build up west of
the reclamation. In this regard the reclamation has the same effect as Rgdbyhavn
has in the baseline situation, where the sediment is accumulated west of the west-
ern breakwater. In the situation with the tunnel project, the accumulation area is
shifted towards west to the area in front of Sandholm. No transport will by-pass the
reclamation initially as the water depth in front of the reclamation is too large to fa-
cilitate transport as described above.

The changes of the sediment transport and the shoreline evolution along the
coastal sections west of the reclamation are described below:

West of Bredfjed

The coast west of Bredfjed does not experience any changes related to the tunnel
project in the initial situation.

Bredfjed to Sandholm

Along the coastal section in front of Sandholm, the net eastward sediment transport
will remain the same. The small changes to the wave conditions from east at this
section (as described in Section 5.1.2) lead to insignificant modifications to the
transport rates along the existing coast just west of the new beach (D8). The rea-
son is a combination of two opposing effects: a small reduction in wave heights act-
ing to reduce the westward transport and a slight clockwise turning of the wave di-
rections (from a very perpendicular angle) acting to increase the westward
transport. The two effects have about the same order of magnitude for the existing
beach orientation. The westward transport and thereby the net eastward transport
rate are therefore practically unchanged.
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and change from the baseline situation (in brackets). Upper figure: net littoral drift rates
and changes to transport rates due to the tunnel project in brackets (x1000 m?®/yr). Middle
figure: west- and eastgoing transport components. Lower figure: net and gross transport
rates. Positive net transport rates towards the east. Aerial photo from 2009 (©COWI Or-
thophoto April 2009)

83 FEHY



NI\

Table 5.1 Average net and gross littoral transport rates west of Rgdbyhavn for the tunnel project and
the differences compared with the baseline situation (in brackets). Positive net transport
rates towards the east

Location Net littoral transport Gross littoral
rate transport rate
(m3/year) (m3/year)
D6 31,500 (~0) 53,000 (~0)
D7 31,500 (~0) 68,500 (~0)
D8 6,000 (-23,500) 41,000 (-26,000)
Western termination 0 (-28,000) 0 (-68,500)

Point of reclamation
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Figure 5.8 Predicted initial annual shoreline evolution for the situation with the tunnel project using
long term averaged wave climate, 1989-2010, compared with the baseline situation. Posi-
tive shoreline movement indicates accretion and negative indicates erosion. Aerial photo
from 2009 (©COWI Orthophoto April 2009)
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Sandholm/new beach

As described above, the reclamation will block the littoral drift.

The beach at the western end of the reclamation is planned to terminate in front of
Sandholm. The new beach curves around to a have a more westerly orientation
(about 242 degr. N) than the original beach (about 230 degr. N). This orientation of
the beach facilitates a smaller net littoral drift rate (see the socalled ‘g-alpha’ rela-
tion for point D8 in Figure 5.9) as the angle between the dominant wave direction
and the beach orientation decreases. The gradual decrease in the transport of litto-
ral sediments towards the southeast along the new beach causes the deposition of
sediment.
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Figure 5.9 "Q-alpha” relation (relation between littoral drift and shoreline orientation) for D8
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Littoral drift budget and shoreline evolution east of the reclamation

The littoral drift budget for the coast east of the reclamation has been calculated
using the average wave conditions (1989-2010), see Figure 5.10. The net and
gross littoral drift rates in the situation with the tunnel project and the changes
compared with the baseline case are tabulated in Table 5.2.

The annual shoreline advance or retreat for the average conditions is evaluated
from the littoral drift rates. The average shoreline evolution is shown in Figure 5.11
and compared to the simulated shoreline evolution for the baseline situation.

The reclamation blocks the littoral drift from west in the same way as Rgdbyhavn
does in the baseline situation. The reclamation also causes a weak shadow zone
where the wave heights reduce and slightly change orientation in the anticlockwise
direction for waves from west. The effect on the waves extends only about 1 km
east of the reclamation.

The eastern part of the reclamation is planned to consist of an artificial and erodible
cliff formed by the dredged excess material (clay till) from the dredging operation.
This eroded sand from the cliff will feed sediment into the coastal system to help
stabilise the coasts east of the reclamation.

86 E1TR0059-Volume III



Lolland

Rodbyhavn

-
L2
e,

726,
#Puttgarden /¢

A

~
D15

Saksfjed Inde sinﬂiyi 4

0.5

60 H Baseline, westward ' Baseline, eastward
'g —— Tunnel, westward o— Tunnel, eastward i
%E 40 + ; - o
g o - cal
5E 2 ¢ ——
- O 000°
c o
2§ o
T
& -20
_40 1 1 1 1 I 1
80 . : 0-0-0-0-0-0]
Baseline, net Baseline, gross N g5l
5 60 & ——o— Tunnel, net e Tunnel, gross | e F
o - P
QT P
2240 © /
N o
.- £ oo °
- O . 50 -
£820 ¢ - -
e 0 ; ;
-20 I : I L I 1 H
0 1000 2000 3000 4000 5000 6000 7000

Distance along baseline (m)

Figure 5.10 Average littoral drift rates east of the reclamation for the initial situation with the tunnel
project and changes from the baseline situation (in brackets). Middle figure: west- and
eastgoing transport components. Lower figure: net and gross transport rates. Positive net
transport rates towards the east. Aerial photo from 2009 (©COWTI Orthophoto April 2009)

E1TR0059-Volume III 87 FEHY



NI\

Table 5.2 Average net and gross littoral transport rates east of Rodbyhavn for the tunnel project and
the differences compared with the baseline situation (in brackets). Positive net transport
rates towards the east

Location Net littoral Gross littoral transport

transport rate
(m3/year)

rate
(m3/year)

D14 (eastern termina- 5,000 (-14,000)

tion point of reclama-

17,500 (-12,500)

tion

D15 20,000 (~0) 54,000 (~0)
D16 20,500 (~0) 74,500 (~0)
D17 22,000 (~0) 77,500 (~0)
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Figure 5.11 Predicted initial annual shoreline evolution for the situation with the tunnel project using
long term averaged wave climate, 1989-2010, compared with the baseline situation. Posi-
tive shoreline movement indicates accretion and negative indicates erosion. Aerial photo
from 2009 (©COWI Orthophoto April 2009)
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Contribution from artificial cliff
The contribution to the littoral drift budget from the erodible cliff and the littoral
drift budget along the coast east of the reclamation has been estimated as follows:

e The littoral drift rate (of sand) at the eastern termination point of the reclama-
tion (immediately west of Hyldtofte @stersgbad) is ~5000 m3/year. This as-
sumes that the cliff erodes an average of 1 m/year, the erodible length is 1,500
m, the height of the eroded cliff is 6 m and the sand content in the cliff is 50%

The sand content in the dredged clay till has been estimated to about 50% in (FEHY
2013c). The erosion rate of the cliff is difficult to predict and will vary from year to
year and along the stretch. An erosion rate of 1 m/year is within the range of ero-
sion from natural cliffs, but in the upper end. The erosion of natural cliffs depends
on the wave exposure, soil material, consolidation, vegetation and water content.
Wave action acts to erode from the foot of the cliff and ‘undermines’ the cliff such
that land-slides take place. Examples of natural cliffs are shown in Figure 5.12.

From the foot of the cliff, the material will be degraded and the finer material (clay,
silt) will be carried along the beach by the waves and wave driven currents. The
annual release of such finer material from the cliff is about the same volume as the
sand, i.e. about 4,000-5,000 m3/year.

It is difficult to estimate accurately how this contribution compares with the supply
of fines from erosion of the sea bed in the area of the reclamation in the O-
alternative. The erosion of sand, which contributes to the sediment budget at D14
has been found to 19,000 m3/year by calibration (FEHY 2013a). An estimated 20-
30% of this volume corresponding to 4-5,500 m3/year is eroded material from the
sea bed in the area. The sub sea bed material is till with a content of sand material
of approx. 30-40%, and approx. 60% fines. Erosion leading to a release of 4-6,000
m3/year of sand, therefore also releases about 7-9,500 m>/year of fines. Another
part of the contribution of sand to the sediment budget at D14 comes from erosion
of the sandy parts of the profiles, primarily nearest Hyldtofte @stersgbad. This ero-
sion will typically release only a few per cent (2-5%) of fines. The remaining ero-
sion corresponding to about 13,500-15,000 m3/year of sand will hence cause addi-
tional release of fines of approx. 300-800 m?/year. In summary it is estimated that
the coastal area of the reclamation in the 0-alternative releases an annual volume
of 7,500-10,000 m3/year. The expected annual release of fines from the artificial
cliff is hence expected to be slightly less than in the 0-alternative.

The fines will primarily be released to the water phase during storm events, and will
be transported along the coast. This is unchanged from the present situation. The
source of fines will be more concentrated when eroded from the (relatively short)
cliff than from the sea bed in the area of the reclamation in the 0-alternative. How-
ever, mixing by the waves during situations of the primary release will quickly even
out the concentrations of fines in the water phase to be comparable to concentra-
tions in the O-alternative.

The potential for transporting the material along the coast in front of the cliff and
towards the east is estimated to about 40,000 m>/year. The estimate is based on
the g-alpha relation at D14 for the baseline situation (FEHY 2013a) for the planned
orientation of the cliff (about 180 degr. N, defined as the normal to the depth con-
tours of the beach).
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Figure 5.12 Examples of natural till cliffs. Upper figure: erosion of till cliff during rough weather at
Gedser Odde, about 40 km east of Rgdbyhavn. Lower figure: till cliff with accumulation of
stones from the eroded cliff. From Karrebaeksminde Strand about 60 km north-northeast
of Rgdbyhavn (south-coast of Zealand facing Smélandsfarvandet between Lolland and
Zealand)

Coarser materials in the clay till (pebbles, stones) will be left at the beach. With
time, when the cliff has retreated due to erosion, the coarser materials can cover a
longer stretch of the beach and can possibly reduce or prevent further erosion. With
time, the cliff will become (more or less) stable. Other processes than wave action
causing erosion are for instance frost, rain and groundwater seepage.

Only the sand fraction from the erosion of the artificial cliff will contribute to the
sediment budget east of the reclamation. The changes of the sediment transport
and the shoreline evolution along the coastal sections east of the reclamation are
described below.
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Hyldtofte @stersgbad

No by-pass around the reclamation from the coast west of Rgdbyhavn will take
place.

The erodible cliff contributes 5,000 m3/year of sand to the coast: the deficit in the
net input of sediment to the stretch east of the reclamation is reduced to 14,000
m?3/year (19,000-5,000 m>/year).

At D15 east of Hyldtofte @stersgbad, the effect of the reclamation on the net
transport has diminished. Between D14 and D15, the reduction in the net (east-
ward) transport is caused by the changes to the waves from western directions.

Assuming that the material is eroding only from the shoreline, the annual initial
shoreline retreat due to the tunnel project is estimated to about 4-6 m along the
stretch as shown in Figure 5.11. The shoreline retreat is estimated assuming that
the active height of the profile is 2.5 m (the same as in the calibrated model ap-
plied in the baseline situation).

Saksfjed Inddeemning til Brunddragene

In front of Saxfjed Inddeemning and Brunddragene (D16-D17), insignificant effects
on the littoral drift rates due to the tunnel project are predicted at the initial stage
(first few years). This is expected to be the situation with or without the erodible
cliff.

Hyllekrog

No impacts on the Hyllekrog barrier island/spit (see Figure 5.2) are predicted from
the tunnel project.

The Permanent Structures along the Fehmarn Coast
An overview of the planned structures along the Fehmarn coast is provided in Fig-
ure 5.13 and Figure 5.14 together with the present structures.

A reclamation is planned east of the eastern breakwater of Puttgarden (see Figure
5.13). The reclamation extends approximately 500 m towards the east with a land-
fill protected by a dike and a revetment facing the north-northeast. A curved beach
facing a south-easterly direction is suspended between a breakwater terminating
the above-mentioned revetment and the original coastline.

The new beach attaches to the original coastline west of Ohlensborgs Huk. Ohlens-
borgs Huk is protected by a number of small groynes and the new beach terminates
just west of these as seen in Figure 5.13.

The present day coastline in the area is further described in (FEHY 2013a).
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5.1.5 Impacts on nearshore waves on the Fehmarn Coast

Quantification of the changes in the nearshore waves due to the tunnel project is
input to the assessment of changes to the sediment budget on the Fehmarn coast.
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The waves are the primary driving force in transporting loose sea bed material
along the coast (littoral transport). The waves act by enforcing an alongshore cur-
rent and by introducing an additional stirring mechanism, which helps mobilising
the sediment.

The changes in the nearshore waves are assessed by comparing nearshore waves
calculated by numerical models for a 21-year period (1989-2010) for a) the base-
line situation and b) the situation after the tunnel project. The simulations of the
wave fields are carried out for the situation with the permanent structures as de-
scribed in Section 3.2.

East of Puttgarden

A situation with waves from a westerly direction is shown in Figure 5.15. The figure
illustrates the influence of the tunnel project to the wave field east of the reclama-
tion. The shown instant in time is representative for situations with high waves.

Wave heights are shown as so-called ‘significant wave heights’, which is a measure
for the average wave height for the highest one third of the waves in an irregular
wave field. Wave directions are shown with arrows indicating the travelling direc-
tions.

The planned reclamation for the tunnel project is seen to cause a lee-zone just east
of the reclamation. The wave heights are reduced most in front of the new beach.
This is due to the spreading of the wave energy as the waves propagate around the
eastern part of the revetment/breakwater. Also the slope of the beach with reduced
water depths causes a reduction of the wave heights. However, the lee zone
stretches for the shown instance about 5 km along the coast southeast of the
planned reclamation east of Puttgarden. The waves from westerly directions propa-
gate around the harbour and the reclamation and refract towards the coast. Refrac-
tion is the process by which the waves turn when the waves propagate with an
oblique angle to the depth contours. The waves will turn towards the normal to the
depth contours, when they propagate towards shallower depths. For this reason
these waves turn and arrive at the coast from northern directions. The reclamation
has the impact of turning the wave directions for these waves slightly clockwise. In
case of waves from easterly directions, the reclamation in the tunnel project will not
influence the nearshore waves, except for at the new beach.

West of Puttgarden
A snapshot in time illustrating the changes to the wave field west of Puttgarden is
shown in Figure 5.16.

Waves from south-easterly directions east of the planned reclamation propagate
around the reclamation and Puttgarden and result in insignificant changes to the
wave field west of Puttgarden. In this area these waves approach the coast from
northerly directions.

In case of waves from western directions, the reclamation in the tunnel project will
not influence the nearshore waves.
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Figure 5.15  Changes to the wave field east around Puttgarden for a typical situation with waves from
northwest (Date: 08-05-2005 00:00). Upper figure: wave field for the tunnel project. Mid-
dle figure: relative change in significant wave heights due to the tunnel project. Lower fig-
ure: change in wave direction due to the tunnel project
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Figure 5.16 Changes to the wave field around Puttgarden for a typical situation with waves from
southeast (Date: 28-12-2005 06:00). Upper figure: wave field for the tunnel project. Mid-
dle figure: relative change in significant wave heights due to the tunnel project. Lower fig-
ure: change in wave direction due to the tunnel project

Changes to the sediment budgets and shoreline evolution, Fehmarn coast

The littoral drift budget has been established along the coast of Fehmarn for the
situation after the construction of the tunnel project. The littoral drift budgets are
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calculated for coastal stretches about 5-6 km east and west of Puttgarden (Gam-
mendorferstrand to the coast south of Presen) at the Fehmarn side.

Littoral drift budget and shoreline evolution west of Puttgarden

The littoral drift budget for the coast west of Puttgarden has been calculated using
the average wave conditions (1989-2010), see Figure 5.17. The annual drift rates
have been calculated by Step 1 for calculation points G1-G8. The refined method,
Step 2, is not appropriate along this section, refer to discussion above. The net and
gross rates as well as the west- and eastwards components are presented in Table
5.3.

The changes to the transport rates (in differences compared to the baseline littoral
drift rates) due to the tunnel project are given in brackets. The changes are seen to
be insignificant at all calculation points west of Puttgarden.

Griner Brink

The small reclamation east of Puttgarden does not extend beyond the breakwaters
of Puttgarden and has no impacts on the waves from eastern directions arriving at
Griner Brink. The littoral drift budget is therefore considered unchanged by the
tunnel project.

Long groyne to Puttgarden

The tunnel project has no impact on the sediment budget and shoreline along this
section. A small impact on the waves from eastern directions can be identified just
west of Puttgarden (refer to Section 5.1.5), where the reclamation changes the
propagation of waves from southeast around Puttgarden very slightly. The change
to the (very limited) net littoral drift at this location is insignificant as the east- as
well as westgoing component is changed slightly. The westerly waves are un-
changed. The impacts on the transport conditions west of Puttgarden are therefore
insignificant.

Puttgarden
The harbour experiences presently no sedimentation in the harbour basin and ac-

cess channel. The situation is expected to be unchanged after construction of the
tunnel project.
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Table 5.3 Average net, gross and eastward/westward littoral transport rates west of Puttgarden for
the tunnel project and differences compared with the baseline situation (in brackets). Posi-
tive net transport rates towards the east

Location Net littoral Gross littoral Westward Eastward
transport rate transport rate transport rate transport
(m3/yr) (m3/yr) (103m3/yr) rate
(m3/yr)
G1 ~41,000 65,000 12,000 53,000
(~0) (~0) (~0) (~0)
G3 ~20,000 70,000 ~25,000 ~45,000
(~0) (~0) (~0) (~0)
G4 11,000-15,000 40,000-45,000 15,000 26,000-30,000
(~0) (~0) (~0) (~0)
G5 -1,000 7,000 4,000 3,000
(~0) (~0) (~0) (~0)
G6 <-5,000 ~10,000 5,000-10,000 0-5,000
(~0) (~0) (~0) (~0)
G7 <-5,000 ~25,000 10,000-15,000 10,000-15,000
(~0) (~0) (~0) (~0)
G8 ~0 ~10,000 ~5,000 ~5,000
(~0) (-1000) (<-500) (<-500)

G1
~41.000 (~0)

Gammendorferstrand

20.000 (~0)

Offshore tab:
~28.000 (~0)

- G3
’-h-

11.000-15.000 (~0)

.64"‘"’

Lolland

edebyhawz

£
e
5, N
&) i
Puttgarden ~ /¢

Fehmarn

=800 (~0) G5
A :
i‘ 1,000 (~0) G6

Figure 5.17 Littoral drift budget (m3/year) along the coast west of Puttgarden for the situation with
the tunnel project. The changes to the transport rates due to the tunnel project are given
in brackets. No changes are expected west of Puttgarden.. Aerial photo from 2009

(©COWI Orthophoto April 2009)

Littoral drift budget and shoreline evolution east of Puttgarden and the

reclamation

The littoral drift budget for the coast east of the reclamation has been calculated
using the average wave conditions (1989-2010), see Figure 5.18. The net and

gross littoral drift rates are tabulated in Table 5.4.
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The littoral drift rates are compared to the transport conditions in the baseline situ-
ation. The annual shoreline advance or retreat for the average year (1989-2010)
evaluated from the littoral drift rates are shown in Figure 5.19 and compared to the
simulated shoreline evolution for the baseline situation.

The littoral budget along this section shows only small changes due to the tunnel
project, except for a small coastal stretch between the new beach and Ohlenborgs
Huk, which is in the lee zone behind the new reclamation.

The effect of the reclamation is to increase the net transport rates towards the
northwest. The reason is that the reclamation has the effect of decreasing the
transport component towards the southeast. The decrease in transport rates to-
wards the southeast is a balance by two opposing effects, both of which are related
to the waves: a slight dampening of the wave heights for waves from northwesterly
directions has the effect of reducing the transport towards the southeast. A small
clockwise rotation of the wave directions from north caused by the reclamation de-
creases the angle between the incoming waves and the beach orientation. The
changes in the directions act to increase the transport towards the southeast, but
the (small) changes to the wave heights dominate. The changes to the waves are
illustrated in Figure 5.15.

The changes of the sediment transport and the shoreline evolution along the
coastal sections are described below.

New beach northwest of Ohlenborgs Huk

The potential net transport rate north of Ohlensborgs Huk towards the northwest is
about 30-35,000 m3/year, which is an increase of about 8,000 m?3/year. The
transport capacity at G10 will not be effectuated due to small groynes and the sea-
wall protecting the Ohlenborgs Huk from erosion and lack of loose sediment.

Marienleuchte to Presen

The changes to the shoreline evolution caused by the tunnel project are very small.
The changes are less than +/-0.1 m/year everywhere.
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Table 5.4 Average net, gross and eastward/westward littoral transport rates east of Puttgarden for
the tunnel project and differences compared with the baseline situation (in brackets). Posi-
tive net transport rates towards the southeast. (1)indicate that these transport rates are
not effectuated

Location Net littoral Gross littoral Northwestward | Southeastward
transport rate transport rate transport rate transport rate
(m3/yr) (m3/yr) (m3/yr) (m3/yr)
Reclamation
G102 ~-30-35,000 ~35-40,000! 34,000? 1,000-4,000!
(-8,000) (-8000) (~0) (-8,000)
G11 -1000 27,500 14,500 13,500
(<-500) (<-500) (~0) (<-500)
G12 -500 26,000 13,000 12,500
(<-500) (<-500) (~0)
G13 -1,000 4,500 3,000 1,500
(~0) (~0) (~0) (~0)
Gl4 -2,000 2,500 2,500 <500
(~0) (~0) (~0) (~0)

!potential transport capacity not effectuated.
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Predicted annual shoreline evolution for the situation with the tunnel project using long
term averaged wave climate, 1989-2010, compared with the baseline situation. Positive
shoreline movement indicates accretion and negative indicates erosion. Aerial photo from
2009 (©COWI Orthophoto April 2009). Note: Bieberehren-Klingen wind farm is not the
correct name of the wind farm south of Presen
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5.2 The bridge alternative

5.2.1 The permanent structures along the Lolland coast
The planned marine ramp east of Rgdbyhavn is shown in Figure 5.20 together with
the existing structures along the coast between Rgdbyhavn and Hyllekrog. No new
structures are planned west of Rgdbyhavn. The existing structures along the coastal
section between Rgdbyhavn and Kramnitze are shown in Figure 5.21. The present
day coastline is described in detail in (FEHY 2013a).

The marine ramps for the landfall of the bridge are planned between Rgdbyhavn

and Syltholm Wind Farm. The present coastline along this section is a revetment in
front of the dike, see Figure 5.22.
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5.2.2

Figure 5.22 Existing revetment along the coast where the marine ramp and beaches are planned

Impacts on nearshore waves along the Lolland coast

Quantification of the changes in the nearshore waves due to the bridge project is
input to the assessment of changes to the sediment budget on the Lolland coast.
The waves are the primary driving force in transporting loose sea bed material
along the coast (littoral transport). The waves act by enforcing an alongshore cur-
rent and by introducing an additional stirring mechanism, which helps mobilising
the sediment.

The changes in the nearshore waves are assessed by comparing nearshore waves
calculated by numerical models for a 21-year period (1989-2010) for a) the base-
line situation and b) the situation after the bridge project. The simulations of the
wave fields are carried out for the situation with the permanent structures.

Waves from west

A snapshot illustrating the changes to the wave field due to the bridge for a situa-
tion with high waves from west (see upper panel) is shown in Figure 5.23. Westerly
waves are dominating the wave field in the Fehmarnbelt. Waves from these direc-
tions are more frequent and typically higher than waves from easterly directions.

Wave heights are shown as so-called ‘significant wave heights’, which is a measure
for the average wave height for the highest one third of the waves in an irregular
wave field. Wave directions are shown with arrows indicating the travelling direc-
tions.
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Figure 5.23 Changes to the wave field along the Lolland coast from Kramnitze in the west to Hyllekrog
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figure: wave field for the situation with the bridge project. Middle figure: relative changes
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The bridge project is seen to dampen the waves east of the alignment ‘downstream’
of the bridge piers and the marine ramp. The wave heights are dampened due to
blocking of wave energy from west of the bridge alignment. The marine ramp has
the influence of reducing the wave heights by 5-20% for about 1 km east of the
ramp in the shown situation. Further east the wave heights are reduced by 2-5%
along the remaining coastline between the marine ramp and the barrier island to
the west, Hyllekrog.

Small changes to the wave direction on the downstream side of the bridge align-
ment can also be seen due to the increased spreading of the wave energy. The
bridge piers have also a slight filtering effect as the waves with the longer wave
lengths pass unchanged through the bridge alignment to the ‘downstream’ side to a
higher degree than waves with a shorter wave length.

Only small effects of the reflection are seen on the wave heights west of the align-
ment. The wave heights increase slightly near Kramnitze about 8 km west of
Rgdbyhavn. The (vector) mean wave directions change slightly anti-clockwise along
the coast west of the alignment as the wave energy from the reflected wave com-
ponents (which have a south-easterly direction) is superposed with the incoming
waves from west/northwest. For other directions more important for the littoral
drift, the effects of reflection along the coast are smaller as the waves reflect to-
wards the offshore. It should be noted that the modelled effects of reflection are
considered conservative as mentioned in Section 3.3.1.

Waves from east

In case of waves from eastern directions (Figure 5.24), similar tendencies are seen.
Waves from this direction are less frequent than waves from western directions and
wave heights are typically smaller.

The bridge project is seen to reduce the wave heights west of the alignment where
the structures block the wave energy and increase the wave heights ‘upstream’ of
the bridge (as the blocked wave energy is reflected by the structures). Changes to
the wave conditions for waves from east are most pronounced in the area just west
of the land fall in the area between the marine ramp including the new beach and
Rgdbyhavn. The changes to the wave heights at the Lolland coast are for some sec-
tions of the coast for the shown instance in the order of 2-5% on both sides of the
alignment. It should be noticed that the wave heights along the coast are relatively
small for this angle of the incoming waves (i.e. the absolute changes are small, in
particular in the westernmost part of the figure).

The directional changes are up to about 5 degr. at the coast east of the marine
ramp in the area where the waves reflect to. This specific wave direction and the
alignment of the coast cause a relatively strong effect of reflection east of the ramp
around D15-D19, see locations on Figure 5.27. For most other wave directions
(more important for sediment transport), the waves will primarily reflect towards
the open sea and have an insignificant impact on the nearshore waves. It is noted
that the modelled effects of reflection are considered conservative as mentioned in
Section 3.3.1.

The marine ramp causes a lee-zone along the coast west of the ramp where the
wave heights are dampened. In the lee zone the wave directions are turned clock-
wise since they propagate around the marine ramp and refract towards the new
beach.
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Changes to the sediment budgets and shoreline evolution

The littoral drift budget has been established along the south coast of Lolland for
the situation after the construction of the bridge project. The littoral drift budgets
are calculated for coastal stretches about 3 km west (Bredfjed to Lalandia) and 3
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km east (Hyldtofte @stersgbad to Brunddragene) of the planned reclamation on the
Lolland side.

Littoral drift budget and shoreline evolution west of Rgdbyhavn

The littoral drift budget for the coast west of Rgdbyhavn has been calculated using
the average wave conditions (1989-2010) applying the situation with the bridge
project. The littoral drift rates are compared to the transport conditions in the base-
line situation. The net and gross littoral drift rates in the situation with the bridge
project and the changes compared with the baseline case are tabulated in Table
5.5. The annual shoreline advance or retreat for the average year (1989-2010)
evaluated from the littoral drift rates is shown in Figure 5.28 and compared to the
simulated shoreline evolution for the baseline situation.

The net eastwards transport rate of 20,000-30,000 m3/year along this section
found in the baseline situation is found to increase by about 1000-1500 m?3/year.
The reason is a reduction in the westward transport component caused by the
dampening of waves from eastern directions, see Figure 5.25. The eastward
transport component is found to be unchanged along the coast. The small effects
on the waves travelling from east caused by reflection from the bridge piers, see
Section 5.2.2, do not impact the littoral transport.

The changes of the sediment transport and the initial shoreline evolution along the
coastal sections west of the harbour and to Rgdbyhavn are described below.

Rgdbyhavn

The net eastward transport rates are estimated to increase slightly by about 1,500
m3/year along the beach (accumulation area) just west of the harbour.

As the net transport increases with about the same rate along the beach west of
Rgdbyhavn (the accumulation area), the gradient in the alongshore littoral drift is
unchanged.

The sedimentation in the access channel and harbour basins of Rgdbyhavn is ex-
pected to increase by about 1,500 m?>/year.

Lalandia to Sandholm

The net eastward transport rates are estimated to increase by about 1500 m?3/year
along this coastal section. The shoreline advance is practically unchanged at about
0.5 m/year.

Sandholm to Bredfjed

At D6, the increase in the net transport is about 1000 m?3/year, i.e. a slightly small-
er increase in the net transport than further east caused by the partly immobile
profile at this location due to a revetment that occupies some of the coastal profile
(the revetment extends to a water depth of approximately 0.4 m DVR90 (see FEHY
2013a).

West of Bredfjed

The impact of the bridge project on the waves is seen to remain the same along the
coast further west (Section 5.2.2). The wave heights for the easterly waves are
dampened by about 2-3% all along the coast.
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Table 5.5 Average net and gross littoral transport rates west of Radbyhavn for the bridge project and
the differences compared with the baseline situation (in brackets). Positive net transport
rates towards the east

Location Net littoral Gross littoral
transport rate transport rate
(m3/year) (m3/year)
D6 32,500 (+1,000) 54,000 (+1,000)
D7 32,500 (+1,500) 70,000 (+1,500)
D8 30,500 (+1,500) 68,500 (+1,500)
D9 29,500 (+1,500) 71,500 (+1,500)
D9B 29,000 (+1,500) 70,000 (+1,500)
D10 24,000 (+1,500) 54,500 (+1,500)
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Figure 5.26  Predicted initial annual shoreline evolution west of Rgdbyhavn for the situation with the

bridge project using long term averaged wave climate, 1989-2010, compared with the
baseline situation. Positive shoreline movement indicates accretion and negative indicates
erosion. Aerial photo from 2009 (©COWI Orthophoto April 2009)

Littoral drift budget and shoreline evolution east of Rgdbyhavn

The littoral drift budget for the coast east of Rgdbyhavn has been calculated using
the average wave conditions (1989-2010), see Figure 5.27. The net and gross litto-
ral drift rates in the situation with the bridge project and the changes compared
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with the baseline case are tabulated in Table 5.6. The annual shoreline advance or
retreat for the average conditions is evaluated from the littoral drift rates. The av-
erage shoreline evolution is shown in Figure 5.28 and compared to the simulated
shoreline evolution for the baseline situation.

The marine ramp with beaches has the impact of blocking the littoral drift along the
coast. The effect of the bridge piers and pylons on dampening the waves from west
further reduces the net littoral transport along the coast.

Rgdbyhavn blocks the transport from west as in the baseline situation. Between
Rgdbyhavn and the marine ramp, the net littoral drift begins to pick up, but the
short distance to the new beach and the ramp as well as the reorientation of part of
the shoreline due to the new beach means that the transport along this section is
limited.

No by-pass around the marine ramp takes place. East of the marine ramp, the net
littoral drift is zero and gradually increases as the lee effect of the ramp on the
westerly waves weakens. From approximately 400-500 m east of the ramp (around
Syltholm Wind Farm at D12) and further east towards Saxfjed Inddaemning, the net
littoral drift is reduced by 1,500-3,000 m>/year corresponding to about 11-16% of
the net transport in the baseline situation. The reduction is caused by the dampen-
ing of the westerly waves due to the bridge piers/pylons, which has the impact of
reducing the eastward transport component. The westward component is un-
changed, i.e. the influence on reflecting waves on the littoral transport is insignifi-
cant. The reduction in the wave heights by about 2-3% continues along the entire
stretch and also further along Hyllekrog, see Section 5.2.2.

The reduction in the littoral transport is seen to have same order of magnitude in
all calculation points (D12-D17) with small variations. The differences are primarily
due to a) variations in the availability of loose sea bed material in the coastal pro-
files or b) longshore variation in the approach angle of the waves from west to the
beach orientation. The availability of loose sediments along the coast was taken in-
to account in the calculations as described in Section 3.3.2. In coastal profiles with
more mobility (i.e. where revetments do no occupy part of the profile and the sea
bed is less hard) the changes due to the bridge project on the waves has a larger
impact on the net transport rate. The angle between the approaching waves from
west and the beach orientation determines the importance of the waves from west
on the littoral drift transport and therefore the influence of the bridge project.

The changes of the sediment transport and the shoreline evolution along the
coastal sections east of the bridge are described below.

Rgdbyhavn and new beach west of the marine ramp

An increase in the limited net eastward transport just east of the eastern breakwa-
ter of Rgdbyhavn is predicted and this will slightly increase the erosional west of the
ramp.

Marine ramp to Hyldtofte @stersgbad

A short section of beach is planned in the corner between the ramp and the existing
coast east of the ramp. The beach shall be designed to be aligned with the equilib-
rium orientation for the waves from east.

The coastal section between the marine ramp and Hyldtofte @stersgbad has in the

baseline situation a net deficit of sand due to the lack of input from east caused by
Rgdbyhavn. The shoreline is protected by a revetment, but the coastal profiles ex-
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perience an erosional pressure due to the increase in the net transport towards the
east.

Near Hyldtofte @stersgbad

At Hyldtofte @stersgbad ten coast-parallel breakwaters were built in 1999 to stabi-
lise the beach and have sections of beaches in front of the summerhouses.

The net transport increases slightly along this section as the coast gets more ex-
posed to waves from west and northwest. As these waves become more important
for the net transport, the impact of the bridge on the littoral transport after con-
struction increases. The gradient in the net transport along this stretch thereby re-
duces due to the bridge project and the tendency for erosion decreases slightly.

Just east of the breakwater scheme, the shoreline orientation is turned slightly
clockwise causing a small accumulation area. The clockwise turn in the beach orien-
tation causes the waves to have a relatively smaller influence on the littoral drift
than in front of the summerhouses.

Saksfijed Inddeemning to Brunddragene

In front of Saxfjed Inddaeemning (D16-D17) the shoreline retreat decreases slightly
due to the increasing eastward transport rate and the increase in the mobility of the
coastal profile. Both of these processes act to increase the impact of the bridge pro-
ject and reduce the gradient in the net littoral drift.

Hyllekrog

The impact of the bridge project on the waves is seen to remain the same along the
coast further east (Section 5.2.2). The wave heights for the westerly waves are
dampened by about 2-3% all along the coast towards Hyllekrog. The net littoral
drift transport is expected to reduce with an order of about 3000 m?3/year corre-
sponding to 10-15%.

The Q-alpha relation between the beach orientation and the transport rates (net,
eastward and westward components) are seen in Figure 5.30, calculated for the av-
erage wave conditions at D20 and applying the coastal profile and sea bed condi-
tions similar to D17.

The bridge project reduces the larger littoral transport rates the most. The gradient
in the transport rate is thereby reduced.
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Table 5.6

N\

Average net and gross littoral transport rates east of Rodbyhavn for the bridge project and

the differences compared with the baseline situation (in brackets). Positive net transport
rates towards the east

Location Net littoral Gross littoral

transport rate transport rate

(m3/year) (m3/year)

D11 2000 (+500) 17,000 (+500)
D12 9,500 (-1,500) 18,000 (-1,500)
D13 15,000 (-2,500) 39,500 (-2,500)
D14 16,500 (-2,000) 28,500 (-2,000)
D15 18,000 (-2,000) 52,000 (-2,000)
D16 18,000 (-2,500) 72,000 (-2,500)
D17 19,000 (-3,000) 74,500 (-3,000)

“Lolland

Rodbyhavn

£
e
e,

726,
#Puttgarden ~ /¢
Fehmarn

Baseline, advance
Baseline, retreat
—o— Bridge, advance
—— Bridge, retreat
Unprotected beach
Revetment

- Breakwaters

-8

Initial

shoreline movement (m/yr)
RISCNRORN ,
o AN O [o)]
T T T T T

1 1 1 1

0 1000 2000 3000 4000 5000 6000 7000
Distance along baseline (m)

Figure 5.28  Predicted initial annual shoreline evolution east of Rgdbyhavn for the situation with the
bridge project using long term averaged wave climate, 1989-2010, compared with the

baseline situation. Aerial photo from 2009 (©COWI Orthophoto April 2009)
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The Permanent Structures along the Fehmarn Coast
An overview of the planned structures along the Fehmarn coast is provided in Fig-
ure 5.31 and Figure 5.32 together with the present structures.

The bridge attaches to land with a ramp east of the eastern breakwater of Puttgar-
den (see Figure 5.31). The marine ramp extends approximately 700 m towards the
northeast with a landfill east of the ramp. A curved beach facing a south-easterly
direction is suspended between the offshore protection/breakwater and the original
coastline.

The present shoreline in this area consists of the eastern breakwater of Puttgarden
and a small accumulation of sand in the transition between the harbour and the
coast.

The new beach attaches to the original coastline west of Ohlensborgs Huk. Ohlens-
borgs Huk is protected by a number of small groynes and the new beach terminates
just west of these as seen in Figure 5.31.

No new structures are planned west of Puttgarden as a part of the bridge project.

The present day coastline in the area is further described in (FEHY 2013a).
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Impacts on nearshore waves along the Fehmarn coast

Quantification of the changes in the nearshore waves due to the bridge project is
input to the assessment of changes to the sediment budget on the Fehmarn coast.
The waves are the primary driving force in transporting loose sea bed material
along the coast (littoral transport). The waves act by enforcing an alongshore cur-
rent and by introducing an additional stirring mechanism, which helps mobilising
the sediment.

The changes in the nearshore waves are assessed by comparing nearshore waves
calculated by numerical models for a 21-year period (1989-2010) for a) the base-
line situation and b) the situation after the bridge project. The simulations of the
wave fields are carried out for the situation with the permanent structures.

Waves from west

A snapshot illustrating the changes to the wave field due to the bridge project in a
situation with high waves from west (see upper panel) is shown in Figure 5.33 and
Figure 5.34. Westerly waves are dominating the wave field in the Fehmarnbelt.
Waves from these directions are more frequent and typically higher than waves
from easterly directions.

Wave heights are shown as so-called ‘significant wave heights’, which is a measure
for the average wave height for the highest one third of the waves in an irregular
wave field. Wave directions are shown with arrows indicating the travelling direc-
tions.

The bridge project is seen to dampen the waves east of the alignment ‘downstream’
of the bridge alignment, especially in the lee zone behind the pylons in the central
part of the Fehmarnbelt and to a smaller degree ‘downstream’ of the smaller bridge
piers.

Small changes to the wave direction on the downstream side of the bridge align-
ment can also be seen due to the increased spreading of the wave energy. The
bridge piers have also a slight filtering effect as the waves with the longer wave
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lengths pass unchanged through the bridge alignment to the ‘downstream’ side to a
higher degree than waves with a shorter wave length.

The reclamation with the marine ramp east of Puttgarden dampens the wave
heights of the waves that propagate around the reclamation and refract towards
the coast southeast of the reclamation. Refraction is the process by which the
waves turn when the waves propagate with an oblique angle to the depth contours.
The waves will turn towards the normal to the depth contours, when they propa-
gate towards shallower depths. For this reason these waves turn and arrive at the
coast from northern directions. The impact is visible and changes the wave heights
by 2-5% in the area. The reclamation has the impact of reducing the wave heights
by 5-20% up to about 5 km from the reclamation and a smaller effect (change of 2-
5% of the wave heights) are seen further south. The reclamation also has the im-
pact of turning the wave directions for these waves slightly clockwise. The effect
extends approximately 5 km further south to the coast east of Staberhuk (see Fig-
ure 3.2), however the wave heights from these directions are small along the coast,
so that the absolute changes are small, and the wave directions nearly parallel to
the coast, causing these changes to be insignificant for the littoral drift as shown in
the following sections.

The effects of reflection are seen on the wave heights west of the alignment. The
wave heights increase ‘upstream’ of especially the bridge pylons but also slightly
west of the piers. Small changes to the wave heights and directions can be seen
along the coast west of Puttgarden. As mentioned above these changes are esti-
mated to have the correct order of magnitude, but the effects are probably slightly
too large.

The (vector) mean wave directions change slightly clockwise along the coast west
of the alignment as the wave energy from the reflected wave components (which
have easterly directions) is superposed with the incoming waves from westerly di-
rections.

Waves from east

In case of waves from eastern directions (Figure 5.34), similar tendencies are seen.
Waves from this direction are less frequent than waves from western directions but
are important for the sediment transport conditions along the coast east of Puttgar-
den.

The bridge project is seen to dampen the waves west of the alignment and also
along the coast west of Puttgarden. The wave heights are reduced by 2-5% west of
the harbour and also in the Griiner Brink area, where the littoral drift zone extends
about 1 km from the coastline due to the shallow water depths, see Figure 3.13. No
changes are seen in the wave directions. Reflection increases the wave heights east
of the bridge alignment, but no changes to wave heights and directions are seen
along the coast southeast of the reclamation east of Puttgarden.
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Gammensdorfer Strand in the west to Klausdorf in the southeast. Typical situation (Date:
08-05-2005, 0:00 AM) with waves from west. Upper figure: wave field for the situation
with the bridge project. Middle figure: relative changes in wave heights (% of wave height
in the baseline situation). Lower figure: change in wave directions (degr. clockwise)
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Figure 5.34  Changes to the wave field in case of waves from east along the Fehmarn coast from
Gammensdorfer Strand in the west to Klausdorf in the southeast. Typical situation (Date:
28-12-2005, 6:00 AM) with waves from east. Upper figure: wave field for the situation
with the bridge project. Middle figure: relative changes in wave heights (% of wave height
in the baseline situation). Lower figure: change in wave directions (degr. clockwise)

Changes to the sediment budgets and shoreline evolution, Fehmarn coast
The littoral drift budget has been established along the south coast of Fehmarn for
the situation after the construction of the bridge project. The littoral drift budgets
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are calculated for coastal stretches about 5-6 km east and west of Puttgarden
(Gammendorferstrand to the coast south of Presen) at the Fehmarn side.

Littoral drift budget and shoreline evolution west of Puttgarden

The littoral drift budget for the coast west of Puttgarden has been calculated using
the average wave conditions (1989-2010), see Figure 5.35. The annual drift rates
have been calculated by Step 1 for calculation points G1-G8. The refined method,
Step 2, is not appropriate along this section, refer to discussion above. The net and
gross rates as well as the west- and eastwards components are presented in Table
5.7.

The changes to the transport rates (in differences compared to the baseline littoral
drift rates) due to the bridge project are given in brackets.

The net eastward littoral drift increases with up to 20% due to the bridge project.
The changes from the bridge to the wave field in case of waves from west as well
as from east contribute to the increase in net eastward transport. The reduced
wave heights for waves from east reduce the westward components. The effects of
reflection on the wave heights (increase) and wave direction (clockwise rotation)
increase the eastward components.

The changes vary along the coast and the impacts on the sediment budget are de-
scribed below.

Griner Brink

The net eastward transport along the Griner Brink formation increases due to the
combined impacts on the eastward as well as the westward components. The west-
ward component decreases since the piers/pylons block the wave energy for waves
travelling from east and thereby reduce the wave heights for the waves from east.
The eastward transport component increases since the waves travelling from west
are subject to reflection at the bridge piers and pylons and this causes an increase
of the nearshore wave heights and a clockwise change in the wave direction; both
of which act to increase the eastward component due to the very oblique approach
angle of the waves along the Griner Brink perimeter. The effect on the eastward
component is estimated to be somewhat conservative as the effect on the waves
due to reflection is estimated to be on the high side.

The impact of the bridge increases the net transport about 2000-5000 m?/year cor-
responding to about 15-20% at G3-G4.

The impact of the bridge on the net transport is larger in terms of the absolute
transport at G3 (~+5000 m?3/year) than at G1 (~ +1000 m3/year) and G4 (~
+2000 m3/year). The reasons are a stronger impact on the waves at G3 compared
to G1 and a steeper profile facilitating more transport at G3 than at G4. This is ex-
pected to lead to an unchanged or slightly reduced offshore transport of sediment
to the sand wave field offshore of Griner Brink (also visible in Figure 5.35).

Long groyne to Puttgarden

The bridge project has a small impact on the transport rates between the long de-
tached groyne and Puttgarden. The net transport towards west (G6-G7) decreases
with the order of 500 m>/year. The impacts on the littoral transport caused by the
reduced wave heights for waves from east are larger than the impacts on the re-
flected waves in case of waves from west. At G8 the net transport is expected to in-
crease from about zero to about 500 towards the east.
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Table 5.7 Average net, gross and eastward/westward littoral transport rates west of Puttgarden for
the tunnel project and differences compared with the baseline situation (in brackets). Posi-
tive net transport rates towards the east

Location Net littoral Gross littoral Westward Eastward
transport rate transport rate transport rate transport
(m3/yr) (m3/yr) (10°m3/yr) rate
(m3/yr)
G1 42,000 65,000 11,500 53,500
(+1,000) (~0) (-500) (+500)
G3 ~25,000 70,000 ~23,000 ~47,000
(+5,000) (~0) (-2,000) (+2,000)
G4 13,000-17,000 40,000-45,000 13,500 27,000-30,000
(+2,000) (~0) (-1,500) (+500)
G5 -750 6,500 3,500 3,000
(-250) (-500) (-500) (<500)
G6 <-5,000 ~10,000 5,000-10,000 0-5,000
(+500) (-500) (-500) (~0)
G7 <-5,000 ~25,000 10,000-15,000 10,000-15,000
(+500) (-1,500) (-1,000) (-500)
G8 ~+500 ~10,000 ~4,000 ~4,000
(+500) (-2,000) (-1,500) (-1,000)

~42.000 (+1.000)

Gammendorferstrand

Figure 5.35

Littoral drift budget and shoreline evolution east of Puttgarden
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Littoral drift budget (m3/year) along the coast west of Puttgarden for the situation with
the bridge project. The changes to the transport rates due to the bridge project are given
in brackets. Aerial photo from 2009 (©COWI Orthophoto April 2009)

The littoral drift budget for the coast southeast of Puttgarden has been calculated
using the average wave conditions (1989-2010), see Figure 5.36. The net and
gross littoral drift rates in the situation with the bridge project and the changes
compared with the baseline case are tabulated in Table 5.8.
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The annual shoreline advance or retreat for the average conditions is evaluated
from the littoral drift rates. The average shoreline evolution is shown in Figure 5.37
and compared to the simulated shoreline evolution for the baseline situation.

The reclamation east of Puttgarden harbour creates a lee area southeast of the rec-
lamation for waves from western directions which propagate around the marine
reclamation and arrive from northern directions at the coast. The effect of the
bridge piers and pylons is mainly to block wave energy for waves from west and
thereby reduce the wave heights for these waves. Both of these effects act to re-
duce the southeastern component of the transport and thereby increase the net
northwestward transport of littoral drift. The effect of the bridge piers and pylons to
reflect wave energy, does not impact the littoral drift along the coast southeast of
Puttgarden since the reflected wave components travel to this coast to a very minor
degree.

The changes of the sediment transport and the shoreline evolution along the
coastal sections east of the reclamation are described below.

New beach northwest of Ohlenborgs Huk

The potential net transport rate north of Ohlensborgs Huk towards the northwest is
about 30-35,000 m3/year, which is an increase of about 8,000 m?3/year. The
transport capacity at G10 will not be effectuated due to small groynes and the sea-
wall protecting the Ohlenborgs Huk from erosion and lack of loose sediment.

Marienleuchte to Presen

The bridge project will increase the gradient of the net northward littoral drift along
the coastal section between Marienleuchte and Presen. The increase in the net
transport is highest nearest the bridge structures and decreases with the distance
from the alignment.

The equilibrium beach orientation changes by approximately 1 degree clockwise,

see Figure 5.38, which is indicating that the erosional pressure will be highest in the
southernmost part of the section.
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Table 5.8 Average net and gross littoral transport rates southeast of Puttgarden for the bridge pro-
ject and the differences compared with the baseline situation (in brackets). Positive net
transport rates towards the east

Location Net littoral Gross littoral Northwestward | Southeastward
transport rate transport rate transport rate transport rate
(m3/yr) (m3/yr) (m3/yr) (m3/yr)
Reclamation/marine ramp
G10 ~-30-35,000! ~35-40,000! 34,0001 1,000-4,000!
(-8,000) (-8,000) (~0) (-8,000)
G1l1 -2000 27,000 14,500 12,500
(<-1,000) (-1,000) (~0) (-1,000)
G12 -1,500 25,000 13,000 11,500
(-1,000) (-1,000) (~0) (-1,000)
G13 -1,500 4,500 3,000 1,500
(<-500) (<-500) (~0) (<-500)
G14 -2,000 2,500 2,500 <500
(~0) (~0) (~0) (~0)

!potential transport capacity not effectuated
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Figure 5.37 Predicted initial annual shoreline evolution southeast of Puttgarden for the situation with
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the bridge project using long term averaged wave climate, 1989-2010, compared with the
baseline situation. Positive shoreline movement indicates accretion and negative indicates
erosion. Aerial photo from 2009 (©COWI Orthophoto April 2009). Note: Bieberehren-
Klingen wind farm is not the correct name of the wind farm south of Presen
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6 ASSESSMENT OF IMPACTS OF TUNNEL ALTERNATIVE

The impacts from the tunnel alternative E-ME/August 2011 are described below.
The impacted sections of the coast (loss and impairments) are derived based on the
magnitudes of the pressure from the tunnel project and the sensitivity to the pres-
sure of the sub-components of the Marine Soil Component Coastal Morphology.

The impacts from the tunnel project on the Lolland and the Fehmarn coasts are
treated separately.

The comparison of the baseline-situation and the situation with the tunnel project is
carried out for the ‘with ferry’ situation only. The *no ferry’ scenario is not assessed.
There is a negligible effect from the ferry to the sub-components and the assess-
ment for the ‘no ferry scenario’ will therefore be identical to the assessment below
for the situation with the ferry.

It is noted that the assessment is based on the following mitigation measures in-
cluded in the assessed design of the tunnel project:

e The eastern 1.5 km of the land reclamation at Lolland is planned as an erod-
ible cliff. The erosion from this section will release sand, which will partly
compensate the blocking of the sediment transport caused by the reclama-
tion.

e Two new sections of beach are included as part of the design of the land rec-
lamation on Lolland to compensate for existing beaches which will be lost
due the reclamation.

e A new beach section is included as part of the design of the land reclamation
on Fehmarn to compensate for the existing beach east of Puttgarden, which
will be lost due the reclamation on Fehmarn.

Following the impact assessment below, additional mitigation measures, have
been planned for:

e Nourishment of approximately 14,000 m® each year at the coast east of the
reclamation to keep the baseline situation

e New/improved structures to secure two outlets (one at Dragsminde Sluice
and one outlet east of Rgdbyhavn

e Measures to establish a new and adequate waste water outlet at Rgdbyhavn

e Regular monitoring and strengthening of coastal protection structures, if re-
quired, to prevent potential erosion at Ohlenborgs Huk

Comments on the effects of the additional mitigation measures on the assessed im-
pacts are provided, where relevant.
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6.1

6.1.1

FEHY

Lolland

Magnitude of pressure 1: reclamation, protection reef and access channel
The only impacts on the Lolland coastline are caused by the reclamation, protection
reef and access channel to the production facilities on the Lolland side.

A total length of 7,470 m of the baseline coastline is integrated into the planned re-
claimed area along the southern coastline of Lolland (see Figure 5.1 and Figure
5.2). The reclamation west of Rgdbyhavn extends approximately 3,720 m from
Rgdbyhavn to Sandholm. East of Rgdbyhavn, the reclamation extends to the west-
ern termination of the breakwater scheme at Hyldtofte @stersgbad 3,750 m from
Rgdbyhavn.

The magnitudes of the pressure to the coastal sections east and west of the recla-
mations are related to the effects, these structures have on the sediment budget
along the coast. The impacts on the sediment budget from the structures and the
access channel on the Lolland side were described in the previous Section 5.1. The
impacts on the sediment budget were analysed based on the average year hydro-
dynamic conditions.
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6.1.2 Severity of loss and degree of impairments
The impacts on the coastline are analysed based on the modelling of changes to the
transport of sediment (sediment budget) and of the initial shoreline evolution along
the Lolland coast caused by the tunnel project.
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The time scales for various impacts are evaluated. Effects lasting less than 25-30
years are denoted temporary effects. Permanent effects are those lasting more 25-
30 years The permanent effects are evaluated for the lifetime of the project up to
120 years.

The impacts on the coastal morphology from the tunnel develop with time and the
coast does not recover from the impacts. All impacts from the tunnel project are
therefore assessed as permanent.

Impacts on the coastal morphology may start during the construction period due to
pressure from temporary structures such as the temporary work harbour. However,
these impacts will be of the same character as the impacts caused at a later stage
by the permanent structures. The impacts from the temporary structures on the
coastal morphology are hence not assessed separately.

The impacts for sections of the coast are described below. The impacts are as-
sessed with the four level scales for severity of loss and degree of impairment de-
scribed in Section 3.7 and Section 3.8, respectively.

Severity of loss is assigned based on the importance levels given in the previous
Section 3.9 (Figure 3.16), whereas the degrees of impairment are assigned based
on the assessment criteria for impairments, Table 3.8.

The impacts are summarised in Figure 6.6 Table 6.1.

Skarholm to Sandholm/new beach. Dragsminde Sluice at Sandholm

The reclamation will block the net supply of sediment from west. The sediment will
accumulate along the 1,100 m new beach at the western termination of the recla-
mation. The present coastline at the termination point is seen in Figure 6.3. The ac-
cumulation will build up and fill in the ‘corner’ between the reclamation and the ex-
isting coastline as a sand fillet starting from the western part of the new beach.
Calculations in Section 5 show that 31,500 m?3/year will deposit along the new
beach and that the beach width will initially (first 1-2 years) increase by up to 20
m/year for the average year conditions.

Within the first 5 years, the accumulation of sand (the sand fillet) is predicted to
progress rapidly towards the northwest in the order of 100 m/year. The accumula-
tion will cause increasing beach widths from Sandholm and along the eastern part
of the beach in front of Bredfjed summerhouse area, see Figure 6.4. The shoreline
will initially advance by up to about 8-12 m/year near the reclamation. The rate of
shoreline advance decreases towards the northwest.

With time deposition will occur along a longer stretch and the rate of the shoreline
advance as well as the progression rate towards the northwest decrease. In the pe-
riod 5-30 years after the end of construction, the shoreline is predicted to advance
and increase the width of the beach by about 3-9 m/year and progress towards the
northwest by a rate of 100 m/year after 5 years, decreasing to about 40-50 m/year
after 30 years. The beach width at Bredfjed summerhouses will begin to increase
approximately 5-10 years after end of construction of the reclamation west of
Rgdbyhavn. Thirty years after the construction of the reclamation, the accumulation
zone is expected to fill up about 32 ha and to reach the coastline between Bredfjed
and Skarholm, see Figure 6.4. The build-up of the sand accumulation with time is
estimated by an analytical solution (method by Pelnard and Considére, see e.g.
Deigaard and Fredsge 1992).
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As the shoreline advances along the western part of the reclamation, the water
depth decreases at the offshore western ‘corner’ of the reclamation to a depth
where sand can start by-passing and a sand bar can build up along the offshore
part of the reclamation. The time period before by-pass starts may be (a few) dec-
ades. The accumulation of sand west of the reclamation is predicted to continue
within the lifetime of the project similarly to the situation at the beach west of
Rgdbyhavn in the baseline situation. Initiation of by-pass around the reclamation
and the long stretch where deposition occurs will reduce the rate of shoreline ad-
vance and progression towards the west.

The advance of the shoreline west of Rgdbyhavn is not assessed as an impairment
of the coast except at the outlet at Dragsminde Sluice located off Sandholm. The
accumulation of sand in front of the outlet will block the outflow of water draining
from the low-lying land behind the dike. An alternative solution for the outflow
should be sought. The accumulation of sand in front of Dragsminde Sluice is esti-
mated to cause an advance of the shoreline in the order of 160 m within the first 30
years. The functionality of the present structure is hence considered lost and the
structure is classified with a very high degree of impairment according to the crite-
ria in Section 3.6.

Note: Following the impact assessment, a new/improved outlet structure at
Dragsminde Sluice is included in the assessed design as a planned mitigation
measure. The ‘very high degree of impairment’ for the outlet from Dragsminde
Sluice will therefore not be effectuated.

Figure 6.3 Sandy beach with gravel at the outlet from Dragsminde Sluice - the location for the west-
ern termination of the reclamation
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Figure 6.4 Predicted development of shoreline west of the Lolland reclamation 0-30 years after end of
construction. Aerial photo from 2009 (©COWI Orthophoto April 2009)

Rgdbyhavn to Sandholm

The impacts on the coast between the western breakwater of Rgdbyhavn and
Sandholm are restricted to the occupancy of the original coastline by the reclama-
tion. The impacts in this area are considered ‘loss’ as the original coastline is occu-
pied by the reclamation. The original coastline is in the baseline situation composed
of approximately 3.2 km of beach and 500 m of revetment. Beaches are assigned
with a ‘high importance level’ (Section 3.9.1) and the loss of beach is hence accord-
ing to the assessment method assessed with a ‘high degree of severity’. Sections
with coastal protection is assigned with a ‘minor importance level’ and is corre-
spondingly assessed with a ‘minor degree of severity’. The conceptual design of the
reclamation includes a section of 1,100 m new beach at the western part of the rec-
lamation.

Rgdbyhavn

The sedimentation of sand in the harbour basins and the access channel to Rgdby-
havn was estimated to be in the order of 15,000-20,000 m>/year during the period
1999-2009 (FEHY 2013a). The sedimentation occurs primarily because of by-pass
around the western breakwater.

The water depth at the offshore part of the reclamation (approximately 6 m DVR90)
is initially too large to facilitate a significant transport of sediment around the off-
shore western ‘corner’ of the reclamation and further along the offshore part of the
reclamation.

As described above a sand bar will start to build up along the offshore perimeter of
the reclamation after 10-20 years. For sedimentation to occur in the harbour and
access channel, this sand will theoretically build up along the ~2,800 m section of
the reclamation and reach the access channel to Rgdbyhavn in another approxi-
mately 10-20 years. The sand bar will build up along the reclamation with a layer
thickness of 2-3 m reducing the water depth to an active depth for sediment
transport to occur. It is assumed that the deposition will have a width of about 50
m and that 50-100% of the sediment supply from west will by-pass the reclama-
tion. This is similar to the situation at Rgdbyhavn in the baseline situation. Depend-
ing on the detailed design of the reclamation west of Rgdbyhavn, parts of this sed-
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iment may deposit in the beach lagoon west of Rgdbyhavn, which might become
part of the final design.

In summary, Rgdbyhavn will benefit from the construction of the tunnel project for
some decades. The costs for maintenance in the harbour basins and access channel
are expected to decrease drastically for at least the first 30-40 years after the con-
struction of the reclamation in the tunnel project.

Only negative impacts are classified in the assessment. Rgdbyhavn is hence classi-
fied with ‘no impact’ caused by the tunnel project.

Rgdbyhavn to Hyldtofte @stersgbad

The new reclamation occupies 3,750 m of the coastline with revetment between
Rgdbyhavn and Hyldtofte @stersgbad, which is assigned as ‘loss’. This section is as-
signed with a ‘minor importance level’ and therefore the loss is classified with a
‘minor degree of severity’ according to the impact methodology.

A small outlet (pipeline) and a waste water outlet east of Rgdbyhavn from wetland
areas behind the dike will be lost. They are indicated with a very high degree of se-
verity of loss in Figure 6.6.

Note: Based on the impact assessment, it has been decided to include a
new/improved outlet as well as measures to establish a new and adequate waste
water outlet as planned mitigation measures as a part of the assessed project. The
loss of these two outlets will hence not become effectuated.

Hyldtofte @stersgbad to Brunddragene

The reclamation blocks the sediment supply from west. The erosion from the artifi-
cial cliff at the eastern part of the reclamation is estimated to supply a an input of
sand to the shoreline east of the cliff in the order of 5000 m?/year. In the baseline
conditions, the net sediment supply to the coast east of the eastern termination of
the reclamation is estimated at 19,000 m?>/year for the average year conditions.
The tunnel project therefore causes a lack of sediment supply in the order of
14,000 m3/year (see Section 5.1.3).

Short term, <20 years after end of construction, 0-1,030 m east of the reclamation

Initially erosion will take place from the coastal section nearest the reclamation, the
beach in front of the summerhouse area Hyldtofte @stersgbad and just east of here.
The coastline retreats in front of Hyldtofte @stersgbad also in the baseline situation
and has since 1999 been protected by a breakwater scheme consisting of 10 coast-
parallel breakwaters, see Figure 5.4.

The deficit of sediment input of about 14,000 m3/year to the coast east of the rec-
lamation has been calculated to cause a retreat of the shoreline/coastal profile by
up to 5 m/year compared to the present retreat of 0-2 m/year, both of which for
the average year conditions (Figure 5.11). The retreat extends initially along
Hyldtofte @stersgbad to nearly 300 m east of the breakwater scheme. The retreat
corresponds to an additional erosional pressure caused by the tunnel project of 8-
12 m3/m/year on this coastal section. Further east, the short term impact is insig-
nificant.

The erosional pressure will cause the shoreline to retreat between the shoreparallel
breakwaters in the Hyldtofte @sterbad breakwater scheme (750 m) and from the
coastal profiles in front of the 280 m long revetment east of here. Along the pro-
tected sections (breakwaters and revetment), the erosion will take place from the
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coastal profiles by lowering the sea bed level and increasing the steepness of the
profiles.

The increased steepness of the coastal profiles in front of the breakwa-
ters/revetment and a small groyne east of the breakwater scheme are expected to
cause a severe risk of failure of the present structures within 5-10 years after the
end of construction. With no mitigation carried out, also the dike located 20-50 m
from the shoreline will be at risk within this time frame. The structures are there-
fore categorized with a very high degree of impairment corresponding to loss of
functionality according to the assessment criteria. The width of the present beach
to the vegetation line is about 10-20 m in the bays between the breakwaters. The
retreat of the shoreline/failure of structures described above will reduce the beach
widths to a degree, where they also loose functionality. The beaches are therefore
also considered impaired with a very high degree of impairment.

Note: The above impairments are mapped in Figure 6.6. Following the impact as-
sessment, beach nourishment of about 14,000 m3each year has been included as a
planned mitigation measure in addition to the construction of the cliff, which also
feeds sediment to the coast east of the reclamation. Design of a beach nourishment
scheme will be part of the detailed design of the tunnel project. The supply of sed-
iment from beach nourishment is together with the sediment supply from the cliff
predicted to compensate for the lack of sediment supply from the coastal section
occupied by the land reclamation. With these mitigation measures, the develop-
ment of the coast is expected to maintain the situation for the existing conditions.
The above-mentioned impairments from the tunnel project to the coast 0-1,030 m
east of the reclamation will therefore not become effectuated.

Long term, 20-120 years after end of construction, 0-4,030 m east of the reclama-
tion

As the coastal section nearest the reclamation (0-1,030 m) becomes starved from
sediment (due to lack of sediment supply from the coastal section occupied by the
reclamation as described above; without beach nourishment), the net littoral sedi-
ment transport along this section will decrease and the sediment input to the
coastal sections further east will drop. The erosion will thereby spread to coastal
sections further east.

The eastward spreading of erosion from the coastal profiles is estimated based on
the following: The present Rgdbyhavn was constructed in 1962-63 and has blocked
the transport of sediment along the coast in the same way as the new reclamation
will do. Analysis of mapping of surface sediments in front of the revetment east of
Rgdbyhavn in 2009 (FEHY 2013a) shows that the coast is starved from finer sedi-
ments extending to about 2,500-3,000 m from the eastern breakwater of Rgdby-
havn. The erosion of sediment from the coastal profile has therefore progressed
eastwards by a rate of about 53 m/year in average between 1962 and 2009'. The
net supply of sediment from west within the coastal zone is about 25,000-30,000
m3/year along the coast corresponding to erosion of about 470 m? per metre of the
coastline from the coastal profile?.

Assuming that the coastal profiles along the coast east of the reclamation have a
volume of 470 m3/m erodible sea bed material, the lack of sediment input of annu-

! The first Rgdbyhavn was constructed in 1900-02. The erosion caused by this harbour is assumed to have caused
erosion and retreat of the shoreline primarily within the area where the extended harbour was built in 1962/63.

2 The order of magnitude corresponds to an average of about 1.2 m lowering of the sea bed within a zone of about
400 m from the shoreline. Analysis of measured coastal profiles east of Rgdbyhavn shows a great variation in the
profiles, and verification of this magnitude is hence difficult.
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ally 14,000 m>/year is predicted to cause the erosion to progress eastwards by a
rate of 30 m/year. This progression is expected to continue east on a long-term ba-
sis since the blocking of the supply of sediment from west to the coastline east of
Rgdbyhavn continues for the entire lifetime of the project.

The coastline further east than the coastal section 0-1,030 m from the reclamation
is expected to start after approximately 20-25 years. After 20-25 years, the pro-
files along the section 0-1,030 m east of the reclamation have been starved from
160-300 m3/m (applying the above mentioned erosion rate of 8-12 m*/m/year)
corresponding to about half of the available volume of erodible sediment in the pro-
files. The erosion rate from this section can be expected to gradually decrease as
the coarser sea bed material (gravels, pebbles) will remain at the sea bed and re-
duce erosion. This will decrease the sediment supply to the coastal section further
east and initiate the erosion from this coastline.

Within the next 100 years of the project, the erosion is expected to extend approx-
imately 3,000 m further east (100 years of 30 m/year), i.e. to 4,030 m east of the
reclamation to Brunddragene 120 years after end of construction.

The impact on the coastline will reduce somewhat as the erosion will diminish with
the distance from the reclamation. The erosion will with time take place along a
longer stretch and smooth out the erosional pressure and a small input of sediment
from the offshore will also occur. If the offshore input is assumed negligible, the
annual deficit of 14,000 m*/m along the 4,030 m corresponds to an estimated av-
erage erosional pressure of about 3.5 m3/m for the 20-120 year period after the
end of construction.

The small sections of unprotected beach along this section will retreat with 0.5-1
m/year for the average conditions and the functionality and risk of failure of the
coastal protection (revetments and two small groynes) will need regular monitor-

ing.

According to the assessment criteria this corresponds to a medium degree of im-
pairment for the unprotected as well as the protected sections of the coast, as
shown in Figure 6.6.

Note: As described above, nourishment of approximately 14,000 m? each year have
been included as a planned mitigation measure following this assessment. Nour-
ishment initiated at the beginning of the project will prevent the above-mentioned
erosion to initiate from the coastal profiles and the coastline immediately east of
the reclamation (0-1,030 m). This coastal section will hence maintain the availabil-
ity of erodible sea bed material and will continuously provide the coastal sections
further east (1,030-4,030 m) with sediment. Beach nourishment of approximately
14,000 m3each year will maintain the coastal development (erosion/deposition) ex-
pected for the existing conditions without the tunnel project.
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Figure 6.5 Hyldtofte Osterspbad

West of Brunddragene and Hyllekrog/Rgdsand
No impacts are predicted from the tunnel project within 120 years after the con-

struction of the tunnel project. Aerial photo from 2009 (©COWI Orthophoto April
2009).
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Severity of loss and degree of impairments for marine soil component: coastal morphology

Degree of impairment Severity of loss
Minor Minor
Medium e Medium
High @ High
@ Very high @ \/ery high
*¥kkx Coastal protection (impacted) _‘ Footprint
£ Individual marine structure (impacted) :‘ Near zone (500 m from footprint)

[ ] Local zone (10 km from alignment)

Figure 6.6 Degree of impairment and severity of loss assigned to sections of the coast due to the
pressure from reclamation, protection reef and access channel on the Lolland side. Note
that legends for structures along the coast (coastal protection and individual marine struc-
tures) are shown on top of signatures for loss/impairment. These indicate hence the sever-
ity of loss of and degree of impairment for such structures. Note: following this assess-
ment, additional planned mitigation measures have been included. These are assessed to
mitigate the impairments to the coast east of the projects, the outlet at Sandholm
(Dragsminde Sluice) and the loss of two outlets east of Rodbyhavn, please refer to the
text. Aerial photo from 2009 (©COWI Orthophoto April 2009)
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Table 6.1 Summary of impacts on the coastal morphology on Lolland from tunnel project (E-
ME/August 2011). Impacts on unprotected and protected sections are provided in lengths
(m) of impacted coast. Impacts on individual structures and special morphological features
are provided as a number of impacted structures/features. All impacts are permanent.

Summary of impacts Total Individual Special morpholog-
structures ical features
m (No.) (No.)
Severity of loss
Very high severity 0 22 0
High severity 3,1801 0
Medium severity 0 0
Minor severity 4,290 0
Total 7,470! 22 0
Degree of impairments
Very high impairment 75023 22 0
High impairment 0 0 0
Medium impairment 3,280? 3? 0
Minor impairment 0 0 0
Total 4,030%° 52 0

lincludes 3,180 m of loss of beach west of Rgdbyhavn, which will be compensated by artificial beaches
and a lagoon as a part of the conceptual design, 2Impacts, which will not to be effectuated following ad-
ditionally planned mitigation measures, please refer to text.

6.1.3 Severity of impairments
Impairments of sections of the Fehmarn coastline with/without structures and of in-
dividual structures are assigned severity levels as given in Table 3.10 for combina-
tions of the assigned degrees of impairment (Figure 6.6) and the importance levels
for the respective areas of impact (Figure 3.16). The results are shown in Figure
6.7 and summarised in Table 6.2. Severity levels for loss are also shown in the fig-
ure.
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Severity of loss and impairments for marine soil component: coastal morphology

Loss
e \/ery High #xxxx Coastal protection (impacted)
@ High £ Individual marine structure (impacted)
Medium :l Outline of tunnel footprints

Minor :] Near zone (500 m from footprints)
Impairment [:] Local zone (10 km from alignment)
@ Very High

High

Medium

Minor

Figure 6.7  Severity of loss and severity of impairments along the Lolland coastline for the tunnel pro-
Jject (E-ME/August 2011). Note that legends for structures along the coast (coastal protec-
tion and individual marine structures) are shown on top of signatures for loss/impairment.
These indicate hence the loss of and degree of impairment for such structures. Note: fol-
lowing this assessment, additional planned mitigation measures have been planned for.
These are assessed to mitigate the impairments to the coast east of the projects, the out-
let at Sandholm (Dragsminde Sluice) and the loss of two outlets east of Rgdbyhavn, please
refer to the text. Aerial photo from 2009 (©COWI Orthophoto April 2009)
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Table 6.2 Summary of severity of impairments on the coastal morphology on Lolland from tunnel
project (E-ME/August 2011). Impairments on unprotected and protected sections are pro-
vided in lengths (m) of impacted coast. Impacts on individual structures and special mor-
phological features are provided as a number of impacted structures/features. All impacts
are permanent.

Severity of impairments Total Individual Special morpholog-
structures ical features
m (No.) (No.)
Very high severity 7501 2! 0
High severity 0 0 0
Medium severity 3,280! 3! 0
Minor severity 0 0 0
Total 4,030! 5! 0

Impairments, which will not to be effectuated following additionally planned mitigation measures, please
refer to text.

Summary of impacts

A total stretch of the Lolland coast of 11,500 m is impacted by the tunnel project.
This stretch comprises 7,470 m of loss and 4,030 m of impaired coastline (Table
6.1).

3,930 m of the coast are lost/impaired with a very high or high impact level (se-
verity of loss and degree of impairment). The remaining impacts on the coastline
are categorised as medium or minor impacts.

Two individual structures (two outlets east of Rgdbyhavn) will be lost. They are as-
signed a very high degree of severity of loss. Two individual structures (Dragsminde
Sluice at Sandholm and one older groyne at Hyldtofte @stersgbad) are impaired
with a very high degree of impairment. Three structures (older groynes west of
Hyldtofte @stersgbad) are impaired with a medium degree of impairment.

Note: Following the above assessment, additional mitigation measures have been
planned as described in the above section. The impairments to the coastal section
east of the reclamation will hence not be effectuated. Also the loss/impairment of
the three outlets (one water outlet east of Rgdbyhavn, the outlet structure from
Dragsminde Sluice and the waste water outlet at Rgdbyhavn) will be prevented by
new/improved structures and measures to establish a new and adequate waste wa-
ter outlet.

Sub-components

The impacts are evaluated for each of the three sub-components (increased ero-
sion/accretion, increased erosion in front of revetments/breakwaters and special
morphological features) to distinguish between the impacts on different functionali-
ties of coastline.

A table providing the impacted stretches of the individual sub-components is given
below (Table 6.3). The impacts are divided based on the four levels scales for se-
verity of loss and degree of impairment described in Section 3.7 and Section 3.8,
respectively.

The impacts are given in lengths of the coastal sections occupied by the given sub-
component and in parts (%) of the total length the given sub-component occupies
along the Lolland coast within the near zone + the local 10-km zone. These are
shown in Figure 6.6.
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5,570 m of the beaches/unprotected coastline is impacted (3,180 m loss and 2,390
m impaired). 3,180 m of these are integrated into the new reclamation.

2,040 m coastal protection (breakwaters and revetments) are impaired. These
structures may need mitigation. 400 m of these are classified with a very high de-
gree of impairment.

Note: following the above assessment, nourishment of the coastal section east of
the land reclamation by approximately 14,000 m3/year has been included as a
planned mitigation measure to maintain the baseline conditions. The described im-
pairments to the coast described above will therefore not be effectuated.
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Table 6.3 Summary of impacts at Lolland from the tunnel project (E-ME/August 2011) divided on
sub-components. Impacts on unprotected and protected sections are provided in lengths
(m) of impacted coast. Impacts on individual structures and special morphological features
are provided as a number of impacted structures/features. All impacts are permanent.
Parts of impacted sections of the coast (%) are provided as part of the coastline with the
given sub-component (reference) within the near zone + local 10 km zone.

Impacts on coastal Coastal sub-components
morphology Total Beaches/ Coastal Individu-| Special
unprotected protection al struc-| morph
coastline tures feat.
m % m % m % No No

Severity of loss

Very high severity 0 0 0 0 0 0 22 0
High severity 3,180! 15.9 3,180! 26.5 0
Medium severity 0 0 0 0 0 0 0 0
Minor severity 4,290 21.4 0 0 4,290 51.0 0
Total loss 7,470! 37.3 3,180 26.5 4,290 | 51.0 2? 0
Degree of impairment
Very high impairment 750%3 3.7° 750%3 6.2° 400%3 | 4.82 22 0
High impairment 0 0 0 0 0 0 0
Medium impairment 3,280? 16.42 1,640 13.62 1,640% | 19.52 32 0
Minor impairment 0 0 0 0 0 0 0 0
Total 4,030%° 20.12 2,390° 19.97 |2,040%| 24.2° 52 0
Reference (m) 20.0353 12,020 8,415

lincludes 3,180 m of loss of beach west of Rgdbyhavn, which will be compensated by artificial beaches and a
lagoon as a part of the conceptual design, 2impacts, which will not to be effectuated following additionally
planned mitigation measures, please refer to text, > The 750 m of very high impairments to the coastline at
Hyldtofte @stersgbad consists of 750 m of impaired beach fronted by 10 times 40 m of shore-parallel breakwa-
ters (400 m impaired coastal protection). In the ‘Total’ for impairments, this section is counted as only 750 m
of very high impaired coastline due to the overlapping of beach and coastal protection. The length of the refer-
ence coastline (total of 20.035 m) deviates due to the overlapping of beach and coastal protection also by 400
m from the sum of beaches and coastal protection, respectively.

Total impact for specific areas
The impacted areas of the component coastal morphology are divided on sub-parts
of the Lolland coastline in Table 6.4. All impacts are considered permanent.

The loss of coastline takes place only within the near zone of 500 m around the
project during construction. A total of 7,470 m of the coastline will be lost; the lost
section is all within the near zone.

The provided impairments to the coast in Table 6.4 will not be effectuated, since

nourishment of the coastal section east of the land reclamation has been included
as a planned mitigation measure to maintain the baseline conditions.
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Table 6.4 Summary of impacts at Lolland from the tunnel project (E-ME/August 2011) divided on
sub-parts of the Lolland coastline. Impacts on unprotected and protected sections are pro-
vided in lengths (m) of impacted coast. All impacts are permanent. Parts of impacted sec-
tions of the coast (%) are provided as part of the coastline (reference) within the sub-part.

Impacts on coastal Impacts divided on sub-parts of the coastline of Lolland
morphology
Total Near zone Local 10 km zone Denmark
National
m % m % m % m
Severity of loss
Very high severity 0 0 0 0 0 0 0
High severity 3,180! 15.9 3,180! 34.6 0 0 3,180!
Medium severity 0 0 0 0 0 0 0
Minor severity 4,290* 21.4 4,290! 46.7 0 0 4,290!
Total 7,470 37.3 7,470 81.3 0 (1] 7,470
Degree of impairments
Very high impairment 7502 3.72 5002 5.42 2502 2.32 7502
High impairment 0 0 0 0 0 0 0
Medium impairment 3,280% | 16.42 0 0 3,280% | 30.2? 3,280?
Minor impairment 0 0 0 0 0 0 0
Total 4,030° | 20.1° 500° 5.4° 3,530° 32.52 4,030’
Reference (m) 20,035 9,190 10,845

lincludes 3,180 m of loss of beach west of Rgdbyhavn which will be compensated by artificial beaches
and a lagoon as a part of the conceptual design, 2impacts, which are assessed not to be effectuated fol-
lowing additionally planned mitigation measures, please refer to text.

Impact significance

Assessed design of the project

The assessed tunnel project has been assessed to cause loss (7,470 m) or impair-
ments (4,030 m) on a total of 11,500 m of the Lolland coastline. Further, impacts
(not included as loss or impairments) will be present west of the project, where the
shoreline is predicted to advance by up to 160 m within 30 years after the con-
struction. The impacts are on a permanent time scale.

7,470 m of the original coastline is integrated into the reclamation. This may be
considered a significant impact on the coastline, but a new coastline along the pe-
rimeter of the reclamation will be created and compensate for the lost sections of
coast. East of Rgdbyhavn, the relevant stretch of shoreline is heavily protected with
large stones and west of Rgdbyhavn - except for the beach west of the western
breakwater of the harbour - the coastline is primarily narrow beaches of mixed
quality.

The final design of the reclamation has not been carried out, but it is expected that
the new shoreline will consist of hard protection along the offshore part, but also
1,100 m of new beach at the western end of the reclamation and a smaller beach in
the eastern part. Inshore of the outer perimeter, landscape types such as lagoons
with inlets connected to the Belt and a semi-natural cliff are planned to be created
from the surplus dredged material. The recreational value of the coastal landscape
of the new reclamation compensates the loss of the part of the Lolland coastline,
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which will be integrated into the new reclamation. Sections of the dike, which will
be impacted by the tunnel project, are replaced such that the dike maintains the
present protection of the land.

To which degree, the new landscape and the new beaches compensate for the loss
of coastal landscape in the area of the reclamation, is a subjective matter. The va-
riety of the coastal landscape will increase with the reclamation. On the other hand,
the new beach will be located several kilometres west of the present main beach
between Rgdbyhavn and Lalandia.

The impairment of the coastline east of the reclamation is considered severe for the
assessed design of the tunnel project. The problem of erosion along this coastline is
as such a problem, which is expected along this section even without the tunnel
project, since Rgdbyhavn will cause similar impacts on the coastline once the
coastal profiles all along the coast to Hyldtofte @stersgbad are starved of erodible
sea bed material. The impairment of the beaches and structures will occur earlier in
time due to the tunnel project (with about 15-25 years; the estimated time before
the starvation of the sea bed reaches Hyldtofte @stersgbad without the tunnel pro-
ject) and the impacts/erosion from especially the section nearest the reclamation
will be enhanced.

The impacts on the coastline east of the reclamation are considered significant for
sections of the coast, which have been classified with a very high or medium de-
gree of impairments as shown in the impact map in Figure 6.6.

The impacts on three outlets are evaluated as significant.

4,030 m of the impacted coastline (the stretch east of the reclamation) is within
Nature 2000, however, no morphological elements belonging to conservation objec-
tives are predicted impacted.

Project including additional mitigation measures
Following the assessment, additional mitigation measures have been planned for.
These are mentioned in the beginning of Chapter 6.

On Lolland the additional mitigation measures include nourishment of approxi-
mately 14,000 m3each year, two new/improved outlet structures at Dragsminde
Sluice and Rgdbyhavn, respectively and measures to secure an adequate waste wa-
ter outlet at Rgdbyhavn.

Nourishment of about 14,000 m>/year initiated at the beginning of the project is
assessed to prevent the erosion-problems (maintain the baseline conditions)
caused by the blocking of the land reclamation along the coastline east of the rec-
lamation.

Conclusion

In conclusion, it is assessed that the impacts from the present tunnel project in the
conceptual design when including the additional mitigation measures are restricted
to the loss of original coastline in the area of the reclamation and the shoreline ad-
vance (not included as loss or impairment) west of the land reclamation.

Overall it is assessed that the planned reclamation is expected to increase the value

of the coastal landscape in the area of the reclamation and as such can become a
benefit for the area.
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The project is therefore concluded to have no significant impacts on Lolland with
the additional mitigation measures.

Cumulative impacts

Rgdsand 1 and 2 Offshore Wind Farms are not included in the wave modelling for
the coastal morphology impact assessment. The wind farms have only negligible in-
fluence on the wave conditions near the Link and along the coastline of Lolland ex-
cept for in the immediate vicinity of the wind farms. It is furthermore noted that the
lifetime of the Wind Mill Park is “only” 30 years while the tunnel and bridge project
have a project lifetime of 120 years. Consequently, it was decided to exclude
Rgdsand 1 and 2 Offshore Wind Farms from the wave modelling.

The morphological impacts on the Rgdsand barriers (Hyllekrog, Eastern and West-
ern Rgdsand) from the offshore wind farms were evaluated in (DHI 2001), (DHI
2007b) and (DHI 2007c). The findings are summarised below and the cumulative
impacts on the barriers from the tunnel project are assessed.

Summary of morphological impacts from Rgdsand 1+2

Rgdsand 1 wind farm consists of 72 wind turbines of 2.3 MW. It was finalised in De-
cember 2003. Rgdsand 2 wind farm consists of 90 wind turbines of 2.3 MW. It was
finalised in 2010. The location of the two wind farms are seen in Figure 6.8.

UTM zone 32 Eurefdd |~

Figure 6.8 Map showing the location of the Rgdsand 2 wind farm (black dots). The existing Rgdsand 1
wind farm is framed by a red line. (From DHI 2007b).

There are two Rgdsand barrier formations, the West Rgdsand and the East
Rgdsand. West Rgdsand is a submerged sand barrier formation, which in the west
end is connected to Hyllekrog spit formation. The seabed off the Rgdsand for-
mations is a residual seabed consisting of till material with scattered stones and on-
ly scarse sand patches. The East Rgdsand is an isolated emerged sand barrier for-
mation with low dune formations to a level of 1 to 2 m. The Rgdsand barrier
formations are different from normal barrier formations because they are located
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on a till seabed, which can only supply very little material to the build-up of the
barriers, and because they are bordered by relatively deep water in the Rgdsand
Lagoon, which means that the barriers are losing material to deep water when they
travel towards N.

The two Rgdsand formations are active morphological elements which are illustrat-
ed by the following development patterns:

e The east tip of the West Rgdsand has moved 1,500 m towards east over the last
55 years corresponding to a rate of about 25 m/year and the south limit of the
formation has moved 200 to 300 m northward

e The west tip of the East Rgdsand formation has during the period 1945 to 1998
moved about 1.3 km eastward also corresponding to a rate of 25 m/year, the
south coast has moved about 250 m northward and the east tip of the island
has moved about 350 m towards east

e The opening between the East Rgdsand and the West Rgdsand formations called
@stre Meerker, thus also moves at a rate of 25 m/year towards east

The historical development of Hyllekrog is described in (FEHY 2013a).

The morphological impact of the Rgdsand 1 wind farm on Hyllekrog and on the
Rgdsand formations was assessed as follows (DHI 2001):

e The Rgdsand 1 wind farm shelters somewhat for the waves causing a reduced
wave impact on the Rgdsand formations and thereby a reduction of the rate of
the morphological development described above. The eastward movements of
the Rgdsand formations and of the @stre Maerker over a 30-year period are con-
sequently assessed to be reduced from 750 m to 500 m

e No impacts on Hyllekrog

The morphological impact of the combined Rgdsand 1 and 2 wind farms on the
Rgdsand formations was assessed by computing the transport in the profiles pre-
sented in Figure 6.9. The impacts by introducing Rgdsand 2 compared to the im-
pacts of only Rgdsand 1 are assessed in (DHI 2007c) as follows:

e The overall sediment transport pattern was not changed along the Rgdsand
formations, neither relative to the natural situation nor relative to the Rgdsand
1 situation. However, some changes in the magnitude of the transports were
computed

e The coastal section between profile B and A, i.e. the stretch east of Rgdbyhavn
towards the western one third of Hyllekrog, experiences a marginally increased
erosional pressure by the introduction of Rgdsand 2. This includes the section of
the Hyllekrog barrier, where the barrier has the smallest width in the baseline
situation. The erosion rate due to Rgdsand 2 is in the order of 0.1 m/year

¢ The remaining part of the Hyllekrog barrier will experience a slight tendency or
either reduction of the on-going erosion or a slight advance of the coastline due
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to the introduction of Rgdsand 2.This is because more sediment is transported
into the area from west and less is transported further towards east

e The growth rate of the eastern tip of West Rgdsand was assessed to be further
reduced as compared to the situation with only Rgdsand 1

e The introduction of the Rgdsand 2 wind farm introduces only insignificant addi-
tional changes in the East Rgdsand area

650000 655000 G60000 665000 GT0000 675000 630000 685000 690000
1 1 1 1 1 1
N e T - — T | . HL| "~
1'1. 3 Kilometers || /\}\ - | ]
-_‘N‘-vf'.‘-"\_ | | 7 o j ‘ E
i, @
o
| | ] F
J (=1
‘| LOLLATD L "17‘“\,1 | AE
( . 2 //\/ §
| ‘ \\ S F | g
| | | / |
.
53 | = / / l g
| | R { \ g
| 1 7{__];_
| y
L ——_Jf_ —] e o | < I g
2
: Rodby Hastt | fo o, 2 { L L‘ﬁ|'_ famn T [\ | @
R | = . 4 \ |
_.-l:.'f s L ‘ \}\ \ J 2
n e | Y ] 2
ki T-L d*? o~ A I N i | g
s N - ¢ \ Lo
-~ r_:_) A .
i . '/ ‘ — Cigipe I&rar i \\ ! %
it
3 : SIS o “\j @! (i\(\ \ /_I/‘ 2
s Al R A 2 5 -y
gl ’ QQK / gf 2l 2 \%‘ N 1 i f‘ﬁ e )—'7’+‘v g
"y Ple o o £ | £ B 3 o PatBand | ) i < | l 2
&, b
as) o fo° oT '... 3 N ::: & o |° Ry "E::‘J Gg’k =2 “‘%‘deﬁsqu =
18 RTINS B PP SR L oTeRtid e & 3 Ty |
@ @ ~N
SN RERE FPOSRSI IR S R E{ s RF L B ToxmsBEL
@ M. Lo I
o Celessery opisgiidiob P RENEE
| 127 e s ..°°oﬁ; ﬁ o 2
o <= el | B
= S— ' i T ahiherders Pl s
i Fy \zré . i @
- S o 18 i ° D (AN s S
* £ IR I S N P
7 I | i |
650000 655000 G60000 665000 GT0000 675000 630000 685000 690000

Figure 6.9 Computation profiles for littoral transport. Profiles A and B west of Rgdsand 2, are only as-
sessed for Rgdsand 2. From DHI(2007b)

Cumulative impacts
The cumulative impacts for the Rgdsand 1+2 offshore wind farms are assessed as
follows.

Rgdbyhavn to Brunddragene: along the stretch Rgdbyhavn to Hyllekrog, the impact
on the shoreline from Rgdsand 2 was in (DHI 2007c) assessed to cause a very
weak additional erosional pressure. The increased erosion was estimated to about
0.1 m/year and assessed to be insignificant.

The predicted erosion caused by the wind farm adds to the predicted erosion of the
coastal profile and shoreline caused by the tunnel project due to the blocking of
sediment supply from west. On a short time scale (<20 years after the end of con-
struction), the predicted erosion from the wind farm will be insignificant compared
to the predicted erosion at the section 0-1,100 m east of the reclamation. On a
longer time scale (20-120 years), the predicted shoreline retreat of 0.5-1 m/year
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extending to Brunddragene will be increased by the erosion caused by the wind
farm of about 0.1 m/year.

The cumulative effect from the wind farm and the tunnel project, however, does
not change the degree of severity of impact along this section of the coast and the
conclusion of the assessment of the tunnel project in Section 6.1.5 is not changed
due to these cumulative impacts.

East of Brunddragene, Hyllekrog: no impacts from the tunnel project are predicted
east of Brunddragene. There are therefore no cumulative impacts from the wind
farms and the tunnel project.

It is noted that with the additional mitigation measures mentioned in the beginning
of Chapter 6, no cumulative effects will be present between the tunnel project and
the Rgdsand 1+2 offshore wind farms.

6.1.7 Transboundary impacts
Transboundary impacts are not relevant for coastal morphology.

6.1.8 Climate change
The climate changes up to year 2080-2100 have been evaluated at a workshop at
the start of the Fehmarnbelt workshop, see (FEHY 2009). The outcome was the fol-
lowing main predictions:

e Air temperature will increase up to 4°C in the area

e The extreme wind speed (50 year return period) may increase by 3 m/s or
10%. Preliminary results suggest a small increase of moderate to strong wind
speeds (15-35 m/s)

e Asealevelriseuptolm

The parameters of importance for the coastal morphology are normally occurring
wave conditions and sea level rise. The future wave conditions have not been stud-
ied until now, but the change in normally occurring wave heights follows the trend
for the moderate to strong wind speeds, which indicated only a small increase in
wave heights. A possible change in the wave directions may also impact the coastal
morphology. Also the possible change in wind and wave directions has not been in-
vestigated. From the present knowledge it is not possible to conclude how the
changes in the wind and wave climate will affect the morphological stability of the
Lolland coastline. Even relatively small changes in the wave directions may change
the pattern and rates of erosion and deposition, especially for longer sections of
unprotected shoreline. Sediment transport may increase or decrease depending on
the change in wave direction.

The predicted sea level rise of 1 m will have the following general impacts on the
coastal morphology:

e The Lolland coastal area is in general low-lying and a sea level rise of 1 m will
reduce the protection of the hinterland by the present dike and other coastal
structures. Furthermore, the present coastal structures will at many locations
not be sufficient to protect the dike against erosion.

e Many of the small-scale coastal structures (revetments, groynes) will become
submerged or partly submerged. They will still offer some protection of the
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coastline and reduce the transport of sediment along the coast as they will oc-
cupy a part of the coastal profile

Based on the above it is likely that means for protecting the southcoast of Lollands
against coastal flooding (with or without the tunnel project) will be effectuated. It is
concluded:

¢ Climate change may change the rate of erosion east of the tunnel reclama-
tion. The impact of climate change of changing the wave directions and/or
wave heights can cause the erosion to spread faster or slower towards the
east depending on the impact on the net sediment transport

e Due to sea level rise and the following reduced beach widths in front of re-
vetments and dikes -and less effective coastal structures (unless strength-
ened), the predicted erosion by the tunnel project may put the coastline at a
higher risk than evaluated for the 0-alternative

e The tunnel project is not expected to change the effects of climate change
on the southcoast of Lolland significantly

Mitigation and compensation measures

Mitigation measures at Lolland are tabulated in Table 6.5. The mitigation measures
include measures included in the assessed design of the tunnel project and addi-
tional mitigation measures, which have been included in the project following the
present impact assessment.

The assessed design of the assessed tunnel project includes an erodible cliff at the
eastern part of the reclamation on the Lolland side. The cliff compensates to some
extent for the blocking of sediment supply by feeding sediment to the coastline in
front of Hyldtofte @stersgbad and further east. It is assessed that the compensation
from the cliff in the conceptual design is not sufficient to prevent severe erosion
from the coastline east of the reclamation. Following the assessment, nourishment
of 14,000 m® each year to the coast east of the reclamation has been included as
additional planned mitigation measures.

The cliff is presently designed as an almost vertical cliff formed by the dredged ex-
cess material (clay till) from the dredging operation with an estimated sand content
of 50%. It is assessed that the cliff releases approximately 5,000 m?3/year of sand
to the downstream coast.

Together with the nourishment of 14,000 m® each year it is assessed that erosion
from the beaches and in front of the breakwaters and revetments east of the rec-
lamation due to the tunnel project can be prevented. Beach nourishment is used as
coastal protection along several sections of the Danish west coast since the solution
maintains the beaches, the access to the water and a natural look of the coastline.

The annual nourishment of 14,000 m?® is comparable to the lack of sediment supply
caused by the tunnel project in the conceptual design. The required need for nour-
ishment to maintain the baseline conditions is hence 14,000 m> per year. It is not-
ed that nourishment with 14,000 m?3 per year does not prevent erosion from the
shoreline that already takes place in the baseline situation.

Further east towards Brunddragene and Hyllekrog, the longshore sediment
transport rate for the 0-alternative situation increases to 22,000-25,000 m3/year.
Between Hyldtofte @stersgbad and Hyllekrog there is hence in the existing situation
a sediment deficit of about 8,000-11,000 m3/year and this situation will remain the
same with the planned mitigation measures.

152 E1TR0059-Volume III



6.1.10

6.2

6.2.1

=

Distribution of the nourishment along the coast may be required. Further analysis is
required to map how the longshore sediment transport and the pattern of ero-
sion/accretion along the coast will respond to the nourishment.

It has been further decided to include new structures/means to replace the func-
tionality of the two outlet structures along the Lolland coast as planned mitigation
measures: Dragsminde Sluice and the one outlet structures from the wetland areas
east of Rgdbyhavn. Furthermore, measures to secure the waste water outlet east of
Rgdbyhavn are included as a planned mitigation measure. These three outlets are
otherwise predicted to lose their functionality due to the tunnel project.

Two new beach sections in the western part of the land reclamation on Lolland
compensate for the loss of beach west of Rgdbyhavn.

The mitigation and compensation measures are tabulated in Table 6.5. No further
mitigation measures are recommended.

Table 6.5 Mitigation and compensation measures

Mitigation and compensation measures Additional mitigation and compensation
included in the conceptual assessed de- measures
sign

Erodible cliff at the eastern part of the rec- Nourishment of approximately 14,000

lamation on Lolland m3/year at the coast east of the reclamation
to keep the baseline situation

Two beach sections in the reclamation on

Lolland New/improved structures to secure two out-
lets (one at Dragsminde Sluice and one out-
let east of Rgdbyhavn

Measures to establish a new and adequate
waste water outlet at Rgdbyhavn

Further, in case the shoreline advance west of the western reclamation is undesira-
ble, sand from the accumulation zone can dredged and eventually be by-passed to
the sections east of the project as nourishment.

Decommissioning
Decommissioning is foreseen to take place in the year 2140, when the fixed link
has been in operation for the design lifetime of 120 years.

The decommissioning will leave the reclaimed areas untouched. The shoreline evo-
lution of the coastline is therefore considered to continue as in the situation with
the tunnel project, i.e. the erosional pressure on the coast east of the reclamation
is expected to continue unless mitigated as described in the sections above. No
changes are expected due to the decommissioning process.

Fehmarn

Magnitude of pressure 1: Reclamation and protection reefs on Fehmarn
The only potential impacts on the Fehmarn coastline from the tunnel project are
caused by the reclamation and protection reef on the Fehmarn side.
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An overview of the planned structures along the Fehmarn coast is provided in Fig-
ure 6.10 and Figure 6.11 together with the present structures.

A land reclamation is planned east of the eastern breakwater of Puttgarden (see
Figure 5.13). A total length of 700 m of the coastline is integrated into the planned
reclamation, which consist of a landfill protected by a dike and a revetment facing
the north-northeast. A curved beach facing a southeasterly direction is suspended
between a breakwater terminating the above-mentioned revetment and the original
coastline.

The magnitudes of the pressure to the coastal sections outside of the area integrat-
ed into the reclamation caused by the tunnel project are related to the effects, the
reclamation and the protection reef have on the sediment budget southeast of
Puttgarden. These impacts on the sediment budget were described in the previous
5.1.6 on the sensitivity of the sub-components of coastal morphology to the project
pressures. The impacts on the sediment budget were analysed based on the aver-
age year hydrodynamic conditions.
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Figure 6.10  New permanent structures along the Fehmarn coast in the tunnel project — east of Putt-
garden. Aerial photo from 2009 (©COWI Orthophoto April 2009). Note: Bieberehren-
Klingen wind farm is not the correct name of the wind farm south of Presen
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Figure 6.11
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Severity of loss and degree of impairments
The impacts on the coastline are analysed based on the modelling of changes in the
transport of sediment (sediment budget) and of the initial shoreline evolution along
the Fehmarn coast caused by the tunnel project.

The time scales for various impacts are evaluated. Effects lasting less than 25-30
years are denoted temporary effects. Permanent effects are those lasting more
than 25-30 years. The permanent effects are evaluated for the lifetime of the pro-
ject, up to 120 years.

The impacts on the coastal morphology from the tunnel develop with time and the
coast does not recover from the impacts. All impacts from the tunnel project are
therefore assessed as permanent.

Impacts on the coastal morphology may start during the construction period due to
pressure from temporary structures such as the temporary work harbour. However,
these impacts will be of the same character as the impacts caused at a later stage
by the permanent structures. The impacts from the temporary structures on the
coastal morphology are hence not assessed separately.

The impacts and the loss/degree of impairment for sections of the coast are de-
scribed below.

Severity of loss are assigned based on the importance levels given in the previous
Section 3.9 (Figure 3.14 and Figure 3.15), whereas the degrees of impairment are
assigned based on the assessment criteria for impairments Table 3.8.

Markelsdorfer Huk to Griiner Brink

The littoral drift budget and the shoreline evolution for this section are unchanged
and no impacts are predicted. The morphological development and migration of the
special morphological feature of Gruner Brink is therefore also considered un-
changed by the tunnel project.

Long groyne to Puttgarden

The tunnel project has negligible impact on the sediment budget and shoreline
along this section. The very small changes to the waves from eastern directions
caused by the reclamation and protection reef, which are identified just west of
Puttgarden (refer to Section 5.1.6), are assessed to cause negligible impacts on the
coastal morphology.

Puttgarden

The harbour experiences presently no sedimentation in the harbour basin. The situ-
ation is expected to be unchanged after construction of the tunnel project and no
impacts are predicted for Puttgarden.

Puttgarden to Ohlensborgs Huk

The impacts on the coast between the eastern breakwater of Puttgarden and
Ohlenborgs Huk are occupancy of the original coastline by the reclamation. The
present shoreline in this area consists of the eastern breakwater of Puttgarden and
a small accumulation of sand in the transition between the harbour and the coast.
The impacts in this area are considered ‘loss’. Beaches are assigned with a ‘high
importance level’ (Section 3.9.1) and the loss of beach is hence according to the
assessment method assessed with a *high degree of severity’.

The new beach of approximately 700 m attaches to the original coastline west of
Ohlensborgs Huk. Ohlensborgs Huk is protected by a number of small groynes and
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the new beach terminates just west of these as seen in Figure 5.13. Very little sed-
iment is expected to bypass Ohlensborg Huk from the southeast, so the accumula-
tion of sand at the new beach is expected to be very limited.

Ohlenborgs Huk/Marienleuchte

The erosional pressure on the groynes and the seawall protecting the Ohlenborgs
Huk from erosion will increase as described in Section 5.1.6 due to the potential in-
crease of about 8,000 m>/year in the transport towards the northwest.

The additional potential erosion caused by the tunnel project is about 8 m*/m/year
(increase of 8000 m?>/year along a section of about 1000 m). This is an estimated
increase of about 20-35%. The erosion is expected to be effectuated only to a
smaller degree due to the already existing coastal protection (sea wall, glacier and
groynes). Erosion of much of the finer sea bed material (assumed to be available in
the calculations) has been removed by years of erosion from this section already.
However, some lowering of the sea bed and increased erosion from the shore-
line/beach in between the groynes can take place. The magnitude is difficult to pre-
dict. Monitoring of the structures are recommended and strengthening of the struc-
tures/new structures may be required with time (within 5-10 years after
construction). The coastal section is classified with a medium degree of impairment.

Note: Following the above assessment, which is mapped in Figure 6.12, regular
monitoring and strengthening of coastal protection structures, if required, to pre-
vent erosion at Ohlensborgs Huk have been included as additional mitigation
measures. The impairments are assessed as negligible with these mitigating
measures and possible strengthening of structures, if required.

Marienleuchte to Presen

The changes to the shoreline evolution caused by the tunnel alternative are very
small south of the protected stretch at Ohlensborgs Huk. The changes due to the
tunnel project are less than +/-0.1 m/year everywhere. The coast is presently
nearly stable at this section with shoreline changes of less than 0.5 m/year in aver-
age and this is not expected to change.

The marine structures (a bathing bridge in front of Marienleuchte and a pumping
station/water outlet at the coast in front of Presen, see Figure 5.13) will not be af-
fected.

The coastline and the marine structures are classified with no impairment.

South east of Presen

The coast southeast of Presen is not expected to experience any impacts related to
the tunnel project within the 120 years after end of construction of the project.
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Figure 6.12 Degree of impairments and severity of loss assigned to sections of the coast of Fehmarn
southeast of Puttgarden due to the pressure from the tunnel project. Note that legends for
structures along the coast (coastal protection and individual marine structures) are shown
on top of signatures for loss/impairment. These indicate hence the severity of loss of and
the degree of impairment for such structures. Note: following this assessment, additional
planned mitigation measures have been include. These are assessed to mitigate the im-
pairments to the coast at Ohlenborgs Huk/Marienleucte, please refer to the text. Aerial
photo from 2009 (©COWI Orthophoto April 2009) . Note: Bieberehren-Klingen wind farm
is not the correct name of the wind farm south of Presen
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Table 6.6

Summary of impacts on the coastal morphology on Fehmarn from tunnel project (E-

ME/August 2011). Impacts on unprotected and protected sections are provided in lengths
(m) of impacted coast. Impacts on individual structures and special morphological features
are provided as a number of impacted structures/features. All impacts are permanent.

Severity of impacts Total Individual Special morph. fea-
structures tures
m (No.) (No.)
Severity of loss
Very high severity 0 0 0
High severity 700! 1 0
Medium severity 0 0 0
Minor severity 0 0 0
Total 700* 1 0
Degree of impairments
Very high impairment 0 0
High impairment 0
Medium impairment 3702 52
Minor impairment 0 0 0
Total 370° 52 o

Severity of impairments

Impairments of sections of the Fehmarn coastline with/without structures and of in-
dividual structures are assigned severity levels as given in Table 3.10 for combina-
tions of the assigned degrees of impairment (Figure 6.12) and the importance lev-
els for the respective areas of impact. The importance levels for the relevant
sections of the Fehmarn coastline were shown in the previous Section 3.9 (Figure
3.14 and Figure 3.15).

160

The results are shown in Figure 6.13 and summarised in Table 6.7.

Lincludes 700 m of loss of beach east of Puttgarden, which will be compensated by a new artificial beach
in the new reclamation, 2Impacts, which are assessed not to be effectuated following additionally
planned mitigation measures, please refer to text.
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Figure 6.13 Severity of loss and severity of impairments southeast of Puttgarden. Tunnel alternative E-
ME/August 2011. Note that legends for structures along the coast (coastal protection and
individual marine structures) are shown on top of signatures for loss/impairment. These
indicate hence the severity of loss and impairment for such structures. Note: following this
assessment, additional planned mitigation measures have been included. These are as-
sessed to mitigate the impairments to the coast at Ohlenborgs Huk/Marienleucte, please
refer to the text. Aerial photo from 2009 (©COWI Orthophoto April 2009) . Note:
Bieberehren-Klingen wind farm is not the correct name of the wind farm south of Presen
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Table 6.7 Summary of severity of impacts on the coastal morphology on Fehmarn from tunnel pro-
ject (E-ME/August 2011). Impacts on unprotected and protected sections are provided in
lengths (m) of impacted coast. Impacts on individual structures and special morphological
features are provided as a number of impacted structures/features. All impacts are per-

manent.
Severity of impacts Total Individual Special morph. fea-

structures tures

m (No.) (No.)
Very high severity 0 0 0
High severity 0 0
Medium severity 1352 22 0
Minor severity 2352 32 0
Total 370 52 0

Lincludes 700 m of loss of beach east of Puttgarden, which will be compensated by a new artificial beach
in the new reclamation, “Impacts, which are assessed not to be effectuated following additionally
planned mitigation measures, please refer to text.

Summary of impacts

A total stretch of the Fehmarn coast of 1,070 m is impacted by the tunnel project.
These accounts for a section of 700 m of ‘lost’ coastline, which is included in the
reclamation and 370 m of coastline, which is impaired and classified with a medium
degree of impairment. A total of 6 groynes (individual structures) are impacted.

It is noted that regular monitoring of the potential impaired section of the coast (in-
cluding 5 groynes) around Ohlenborgs Huk and Marienleuchte has been included as
an additional mitigation measure following this impact assessment. With this moni-
toring and possible strengthening of the coastal protection is required, no impair-
ments are assessed on this part of the coastline.

Sub-components
The impacts distributed on sub-components are provided in Table 6.8 and for sub-
areas of the Fehmarnbelt in Table 6.9. The impacts are shown in Figure 6.12 above.

135 m of beach between the groynes north of Ohlenborgs Huk and 235 m of
coastal protection at Ohlenborgs Huk are impaired with a medium degree.

Five of the six smaller groynes protecting Ohlenborgs Huk are impaired with a me-
dium degree of impairment. One groyne will be integrated into the reclamation or
removed (i.e. lost).

A total of 700 m is characterised as lost with a high degree of severity.

Note comments about effects of additional mitigation impacts in the beginning of
this section and in the footnote to the table below.
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Table 6.8 Summary of impacts at Fehmarn from the tunnel project (E-ME/August 2011) divided on
sub-components. Impacts on unprotected and protected sections are provided in lengths
(m) of impacted coast. Impacts on individual structures and special morphological features
are provided as a number of impacted structures/features. All impacts are permanent.
Parts of impacted sections of the coast (%) are provided as part of the coastline with the
given sub-component (reference) within the near zone + local 10 km zone.

Impacts on coastal Coastal sub-components
morphology Total coastline Beaches/ Coastal Individu-| Special
unprotected protection al struc-| morph
coastline tures feat.
m % m % m % No No
Severity of loss
Very high severity 0 0 0 0 0 0 0
High severity 700? 3.1 700? 3.3 0 0 1 0
Medium severity 0 0 0 0 0 0 0 0
Minor severity 0 0 0 0 0 0 0
Total loss 700 3.1 700* 3.3 0 0 1 0
Degree of impairment
Very high impairment 0 0 0 0 0 0 0 0
High impairment 0 0 0 0 0 0 0 0
Medium impairment 3702 1.62 1352 0.6° 2352 13.42 52 0
Minor impairment 0 0 0 0 0 0 0 0
Total 3702 1.6? 1352 13.4° 2352 13.4° 52 0
Reference 22,680 20,925 1,755 -

! Includes 700 m of loss of beach east of Puttgarden, which will be compensated by a new artificial
beach in the new reclamation, %2impairments, which will not to be effectuated following additionally
planned mitigation measures, please refer to text.

Total impact for specific areas

The impacted areas of the component coastal morphology are divided on sub-parts
of the Fehmarn coastline in Table 6.9. The entire impacted coastline on Fehmarn is
within the near zone of 500 m around the project during construction.

Note comments about effects of additional mitigation impacts in the beginning of
this section and in the footnote to the table below.

E1TR0059-Volume III 163 FEHY



=

6.2.5

FEHY

Table 6.9 Summary of impacts at Fehmarn from the tunnel project (E-ME/August 2011) divided on
sub-parts of the Fehmarncoastline. Impacts on unprotected and protected sections are
provided in lengths (m) of impacted coast. All impacts are permanent. Parts of impacted
sections of the coast (%) are provided as part of the coastline (reference) within the sub-

part
Impacts on coastal Impacts divided on sub-parts of the coastline of Fehmarn
morphology
Total Near zone Local 10 km zone German
National
m % m % m % m
Severity of loss
Very high severity 0 0 0 0 0 0 0
High severity 700! 3.1 700! 58.3 0 0 700!
Medium severity 0 0 0 0 0 0 0
Minor severity 0 0 0 0 0 0 0
Total 700! 3.1 700" 58.3 0 (1] 700"
Degree of impairments
Very high impairment 0 0 0 0 0 0 0
High impairment 0 0 0 0 0 0 0
Medium impairment 370 1.6 370 30.8 0 0 370
Minor impairment 0 0 0 0 0 0 0
Total 370 1.6 370 30.8 0 0 370
Reference (m) 20,680 1,200 21,480

! Includes 700 m of loss of beach east of Puttgarden, which will be compensated by a new artificial
beach in the new reclamation, 2impairments, which will not to be effectuated following additionally
planned mitigation measures, please refer to text.

Impact significance

Assessed design of the project

The tunnel project has been assessed to cause impacts on a total of 1,070 m of the
coastline southeast of Puttgarden on Fehmarn. The impacts are on a permanent
time scale.

700 m of the beach east of Puttgarden is integrated into the reclamation. The
planned reclamation is planned to have a beach of about the same length facing an
east-southeastern direction. The significance of the loss of original beach east of
the eastern breakwater of Puttgarden due to the occupancy of the reclamation is
therefore considered insignificant.

Monitoring of the potential erosion around the coastal protection structures east of
the reclamation at Ohlenborg Huk is recommended. Possible erosion at this section
can be effectively presented by strengthening the protection scheme without
changing the recreational or natural value of the site. However, the potential im-
pacts on the structures/coastline are considered significant for the assessed design
of the project.

Project including additional mitigation measures

Following the assessment, additional mitigation measures have been planned for.
These are mentioned in the beginning of Chapter 6.
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On Fehmarn regular monitoring and strengthening of coastal protection, if required,
to prevent potential erosion around coastal structures at Ohlenborgs Huk are
planned for. The impacts on this part of the coastline are hence considered insignif-
icant.

Conclusion
In conclusion, the impacts from the tunnel project on the coastline of Fehmarn are
assessed as insignificant with the included additional mitigation measures.

Cumulative impacts

At present there are no plans for new nearby major constructions that will have a
cumulative impact in the future. No cumulative impacts are therefore assessed for
the coastal morphology along Fehmarn.

Transboundary impacts
Transboundary impacts are not relevant for coastal morphology.

Climate change

The climate changes up to year 2080-2100 have been evaluated at a workshop at
the start of the Fehmarnbelt workshop, see (FEHY 2009). The outcome was the fol-
lowing main predictions:

e Air temperature will increase up to 4°C in the area

e The extreme wind speed (50-year return period) may increase by 3 m/s or
10%. Preliminary results suggest a small increase of moderate to strong wind
speeds (15-35 m/s)

e Asealevelriseuptol m

The parameters of importance for the coastal morphology are normally occurring
wave conditions and sea level rise. The future wave conditions have not been stud-
ied until now, but the change in normally occurring wave heights follows the trend
for the moderate to strong wind speeds, which indicated only a small increase in
wave heights. A possible change in the wave directions may also impact the coastal
morphology. The possible change in wind and wave directions has also not been in-
vestigated. From the present knowledge it is not possible to conclude how the
changes in the wind and wave climate will affect the morphological stability of the
Fehmarn coastline. Even relatively small changes in the wave directions may
change the pattern and rates of erosion and deposition, especially for longer sec-
tions of unprotected shoreline. Sediment transport may increase or decrease de-
pending on the change in wave direction.

The predicted sea level rise of 1 m will have the following general impacts on the
coastal morphology on Fehmarn:

e The Fehmarn coastal area is in general very low-lying and a sea level rise of 1
m will drastically reduce the protection of the hinterland by the present dike and
other coastal structures. Furthermore, the present coastal structures will at
many locations not be sufficient to protect the dike against erosion

e The small-scale coastal structures (revetments, groynes) will become sub-
merged or partly submerged. They will still offer some protection of the coast-
line and reduce the transport of sediment along the coast as they will occupy a
part of the coastal profile
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Based on the above it is likely that means for protecting the coastal area of Feh-
marn from sea level rise (with or without the tunnel project) will be effectuated.
However, it is concluded:

e The gradients in the sediment transport are not expected to change significantly
due to changes in wave directions or wave heights caused by climate change.
The effect of the tunnel project of increasing the erosional pressure at Ohlen-
borgs Huk/Marienleuchte is therefore not expected to change significantly from
the assessment of the 0-alternative above. However, due to sea level rise and
the reduced beach widths and less effective coastal structures (unless strength-
ened), the predicted erosion by the tunnel project may put the coastline at a
higher risk than evaluated for the 0-alternative

e It is not expected that climate change will change the effect of the tunnel pro-
ject west of Puttgarden

e The tunnel project is not expected to change the effects of climate change on
the Fehmarn north coast significantly

Mitigation and compensation measures

Mitigation measures at Fehmarn are tabulated below. The mitigation measures in-
clude measures included in the assessed design of the tunnel project and additional
mitigation measures, which have been included in the project following the present
impact assessment.

A new beach section in the land reclamation at Fehmarn is included in the assessed
design of the project.

The planned additional mitigation measurements include monitoring and
new/improved coastal protection structures, if required, at Ohlenborgs Huk to pre-
vent potential erosion along this section of the coast.No further mitigation or com-
pensation measures are recommended.

Table 6.10 Mitigation and compensation measures

Mitigation and compensation measures Additional mitigation and compensation
included in the conceptual assessed de- measures
sign

A new beach section in the reclamation on Regular monitoring and strengthening of
Fehmarn coastal protection structures, if required, to
prevent potential erosion at Ohlenborgs Huk

Decommissioning
Decommissioning is foreseen to take place in the year 2140, when the fixed link
has been in operation for the design lifetime of 120 years.

The decommissioning will leave the reclaimed areas untouched. The shoreline evo-
lution of the coastline is therefore considered to continue as in the situation with
the tunnel project, i.e. the increased erosional pressure on the coastal protection at
Ohlenborgs Huk southeast of Puttgarden is expected to continue. No changes are
expected due to the decommissioning process.
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7 ASSESSMENT OF IMPACTS OF BRIDGE ALTERNATIVE

The impacts from the bridge are described below. The impacted sections of the
coast (loss and impairment) are derived based on the magnitudes of the pressure
from the bridge project and the sensitivity to the pressure of the sub-components
of the Marine Soil Component Coastal Morphology.

The impacts from the bridge project on the Lolland and the Fehmarn coasts are
treated separately.

The comparison of the baseline situation and the situation with the bridge project is
carried out for the ‘with ferry’ situation only. The ‘no ferry’ scenario is not assessed.
The effect from the ferry on the hydrodynamics (waves and currents) which inter-
acts with the coastal morphology is negligible and the assessment for the ‘no ferry
scenario’ will therefore be identical to the assessment below for the situation with
the ferry.

It is noted that the assessment is based on the following mitigation measures in-
cluded in the assessed design of the bridge project:

¢ Two new sections of beach are included as part of the design of the marine
ramp on Lolland and compensate for loss of the existing coastline in the area
which will be covered by the marine ramp and hinders corners with poten-
tially poor water quality/traps for sea weed.

e A new beach section is included as part of the design of the marine ramp on
Fehmarn to compensate for the existing beach east of Puttgarden, which will
be lost due the marine ramp on Fehmarn.

Following the impact assessment below, the following additional mitigation
measures, have been planned for:

e Nourishment of costal sections exposed to erosion on Lolland by the bridge
project (approximately 1,500 m?>/year at Bredfjed 10,000-12,000 m3/year
east of the marine ramp) to keep the baseline situation

e New/improved structures to secure two outlets (one at Dragsminde Sluice
and one outlet east of the eastern breakwater at Rgdbyhavn)

e Measures to establish a new and adequate water water outlet at Rgdbyhavn

e Regular monitoring and strengthening of coastal protection structures, if re-
quired, to prevent potential erosion at Ohlenborgs Huk, Fehmarn

¢ Nourishment of costal sections on the coast southeast of Puttgarden (ap-
proximately 2,000 m>/year between Marienleuchte and Presen on Fehmarn)
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Regular monitoring of the outlet from Blankenwisch west of Puttgarden and
improved/new structure, if required

Regular monitoring of the beach in front of Marienleuchte and new/improved
structures, if required, to ensure the functionality of the water outlet in front
of Presen and the bathing bridge at Marienleuchte, Fehmarn

Comments on the effects of the additional mitigation measures on the assessed im-
pacts are provided, where relevant.

Lolland

Magnitude of pressure 1: piers/pylons and marine ramps with beaches

Impacts on the Lolland coastline are caused only by the permanent structures: the
marine ramp with the attached beaches east of Rgdbyhavn and the piers and py-
lons of the bridge, see Figure 7.1.

A total length of 1,300 m of the baseline coastline is integrated into the area of the
marine ramp with the beaches to both sides.

The magnitudes of the pressure on the coastal sections outside of this area is relat-
ed to a) the effects these structures have on the sediment budget by blocking the
transport and b) the impacts on the sediment budget related to the changes of the
waves caused by the structures. These impacts on the sediment budget on the Lol-
land side were described in the previous Section 5.2.3. The impacts on the sedi-
ment budget were analysed based on the average year hydrodynamic conditions.

Rodbyhavn;

Ao, o,
g,
sPuttgarden ~ /¢
Fehmarn

Dike
*  Revetment
Harbour structure
Seawall
Shore parallel breakwate:

Water outflow structure
Bathing bridge
Camping site

Pumping station

Sluice

Figure 7.1 Permanent structures for the bridge project along and near Lolland. Marine ramp with
beaches east of Rgdbyhavn and bridge piers/pylons are indicated in grey. Baseline coastal
and marine structures are included. Aerial photo from 2009 (©COWI Orthophoto April
2009)

Severity of loss and degree of impairment

The impacts on the coastline are analysed based on the modelling of changes in the
transport of sediment (sediment budget) and of the initial shoreline evolution along
the Lolland coast caused by the permanent structures of the bridge project - the
marine ramp east of Rgdbyhavn and the piers/pylons.
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The time scales for various impacts are evaluated. Effects lasting less than 25-30
years are denoted temporary effects. Permanent effects are those lasting more
than 25-30 years. The permanent effects are evaluated for the lifetime of the pro-
ject, which is 120 years.

The impacts on the coastal morphology from the bridge develop with time and the
coast does not recover from the impacts. All impacts from the bridge project are
therefore assessed as permanent.

Impacts on the coastal morphology may start during the construction period due to
pressure from temporary structures such as the work harbour. However, these im-
pacts will be of the same character as the impacts caused at a later stage by the
permanent structures. The impacts from the temporary structures on the coastal
morphology are hence not assessed separately.

The impacts for sections of the coast are described below. The impacts are as-
sessed with the four levels scales for severity of loss and degree of impairment de-
scribed in Section 3.7 and Section 3.8, respectively.

Severity of loss is assigned based on the importance levels given in the previous
Section 3.9 (Figure 3.16), whereas the degrees of impairment are assigned based
on the assessment criteria for impairments Table 3.8.

The impacts and the severity of loss and the degree of impairment for sections of
the coast are described below and summarized in Figure 7.2 and Table 7.1.

West of Kramnitze
No changes to the coast west of Kramnitze are expected above the negligible
threshold according to the assessment criteria in Table 3.8.

Kramnitze to Bredfjed

The bridge causes a slight dampening of the nearshore wave heights from east
which results in an increase in the net eastward sediment transport rates by 1,000-
1,500 m>/year corresponding to about 2.5-5%.

The increase varies slightly along the coast, as described in Section 5.2, and this
variation gives rise to additional shoreline retreat or advance along the coast.
Shoreline retreat caused by the bridge project is expected to initiate east of the
stretches with revetments, since the revetments prevent the increase in the
transport to effectuate and hence the sections downstream of the revetment
(where the increase of the transport will be effectuated) will lack some sediment
supply from the upstream section. The northern part of the beach in front of
Bredfjed is estimated to lack a supply of sediment in the order of 500 m3/year. The
erosion caused by the bridge project is found to be in the order of 0.5 m/year cor-
responding to about 1.5 m®/m/year. The shoreline is therefore predicted to advance
with a slower rate than the present approximately 0.5-1 m/year for average condi-
tions or retreat slightly faster (Figure 5.26). A section of 1 km of the beach in front
of the summerhouse area of Bredfjed is therefore classified with a minor degree of
impairment.

The present shoreline advance between Sandholm and the western part of Lalandia

is expected to remain the same at about 0.5 m/year, since the gradient in the net
transport is practically unchanged.
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The beach southeast of the protected section in front of Kramnitze is not expected
to suffer any significant erosion due to the bridge project, since the revetment is
fronted by a beach.

Note: Following the above assessment, nourishment of about 1,500 m?/year to the
coast at Bredfjed has been included as an additional mitigation measure. It is pre-
dicted that the retreat of the coast at Bredfjed with this nourishment does not be-
come effectuated.

Dragsminde Sluice at Sandholm

The water outlet at Dragsminde Sluice in front of Sandholm may experience in-
creased deposition in the outlet area due to the predicted increase in the net
transport rate. The additional accretion is estimated to be less than 2.5 m®/m/year
per m of the outlet and is hence classified as a minor impairment of the marine
structure.

Note that a new/improved structure is included as an additional mitigation meas-
ure. The impairment of the outlet will hence not become effectuated.

Lalandia to beach west of Rgdbyhavn
Along the remaining sections of the coast, the slight increase in the net transport is
not expected to change the coastline.

As the net transport increases with about the same rate along the beach west of
Rgdbyhavn (the accumulation area), the gradient in the alongshore littoral drift is
unchanged. The bridge project is therefore not expected to enhance the accumula-
tion of sand west of Rgdbyhavn. The present rate of advance of the shoreline of
about 3-4 m/year is therefore expected to continue.

Rgdbyhavn

The sedimentation of sand in the harbour basins and the access channel to Radby-
havn was estimated to be in the order of 15,000-20,000 m>/year during the period
1999-2009 (FEHY 2013a). The sedimentation occurs primarily because of by-pass
around the western breakwater.

The maintenance volumes are predicted to increase by about 10% or 1,500
m3/year caused by the bridge project due to the increase in the net eastward sedi-
ment transport along the coast west of Rgdbyhavn. The increase will initiate right
after erection of the piers/pylons and is predicted to last throughout the lifetime of
the project.

The impairments to Rgdbyhavn are classified with a minor degree of impairment.

Rgdbyhavn to marine ramp
This stretch is a closed sediment cell, where an artificial beach will be constructed
in the eastern part of the bay.

The new beach west of the ramp shall be designed to be aligned with the equilibri-
um orientation such that the net transport along the beach is zero for the average
conditions. In years with predominant easterly storms, the beach will turn anti-
clockwise and some of the beach material will be caught in the western corner. In
years with many westerly storms, the beach will turn clockwise. The shoreline will
adjust in this way to a dynamic equilibrium shape. The stretch between the eastern
break water of Rgdbyhavn is classified as no impairments and the stretch, where
the new reclamation will occupy the original coastline in the baseline situation is
classified as ‘loss’. The loss is classified with a minor degree of severity since this
stretch is assigned a ‘minor’ importance level. It should be noted that the new rec-
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lamation includes about 900 m of new beach at the location, which is now covered
by a revetment.

The water outlet in the corner is classified with a minor degree of impairment due
to the predicted accumulation in the western corner, which may impair the outlet.

Note that measures to establish a new and adequate waste water outlet at Rgdby-
havn is included as an additional mitigation measure following this assessment.

Marine ramp to Sylthom Windfarm

The coastal section east of the ramp will be exposed to permanent erosion since the
marine ramp blocks for the supply of sediment from west to this part of the Lolland
coastline.

The coastal section between the marine ramp with beaches and in the order of
1,300 m east of the ramp has also in the baseline situation a net deficit of sand due
to that lack of input from west caused by Rgdbyhavn. As described in (FEHY 2013a
and Section 6.1.2), the erosion has in the baseline situation caused starvation of
the coastal profiles about 0-2,500 m east of Rgdbyhavn, which includes the stretch
0-1,100 m east of the marine ramp.

With the bridge project, the blocking of sand is moved further east by about 1,200
m.

East of the marine ramp, the sea bed in front of the present revetment will poten-
tially be exposed to further erosional pressure since the ramp blocks the sediment
supply from west.

It is difficult to estimate, how much loose sea bed material remains in the coastal
profiles along the coastal section nearest the ramp (after years of erosion due to
Rgdbyhavn).

In average this section has (initially) a reduction in the net supply of sand of
10,000-12,000 m3/year taking into account a small westward transport towards the
corner between the ramp and the existing beach and the reduced net eastward
transport of 10-15% caused by the reduction in the heights for waves from west
(Section 5.2.2 and Figure 5.27).

This corresponds to potential erosion in the order of additional 10-15 m>®/m/year
along the coastal section 0-1,100 m east of the ramp. The erosional pressure hence
increases due to the bridge project and the revetment along this section is predict-
ed to be at risk of failure. The impairment to this section is therefore classified as
very high according to the assessment criteria.

Just east of the ramp and the small beach of about 300 m in the conceptual design,
the westward transport may in the initial period cause a small depositional area.
The beach is expected to be designed as a stable beach with an orientation corre-
sponding to the equilibrium orientation. The accumulation from the westward
transport is expected to be small due to lack of sediment in the area, but can cause
deposition in front of the water outlet east of the ramp. The outlet is therefore clas-
sified with a minor degree of impairment.

Note: As described in the beginning of Chapter 7, nourishment to the coast east of
the marine ramp of approximately 10,000-12,000 m?3/year has been included as an
additional planned mitigation measure. Nourishment initiated at the beginning of
the project, will prevent the above-mentioned erosion to initiate from the coastal
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profiles and the coastline immediately east of the marine ramp (0-1,100 m). The
nourishment of 10,000-12,000 m>/year will maintain the coastal development (ero-
sion/deposition) expected for the existing conditions without the bridge project.
Furthermore a new/improved structure to secure the functionality of the outlet just
east of the ramp is included as an additional mitigation.

Syltholm Wind Farm to Brunddragene

Erosion, which already takes place in the baseline situation due to blocking by
Rgdbyhavn, will continue with the bridge project. The erosion east of the 1,100 m
from the ramp is not expected to be enhanced by the bridge project since the
blocking by Rgdbyhavn has already caused starvation of sediment from the coastal
profiles in the area of the marine ramp extending to about Syltholm Wind Farm.

The impacts on the nearshore waves from the piers/pylons cause a reduction of the
net transport of about 10-15% with the bridge project compared to the baseline
situation along the coastline further east than about 1,100 m from the ramp.

The milder gradients mean that the erosion/accretion will slightly decrease. The de-
crease is estimated to 0.25 m/year or less. The reduced net transport rates cause
the erosion to spread eastward with a slower rate. The reduction is 10-15%.

The erosion from the coastal profiles continues from about 2,500 m east of Rgdby-
havn (in front of Syltholm Wind Farm). The available volume of erodible sediment
in the coastal profiles (prior to the erosion due to Rgdbyhavn, i.e. in the baseline
situation further east than 2,500 m from Rg@gdbyhavn and with the bridge project
further east than 1,100 m from the ramp) was estimated to be about 470 m?® in
Section 6.1.2. The net transport eastward is in the case of the bridge project in the
order of 15,500 to 19,000 m3/year. The predicted progression eastwards in the
case of the bridge project is therefore estimated to a rate of 30-40 m/year.

This progression is expected to continue on a long-term basis for the entire lifetime
of the bridge project. Within 0-120 years, the coastal stretch 0-4,800 m east of the
marine ramp extending to Brunddragene is predicted to be impacted.

The impact to the coastline will reduce somewhat as the erosion will diminish with
the distance from the reclamation. The erosion will with time take place along a
longer stretch and smooth out the erosional pressure and a small input of sediment
from the offshore will also occur.

The small sections of unprotected beach along this section will retreat and risk loss
of functionality and failure of the coastal protection (revetments, 10 coast parallel
breakwaters in front of Hyldtofte @stersgbad and three groynes east of Hyldtofte
@stersgbad).

As mentioned above this erosion would also take place in the baseline situation. No
impairment from the bridge project is therefore predicted along this coast.

Hyllekrog/Rgdsand
Hyllekrog/Rgdsand barrier system is a special morphological feature separating the
Rgdsand Lagoon and the Fehmarnbelt.

The first 1.5-2 km of the Hyllekrog barrier island nearest Brunddragene has the
smallest width, see Figure 7.1. Along this part of the barrier island, the beach ori-
entation curves around from approximately 210 degr. N where Hyllekrog connects
to land in the west, to 205 degr. N approximately 600-700 m further east and to
220 degr. about 1.5 km from the connection to land. This causes an increase in the
net littoral transport and a small tendency for erosion along the first part where the
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coast curves anticlockwise. Along the next coastal section, where the beach turns
clockwise, the net littoral transport will decrease and the shoreline accretes in the
baseline situation (see FEHY 2013a). The Q-alpha relation between the beach orien-
tation and the transport rates (net, eastward and westward components) are seen
in Figure 5.30 in Section 5.2.3, calculated for the average wave conditions at D20
and applying the coastal profile and sea bed conditions similar to D17.

The bridge project reduces the littoral transport rates and the gradient in the
transport rates. The impact from the bridge project is hence predicted to slightly
reduce the erosion of the Hyllekrog barrier island where it has the minimum width
and to decrease the shoreline advance east of here. However, the changes to the
gradients in the transport rates are small and the changes to the morphology are
expected to be negligible compared to natural variations from year to year.

The eastern tip of Hyllekrog has moved about 30 m/year during 1999 and 2009.
The reduction in the net littoral transport of about 10-15% is expected to reduce
the movement of the spit by about 10-15% due to the bridge project.

The gap between Hyllekrog and the next barrier between the Rgdsand Lagoon and
Fehmarnbelt, is about 1500 m. This gap is important for the coastal and sea bed
morphology and the water exchange between Rgdsand and the Fehmarnbelt. The
historical development of Hyllekrog is outlined in the baseline report (FEHY 2013a).
The Hyllekrog spit historically shifts between two types of developments, a north-
ward and an eastward extension. Since 1999, the spit has moved towards the east
- and thereby reduced the gap - but it is expected to shift to a northward develop-
ment again with time. The gap between Hyllekrog and Rgdsand has been reduced
by about 150-200 m in the period 1945-2009, i.e. about 2.5-3 m/year in average.
The reduction in the movement of the spit extension of about 10-15% therefore
corresponds to a reduced closing of the gap of about 30 m within the 0-120 years
after construction of the project. The impairment to Hyllekrog from the bridge pro-
ject is therefore small. The impairment to the most eastern part of Hyllekrog is
classified with a minor degree of impairment corresponding to a ‘change in morpho-
logical elements of special morphological features’ according to the assessment cri-
teria. No favourable mitigation methods can be recommended. It is not possible to
increase the sediment transport without imposing an even larger impact to the
coast.

No changes to the coastal morphology are predicted east of Hyllekrog above the
negligible threshold. No changes are hence expected to East and West Rgdsand.
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Figure 7.2

Table 7.1

Degree of impairment and severity of loss assigned to sections of the coast due to the
pressure from permanent structures of the bridge, the marine ramp on the Lolland side
and the piers/pylons. Var. 2 B E-E/October 2010. Note that legends for impacted struc-
tures (coastal protection and individual marine structures) and impacted parts of special
morphological features along the coast are shown on top of signs for loss/impairment.
These indicate hence the loss and impairment of such structures/features. Note: following
this assessment, additional planned mitigation measures have been included. These are
assessed to mitigate the impairments to the coast west and east of Rgdbyhavn, and the
impairments to the three outlets (individual structures) west and east of Rgdbyhavn,
please refer to the text. Aerial photo from 2009 (©COWI Orthophoto April 2009)

Summary of impacts on the coastal morphology on Lolland from bridge project (Var. 2 B
E-E/October 2010). Impacts on unprotected and protected sections are provided in lengths
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(m) of impacted coast. Impacts on individual structures and special morphological features
are provided as a number of impacted structures/features. All impacts are permanent.

Summary of impacts Total Individual Special morpholog-
structures ical features
m (No.) (No.)

Severity of loss

Very high severity 0 0 0

High severity 0 0 0

Medium severity 0 0 0

Minor severity 1,300¢ 0 0
Total 1,300° 0 0
Degree of impairments

Very high impairment 1,1002 0 0

High impairment 0

Medium impairment 0

Minor impairment 1,000? 33 14
Total 2,100? 33 I

lthe lost section of the coast is compensated by new beaches east and west of the marine ramp,
2Impairments, which will not to be effectuated following additionally planned mitigation measures, please
refer to text, new/improved structures included as additional mitigation structures will prevent impair-
ments to these structures, please refer to text, “outside local + near zone.

7.1.3 Severity of impairments
Sections of the impaired coastline with/without structures, impaired individual
structures and special morphological features are assigned severity levels by com-
bining the map of degrees of impairment (Figure 7.2) with the importance levels for
the respective sections of the coast. The importance levels for the relevant sections
of the Lolland coastline were shown in the previous Section 3.9 (Figure 3.16). The
results are shown in Figure 7.3 and summarised in Table 7.2.
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*xxxx Coastal protection (impacted)

€3 Individual marine structure (impacted)

Special morphological feature (impacted)
|:] Outline of bridge footprints

|:] Near zone (500 m from footprints)
:] Local zone (10 km from alignment)

Severity of loss and severity of impairments along the Lolland coastline for the bridge pro-
ject. (Var. 2 B E-E/October 2010). Note that legends for impacted structures (coastal pro-
tection and individual marine structures) and impacted parts of special morphological fea-
tures along the coast are shown on top of signs for loss/impairment. These indicate hence
the severity of loss and impairment for such structures/features. Note: following this as-
sessment, additional planned mitigation measures have been included. These are assessed
to mitigate the impairments to the coast west and east of Rodbyhavn, and the impair-
ments to the three outlets (individual structures) west and east of Radbyhavn, please refer
to the text. Aerial photo from 2009 (©COWI Orthophoto April 2009)
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Table 7.2 Summary of severity of impairments on the coastal morphology on Lolland from bridge
project. (Var. 2 B E-E/October 2010). Impairments on unprotected and protected sections
are provided in lengths (m) of impacted coast. Impacts on individual structures and special
morphological features are provided as a number of impacted structures/features. All im-
pacts are permanent

Severity of impairments Total Individual Special morpholog-
structures ical features
m (No.) (No.)
Very high severity 0
High severity 0
Medium severity 0
Minor severity 2,100* 3? 13
Total 2,100* 32 13

Impairments, which will not to be effectuated following additionally planned mitigation measures, please
refer to text, 2new/improved structures included as additional mitigation structures will prevent impair-
ments to these structures, please refer to text, 3outside local + near zone.

Summary of impacts
A total stretch of the Lolland coast of 3,400 m is impacted. 1,300 m are lost and
2,100 m are impaired by the bridge project.

The lost coastline is all classified with a minor degree of severity as the loss occurs
where the coast is presently covered by a revetment. No individual marine struc-
ture will be lost.

1,100 m of the coast are impaired with a very high degree of impairment and 1,000
m is impaired with a minor degree of impairment. Three individual structures (out-
let at Dragsminde at Sandholm, and two outlets east of Rgdbyhavn) are impaired
with a minor degree of impairment.

The special morphological feature, the easternmost part of the spit of Hyllekrog, is
assigned with a minor degree of impairment.

The impacted spit of Hyllekrog is considered a morphological element belonging to
conservation objectives within Natura 2000.

It is noted that following this assessment, Femern A/S, has included additional
planned mitigation measures, which are assessed to prevent the impairments of
2,100 m of the coastal sections caused by the project. Additional mitigation
measures to the three outlets (individual structures) west and east of Rgdbyhavn
are also included to prevent assessed impairments.

Remaining impacts including these additional mitigation measures accounts for a
section of lost coastline (1,300 m).

Sub-components

The impact severity is evaluated for each of the four sub-components (beach-
es/unprotected coastline, coastal protection, individual marine structures and spe-
cial morphological features) to distinguish between the impacts on different func-
tionalities of the coastline.

A table providing the impacted stretches of the individual sub-components is given
below (Table 7.3). The impacts are divided into the four impact severity levels.
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The impacts are given in lengths of the coastal sections occupied by the given sub-
component and in parts (%) of the total length the given sub-component occupies
along the Lolland coast within the near zone and local 10-km zone. The near zone
and local 10-km zone are seen in Figure 7.3. The number of the impacted marine
structures is supplied.

Note comments about effects of additional mitigation impacts in the beginning of
this section and in the footnote to the table below.

Table 7.3 Summary of impacts at Lolland from the bridge project (Var. 2 B E-E/October 2011) divid-
ed on sub-components. Impacts on unprotected and protected sections are provided in
lengths (m) of impacted coast. Impacts on individual structures and special morphological
features are provided as a number of impacted structures/features. All impacts are per-
manent. Parts of impacted sections of the coast (%) are provided as part of the coastline
with the given sub-component (reference) within the near zone + local 10 km zone.

Impacts on coastal Coastal sub-components
morphology Total coastline Beaches/ Coastal Individu-| Special
unprotected protection al struc-| morph
coastline tures feat.
m % m % m % No No
Severity of loss
Very high severity 0 0 0 0 0 0 0 0
High severity 0 0 0 0
Medium severity 0 0 0 0 0 0 0 0
Minor severity 1,300! 6.51 1,300t | 15.4% 0 0
Total loss 1,300 6.5 1,300'| 15.4' 0 0
Degree of impairment
Very high impairment 1,100 5.52 0 0 1,100% | 13.12 0 0
High impairment 0 0 0 0 0 0
Medium impairment 0 0 0 0 0 0
Minor impairment 1,000? 5.0? 1,000? 8.32 0 0 33 14
Total 2,100* | 10.5 | 1,000° 8.3° |1,100%| 13.17 33 14
Reference 20,035 12,020 8,415

FEHY

lthe lost section of the coast is compensated by new beaches east and west of the marine ramp,
2Impairments, which will not to be effectuated following additionally planned mitigation measures, please
refer to text, >new/improved structures included as additional mitigation structures will prevent impair-
ments to these structures, please refer to text, “outside local + near zone.

Total impact for specific areas
The impacted areas of the component coastal morphology are divided into sub-
parts of the Fehmarnbelt in Table 7.4. All impacts are considered permanent.

The loss of coastline takes place only within the near zone of 500 m around the
project during construction. All impairments from the bridge are categorised with a
minor classification. Approximately half of the impacted coastline is within the near-
zone.

Note comments about effects of additional mitigation impacts at the beginning of
this section and in the footnote to the table below.
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Table 7.4 Summary of impacts at Lolland from the bridge project (Var. 2 B E-E/October 2010) divid-
ed on sub-parts of the Lolland coastline. Impacts on unprotected and protected sections
are provided in lengths (m) of impacted coast. All impacts are permanent. Parts of impact-
ed sections of the coast (%) are provided as part of the coastline (reference) within the

sub-part.
Impacts on coastal Impacts divided on sub-parts of the coastline of Lolland
morphology
Total Near zone Local 10 km zone Denmark
National
m % m % m % m
Severity of loss
Very high severity 0 0 0 0 0 0 0
High severity 0 0 0 0 0 0 0
Medium severity 0 0 0 0 0 0 0
Minor severity 1,3001 6.5! 1,300! 61.91 0 0 1,300!
Total 1,300 6.5! 1,300! 61.9' 0 0 1,300
Degree of impairments
Very high impairment 1,100? 5.52 5452 26.02 5552 3.12 1,1002
High impairment 0 0 0 0 0 0 0
Medium impairment 0 0 0 0 0 0 0
Minor impairment 1,000? 5.02 0 0 1,000? 5.6° 1,0002
Total 2,100> | 10.5° 5452 26.0° | 1,555 | 8.7? 2,100
Reference (m) 20,035 9,190 10,845

lthe lost section of the coast is compensated by new beaches east and west of the marine ramp,
2Impairments, which will not to be effectuated following additionally planned mitigation measures, please
refer to text,

Impact significance

Assessed design of the project
The bridge project has been assessed to cause loss or impairments on a total of
3,400 m of the Lolland coastline. The impacts are on a permanent time scale.

Only a short section of the coastline at Lolland is lost. The ramp with the two
beaches to the east and west occupies about 1,300 m of the original coastline,
which is heavily protected with large stones in the baseline situation. The two new
beaches - a total of about 1.3 km new beach - will provide a new section of coast
with recreational value near Rgdby. The significance of the loss is therefore consid-
ered insignificant.

The impairment of the coastline 0-1,100 m east of the marine ramp may potentially
cause a risk of failure of the revetment since enhanced erosion along this section is
expected. Monitoring of the erosion from the sea bed in front of the structures is
recommended. The predicted erosion in front of this revetment and also further
east than 1,100 m from the ramp is expected even without the bridge project since
Rgdbyhavn causes similar impacts on the coastline. In front of Bredfjed, the rela-
tively weak increase in erosion is considered significant unless mitigated.
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The impacts on the impacted outlets are evaluated as being significant; however, it
is primarily an issue of creating new/improved structures to replace the functionali-
ty of the present structure.

The impacts on Hyllekrog are assessed to be a localised issue concerning a weakly
reduced migration of the spit on a longer time scale. The impacts to the overall
morphological development of Hyllekrog are considered insignificant.

In conclusion, it is assessed that the impacts from the bridge project in the as-
sessed design have sections of the coast with potentially very high impacts.

Project including additional mitigation measures
Following the assessment above, additional mitigation measures have been planned
for. These are mentioned in the beginning of Chapter 7.

On Lolland the additional mitigation measures include nourishment of approximate-
ly 1,500 m3/year at Bredfjed and 10,000-12,000 m3/year to the coast east of the
ramp. With this nourishment is assessed that erosion from the beach at Bredfjed
and from coastal profiles in front of the coastal protection east of the ramp due to
the bridge project can be prevented. New/improved structures to secure two outlets
(at Dragsminde Sluice at Sandholm and east of Rgdbyhavn) and measures to se-
cure the waste water outlet at Rgdbyhavn are also included as additional migitation
measures.

Conclusion

In conclusion, it is assessed that the impacts from the bridge project in the concep-
tual design when including the additional mitigation measures are restricted to the
insignificant loss of original coastline in the area of the marine ramp. The bridge
project imposes a minor impact on the special morphology feature, Hyllekrog,
which will not change the overall coastal morphology of the barrier. The impact is
hence assessed as insignificant.

The project is therefore concluded to have no significant impacts on Lolland with
the additional mitigation measures included in the bridge project.

Cumulative impacts

Rgdsand 1 and 2 Offshore Wind Farms are not included in the wave modelling for
the coastal morphology impact assessment. The wind farms will have only negligi-
ble influence on the wave conditions near the Link and along the coastline of Lol-
land except for in the immediate vicinity of the wind farms. It is furthermore noted
that the lifetime of the Wind Mill Park is “only” 30 years while the tunnel and bridge
project have a project lifetime of 120 years. Consequently, it was decided to ex-
clude Rgdsand 1 and 2 Offshore Wind Farms from the wave modelling.

The morphological impacts on the Rgdsand barriers from the offshore wind farms
were described in Section 6.1.6.

Cumulative impacts
The cumulative impacts for the Rgdsand 142 offshore wind farms are assessed as
follows.

Rgdbyhavn to Hyllekrog: Along the stretch Rgdbyhavn to Hyllekrog, the impact on
the shoreline from Rgdsand 2 was in (DHI 2007c) assessed to cause a very weak
additional erosional pressure. The increased erosion was estimated to about 0.1
m/year and assessed to be insignificant.
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This impact is insignificant compared to the increased erosional pressure in the area
0-1,100 m from the ramp. Further east, the weak increase in the erosion caused by
the wind farm is in the same order as the weak decrease in the erosion (up to 0.25
m/year) caused by the bridge project. The combined effect does not change the as-
sessment above - the impacts on this section from the bridge project are insignifi-
cant.

Hyllekrog, The western one third of the barrier: the impacts on this part of the bar-
rier from Rgdsand 2 were evaluated to cause a weak additional erosional pressure.
This includes the stretch where the barrier has the smallest width. The impacts
from the bridge project are assessed to have the opposite effect, i.e. slightly stabi-
lise the erosion. The order of magnitude of the two effects is about the same but in
both cases evaluated to be insignificant.

Hyllekrog, The eastern two thirds of the barrier: the effect of the bridge is assessed
to decrease the gradients in the transport, i.e. weakly reduce tendencies for ero-
sion/deposition. The effect of Rgdsand 2 was assessed to decrease the tendency for
erosion along this section observed historically. The cumulative effect is therefore
that erosion as well as deposition is expected to decrease compared to the situation
without either projects.

Hyllekrog, The eastern spit: The migration rate of the eastern spit is predicted to
reduce caused by both projects. The reduction in the migration caused by the
bridge project is in the order of 10-15%. The reduction in the migration caused by
Rgdsand 2 was assessed to be <5%. The cumulative impact is a reduction of 15-
20%. As described in Section 7.1.2, the impacts on the overall morphology of the
barrier system and the Rgdsand Lagoon assessed to be insignificant.

West and East Rgdsand: The bridge project is not assessed to have impacts on
West and East Rgdsand. There are therefore no cumulative impacts from the wind
farms and the bridge project.

It is noted that with the additional mitigation measures mentioned in the beginning
of Chapter 7, no cumulative effects will be present between the bridge project and
the Rgdsand 1+2 offshore wind farms.

Transboundary impacts
Transboundary impacts are not relevant for coastal morphology.

Climate change

The climate changes up to year 2080-2100 has been evaluated at a workshop at
the start of the Fehmarnbelt workshop, see (FEHY 2009). The outcome was the fol-
lowing main predictions:

e Air temperature will increase up to 4°C in the area

e The extreme wind speed (50 year return period) may increase by 3 m/s or
10%. Preliminary results suggest a small increase for more moderate to strong
wind speeds (15-35 m/s)

e A sealevel rise up to 1m

The parameters of importance for the coastal morphology are normally occurring
wave conditions and sea level rise. The future wave conditions have not been stud-
ied until now, but the change in normally occurring wave heights follows the trend
for the moderate to strong wind speeds, which indicated only a small increase in
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wave heights. A possible change in the wave directions may also impact the coastal
morphology. The possible change in wind and wave directions has not been investi-
gated. From the present knowledge it is not possible to conclude how the changes
in the wind and wave climate will affect the morphological stability of the Lolland
coastline. Even relatively small changes in the wave directions may change the pat-
tern and rates of erosion and deposition, especially for longer sections of unpro-
tected shoreline. Sediment transport may increase or decrease depending on the
change in wave direction.

The predicted sea level rise of 1 m will have the following general impacts on the
coastal morphology:

e The Lolland coastal area is in general very low-lying and a sea level rise of 1 m
will drastically reduce the protection of the hinterland by the present dike and
other coastal structures. Furthermore, the present coastal structures will at
many locations not be sufficient to protect the dike against erosion

e Many of the small-scale coastal structures (revetments, groynes) will become
submerged or partly submerged. They will still offer some protection of the
coastline and reduce the transport of sediment along the coast as they will oc-
cupy a part of the coastal profile

Based on the above it is likely that means for protecting the south coast of Lolland
from sea level rise (with or without the bridge project) will be effectuated. Howev-
er, it is concluded:

¢ Climate change is expected to increase the effect of the bridge piers and py-
lons, since the wave heights are predicted to increase. The relative effect of
the bridge on the sediment transport rates in the situation with climate
change will therefore increase compared to the situation with the O0-
alternative. The relative effect of the bridge on feeding sediment to
Hyllekrog will therefore increase

e Gradients in the sediment transport are not expected to change significantly
due to climate change. The effects of the bridge on the sediment budget are
therefore not expected to change significantly. However, due to sea level
rise and the following reduced beach widths and less effective coastal struc-
tures (unless strengthened), the predicted erosion by the bridge project may
put the coastline at a higher risk than evaluated for the 0-alternative

e The bridge project is not expected to change the effects of climate change
on the southcoast of Lolland significantly

Mitigation and compensation measures

The conceptual design of the bridge project includes beaches at each side of the
marine ramp on the Lollandi. The beaches are considered mitigation methods since
they prevent the erosion which would otherwise occur along/near these sections as
the hydrodynamic forcing would act to build up these beaches ‘naturally’ after the
construction of the marine ramp.

Following the assessment, nourishment of approximately 1,500 m?3/year at Bredfjed
and 10,000-12,000 m3/year to the coast east of the ramp have been included as
additional mitigation measures. With this nourishment is assessed that erosion from
the beach at Bredfjed and from coastal profiles in front of the coastal protection
east of the ramp due to the bridge project can be prevented.
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It is noted that nourishment with these volumes does not prevent erosion from the
shoreline that already takes place in the baseline situation.

Monitoring and new/improved structures to ensure the functionality of the two out-
let structures (one east of Rgdbyhavn and one outlet from Dragsminde Sluice at
Sandholm) are also included as additional mitigation measures. Measures to secure
the waste water outlet at Rgdbyhavn are also planned for.

The mitigation and compensation measures are tabulated in Table 7.5. No further
mitigation or compensation measures are recommended.

Table 7.5 Mitigation and compensation measures

Mitigation and compensation measures Additional mitigation and compensation
included in the assessed conceptual de- measures
sign

Beaches east and west of the marine ramp Nourishment of costal sections exposed to
erosion on Lolland by the bridge project (ap-
proximately 1,500 m3/year at Bredfjed and
10,000-12,000 m3/year east of the marine
ramp) to keep the baseline situation

New/improved structures to secure two out-
lets (one at Dragsminde Sluice and one out-
let east of the eastern breakwater at Rgdby-
havn)

Measures to establish a new and adequate
waste water outlet at Rgdbyhavn

Decommissioning
Decommissioning is foreseen to take place in the year 2140, when the fixed link
has been in operation for the design lifetime of 120 years.

The evolution of the coastline continues as in the baseline situation, i.e. the ero-
sional pressure on the coast east of Rgdbyhavn is expected to continue unless miti-
gated as described in the sections above. No changes are expected due to the de-
commissioning process.

Fehmarn

Magnitude of pressure 1: Reclamation on Fehmarn and piers/pylon
The potential impacts on the Fehmarn coastline from the bridge project are caused
by the reclamation east of Puttgarden and the piers/pylons.

The bridge attaches to land by a marine ramp east of the eastern breakwater of
Puttgarden. An overview of the planned reclamation is provided in Figure 7.4 to-
gether with the present structures. A curved beach facing a southeasterly direction
is suspended between the marine ramp and the original coastline. No new struc-
tures are planned west of Puttgarden, see Figure 7.5.

A total length of 700 m of the baseline coastline is integrated into the planned rec-
lamation.
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The magnitudes of the pressure on the coastal sections outside of this area are re-
lated to the impacts on the sediment budget related to the changes to the waves
caused by the structures. These impacts on the sediment budget on the Fehmarn
side were described in the previous Section 5.2.6. The impacts on the sediment
budget were analysed based on the average year hydrodynamic conditions.

No sediment by-passes Puttgarden in the coastal zone, so the reclamation does not

additionally block any exchange of sediment transport between the north coast and
the northeast coast of Fehmarn.
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Figure 7.4 New permanent structures along the Fehmarn coast in the bridge project — east of Putt-
garden. Aerial photo from 2009 (©COWI Orthophoto April 2009) . Note: Bieberehren-
Klingen wind farm is not the correct name of the wind farm south of Presen

E1TR0059-Volume III 185 FEHY



7.2.2

FEHY

Lolland

Rodbyhavn

£,
e,
%, e
N
uttgarden ~ S/¢

Markelsdorfer Huk Fehmarn

endorferstrand
A > -

Dike

Revetment
Harbour structure
Seawall

Camping site
Pumping station

Sluice \
p

Figure 7.5 No permanent structures are planned west of Puttgarden. The planned reclamation east of
Puttgarden is visible in the right side of the figure. Aerial photo from 2009 (©COWI Ortho-
photo April 2009)

Severity of loss and degree of impairment

The impacts on the coastline are analysed based on the modelling of changes in the
transport of sediment (sediment budget) and of the shoreline evolution along the
Fehmarn coast caused by the bridge project (the latter only for the coast southeast
of Puttgarden), refer to Section 5.2.

The time scales for various impacts are evaluated. Effects lasting less than 25-30
years are denoted temporary effects. Permanent effects are those lasting more
than 25-30 years. The permanent effects are evaluated for the lifetime of the pro-
ject, which is 120 years.

The impacts on the coastal morphology from the bridge develop with time and the
coast does not recover from the impacts. All impacts from the bridge project are
therefore assessed as permanent.

Impacts on the coastal morphology may start during the construction period due to
pressure from temporary structures such as the temporary work harbour. However,
these impacts will be of the same character as the impacts caused at a later stage
by the permanent structures. The impacts from the temporary structures on the
coastal morphology are hence not assessed separately.

The impacts and the severity of loss and degree of impairment for sections of the
coast are described below.

Severity of loss are assigned based on the importance levels given in the previous
Section 3.9 (Figure 3.14 and Figure 3.15), whereas the degrees of impairment are
assigned based on the assessment criteria for impairments Table 3.8.

The impacts and the severity of loss and degree of impairment for sections of the

coast are described below and illustrated Figure 7.6 and Figure 7.7 tabulated in Ta-
ble 7.6.
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Markelsdorfer Huk to Griiner Brink

Changes of sediment transport rates due to the bridge alignment are very small
west of Griner Brink (less than 2%). Only negligible impairments to this shoreline
are predicted. No impacts are classified to this section.

Griiner Brink
The net eastward transport along the special morphological feature of Griner Brink
formation increases due to the effect of the bridge piers and pylons on the waves.

The increase of the net transport is about 15-20% along the main part of Griner
Brink. This increase raises the migration rate of the formation. The migration rate
of the submerged front of Griner Brink (seen in Figure 7.5, a zoom of the for-
mation is seen in Figure 5.35) was estimated at about 10 m/year in the period
1999-2009 (FEHY 2013a). The migration rate with the bridge project is expected to
increase by about 15-20% to approximately 12 m/year. The migration of the for-
mation will continue for the present conditions as well as for the situation with the
bridge project, see below.

The sand spit was estimated to migrate with about 20 m/year in the baseline situa-
tion. The sand spit is predicted to attach to the coastline within a few years and
reach land before the initiation of the project. New spits may develop in the life
time of the project. The character of these spits will not be affected by the bridge
but the migration rate will be slightly increased.

The changes of the Griner Brink due to the bridge project are classified with a mi-
nor degree of impairment according to the assessment criteria. No favourable miti-
gation methods can be recommended. It is not possible to change the sediment
transport rate without imposing an even larger impact on the coast.

Sedimentation in front of the water outlet from Blankenwisch west of the long
groyne will take place. This will also occur in the baseline case, but slightly faster
due to the bridge project. The outlet is classified with a minor degree of impair-
ment.

Note that regular monitoring of the outlet and a new/improved structure, if re-
quired, is included as an additional mitigation measure. The impairment of the out-
let will hence not become effectuated

Griiner Brink to Puttgarden

Short-term, < 10-20 vears

Very small shoreline changes have taken place between the long groyne and Putt-
garden along this coast between 1999 and 2009 (FEHY 2013a) and the bridge pro-
ject is not expected to change this situation. The small net increase in sediment
transport towards the east is not expected to cause erosion from the shoreline
along the coast between the long groyne and Puttgarden harbour. The by-pass of
sediment around the offshore part of the long groyne is expected to start as the
submerged front of Griiner Brink approaches the long groyne. The by-pass will be
about 15-20% larger with the bridge project than for the baseline situation.

Long-term, 10-120 years

Sediment will deposit and fill in west of the long groyne and with time also east of
the long groyne. Deposition will occur in front of the drainage outlet from Blanken-
wisch west of the long groyne.
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The distance between the western breakwater of Puttgarden and the easternmost
part of the submerged front is about 1,400 m (2009). With the baseline migration
rate, 10 m/year, the offshore submerged front of Griiner Brink will reach the west-
ern breakwater in about 140 years. With the increased migration rate estimated for
the situation with the bridge alternative, the formation may reach the western
breakwater slightly faster. However, the formation is highly dynamic and may
change its form before it reaches the harbour. The morphological evolution in this
complex area cannot be predicted in an accurate manner on a time scale of 120
years. It is assessed that the bridge will not affect the character of the development
of this feature but may increase the development rate slightly.

The coastal morphology and shoreline west of Puttgarden will change without and
with the bridge project and is — on the long term - expected to become similar to
the present situation west of the long groyne. The character of the development will
not change due to the bridge but the development rate may be slightly increased.
The stretch is therefore considered ‘not impaired’.

Puttgarden

The harbour experiences presently no sedimentation in the harbour basin and ac-
cess channel. On a long time scale in the order of the lifetime of the project (120
years) this may change when the submerged front of Griiner Brink reaches Putt-
garden.

This morphological development will take place both in the baseline case and with
the bridge project, but may happen slightly earlier with the bridge in place.

Puttgarden to Ohlensborgs Huk

The impacts on the coast between the eastern breakwater of Puttgarden and
Ohlenborgs Huk are that the reclamation including the marine ramp and a new
beach east of the ramp will occupy part of the original coastline.

The present shoreline in this area consists of the eastern breakwater of Puttgarden
and a small accumulation of sand in the transition between the harbour and the
coast. The impacts in this area are considered ‘loss’. The severity of loss of this 700
m long section is classified with a high degree of severity, since the importance lev-
el for this coastline is high. A new beach of about 500 m is a part of the new recla-
mation.

The new beach attaches to the original coastline west of Ohlensborgs Huk. Ohlens-
borgs Huk is protected by a number of small groynes and the new beach terminates
just west of these as seen in Figure 7.4. Very little sediment is expected to bypass
Ohlensborg Huk from the southeast, so the accumulation of sand at the new beach
is expected to be very limited.

Ohlenborgs Huk/Marienleuchte

The erosional pressure on the groynes and the seawall protecting the Ohlenborgs
Huk from erosion will increase as described in Section 5.2.6 due to the potential in-
crease of about 8000 m3/year in the transport towards the northwest.

The additional potential erosion caused by the bridge project is about 8 m*/m/year
(increase of 8000 m>/year along a section of about 1000 m). This is an estimated
increase of about 20-35%. The erosion is expected to be effectuated only to a
smaller degree due to the already existing coastal protection (sea wall, glacier and
groynes). Erosion of much of the finer sea bed material (assumed to be available in
the calculations) has been removed by years of erosion from this section already.
However, some lowering of the sea bed and increased erosion from the shore-
line/beach in between the groynes can take place. The magnitude is difficult to pre-

188 E1TR0059-Volume III



=

dict. Monitoring of the structures is recommended and strengthening of the struc-
tures/new structures may be required with time (within 5-10 years after construc-
tion). The coastal section is classified with a medium degree of impairment.

Note: Following the above assessment, which is mapped in Figure 7.7, regular
monitoring and strengthening of the coastal protection structures, if required, to
prevent erosion at Ohlensborgs Huk is included as an additional mitigation meas-
ure. The impairments are assessed as negligible with these mitigating measures
and possible strengthening of coast protection structures, if required.

Marienleuchte to Presen

The changes to the shoreline evolution south of the protected stretch at Ohlens-
borgs Huk are caused by a small increase in the gradient of the net northwest sed-
iment transport along the section between Presen and Marienleuchte. The increased
erosion due to the bridge project is up to 0.25 m/year for the average conditions.
This corresponds to erosion of about 1 m*/m/year. The section is classified with a
minor degree of impairment according to the assessment criteria.

The coast is presently nearly stable at this section with shoreline changes of less
than 0.5 m/year in average. With the bridge project this (unprotected) coastline will
be exposed to erosion of estimated 0-0.5 m/year.

The marine structures (a bathing bridge in front of Marienleuchte and a pumping
station/water outlet at the coast in front of Presen, see Figure 7.4) are predicted to
be exposed to erosion. They are classified with a minor degree of impairment.

Following the above assessment regular monitoring of the beach in front of Marien-
leuchte, new/improved structures, if required, to ensure the functionality of the wa-
ter outlet in front of Presen and the bathing bridge at Marienleuchte as well as
nourishment of about 2,000 m3/year to the coast between Marienleucthe and
Presen have been included as additional mitigation measures. The nourishment will
stabilize the retreat of the beach. With these additional mitigation measures, the
described impairments will be negligible.

South-east of Presen

The coast southeast of Presen is not expected to experience any impacts related to
the bridge project within 120 years after the construction of the project.
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Figure 7.6

Degree of impairment and severity of loss assigned to sections of the coast of Fehmarn
west of Puttgarden due to the pressure from the bridge project. Note that legends for im-
pacted structures (coastal protection and individual marine structures) and impacted parts
of special morphological features along the coast are shown on top of signs for
loss/impairment. These indicate hence the loss and impairment of such struc-
tures/features. Note: following this assessment, additional planned mitigation measures
have been included. The impairments to the outlet from Blankenwisch (individual struc-
ture) west of Puttgarden will not become effectuated, please refer to the text. Aerial photo
from 2009 (©COWI Orthophoto April 2009)
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Figure 7.7  Degree of impairment and severity of loss assigned to sections of the coast of Fehmarn
southeast of Puttgarden due to the pressure from the bridge project. Note that legends for
structures along the coast (coastal protection and individual marine structures) are shown
on top of signs for loss/impairment. These indicate hence the loss of and degree of im-
pairment for such structures. Note: following this assessment, additional planned mitiga-
tion measures have been included. The impairments to coastline and structures southeast
of Puttgarden will hence not become effectuated, please refer to the text. Aerial photo
from 2009 (©COWI Orthophoto April 2009). Note: Bieberehren-Klingen wind farm is not
the correct name of the wind farm south of Presen
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Table 7.6 Summary of impacts on the coastal morphology on Fehmarn from bridge project (Var. 2 B
E-E/ October 2010). Impacts on unprotected and protected sections are provided in
lengths (m) of impacted coast. Impacts on individual structures and special morphological
features are provided as a number of impacted structures/features. All impacts are per-

7.2.3

FEHY

manent
Severity of impacts Total Individual Special morph. fea-
structures tures
m (No.) (No.)
Severity of loss
Very high severity 0 0 0
High severity 700! 1 0
Medium severity 0 0 0
Minor severity 0 0 0
Total 700! 1 0
Degree of impairments
Very high impairment 0 0 0
High impairment 0 0
Medium impairment 3702 52 0
Minor impairment 2,1652 32 1
Total 2,535 82 1

Lincludes 700 m of loss of beach east of Puttgarden, which will be compensated by a new artificial beach
in the new reclamation, 2Impacts, which are assessed not to be effectuated following additionally

planned mitigation measures, please refer to text

Severity of impairment

Impairments to sections of the coast with/without structures and individual struc-
tures are assigned severity levels by combining the maps of degree of impairments
(Figure 7.6 and Figure 7.7) with the importance levels for the respective areas of
impairments. The importance levels for the relevant sections of the Fehmarn coast-
line were shown in the previous Section 3.9 (Figure 3.14 and Figure 3.15).

The results are shown in Figure 7.8 and Figure 7.9 and summarised in Table 7.7

(total severity of impairments)
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Figure 7.8 Severity of loss and severity of impairments west of Puttgarden. Bridge alternative Var. 2
B E-E/ October 2010. Note that legends for impacted structures (coastal protection and in-
dividual marine structures) and impacted parts of special morphological features along the
coast are shown on top of signs for loss/impairment. These indicate hence the severity of
loss and impairment for such structures/features. Note: following this assessment, addi-
tional planned mitigation measures have been included. The impairments to the outlet
from Blankenwisch (individual structure) west of Puttgarden, please refer to the text. Aeri-
al photo from 2009 (©COWI Orthophoto April 2009)
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Severity of loss and impairments
for marine soil component:
coastal morphology
Loss
@ \/ery High
@ High
@ Medium
Minor
Impairment
@ Very High
High
Medium
Minor
Fkxxx Coastal protection (impacted)
€3 Individual marine structure (impacted)
Spec. morphological feature (impacted)
|:| Outline of bridge footprints
:] Near zone (500 m from footprints)

Figure 7.9

|:I Local zone (10 km from alignment)

Severity of loss and severity of impairments southeast of Puttgarden. Bridge alternative
Var. 2 B E-E /October 2010. Note: following this assessment, additional mitigation
measures have been included. Hence the impairments to coastline and structures south-
east of Puttgarden will not become effectuated, please refer to the text. Aerial photo from
2009 (©COWI Orthophoto April 2009). Note: Bieberehren-Klingen wind farm is not the
correct name of the wind farm south of Presen
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Table 7.7 Summary of severity of impairments on the coastal morphology on Fehmarn from bridge
project (Var. 2 B E-E/October 2010). Impacts on unprotected and protected sections are
provided in lengths (m) of impacted coast. Impacts on individual structures and special
morphological features are provided as a number of impacted structures/features. All im-
pacts are permanent.

Severity of impacts Total Individual Special morph. fea-

structures tures

m (No.) (No.)
Very high severity 0 0
High severity 0 0
Medium severity 1351 2! 0
Minor severity 2,400 6! 1
Total 2,535 8! 1

Impacts, which are assessed not to be effectuated following additionally planned mitigation measures,
please refer to text

Summary of impacts

A total stretch of the Fehmarn coast of 2,535 m is impaired by the bridge project,
see Table 7.6.

700 m of coastline is lost since it will be covered by the marine ramp. The loss is
assigned a high degree of severity, since the existing coast is a small sand accumu-
lation area/beach. One groyne (individual structures) in this area is also lost.

A total of 2,535 m of coastline is impaired. 370 m is impaired with a medium de-
gree of impairment (coastal section between Ohlenborgs Huk and Marienleuchte)
and 2,165 m are impaired with a minor degree of impairment (unprotected coast
between Marienleuchte and Presen). A total of eight structures are impacted with a
medium-minor degree of impairment).

The special morphological feature of Griiner Brink is considered impaired with a mi-
nor degree of impairment.

The impacted eastern front of Griner Brink is belonging to conservation objectives
within Natura 2000.

It is noted that following this assessment, additional planned mitigation measures
have been included, which are assessed to prevent the impairments of 2,535 m of
the coastal sections caused by the project. Additional mitigation measures will fur-
ther prevent impairments to the eight impaired structures.

The residual impacts from the bridge project including the additional mitigation
measures on Fehmarn include the above mentioned loss in the marine ramp area.

Sub-components
Impacts are distributed on sub-components in Table 7.8.

700 m of beach with a high degree of severity are lost and 2,300 m are impaired
with a medium-minor degree of impairment. A total of 11.0% of the coastline with
beaches/unprotected sections within the local area+near zone are impacted by the
bridge project. 235 m of coastal protection are impaired to a medium degree.
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One groyne is lost (within the reclamation), five groynes are impaired with a medi-
um degree of impairment and three other structures (the outlet from Blankenwish
west of Griner Brink, the water outlet in front of Presen and a bathing bridge off
Marienleuchte) are assessed impaired to a minor degree.

The special morphological feature of Griiner Brink is considered impaired with a mi-
nor grade of severity.

Note the above comments about effects of additional mitigation and in the foot-
notes to the table below.

Total impact for specific areas

Impacts are distributed on sub-areas of the Fehmarnbelt in Table 7.9. 58.3% of the
near zone is lost and 41.7% is impaired, which means that 100% of the coastline
within the near zone is impacted by the bridge project.

2,035 m of coastline within the local area are impaired to minor degree.

Note the above comments about effects of additional mitigation and in the foot-
notes to the table below.
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Table 7.8 Summary of impacts at Fehmarn from the bridge project on Fehmarn (Var. 2 B E-E
/October 2010) divided on sub-components. Impacts on unprotected and protected sec-
tions are provided in lengths (m) of impacted coast. Impacts on individual structures and
special morphological features are provided as a number of impacted structures/features.
All impacts are permanent. Parts of impacted sections of the coast (%) are provided as
part of the coastline with the given sub-component (reference) within the near zone + lo-
cal 10 km zone

Impacts on coastal Coastal sub-components
morphology Total coastline Beaches/ Coastal Individu-| Special
unprotected protection al struc-| morph
coastline tures feat.
m % m % m % No No
Severity of loss
Very high severity 0 0 0 0 0 0 0 0
High severity 700? 3.1t 700? 3.3! 0 0 1 0
Medium severity 0 0 0 0 0 0 0 0
Minor severity 0 0 0 0 0 0 0 0
Total loss 700! 3.1! 700! 3.3! o o 1 0
Degree of impairment
Very high impairment 0 0 0 0 0 0 0 0
High impairment 0 0 0 0 0 0 0 0
Medium impairment 3702 1.62 1352 0.6° 2352 13.42 52 0
Minor impairment 2,165 9.52 2,165 10.32 0 0 32 1
Total 2,535° 11.2? 2,300° 11.0° 2352 13.4° 82 1
Reference 22,680 20,925 1,755

Lincludes 700 m of loss of beach east of Puttgarden, which will be compensated by a new artificial beach
in the new reclamation, %impacts, which are assessed not to be effectuated following additionally
planned mitigation measures, please refer to text

E1TR0059-Volume III 197 FEHY



=

7.2.5

FEHY

Table 7.9 Summary of impacts at Fehmarn from the bridge project (Var. 2 B E-E/October 2010) di-
vided on sub-parts of the Fehmarncoastline. Impacts on unprotected and protected sec-
tions are provided in lengths (m) of impacted coast. All impacts are permanent. Parts of
impacted sections of the coast (%) are provided as part of the coastline (reference) within

the sub-part

Impacts on coastal Impacts divided on sub-parts of the coastline of Fehmarn
morphology
Total Near zone Local 10 km zone German
National
m % m % m % m
Severity of loss
Very high severity 0 0 0 0 0 0 0
High severity 7001 3,1! 7001 58.3! 0 0 700*
Medium severity 0 0 0 0 0 0 0
Minor severity 0 0 0 0 0 0 0
Total 700* 3,1! 700? 58.3! 0 0 700!
Degree of impairments
Very high impairment 0 0 0 0 0 0 0
High impairment 0 0 0 0 0 0 0
Medium impairment 3702 1.62 3702 30.82 0 0 3702
Minor impairment 2,1652 9.52 1302 10.82 | 2,0352 9.52 2,165°
Total 2,5352 | 11.22 500° 41.7> | 2,035> | 9.52 2,5352
Reference (m) 22,680 1,200 21,480

Lincludes 700 m of loss of beach east of Puttgarden, which will be compensated by a new artificial beach
in the new reclamation, 2Impacts, which are assessed not to be effectuated following additionally
planned mitigation measures, please refer to text

Impact significance

Assessed design of the project
The bridge project has been assessed to cause impacts on a total of 2,535 m of the
coastline on Fehmarn. The impacts are on a permanent time scale.

700 m of the beach east of Puttgarden is integrated into the new reclamation. The
planned reclamation is planned to have a beach facing an east-south-eastern direc-
tion. The new beach has about the same length and is orientated against the equi-
librium orientation. The quality of the beach is expected to be the same or slightly
better than the existing beach. The loss of original beach due to the occupancy of
the reclamation is therefore considered insignificant.

Erosion around the coastal protection structures east of the reclamation at Ohlen-
borg Huk and the structures further south is considered a potential significant im-
pact without regular monitoring. Sedimentation in front of the outlet from Blanken-
wisch will occur slightly faster in time due to the bridge than in the baseline
situation. Monitoring of the outlet is recommended, however, the impacts due to
the bridge are estimated to be insignificant.

Erosion along the beach southeast of Marienleuchte and around the outlet structure

in front of Presen is assessed and can be effectively prevented by nourishment.
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The special morphological feature Griner Brink is impaired to a minor degree due
to the slight increase in eastward net littoral drift. However, the area is a highly dy-
namic feature and the effects are assessed not to influence the character of the
feature and how it develops but only slightly increase the rate of development. The
impact is therefore estimated to be insignificant.

Project including additional mitigation measures
Following the assessment, additional mitigation measures have been planned for.
These are mentioned in the beginning of Chapter 7.

On Fehmarn regular monitoring and strengthening of coastal protection structures,
if required, to prevent potential erosion at Ohlenborgs Huk are planned for. Fur-
thermore, regular monitoring of the beach in front of Marienleuchte, new/improved
structures, if required, to ensure the functionality of the water outlet in front of
Presen and the bathing bridge at Marienleuchte as well as nourishment of about
2,000 m*/year to the coast between Marienleucthe and Presen have been included
as additional mitigation measures. The residual impacts on the coastline southeast
of Putgarden are with these mitigation measures considered insignificant.

Monitoring and new/improved structure around the water outlet from Blankenwisch
west of Puttgarden is similarly included as additional mitigation and the impairment
to this outlet is hence also considered significant.

Conclusion
In conclusion, the impacts from the bridge project on the coastline of Fehmarn are
assessed as insignificant with the included additional mitigation measures.

The residual impacts include the above mentioned loss in the marine ramp area and
a slight increase in the rate of development of the Griiner Brink. The residual im-
pacts are considered insignificant.

Cumulative impacts

At present there are no plans for new nearby major constructions that will have a
cumulative impact in the future. No cumulative impacts are therefore assessed for
the coastal morphology along Fehmarn.

Transboundary impacts
Transboundary impacts are not relevant for coastal morphology.

Climate change

The climate changes up to year 2080-2100 have been evaluated at a workshop at
the start of the Fehmarnbelt workshop, see (FEHY 2009). The outcome was the fol-
lowing main predictions:

e Air temperature will increase up to 4°C in the area

e The extreme wind speed (50-year return period) may increase by 3 m/s or
10%. Preliminary results suggest a small increase of moderate to strong wind
speeds (15-35 m/s)

e Asealevelriseuptolm

The parameters of importance for the coastal morphology are normally occurring
wave conditions and sea level rise. The future wave conditions have not been stud-
ied until now, but the change in normally occurring wave heights follows the trend
for the moderate to strong wind speeds, which indicated only a small increase in
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wave heights. A possible change in the wave directions may also impact the coastal
morphology. Also, the possible change in wind and wave directions has not been
investigated. From the present knowledge it is not possible to conclude how the
changes in the wind and wave climate will affect the morphological stability of the
Fehmarn coastline. Even relatively small changes in the wave directions may
change the pattern and rates of erosion and deposition, especially for longer sec-
tions of unprotected shoreline. Sediment transport may increase or decrease de-
pending on the change in wave direction.

The predicted sea level rise of 1 m will have the following general impacts on the
coastal morphology on Fehmarn:

e The Fehmarn coastal area is in general very low-lying and a sea level rise of 1
m will drastically reduce the protection of the hinterland by the present dike and
other coastal structures. Furthermore, the present coastal structures will at
many locations not be sufficient to protect the dike against erosion

e The small-scale coastal structures (revetments, groynes) will become sub-
merged or partly submerged. They will still offer some protection of the coast-
line and reduce the transport of sediment along the coast as they will occupy a
part of the coastal profile

Based on the above it likely that means for protecting the coastal area of Fehmarn
from sea level rise (with or without the bridge project) will be effectuated. Howev-
er, it is concluded:

¢ Climate change is expected to increase the effect of the bridge piers and py-
lons, since the wave heights are predicted to increase. The relative effect of
the bridge on the sediment transport rates in the situation with climate
change will therefore increase compared to the situation with the O0-
alternative. The relative effect of the bridge on sediment transport rates and
migration of the Griner Brink formation will therefore increase

e The gradients in the sediment transport are not expected to change signifi-
cantly due to changes in wave directions or wave heights caused by climate
change. The effect of the bridge project of increasing the erosional pressure
at Ohlenborgs Huk/Marienleuchte is therefore not expected to change signif-
icantly from the assessment of the 0-alternative above. However, due to sea
level rise and the reduced beach widths and less effective coastal structures
(unless strengthened), the predicted erosion by the bridge project may put
the coastline at a higher risk than evaluated for the 0-alternative

e The bridge project is not expected to change the effects of climate change
on the Fehmarn north coast significantly

Mitigation and compensation measures
A new beach section in the marine ramp is included in the assessed design of the
project.

Following the impact assessment additional mitigation measures have been includ-
ed in the project. These are listed in Table 7.10 along with the mitigation measures
included in the assessed design.

The planned additional mitigation measurements include monitoring and

new/improved coastal protection structures, if required, at Ohlenborgs Huk to pre-
vent potential erosion along this section of the coast.
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Monitoring and new/improved structures, if required, at the outlet from Blanken-
wish and between Marienleuchte and Presen (a bathing bridge and a water outlet in
front of Presen) are included as planned mitigation measures to prevent possible
impairments of these structures.

Erosion of the beach between Marienleuchte and Presen caused by the bridge can
be prevented by artificial nourishment included as additional mitigation measure.
The required volume is in the order of 2,000 m>/year. It is noted that nourishment
with these volumes does not prevent erosion from the shoreline that already takes
place in the baseline situation.

No further mitigation measures are recommended.

Table 7.10  Mitigation and compensation measures

Mitigation and compensation measures Additional mitigation and compensation
included in the assessed conceptual de- measures
sign

New beach section included in the marine Regular monitoring and strengthening of

ramp on Fehmarn coastal protection structures, if required, to
prevent potential erosion at Ohlenborgs Huk,
Fehmarn

Nourishment of costal sections on the coast
southeast of Puttgarden (approximately
2,000 m?3/year between Marienleuchte and
Presen on Fehmarn)

Regular monitoring of the outlet from Blank-
enwisch west of Puttgarden and im-
proved/new structure, if required

Regular monitoring of the beach in front of
Marienleuchte and new/improved structures,
if required, to ensure the functionality of the
water outlet in front of Presen and the bath-
ing bridge at Marienleuchte, Fehmarn

7.2.10 Decommissioning
Decommissioning is foreseen to take place in the year 2140, when the fixed link
has been in operation for the design lifetime of 120 years.

During decommissioning the marine ramps will be removed. The sediment budget
is expected to return to the baseline situation, i.e. the erosional pressure on the
coastal protection at Ohlenborgs Huk southeast of Puttgarden will reduce and the
erosional pressure on the beach between Marienleuchte and Presen will reduce.
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COMPARISON OF BRIDGE AND TUNNEL MAIN ALTERNATIVES

Comparison of tunnel and bridge alternatives with continued
ferry operation

The impacts from the tunnel and the bridge alternatives are compared below. The
impact assessments of the tunnel and the bridge alternatives are based on a num-
ber of mitigation measures included in the assessed designs of the projects.

It is noted that following the impact assessments additional mitigation measures
have been planned for, which will reduce/eliminate some of the assessed impacts.

In the comparison below, the projects are compared based on the assessed design
of the projects. The consequences of the additional mitigation measures and a
comparison of the residual effects for the two projects are commented on in sepa-
rate sections further below

Comparison of impacts from assessed designs of the projects
Lolland

A comparison of the impacts from the assessed tunnel and the bridge projects on
the Lolland coastline are provided in Table 8.1.

A larger part of the coastline of Lolland will become impacted by the tunnel project
compared with the bridge project due to the relatively large reclamation area on
the Danish side, which is a part of the tunnel project.

Furthermore, the tunnel project has more impacts classified with a very high, high
or medium degree of impact (severity of loss or degree of impairment) than the
bridge project, which only has impacts classified with a medium and minor degree
of impact to the coastline of Lolland.

Both projects impose impacts within the Natura 2000 area SCI DK 006X238. The
tunnel project impacts the protected coastal landscape along the shoreline east of
the reclamation. The bridge project imposes an impact on the special morphology
feature, Hyllekrog, further east. Mitigation of the impact on Hyllekrog is not possi-
ble.

The overall evaluation of the impacts from the assessed design of the tunnel project
on the coastline of Lolland is that a) the assessed impairments to the Lolland coast-
line and structures can be mitigated effectively and at a relatively low cost and b)
the added value of the new reclamation with respect to coastal landscape compen-
sates the loss of original coastline.

The impact from the bridge on Hyllekrog is assessed to be of a minor impact, which
will not change the overall coastal morphology of the barrier.

Fehmarn

Table 8.2 provides the comparison of the assessed tunnel and bridge alternative of
the impacts on the coastline of Fehmarn. The assessed design of the bridge project
causes larger impacts on the Fehmarn side, which is contrary to the situation on
Lolland, where the tunnel project impacts a larger part of the coastline.

The main difference between the impacts on the Fehmarn coastline caused by the
bridge and the tunnel project is the impacts from the bridge on a) Griner Brink and
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b) the mild increase in erosion along the coastline between Marienleuchte and
Presen caused by the impact on the waves caused by the piers/pylons.

The bridge is assessed to increase the rate of the morphological development of
Griner Brink. No mitigation methods can be recommended. Griner Brink is part of
the Natura 2000 area SCI DE 1532-391 and Naturschiitzgebiete ‘Griiner Brink’;
however, the effects are assessed not to influence the character of the feature. The
impact is therefore assessed to be insignificant. The mild increase in erosion along
the coast between Marienleuchte and Presen can be mitigated effectively and at a
relatively low cost and is also evaluated as insignificant.

Conclusion based on assessed designs

In conclusion, the main difference between the assessed bridge and tunnel project
for the marine soil component coastal morphology is the relatively large new recla-
mation along the coast of Lolland, which is a part of the tunnel project. The recla-
mation is, however, also considered to add value to the area with respect to recrea-
tional value and coastal landscape and to compensate the loss of original coastline.

The impacts on the remaining sections of the coastlines of Fehmarn and Lolland
from the tunnel as well as the bridge project are assessed to be insignificant, if mit-
igated where possible. Effective mitigation is possible for all significant impacts at a
relatively low cost for the bridge as well as the tunnel project.

The differences in the impacted areas as well as the differences in the character of
the impacts from the assessed designs of the projects do not lead to one or the
other project being the preferred option based on the impacts on coastal morpholo-

gy.

Projects including additional mitigation measures
Following the assessment, additional mitigation measures have been planned for.
These are mentioned in the beginning of Chapter 6 (tunnel) and Chapter 7 (bridge).

Lolland

The residual impacts after including the effects of the additional mitigation
measures are the loss of coastline in the areas where the projects occupy the exist-
ing coastline due to reclamations/ramps. The bridge project imposes a minor im-
pact on the special morphology feature, Hyllekrog, which will not change the overall
coastal morphology of the barrier.

Coastal sections exposed to increased erosion caused by either of the projects are
with the additional mitigation measures mitigated by nourishment and effects to
structures such as outlet structures are handled by including regular monitoring
and, if required, new/improved structures to ensure their functionality.

The main difference between the bridge and the tunnel project is therefore also
with the additional mitigating measures included in the project designs the relative-
ly large new reclamation on Lolland.

The differences in the loss of coastline as well as the minor impact to Hyllekrog

from the bridge solution, do not lead to one or the other project being the preferred
option based on the impacts on coastal morphology on Lolland.
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Fehmarn

The residual impacts after including the effects of the additional mitigation
measures are for both projects the loss of the same part of the coastline east of
Puttgarden in the area, where the projects occupy the existing coastline due to rec-
lamation (tunnel) or marine ramp (bridge). The bridge project imposes a minor im-
pact on the special morphological feature, Griner Brink, which will not change the
overall coastal morphology of the formation.

Coastal sections exposed to increased erosion from the projects are planned to be
mitigated by nourishment and effects to structures such as water outlets are han-
dled by including regular monitoring and if required new/improved structures to en-
sure their functionality.

The only difference between the two projects is therefore the minor impact to Gri-
ner Brink from the bridge project. This impact is insignificant, since the effects from
the bridge are assessed not to influence the character of the feature.

The impact to Griner Brink from the bridge solution, do hence not lead to one or
the other project being the preferred option based on the impacts on coastal mor-

phology.

Conclusion

In conclusion, the main difference between the bridge and the tunnel project for the
marine soil component coastal morphology is the relatively large new reclamation
along the coast of Lolland, which is a part of the tunnel project. The reclamation is,
however, also considered to add value to the area with respect to recreational value
and coastal landscape and to compensate the loss of original coastline.

The impacts on the remaining sections of the coastlines of Fehmarn and Lolland are
assessed to be insignificant with the additional mitigation measures.

The differences in the loss of coastline as well as the differences in the character of
the residual impacts from the projects including the additional mitigation measures
do not lead to one or the other project being the preferred option based on the im-
pacts on coastal morphology. Table 8.3 summarises the comparison of the im-
mersed tunnel and cable stayed bridge.
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Table 8.1 Comparison of impacts on Lolland for the assessed immersed tunnel (main alternative, E-
ME/August 2011) and cable stayed bridgeprojects (main alternative Var. 2 B E-E/October
2010)
Component: Coastal morphology, Lolland
Immersed tunnel Cable stayed bridge
E-ME/August 2011 Var. 2 B E-E/October 2010
Total |y dividual | SPeC: | Total Iy yividual | SPeC
coastline structures Morph. | coastline structures Morph.
(m) features (m) features
Severity of loss
Very high severity 0 24 0 0 0 0
High severity 3,180? 0 0 0 0 0
Medium severity 0 0 0 0 0 0
Minor severity 4,290 0 0 1,300° 0 0
Total 7,470? 24 (v} 1,300° 0 0
Part of coastline (%)* 37.32 - - 6.5° - -
Degree of impair-
ments
Very high impairment 750 24 0 1,100* 0 0
High impairment 0 0 0 0 0 0
Medium impairment 3,280* 34 0 0 0 0
Minor impairment 0 0 0 1,000* 0 0
Total 4,030* 54 0 2,100° 34 0
Part of coastline (%)* 20.1* - - 10.5* - -
Reference (m) 20,035 20,035

! Refers to part of coastline (%) within the near zone + local 10-km zone, %includes 3,180 m of loss of
beach west of Rgdbyhavn which will be compensated by artificial beaches and a lagoon as a part of the
conceptual design, 3the lost section of the coast is compensated by new beaches east and west of the
marine ramp, “impacts, which are assessed not to be effectuated following additionally planned mitiga-
tion measures, please refer to text
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Table 8.2 Comparison of impacts on Fehmarn for the assessed immersed tunnel (main alternative,
E-ME/August 2011) and cable stayed bridgeprojects (main alternative Var. 2 B E-
E/October 2010)
Component: Coastal morphology, Fehmarn
Immersed tunnel Cable stayed bridge
E-ME/August 2011 Var. 2 B E-E/October 2010
conatline | Individual | SRS | ine | Individual | J2Ch
structures ph. structures ph.
(m) features (m) features
Severity of loss
Very high severity 0 0 0 0 0 0
High severity 7007 1 0 7007 1 0
Medium severity 0 0 0 0 0 0
Minor severity 0 0 0 0 0 0
Total 700° 1 0 700° 1 0
Part of coastline (%)! 3.1 - - 3.1 -
Degree of impair-
ments
Very high impairment 0 0 0 0 0 0
High impairment 0 0 0 0 0 0
Medium impairment 370° 5° 0 370° 5° 0
Minor impairment 0 0 1 2,165° 3® 1
Total 370° 5° 1 2,535° 8* 1
Part of coastline 1.6 - - 11.2 - -
(%)
Reference (m) 22,680 22,680

refers to part of coastline (%) within the near zone+ local 10-km zone, 2 includes 700 m of loss of

beach east of Puttgarden, which will be compensated by a new artificial beach, 3impacts, which are as-
sessed not to be effectuated following additionally planned mitigation measures, please refer to the text
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Table 8.3 Comparison matrix of impacts from Immersed tunnel and Cable stayed bridge including
additional mitigating measures. For each factor, the relatively environmentally best alter-
native is identified. 0: No difference; (+) Small environmental benefit; + Environmental
benefit; ++ Large environmental benefit. Note that even an alternative is evaluated less
environmental beneficial, this does not imply that there are significant impacts on the en-

vironment
Component Sea bed morphology
Immersed tunnel Cable stayed bridge
Assessed
sub-components E-ME/August 2011 Variant 2 B E-E/October 2010
Beaches / unprotected Loss of beaches compensated 0 Insignificant loss of beach (at 0
coastline by new beaches (Fehmarn Fehmarn), compensation by
and Lolland) and new coastal new beach.

land Lolland).
andscape (Lolland) Loss of beach/unprotected

coastline smaller than for tun-

nel project.

Coastal protection No impairments on the coastal 0 No impairments on the coastal 0
protection on Lolland and protection protection on Lol-
Fehmarn land and Fehmarn
Insignificant loss of coastal Insignificant loss of coastal
protection (covered by the protection (covered by the
Lolland land reclamation) marine ramp)

Individual structures No significant effects on the 0 No significant effects on the 0
individual structures on Lol- individual structures on Lol-
land and Fehmarn land and Fehmarn

Special morphological No effects 0 Insignificant minor impact to 0

features

Hyllekrog but no morphologi-
cal effects on the barrier. In-
significant minor impact to
Griner Brink, but no changes
to character of formation

Total coastal morphol-
ogy

No significant impacts on the 0 No significant impacts on the 0
coastline of Lolland. Loss of coastline of Lolland. Loss of
beaches compensated by new coastline significantly smaller
beaches and new coastal than for tunnel project. New
landscape. beaches included in project
Femern: no significant im- design.
pacts. Femern: no significant im-

pacts.
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Comparison of tunnel and bridge alternatives without ferry
operation

The comparison of the tunnel and bridge alternative without the continued ferry op-
eration is not carried out for coastal morphology.

The ferry operation is not expected to have any significant impacts on the sediment
budget for the coastlines of Fehmarn and Lolland. The assessment carried out for
the situation with continued ferry operation is therefore expected to cover the sit-
uation without continued ferry operation.
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9 CONSEQUENCES TO IMPLEMENTATION OF WFD AND MSFD

Neitherthe impacts from the tunnel project nor the impacts from the bridge project
on the coastal morphology are assessed to influence the possibilities of fulfilling the
criteria for good environmental status for descriptor 6 in the MSFD.

Neither the impacts from the tunnel project nor the impacts from the bridge project
are considered to influence the possibilities of fulfilling the purposes of the WFD.
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10 KNOWLEDGE GAPS

The assessment of the coastal morphology is based on a detailed baseline study
with mapping of the historical and present day coastlines. A well-calibrated model-
ling system of the sediment budget, which was found able to reproduce the chang-
es to the shoreline changes in the recent years, 1999-2009, is applied.

The responses of coastlines to the pressures from the bridge and tunnel projects
are, however, considered to be generally well understood.

In total the assessment of coastal morphology is assessed having a medium degree
of uncertainty.
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1. WAVE MODELLING USING WAMIT

When waves interact with bridge pier/pylon foundations, spreading of the wave en-
ergy takes place, causing reductions of the wave heights in the area of the bridge.

The main cause for the spreading of wave energy in the area of bridge piers/pylons
is reflection and diffraction of the waves caused by the structures. Diffraction is the
process by which wave energy is transmitted around the structure.

1.1 Methodology

In order to quantify the changes to wave heights and directions a three-step proce-
dure has been used:

1. Detailed calculations of the wave climate around a single foundation: Calcu-
lations are performed for a selection of bridge piers/pylons using a separate
modelling tool, WAMIT.

2. The results are parameterised to the Equivalent Blocking Widths (simply de-
noted the Equivalent Width in the following), Ref,. Equivalent Width corre-
sponds to the width of the structure, which allows no energy to pass.

3. Wave modelling including bridge piers/pylons: The change in wave climate
from all the bridge-piers/pylons is calculated with the numerical wave mod-
el, MIKE 21 SW, now modified to include these blocking widths so that the
transmitted and reflected wave energy is altered at each position of a
bridge-pier/pylon.

The three steps are described in more details below.

Step 1: Detailed calculations of the wave climate around a selection of sin-
gle bridge-piers/pylons

The detailed calculations of the wave climate around a single bridge-pier/pylon
foundation are carried out with WAMIT. WAMIT is a panel method which models the
wave field around an arbitrary shaped structure, based on potential wave theory.
WAMIT is described in (Newman, Lee and Korsmeyer 1995).

An example of how a foundation is included in WAMIT is shown in Figure 1.1.
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Figure 1.1 Example of how the foundation is included in WAMIT: Here the pier/pylon is placed in a
caisson from seabed level (here -28.7m) up to +4m. The caisson is 80 m long and 50 m
wide. From the seabed level up to -20 m the caisson is surrounded by a protection layer.

Step 2: The Equivalent Width
Based on the results from WAMIT, the reduction factor in the wave energy flux due
to the blocking effect of one individual foundation is calculated following this proce-
dure:
1. The incoming wave flux (or the wave flux in case of no bridge piers)
can be calculated based on an analytical expression depending on the
water depth and wave period.

2. The wave flux including the reflection and diffraction can be calculated
from the WAMIT results of the resulting wave climate (which depends
on the water depth, wave period and shape/size of foundation).

3. The reflection factor in percent for one structure can then be found
from the difference between the incoming wave flux and the resulting
wave flux.

4. The reflection factor is parameterized to an Equivalent Width Ref,, by
including information of the size of the structure. The Equivalent Width
corresponds to the width which reflects all the incoming wave energy,
and this is input to the numerical wave model such that the transmitted
wave energy is altered at each position of the piers/pylons.

For the WAMIT calculations, the bridge piers and pylons for the bridge project have
been grouped in 8 groups, each represented by one pier/pylon foundation; the se-
lection of piers/pylons for the WAMIT calculations and the procedures in the calcula-
tions are described in Section 1.2.

Step 3: Local wave model including bridge piers/pylons

The influence on the wave field due to the reflection/dampening caused by the
bridge piers/pylons is assessed by including the piers/pylons as structures in the
area wave model. The positions of the piers/pylons are shown on top of the ba-
thymetry and mesh of the local wave model in Figure 1.2.
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In MIKE 21 SW the effect of the bridge piers/pylons on the waves (reflection/trans-
mission) is dependent on the water depth and wave period. The calculation of the
reflection/transmission is based on a wave flux/energy approach through specifica-
tion of the reflection factors (Equivalent Widths) derived from the WAMIT calcula-
tions. The reflection factors supply for each position of a pier or pylon the width for
which all incoming wave energy is reflected in MIKE 21 SW. It is assumed that the
energy is reflected 180 degrees. The Equivalent Widths are smaller than the actual
widths of the piers/pylons indicating that some of the energy is transmitted around
the structure. No energy loss is assumed.

6062000
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6058000
6056000
6054000
6052000 -
6050000
6048000 Bathymetry [m]
[ ] Above 0.0
6046000 | : [ ] -25- 00
] [ -50- -25
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6044000 | [ -100- -75
] B -15.0--10.0
6042000 B -20.0--15.0
B Below -20.0
6040000 - [ | Undefined Value

—
645000 650000 655000 660000
0:00:00 30/12/1899 Time Step 0 of 0.

Figure 1.2 Close up of local wave model bathymetry and mesh with locations of the bridge
piers/pylons along the bridge alignment

1.2 Wave modelling basis in WAMIT

The reflection/diffraction effect increase with the blocking effect the bridge
pier/pylon foundations impose on the wave field, and thereby by the cross-sectional
area and the depth. In order to ensure optimal/conservative assessment of the re-
flection/diffraction effect, the following considerations are made for the representa-
tions of the bridge piers/pylons in the wave modelling,

e Depending on the incident wave angle the piers are not symmetrical relative to
the direction of wave propagation, so the incident wave angle compared to the
orientation of the piers must be considered.

e In order to reduce the computation matrix, the bridge piers and pylons are
grouped in a number of groups, each group represented by WAMIT computa-
tions of one pier or pylon.

This is described in the following subsections.

FEHY 4 E1TR0059-Volume III Appendix



=

The incident wave angle

Depending on the incident wave angle the piers are not symmetrical relative to the
direction of wave propagation. An example is shown in Figure 1.. The left-hand
cross-section shows waves with incident angle of 0° and the right-hand cross-
section is equivalent to waves with incident angle of 67°.

Incidentwaves

=t

Figure 1.3 Sketch of pier cross-section

From geometrical considerations the reflection is expected to be largest for 67°, as
evident from Figure 1.3. However, the diffraction effect may cause some energy to
pass around the structure, so more investigation needs to go into this:

In order to select an optimal/conservative incident wave angle for the WAMIT calcu-
lations, WAMIT was used to calculate the wave field around one of the piers with
various incident wave angles. All of the piers have the same cross-sectional shape,
only the size changes, and since these considerations are mainly shape-related this
calculation is representative for all of the piers. Regarding the pylons, they are ei-
ther elliptical (the Outer Pylons) or circular (the Center Pylon); the same argumen-
tation applies for the elliptical shape, and the circular shape is not depending on the
incident wave angle.

The results are shown in Figure 1.4for selected wave periods. Evidently the Equiva-
lent Width is largest for 67° - 90°, but incident wave angles close to 90° related to

the bridge pier/pylon orientation is not likely. As a conservative choice it was decid-
ed to perform the WAMIT wave modelling with an incident wave direction of 67°.
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Figure 1.4 The Equivalent Width as function of orientation of a pier (pier L17).

The grouping of bridge piers/pylons
The WAMIT computations are for one structure only. The Fehmarnbelt bridge layout
V2 has 28 piers on the Fehmarn side (the south side), 46 piers on the Lolland side

(the north side), 2 transition piers, 2 anchor piers, 2 Outer Pylons and 1 Centre Py-
lon.

In order to reduce the computation matrix, the bridge piers and pylons were

grouped in a number of groups, each group represented by WAMIT computations of
1 pier or pylon.

When considering the factors of importance for the reflection/diffraction the factors
decided by the blocking structures are the depth and the size/shape of the struc-
ture. The groupings were made based on considerations concerning these. Descrip-
tions of shape and depth for each type of pier/pylon are given in Table 1.1.
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Table 1.1 Overall description of shape and depth of piers and pylons

Bridge pier/pylon Description

Bridge piers: These all have the same cross-sectional area
F28->F1 at the top-level, which varies.

L46->L1 Therefore the cross-sectional area varies at

MWL and at seabed level.

Transition piers: The piers are located in a caisson which goes
FO from seabed level to level +4. The shape is
LO elliptical with length 80m and width 50m.

From seabed level (-29.0 at north side and -
28.8 at south side) to level -20 the caisson is
surrounded by a protection layer with width
at seabed level of appr 22m.

Anchor piers Same as above, though the seabed level is
-28.60 (north side) and -28.9 (south side).

Outer Pylons The caisson goes from seabed (-28.6 at
north side and -28.8 at south side) to level -
6.5 with an inclination: length and width at
seabed is 94m and 54m, and length and
width in level -6.5 is 76m and 36m.

Center Pylon Round caisson with D=75m from seabed lev-
el (-28.6) to above MWL.

Based on Table 1.1 it was decided to group as:

The bridge piers were grouped in 6 groups

The 2 Transition Piers and the 2 Anchor Piers form 1 group
The 2 Outer Pylons form 1 group

The Center Pylon form 1 group

The grouping of the bridge piers in 5 groups is described below.

Grouping of the bridge piers:

All bridge piers have the same cross-sectional area at the top level. The top-level
varies along the length of the bridge and therefore the cross-sectional area at the
MWL and over the depth varies for the piers.

The seabed level and the top level of the bridge piers are shown in Figure 1.5.
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Figure 1.5 Seabed level (black) and Top-level (red) for each pier; left-hand side shows the Fehmarn
approach and right-hand side shows the Lolland approach. Blue circles indicate the piers
used for the investigation of the effect of cross-sectional area and depth, see Figure 1..

Obviously the same top-level and therefore the same cross-sectional area at MWL
for each side is associated with different seabed levels; the seabed level and corre-
sponding cross-sectional area at MWL for each bridge pier are shown in Figure 1.6.

120 T T T

1
—#— Piers at Fehmarn side
—#— Piers at Lolland side

110

Cross-sectional area of pier at MWL [mz]

60 -

S50

40 1 1 1 1
-30 -25 -20 -15 -10 -5

Depth [m]

Figure 1.6 Corresponding depth and cross-sectional area at MWL for the bridge piers.

FEHY 8 E1TRO059-Volume III Appendix



=

It is expected that a larger cross-sectional area at the MWL results in greater reflec-
tion/diffraction effect. In order to investigate the significance of depth and cross-
sectional area over the depth, the wave climate for 2 pairs of piers, each with ap-
proximately the same cross-sectional area but on different depths have been com-
puted with WAMIT. The Equivalent Widths are shown in Figure 1.7.
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v

[~ | Cross-sectional Sea-bed
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I I
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=]
©
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Figure 1.7 The Equivalent Width for 2 pairs of piers, each pair having approximately the same cross-
sectional area at MWL but different depths.

It is seen that the pairs with approximately the same cross-sectional area has ap-
proximately the same Equivalent Width, irrespective of the depth, especially for the
smaller wave periods. For the longer waves 2 opposing effects are present: The
longer waves are felt deeper and therefore the depth becomes increasingly im-
portant, however the blocking effect of the piers becomes increasingly smaller for
the longer waves. It is seen from the figure that the Equivalent Width approaches
the same value for longer waves, irrespective of both cross-sectional area at MWL
and depth.

It was therefore decided to group the piers based on their cross-sectional area at
MWL.

Figure 1.8 shows the Equivalent Width as function of the cross-sectional area at
MWL for 3 selected wave periods:
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Figure 1.8 The Equivalent Width as function of cross-sectional area at MWL for 3 wave periods.

For the smaller wave periods there seems to be an almost linear connection, which
tends to flatten and scatter for the larger wave periods.

Based on this tendency the groups were chosen for relatively small intervals of
cross-sectional area:

40 m?- 50 m?
50 m?2-60 m?

60 m?-70 m?

70 m? - 80 m?
80 m?-100 m?
>100 m?

In the local wave modelling the piers/pylons in each group are represented by the
Equivalent Width for one of the piers/pylons in the group.

Change of wave field due to bridge piers/pylons
The change of wave field due to bridge piers and pylons are calculated based on the
procedures and methods described in the main report.

The resulting Equivalent Widths for the groups of bridge piers/pylons applied are
shown in Table 1.2.
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Table 1.2 Equivalent width based on results from WAMIT.

Type of Group

structure #

Wave Period (s)

=

2 3 4 5 6 7 8 9 10
Pier 1 9.25 7.94 10.33 9.09 6.25 3.98 267 1.80 1.32
Pier 2 10.56 8.90 11.07 10.91 7.88 5.20 3.39 235 1.64
Pier 3 11.23 10.00 11.55 11.83 7.40 4.31 258 1.60 1.11
Pier 4 11.74 11.56 11.88 13.24 875 5.01 2.88 1.87 1.22
Pier 5 12.70 13.86 12.46 14.35 11.05 6.19 3.47 2.13  1.35
Pier 6 14.83 16.11 13.51 16.22 14.63 9.41 553 3.31  2.11
Transition- 7
and 61.51 61.74 62.18 60.05 62.05 61.49 58.57 61.32 64.57
Anchor
pier
Outer Py- 55.19 61.14 61.22 61.83 62.96 63.70 67.12 68.21 69.28
Center 9 51.39 52.41 52.18 50.58 48.52 50.69 44.92 43.41 44.87

1.3 References

Newman, J. N. Lee, C.H. and F. T. Korsmeyer (1995) WAMIT version 5.3. A radia-

tion diffraction panel program for wave-body interactions, (Dept. of Ocean Eng.,
M.I.T., Cambridge, MA).
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