Off ore pumped hydropower storage

Tech aI feasibility study on a large energy storage facility
[ ©l ’the Dogger Bank

Master thesis

]
TUDelft

W|tteveen Hrgs
2T 5% / ",q






Offshore Pumped Hydropower Storage

Technical feasibility study on a large energy storage facility on the Dogger Bank

By

Lucas de Vilder

To obtain the degree of

Master of Science

In Hydraulic Engineering

Specialization in Hydraulic Structuresand Flood Risk

Faculty of Civil Engineering and Geosciences
Delft University of Technology
The Netherlands

16th October 2017

Graduation committee

Chairman Prof. Dr. Ir. S.N. Jonkman
Supervisor Prof. Ir. A.Q.C. van der Horst
Supervisor Ir. J.D. Bricker

Supervisor Ir. W.F. Molenaar

Company supervisor Ir. E.J. van Druten

- Bos (‘ Delft
Witteveen TUDelft &y







Preface

This report presents my graduation work to conclude my Master Hydraulic Engineering and
specialisation Hydraulic Structures and Flood Risk at the Delft University of Technology. The topic of
this research is to develop a better understanding of how an offshore purhpdtbpower storage

facility scales with its storage and power capatiyyusing existing construction technologies. The
research has been conducted in cooperation with the engineering and consulting agency
Witteveen+Bos.

First of all, | would like to expss my gratitude towards the members of my graduation committee. |
would like to thank Bas Jonkman fyur extensive feedback after every single meeting and Jeremy
Bricker for always being available whenever | needed some guidance. Thanks to Wilfredavitdena
always expressing yoaoncernsand safeguarding the principles of hydraulic engineerikgd van

der Horst, thank you for joining the committee and enthusiasm to deal with the challenges of
execution.

A special thanks to Emiel van Drutgrour fasmation for civil engineering and supervision on the
graduation process has truly been inspiring. To all the colleagues of Wittevegntiaok you for
the opportunity to work alongside you angour willingness to assistvery time | needed your
expertiseThanks to the other graduates for the enjoyable time and good atmosphere in the office.

Finally, | would like to thank my family, friends, flatmates and girlfriend for your suppomg my
entire study.

Lucas de Vilder
Delft, October 2017



VI



Summary

To combat global warmin@ transition towards renewableenergy sources(RES)is essential.
Although RES have much lower liiycle emissionsthey do not offer a continuous and fully
predictable output like their fossfuelled counterparts Energy trage is paramount i order to
include the growing share of these intermittent sources into the grid and provigdéable supply of
energy.

In 2016 a long term visiorhichinvolves the creation of an artificial island on the Dogger Bank in the
North Seawas presented The island would act as the central spill in an interconnected future
economy fuelled by RES. Currently there are no competitive energy storage technologies under
consideation that could contribute tahisW Sy SNH& Kdzo Q&

In Europe pumped hydrawer storage (PHS) represents over 90% of the-gpithected storage
capacity and continues to be identified as the most egffitient energy storage technology available
today and in the future. Unfortunate|yconventional PHS is restricted to mountaisoareas and the
remaining potentia{2291GWhyloes not suffice to future deman@stimated at 3596GWh)

The plans of developing a large wind farm via the construction of an island nadattractivebase

to test the contribution and feasibility of a sghitute to conventional PH®verseoffshore pumped
hydropower storagdlOPHS)It relies on tke same principles as conventional B kbnly the process is
inverted. When the wind farm generates a surplus of energy, the excess power is used to drive
hydrauic turbines which pump the water out of the artificially created lake into the surrounding sea.
Then when there is a higher demand for energy than the wind farm generates at that time, the sea
water is allowed to flow back into the interior lake driviig sameurbines.

Although the idea of inverse offshore pumped hydropower storage has been around for years, it has
never beenconstructed The objective of this research is to identify the possible design alternatives
and determine bw the costs of an offsore pumped hydropower storage facility scale with the
power and storage capacity, using gkig construction technologies.

The constructionof the storage plant consistsf four main elements: the dam, dredging works,
turbines and the turbine housing. Fthe dam and dredging process that collectively are responsible
for the creation of the storage capacity, it was found that when thick clay layers are present the costs
are dominated by:

Maximum practically achievable reservoir depth

Armouring of the danto cope with the wave conditions

Combination of inner slope stability and uplift of the inner toe

Dredging equipment and the operational wavéising theexcavatn ofthe stiff clay
Sealing of the underlying sand layer

a s wdpE

The costs of the poweasapacity depend on the turbinesmdthe housinghat are governed by:

Constuction method of theturbine housingand connecting penstock and tailrace
Type and size of turbirse

Maintenance costs of the electrical and mechanical parts

Preventive measures agnst cavitation fronhe turbine runners

APwbdPE
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When all costs are combined (except for planning and design costs) the expenditure scales as
estimated inTablel. The dedicated equipment is required to enable an efficient dredging process in
the offshore conditions

S ~ =7~

Element # ADEOAI A/ DPAOAOEIT T Al AT A | AEI

Dedicated equipnent 310

Storage reservoir (E=GWh) 10°x0.7209 x E*° | 10 x 0.7209 x B>

Power generation (P=GW) | 10° x 0.8746 x ¥**® | 40 x 0.8746 x P**°

Tablel: Total costsof anoffshore pumped hydropower storage plant in the North Sea with a maximum head difference
of 40 metres The operational cost of the dredging equipment is included in the storage capacity

It should be noted that the results are certainly not limited to rag#locationon the Dogger Bank,
rather they are universally applicable. The stated design choices and relative costs components may
act as guidance from which the given formulae and factors could easily be transposed to any other
site. By doing so it caquickly be assessed if an inverse PHS system is possible and whether it
provides a profitable business case.

The computed costs were obtained in a detemistic way. After a selection éditure scenarios and
uncertainties were taken into accoynthe levdised cost of storage (LCOS) was estimated. For a
HpD2 K adG2N}3S OFLIOAGE YR HwHdcpD2 2F AyalulfttSR
MpdPneka2 K 2F ¢ KA Gliemostreakisiéc K A a F2dzyR

In the worst case scenario the offshore pumped hydropoweramirwould remarkably be just as
competitive as a conventional PHS plant. More importantly the studied alternative is a factor 3 to 18
times less expensive than batteries or power to gas (both are currently under consideration to
incorporate the large shass of wind energy from the North Sea).

The considered reservoir is expected to have a Net Present Value of 610 million euros and a payback
period of 23 years, which in favourable conditions could become 2.9 billion euros. Consequently it
was not only foundhat constructing an inverse offshore pumped hydropower storage facility in the
middle of the North Sea that can cope with the discussed failure mechanisms is pdssdaldition

the operation would be highly profitable.

This research presents a vialéfshore pumped hydropower storage facility that is undoubtedly
worthwhile, without relying on potential revenues or investments from other functions. Thereby it
may offer a valuable link in the transition towards a green economy and within the develomhent
large scale offshore wind energy in the North Sea.

The idea of Luc Lievense about artificially creating an energy storage reservoir has been laying on the
shelf for nearly four decades. At the time wind energy did not develop as quickly as initiytesck

and the project lost interest. Nowadays offshore wind is being installed and planned on an
unprecedented scale, making the business case for energy storage more lucrative than it has ever
been before. Therefore the time to initiate the realisatiohilmverse pumped hydropower storage is

now.
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1. Introduction

Firstly an outline on the challenges othe future energy supplywill be given explaining climate
change as a driver for switching to reneweahlwhich bringheir own challengesFurthermore, the
altematives for energgtorage will be discussed as interconnectivity, flexible densmtigeneration

or the curtailment that would followvhen these flexibility options are not sufficiently implemented.
Lastly a long temm vision is presented, that involves the creation oftéitiaf island in the middle of

the North Sea. The island would act as the central spill in an interconnected future economy that is
fuelled by renewable energy sources (RE®Y). that future situation it will ulimately lead to the
guestion how energy strage can contribute to this multifunctional concept.

1.1 Climate action

The word energy consumption started rising ever since the {oeal) industrial revolution.
Subsequently when World War Il was over, other finite energy sources like oil andreyas
exponentially (se€igurel). The emissions originating fromsage othesefossil fuesare considered

one of the drivers ofi 2 RIdénfXéichangeL & KI a4 0SSy 02y Of dzZRSR gA 0K o
human influence on the cimate system is clear and is evident from the increasing greenhouse gas
O2y OSYyiUNI GA2Yya AYy GKS GY24LKSNB¢E OLYGSNEB2OSNYY

600 Climate change is
Nuclear perceived as undesirable
500 - Gas and something that
2" | Nuclear ——— requires action, Wich
0oa . - -
400 4 Hydro and other renewables results in international
" Wood partnerships, treaties and
2 ) A A ~ o A
3 300 1 ae IEII}LBSYSYua t)\lSA
z FYR Wt NAAQd ¢KS

of these pacts is t@void

200 , o~ A . “
Hydro and other renewables a R I y 3 S N\E dza I y u K N\E
Wood interference  with  the
100 = LA v w v <A ’ ’
Oft AYIIUS aeausSyé o
Summit, 1992) and
c+————¥F""""T"""—"——F"+—"—"——"T I mitjgate the pressure on
1850 1875 1900 1925 1950 1975 2000

Year the climate by reducing

Figurel: World primary energy consumption per fuel type from 1850 to 2014, bt the energy consumption
on data from BP, Statistical Review of World Energy (source: Heinberg & FI' gnd  the emission of

harmful gases. Due to the increasing global populafidN 2015 projections)it is unlikely that the
amount of energy we use collectively is going to fall (in this century). Consequentlyf ititisiost
importance to generate power without the corresponding release of damaging gases and move from
a fossil fuelbased economy to a sustainable syst@rinitiate momentum towards &lecarbonise@
economygoals have been set, like the European Wri2620 targets as shown Figure2.
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Figure2: European Union 2020 objectives for renewable energy source (RES) shares in the ene
(source: European Commission, 2016)

As can be seen above, The Netherdaraitks worst after Malta and Luxembourg in achieving their
renewable energy targetsom all 28 Member StatesAlarminglythe Netherdands only managed to
go froma 5.8%RES share ir025 to a 5.9% RES share in 2046ich is still far away from their 14%
objective(Timmer & Van Zuijlen, 2017

However, change is on the way and even the Netherdands started investing and moving towards an
environmentally sustainable energy supphs of 2023 a total of 4.45 GW offshore wind power is
planned to be operational and an interconnector capacity of 9.1 GW to nearby nations
combination with investments inther RES and infrastructure this should lead to a 16 % renewable
energy share in 202@Viinisterie van Economische Zaken, 2016)

This trend towards a decarbonised economy is happening on a global scale, as can be-ggpane in
3. Especially wind and solar power are in the lift, being accolatidy 90% of global investments in
RESn 2015 Due to these developments in RE&® onshore wind, hydropeerand biomass araow
all competitive or cheaper than for example gas, coal oficéld power plants (IRENA, 2017).

GW Growth

2,000 9.1% 9.3%10%

1,500

500

o]

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

4 Hydropower and ocean 4 Wind Solar 4 Bioenergy & Geothermal w— Growth
Figure3: The renewable power capacity worldwide and its growth rate over the last years (source: Irena, 2
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1.2 Integrating renewable ene rgy into the grid
Traditionally the daily gap between

Windsselar e baseload supply and demand is
LTS made undone by rampingp and¢
mHydro+Bic  down a gas peak power plant as in
Figure 4. Besides the fact that
conventionally generated flexible
power is expensive and inefficient, it
emits large shares of greenhouse
gases (GHG). In order tachieve
Figure4: Typical power curve in the United States (source: Miller, 201 fyture climate targets not only the

baseload, but also the flexible power supply needs to be generated by renewables.

W Coal

Nuclear

Percentof Max. Pek Power

2:00AM -+
4:00AM |
6:00AM
8:00 AM +
10:00AM |
12:00PM |
2:00PM -+
4:00PM -+
6:00PM |
8:00PM -+
10:00PM +
2:00AM —

1

Renewable energy sources (RES) like wind and solar amember more dominant in the energy
power mix (WEC, 2016c). Although these RES have much lowsrclidéee missions, 14 g/kwWh of €0
equivalents for wind energy compared to 1001 g/kWh for coal (IPCC, 2011). The intermittency of
wind and sun poses a real clesige for integrating them into the power system (WEC, 2016y

the wind and solar energy supply may fluctuate during aweek is depictaguime5.

12000

3000

Solar

 Storage Withdraw! — Wind

g000 - e Hydro/Biomass e Storage Charging = Demand

Figure 5: The hourly supply and demand of energy for Minnesota, USA, in a hypothetical 1009
scenario during a week (Wed Tue) in July, 2007. Note how energy storage and withdrawal levels
difference between the intermittent supply and the energy demand (source: Makhijani et al., 2012)

Even thoughrigure5illustrates the challenge of integrating wind and solar power it also shows the
possibility ofoperating a reliable energy system powered by RES. Wind andpsoVar complement
each other rather well, with the wind blowingpostly during the night and in winter, and the sun
shining during the day angeaking insummer.However, problems arise when the wind does not
blow and the sun does not shine. For these dayd moments that the RES supply cannot match the
exactenergy demand, alternatives are required in order to guarantee energy s€esesgigure?).
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Demand side

Flexible power ol s management

Supergrids
Energy storage hergtids/

interconnectors

Figure 7: Flexibility options that can help absolving the differences in electric energy supply and de
(source: Posthumus & Van der Vegte, 2017)

The mairpossibilities to deal with the challenges posed by variable renewable energy sources are:

- Flexible power: Generate power exactly according to the demand

- Demand side management: Adjust the energy demand to the supply

- Energy storage: Store energy when supptgeeds demand and release when required

- Interconnectors: Connect regions/countries with different energy demands and supplies
- Do nothing: Do not fully commit to RES and accept irreversible climate change

Note that the various alternatives do not exclude each other. On the contrary, the first four
opportunities will all be necessary to transfer to a decarbonised econdimg. options aboveare

further explained inAppendix A: Options to help integrating intermittent renewabldfs these

flexibility options are not sufficiently implemented the grid will not be able to cope with the
intermittency from the RES, with the consequence that for example wind turbines will be shut down
andSyYSNHe& gAff 0SS wft2aidQ [ O0O2NRAy3Ife&d ¢KAA OdzNI |
FY2dzyGd 2F SySNEBe& WiKIG O2df Ratwhidh de defifal enad@y S NI (i ¢
YW2dzZ R KIS 0SSy &2t RQd ¢KS f2aa 2F NBGFSydsS o6 RdzS
as can be seen ligure6. The European Commission projeftis 2050that annually 20 billion euros

might be lost due to curtailment when

ijzz Curtailment in Germany (million euros extensive ParEur(_)pean grd inves_tments
are not placed in coherence with the
800 growing RES shafe-Highway2050, 2013).
jgg From the various ways that can help
incorporating large shaseof RES into the
200 grid, it is chosen to focus on possibilities
04— regarding energy storageEnergy storage

. 2009 2010 2011 2012 2013 2014 2015 2016 offers the most promising additioto the
Figure6: The loss offevenue according to network operators

Germany (Timmer & Van Zuijlen, 2017), mostly due  challenging project explained in the next

insufficient energy storage and grid capacity between section.
(enlarged) wind power generation in the north and the enel
demand in the south (source: Dickson. 2017)
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p8ac ,11cCc OAOI A Adigq Al AOCOE 3 AAS
Over the next decades it is expected that &= , B 7

possible neashore wind capacity will be| ‘ 4‘
installed, which is more beneficial compared 1
far-shore from a constructability and connectio
to the grid pespective. Once far-shore wind
power becomes necessary(>2035) shallow
waters with good wind conditions will be the are
of choice(Van der Hage, 2017)

The Dogger Bank comprises of over 17,6

square kilometres okhallow water(13 to 40m &
deep) throughout the British, Dutch, German an|
Danish waters of the North Sea. TenneT recer
launched their plans tdevelop an immense winc
farm (380 GW) on this very samarea and
connect it to all the North Sea countrigsee
Figure 8). To enable the construction of g
profitable wind farm this far offshore an islan
needs to be build. Such an island brings seve
advantages like:

- HVDCconverter stations no longe
requre offshore platforms, but can b
built on land

- Interconnector cables can be laid frorliigure 8: The hypothetical location on the Dogger Bank
and to the island, instead of runnin¢he energy hub with its interconnector cables indicated w

telv betw Il th tri q'the dashed lines (top) and an impression of the envisio
sep.araey etween a _e coun rle“island by TenneT (bottom). The figure was nifged from
saving more than half the distance Van der Hage (2017) and Bérger et al. (2014)
- By adding a port to the island the logistics

of constructng, operating and maintaining the wind farm are massively simplified

The Witteveen + Bosngineeringconsultancyis planning to develop a better understanding of the
OKIFffSy3dSa FyR 2LILRNIdzyAGASa NBII NRA yumhbei & S

students enlightening different aspects of the project simultaneously such as:

a9y S

- Feasibility study of the hub and spoke conceptin the North Sea: Developing a site selection

model to determine the optimal location (Gerrits, 2017)

- Nature enhancing gportunities for coastal defences: Opportunity study for the Dogger Bank

(Frolke, 2017)

- Offshore pumped hydropower storage téchnicalfeasibilitystudy on a large energy storage

facility on the Dogger Bank (topic of this thesis)

- A study of the economibenefits of the island, interconnector cables and energy storage

(expected in 2018

¢KS NBadfd GAy3 NBLR2NIA FNB YSIyd G2 KI&S I a

important subjects like environmental impact, site selection and pti#énbenefits are not
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sufficiently addressed in this report. However, as can be deducted from the previously stated parallel
projects, thosetopics are thoroughly investigateth the other studies.Additionally has to be
mentioned that unless otherwise ated, all the work presented in this report originates from the
author itself

1.3.1 Contribution of e nergy storage 01 OEA OAT AOCU EOBAGS

Within the plans of creating a central spill in the North Sea, to devidlagge-scale wind powerit is
thought that enegy storage could be a valuable asset within the wimigiect. When the artificial
island, interconnector cables and wind turbines are in place, all ingredients an energy storage facility
could wish for are present:

- The interconnector cables between theotth Sea countriesllow for buying and selling of
energy to many different markets

- By being right next to the wind power source, the storage facility can stock wind energy
directly at times of abundancend provide energy once required, whextherwise tte
energy would be logtavoided curtailmenand security of supp)y

- The ability of storing energy locally for later momenééso results in deferral of
disproportional grid investments, since they do not need to cope with the maximum wind
power capacity.To put it into perspective: by avoiding 300 kilometres of a 700 MW
interconnector cable, 600 million euros are saved.

- With all the wind power generation and electrical infrastructure to transform alternating
current (AC) to direct current (DC), there Wik a large demand for frequency control
services, which energy storage might fulfil.

- ¢KS LINBaSyOS 27F | In#bigan easy way 6 FanspStiiGediibinenK dzo Q
and materials that are necessary for the construction and operation of the storage facility.

Pumped hydropower storage (PHS) is the oldest and mostestdblished storage technology (see

Figure9). PHS consists out of two connected waterbodiese uppefr and one lower reservoir. In

times of energy abundance (or low prices) water is pumped from the lower to the upper reservoir
GKSNE (GKS SySNHe Aa Waili2NBRQd ¢KSYy ¢gKSYy GKSNBE A
upper reservoir, dving the turbines, and flows back into the lower reservdinfortunately the
appropriate geographic conditions for PHS are scarce and the remaining sites will not suffice to
future demandexplained in chapter 2)

Pumped storage hydro Flywheels 931 Mw

Compressed Air
Energy Storage

(CAES) 637 Mw
sodium Sulphur 189 Mw
Advanced lead-
'|45 OOO acid/lead acid 109 Mwy
I',llw Capacitor 76 MW
Redox flow battery 42 MW
Nickel-cadmium 30 Mw
Others 34 Mw

Lithium-ion 952 Mw
Figure9: The existing storage technologies and their global share in energy storage (solRENA, 2017)
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The lack of mountains in the Netherland& not stop Luc Lievense in trying to use the efficient
LJdzYLISR KeéRNR G(SOKyz2f23&8 a2 KS O2yOSAGSR | ¢4l @&
difference that enables power generatiohievense launched his idea in 1979 in a response to the
prior oil boycott from the MiddleEast and resistance against nuclear energy. The energy storage
system would reduce the dependency on foreign policies and help integrating renewable energy into
the grid. Byerectinga circular dama higherinner reservoirwould be created of which the water

level could be adjusted to either store or withdraw energy.

At the time there was a lot of resistanckie to the risk of a flood when the dam would break.
Additionally, wind energy did not develop as quickly as was éxpected, reducing the need for
large investments in energy storage.

The idea of constructing a circular damobtain a PHS plant came back in 2007, with the study of
KEMA and the Lievense consultancy agency (De Boer et al., 2007). It relies on the same ideas as
conventional PHS, only the process is now inverted Fsgere10). When the wind farm generates a
surplus of energy, the excess power is used to drive hydraulic turbines which pump the water out of
the artificially created lake into the surrounding sea. Then witeme is a higher demand for energy

than the wind farm generates at that time, the sea water is allowed to flow back into the interior lake
driving (the same) turbines.

o

Pump turbine W‘

generators

Lievense

Figure10: An artist impression of an inverse offshore pumped hydropower storage plant (sourc
Boer et al., 2007)
By lowering the water level in the reservoir instead of raising it, there is no langetential flood

hazard related to the storage system. The main requirement tbénthis inverse process is a thick
claylayeA y 2NRSNJ G2 ONBIFGS Yy AYLISNYSFofS WwWidom Qo

Marina

The occurrence ofarge stiff clay layers on the Dogger Bank in combination with Itheal power
generatian, the need for energy storage atie required dredged mateal to construct the Sy S NBH &
K dzam@ke ita fruitful base to test théeasibilityof anoffshore pumped hydropower storadacility.
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1.4 Problem definition

Althoughtheidé 2F GAYOBSNES LlzYLISR KE@RNB adG2N}3IS¢ KI a
executed. Therefore many uncertainties and challenges still cloud the feasibility of such a pnoject.

the handful of studies that have been performed certain design chomesained rather uglear, like

the head difference between reservoirs, storage and power capasidger retaining measureand

the dam designThis particular thesis will try tidentify the possible design alternatives aadswer

the question:d | 2 g  Reists of i $ffshorepumped hydrgower storagefacility on the Dogger
Bankscale with the power and storage capacitysing existingonstructiontechnologie« €

The main research question will be answered diggstep with dividing it into the followingub
guestions:

1. What are the construction method alternatives, considerthg Dogger Banigeology and
bathymetry, for the dam to cope with seepage, pipingertoppingand stability issues and
what isthe maximumhead dfferenceachievabl@

2. What is the préerred dredging strategy to obtain the requiredepth following from
guestion 1?

3. What is the ideal turbine setup to deliver the necessary power with the given head
difference?

4. What is the most cost effective construction method for the housing of theiredy insitu,
prefab or a hybrid alternative?

5. What are the benefits of energy stage, for both storage and powservices?
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1.5 Reading guide
To answer the main research question many topics need to be touched upon and iateestidnis is
done via thefollowing structure:

The available largescale energy storage technologies and which can be Ch. 2

AA AAT bOAA OI Ai1T OOEAOOA OI OEA
The technical design approach, including the principal scaling factor: Ch. 3
volume balance andooundary conditions

The dam design and necessary water retaining measures. Here ftl Ch. 4
maximum achievable head difference between the reservoirs is
determined. This serves as input for the dredging and turbine part

The dredging works.Combined with the dam design it forms the scalar fol Ch. 5
the costs of storage capacity

The choice and size of (pump) turbines Ch. 6

The construction method and position of the turbine housing anc Ch. 7
connecting penstock and tailrace. This together witthe turbines results
in the scalar for the costs of power capacity

The scaling of the costs and of the individual parts and the complet Ch. 8
storage system (these form the results of the performed study)
Additionally, the levelised cost of storage isletermined and the potential

revenues and payback period. Once the costs and benefits are known, 1

impact an energy storage system can have on tteAT AOCU E

estimated

Discussion of the obtained results. The reliability of the obtained result: Ch. 9
and comparison with findings from previous studies.

The best alternative to consider Ch. 10

Necessary further research to be able to implement a sound energ Ch. 11
storagefacility in the North Sea
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2. Analysis on energy storage
This chapter gives an overview of developments and technologies to store eAeridne end of this
chapter it should be clear what the best alternative to investigate is foN#erands to cope with
energy security and the difference between energy demand and supply. The answer is obtained via a
set of subquestions:

What are the views and trends regarding energy storage on
global, European and national level?

What is the future demand for energy storage and which are the
types of storage services?

What are the large scale energy storage alternatives and how c
these compare?

How do the future demand and potentially realisable energy
storage match?

What is the best alternative to consider?

§2.1

§2.2

§2.3

§2.5

§2.6

2.1 Energy storage outlook
In this sectiorthere is elaborated on therospect ofenergy storage from differeranglesnarrowed

down from a global levebtthe European Unioto the view of theNetherlands.

2.1.1 Global
The International Renewable Energy Agency (IRENA) expects electricity storage to become a vital
part of power systems with high renewable shares (IRENA, 2048).the fast growing renewable

energy market, the global investment igridconnected storage is estimated to rise from USD 1.5
OAffA2Y AY wHwnanmn G2 FNBdzyR ! {5 op
share of renewable energy is safeguarded by an elaborate interconnection systaich allows

more than e.g. 20% of wind energy, this might become insufficient when the renewable energy share

OAfEARZY AY

HH

grows in all regions (IRENA, 2012). The International Energy Agency (IEA) states in their World Energy
Outlook 2016 that energy storage becomes essentialrafte share of wind and solar output

surpasses onguarter of the power mix. In case no investments are made curtailment of wind and

solar energy in times of abundance, could idle the equivalent of up to 30% of the investnibat
wind farms and solar pks (IEA, 2016).

Simulations taking into account a high renewable energy share indicate that in Western Europe a

storage capacityf about 90 GW would be required by 2Q50ith 30% of wind power generation.
Globally storage need to be provided for the usag wind power between 190 GW and 300 GW
(IRENA, 2012).

Pumped hydro power is the onlarge scaleoption which is regarded as commercially viable at
present. Other storage technologiesuch as hydrogeror large scale battery storageeed further
devebpment to become competitiv6RENA, 2012).
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2.1.2 European Union

TheEuropean Energy Directive (EED) regards energy storage as an essential element to facilitate the
transition towards a sustainable electricity network (European Commission, 20&R)y valuesof
electricity storage are identified such as: allowing a lasfyare of renewable sources in the energy

mix, letting baseload plants (nuclear, coalyin at higher efficiency by storing their output at times of

low demand avoiding the curtailment of wind and solar power, increased flexibility and reliability on
the gid (Ugarte et al., 201%. The benefits of storage and their positionin the energy chain
(generation, transmission, distribution and ende)is explainedfor large scale and distributed
storageinFigurell

Distributed Power [

Large Scale Energy Storage Energy Storage Device

N/

Trans-

generation x’

Generation | Ly Distnbution G

s End-user |3
(1]
«Mitigates fuel «Improves - Supports gas « Supports reliability - Supports
dependency efficiency of and electricity and resilience; integration of
risks; generation; grid stability and - Facilitates smart decentrzlised
-Increases snergy - Support growth flexibility: grid solutions. production;
security; of renewables; = Supports system = Increases energy
=Improveas - Provides optimisation; access oplions:
resgurce use arbitrage for - Facilitates = Supports demand
efficiency. baseload. integration of response;
renewables. « Increases the offer

of energy services
{heating, cooling,
electro-mobility
and vehicle-to-
grid storage).

Figurell: Value of storage in the whole energy chain (source: Ugarte et al., 2015a)
Currently regulations and policies are unclear about who is permitted to own and operate storage

facilities, which does not encourage investment in energy stotbigairte et al., 2015bJurthermore
electricity dored temporarily is taxed twice, since the storage facility is also considered as a
WO 2 y Dowdegislation and polcshould avoid these double driees and taxeand allow for
ownership and management of storaffélerens, 2016).

The European Uniodesires a common approach for all Member Statslevelop and implement
competitive storage solutions in an integrated network. A level playing field needs to be created for
all technologies (sustainable and fodsiél based) and ideas have to be deveddpto make
renewable energy producers contribute to a balanced system (Ugarte et al., 2015b).

Large pumped hydro power is cost competitive and already holds a major role in the flexibility of
energy systems. In the short term no other storage methodsamanpete. However, in the longer
term some altematives might enhance their business cases and join the m@uigetrte et al.,
2015a).

26



2.1.3 The Netherlands

Electricity storage systems are recognised as an impopatential source of flexibilitywhich ca

be used for all alternating services: trade and supply, balancing and efficient use of theegpedrch

by Frontier EconomicgMinisterie van Economische Zaken, 2046pws that the energy security of

the Dutch network is guaranteedvithout large sca energy storage applicationsp to 2035. To
enable the energy transition towards a sustainable system, the Niethds focuses on further
integration and strengthening of the intemational grid. Between now and 2021 the interconnection
capacity is exteredd from 5.9 GW to 9.1 GW, with cables like the Cobra to Denmark and others to
Germany(Ministerie van Economische Zaken, 2016)

As mentioned in the European view, the double taxation on energy storage will be reviewed. At
present, both the supplier of etdricity storage as the endser are taxed where natural gas is
deliberately exempt from double taxation.

There isan opportunityto combine theinstallation of offshore wind farms with other assets like
energy storage to reduce the cosfer the society of the energy transition(Ministerie van
Economische Zaken, 2016urther technological development of energy storaged distributionis
soughtthrough the stimulation ofnnovation, which is required for ugcaling the renewable energy
production It is recommended by the Energy Storage Roadmap NL 2030 to focus on solutions which
offer multiple functionslike wholesale, balancing and reserve capacity (which characteristics will be
explainedin 2.2.4PNV GL, 2015).

With no suitable locations for puped hydro power, there is no competitive technology available for
long term storage. There are innovation programmes that contribute to the flexibility of the
electricity system such as the development of sraaitls, heat storage and pow#w-gas (Ministrie

van Economische Zaken, 2016).

2.1.4 Overview
The value and importance of energy storage is acknowledged on all |@mla. global scaléhe
general demand and benefits are wotkeut, regardless the local policies. Energy storage is mainly
seen as a fadilitator of a high renewable energy share in the power mix, which is required to achieve
climate goals like limiting the global warming to 2 T@e European Union strives for ctag a level
playing field between storage technologjdsessitfuel based optionsnd nations as well as having a
common regulatory framework among all Member States that enable the development and public
and private investments in energy storagéhe fows within the Netherlands is on innovation of
promising technologies, since there is no competitatution for the longterm yet. Rimped hydro

— power, which is regarded as the most viable
“ggg?s'”c"mate option globally and within the EU, is not
«Demand for feasible in the Nethedads due to
energystorage | gepgraphic restrictions. For now the Dutch

uRegulatory framework | grid js sufficiently resilient without storage
wlevel playing field

European Union and there is chosen to strengthen the
international electricity networkFigure 12
winnovation programmes depicts the focus on energy storage per
winterconnected grid
Net nds level.

Figurel2: Focus on energy storage per level
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2.2 Future demand for energy storage

The prospective need for energy storage is computed through three sEpestime horizon is set on
2050 and the scope is set on Nortind WestEurope, since this area is well (inter) connected and
fits within the area of influence of the project. Firstly the future energy demand is worked out, when
se®ondly the share of energy fronenewable sources in this future scenario is determin@dce the
amount of renewable energy that will be generated is known, the corresponding need for energy
storage to facilitate the integration of fluctuating sources is defined. Afterwards the various services
that energy storage can provide are introduced.

2.2.1 Future energy demand

The Energy Roadmap 2050 from the EEA stresses the need for a significant reduction in energy
consumption. The decarbonisation of the economy will be obliged by more stringent requirements
for energy utilities, new buildings antie renovation and upgrading of existing buildings. Economic
growth and energy consumption needs to be decoupled and all Member States need to take
adequate measures in all economic sectors (European Commission, 2012). These combined efforts
should lead toa reduction in energy demand of 41 % by 2050 compared to the usage iF08005
which was 1831 million tddEuropean Commission. DirectoraBeneral for Energy, 2016[Even

though the total energy consumption will decrease, the peaks in demand durindahevill most

likely increase for the use of electric charging of vehicles or heat pumps. This growth in peak power
demand is another argument for incorporating storage systems in the energy chain.
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and updated assumptions
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Figurel3: Decrease in gross anal energy consumption in million toe (source: European Commission, 2012)

! Tonne of oil equivalent (toe) is an energy unit, whichis used to describe large amounts of energy. One toe is
equal to the energy thatis relead®y burning one tonne of crude oil, defined as 11.63MWh.
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2.2.2 Future renewable energy market share

In all EU decarbonisation scenarios the strongly supported renewable sources rise drastically,
attaining shares between 40 % and 60 % of primary energy consumption (European Commission,
2012).The expected fuel shares in the EU are showFigarel4, in which RES represents renewable
energy sources.

2050
75
50
) L
I —
u] T T T T 2005
RES Gas  Muclear 0il Solid
fuels

Figurel4: Range of fuel shares in primary energy consumption (%) (sourceoggan Commission, 2012)

The International Energy Agency worked out the scenario where the regulations to limit global
warming to 2 °C is enforced, which should mostly be achieved by switching to renewable energy
sources. In this scenario, depictedFigurel5, the European Union is estimated to consume 44 % of

its energy usage from renewables (IEA, 2014).

0% -
0%

electricity generation (%)

Share of variable renewables in

2010 2030 2050 2010 2030 2050( 2010 2030 2050( 2010 2030

China India European Union United States

Figurel5: Share ofvariable renewable energy generated (source: IEA, 2014)
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2.2.3 Required energy storage capacity

There is no definite answer to the amount of energy storage that is required to integrate a significant
amount of variable renewable energy into the systerhe necessary storage is highly dependent on
other aspects within the energy chain like the size of the system, the quality of the grid, regulation on
the demand side, the other generation technologies and interconnectivity with neighbouring
systems. Thiwvast number of factors of influence ressiin a wide range from 20 % to 60 % of
expected need for energy stage per renewable energy share according to comprehensible studies
by Fraunhofer, BET and IRENA (Ugarte et al., 20[Ba}e estimates are in Brwith the experience
gained from a pilot project that combined a wind farm with sodisoifur batteries in Minnesota,
USA. The project found that for each MW of wind generated, 0.2 MW to 0.4 MW of storage would be
required (Himeli& Novacheck2011).

Conbining the reduced energy demand with 41 % by 2050, a renewable energy share between 40 %
to 60 %, and the need for energy storage ranging from 20 % to 60 %, leads to a required storage
power output of 115 GW as lower boundary and 516 GW as upper bouridarthe EU28.
Considering storage faciliies need to be charged before they can generate, the installed capacity
needs to increase to allow for the charging time. Assuming e.g. a capacity factor/generation ratio of
0.45, the required storage power varirem 255 GW to 1148 GW.

Within the scope for Northand WestEurope, including Switzerland and Norway, where the largest
energy demand originategEuropean Commission. Directorafeneral for Energy, 2016}he
respective need for storage ranges from 22WQ@Ao 996 GW. Observing the future well
interconnected grid and ambitions for very highage of renewable energy sourcesscenario with

60 % of RES and 20 % of required storage per share of RES is founmtabalste resulting in a
requiredcapacity 0of3584GWhand anoutput of 332 GWby 2050.To put it into perspective: globally
the installed energy storage withheld 143 GW in 2015 (IRENA, 2015).
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2.2.4 Types of energy storage services

In order to assess the value and make a distinction between various storage technologies, first the
different types of functionalities are introducedhe applicationsdepend on the required time of
discharge and the amount of powethe terminology amongources may vary, but a common
distinction between services ifongterm storage, shordterm storage andlistributed battery (self)
storage(IEA, 2014).

2.2.4.11Long-term storage
This service is mostly provided by bustrage technologies, which can prde power for a long

period of time (hours to daysr for seasonal purposgslt is used todecouple the moment of
generation and consumption of electric energy (Rahman, 2042ypical application is arbitrage,
where lowpriced energy is bought and stateduring periods of low demand and sold again during
peak hours when prices are high.

2.2.4.2Short-term storage

These applications operate for a period of seconds to minuteasture the continuity of power by
frequency regulation, voltage support and enable switching between energy sources, while
safeguarding the supp{fRahman, 2012), (IEA, 2014)

2.2.4.3Distributed battery (self) storage

Batteries have a widespread application field; they can be deployed in both distibuted and
centralised systems, mobile or fixed aSdh 1 KSNJ O2yySOGSR (G2 GKS -INAR 2
consumption (IEA, 2014). The latisrdone by end users wittoif example cabining solar panels

FYR ad2N}3Sod RPLIKYAzZAKIKNRKYAG HESEYSNHEe dalF3IS Aa
(when considering the total system) this distributed storage share is likely to, giloven by the

desire of the consumeto be selfreliant (DNV GL, 2015Vhen connected to the grid the battery

storage could, besides thantegration of renewables, serve as frequency regulation and add

Tt SEAOAT AGEA RSO KS2 \URSYVYINEHR 6L9! 5 HaAamMnoL ®

A more comprehensive explanation of the applications is given in the Technology Roadmap Energy
Storage (2014 by the International Energy Agendyigure 16 illustrates he servicesstorage can
provide.
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Figure 16: Energy storage applications categorised by their power output, time of discharge and their location in the
chain (source: IEA, 2014)
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2.3 Energy storage technologies

In this section optiongre reviewed that have the potential of storing large amounts of energy and
who can help integrating large shares of renewable energy into the grid.

2.3.1 Pumped hydro power storage

Pumpedhydragpower storage (PHS) consists out of two connected waterbodies, one uppdrone

lower reservair. In times of energy abundance (or lowgs)ovater is pumped from the lower to the
dzLILIS NI NBASNI2AN) 6 KSNBE G(GKS SySNHe Aa WwWaizNBRQO®
released from the upper reservoir, driving the turbines, and flows back into the lower reservoir.
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Figure17: Schematisation of a PHS systd(ieft) and the development of PHS in the EU (right) (source: Letcher, 201t
PérezDiaz et al., 2014)

Europe has araud 230 PHS facilities that have a combined capacity of 41 GW. Most of these storage
systems were built in the 1970s and 80s out of energy security concerns and alongside the
development of nuclear poweplants (to provide peak power on top of the baselgemver from the
nuclear plants and black starts). Nowadays PHS is making a redflvathe growing share of
intermittent renewable energy and their responsive need for storage Fsgerel7.

Figure18: Pumped hydro storage facility Hohenwarte 2, Germany (source: Deu
EnergieAgentur)
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2.3.1.1 Technique
Energy is stored by effectively raising the potential energy of the water by pumping it to a higher
level.The relation between head and energy is as follows:

O 4@ " 0@ " @0

- B = potential energy {J

- m=mass (kg)

- g = gravitational acceletian (m/<)

- h=head, difference in water level between upjend lower reservoir (m)

-} =densityof water(kg/m°)

-V =volume of water (fi)

- 1O T STFFSOUADS &adz2NFI OS I NBFX Sljdztf) G2 GKS
- UK T Wi KA O1lafs &f apPer raservalr mii S NJ

The power then that can be generated is dependent on the dischaige and the efficiency of
converting the potential energy in electrical energy:

0 Ok
0
0

Ca

- P =power (W)

- Q = discharge of water (its)
- (= efficierty ()

- t=time(s)

From the equations above it can be deducted that the power and storage capacity mostly rely on the
difference in head, reservoir size and possible discharge. Naturally these are very location dependent
parameters, resulting in a largearige of storage plant layoutsthe typical characteristics of a
pumped storage plant are givenTiable2.

Characteristic Range

Head 5¢1200 m

Storage capacity 100 MWh¢ 5 TWh

Installed power 20¢ 3000 MW(10¢ 500 MW per turbine)
Roundtrip efficiency 75¢ 85 %

Response time 45 s(from full pumping to full generation mode
Levelised costof energy storage 0.06¢ 0.13e/kWh

(WEC, 201&)

Table2: PHS characteristics
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2.3.1.2Seawater pumped hydro storage
Although there has beenexperience with
hydropower since 1890, there has only been
one plant using seawater. The Okinawa
Yanbaru station in Japafrigure19) was a30
MW pilot project that commissioned in 1999
and ran successfully till it was taken out of
operation in 2016. The plant was closed, since
there was a lack of growth of pomtlon and
therefore there was not as miicdemand for
i storage. Nevertheless it is considereas a
successful trial for using the ocean as a lower
reservoir. The power plant continued operation
during the passage of a typhoowhere stable
Figurel9: The a Yanbaru seawater PHS plant in Ji generation and pumped storage were
(source: Fujihara et al., 1998) maintained. The water level fluctuated by
approximately 50 cm, which reset in an output varation of & 2 % To cope with the corrosive
environment additional measures were required. The pensteak made of fire retardant polymers
and the runners from stainless steel. Where conventional steel had to be used, there wasicathod
protectionor anti-corrosion coatingg§Fujiharaet al, 1998).There were no issues with marine growth
or environmental impacté/Vaterpowermagazine, 2000)

2.3.1.3Technological development

With the revival of PHS to integrate renewable energy sources and large installed capacity, there is
still ongoing technological improvement of this mature technolofiye electremechanical part is
enhanced with improved generators, gearboxes and variapked turbinesFrom the operational
perspective, management schemes are improved, which increase plant efficiency and result in higher
revenues. One of the results of the developments in the elestexhanical part is the redad
response time, now a Fnais turbinecan switch from full load pumping mode to full load turbine
mode within 45 seconds and in 60 seconds the other way (PBfazt al., 2014).

Additionally it is worth elaborating on the variakdpeed technology, which enables PHS facilites t
regulate the frequency in both generation and pumping mode and run at higher effiaermyth
modesat partial loadas well This technology is already widely applied dedides adding stability to
the grid, it can increase the roundtrip efficiency &y much as 5 % for a 250 MW turbiRudelle,
2016).
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2.3.2 Compressed air energy storage

With Compressed Air Energy Storage (CAES) air is pumped into a depleted salt dome or gas reservoir
where it is stored under pressure using a surplus of electrithfen energy is needed, the
compressed air is heated and expanded in an expansion turbine driving a generator for the
production of power. In case waste heatiaptivated and used for heating the air via a recuperator
(Figure 20), the efficiency increases from approximately 42 % to 55 %. The efficiency level can be
raised further by also using the waste head generated by the compressor up to 70 %,isvhich
referred to as the adiabatic methd@Energy Storage Association, 20Iif)ere are only two existing
CAES plants, one in Huntorf, Germany, and one in Mcintosh, USA. Both relydosbtitec method,

where onlyheat from the expansion turbines is recupéed. For heating the air prior to the
electricity generation natural gas is used, making it not a completely CO2 free facility. However, the
emissions are cut by 2/3 compared to conventional gas fired turbines (Energy Storage Association,
2017).

FARM HIGH PRESSURE LOW PRESSURE
Alr RECURERATOR TURBINE TURBINE

COMPRESSOR I GENERATOR

Excess electricity is
used to compress air

Alr Is pumped underground
and stored for later use

Fuel (natural gas)

COMPRESSED
AIR

Salt dome

Figure20: Schematization of a CAES system (source: San Martin et al., 2011)
2.3.2.1 Technique
When air is compressed, its temperature will rcegrespondingly

vy

C‘ll Ca

- T, T, =temperature before and after compression
- P, P,=Absolute pressurbefore and after compression
- K= polytropicindex of the irreversible compression

After compression the generated heat can be either retained by the stored air itself or extracted and
stored in another medium. Later the same headuld be returned to the air before its being
expanded in the turbines (adiabatic method).

The electrical performance of a CAES system can be estimated by the electricity that can be
generated per storage volume.

0 o o o
d)n - a w p 0
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- E=energygenerated

- Vs=volume of storage reservoir

- (= efficiency

- t=timerequiredto empty the storage reservoir
- my=air mass flow rate

- Wy o= total mechanical work, per unit mass

Based on the above equations it can be deducted thatgarformance of CAES depends largely on
gKFEG Aa 0SAYy3 R2yS gAGK (KS WgtompreS®dSen liypicall y R 2
numbers belonging to a CAES system are showabie3.

Characteristic Range

Storage capacity 1.5¢ 3.0 GWh

Installed power 100¢ 500 MW

Roundtrip efficiency 40¢ 55 % (6@ 70 % planned)
Response time 5-15 min

Levelised cost of energy  storage 0.08¢0.15¢/kWh

(WEC, 201&)

Table3: CAES characteristics

2.3.2.2 Technological development

Although there are only two existing CAES plants, many are planned and expected to start operation
around 2020. Where the Huntorf and Mcintofifigure2l) facilities have efficiencies of 42 and 55 %
respectively, future stations will be equipped with improved waste heat systems leading to efficiency
levels up to 70 %Tlhe reaction timeof severalminutesis similar to conventional gas fired turbines
(Energy Storage Association, 2017)

- : [

Figure2.1:-The Mclntosh_C-:AES plant in Alabama, USA
(source: https://www.wired.com/2010/03/compresseéair-plants/)

..‘A 5 -‘ X R iy
;h__. _‘-_I&“!‘“ "“'f J
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2.3.3 Batteries

Batteries are a form of electrochemical energy storage and can basically be divided into two
subgroups: flow and classic batteriesWhere with classic compositions ions migrate from the
cathode through the electigte towards the anode during chargintpw batteries only consist out

of two separated electrolyte liquids which act as the cathode and anode themselves. The tanks that
contain the electrolytes can easily be scaled up, allowinddi@e-scale applicatins. However, the
energy density of flow batteries is much lower than for classic batteries, restricting its use te large
scale noamobile application§EASE, 2017)

Tank

Figure22: Schematization of a classic battery (left) and a flow battery (right)
(source: http://hyperphysics.phyastr.gsu.edu/hbase/Chemical/electrochem.html)

2.3.3.1 Technique
The relation between power, current and resistance, as found by JBmesgott Joule, is given as:

0 2 n o oY o
Y Y
- I =-curren{A)
- E=voltagéV)
- R =resistancf)
- P = powe(W)

The energy capacity depends on the time that a battery can deliver power. Consequently the
performance of electrochemical storagelies namely on the difference in charge between the

St SOUNRPRSAE: (KS SIasS (KSe& Wwieanilhyof tiekBdrditesSands OG N2 y
membrane to transfer the chargand the size of the whole systeif@eneralised figures for battery

storage projects are shown Trable4.

Characteristic Range

Storage capacity 0¢ 10 MWh
Installed power 0¢50 MW
Roundtrip efficiency 65¢ 92 %
Response time milliseconds
Levelised cost of energy storage 0.11¢0.70e/kWh
(WEC, 201&)

Table4: Characteristics for classic and flow batteries combined
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In 2008 awind-to-battery project was launched in Minnesota, USA. A 1 MW and 7.2 MWh sedium
sulfur battery was added to a 10 MW wind fatseeFigure23). The overall efficiency of the system,
including auxiliary energy requirements, varied between 67.6 % to 78.9 %, depending on the mode of
operation. From all the servicethe energy storage system provided, frequency regulation was the
most aggressive on the batteries. The University of Minnesota found that the optimal ratio of storage
to wind for the single goal of shifting wind generation is .24 MW per MW of instéed wind

power, under the restriction that the storage should generate power for 6 peak load hours per day
(Himelic & Novacheck, 2011).

Figure 23 The sodiumsulfur battery connected to the wind farr
(source: Himelic &ovacheck, 2011)

2.3.3.2 Technological development
There is general consensus that electrochemical storage is most likely to experience the largest

development. The automotive, energy and other mass markets are all poised to reduce battery costs
and improve their applicability (EASE, 20Mjth smarter poduction methods, increased energy
density and lifetime, other (cheaper) materials and recycling processes, the costs of for example L
lon are expected to drop by 30 to 50 % by 2025 (Energy Storage Update, 2015).
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2.3.4 Vehicle to grid

Vehicde togrid (V2G) is basicallyne of the applicatiors of distributed battery storage. Various
services are subscribed tot@grating electric vehices (EVs) with the gfidm largescale renewable
energy integration and peak shaving to balancing andllary servicesThere are many pros and
cons related to the implementation of V2G.

Considering  the amount  of
automotive vehicles the potential

storage capacity is enomous. With
the batteries reacting
instantaneously, higlvalue

regulation services can be provided.
Furthermore, the EVs can act as
spinning reserves (payments are
received for solely having power
Figure 24: V2G schematisation within a smagrid (source available and aditional payments for
http://www.seminarreports.in/2013/05/vehicle -to-grid.html) when power is actually dispatched).
Research suggests that vehicles will most likely not play a role in the wholesale market, since
centralised stations can generate power more economically. However, V2G systems show compelling
resuks for the ancillary market, where nmey may be lost per kWh solthe capacity payments for
being available should more than make up ibfY SY LJG 2y 9 ¢ QoMskquently lectric p 0 @
vehicles can reduce the required capacity fackup power fromconventional plants and therefore
defer additionalinvestments in redundancy and capaaftithe electric infrastructure

sl -

On the contrary there are arguments against the V2G philosophy. JB Straubel, Chief Technical Officer

of Teslainc., states that feedjmpower back into the grid would have too much of a negative impact

on the battery life. The battery pack in EVs is not designed to need as mabgs to
charge/discharge as stationary batteries are. Deliveringvgroback into the grid will thude
unecoromical due to the detdoration of the batteries/ 2 Yy aA RSNAy 3 GKS ol G3G§SNE
f 2+ RAY 3Q apdentid 8Sef forlthe grid. Under dynamic loading it is understood that,
although the EVs may be plugged in for a long period of timeb#tieries are only charged when
electricenergy is abundant and so they reduce the peaks and alleviate the pressure on the grid.

Ultimately it is expected that electric vehides will only allow dynamic charging arig edingback
into the grid inthe nedld ' YR YA RRES GSNY TFdzidaNEd ¢KSNBET2NF -
measure than it is actual energy storage.

Evolution of EV/sbatteries and V2G integration will take some tinkewrthermore, electric vehicles
disrupt three brig industries: automotiveutlity and oil. Conversely the arguments for electric
commuting regarding emissions and the future electric power generation are compeiliagan
already deployed a trial of V2G in the United Kingdom in 2016, where one hundred EVs can be
connected to alomestic battery pack for power exchandear now it is yet to be determined what

the actual possibilities are regarding vehittegrid technology.
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2.3.5 Power to gas

With power togas (P2G) often there is referred to the procesafivertingelectric energ into
hydrogen via electrolysisSThe hydrogencan then be stored in a pressure vessel unt@nergy is
requested andthe hydrogen is turned back into power and fed into the grid. Additionally, the
hydrogen can be combined with carbon dioxide to form methaynthetic natural gas (SN@hich

can be directly injected into the existing gas netw@okly Q1 % ofhydrogenitself is allowed to be
mixed with natural gas to be incorporated in the gas systefMhe processes and potential
applicatons P2G offers are depictedfigure25.

Hz_’ :
H H: H:
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rafinery natural gas grid gas storage
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© D Agentur (dena)
www.powertogas.info

Figure25: Power to gas technology and possitdeplications (source: Deutsche Energgentur)

Unlike battery storage, gas can be stored for virtually unlimited time witrgaivly draining its
energy content. This specific feature makes gas storage highly suitable feeelomgnd seasonal
storage. Currently there are ciré® relatively small projects operating in Europe with many more in
the pipeline European Power to Gas Platform, 2017).

2.3.5.1 Technique

Hydrogen is produced from water through an electrolysis reaction. Water is first splipintons,
oxygen and electrons at the anode. Thetons flow through a membrane towards the cathode,
where theelectrons travel through an external circuit. Thirdly the hydrogen and electrons recombine
at the cathode and hydrogen is produced. This process of generating hydrogen from power has an
efficiency of roughly 75 %, which can be improved to 86 % when th&tewzeat is recouped
(Deutsche Energidgentur, 2017) However, this only represents the conversion from power to
hydrogen.When electricpower is transferred into hydrogen, whigk then turned into methane,

litte power remains  for

consumption, as can beseen in Power storage Power generation
. 100% — 60% N > 36%
Figure26.

75%

100%
Waste heat

CHP heat

Methane
Hydrogen

Windturbine

Waste heat

Figure26: Power to gas to power schematization (source: http://energy.¢
partners.com/enabling-integration-renewableseuropesenergy-system)
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In Table5the general figures of a P2G system are shown. With the existing gas infrastructure already
in place, the storage capacity is extremely large. Combined with the ability of maintainingliggy ene
when stored, itis highly suitable for lo#igrm storage.

Characteristic Range

Storage capacity 10 MWh¢ 10 TWh

Installed power 1 MW¢2 GW

Roundtrip efficiency (power-gaspower) 35¢ 46 % (For methane and hydrogen resp.)
Response time 10 min

Levelised cost of energy storage 0.31¢ 0.70 e/kWh

(WEC, 2016)

Table5: Characteristics of a power to gas energy storage system

On the island of Utsira, Norway, the first falale wind power and hydrogen plant combination
started operation in 2004Rigure27). The project aimed to demonstrate how safe, efficient and
continuous energy could be supplied to remote areas from renewable energy sokreas.though
the system operated successfully, several challenges were encountered. The wigg etiésation
was only 20 %, reflecting the need foiore efficient components and processes. Ultimately it was
concluded that a similar system should be competitive with conventional remitgepower supplies

in about five to ten years (IPHE, 2011).

) ) Flywheel, Synchronous
Wind Turbine Grid Transformer y Machin ey Battery

\ /

Electrolyzer
H,-compressor

H,-storage Fuel Cell Hs-engine
Figure27: The wind power and hydrogen plant ldtsira, Norway (source: IPHE, 2011)

2.3.5.2 Technological development
As for the batteries and vehicle to grid technology there are various drivers for P2G development,

from a utility, mobility and industry perspective. For now there is no viable business case for
hydrogen or SNG. Besidesproving efficiencies of the electrolyser and methanation steps,
increasing the hydrogen admixture in the natural gas network, research and demonstration of
employing underground caverns for storage is on the way (EASE, 2017).
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2.3.6 Comparison of energy sto rage technologies

Based on the characteristics of the reviewed technologidaie6 it can bededucted that although

they are all relatively largecale storage solutions, they are still bound to different applications (see
Figurel6). Note that vehicle to grid is not included in the table, since the storage and power capacity
fully relies on the number of electric vehicles and tbheal grid infrastructure. The efficiep@and
response time of V2G will be similar to other batteries and the levelised cost of storage (LCOS)
higher.

Characteristic PHS CAES Batteries P2G
Storage capacity (GWh) | 0.1¢ 5,000 1.5¢3.0 0¢0.01 0.01¢ 10,000
Installed power (MW) 20¢ 3000 100 ¢ 500 0¢5S0 1 ¢ 2000
Roundtrip efficiency (%) | 75¢ 85 40¢ 55 65¢ 92 35¢ 46
Response time (min) <1 5-15 <<1 10

Levelised cost of energy 0.06¢0.13 0.08¢ 0.15 0.11¢0.70 0.31¢0.70
storage (QkWh)

Table6: Generalised characteristics agnergy storage technologies

The limited scalability of battery systems make them comparativeisuitable for balancing the
output of large wind faimsFrom the remaining three technologies, PHS, CAES and P2G, pumped
hydro distinguishes itself with its higher eféaicy and shorter response time. A higher roundtrip
efficency results in larger quéties of energy that can bbought and sold and therefore a higher
utility rate and corresponding revenues. A significantly shorter response time opens up other energy
value markets like frequency regulation from which earnings can be generated on top tdng

term services.

Flow batteries

Fywheel (high speed) Lithium-based batteries

Moltensalt % Flywheel (low speed)
Supercapacitor

lce storage Sodium-sulphur (NaS) batteries

Superconducting magnetic
energy storage (SMES)

Adiabatic CAES
Compressed air energy storage (CAES)

Residential hot water
heaterswith'sorage Underground thermal

energy storage (UTES)

Cold water storage \)\

Pit storage
Pumped Storage Hyd ropower (PSH)

.
»

Hydrogen

Synthetic natural gas

/Amuchemical

Research and development

Capital requirement x technology risk

Demonstration and deployment Commercdialisation

Current maturity level
@ CElectricity storage
Figure28: Maturity level of energy storage technologies (source: IEA, 2014)
As is depicted ifrigure28, PHS is the most wedistablished energy storage provider with over 100
years of experience and technological development. Consequently pumped hydro projects carry the
least amount of risk ahuncertainty.

) Thermal storage

Ly GSN¥Xa 2F SYy@ANRBYYSyGlf AYLI OG0 (PKS caNBageraS 6 S R
notable effect in the local area, because it is the least energy dense storage altemative and therefore
requires a large area. Furthermoredam can impede fislmigratory routesand sediment transport

Ay OF&aS | @rttsSe Aa WYOft2aSRQ G2 ONBF(iS GKS NEBJ
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(synthetic) power to gas methods are not emissitee by themselves and the production of
batteriescan necessitate disputable mining activiti©verall itis hard to tell which technology is the
most environmentally sensitive, since for most cases it will be location deperifi&uture adiabetic
CAES can discard the need for natural gas in tleegss, it will most likely become the most
environmentally sound solution.

2.3.6.1 Levelised cost of energy storage

It can be difficult toassessvhat the actual costs of various storage methods are, as lias other
investment and operation costsefficiences, utility rates and lifetime. To enable comparison
between sbrage technologies the LCQOS used.Although this term suggests that all factors of
influence on costs are covered, not all L&D8lyses contain the same inputs. Thus one has to be
cautious when using LCOS from different sources. In this analysis the values and approach of the
World Energy Council (WEC) from 2016 are used.

- [/h{ T [S@PStAEASR /240 hT¥ SySNHe& {G2N}3S odeka
- lp=Invesiment cost{ CAPEX)1)

- A = Annual total costs in yeaf©@ PEX(U)

- Mg = Produced electricity in each ye84\(Vh)

- n=Technical lifetime (years)

- t=YSFEN) 2F GSOKYyAOFE fAFSAHGAYS OMIHIXIYO

- i =Interestrate (WACC) (%)

I OO2NRAY3 (12 (GKA& F2NNdzf | T GKS | SBENF&He2®2 & G LIS N,
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Figure29: Range oflevelised cost of storage for various technologies (source: WEC, 2016
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All storage technologies are expected to have a massive drop in LCOS, exBHfonich reflects

its level of maturity). Based on this figure it appears that pumped hydro power will no longer be the
single mosteconomic technology by the year of 2030. However, when the energy storage facility is
combined with awind farm, the exptad LCOS tells a differestiory;seeFigure30.

[ Taa’s’
S0

EUR/MWh
[

q
PSP CAES Li Mas Lead Redox Thermo Super FES Thermo Thermo P2G P2G
Chem cap Sens Lat H2 SMNG
Max 13700
B LCOos 2015 B cos 2030 Min: 6300
hax: 6900
Min: 2900
Mazx 135000
Min: 2200

Figure 30: Levelised cost of storage for various technologies in combination with a wind farm (source:
2016)

The reason that batteries are much less suitable to store wind energy is because they are very
sensitve to the number of discharge cycles and require a (suboptimal) higher storage capacity over
power ratio. It is important to note that this specific LCOS analysis is for wind conditions where itis
necessary to store energy for a 24 hour period and no tsteom applications, as described in
2.2.4.2,are included in the revenue stream.

In a study by the Energy research Centre of the Netherdands (ECN) the market value of large scale
electricity storage optiongor the Netherlandswas investigated (De Joodéd al., 2014).From the
reviewed PHS, CAES and P2G, the pumped hydro altemative proved to be most beneficial. Due to its
higher efficiency PHS could not only benefit from storing a surplus of wind energy, but also from the
day-ahead market (arbitrage).
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2.3.7 Concluding remarks on energy storage technologies

In Europe pumped hydro storage represenisca 90% of the gridconnected storage capacity and
continues to be identified as being the most cefficient largescale energy storage technology
available today (PéreRiaz et al., 2014) and in the fut(&/EC, 201%).

CAES is a good alternative, butoalestricted to suitable sitesfFor heating the air prior to the
electricity generation natural gas is used, making it not a completely CO2dtdiey{e missions are

cut by 2/3 comparedo gasturbines). New CAES faaddithat are being developed hope to raise the
roundtrip efficiency from a mere 55 % to 70 % by taking additional heat recovery measures. In case
future demonstration projects mame to exclude the usage of natural gastogether this
technology can become avaluable link in a sustainable energy chain.

Battery costs are expected to fall in the near fulfd&EC, 201%. The sodiunsulfur flow battery

f221a SaLISOAlLffe adwObhfk &QS I ERNA Db 1 dich BayidryNdemsd NE NH &
most appropriate for mobile applications (considering its energy density compared to eaticd

battery). Neverthelss it is unlikely that batteries will providengterm and bulk energy storage

services, due toits physical constraints.

As is explained in 2.3.4 Vehicle to grid, it is expected that electric vehicles will only allow dynamic
charging and not feeding blagnto the grid in the near and middle term future. Therefore V2G is
Y2NB 2F | WRSYIYR NBalLRyasSQ Y¥titdsdeteFhnolodgylprgnetod A a
extensive research, considering thege interest of the automotive industry. Consemtly current

beliefs might turn out differentin the future.

Hydrogen storage and usage is inevitably related to safety issues, especially faartfportation

sector. nverting power to gas to power is simply tomeconomical ora dayto-day basisUsing
existing gas infrastructure is one of the main advantages of P2G and for synthetic natural gas
especially. However, the carbon that is added to hydrogen for making SNG will eventually be emitted
anyway counteracting the initial gains from carbon ptare from e.g. coal fired power plants.
Therefore this type of P2G is natfficiently sustainable to meefimate change goals.

Considering investments to be made in new infrastructure it is likely that a single energy carrier will
dominate the market irthe future. Whether this will become gas or electric power is yet taben.

In terms of efficiency it is preferable to have an economy (power generation, industrial
transportation and domestic use) running on a single type of energy, to minimise ggner
conversions and their corresponding losseghere power to gas has a slight advantage with its
infrastructure already in place, an -allectric system has the uppéiand with higher efficiencies,
safety in mobile applications and sustainability. Aldmg tine of reasoning it is favouralile have an
energy storage system with electric power as its output too.

Based on the literature reviewed, data obtained and future developments taken into account, it is
concluded that pumped hydro is the best storagdernative to incorporate large shares from
renewable energy sources into the energy market.
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2.4 Potential ly reali sable pumped hydro storage

In the previous section it was concluded that PHS offers the -sw@iomic solution to deal with
inevitable futue energy security and reliability issuds.this paragrapthere is checked whether
there is enough potential left yet to develop, to suffice to future need

A study by the eStoraggroup into the potential locations for new PHS plantdNarth-Western
Europe(seeFigure3l) was identified as the moseliable and transparent sourdeStorage, 2015)

Firstly a Geographic Information System (GIS) ehdabsed upon the findings by an earier model
(GimenoeGutiérrez & Lacahranteguj 2013)from the Joint Research Centre (JR@Js used to point

out a theoretical potential of new PHS locations. The results from thenGtel were presented to a
goupof6f 201 f0 SELISNI&aZ 6K2 NBRdAdZOSR GKS (GKS2NBGA(
LR OGSYGAlLf Qo

The GISnodel is limited to existing water bodies (excluding the sea), So no uppéswer reservoir
would need to be constructed. Closing a valley ineortb create a head difference was also
precluded as an option, due to the possible environmental impet other criteria used to identify
two suitable water bodies are presentediable7.

Criterion Value
Energy storage capacity > 1 GWh
Distance between water bodies (length penstock) <10 km
Head difference >80 m
Average slopglimit friction losses) > 5%

Table7: Selection criteria used by the Gi8odel to recognise potential PHS sites

Moreover projects that would overlap with restricted zones were cancelled out. Under restricted
zones are understood: Word or National protected areas, infrastructure, industrihlresidential
areas. Secondly, the identified water bodies were passed onto expert groups of eadhyceuro
used local legislation, expertise and demands to narrow down the potential furifies.results of

the GISmodel and expert selection are givemiliable8.

Assessment Number of sites Identified potential (GWh)
GISmodel 714 6924
Expert groups 117 2291

Table8: Resultsobtained by the eStorage study

Note the large reduction in water body pairs and potential by the exgestips. The large difference
can be subscribed to varying interest of each nation compared to the critead in the GHghodel.

For example, Norway (vich possesses 54 % of the realisable potential) is not interested in reservoirs
that are only bit larger than one GW. The distribution of realisable potential over the included
nations can be seen Figure31
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Realisable potential

B very high (> 1000 GWh)
I Hign (100 - 1000 GWN)
Low (10 - 100 GWh)
D Very low (1- 10 GWh)
D Nong (0 GWh)

Figure31: Realisable potential per country (source: eStorage, 2015)

Over half of the PHS potential in the considered area lies in Norway, with the Alps and Pyrenees
containing 13 % and 5 % respectively. This illustrates the large dependence of PHS on the geologic

conditions.
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2.5 Future demand versus potentially reali sable energy storage

Today PHS is the only competitive and commercially viae scaleenergy storage technology.
Therefore it is assumed that saying the remaining PHS left to develop is equal to the potentially
realisable energy storage capacity is a just first estimation.

The future demand foenergy storageas worked out in 2.2)3vas cetermined for North and West
Europe through the following steps:

1. Energy demand in 2050: 59 % of the usage in 200H
2. Renewableenergy share: 40-60 % of energy demand
3. Requiredenergy storage: 20¢ 60 % of renewable energy share

From these ranges, a scamo with 60 % of renewable energy and 20 % required storage per
renewable share was chosen, for this particular regiinose assumptions led to a futustorage
demand o0f3584GWhfor North-Western Europe (including Norway and Switzerland) by the year of
20507

In the previous section the remaining potential for PHS was identified. For the same region a
realisable potential o291 GWhexists.Although this already fulfils a large part of the required
future storage capacity, it is not neary enough. Rartmore it is unlikely that all the identified sites

will be realised, due to potential political and local opposition and the fact that the available
locationsfor new PH#80 not coincide witlihe source of energy storage demand.

2.5.1 Need for alternative energy storage technologies

{AYy0OS GKS WFANRGQ 2LIiA2y> 02y @SydGdAzylf LlzYLSR
demand, it is worth to look into the secosimst alternative The main drawback of conventional PHS

is the limited @currence of two suitable existing water bodies (segure31). Other than that, itis

the preferred storage method in combination with a wind farangure30). Therefore there is chosen

to look into altemative energy storage options, which rely on the same principles and technology as
the proven PIS. Betweerthe alternatives there is sought fannovativesolutions that pump water

from one reservoir to the other just the same, using identical equipment, but are not restricted to
the same geologic condition&ppendix B contains six of these ide&asttcould complement the
conventional PHS in order to enable a secure energy supply.

2 Energy usage of Nortland WestEurope in 20096 was 18477 TWh/yr. With the mentioned percentages this
results in a required energy storage capacity of: 0,59*0,6*0,2*18477 = 1308 TWh/yr. Hujsdkto 3584 GWh
per day.
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2.6 Overview of energy storage islands
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corresponding storage or power capacity are presented ljsg® Appendix B for the case studies)
Even though only five different designs were reviewed, for differenations and plans originating
from 1985 to 2014, the costs estimates can still give insight in the dominant cost components.

Storage capacity versus capital costs
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Figure32: Relation between storage capacity and costs (left) and between power and costs (right)

From the graphs above it becomes clear that it is hard to get an idea of the impact of a larger
reservoir or higher installed powesince both factors are incorporated in the two graphs. Therefore

a cost breakdown into the following five groups is made:

- Dredging and dam constructi@h scales with

the reservoir dimensions/capacity

- Housing of turbinegall civil works to facilitate the operation of the turbines, including in
outlet system)C scales with the required power output
- Pumpturbines(containing all the mechanical and electrical parts related to the turbifies)

scales with the required poweutput
- HV cable + grid connecti@h scales with the
- Other

Although the scaling coponents are certainly not |

required power output and distance

inear (the dredging works for example will be

relatively more economic for large quantities) they provide a very accessible way of getting a first

estimation of the total capital costs (x 17%).

Percentage of total capital costs M€
700

Linearised capital costs

60

M Dredging & dam 600

construction 500

W Housing of turbines

462

400

197+

29,4 Pump-turbines 300
W HYV cable +grid 200
connection 100

0,68*GW*km

Dredging & dam Housing Pump-turbines HV cable + grid
construction turbines / GW connection
/ GWh / GW / (GW * km)

Figure33: Costs breakdown (left) and linearized 'scaling’' components (_rightphe_r explained in_Appendix B )
The costs breakdown clearly showsat there are four main topics to look infr the technical

design the dredging and dam construction (separate subjects), the ptumpnes and their housing.

The obtained scalars (elaborated in Appenidjxcan
with previous research.
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3. Technical design approach

From the literature study it was deducted that an offshore pumped hydropower facility consists out

of four main elements: the dam, dredging works, turbines and the turbine housing. The dam and
dredging process are collectively responsible for ¢heation of the storage capacity. The pump
GdZNDPAYySa YR AGa K2dzaAy3d ONBFGS GKS LRgSNI OF LI
almost completely uninfluenced by each other. Only bamad difference that can be retained by the

dam serves as ingdior the choice of turbine and the structure of the housisgeFigure34). Note

that the damdesignand dredgingnethod do have a profound mutual impact on eachethust lile

the turbines and its housing.

Using maximum
runner diameter to
minimise number
of turbines

Dam & reservoir
dimensions by
basicassumptions

Dredging and dam
construction

Pumpturbines
Strategy/technique;

number of ships

Input: geology,
bathymetry and
wave conditions

Output: - turbine design

Dredging - turbine dimensions

Construction method Output: - costs per GWh
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- Slurry bentonite wall
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Figure34: The stepwise design approach of the inverse offshore pumped hydropofaeility

The geological conditions, bathymetry, wind and wave conditions are statdgpandix D: Dogger
Bank conditionsCombinedhey lead to the boundary conditions presented in the next section. For a
more profound site description there is referred to either Frolke (2017) or EMU Ltd 20al) (
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3.1 Boundary conditions

(m)
0

-23
-30

-65

-200

Significant wave height with areturn period of 300 ye8ra and 9s period

Water depth of 20m

Wind speeds up to 30m/s for a storm duration of 6 hours

Highest Astronomical Tide (HAT) of +1.19m and Lowest Astronomical Tide (1404rof
Stormsurge level of 1.40m

Sealevelrise of 3mm/year, which leads to O&rnthe end of the functional lifetime

The following simplified soil conditions:

Soil type and | Unit weightoy | Internalangleof |/ 2 K S & & | Permeability
depth?® (kN/m®) friction, i (kN/m?) seepage (m/d)
20 21.24 11.54 0.01
Sand 20 27.96 0 1.0
20 21.24 11.54 0.01
Sand 20 27.96 0 1.0

Impermeable i i : 0
layer

Table9: Soil stratification and characteristics per layer according to NEN 9997

3.2 Functional requirements

Energy functionThe offshore pumped hydropower plant has to be able to store and release
electrical energy.

Retaining functionThe dam has teemain on its locationyetain water safely and prevent
large quantities ofwater flowing from the surrounding Nort®ea into the storage lake. The
same requirement counts for the bottom of the reservoir.

Bearing functionThe dam needs to support a road over which heavy equipment can drive to
either transport goals related to the powerhouser for maintenance works on the dam
itself.

Transmitting functionThe pumped hydropower plant has to be connected to the European
grid.

3.3 Failure tree

To get an insight in what may prevent the energy storage facility from fulfilling its functitailsiie

tree has been made. The failure tree could act as guidance in a future stadium when a more detailed
or probabilistic design is demanded. The failure modes of the dam are presented in a failure tree by
itself, because of the numerous possibilities.short note on the risks associated to an inverse
offshore pumpedstorage facility is included iAppendix ERisls associated to inverse offshore
pumped hydro storage

% Relative to the seabed level, which is assumed to lay 20m below MSL.
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operation

Energy failure

Transmitting

failure

Retaining failure
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[Electrical Road Road
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(uneven) structure
| ]
Pump Generation
|
| 1 | |
Mecharucal Obstruction Mechaplcal Obstruction
/Electrical [Electrical

Figure35: Failure tree of operation
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Dam failure

Foundation

failure

Aggression/

Collision/

Vandalism

Figure36: Failure tree of the dam

Overtopping

Piping

failure

Slope
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erosion failure settles erosion stability stability lowering wave loads
water level
Foundation Core settles Scour Outer slope Inngr slope
settles failure failure
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3.4 Principal scaling of reservoir dimensions

In this section it is shown how an energy storage reservoir scales by adjusting its main parameters:
the surface area and/or the reservoir depthlote that the assumeddimensions diffeffrom the
measures as used in the design for the sea defence for the most extreme conditions. On average the
crest height for example will be lower than is required for #teetchesthat have to endure those
maximum loads. The average conditions are nretevant when defining the material balance. For

the energy storage capacity and the dam dimensions the following considerations are made:

- W, The crest width is setat 16rw{de enougtor two wire cranes to pass each other)

- he The crest height is 10mbove sea level (limited overtopping for a wide range of
different outer slopes)

- dy The water depth of the seais 20m

- hy The outer slope is 1.5

- h, The inner slope is 1:4 (Does not have to sustain serious wave attagkup)

- —— The ratio between the maximum and minimum head is 1.25 (typical for a Francis

turbine)

- The roundtrip efficiency is 80% (De Boer et al., 2007 and Rijkswaterstaat et al., 1985)

- The reservoir is made circular, since this is the most beakfighape in terms of
cdrcumference and storage volume

- The reservoir is dug out either to a depth -d0m or-60m (depending on the scenario)

relative to the mean sea Ieve{N
C
<>

Il
<

Excavated
material, V,

Figure37: Reservoir design with the parameters that are necessary as input. The numbers used fquaifsmeters ar
given inTable10. The maximum and minimum head depend onltWhat depth the reservoir is excavated.
With the assumptions made above there is looked at how the storage reservoir scalesyadnen

increase either the surface area or the depth of thesapoir and the influence on the volume
balance.

In scenario 1 (S1) the reservoir is made in such a way that there is anauamebalance, so all the
material for the dam construction (Y originates from the inner reservoir (MVand there is no
redundant material (Y=V).
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the port and electric facilities required to operate the offsaowind farm on the Dogger Bankjill

also be constructed with the dredged material from the reservoir. The volume of the complete

energy island (Yis 190.000.000 fThus the balance for scenario 2 withholds+W¥ = V

Scenario 3, 4 and 5 (S3, S4, S5) hl/e a maximum hydraulic head difference of 40 metres, like
scenario 1 and 2. They are built to such a scale that their storage capacities are 10GWh, 20 GWh and
30 GWh respectively.

Scenario 6, 7 and 8 (S6, S7, S8) have an increased hydraulic heade Iadbnarios the reservoir is
brought to a depth of 60 metres. The desired storage capacities similarly range from 10GWh, 20GWh
to 30GWhfor S6, S7 and S8 respectively.

The input parameters, as explained abarel shown irFigure37, are depicted ifTablel0.

Parameters input Symbol | Unit Value scenario 1,2,3,4,5 Value scenario 6,7,8
Maximum head difference | Hmax m 40 60
Width crest Wc m 16 16
Freeboard hc m 10 10
Water depth db m 20 20
Outer slope angle U1 rad 1/5 1/5
Inner slope angle U2 rad 1/4 1/4
Roundtrip efficiency d % 80 80

Table10: Parametric values used for the dam dimensions and storage capacity computations

The storage capacitg mainly a function of the fluctuating water volume and the head difference, as
can be deducted from the formula:

Yol 667 GfNKE® 6" d N e o 0 o
O P. 0 "QO °
- T G

0MQi wo aaRL Q& WQ
- E = Sorage capacity @)
- m =Mass of water (kg)
- g = Gravitational acceleration (m/s?)
- h = Height (difference) (m)
-V = Fluctuating water volume (m®)
- = Density of water (=1025) (kg/m?)
- Hmx = Maximum head difference (m)
- Hun =Minimum head difference (m)
- Dy = Average diameter of water surface (m)
- b = Total length of dam (m)
- D = Centreto-centre diameter of the dam (m)

Since with an increasing diameter the storage capacity grows quadratic, whereas the dam
construction works enlargariearly, it shows that the largethe diameterbecomesthe more
favourable the construction works ard@he optimum reservoir size will thus be limited by the
revenuesthat can be generated with the energy storage fadilgipce the larger the reservoir
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160 becomes the lower the relative utility rate will be. An extremely

140 0= 54m ‘ large reservoir on an average day might only be used for 10%,
/ where a small one could be utlised fully. Therefore the

glzo / favourable large reservoir (from a constructability perspective)
0 100 / has to be balanced with the specific utility rate (a larger
2 80 / O 36 reservoir generates relatively lower revenuegure38gives a
% 60 / ==~ visual impression of the storage capacity resulting from a
o 40 certain head and diameter.
8 20 / /
(% 0 _/ | | | The values, as shown rable 10, were used to compute the

necessary reservoir dimensions and the material balance. The
results are given imablell

0 2000 4000 6000 8000 10000

Diameter (m)
Figure38: The relation between the storage capacity, average head difference and rese

diameter

Parameters Symbol Unit Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario
output 1 2 3 4 5 6 7 8
Maximum head Hoax m 40 40 40 40 40 60 60 60
Minimum head Huin m 32 32 32 32 32 48 48 48
Diameter C-C D m 1,478 4,324 4,355 6,003 7,267 3,170 4,268 5111
Storage capacity E GWh 0.77 9.84 10.00 20.00 30.00 10.00 20.00 30.00
Material left for | Ve 10°im® 0 190 (=V) 193 421 654 195 408 623
other purposes

Table1ll: Dimensions and storage capacitiésr the various scenarios

Tablellgives a good impression of the scale of the various storage reservoirs. Furthermore, excavating till a larger depth dezregseed
surface area and circumference significantly. Faneple scenad 7 only has 70% of the diametefr scenario 4 and just half the surface area,
whereas the storage capacities are the same.

Another striking element of creating such a storage reservoir is the amount of material that needs to be displagad,vatween 250 and 750
YAftA2Y OdoSaH /2yaSldSyidate (GKS ONBlIGA2Yy 2F | &0 2 N&ishkdd cdudOdsify A G & |
be constructed from the dredged materiabtainedfrom the storage reservoir. Natuig the sparematerial could also be used to add other
functions to the storage plant or sold for other purposes.
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3.5 Volume balance
One of the conditions for a feasible project is an even volume baldhiet, either materalhas to

be sourced somewhere else and be shipped to the site or redundant material has to be shipped and

deposited at another site. Botmethods would make the project excessively expensiveere are 3
main choices that can be made to end up with an evalnme balance:

1. The reservoir is made in deep(er) water, so that the dam requires relatively a lot of material

and only a little bit of dredging is necessary to obtain the desired head difference.

The reservoir is made in intermediate water, this way ttzend still need a lot of material
However, to attain the preferred head difference between the North Sea and the inner
NEaSNIB2ANE Sy2dzZaK RNBRISR YIGSNALFE 06S8S02YSa
The energy storagéacility is constructed in retevely shallow water orthe Dogger Bank.

Since the exact geology throughout the Dogger Bank is still unknown, making the design
suitable for the average depth will mark it the most widely applicable for this project.
Furthermore, the costs of the dam itéelwhich are solely a great expense) stay limited.
Additionally, the redundant material from the dredging can be put to different use: either by

FRRA Y3 2RKBINY R i 3/Rat FadayeQeiiate Bxyfairevenue the island oby
selling thematerial for someplee else.

The three main alternatives for obtaining a level volume balance are showRigare 39 and
guantified inTablel2

TheNorth Sea

Excavated
material

Constructed dam _
Lowinner

reservoir

Figure39: The volume balance depends on the relation between the initial water depth, the required
size and the volume that needs to be excavated from the inner reservoir to attain the desired head diffe

Volume balance Water Thicknessof layerto | Total dam Redundant material
scenario depth be dredgedfrom volume (108m3)

(m) reservoir (m) (108m3)
A. Deep water 33.8 6.2 153.4 0
B. Intermediate 27.6 12.4 119.8 1906 a9y SN
water LAt YRED
C Shallowwater + | 20.0 20.0 84.4 4206T a9y SN
additional functions +otherfunctions)

Table12: The characteristics of the three volume balance scenarios. Note that the numbers relate to a storage reservoir

with a maximum head difference of 40m and 20GWh storage capa¢Bgenaio 4). The dam and dredging volumes are
indicative and may change slightly according to the choice of slopes and crest width.

From the presented scenariathe shallow water alternativg20m depth)is chosen, since the

(unexploitable) dam costs stay limiteand it allows for many extra functions that can contribute to
the overall project.
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4. Dam design

The dam design can be split up in three main parts: the sea defence on the outer slope, the inner
slope and the works necessary in order to create an impervious storage reservoir. For all three
aspects alternatives have been looked@nce a preliminaryakign is made it can be verified on the

F LILJX AOFo6ftS FrAEdzZNE YSOKFyAavYad ¢KAa f22L) 2F RS
design. The designing process is materialisé&dgnre40.

Dam design

Chapter 4

Water retaining
measures

Sea defence

Inner slope

Section 4. Section 4.2 Section 4.

Rubble mound
Xbloc
Caisson

- Slurry bentonite wall
- Sheet piles
- Jetgrouting

- Replacement of sang
Alternatives

Alternatives Alternatives

Failure
mechanisms

Section 4.4

Final design

Section 4.5

Figure40: Design process of the dam

For the protection against the waves it quickly became clear that a conventional singledageste
armour would be the best option. A soft protection would require high maintenance costs in
conditions with 8m waves. Aubble mound breakwater is not feasible either, due to the extreme
wave conditions. Generally a protection of natural rock is limited to a significant wave height of 3.5
metres. In terms of load resistance an alternative could be a caisson structure.tiSendam will

have to be constructed in the middle of the North Sea, the logistics of a caisson periphery will be
challengingFurthermore it would be precarious to create a fully water retaining circumference of 20
kilometres. Eventually an Xbloc armounitwas chosen based on its limited amount of concrete.
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4.1 Sea defence

Legend| Element Weight
[ ] |Dredged material  |8.3¢11.6 kN
E Upper slope protectio3-6 t

[ |Quarryrunbunds  [5kgg1t
Xbloc armour, Trows|28.8 t

Under layer 1¢3t
Toe 6¢10t 14l +12 1 1
E Foundation layer 0.3¢1t ) 9.1
13 24 '
Filter layer&scour protdnso>58 mm 2 - "5 |
? (9 4.8 5.E
Hwo = 8m ,»'\' T
Tnio = 9s ,}' N __4.5 37
d=20m 120 3.2 18 4.9
0.4y, ‘14-@4/ 4.5
loo 1B —— A 134
' 684 " 166 3.44.658 8.1 34.4 ' 18 '
85 ' 56.3 ' 27

Figure 41: Cross section of outer dam protection. All measures are in metiBsis is a preliminary design, a f
adjustments where necessary to meet the macro stabilititenion as explained in §.4.1 Macro stability.

The philosophy behind the design is to have an armour layer as light as possible and relyeiring
minimum of concrete elements. This is done under the assumption that dinerete armour units

form the most expensive element in the design. For the remaining (rock) layers, the same approach
2F dzaAy 3 (KS-OfAyAaRYQdzY AW d SRadiisiam dsedad: optid&lik pfoft franNJ
the production of the quarry (Verhagen et al., 2012). A governing depth of 20 metres is used. The
significant wave height and period at the toe have been obtained via an extreme value analysis,
resulting in 8m and®Yrespectively, with areturn period of ~300 ye@fsilke, 2017)

Here the design will be explained, going from left to right and from the bottom to the top. Firstly a
gradual inclinindoreshoreis created to reduce the depth at the toe. A lower depthiet toe results

in a lighter design of the toe itself, see the equation useddiorensioning the togVan der Meer,
2012). Furthermore, the reduced depth of the toe leads to smaller maximum wave heights, so a
milder maximum load on the armour layer can be taken into account (Delta Marine Consultants,
2014). The slope of 1:25 of the foreshore is limitesthce a steeper gradient could lead to
unfavourable wave impact on the armour layer (Delta Marine Consultants, 2014).

To be able to construct the steep slope that is necessary for the intedocking of the armour units,
qguarry run bundsare made. These minially 4m wide bunds fulfil two functions: retaining the
dredged material and increase the permeability of the shore protection, which again allows for
lighter armouring (Delta Marine Consultants, 2014). The bottom three bunds can be constructed with
Side Sine Dumping Vessels (SSDS), whereas the top two will be built witthéased equipment.

The bunds are made of sufficiently large quarry run, so no extremely fine material, since it does not
add to the volume, but does contribute to the transportation cog¥erhagen etal., 2012).

The core ofdredged materialwill be constructed stepwise. Once the quarry run bunds are created
on the outer and innefslope, the space in between is backfilled by dredging vessels. Without the
retention by the bunds, the dredgl material would take on its natural slope equal to about half its
angle of internal friction, resulting in an inclination of 1.7.
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The 20m longcour protectionshould prevent instability of the toe caused by erosion in front of the
structure. For determiing the required stone size,#4>58mm, the Shields formulais used:

5 Eo &
’ 0 . AT 0 i )
Q 5 N0 10 gt N6 pdi&s
- dwso = Median nominal diameter of rock
- 0 = Velocity caused by orbital motion of waves
- c =Shields parameter

= Relative (rock) density

= Chézy coefficient

= Orbital frequency

= Wave amplitude at bottom

= Wave height

= Wave number

= Water depth

= Hydraulic radiusi(water depth)
= Roughness of bottom

F;ijIénogo‘:»

First the maximum cuemt velocity, caused by the waves, is computed when afterwards the stone
RAFYSGOSNI Aa ¢2N]J SR 2dziil olftt2¢gAy3a 200Farzylt Y20
scour hole in front of the protection reaches its equilibrium depth, the fouratatiayer of the toe

remains untouched (in case the slope would reach the conservative angle of 1:10). The maximum
scour depth, 1.35m, is determined through the Sumer & Feed2005) iterative equations:

@ p¥OA DD
(@] g ©

05156—

- S = Maximum scor depth
- U = Slope angle of protection
- L = Wave length

{AyO0S (GKS a02dzNJ LINPGSOlA2y 2yfeé ySSRa (2 O2yaira
the same material as the filter layer to reduce the complexity of the construction works. Possibly the

scour protection could be

placed as a fallingpron,

since it is easier and
quickertoinstall.

MIMN 3X Dnso

! OMINTXH,
0N

s

MIN 2 XD nw

I. '\._'l

Y

MIN 0.5m

% x\*\ ' ROCK TOE *
A \ B GRANULAR FILTER
%, % T GEOTEXTILE (OPTIONAL) LAYER(S)
Y XBASE
! ¥BASE FOUNDATION LAYER £ W/30

Figure42: Layout of a toe on a sandy seabed (source: Delta Marine Consultants,
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Thefilter layer has not been designed yet at this stage. This lagsto prevent particles flowing out
FNRY GKS RNBRISR YFGSNXIFf dzyRSNYySI Ko dkie FALGS
toe, as recommended (Delta Marine Consultants, 2014).

Thefoundation layer, on top of the filter layer, serves as a stable base for the rock toe on top. Itis
1.3m thick, consists out of 031t rock (Mo found = Msowe/ 15) and extends four (&xtra to ensure a
stable toe and thereby stable armour layer) median nominal diameters (2.6m) in front of the rock
toe.

To prevent the armour from sliding down the slopdog is placed. For the determination of the
stone size the Van der Meer (1995) desigrmulawas used:

"0 w8,
& %" Y
- H = Significant wave height
-n = Relative (rock) density
- dwso = Median nominal diameter of rock
- hy = Water depth above toe
- h = Water depthin front of toe
- Nog = Damage value (0.5, start@damage, is used)

Based on this formula a grading of, @0t suffices for the toe, with the dimensions as suggested in
Figure42, exceptfortneoneedtd WNR O]l RAII YSOUSND 6ARGK F2NJFRRA

CKS O2yONBGS FN¥Y2dzNJ dzyAGa OFyy2d 068 LI IFOSR RAN
armour elements are so large that material from underneath would be washed out. Therefore an
additional layer imecessary: theinder layer Usually these have a rock mass which is around a tenth

of the weight of the concrete units. The grading and thickness (1.8m) are as suggested by the Xbloc
calculator tool Delte Marine Consultants, n.d.).

The Xbloc armourayer is computed with the same tool as for the under layer. The Hudson formula
gives an approximation to control the output of the Xbloc calculation tool:

” "C'
0 wAT| )
- M = Required unit weight
- Ko = Stability parameter (=16 for Xblocs; deases for milder slopes)
V] = slope on which the armour units are placed

According to this formula the Xblocs need a minimum weight of 25.7t. However, besides the wave
height and water depth, the needed unit mass is also determined by:

- Frequent occurrencef the near design wave height (causes rocking of the units)

- The seabed slope (breaking of the waves)

- The crest height (the top units on a low crested structure do not benefit from interloelsng
much as the bottom units
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- The core permeability (a pemmeablstructure allows for some transmission of the wave
energy, instead of reflecting back on the armour)

- The slope (a steeper slope increases the interlocking between the armour units, which leads
to enhanced stabilits)

For the chosen wave height and thedilgn high water level of +1.5m the tool advises to use 28.8t
heavy elements, which are 3.3m high. First an Xbase unitRmp#re4?) is placed on tomf the
foundation layer when afterwards the armour can be constructed, using-baseéd wire cranes,
from the bottom up. For the whole armour layer 17 rows of randomly placed Xblocs are required.

CKS - 0f20 FN¥Y2dzNJ O2y Ay dE®D GARDSWAYISE BA BYXNBNDI y
dam does not need to continue with, a difficult to realise, 1:1.5 slope, since the rock arppier

slope protectiondoes not rely on interlocking. A threée-six tonne grading is chosen for the double

layer, 2.4mhigh, to complete the protection of the dam. The protection runs until +14m, slightly

above the limit that recommends armouring till 0.5 times the -uwm that would be present on a

smooth slope (Van der Meer, 2002)

Thecrest levelwas initially set at #6m, which would allow an overtopping discharge of 10 litres per
second per metre according the Van der Meer (2002) formula:

PN A o

Y

= Free crest height above still water line

Overtopping discharge (in this casé&/4/n)

gravitational acceleration

0 = Significant wave height at the toe

- = Roughness reduction factor (weighted average for Xblocs and upper protection)

- D = Angle of incidence reduction factor (=1 for waves approaching perpendicular to the
structure)

R

q
-9

Hm

One metre is finally added to the crest height for safety reasosto counter future setlement of
the dam bodyBezuyen, 2012).

The presented preliminary design is entirely feasible and there is a lot of experienoasinucting

such a structure. The many different layers and gradings do make it logistically challefiging.
relatively large usage of dredged material for the core and the proven concept of the Xblocs causes
that this conventional design remains to beeferred and used for later cost computations.

“The opposite is true for neimtedocking concrete armour units or rock. These elements rely on gravity only and the

armour does notactas a whole as itedofor intedocking units. Therefore the stability diminishes with an increasing slope

forrock or concrete (antifer) cubes.

°In order to take the maximum allowable influence (reduction) factors into account for the effect of roughness on the

slope, certén restrictions apply. First one has to compute the hypothet catuprif the slope(s) would be perfectly smooth

OAY GKA& OF&aS wucopYod {SO2yRfe& 2yS Aa Itft2sSR (G2 dzas (KS
St SYSyiaQ II5NRunuf, b HRIBw the dvater line (=6.6m) and 0.5 * RUPgsmeon above the water line

(=13.3m). Therefore there is chosen to apply the slope protection till +14m (The theoretical background of this method is

rather unclear, however in practise this ninetdology is widely accepted and applied, see Van der Meer (2002)).
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4.2 Inner slope

L+17

'
141 80

171 80
399

Figure43: The inner side of the dam with the various slopes that are considered during the design phase

Several choices for the slope of the inner side of the dam can be made. One can either focus on
making it as steep as possible to obtain a minimum diameter and thereby limited circumference to
be protected. Another option is to use the least amount of imied material like rock to reduce the
costs. However, the dredged material is not able to sustain a steep angle. Therefore this choice will
result in a wider dam and corresponding larger diameter in order to store the same amount of
energy.Those possiblehoices are reflected in the following scenarios that belorigigure43:

- 1. Requires the least amount of work. The dredged material is depositedlamed to take
on its natural angle of repose, which is roughly 1:7. For la it is assumed that the clay layer
underneath is stable under a steeper slope, since it remains untouched. 1b continues with
the mild slope till the bottom of the reservoir.

- 2. Anintermediate altemative with a slope of 1:3. Possibly measures will have to be taken to
construct such a slope from the dredged material.

- 3. The alternative aimed to need the minimum diameter in order to have a certain amount of
storage capacity. Quarryuhds will be required to construct the steep slope, like is done for
GKS 2dziSNJ LIN2GSOGA2Y 42Nl ad Ly OFrasS GKS R
stability against sliding, a scenario like 3b might be the outcome.

Which alternative is best willdodetermined during the stability check of the inner slope in#13.

4.2.1 Protection againstwaves
Although the inner reservoir is free from swell waves, local wind induced waves will be prékent.
severe wind conditions on the North Sea partially transfer their energy to the water surface, which

translates to the creation of waves. IRigure 44 the occurring wind speeds are depicted.

0.12 Weibull wind speed PDF, 100 m altitude

— Dogger Bank (150 km from shore)
01 OWF Prinses Amalia (23 km from shore)
Deventer (onshore)

probability (v)
o o o
[=] [=] o
B [ (=%]

o
o
N

10.47 m/s

0
0 5 10 15 20 25 30 35

wind speed (m/s)
Figure44: Probability density function of the wind speed at the Dogger Bank and nead onshore for referenc
(source: Gerts, 2017)



To compute the resulting wave height for a certain wind speed, first the velocity at 10m height needs
to be determined:

s
6 6 —ai—

I I(I—
u = Desired wind speed (10m)
Ures = Reference wind speed (100m)
z = Altitude of desired wind speed (10m)
Z =Yw2dzZAKySaaQ FLOG2NI ondnnnH
Ziet = Reference height where windespd is known (100m)

FT2NJ g1 (G6SNJI 69 d:

The maximum wind speed at the Dogger Bank of 30m/s results

Figure45: Nomogram valid for shallow at 0 0

intermediate waters (source: Bezuyen TR
al., 2012) Y80 —

in a velocity of 25m/s at an altitude of 10 metre$he
maximum waves will be created when the depthas its
largest, for now we assume that to be 8 metres and the largest
fetch (7000m).Using the graph as ifigure 45 the wind
speeds can cause a significant wave height up to 1.5m.
According to the Hudson formula, as used earlier for the outer
protection works in84.3.1, the rock armour for the slope
protection needs to weigh more than 327Kgor the stability
number k in the Hudson formula a value of 2.0 was used, as is
recommended for breaking waves (CIRIA, 2007). However the
Van der Meer formula seems to be moaecurate since it
does consider the wave perod,storm duration, core
permealility and damage valyewhere Hudson does noFEor
WL dzy AAYy3Q ¢ ©Sa
u _Vander Meer formula states the following:

Ot AR NJ | o1

n

dso = Median nominal diameter of rock
= Significant wave hght
= Relative density

= Damage level parameter (=5 some damage)
= Number of wavesafuration of storm / wave period)

V.

I_ls

n

P = Permeability parameter (=0.1 for armour + filter on clay or sand)
S

N

3

= Breaker parameter

For a six hour storm duration and orslope of 1:3.7%adjusted scenario ldhe necessary weight of
the rock becomes 297kgConsequently a grading of 3@ 1000kg will be used for thelope

protection |-

WKAIK gl G4SNt S@St Qo { AyOS

GKS 61 @3S KSA I

can evenly be executed lighter towards the bottoBix metres from the bottom a grading of 60
300kg will form the armour, which reaches till the bottom.
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The rock armour cannot be placed directly on top of the clay. Fgsbtextleis placed and seconyl

an under layer The under layeconsiss out of a standard 40 200kg grading and will be two
nominal diameters wide. The under layer is rather heavy, relative to the rock armour, but is still the
lightest (CIRI&t al., 2007) to meet the criterion dhaving onefifteenth of the rock armour weight
(Van den Bos, 204&). Due to ths substantial under layer the geotextile will have to be evenly robust.

The slope protection needs to extend till somewhat higher than the water level when the reservair is
full. This is to deal with the rdop and prevent erosion just above the water linEhe run-up is
determined with the Van der Meer formula for wave ruip on dikes:

Yop O pgOTT,

- Ruwy = 2% wave rup level above water line

- Hw = Significat wave height at the toe (in this casewhs used)

- D = Berm reduction factor (no berm so equal to 1)

- X = Roughness reduction factor (=0.55 for double layer of armour rock)

- D = Incident wave angle reduction factor (=1 for perpendicular wave attack)
- 3 =Breaker parameter

The resulting rusup reaches till 2.3m above the water lirEherefore the slope protection extends
to this very same level.

Since the water body in the inner reservoir is enclosed by the surrounding dike setag may also
play a rok. The principle of setp is that the water level increases at one side to create a gradient.
The force resulting from this gradient balances with the force of the wind on the water suifiaee.
gradient and seup of the water is computed through:

v~ 70 N .
Q W n -y QY

- = Gradient

= Friction coefficient (=3.75*1)

= Wind speed (=24.7 m/s)

= Gravitational acceleration

= Water depth (=8m)

- Sp =Setup

- R = Radius (1408 3500m)

1
oOQ c© O

For the various reservoir capacities the-sptrangedrom 4cm to 10cm. The effect of wind sep is
therefore neglected in the further design process.

Ultimately a minimumscour protectionshould be added on the inner side of the dam. With the
changing water levels and corresponding waves, the maximum esjicour protection should
consist out of a gplarger than 1.7mm. Therefore a 5m long thin layer of gravelly sand will be placed
to prevent scour. The layer will have a minimum thickness, which is most economical from a
construction versus material cosbint of view (in the order of 0.3m).
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Legend| Element Weight

E Under layer 407 200 kg
Scour protectiond,so>1.7mm

E Lower armour |607 300kg
Top armour 0.3i 1t
Geotextile n.a.

mo =1.5m
mo = 6.5s
=8m
1.3
10.3
/l\
161 225 5

Figure 46: Inner slope protection. All measures are in metres and relative

the reservoir bdtom.

Slope protection during construction

All layers and dimensions are
schematised inFigure 46. The
water level is depicted as if the
reservoir would be full

The construction time of an offshore hydropower storage fagiltyconsidered in this reportis
likely to last for more than 5 years. During this period the inner side of the dam remains exposed to
(refracted and diffracted) waves from the North Sea until the circular dam is completed. Hence, some
sort of measure needs to be taken to protect tinmer slopearound sea water level faduring the

construction stageThere are four options:

1. Do nothing (accept erosion and caenby additional dredging).
2. Protect inner slope against wave attack with a reasonable return period corresponding to the

construction time of the dam

3. Temporarily protect slope and use material for another part later on
4. Use a kind of mattress for protection around sea water level for the construction period and

wat ARSQ

GKS YIFIOddiNBaa

R26y o9 8ayf sefv&k B priRdction A a

around the innerwater level fluctuations during its operational life.

A costbenefit analysis, including potential risks, is recommended to choose the most appropriate
solution.Due to the limited time of a Master thesis, thedeft for future studies.
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4.2.3 Phreatic line

LG Aa OSNE AYLRNIFYG G2 1y2¢ SEIFI OgtaSarRS iKSA AKZ
the dam. Whether sail is above or undemeath the water table can make adiéffgesnce in its unit

weight andshear resistanceThe shape is approximated with the method of Depuit, using b for the

width of the dam as indicated iRigure47. As one can seé}l KS ¢ GSNJ WFf 244 Q 2 dzi
before it has reached the bottom of the inner reserv@onsequently the discharge through the dam

is notrestrained by the full width, butonlgyLJ- NIi 2 F GKS RIFIY O0AYyRAOFGSR 4

1< M N
S b’ - ~.  Dam with permeability k
and length L

Inner
reservoir

Figure47: Phreatic line through the dam according to the Depuit method. Note that infiltration
from precipitation is taken into account. Due to the hard surface on the crest and the nature c
material used for the dam, infiltration is neglected.

)
. Qe .
0 —_—
Cw
- (g = Head for a certain distancetk#£ (i, forx =0 andi =(i, for x = b) (m)
- X ' sAadrkyO0S FNRBY WA Y aithaohSedsBle® LI i) 2 F (K S
- b =Lengthfromd G I NIIi 2F WAYLISN¥YSIofSQ LI NImGAEtEt Ay
- Q = Total discharge through the dam (m®/d)
-k = Permeability of dam materi&-0.01m/d) (m/d)
- L = Length of circumference (m)

- b " [Sy3GK FTNRY adil Nihe ot wictewda& olds Sut ¢nf) SQ LI NI

The total discharg through the dam ranges from @&°/d till 1400m®/d, depending on the reservoir
size and depthFor the alternatives with a 40m miaxum headdifference this is 60itres of water
per dayper metre of dam. Ahough this might seem like a significant amouittbarely leads to a
head loss of @5mm/d, as will be futher discussed in section 4.34Seepage.

Consequently it is not necessary to éakkny measures to reduce the seepage through the (clay!)
dam. The properties of the dredged material that is used for the dam construction offer sufficient
resistance against water leaking through.
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4.3 Water retaining measures

The whole concept of pumped hydropower storage relies on a certain water level difference
between two reservoirs. In order to sustain such a water level difference, itis vitavttat is

prevented (or atleast limited to a negligible level) from flogvirom one reservair to the other.
Fortunately the subsoil consists mostly out of clay (s&&.8 Geolog), which will keep the water

out. Unluckilythere is also a sand layer present fre&3m till-30m below the seabed that could

easily convey a contiraus water flow from outto inside. In order to create a feasible project the

water transport through the sand layer has to be stopped. There are various measures and materials
available that could fulfil this task, the ones that are considered are shotigure48and explained
below.

A N I TN O R O O - W < N - S 0}

Materials

[ 19.Toe

[ 17. Xblocs

[ 18 under layer

|:| 15. Dredged mat. compact
[ 16. quarry run

[ 12 Dredged material
[ 7. sand

I 14 stiff Clay DB

=
=

s
0 Y Y

=

0,000 500,000

Figure 48. Possible measures that can be taken to 'close' the sand layer: 1) Slurry bentonite wall. 2) Shee

3) Jet grouting. 4) Replacement of sand layer.

4.3.1 Slurry bentonite wall

Diaphragm walls are commonly used to keep earth and water from flowing into building pits, tunnels
or other excavations. The sole difference between a diaphragm wall and a slurry bentdBixeall

is that a SB wall only serves as an impregnable wall, so without structural function. Where the dug
trench is eventually filledip with concrete (and possibly rdorcements) for a diaphragm wall, the
trench for a SB waik not filled with concrete. Instead the material that is excavated can be used
again in the slurry wall, once it is mixed with a bentonite mud to obtain the preferred permeability
assets. Such @8Svall has the advantage that no concrete is required, which will drastically lower the
costs.

Generally the maximum length that can be achieved is 60m, whereas the width could vary between
0.8m and 1.5mAlthough a SB wall is meant to prevent water flogvithrough, it is never 100%
impregnable. A safe permeability of 5%1%n/s can be assumed (Boscardin et al., 2006). One of the
advantages of this technology is that it can be executed simultaneously with the remaining dam
construction. To ensure a higbperation rate, the retention structure should be installed on the
inner side of the dam 3m above mean sea leReéferably the SB wall reaches till 1m below the sand
layer. Therefore theslurry bentonite wall should be at least 54m long (=1+30+20+3nwid#& of

1.0m is chosen on the basis of constructability, @Btctiveness and reliability. A SB wall basically
consists out of a long series of £3m wide panels. Between each panel there is a transition, which
forms 6 KS | OKA Hdn&@ Af@ a Kikddrence of 20km there will be more than 6000
transitions. To construct such a continuous wall, one could call a challenge.
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4.3.2 Sheet piles

Sheet piles are probably the most common (temporary) retaining structure. The experience with the
technology, theprefabricated material and the interlocking transitions make sheet piles a reliable
method. Although they are about half the price of a SB wall, there are a few prevailing
disadvantagesMost of all, the length of sheet piles is maximally 31m (where Sglrequired in
order to be installed from land like the SB wall). Therefore either the sheet piles would have to be
installed, from watetbased equipment 20m below mean sea level or from within a temporary
drained building pit. The first will be extremeliffctult from a construction point of view. The second
will be just as hard and over proportionally expensive. Ultiméateily option is disregarded then due

to the limitation in sheet pile length.

4.3.3 Jet-grouting

In a way jefgrouting is similar to cating a slurry bentonite wall, since both techniques involve
replacing the permeable sand with an impermeable mixture of mostly bentonite and earth. The
process of jefgrouting is depicted ifrigure49. An advantage of jegrouting is that the construction
YSGK2R A& NBflFOGA@GSte 1ljdAOl YR &iNIAIKGTF2NIHI NR
created till the surface level, but only in and around the water conyggend layerThe columns can

bS dzLJ 2 oY ¢ A BSimpeyhRabilitydf the Soyise altiNéSrév of columns, one or more

rows can be installed adjunctively. This lead2 | &S G 2 Folukhd, @BididorhbidedA v 3 Q
shouldretain the water from fowing into the inner reservoir.

Unfortunately no knowledge on depth restrictions could be found. Therefore it is unknown whether
this technique can be employed from the dam additional waterborne equipment would be
necessarylLastly some failures of jgfrouted walls have been documien (The metro tunnel in The
Hague for example). The unknown achievable depth together with an unconvimsitogy leads to

the fact that this option is set aside for now. After further research and a comprehensive reliability
study, jetgrouting might réurn as a potential candidate.

Grout Jet

Figure49: The construction sequence of a jgrouted wall (sourcehttp://udc. com.vn/en)
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4.3.4 Replacement of sand layer
The previous three methods all try to stop the water flowing through the sand layer by placing some

a2NIa 2F 20a0NHz0O0GA2yd® ¢KS O2y OSLIi 27F odwgngl | OSYS
substrate out and replaces it with clay from which the permeability properties are verified.
Consequently there are no transitions and the later soil characteristics are fully controlled.

So far it has been assumed that theofpgy on the DoggeraBk has @aaomogeneous lithology (as
depicted inFigurel32. This almost certainly will not be the case and thus it is likely that the depth
(and thickness) of the sa layer will vary over space. Because this is the only technique, which is
best executed from water and it starts directly on the seabed, it is the best alternative to deal with
the changing soil conditions.

Opposed to the former technologies, this one does not involve installing any material, which is alien
tothesA 6S® ¢KS Of & GKIFIG NBLX I OSa -rds&rdirt@d S/ O K/S NBS
the dredged sand can be used for other purposes W|th|n the project. In the prel|m|nary computations

10% has been added to necessa’ T em—

volumes to allow for setiementsand
creep. The trench that has to bdugto = | T~
reach the sand layer is minimally 5 metr
wide and has slopes of 1:1ib clay and -
1:2 in the sand layerwhich have been.
verified on their slope stabilitFgures0). Figure 50: Slopestability of the trench to replace the sand lay:
In total 1925n#/m will have to be mOVedThe critical sliding mechanism through the stiff clay and the s
in order to replace the sand layer. has a safety factor of 1.08

4.3.5 Choice of measure

From the four alternatives discussed only two remain: the slurry bentonite wall and the replacement
of the sand layer. Both are competitive options making it hard to pick the most suitable. In terms of
construction time they are similar, since both canéeecuted during the dam construction itself.
From a reliability perspective the dredging variant holds the upper hand, due to the absence of
transitions. The environmental impact of the two has not been studied, but is not expected to point
out a preferred option. The dredging process is likely to cause more emissions during the
construction phase, where the SB walhisomplicated asset once the lifetime of the storage facility
has been fulfilled. Ultimately itis up to the costs to make a selection.

From Figure51 it can be concluded that replacing the sand layer with claglwsays morecost
effective.Furthermorethe lithology might change over depth, which makee dredging alternative

the chosen measure, because it offarauch more flexibility.For the Dogger Bank location the

NELX I OSYSy G O23i@K 3 NS avmER S p E x NobKing aFig@ebEittaie MT X p n
the mobilisation costs, which determined the preferred soluti@mce the slurry bentonite wall first

KIa (2 SEOFIZF(GS HoY 6SF2NBF Al 2yteé NBIOK®a GKS
far higher. The costs of the dredgimige rapidly due to the fact that not only the dredging itself
becomes more expensive but also the voluwfethe trenchgrowsfast at increasing depths. The
dredging cost®) p ® Y fokal average depth of 30mgre based on the use of a grab dredger in
combination with a split hopper barge as are specified in chamt®redging works
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e/m Costs water retaining measures
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Maximum depth below seabed of the sand layer that needs closing (m)

Figure51: The cats of the retaining measures as they progress over depth. The mean sea level
above the bed level. The slurry bentonite wall is assumed to be installed from 3m above the se
and have a maximum length of 60nTherefore the maximum reachable dépof the SB wall is 3m.

The dischargsthrough the retaining measures are computed according to the Darcy formula:

. Q, .
0 —0 o
0

- Qm = Discharge through retaining measure (m*/s)
-k = Rermeability retaining measur&t10'°for SB and 1&for sorted clay)m/s)
- W = Width retaining measure (1m for SB and 5m for replaced sand) (m)
- Hax = Maximum head difference (40m) (m)
- s = Thickness sand layer (7m) (m)

The parameters mentioned above result in a leakage of 1@/thlfor the slurry bentonite wall and
48.4 |/d/m through the placed clay. Compared to a fluctuating water volume of the inner reservoir of
roughly 200 billiotitres, the losses through the retaining measure can be neglected.
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4.4 Failure mechanisms

There are many ways natugan4orceQ | R | WiguieZ shdws sevetal examples of the most
common failure modes for dikes. The mechanisms for a dike and the dam theitngsconsidered

are very similar. Therefore these modes are chosen to investigate primarily. Furthermore the erosion
of the inner slopedue to windinduced waves on the inner reservai,reviewed in 4.3.2.1 and the

Yo NB-HARY 2T G(GKS Of h the réséndif ibldistngsRE a8l Gther modes like
setiement (partially dealt with for the outer protection), collision by ships or drifting ice remain for
future studies.

Owertopping Erosion outer slope

“ *
Macro stabilityinner slope Macro stability outer slope
‘ -
Piping Micro stability
Figure52: Most occurring failure mechanisms for dikes (source: Peeters, 2012)

Not all events happen under the same critical conditions. For exantipde puter slope is more
unstable during low water, whereas overtopping is more likely during high water levels. Additionally,
some mechanisms are triggered easier when the construction has not been completékeyetien
certain parts remain exposed to wave acti which would later be protected. Consequently, all
failure modes need to be verified for their own governing conditions. These circumstances are shown
in Table 13 (note that the erosion of the outer slope is already dealt with in the design of the sea
defencein4.3.1).

Failure Method Water level | Water level Governing phase
mechanism North Sea inner reservoir

Low | High | Empty | Full Construction Operational
Macro stability | Bishop Uplift- Vv \% Vv
outer slope Van(D-Geo)
Macro stability | Bishop, Uplift \Y \Y V
inner slope Van (BGeo)
Micro stability | Guidelines \Y \Y Y, Vv
Piping Bligh (+Griffith) \Y \Y \Y;
Seepage Depuit & Darcy \Y Y V
Bursting Archimedes \Y \Y \Y,
Overtopping Van der Meer \Y, \Y \Y, Vv
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Table13: Governing situations per failure mechanism. The high and low wdwrels on the North Sea are respectively
+1.5mfrom still water level (Kvale et al., 2006). A full inner reservoir corresponds tg;Hevel of Table11

To ensure an acceptable standard of safety, factors are applied to the charactedfsthe soil. The
NEN9997 code is used, with the safety factors as givehable14. Risk category 1 is chosen, since
the risk of failure only affects economialues and no loss of life(s).

Soil parameter Symbol | Safety factor risk category 1
Angle of internal frictions Jia 1.2
Effective cohesion 00 1.3
Undrained shear strength Jcu 1.5
Compressive strength Jqu 1.5
Unit weight Iy 1.0

Table14: Safety factors of soil parameters for overall stability by NEN9997

When applied to the characteristic valuéas suggested by NE997)of the various soil typeghe
properties become as stated ifable15. These are the numbers which have been used during the
computations and the verification of the failure mechanisms.

Toe Xblocs | Under | Quarry |Dredged | Sand | Stiff clay

layer run material” DB
Dry unit weight | 23 24 23 23 17 18 19
(KN/m 3)
Submerged unit| 26.5 24 26.5 26.5 18 20 20
weight (KN/m 3)
Cohesion (kN/m) 0 0 0 0 10.4 0 11.54
Friction angle (°) 49.96 | n.a. 49.96 39.81 19.04 27.96 | 21.24

Table15: Material properties (design values) of the elements which are used

® This factor is appliedtotadiQ 0

"The dredged material consists out of stiff clay from the Dogger Bank. By dredging the clay mechanically the
sail properties are minimally affected. bontrast to hydraulic dredging the clay does not need to be cut into
FAYS LASOSE 2NJ YAESR 6AGK 41 GSNJ F2NJ NI yaLRZNIF A2y ®
reduced by 10% compared to the original clay parameters.
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4.4.1 Macro stability

The slopes of the dam are limited by its resistance against sliding downwards. The slip surface can lay
relatively close to the slope his surface, but could also lay much deeper, which would result in the

quite spectacular failure mode of a complete slopellapsing. In theF | A f dzNF YSOKIyAaY
atdroAtAleQ GKS Y2 & gearchdtiai ICanbetutivalf theRslbpédare LaljustgdSo & 0o
orderto end up witha safe andnost cast-effective (slimmest) design.

Theory

Determining the maximum achievable slope da difficult when the soils are both cohesive and
fricional. Especially when the slope consists out of multiple soil layers, inclinations and-a non
horizontal water table. Due to the complexity there are malif§erent calculationmethods, all with
their own assumptions and shortcoming®ne of the more widely used methods is the one
developed by Bishoisee Figure 53).
The slope is divided into slicewho
(depending on their position) either
contribute to the overtuming moment
(My) or the resisting moment (M
Combined they form the driving
moment (M+M;) that has to be
outbalanced by the shear force along
the sliding plane times its arm (the
radius).

Figure53: Schematisation of a slope stability analysis. The slices ¢ The shear stress results from the

vertical force equiliprium. The resulti ng mom'ents (WM,) and .s.he.a vertical equilibrium ands a function of
force along the circular failure plain are in moment equilibrit ) ) )
(source: Bezuyen et al., 2012) the effective soil stress and cohesion:

t & , OAd

s N
- = $ear stress (N/m?)
- = hesion design value (N/m?)
- (g = Angle of internal frictiondesign value (rad)
- 0Q = Hfective soil stress (N/m?)
-0 = Total stress (N/m?)
- p = Water pressure (N/m?)

Note the influencewater pressure has on thghear resistance and therelmyerall stability.A large
water pressure results in a small River
effective soil stress and shear resistanc
Furthermore, ifan impermeable layeis Land (polder)
situatedon top of a permeable subsoit = %" .. N\ A s d=—oDoTTmmooes

with a higher than hydrostatic wate
pressure, the water tries to uplift the Pttt
impemeable layerlikein Figureb4. e e ———

Figure 54: The uplift mechanism that is caused by a we
overpressure under the clay layer (source: Van 't Hoff & Van
Kolff, 2012)
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As the water pressure tries to Http the overaying clay layer, theay itself (that kind of starts
floating as a whole on the water) loses most of its internal soil strength and thereby its resistance to
sliding (only the cohesion between particles remains). This mechanism can lead to large parts of soil
sliding horizondlly, instead of along a circular plain. Therefore the Updh method has been
devised, which is not restricted to circular failure modéspecially for the inner slope of a dike or
dam the UpliftVan method can be governing.

The D-Geo stability softwee has beenused to perform safety checks against sliding (Bishog
Uplift-Var). Even though safety factors were applied to the input parametarsafety factor of at
least 11 was strived for to allow for construction tolerancesuniform top load of 100kN/nf is
added to the crestso heavy equipment and machinery is able to be transported over the dam during
its operational life

Outer slope
The lowest low water levdl1.0m)is the governing situation fothe outer slope stability A lower
water levd NB adz Ga Ay F avYlftSN 28SNbdzNRSYy 2y (2LJ

against the sliding down of the upper part of the slopae computations were made for a situation
where the maximum scour hole has developed in front of the Td®largest driving moment occurs

when the dam has been fully constructed and a large load is passing over the dam. These conditions
lead to the most critical sliding plane as showRigures5.

Bo, . o .. o, e, .. The governing mechanisritBishop)
Materials from Figure55has a safety factor of
[ 19.Toe 1.17  Under these extreme

17. Xblocs . L
g e — conditions this is found acceptable.

g 12 Sf:dr;:n:mm The initial design had to be adjusted

[ 1+ Sttt Clay DB slightly. At first it was the ide to
] 7 sand raise the whole bed level 3.4m and
P1 P1 from there on start toconstruct the
11 dam. However, the sliding
mechanism is very sensitive to the
‘ material that is used at the toe of the
kil . damand its subsoi(seeTablel6and

o —t— - "
BN = — Appendix B)Sincethe stability of the

Figure 55: Critical sliding plane for the outer slope. Under uniform : ; :
load of 100kN/nf and a maximally developed scour hole in front of t tPe IS_ so crucial theres chosen to
toe first dig a3m deeptrench andplace

a foundation layer of quarry runThis is to guarantee sufficient sheasistance Additionally, the
foundation layer of the toe starts right from the seabed to restrict future settlement of the toe

=
=

s

North Sea

Soil parameters Quarry run | Stiff clay DB | Dredged material | Muck
Dry unit weight (kN/m 3) 23 19 17 11
Submerged unit weight(kN/m 3) 26.5 20 18 11
Cohesion (kN/nre) 0 11.54 10.4 0
Friction angle (°) 39.81 21.24 19.04 0
Safety factor 1.18 111 1.09 0.78

Tablel6: The influence of the material from the toe/dam foundation layer on the slope stability
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Inner slope

For the inner slope the stability is most alarming when the water level in the North Sea is at its
highest. Assuming that theighest astronomical spring tide, sea level rise atorm surge occur
simultaneously, the water level difference beten reservoirs becomet2.9m (=1.2 40.3 + 1.4 + 40

The inner slope stability is tested, by supposing that this extreme water level difference is permanent
and the phreatic level through the dam has fully adjusted its course. With an estimated pertyeabili
of core material of 0.1m/d this is a very conservative assumption, because neither the tide nor the
storm surge will endure long enough to make the phreatic line fully attuned.

The circumstance mentioned abovéoring the prevaing slope failure to the one displayed Figure
56, with a safety factor of 1.11 according to the Upfan method

Materials

] 19.Toe

[ ] 17. Xblocs

] 18 Under layer
----- - 16. Quarry run
[ 12. Dredged material
I 1+ stiff Clay DB

[ ] 7.sand

i |
0 Y

Figure56: The critical sliding mechanism fohe inner slope. The continuous phreatic line at +20m (=MS
the water pressure in the bottom sand layer, which tries to uplift the thick clay layer. Without the Ie
inner berm the slope would only have a safety factor of close to 1.0

Due to the uplift mechanism as explained beford-igure54, the large inner berm had to be added

to the dam design. The water pressure (caused by the head difference between the North Sea and
inner reservoir) acting upon the thick clay layer reduiteseffective soil stress to ailmost nothing.
Therefore the shear resistance is nearly only determined by thg abhesion. Consequently the
large bemm had to be added to generate a higher effective soil stf@€sand resulting shear
resistanct @ , OAd ), asdepictedinFigure57.

121190 kN/m?*

1985.07 kN/m? 121190 kMN/m?
1599,80 kM/m*

Figure57: The influence of the inner berm on the shear resistance. When there is no surcharge on the reservoir
there is almost no effective soil stress, the difference between the green and blue pressures (right). Hence th
berm is added to create sufficient shear stress in the thick clay layer to prevent sliding failure (left).
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In the unrealistic, but extreme event of when the phreatic line in the dam would remain at MSL and
all the water from the innereservoir would have been pumpemxit, the safety factor would be 1.0.
Although this is solely a fictional situation, since the water level in the dam will always somewhat
adjust to the water level in the inner reservoir, it does indicate that at leastfitist ime when the
water level is lowered to its operational level, this has to be done gently. By gradually lowering the
water level to operational levels, the phreatic line within the dart diop equally.

From the various slopes that were discussad&4.2 Inner slope none of them made it to the
SPSyiddat RSaaAdIyod LG aK2gSR GKIG GKS WYAfRQ af 2
altematives were simply impossible or required vast amountsguarry material. Furthermore the

inner slope now consis out offour gradients:

- 1:3.6 fromthe cresttill the seawaterlevétl7 to 0)

- 14 for the middle part that continues till theriginalseabedevel(0 to-20)
- 1:28.3 fortheinnerberm to aval standing wate(-20to-24)

- 12 from the berm till the reservoir bottont24 to-40)

Materials

[] 19 Toe
[ 17 xblocs
|:| 18. Under layer
[ 16. Quarry run

[ 12 Dredged material
[ 1+ stiff Clay DB

Inner reervoir L1 7-8and

o0

c

&

-100™

Figure 58: The dam design that is checked safe from a macro stability perspective. Note that the inner berm
consists out of material that remains untouched (it has not been dredged and depakthere like the rest of the dam
The continuous phreatic line at +20m (=MSL) is the water pressure in the bottom sand layer, which tries to upl
thick clay layer. The other phreatic line reflects the water table for the other layers.

The inner slope as a whole is respofeifor a footprint of 286 metrg! This enormous length brings

up questions like whether it would be more economical to use a crown wall or even a caisson to
reduce the dam dimension#dditionally it has to be noted that for the design all the material was
100% consolidat The effect ofthe level of (over) consolidation and drainage operations may
influence the design ofFigure 58 These considerations ardurther described in the
recommendations chapr.
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4 4.2 Micro stability
The loss of stability of very thin layers on the surface of the slope, due to water flowing through the

RFY Aa OFGS3I2NA&aSR dzyRSNJ G4KS FFAf dZNE YSOKIFIYAAY
related issues comes from inside the dam body, mdstgered by a high phreatic line throughout

the dam.This high water table could then initiate the washing out of material from the core of the

dam (Ministerie van Verkeer en Waterstaat, 2007). Furthermore an instable surface layer can be
created or whenthe core is covered by an impermeable clay layer, a potential head difference
between the core and clay could drive tipgotective clay layer awaylhe mechanisms for micro

stability failure are depicted iRigures9.

Based on these figures and the fact that the

dam will be onstructed out of clay, it can be

concluded that no micro stability issues are to

be expected.This is stated once again in the

guidelines forsafety checks on primary water
RSFSyO0Sasx 6KAOK aleay a! |
Walk FSQ T2NJ YAONRf thell 0Af A
following conditiongsmet:

type dijk micro-instabiliteit

Kleidijk

geen probleem

zanddijk - The inner toe has a weilnctioning
drainage system

- The core consists out of impermeable
material (till at least above the water table)

- The dike is sandy and has an inner slope

of lessthan 1:5 and no clay coger

uitspoelen

zanddijk met
kleiafdekking

afdrukken/afschuiven

Figure59; The type of micreinstability depends on the typ Considering the dam which is proposed for the

of dike: a homogeneous clay dike poses no threat (1), as WF Ay | £ Q RSaAdy O2yairada F
dike is _susceptlble to the washing ouwf mgterlal (2), a san failure mechanism does not require

core with clay cover can Cause excessive pressure or . .
OAYLISNYSEot o Of e 1 &SNJ adjustmentstothe design.

Ministerie van Verkeer en Waterstaat, 2007)

However, rapid drawdown of water in the inner reservoir due to pumping might have an effect on
the overall stability other than itaken into accounfor the macro stability computations. When the
phreatic level inside the dam is still high from the moment the reservoir was full, the additional force
could initiate the washing out of material, due to thecreased potential head difference. Although
this effect should not cause problems for this type of dam (Ministerie van Verkeer en Waterstaat,

2007), it is something that needs to be verified in a future stage.
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4.4.3 Piping

To prevent piping, theself-accelerating outflow of sedimenthrough the dam(seeFigure60), the

length along which the water may flow has to be sufficiently long to resist the waterTlogvwider
a dam will be the lower are the flow velocities and thus the risk of piplihg. minimum required
leakage length is determined through the formula of Bligh:

- L = Leakage length (m)
- Hmx = Maximum head differende-high water level) (m)
- G ' Y{SSLIIASQ O2STFFAOASY(H o6Tlo FT2NI g©F] Of I &

Fora maximum head difference of 4209(= 40m + Highest Astronomical Tide + Sea Level Rise +
Storm Surge)the part of the dam where the water flows through needs to be at leaShil®@ide.

The preferredalternative for the inner slope has a leakage length of i5&nowing that the
required leakage length is actually much shorter than the 129m (due to the conservative choice for
the weak clay seepage coefficient)can be concluded thatiping will not form a hazard for the dam
safety.
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Figure60: The development of piping for a river dike: Water level rises (a) ; Seepage initiates (b) ; Sand boil appe
Backward erosion (ek) ; Failure (f) (source: Imre et al., 2015)
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4.4.4 Seepage

Seepage by itself does not pose a threat to the overall stability, other than the issues dealt with in

the micro stability section§4.3.3.2)and it does not turn into pipingrhe sole disadvantage is a direct

loss of revenue, since the water that flows into the reservoir needs to be pumped out again. It is
GKSNBEF2NF OAlGlIf F2N) G6KS WSFFAOASYyOeQ 2F (KS aes
keep in mind thattiis impossible to prevent water flowing in completely and there will always be

some seepagen order to quantify the amount of water reaching the inner reservoir it is best to

make a distinction between seepage through the dam itéete 84.3.2.2 ané&igure47 for more

context about seepage through the daand through the layers underneath the storage reservaoir.

The water flow through the dam can be estimated witie tDepuit formula, which is based on the
head difference, the permeability of the soil and the flow length. The maximum seepatjbead
loss when the reservoiris empty becomes:

. QO i} 0“0 10
v Cb n © P« e} F
T

- Q = Specit dischargehrough dam(per metre) (m*/d/m)
-k = Permeability (=01 m/d for weak clay) (m/d)
- Hnx = Maximum head difference (m)
- L = Flow length (m)
- Hoess = Headloss of reservoir due to seepage (m)
- D = Diameter ofeservoir (m)

For the various scenarios with different head ranges and storage capacities, the disttivatggh
the dam ranges from 350%d (Hn = 40m and E = 10GWh) to 1466/d (Hy. = 60m and E =
30GWh). Theesulting head loss due twater flowing in viathe dam is only@B ¢ 0.12nm per day.

North N the schematic drawing of
1 Inner reservoir gea Figure 61 one can see how the
(o water flows into the reservoir via
-Qd the dam and the aquifer (the sand

d
‘ll layer) underneath.The situation
///////5////// as inFigure6l1 withholds that the
T .
|

HEREEE | conveying aquifer is either in
| direct contact with the North Sea
I Qa or the recharge of the aquifer is

1 1

|

|

| D .

I ! T I equal to the seepage into the
: [ : inner reservoir. The beneficial
I > | on IR case, when the aquifer is closed

Figure6l: Seepage through the dam (Rand the underlying clay layer (f) and baely re.charges, I_S also
when the recharge of the aquifer (Q is equal to the discharge through tf Worked —out in Appendix G

clay layer (@= Q) Seepage and bursting mechanism
for a closed aquifefThe leakage through the bottom of the reservoir can be compuidd the flow
Sljdzl A2y a RSNA OFhR refuigBfthe Sekpddd gheddgh thel dam and bottom of the
reservoir are gathered ihablel?.
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Q

- Q = Total leakage throudbottom of reservoir (m*/d)

- R = Radius of reservoir (m)

- = distance from the centre of the reservoir (m)

- a = Piezometric level for a specifidir£ (i, for r = Randl =(forr=0 (m)

-k = Permeability of clay layer (=0.01m/d) (m/d)

- d = Thickness of clay layer&5n or Zm depending omlepth of the reservoly (m)
Scenario Unit 1 2 3 4 5 6 7 8
Maximum head m 40 40 40 40 40 60 60 60
Radius reservoir | m 964 2,309 | 2,259 | 3,083 | 3,715 | 1,684 | 2,234 | 2,655

Storage capacity | GWh 1.22 | 1051 |10 20 30 10 20 30

Seepage dam mm/d 012 005 |005 |004 |003 |0.10 |0.08 |0.06

Seepage bottom | mm/d 10.29 | 10.29 | 10.29 | 10.29 | 10.29 | 21.60 | 21.60 | 21.60

Total discharge 10°m’/d | 0.3 1.72 | 165 | 307 |446 |193 |339 |4.78

Total head loss mm/d 104 | 103 |103 |103 |103 |21.7 |21.7 |217

Tablel7: The loss of head due to leakage. Note that the seepage through the dam and bottom are converted into a head
loss per day The waterlevel in the inner reservoir is its average operational level

Even with the conservatively chosen permeability of 0.01m/d for the clay layer, the effect of seepage
on the head loss in the reservair is surprisingly smdthough the total discharge(in the order of
300,000n7/d) might seemike a lot, it is only around 022 of thetotal fluctuating water volume. The
common permeability of clay is an order 100 to 10,000 times Idivem the 0.01m/d that was used

in the computations! Therefore the seepage can be later neglected in efficiency computations of the
storage system.
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4.45 Bursting of the clay layer

For determining the required thickness to prevent bursting of the bottday layer, it is firstly
assumed that one of the water retaining measures is executed, as described in 84.3.3, and
FRSljdzl GSf e WwWOf 2 aBharaorelpmyShe battdnd claytlageRis chécke8 Mede whether

it meets the safety criteria regardinige bursting failure mechanism.

¢CKS LI2adaAroArfAide 200I00KS Fo dzNBS(H AQL I 86 2 NJ &USt N K- Ay 3y dzOf
performed previously to determine the seepage through the clay layer. Wheer pressure

underneath the clay layer, resulting from the water level difference between the North Sea and the

inner reservoir, drives both the seepages the burstingnechanism(see Figure 61 for a
schematisation of the acting water pressurl) principle the downward force from the seheight

of the sail has to outbalance the upward force by the water pressaseshown irFigure62®. This
simplificationleads to the followinget ofequations, based on the princigg of Archimedes:

O 1 @MY OI Qi T ﬁ](

IR ot

Sand

Figulre62: The difference in water pressure over an impe Irmeable layer. To prevent bursting of the clay, thensadfht

of the clay layer has to outbalance the diffence in water pressure acting from underneath.

When we assume that the top of the sand layer starts8sm relative to the sea level (séagure
132forthe soil pe FAE S 2F GKS 5233ISNJ . Fyl10 YR GKS AyySNH
becomes 85m minus h. After rewriting the above equatiba minimally required soil overburden
becomes 43.56m thick, which results in a maximum water level difference of 414+4m.the 40m

that has been used so far in the design is achievable. The tide and storm surges will not affect the
water pressure in the aquifer underneath. Only sea level rise (3mm/year)will eventually alter the
acting water force. To allow for construati tolerances and limited heterogeneity of the clay layer, a
40m head differenceontinues to be used in the design of a offshore pumped hydropower facility on
the Dogger Bank.

8n reality there § also the cohesion from the clay layer, which counterworks any movement of the clay.
However, for a sufficiently large patch of clay the cohesive counterforces become negligible in comparison with
its selfweight working downwards too.
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4.4.6 Overtopping

Overtopping can cause crest and inner slope failure in two ways: either by direct erosion from the
discharge or by firsthpaturating the top layer, which makes it less resistant and secondly lose its
stability. The crest level was set at +17m relative to still water level during the design of the outer
protection in 4.3.1. An overtopping discharge of 10lI/s/m was found actdgtaconsidering the
erosion resistant characteristics of the inner slope. To limit the discharge to 10l/s/m the dam needs
to have an elevation of +16 metres. By adding an extra metre to the crest height, the safety is
enhanced following the guidelines (Bgyen et al., 2012). Thirdly, settlement and creep of the dam
body have to be accounted for. Therefore the constructed dam height will be higher. As a rule of
thumb, ten percent of the volume should be added to counteract future setlement (Bezuyen et al.,
2012).

—« height as built
o height after design period
Jerest freeboard

minimum crest freeboard

" g reference level xxxx

Figure 63: The level of the cret height, set to resist the various mechanisms of rup, setup, sea level rise ar
settlement (source: Van der Meer, 2012)

Consequently the real discharge will be lower, due to the added volume and height of the dam.
Nevertheless the discharge of 10 litres per second per metre has to be taken into account. In order to
allow such volumes, erosion preventive measuresehtty be taken on the inner slope. A well
maintained grass cover should suffice (Van der Meer, 2012). According to the guidelines, there has to
be a clay layer underneath the grass of at least 0.6m thick. These two directives are easily met in the
design(stonsidered. No further overtoppingpitigating measures are required.
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4.5 Final design and concluding remarks

During the design of the dam it really became clear that the ‘designig 4 SQ A a y 204 I
but requires constantoops and iteration between design parameters and failure mechanifims.
now the dam design is as itis depictedrigure64in which form it meets the safety standard&the
discussed failure mechanismBue to the local geology and the bursting criteria, theximum head
difference would be 41.45m of which 40m has been chosen as a practicalAsntan be seen in
Figure64, a large inner berm had to be added in orderdmal with the combination of inner slope
stability and the uplift/bursting mechanism at the inner toe. This unfortunate mixture of forces led to
an inner berm of 113m wideéFrom the seepage computations it appeared that, when choosing very
conservative pameability characteristics, the leakaglrough the dam, retaining measure and
underlying clay could all be neglected.

P L NP =10 | R L SR - R SR R P - I

erials

19. Toe

17. Xblocs

18. Under layer
16. Quarry run
12. Dredged material
14. Stiff Clay DB

7. Sand

Mat:
1
1
1
(|
]
[
1

- Innerreservoir

Figure64: The dam design with the various materials that are used. The scales are in metres.

The costgor every individual layer and component are (@®r explained in§ 1 Dam costgor the
discussed desigré®B1Y € k jnWtal,6 A G K |y Ay @SaGYSyldredghgamdin Ye
transportationequipment Why this specific dredging equipment is necessary and beneficial to use is
later explained in the dredging chaptdihis results in the dam costs versus storage capacity relation
as shown ifriguretb.

45
bne Dam costs per head difference

\

; A\

- ‘ \\ ——10 GWh
) \ \\ =20 GWh

15 - ~———30 GWh
1 —_—
0,5
0 . ; : : .
0 20 40 60 80 100

Maximum head difference (m)
Figure65: The total costs of the dam and dredging works per storage capacity, with the original seabed 2@s
below MSL. Note the rapid decline in capital costs once the head difference between the reservoirs increases.
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The main trend thaFigure65 shows is that when the head difference between the North Sea and
the storage reservoiincreases,he total dam costs declingot the dam costs per metreYhis might
appear counterintuitive, since the dam would have to enable a larger water level difference.
However, the dam costs mainly originate from retaining the water column between MSL and the
seabed (20m below MSL) plus the neasyscrest height to restricovertopping. When the head
difference is then increased beyond 20 metres the dam size itself hardly changes and only the inner
reservoir is deepenetiTherefore the dam costs per metre onlyow marginally when the water

level difference surpasses 20 metres, due to higher dredging costs (a larger depth involves rising
dredging costs).

The advantage of a higher head for the dam costs lays in the formulae (derv8diinf@r storage
capacity and dam length:

TR o RS © B ©)
Yo € i @mw@mo?ﬁo T c
601 @6 & AR Q& N
- E = Storage capacity @)
- m = Mass of water (kg)
- g = Gravitational acceleration (m/s?)
-1 = Density of water (=1025) (kg/m®)
- Hpx = Maximum head difference (m)
- Hun = Minimum head difference (m)
- Dy = Average diameter of water surface (m)
- b = Totalength of dam (m)
- D = Centreto-centre diameter of the dam (m)

The first equation states that when the storage capacity (E) is kept constant the diameter of the
storage reservoir () decreases when the head difference is increased. The secaatien states

that the total dam costs reduce as the diameter shrinks. Subsequently a larger head difference leads
to a shorter dam length and thus to lower costs to store an equal amount of energy.

The combination of a marginal increase in dam costs petrarand large reduction in necessary dam
length lead to the statement: as the head difference between the reservoirs is increased the overall
dam costs decline.

The relation between dam costs and head difference is distinctive for an inverse offshofachilyS

For other types of dams the costs usually rise according to the water level difference. In this case
though, the dam costs are largely determined by the depth of the original bathymetry and the local
wave conditions and not so much by the depftilee inner reservoir.

The acquired relation confirms the expectation that the maximum tolerable head difference is
preferred. With the available geologic information from the Dogger Bémé practical maximum
head difference i40 metres.

o Imagine when looking at the final design lEfure64 that when the head difference over the dam would be
enlarged, this would only require further excavation of iimmer reservoir. Consequently itis solely the inner
berm that would become larger, where the constructed dam itself remains mostly the same.
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The computed dantosts fromFigure65 can be used to determine the necessary investment to
obtain a certain storage capacity, with a known maximum head differefioado so the acqued
formula(fromtrendlines ofFigure65) in Tablel8 can be used.

Storage capacity (GWh) Reservord OO O /I OI| Reliability number (R?)
10 10*12.86 7H e " 0.976
20 10*22.853Hmarx - °°° 0.986
30 10™*31.658H s 0.990

Table18: Scaling formulae to determine the total dam costs for a given head differengigh the dam to be constructed
in 20m deep water

For the chosen 40m water level difference between the North Sea and the inner reservoir, the
storage capacity scales with the costs as presenté&ignre66.
4,0

bne Reservoir costs per storage capacity
3,5 /

3,0 /
2,5

2,0

Reservoir costg] = 10"9*0,6473*E3743

15 R2= 09937

1,0

0,5

0,0 T T T T )
0 20 40 60 80 100
Storage capacity, E (GWh)
Figure66: The relation between costs and storage capacity for a maximum head differenceOaf dnc
RIFY O2aia 2F ycdPomMYek|YP ¢KS RIFI&aKSR tAyS Aa
(R is given to easilapproximate the costs

The depicted relation between storage capacity and reservoir cagise the main trend: A large
storage reservoir is relatively cheaper tharsmaller variant. The reason of this lays in the same
formulae as stated on the previous page, where the storage capacity scales with the diameter
squared and the dam costs linearly with the diameter.

Additionally it is advised to implement a storage aeipy larger than 15GWh, since for smaller sizes
the dam size is relatively large compared to the resentbig (eason why the start of the graph in
Figure66 is steeer).

Furthermore one has to be aware that for the dredging costs the assumption was made that the
material from the inner reservoir that is not needed for the dam construction, would be dredged and

LIFAR F2NJ 6& (G4KS ONSBI A 2y fuhdiondftieShose® sScEMBE B3H K dzo Q

Volume balancg This is a reasonable presumption for small to medium sized reservoirg (10
25GWh). However, for larger resoirs it will become problematic to allocate the redundant
material for other purposes. Consequently these bigger schemes might have to carry higher dredging
costs.Of course the size of theservoir is also limited by suitable geologic conditions @mes of

thick clay layers). These will be increasingly more difficult to find for larger areas.
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From the dam desigfor an offshore pumped hydropower storage facility on the Dogger Haee
main conclusions can be drawn:

1. Constructing a damthat can copeth the discussed failure mechanisms is possible.
2. As the head difference between the reservoirs is increased the overall (not per metre) dam

costs decline.
3. A large storage reservoir is more economical compared to a smaller one from a civil costs

perspectve.

Now a preliminarydesignfor the dam is madeand the maximum achievable head difference is
known (40 metres) this provides the input for the necessary dreudgiworks and the choice and
housingof turbines.
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5. Dredging works

The construction of the island to create
0KS WSyYySNH& Kdzo Q
for the storage facility itslf require
large amounts of building material. A
explained in 8.5Volume balancgthis
is a mutual beneficial situation. To
create the desired storage capacity and
head difference, the inner reservoir
needs to be dredged. The material that
becomes available can secondly be

used forthe dam and island Figure 67: Schematic top view of the pumped hydropower reservi
construction (seeFigure67).Due to Note that the matgrlal, which is necessary for the dam coqstrgm

. . . can be dredged directly next to the future dam. The material in
this scenario the average distance centre is available for the island and additional functions.

between the soil being dredged and deposited for the dam constructionis only 400 metres.

Material required for
damconstruction

Material available
F2N W9y SN

Material available for
additional functions

5.1 Selection of dredger

There are two main types of dredging: hydraulic dredging and mechanical dredging. With suction
dredging the soil is mixed with water by either: only suction, cutting or dragging/trailing of the
suction mouthand then pumped into the vessel (sEgure68). Mechanical dredging involves direct
displacement of the soil by some sort of grab, without mixing the material watten(Figures9).

T oy

Figure 68: Suction dredgers: lpin suction dredger (top left Figure69: Mechanical dredgers: backhoe dredger (
cutter suction dredger (bottom left) and trailing suction hopp left), grab dredger (bottom left) and bucket dredg
dredger (right)(source: Van 't Hoff & Van der Kolff, 2012) (right) (source: Van 't Hoff & Van der Kolff, 2012)

Nearly all thematerial that has to be dredgedill consist out of stiff clayrrom the suction dredgers

only the cutter suction dredger (CSD) is capable of efficiently removing such material. The trailing
suction hopper dredger (TSHD) wastes too much power by tryifgNd- 3 A G&a WIF NXYQ 0 KN
order to remove it (S.A. Miedema, personal communication, August 3,
2017).

Hoff & Van der Kolff, 2012). Additionally, when hydraulically transpo
the sail via a pipelines system, clay lumps can erode and turn into |§

prevent clay ball formation the clay has Ibe cut into as small as pOSSIbFlgure7O The formation of

ieces (Vandycke, 2008xcludinghe clay for structural purposes. clay balls by pipeline
P ( y )X ¢ y purp transport (sourceVan 't Hoff

& Van der Kolff, 201p
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All three mechanical dredging technologies are suitable to dredge clay. However, the baaktioe
bucket dredger are both limited to a maximum dredgdepth of more orless 30m. A grab dredger
(GD) onthe contrary can excavate till extremely large depths (>500m), since itis only limited by the

length of its wires.

The dredging depth of maximally 40 metres and the stiff clay that needs to be displaced (but remain
intact!), make the grab dredger the preferred technology. Additionally it will not have any problems

when it encounters large boulder that are left fmthe various glacial ages.

Electric hydraulic slewing system

Hoisting load 690 ton

Working radius 3Tm

Dredging depth 48m

Head above water 10m

Hoisting speed In the air 0.758m/sec

In the water 1.075m/sec
Lowering speed 0.905m/sec
Turning speed 0.6 times;/min
Turning angle +155°
Dredging depth 48m

1: Irestrab dredger in tha hbrld:‘\éb‘sh(—)/(ZO’?O‘msed for a terminal reclamation project in Singapt
(2016). It uses a counterweight system to reduce the energy consumption and simplify the hoisting mechanism (
http://www.kk -kojimagumi.co.jp/english/news/excepteur_sint_occaecat_cupidatat_nonrht)

With a dedicated clamshellit will be possible to obtain a 100% filling ratio of the grab. A conventional

grab will have problems dredging the stiff glacial clay, because the grab does not penetrate into the
seabeddeepenoughyaR (1 Kdza A G -RAAT 2k/S &1 2WAKIHBSNID ¢KSNBTF2I
dK2dzf R 65 RS&AJIYSR BFZTR2(GKE DALt EKSHNY &dzk| MANA
order of 50ni per grab). This can be done with a very wide grab, gakitf t KI ¢S + tF NBS W
WRAAGH YOS oB88§S6Yy DRy FASHoSR 6KSy Ad A& I 02da
personal communication, August 3, 2017).

5.2 Dredging operation

One of the conventional methods of using a grab dredger woeldhat the grabber would be
installed on its own pontoon/vessel, like Figure71 and dump the dredged material directly in a
barge. The barge would then sail to taeea where the dam needs to be constructed and unload.
Since the dumped material will be reshaped afterwards by a backhoe, it does not require precise
dumping Figure72). Therefore a split hopper barge (SHB) will be the quickest and most efficient
barge for this process (Van den Bos, 2017b).

i e

Figure72: A backhoe with a maximum dredging depth of 32m (left) (sourktp://www.jandenul.com/e n/
equipment/fleet/backhoe-dredger) and a split hopper barge (middle and right) (source: Van den Bos, 2017b;
https://www.vanoord.com/activities/hopper -barge-and-pushbustej)
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Although there is a lot of experience using the mentioned process and equipmesingf a grab for
dredging, split hopper barges for transport and a backhoe dredger for reshaping the dam. They all
have in common that they cannot cope very well with offshore wave conditions. The three of them
are limited to wave heights around 1cQ.5metres (Van den Bos, 2017b; Van 't Hoff & Van der Kolff,
2012). Partly this can be mitigated by upscaling the equipment (the larger the vessel, the larger its
limiting wave height/length). However, aligning a split hopper barge for loading next to the gra
dredger with larger waves will be a precarious enterprise. The mean wave heights from Table 20
ranging from 1.3m to 1.7m for the various directions will significantly reduce the workability of the
conventional dredging process (obtained by Frolke (20 Argos data: 58N 3’E measured over

Jan 199%; Dec 2016).

To ensure a quick and reliabl
construction period a solution has t
be found to the vigorous waves on th
North Sea. Both in the oil and gas as
the offshore wind industry, jaekp
systems are often deployed to get ri
of restricing wave conditions. B
hauling the hull or pontoon out of the
water the surface area that is i
contact with the attacking waves i
limited to its (four) spuds (seEigure
73). Consequeny jackup systems ca
deal with much stronger wave
conditions.

Yet, when a grab dredger would o !

installed on a jackip platform, the
grab would dig away the soil on whic
its own spuds are standing! This mak

a combination of dredging and a jacl~igure 73: An offshore wind turbine mstallatlon vessel performing

jack-up tests (top) and a working platform (bottom) (sourc
up systen ImpOSSIbIe. http://www.ziton.eu/wp -content/upl oads/WIND-SERVEfacked03-

low-res.jpg http://www.thinkdefe nce.co.uk/ship-to-shore-logistics,
increment2-pier/)
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The problem of dealing with severe wave conditions and not being able to use-agagkstem has

been previously encountered by the oil and gas industry. May it from different reasons (namely too
deep water for a competitive jaekp platform), a solution has been found none the less. Instead of
deploying spuds that need to be supported by the seabed, the spuds are connected to a submerged
pontoon, depicted inFigure74. By doing so the vessel is barely affected by the surrounding wave
action, due to the limited interaction with the sea, just like for the jagkequivalents.

The vessel is powered and can remain on its position by using a dynamic positioning system (DPS).
Various sensors measure the displacement and acceleration of the vessel continuously. The influence
of the wind, waves and current is thetransformed into a signal to counter the movements, by
powering several thrusters individually. This combination of a sibmergible vessel and a DPS is
frequently used in deep sea (>300m) oil and gas exploration and production (Yamamoto & Morooka,
2005). Therefore these technologies offer a trustworthy alternative to the conventional dredging
processes. The seraubmergible vessel equipped with grab dredgers will remain stable and
operational in much extremer wave conditions than traditional grab dexd@nd barges.
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Figure74: A semisubmersible accommodation vess#&r harsh environments (left). It can host 750 people on board .
is powered by a dynamic positioning system (right). Ordered for 200 million USD (s¢
http://worldmaritimenews.com/archives/89220/c oscanantong-securesaccommodationvessetorder/; Yamanoto &
Morooka, 2009

Of course when someone desires to use a ssui vessel with a dynamic positioning system, one
desires to know how large the maximum displacement will be in specific wave conditions. Yamamoto
and Morooka studied exactly this (2005) for a semibmersible patform connected via eight
columns to two pontoons of 115m length, 15m wide and 8m high. Their results are presented in
Tablel9.

Wave spectrum | Wave height, H(m) Wave period (s) | Maximum displacement (m)
Regular waves | 3 10 3

Irregular waves | 5.1 11 25

Irregular waves | 6.3 12 38

Table19: Maximum displacements of a sersubmersible platform powered by a DPS during various wave conditions.
Results obtained by Yamamoto & Morooka (2005)

Based on the studied literature and improvements of dynamic positioning systems it is assumed that
a maximum displacement of 10m in an irregular wave spectrum with a significant wave height of
4.5m is feasibleA particular problem of using a sesubmersible vessel for the drgag process is

the possibility of grounding, due to its large draught. The studied-seimihas a draught of 20m,
which would require it to dredg its own trench in order to relocate. Mever, all semsubs are
custom made and the pontoons can simply be made a litile wider to generate more lifting Toree
design with wider pontoons should result in a more practical draught of around 17 metres
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As explained and depicted iRigure 67 earlier, the average distance between dredging and
depositing the material for the dam construction is only 400m. The maximum distance is 420 metres.
The weakest link beveen the dredging and transporting chain will govern the achievable
productivity. The transportation link should therefore also be able to cope with fierce wave
conditions fut rulingany sort of barge), when used in cooperation with grab dredgers mouorteal
semisubmersible vessel.

The seabed between the grab dredger(s) and the dam will be stable: either at the level of the original
bathymetry, at the desired reservoir deptid0m to MSL) or on the level of the (partly) constructed
dam (seeFigure75). For all of these three situations a jagig pontoon could be used in order to
safeguard a continuous production. The jagk platform will thereby bridge the distandeetween

0KS WaBWVAIl YR (GKS Fdzidz2NBE RI YO

To transport the dredged material from the dredger to the dam a conveyor belt system will be most
efficient. Theexpanse in between the seraub and the jackup will be covered by large rotatable
cranes (to cover 10m of orthogonal displacement) that lift the extendable conveyor belts (to deal
with 10m of parallel displacement). A similar crane and conveyor belbevilised at the other end of

the jackup platform, which can accurately deposit the dredged clay.

Materials

[ 19.Toe

[ 17. Xblocs

[ 18 under layer
I:l 16. Quarry run
[ 12. Dredged material
...... I 14. Stiff Clay DB

.................. [ 7.3and

I

F[gure?S: Schematisation of the dredging process using four grab dredgers, which are mounted on onessdmiersible
vessel and a jackip pontoon, both fitted with conveyor belts. Thestriped black lines indicate the extendable conve)
belts to adjust for movements of the serrsubmersible platform and allow for flexibility

The rotating cranes that carry the conveyor belts permit (limited) sideways movement of either the
semisub or the jackup, while continuing transport of thdredged material. Therefore the jackp

can be repositioned, without halting the production capacity. There are a few options for relocating
the jackup pontoon:

- Multiple spuds allow for the lifting of one or two spuds who can reposition, while others
temporarily carry their weight. Secondly the moved spuds take over the weight again and so
the others can be lifted and positioned. This way of moving is common for (floatingh grab
and backhoe dredgers.

- The pontoon can be lowered tilli floating, lift upthe spuds and be pushed or towed into
position by a tugboat.

- The pontoon can be lowered tillig floating, lift up the spuds and propel itself.

The process of repositioning the jaok is not further considered, but remains for future
investigation
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5.3 Specifications and costs

In this section the two mentioned dredging processes will be compared on their weekly production
capacity and the corresponding costs. The costs are largely based on the guide to costs standards for
dredging equipment (2009) by CMR First of all the dredging capacity of the grab dredger will be
LINBASYGSR ¢KSYy | FUOSNBIFNRA (GKS O2ydS¥ded 2y ©O2 wASIE
processes will be specified.

Grab production

Both the grab dredger as the sesubmersible fatform will be equipped with the same grab. The
production depends on the size of the grab (8Pmnd the cycle time. The cycle time depends on the
dredging depth, the hoisting and lowering speed, the turning time and the time it takes to open and
close he grab. The used values and the dependence of the dredging depth are shBigaiier6.

0.70 Average dredging depth (m) 30
mg/go Production capacity over depth Hoist height above water (m) 10
' Hoisting/lowering speed (m/s) 1,5
0,50 Hoisting + lowering time (s) 53,3
0,40 Average turning time (s) 40,0
0,30 Grabbing time (s) 20,0
Release time (s) 10,0
0,20 .
Total cycle time (s) 123,3
0,10
0,00 . . . . Grab size (m"3) 60
0 20 40 60 80 Production capacity (m”"3/s) 0,49
Dreé)glng depth (m

Figure76. The dependence of the dredging capacity on the depth and the cycle time, with a 100% filling ratio of the
bucket

For the Dogger Bank and the chosen water level difference of 40 metres between the North Sea and
the inner reservo, the average dredging depth is 30m (from 20 to 40m below MSL). The production
capacity during operational hours will therefore be taken as G/5mer grabber.

Grab & barge process

The grab dredger will be specially constructed for 80 million eurosili@n for the grabber and 50

million for the vessel and auxiliary equipment. Half the investment will be covered by the energy
a02N)r3S LINR22SOG YR (GKS 20KSNJ KFfF dzyRSNJ GKS
functions. A grab dredger ispically 84 hours per week in operation (CIRIA, 2009), for such
expensive equipment and in offshore conditions 168hr/wk is more likely. The weekly production then
becomes 136,512 fras computed iffable20. The time it takes for a split hopper barge to sail back

and forward and unload the dredged material is given in the same table.

Week production (net) dedicated grab dredger Split hopper barge cycle time
Time in service 168 hr/wk Sailing distance 396 m
Repairs 6 hriwk Total sailing time (3 knots| 8.5 min
Workability (operational waves) 60% Positioning 10 min
Productivity (delay & spillage of clay) | 80% Offloading 5 min
Time operational = 75.8 hr/wk
Weekproduction (44.5*3600*0.5) 136,512 niwk | Total cycle time 23.5min

Table 20: Grab dredger production and the cycle time for transport by a split hopper barge. Note the low workability,
due to the exposed environment
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According toTable20 it takes the split hopper barge 23.5 min to completeatioadingcyce To

allow for some minor discrepancies 25 minutes is used. In the same timesparabeadredger is
capable of dredging 750h{=25*60*0.5). However, the original bathymetry is only 20m deep, which
results in the higher production capacity of 825(as explained b¥igure76). To get rid of waiting

times between the grab dredger(s) and split hopper barge(s), two small SHBs can be combined with
one grab dredger or two medium sized SHBs with two grab dredgers. For the latter option the barge
needs to hae a minimum capacity of 1650mTherefore split hopper barges of 2000ifa little

bigger to have some extra flexibility in the process) will be employed to take care of the transport of
the dredged material. This is common equipment and can simply be.hired

Furthermore a backhoe dredger is required to reshape the dam below water and a normal land
based excavator to do the same above water level. As soon as the dam approaches the sea level,
construction will have to continue from land. Barges will sail edam, where they will be unloaded

and transport will continue via dump trucks. For a more detailed construction process of the dam,
see #ppendix H: The project csts of the most advantageous arrangement of operating four grab
dredgers and four split hopper barges are givehable21.

Element /| 0%8 j OTxEQ#! 0%8 j OQ
Grabdredger (60mg) (dredging) | 4*350,000 4*0.5*80,000,000
Split hopper barge (2000m) (transport) | 4*100,000 -

Backhoe dredger (profiling) 250,000 -

Excavator (profiling 10,000 -

Total 2,060,000 160,000,000

Table21: Costs of 'grab & barge' proces§he OPEX include depreciation, interest, maintenance, repairs, fuel, personnel

FYyR Fff 20§KSNJ 2LISNIGAYy3 Ozaitade ¢KS 20KSNJ KFHEF 2F GKS Ay@gSal
project.

The costs as imable21are chosen on the conservative side. Especially for the grab dredger the costs

may be lower than indicated, since a large part of the OPEX is the depreciation of the equipment.
Thereby the depreciation is already discounted in the capital expenditurerthdeassumption that

the complete costs of the grab dredger will be covered by the dam and island construction, instead

of overits service life (CIRIA, 2009).

With the weekly production of a grab dredger and all corresponding costs known the unit price
becomes as presented irable22

Week production (net) 546,048 ne/wk

Dam construction speed 103.6 m/wk

Operational costs HXncnXnnn €K@
Capital costs Mcnnnnnnn e
Operational unit price 0ODPTT® €KY

O#1 1 OOOOAOAAS OITEO bB(p®cc’ ekY

Unit price including capital costs (for 20GWh) [y ®n n® € Kk Y

Table 22: Unit price for grab & barge proces§he 'constructed' unit price includes all project related costs like site
investigation, monitoring, design, profit, uncertainty and risk. This in combination with the capital costs can be used to
determine the overall dredging costs. The bottom unit peids an example of where the CAPEX is already included for a
20GWh storage system with a 40m head difference
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Semi-sub & convey process

The grabs that are mounted on the sestibmersible platform are the same as on the sglérating
dredgers. However, & working platform can be in service all week round and it is not as much
affected by the waves. Therefore the week production of a single grab significantly increases as
reflected byTable23.

Week production (net) dedicated grab on semsub vessel
Time in service 168 hr/wk
Repairs 6 hriwk
Workability (operational wave conditions) 95%
Productivity (delays & spillage of clay) 80%
Time operational = 123.1 hr/wk
Week production (146.2*3600%0.5) 221,616 miwk

Table23: Production capacity of a single grab installed on the sesub

Four grabs in total will be installed on the floating platform, in each of its corners. Just like for the
grab& barge process, a backhoe dredger and an excavator on tracks are necessary to shape the dam.
The main specifications of the equipment involved are showiraisie24.

Element Specification

Grab size 60 nt

Grab reach 30 m

Grab production (average) 0.5 ni/s
Semisubmersible vessel (LOA* beam) 150m * 60m
Maximum length (extendable) conveyor belt 60 m

Crane capacity 1200 t at 30 metres
Jackup pontoon (LOA *beam) 120m * 30m

Length spuds 50 m

Jackup speed 0.5 m/min
Maximum length (extendable) conveyor belts 60 m

Crane capacities 1200 t at 30 metres
Conveyor belt velocity 2mls

Conveyor belt capacity 4 m’ls

Backhoe dredger (profiling) 250 nt/hr
Excavator on tracks (profiling) 250 nt/hr

Table24: Characteristics of the main equipment involved in the sesub & convey process

The semisubmersible vessel and its four grabbers will have to be specifically made and so does the
jack-up platform and the whole conveyor belt system. The costs of the seimiand grabbers can be
shared with the Energy Island and additional functions, but the-jg@clvill be entirely paid for. For

the initial island construction the semsub could ptentially be equipped with a sort of mooring
facility in order to let barges berth and load at the end of the conveyor belt system. The costs of the
involved equipment is summarisedTable25.
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Element /| 0%8 j OTxEQ #1 0 %8 j 0Q
Grab (60n®) 4*175,000 4*0.5*30,000,000
Semisub vessel with DPS 500,000 0.5*300,000,000
Conveyor belt system semsub | 100,000 Included in sembub
Jackup pontoon 300,000 100,000,000
Conveyorbelt system jackup 150,000 Included in jackup
Backhoe dredger (profiling) 250,000 -

Excavator (profiling) 10,000 -

Total 2,010,000 310,000,000

Table25: Operational and capital costs concerning the sesub & convey process

Just like in the grab & barge process the costs are evenly chosen on the conservative side. It does
become clear that for such expensive equipment it is really beneficial to be able to share the
investment costs with another project (like the energy islamdhis case). Although the complete
project seems rather expensive, one can sedable26that due to the enormous production rate

the unitprice is very low!

Weekproduction (net)

886,464 ne/wk

Dam construction speed

168.3 m/wk

Operational costs

HZAMAnZnnn

€K OJ]

Capital costs

oMnznnnzZnnn €

Operational unit price HOHT® €KY
O#1 1 OOOOAOAAE OTEO Plodnn® exkY
Unit price including capital costs (for20GWh) | T ®MT° € K Y

Table26: Unit price for semisub & convey process. The 'constructed' unit price includes all project related costs like site
investigation, monitoring, design, profit, uncertainty and risk. This in combination with thepital costs can be used to
determine the overall dredging costs. The bottom unit price is an example of where the CAPEX is already included for a
20GWh storage system with a 40m head difference
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Comparison dredging processes
From the discussed two worgnmethods it can be concluded that the achievable production rate is

goveming. By using a sesubmerged vessel for the dredging and a japkpontoon for the
transport, the whole procedure becomes amost independent from the wave conditions. The
advantag of using the semsub & convey process is confirmedtable27and Figure77.

Dredging process #1 OO0 AAAEAAOAASTEO DBDOGEAA | O
Grab & barge 160,000,000 5.66
Semisub & convey 310,000,000 3.40
Table27: The capiél and operational costs of the two reviewed dredging processes
1,4 -
bne Dredging process

- /

- /

08 - /
/ - Semi-sub + conveyor

0,6

— Grab + barge

04 {7

0,2

0,0 T T T )
0 20 40 60 80
Storage capacity (GWh)
Figure 77. The total dredgingcosts for a storage reservoir with a 40m maximum head difference

5545m3/m of dam to be dredgedThe grab & barge process is more competitive till 7.7GWh, afterw
the semisub & convey process is preferred

Based on the large price difference the innovative seul & convey construction process is the
chosen alternative (the storage capacity is likely to exceed 7.7GWh). Itis a convenienixpiwado

due to the harsh working conditions on the North Sea eventually a very efficient dredging process
has been developed. The sesiibmersible and jacldp platform optimally benefit from the unique
occasion of having to transport such large volumes awaary short distance.
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5.4 Environmental measures

Optionally measures can be taken to reduce the impact on the surrounding area. Silt screens can be
used around the grab dredgers, who prevent fine particles that slip or are stipefiom the

clamshé f YAE 6AGK (GKS &dzNNRPdzyRAYy3I 4 GSND Ly O2Y0AYyY
of the grabbing, the silt screens will restrict the spillage of the clay even further. By connecting the

fixed silt screens directly to the dredging vessel (eBigure78) no complicated floating and easily

movable system has to be devised.

The top of the clamshell
can be designed with a
closed cp, so when the
grab is pullecup the
dredged material does not
mix with the water, which
results in less spillage. This
measure reduces the
turbidity of the water
caused by the hoisting of
the grab itself.

Within the scope of the
project of creating the
WoySNHe LaflyRQ 1
might consider utilising

Figure78: Silt screens directly attached to the grab dredgers. Note the differen
turbidity in- and outside the silts screens (sourcéttps://nippon.zaidan.info/ - .
seikabutsu/2000/00736/images/1741.jpg) the opportunities ths

offers. Depending on the construction schedule it is imaginable that, when the dam for the energy
a02NF3S NBASNDU2ANI ySSRa G2 06S odaAaft iz GKS WSySNH
By either connecting or transporting the renewablgeegy, it can be used on the jaak pontoon for

its conveyor belt system. Although this might seem farfetched, charged batteries could easily be
transported in containers in a rotating manndtigure79). Furthemore, flywheels could be used to

provide peak power for heavier duties. The possibilites regarding the use of RES for the dredging
operations are recommended for

future studies. s

In case it is proven that remable
energy in the combination of storagt
technigues can manage to ru
dredging/transport operations then &
glre 2F WOIND2Yy
developed. Figure 79 A one MWh lattery storage container with 1.2MW

nominal power (source http://usiscored.com/?product=1-mwh-energy
storage system&v=47e5dceea2)2
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6. Power generation

In the previous chapters it has been demonstrated that the constructionapetation of a stable

dam and storage reservoir in the middle of the North Sea is feasible. Now it is tiomrple ment

the reservoir with actual power generation capabiliti@se Figure80top). In terms of the design of

the turbines, not too much attention will be given to tisezingof all the turbine parts itself. Instead

the main goal is to obtain the kelfmensions in ordr to estimate the required depth of the turbines
and its overall footprint. To do so first a type of turbine will be chosen, secondly the runner diameter
will be determined and thirdly the measuréisat arerequired to prevent cavitatiofl. Afterwards the
corresponding housing and the installation process of the turbines can be established.

6.1 Selection of turbine

For the energy storage reservoite@r —
has to go two ways. The transpol
directions can be split, in case the
water is pumped up and comes dow
to generate power in separate system
They could alsdbe combined, which
results in one set of kand outlets and
one turbine that does both the
pumping as the power generatio
Since the latter option requires le
civil works and space (Bricker, 2016), T E— E— :
is the preferred option. 5 y N

1.000 \ \ .’aa I

For the water level difference of 4( sw { N pevon D %o
metres there are twoobvious pump-

turbine altematives: The Franci ™ 5 ~ B . \%’%f%
turbine andthe Kaplan turbingFigure " 1 < DN
80). Both are pretty similar and are s — L
established technologies.Since the
Francis type is able to achieve sligh
higher efficiencies anthey have been
recommended by all the previou T s
studies in similar conditions, it is the"™
favoured choicgDe Boer et al., 2007;
Rijkswaterstaat etal., 1985)

Transmission Lines
\\

20

2

01 0,2 0,5 1 2 Q(ms) 5 10 20 50 100 200 500 1000
—

Figure80: Schematisation of the powerhouse and-iand outlet works
(top) and the application field of turbines (bottom) (source:
i01.i.aliimg.com/img/pb/928/662/252/1275966164919_hz

To achieve the desired power outpufileserver3 2089574 jpgUamusse et al., 2017)

one could either install a large amount of small turbinesaosmall amount of large turbines.
Generally it is preferred to equip larger turbines, which often result in less civil works (Marence,
2016; Rijkswaterstaatetal., 1985).

19 cavitation is the formation of (vapour) bubbles in the water, due to low pressures (the boiling temperature

of water decreases as the pressure drops below atmospheric pressure). Around the turbine low pressures can
200dz2NE 6KAOK OFy NXadf G6a Ay Wodzomof SaQed 2KSy (GKSasS odz
cause excessive deterioration.
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A Francis turine utilises both reactiomand impulse force, which it turns into rotational movement

of the runner(see Figure81). The reaction force is generated by water flogiaver wingshaped
panels that cause a high and low pressure. The impulse is given to the runner when the water flows
out (falls down) and hits the pitched pasedt the bottom of the runner

Main Shaft Operating Ring

Water Inlet Water Guiding Device

Spiral case

Guide Vane
Draft Tube N
Runner

Figure81: The parts that make a Francis turbine (lefinhd the general outlook (right) with the spiral ca
and draft tube (source: https://i.pinimg.com/736x/ea/c0/13/eac0135d94321a5e6b480bd10df3af3¢
francis-turbine.jpg; http://www.learnengineering.org/2014/01/how -does-francis-turbine-work.html)

The design of the turbine is limited by the achievable sizesagh single element. Thereby the
runner, generator and dis@rge are considered governing for the overall design. It is assumed that
the largest hydro projects in the world, s&@able28, give a good indication of what is possible.

Element Itaipu dam (Brazil/Paraguay) | Three gorges dam (China)
Discharge per turbine (n#/s) | 700 600 ¢ 950

Runner diameter (m) 9.7 10.4

Generator diameter (m) 20.0 21.4

Table 28: Characteristics of the two largest hydropowesrojects in the world (source: https://en.wikipedia.org/wiki/

List_of _largest_hydroelectric_power_stations)

The system efficiency is dependent on many elements. There are theoriricsses through the
penstocks, hydraulic losses in and around the turbine itself and of course the losses that are
inevitable when converting one type of energy to another. It has been concluded that basically
GSTFFAOASYyOe Aa of badorke toleghBnceShe $fficentiksiay rAuchiak gosgiblR
(De Boer etal., 2007; De Joode et al., 20IAE chosen efficiencies per part are givematle29.

Efficiencies Turbine | Pump -
Head loss (friction) | 98.5% | 98.5% i
Turbine/pump 94% 92% - —
Motor/generator 98% 98% //%;—"
Transformer 99.5% |99.5%| z — / T
Total turbine/oump | 90.3% | 88.4%] * - /// :
Rounditrip efficiency 80% i — |
Table29: Pumpturbine efficiencies(source :Hydro S i
Equipment Association, 2013Bricker, 2016) @ Fncs .
80% / @ ransn !
W Fefton |
@ Pump-turbine (turbineymode)
0 Pump-turbine (pumpri?ode)
75% i 1=
1900 1920 1940 1860 1980 2000 2020

Year of equipment supply
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6.2 Runner diameter
The runner is perhaps the most important element of a turbine, since it is the part that tums the
kinetic energy of the water into a rotation. Most other elements that make up a complete turbine
scale with the runner and its rotational speed. There ishmle set of equations (Marence, 2016),

which lead to theeventual runner dimensions.

First of all the power delivered by a water turbine needs to estimated, where the head difference
and discharge are given as input:

0 "Q0-0
- Pr = Turbine power (W)
-7 = Density of seawater (=1025) (kg/m°)
- g = Gravitational acceleration (=9.81) (m/s%)
- Q = Discharge (input) (m¥s)
- H = Head difference (=40) (m)
- ' = Turbine efficiency=0.94) )

To begin the computations an initial specific rotational speed has to be estimated for the given head
(seeFigure82). The head difference of 40m leads to a first approximation for the specific rotational
speed of 100 rounds per minute (RPM).

2000 : : .
“en F\_Pelton-Turbinen ] ; ] ) ]
6 Disen| \ ]

1000} e L - - W (4.24) ©Voith E

500 %Fra‘ncis-Tummen 1 i
A% ‘ n = Drehzahl in min-'

oppft2ll 4 ‘ V = Wasserstrom in mis

Dusen

{ ‘ H = Fallhéhe inm

} im Nernlastpunkt

e —

,§ ==F—F— =
==l T % =
‘ @Rohnurémen 7 ;
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Fallhthe H ——
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spezifische Drehzahl n, ——

Figure82: Diagram of specific rotational spee(h,) per turbine type for a given head —(sburc
Marence, 2016)

Secondly the rotational speed is calculated:

€

, o
€ —
U

(RPM)
(RPM)

- n
- ng

= Rotational speed
= Specific rotational speed (=100 fréiigure82)

The obtained rotational speed has to be adjusted to the closest synchronous rotational Sjpecal
so the number of poles have to be computed, when afterwards the nearest number divisible by four
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is chosen as true number of poles (Van Duivendijk, n.d.). The true number of poles is then used to
attain the synchronous rotational speed. Consequerithe newly gathered synchronous speed
results in the final specific rotational speed:

" Tt 0
B O L
n O
- Ngyn = Synchronous rotational speed (RPM)
- f = Net frequency (=50 Hz for Europe) (Hz)
- p = number of poles (divisie by four) ()

In case the resulting specific rotational speed still lies within the admissible ranfggwé82, the
perimetral speed can be calculatethe speed coefficient that is necessary can be extracted from

13 T Figure 83 With all the inputs known the
:. /% perimetral speed becomes:
e L4 =
e d ld L, # r 7 o~
& a {:/ / o Q QO
#0298 g kl .
// /,/ 8 - u = Perimetral speed (m/s)
=07 f——pe—— - ke = Speed coefficient (-)
h
< 05 At last all the parameters to compute the runner
g : be/d1o diameter itself have been establistl. The size of
- 03 B S the runneris determined by:
5 P '
, a
o S
0 20 40 ,60 & ’80 100 120 - Oia = Runnerdiameter (m)
_ _ q 'f‘ il _ _ -n = Rotational speed (RPM)
Figure 83: Diagram for relative runner dimensions a
speed coefficient (source: Marence, 2016) i .
= 10 With the runnerdiameter
é at the intake from the
EJ 20 spiral casddentified, the
E . — runner diameter at the
s ~ 200 bottom  outlet ()
T 10 ’::;P‘ﬁ follows fromFigures3
E = — The si f th
g . — < [ of ebS|ze 9 t dener.ator
4 can be estimat usin
n | - AGRATI . y using
| /-’/ the diagram of Konig
s —a /; (Figure 84) and a 10%
T 5 overload from the earier
o ® computed turbine power
c = p p
Q Marence, 2014).
(.D ( 7 )
1
10 20 30 50 100 Megawatt 500 800

Figure84: Diagram for generator size estimations (source: Marence, 2014)
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According to the formulae stated abova variety of discharges lead to the runner and generator

dimensions as imable30:

Discharge (ns/s) 50 100 200 500 700
Turbine -power (MW) 18.9 37.8 75.6 189.0 264.7
Specific rotational speed (RPM) 95.3 104.8 102.6 100.4 99.8
Runner diameter (dio/d25) (M) | 2.52/2.7 | 3.53/3.7 | 5.00/5.3 7.97/8.5 | 9.43/10.0
Generator diameter (m) 4.5 6.5 8.9 17.5 21.9

Table30: Runner and generator diameters for40m head difference and specified discharge

From the obtained results iffable 30 it cannot yet bedetermined what discharge and relative
turbine dimensions are prefable. Obviously the largest possible machine (for 788)mecessitates
fewer turbines and connecting-rand outlets, but its dimensions challenge the constructability. The
issue of constructability will be further emphasized in the next section.

In order to fully utilise thénead difference between the upper and lower reservoir a draft tube needs
to be added to the turbine outlet (seBigure8l). The draft tube gradually increases its cross section
and thereby creates a smooth transition for the pressure and flow conditions. If there would not be a
draft tube then part of the head difference will be lost and so will the kinetiergy that still remains

in the water as it leaves the runnefherefore the draft tube needs to be carefully designed. As
shown inFigure85, the draft tube scalewith the runner diameter. Consequently a largarbine will
necessitate a greater construction depth.

Figure 85: Design of the draft tube and tailrace of a Francis turbine (left) and an animation of water flo
through (right). Note that @ here is equal to the previously determined ,g (source: Marence, 201
https://lwww.slideshare.net/swargpatel283/drafttube)
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6.3 Cavitation prevention
The impact of under pressures in and around turbir
can be absolutely catastroph{see Figure86). The not _
so-tantalisinglysounding effetof simplevapourbubbles ‘
popping has caused many turbines to fail and neg .
replacing. Therefore it is of utter importance that t
occurrence of under pressures near the putopbines is
avoided.

Figure 86. The effect of cavitation on runne

It is possible to (almost completely) avoid cavitation blades (sourcehttp://authors library.caltech.edu

installing the turbines below the water level of the lowds 0%/ /1105/19604p0)

reservoir. The depth at which this should be done is computed by:

- hsam = Admissible draft hegdepth of top edge ofunner blade) (m)
- hy = Atmospheric pressuredad (=10 at sea level) (m)
- hy = Vapaur pressure of water£0.18 for 15°C) (m)
- e I ¢ K<Lcavitaon coefficient (seligures?) )
- by = Head difference (=40) (m)
0,5 l [ i ! a'] Temperature | Vapour pressure head
" Pumps and it 3 [*C] by [m]
T . pump-turbines 0 0.062
0.4 o
! 10 0125
s P 2 0238
' / 0 0433
X 40 0752

0.2 T
// S h—n~ Figure 87._ Diagram to d‘etermlne (_l:
] Al extra_pc_JIatlon) Thoma's  caviatic
0.1 J‘L//c i coefficient (lefty and the vapot
B V ‘ pressure  head (right)  (sourc
0 ,P/ | ——'% Marence, 2016)
30 50 100 140

6.4 Pump-turbine characteristics

The main dimasions of the turbines are formed by the runner and generator diameter, the depth to
avoid cavitatiorandthe draft tube. The measures for the turbine housing are giverainle31 Since

all working depths are problematic, it will first be explored if the largest turbine is constructible.

Discharge (n%/s) 50 100 200 500 700
Turbine power for 40m head(MW) 18.9 37.8 75.6 189.0 264.7
Specific rotational speed (RPM) 95.3 104.8 102.6 100.4 99.8
Runner diameter (cia/d 24) (M) 2.52/2.7 | 3.53/3.7 | 5.00/5.3 | 7.97/8.5 | 9.43/10.0
Generator diameter (m) 4.5 6.5 8.9 17.5 21.9
Runner depth below low reservoir (m) | 13.98 17.62 17.17 17.20 17.43
Draft tube depth below runner (m) 7.9 11.0 15.3 24.2 28.5
Draft tube depth below MSL (m) 61.9 68.6 72.5 81.4 86.0

Table31: Dimensions of the main parts of the Francis purtyrbines to be used for the design of the turbine housingll
measures have been verifiedith the UNESCAOHE HydroPower design tool and are equal to the centimetre.

107



108



7. Housing of turbines

In order to generate electrical energy there are more things necessary thamtiner and generator

alone. First of lhthe water has to be transferred from the upper reservoir (the North Sea) via a
YISy aidz201Q G2 GKS GdzZNDAYSd® ¢KS 4 G4SN fSIHGAy3a (K
tailrace. Besides these civil works there is also the electrical equineonsisting out of:
transformers, buswork, circuit breakers, disconnects and the switchyouhe of he electrical gear

can either be located outdoors or within the powerhouse itg€ligure88). Furthermore a service

area, control room and auxiliary equipment complement the hydropower plant (Marence, 2016).

Inside a Hydropower Plant

to wi%!mls & transmission lines
P

Figure 88: Exemplary hydropower layouts: indoor powerhouse (left) and seoutdoor powerhouse (right) (sourc
https://www.linkedin.com/pulse/power -plants-efficiency-capacity-utilization-factor-v-r-v;
http://www.jasonmunster.com/tag/hydroelectric/)

The type of powerhouse, indoors or seautdoors can best be chosen when the general layout and
construction method hAve been developedFor the initial Plan Lievense itvas concluded that
installing the powerhouse inside thdam itself is not beneficial for earth bodies higher than 10
metres (due to addedoads on the housingHowever, when the powerhgse would be installed
behindthe dam, thelonger penstocksvould reduce the roundtrip efficiency bgn extra2. @6 (see
Appendix: Location of the powerhouse and penstock de¥ign

=

Figure89: Alternatives for the location of the powerhouse: behind the dam (tophd inside the dam (bottom)
Itis presumed that in previous studies into offshore PHS the requirements to avoid cavitation were

seriously uderestimatedln case the pumjturbines would not need to be installed as deep, it

somehow could make sense to house them behind the dam (easier accessibl#Zaada A 6 t € | Wf A
design). Yetue to the deep position of the turbines a trench needs talbedged to install them.

When the powerhouse cannot be inside the dam, the trench has to be sufficiently far away from the

dam (+inner berm). Hence the penstocks would have to be roughly 240m longer than required.
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The dimensionfor a 265MW turbinelike
presented inTable31in combination with

MAIN TRANSFORMER

ey T elements that were used for the Itaipu
= isiaioiudl dam produce an initial guideline to
v o i’m e R s estimate the housing and powerhouse
‘:- — IE: . 3 | ‘ ‘ g i%xsr'm@sunnc:

proportions.Atfirst sight there do not

- ~ seemto be any physical constraints for the
Figure90: Powerhouse of a Francis turbine. The draft tube he

significantly wider footprint than the powerhouse itself (sourc dlmenSImmg of the powerhouse’ since
Marence, 2016) there is no rock that needs to be

excavated. Howevethe enormous depth of circa 8Getres below MSL poses an incredible
challenge from aonstructionperspective. Théuildingprocess will therefore significantly impact
the design and has to be dealt with simultaneously.

i U 5 .00
1 ana
oty Y

To restrict the necessary excavation works the powerhouse and tail race will be designed as slim as
possible. The powerhouse itself can be executed narrower than the draft tube, like is dBigrira

90. According toFigure 85 the footprint of the draft tube segment will beseven times the runner
diameter by twice the generator siz€/0m x 40nM. The powerhous®n top of the draft tubecan

have asquare footprint 0{40m x 40n).

7.1 Construction method

In this section it will be investigated if it is possible to install the largest applicable turbine of 265MW.
If not, either a smaller or another type of turbine can be tesf€de upside of placing the turbine
housingat a depth of 8m belowMSLis that it can be founded directly onto the deep sand layer,
which startsat 85m below MSI(see Figure132. Hence no sophisticated fountian needs to be
developed and no excessive settlemeats to be expected for the powerhouse itsélhe downside
isthat it is tm deep for a temporary building pit to utilise the thick clay layer as a bottom seal.

There ardfour main optionsconsideredo construct the power generation plantin deep water:

In-situ: pneumatic caisson

In-situ: open caisson

Prefab: modular box caissons

Hybrid: prefab bottom caisson +-gitu superstructure

AW

The four alternatives are briefly introduced and qualitatively chestk on whether they offera
feasible construction methaothat can install thgpowerhouse at a maximum depth of 90 metréte
bottom of the housing of a single turbine is first assumed to have a footprint of 70m by 40m
(excluding the tailrace and penstock).

" The Itaipu danoperates under an equal discharge of 70Usnand has similar runner and generator sizes. Its
penstocks have a diameter of 10.5 metres, its spiral casing a diameter of 9.6m and the draft tube goes from 8.7
to 17.7 metres in diameter. The heaviest indivisihtiece is the runner, weighing 296 tonnes (source:
https ://www.itaipu.gov.br/en/energy/generatingunits)
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7.1.1 In-situ: p neumatic caisson
This technology was often used to constru "'“’EJTLTI"“L;

bridge pier foundations in the past
Underneath the caisson there is a confine : —
space that is under air pressure equal to tl*‘“—r”——- — R PRESSURE I ———-
level of surrounding water pressur@igure .\ - 5] S e ] ey

92). Consequently the soil can be excavated _ li B 4 -

WORKMENT A48 LOCK

' ? e COMPRESSED AR
] e

the dry and so the pneumatic caissstowly '1 ol “Rowour moe | | | NE

W& Aiys way @own(see Figure9l). In order -/ T 1N

to sink the caisson the selfeight has to zm I woRkuENS TugE_ fr-;,m
outweigh the bearing capacity of the sail, th- o _}::Tﬂ f.?amm_' ] B )
WodzetyodsQ 2F GKS ¢ ﬂ*—@f\ wmm{ N
friction around the periphery. = /E ey H:Iam

Due to the high pressure (fluctuations) in tr SR e e e T T _'?g;;rgﬁ

working chambemany casualties have falleirig e 91: schematization of a pneumatic caissosolirce

in the pastto compression sicknes (also htp://www.caroldenney.com/concerti.htm)

1y26y a GGKS 0SyRaé aiMinioddmiessireigfalideliDady3Fam, ¢ 0 © ¢ K
which corresponds to a working depth of 35 metres below Mglwhich only 2 hour shifts are
allowed(Van Corven, 2015)

Alternatively a method has been developed, where the marabbur is replaced by a remote
controlled excavatorWith this technology &aisson of 25.2m x 15.6m was successfully brought till a
depth of 29m in Shanghai to construct a tunnel shaft (Peng et al., 2db@)everthe bottom of the
powerhousewith dimensions of circa 70m x 30needs to be sunk till 90n€Considering the required
depth, friction around the large periphery and the possibility of tiltinig not expected that this will
ever become afeasible alternative

T T iy o T A T

~a = g’ e
s .
u ¥

Flgure 92: The worklng chamber from a caisson. ThIS caisson was sunk till 25m below NAP directly in front
Amsterdam Central Station to construct the Nociguidlijn (source: Pepers, 2011)
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7.1.2 In-situ: o pen caisson

An open caisson has much in common with a pneum:
caisson.By excavating the ground within the caissot
slowly sinks into the soil by its own weight and potentia
hydraulic jacingforces from above. Secondly an extensi
of the caisson is added to the toma the processof
excavating and sinkirgpeats itself.

—

The main difference compared to tmeumatic caisson isC'wf"ﬂ
that within the open caisson the sail i®t excavated in 3
dry but in wet conditions(see Figure 93). Although the

open caisson does not require continuous labour un((FS'gS:Se%hi;23&35\'5iﬁ'l‘égs‘ﬁa;ae”ngsi:‘(a‘;?r'j
high compressive forces like the pneumatic caisson. lunderwater-construction58501529

almost inevitable that divers will be necessary when obstrudifiike boulders left from the glacial
times) are encountered underneath the cutting edge/shoe. Divesy evenly be required to
excavate near the cutting edge to stimulate the soil faittvat allows thesinkng ofthe caisson.

Besides the challenges ofercoming the peripheral friction in the stiff clay and preventing tilting of
the caisson during the sinking procedure, sealing the bottom of the caisson might proof most

difficult. The seal has to be able to resist more than 900kNsfrhydrostatic watetpressure. Since
the placing of the concrete seal (plus reinforcement) has to be executed under Wwateran

understatement to say it will be extremely difficult to obtain a reliable closure. All stated issues

combined lead to the conclusiothat an opencaisson construction method does not provide
realisticsolution.
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7.1.3 Prefab: modular box caissons

In order to sink prefabricated box caissons a large excavation up to 90 metres below MSL is required.
Although thisrequires a tremendous amount of ellging, most of it would be necessary anyway in
order to connect the tailrace and the penstock with the turbi@mce the trench has been dug and

the foundation layer prepared, the caissons can be sunk and positioned. The process of erecting a
powerhouse with modular box caissons is best explained along a set of figures:

/ 1.1 Dredging of trench

20m
70m
1.2 Soil preparation
L l l l
7 140m 7 g8m | 140m i
A Cross section A-A’
e A 9

2.1 Sinking of I

draft tube caisson \ j_l_i I |

3.2 Sinking of

3.1 Sinking of top caisson 3.3 Connecting

turbine caisson \ \ with Gina gaskets
7

20m—’ — \ L /
A )
70m S
e
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— 4.4 Connecting
4.2 Sinking of with Gina gaskets
penstock
AN \
20m — /
70m 2
4.1 Backfilling of
—
—} dredged material ~———

dredged material

5.2 Backfilling of

+10m
m

4.3 Sinking of
tail race

5.1 Dredging
of reservoir

5 O
———

6.2 Armour &

scour protection
+10m

6.1 Installing mechanical
& electrical equipment

20m —

70m

7. Lowering water level
till operational level

Figure94: The indicative construction process of the turbine housing using modular prefab elements
0 S (i gApPeyidixti K S
A& dzyRSaAN}IotSx
construction method like elaborated in the next section.

Ly OFasS G§KS OSNIAOI ¢

Connecting box caisserwith Gina gaskef@

O2yySOiGAzy

2yS

40m

114

Ol A

O2dz R



7.1.4 Hybrid: prefab bottom caisson +in -situ superstructure
Alternatively tothe pure prefab method where the caissons are stacked upon each other to

eventually form the powerhouse, another process has been devised. To avoid vertical connections
and limit the number of sinking operations a mixture between prefab argitinconstuction could
be adopted.

Just like for the modular technique, the draft tube segmemnprisfabricated in a dock. Once it has
been floated into position the remainder of the powerhouse will be constructesitin Compared to
the modular approach onlye steps 2 and 3 differ, as shownkigure9s.

2.2 Constructing
2.1 Floating prefab remamder. Of.
powerhouse in-situ

draft tube caisson
into its position \ ﬁ@ Q@

= =

3.2 Constructing

3.1 Let the caisson ./ remamder. Of.
. . . powerhouse in-situ
sink sequentially with
the added weight \ i

z
< N =

3.4 Finish the
3.3 Construct & sink powerhouse construction

powerhouse till it
reaches the foundation \ ﬁ B a 9

(=

Figure 95: the hybrid construction process of the turbine housing. Step 1, 4, 5, 6 and 7 are the same as

modular approach
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7.1.5 Choice of method
From the discussed four options it has been concluded that:

- A pneumatic caisson cannot be used to install the powerhouse at 90m below MSL

- An open caisson construction would be extremelfficlit to successfullgink and seahnd
should be avoided

- The modular box caisson methedemsviableat first sight and is the preferred technique

- The hybrid scheme could theoretically work, but may be challenging to realise

Theuse ofmodularbox caisons is chosen as best applicable. By dredgingtill the required depth the
slopes that are necessary for the tailrace and penstocks are simultaneously created.iResithe
options dredging would be needed to install theamd outlets anyway.

The pue prefab method has the advantage over the hybrid method that everything can be built at
one main construction site. Furthermore thbalancing during construction of the floating
powerhouse seems precarious. Most likely both alternatimesd a (temporaryflam to shield the
construction process from the surrounding wave climate. Even when the whole dam around the
storage reservoir would already have been completed, the powerhouse installation would still need
protection from locally induced wind wavéshocan exceed 2 metres, s&ggure4b).

Preferably the housing of the turbines would be placed in deep water. The necessary dredging works
would be limited and the flowelocities at the inand outtake lower. Hence the scour protection
O2dz R 65 SESOdziSR Wi AIKGSNDO®

All things considered, an excavation with box caissons is the mostly likely option to be fédwble.
technology has been widely applied in for examiphenersedunnelling project¥’ and breakwaters.
There are many things yet to investigate besides the actual design of the caissobsstlgeiitable
location of the construction dock (conventional or floatingpe of formwork and theumber of
elementsto be produced per submerging and transport cycle.

To obtain insightin the main volumes and dimensions of the turbine housing some initial
computations are performed in the next section. These could provide alittle guidance to estimate
the costs.

Finallyit should be stated that this powerhouse construction differs from most PHS plants in the way
that there is no lateral transport possible between the several pttarpines. This is due to the
caisson structure. Therefore all transport of people and equepttakes place vertically.

22 2N RQa RSSLISad AYYSNERSR dGdzyy St a83vyS8yida KI oS 088y
and Asia via the Bosperus. The segments &@&milong, sunk till a maximum depth of 60m and total a length

of 1,387m. For the new Fehmarn connection between Germany and Denmark a 17.6km long immersed tunnel

is planned that reaches till 40m below MSL (source: https://en.wikipedia.org/wiki/Fehmarn Fdesd_Link).
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7.2 Main dimensions and volumes

Critical for the execution of the prefab methodology is the vertical stability of the caissons during
transport, sinking and in their final position. As a rule of thumb: with the (floatingspartation the

weight of the caisson should be no more than 99% of the maximum buoyancy force, including
bulkheads and sinking equipment. In the final position the weight needs to be 107.5% of the uplift
force caused by the displaced water (Bakker, 208dpsequently it will be necessary to increase the
ballast of the caissons once they are positioned. This can be done by either adding more concrete or
by locally sourced material. The latter is preferred since it is much cheaper. Hence the caissons
should be designed in such a way that they can incorporate dredged material. By using the
Archimedes principle of displaced water the necessary concrete and reinforcement (estimated at 1%)
volumes can be computed:

[

W T @
w T8t
: . [
w 81 Y F_
- Ve = Volume reinforced concrete (m?)
- Vesson = Volume caisson (m?)
- Vene = Volume concrete (m®)
- Vwen = Volume reinforcement (m?)
- Vm = Volume dredged backfil (m?)
- Ay = Volumetric weight sea water (=1025) (kg/m°)
- g = Volumetric weight reinforced concrete (=2400) (kg/m?)
- Ay = Volumetric weight dredged material (=2000) (kg/m?)
Caisson Dimensions Volume Volume Volume dredged
(*w*h) (m) concrete (m3) reinforcement (m3) | backfill (m3)
Draft tube 70*40*30 35,161 355 3,659
Turbine 40*40*30 20,092 203 2,091
Top 40*40*30 20,092 203 2,091

Table32: Volume and material characteristics of modular box caissons

The volumes stated ifiable32 can be used for a first approximation of the powerhouse costs. The
costs of the penstocks, tailrace, excavation, bdckfid in and outlet need to be added to obtain a
full estimation of turbine housing costs.

The maximum height of the box caisson is practically limited by the bathymetry. As a rule of thumb a
caisson would be able to float halfway out of the wateh.Q.C. van der Horst, personal
communication, September 12, 2017). A 30 metre high caisson could therefore have a draught of
only 15 metres. To allow for some movements and irregularities this should be acceptable for the
Dogger Bank where the average die s around 20m.
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The excavation works will form an important factor in the scaling of the turbine housing costs. Since
the dredged trench is threeimensional, it will be attractive to install more turbinesecausesach
added turbine requiregelativelyless material than the first on& his is illustrated iRigure96.

Turbine housing trench

120

(me€) Dredging of trench costs Water depth (m) 20
100 Max. depth below seabed (m) 70
Width bottom (m) 80

0 Slopes €) (V/H) 05

© —e—Number of turbines | Width turbine housing (m) 40

a0 Dredged volume first turbine (M) 4,144,000

Dredged volume extra turbine (n¥) 616,000

20

3 Average dredging depth (m) 49.4
0 1 2 3 4 5 6 | Production capacity GD (r#s) 0.402
Power (GW) Unit costs semisub & convey 4.23

Figure 96: The dredging costs of the trench required for 1 |j O R)i
installation of the turbines. The dots on the line indicate a turbine

For the dredging of the trench theentical semisubmersible vessel and jadk pontoon willbe

used as for the dam construction. Due to the larger depth the unit costs are slightly higher. The
dredging costs fronrigure96 are obtained by multiplying the volumes in the given table by 1.5. This
is to account for dredging 50% of the material twice, once to excavate and construct the temporary
dam and once to backfill. The other half of the initially dredged midtean immediately be used for

the large\Btoragel@lam.

In the dredging costs computed above, the several pump turbine caissons are placed directly next to

each other. Besides the fact that this might be difficult from an execution point of ivie\so raises

concern regarding seepagéhe turbine housing will be placed directly onto the deep sand layer at

90m below MSL. Consequently there is a direct link between the water conveying sand and the inner
reservoir. To avoid water flowing in batkis placed on top of the tailrace and penstocks. However,

the backfill does not help against water seeping in along the tailcace between the different

turbines. As a result one might want to place the different turbine units a little apart fronm eac
other,soil Kl G 'y WAYLISNYSIotSQ Ofle tF&8SNJ Oy oS Rdzy
requires more research, butis expected to be mandie &by for instance grouting).
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8. Costs & benefits

The costs are larggmade up out of four parts: the dam structure, the dredging processptimep-
turbines and the powerhouse and turbine related structures. First these costs will be treated
separately when afterwards the potential benefits of the energy storage plantstrmated.

8.1 Dam costs

The dam costs are largely formed by the construction of the core from dredged material, its outer
protection and the soil preparation and drainage costs. For the North side, where the incoming
waves are most severe the dam costs arpresented infable33. The direct costs include labour,
plant and material The construction costs are obtained by multiplying the direct costs with a factor
of 1.75that include transportation of material, building site costs, execution costs, general costs,
profit, risk and later to be determined building costs (25%). The costs are excuding engineering and
planning costs.

Element Weight/ | Volume Construction Unit price Costs €/m)
size (m3/m) method - 0
Direct | Construction
Dredged 18.3 ¢ | 55455 Grabs mounted on ¢ € @g¥/m3 11,945 | 17,918
material 21.6 semisub  platform
kN/m® and jackup conveyor
Geotextile 150nf/m | Pontoon and anchol € ¢k Y| 900 1,575
tube
Drainage and 226nt/m | Vertical drainage € n7nk|[5166 | 9040
soil prep.
Quarry run|5kgclt | 243.9 Side stone dumpin¢ € H p k (| 10,976 | 19,207
foundation vessel (SSDV)
Foundation |0.3¢1t |56.8 Crane on rig € HpK (] 2556 | 4,473
layer
Filter & scour | dnso >| 17.0 Side stone dumpin( € H p K U| 765 1,339
protection 58mm vessel
Filter layer 1¢3t 61.9 SSDV and backhoe | € H p k (1| 2,786 | 4,875
Under layer | 3¢6t 82.5 SSDV and backhoe | € H p k (i| 3,714 | 6,500
Toe 6¢l0t | 17.1 Crane on rig EHpPK Ul 770 1,347
Xblocarmour | 48.0 t 156.65 Wire rope crane € Hoo 0| 9504 | 16,632
(=3.24
Xblocs)

Upper slope| 3¢6t 43.2 Dump truck (ende H p k U 1,944 | 3,402
protection tipping)

Total 51,025 | 86,307

Table33: Dam costsThe dredged volume includes 108%tra to cope with future settlements (Bezuyen et al., 2012) and
5% spillage of clay during the dredging process. Dredging costs are for an average depth of 30 metres and without capital
investments in dedicated equipment.
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The totl costs are shown iRigure97 to get a better understanding of the most cestportant
factors. Note that not even a quarter of the costs are made up of the damits® Including the
drainage and soil preparation works the dam structure is responsible for about the third of the
overall costs. Thereby the costs of the dam are largely dependent on the wave conditionsat has t
provide armour protection foto obtain thedesired safety level

Dam costs per single element M Dredged material Dam costs grouped per section
[ Geotextile

W Drainage & soil preperation

[ Quarry run foundation m Core

¥ Foundation layer M Drainage & soil

W Filter & scour protection preperation

M Toe protection
MToe

M Filter layer B Slope protection
D Under layer

[ Xbloc armour

[ Upper slope protection

Figure 97: The dam costs per single element (left), where the items with the same colour outline are grc
G23SGKSNI ONRIKGOD® ¢KS G201t O02ada 2F ycZontekY | N
handle 8m high waves.

8.1.1 Water retaining costs

In order to operate the storage reservoir, the top sand layer has to be sealed. From the various
techniques that can do so, the simple dredging and replacing the sand with firm clay option is
favoued Figure98). The sand layer that lays betwee#3m and-50m relative to MSL will be
NBLIX FOSR F2NJI 02404 2F MMIYHpPEKYOD

60000
e/m Costs water retaining measures
50000 A /
40000
Dogger Bank /
30000 Depth dependent a9

costs
= S|urry bentonite wall

20000 —
/ ——Replacement of sand
layer

10000 /
0 \ Mobilisation costs v
T T T T T T 1
0 10 20 30 40 50 60 70

Maximum depth below seabed of the sand layer that needs closing (m)

Figure98: The costs of the retaining measures as thapgress over depth. The mean sea level is
above the bed levelBased on the large costs difference and the flexibility the dredging alterne
offers, this is the preferred technique
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8.2 Dredging costs

The dredging costs have alredoen specified in @3 Specifications and cogtso provide insight in

what dredging process can best be appliedii LINP2F SR GKI (-2dz28S 3 A DFYBISé .
process is most competitive.

In order to dredge the stiff glacial clay dedicated grabbers need to be made. These specialised
grabbers are mounted on a semsubmersible vessel that can operate in extreme wave conditions.

The dredged materal is thetransported and placed via a conveyor belt system and over a
spedifically made jacizL) LRy (i22y ® ¢KS Ay @gSadySyda Oz2aida 2F (K
ddzo0 o0ndp E onnYeov | NB aKINBR ¢A @A) LKS (FRBIYVG 0 aa N
solely used for the dam construction and will be fully paid for. These are all conservative
assumptions, since the dredging equipment will definitely stillhave arestvalue.

The investment costs in equipment and operational unit price is givaialithe34. The dredging cost
to create a certain storage capacity for the inner reservoir is showigiured9.

Dredging process #1 000 AAAEAAOAASTEO DOGEAA | O7
Grab & barge 160,000,000 5.66
Semisub & convey 310,000,000 3.40
Table34: The capial and operational costs of the two reviewed dredging processes
14 -
bne Dredging process

- /

- /

O,8 /
/ —— Semi-sub + conveyor

0,6
— Grab + barge
0,4 +7
0,2
0,0 . . ; .
0 20 40 60 80

Storage capacity (GWh)
Figure 99: The total dredgingcosts for a storage reservoir with a 40m maximum head difference

5545m3/m of dam to be dredgedThe grab & barge process is more competitive till 7.7GWh, afterw
the semisub & convey process is preferred
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8.3 Pump-turbine costs

The power generation modules for large hydropower plants are always custom made. The tailored
pump-turbines therefore form an expensive piece of engineering. The rstdge is that they will
exactly suit the particular site conditions.

In order to deal with the corrosive saline environment measures have to be taken. Expsifiemse
the Okinawa Yanbaru seawater PHS plant and various tidal energy plants prooditigat stainless
steel runnerand cathodic protection for other steel parts is ample to deal with the harsh
surroundings (Fujihara et al., 1998; Rijkswaterstaat etal., 1985).

The costs of the turbines are estimateth other sourcesGeneral levelised ais of hydropower
energy and maintenance and operational cost be found in IRENA (2013)lvarado Ancieta
(2012)has collecteddata on costs of turbines from 150 different hydropower projects. According to
his formulain which P is turbine powete costs scale with the turbine power in the following way:

3 O T W~ T ‘d,A ol 8
YOIwuleeo—l—d) PO W T

YE OGINQ G 00 @K E QOHUBA pdiT OB

These two formulae are very convenient for usage. However, the costs are based on 150 projects
where all kinds of turbines have beamstalled. To get a better insight on the costs of Francis pump
turbines themselves, Alvarado Ancieta his data has been analysed and the costs of the desired
turbines were extracted. Based on twelve schemes the Francis {tumibjme scale like shown in
FigurelOQ
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W Tz Pumpturbine costs ($) 56E05% + 0,1388x + 26,67
R2= 0,5803
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Turbine power, P (MW)
Figure 100: Turbine costs petinstalled power capacity. Data obtained from Alvara
Ancieta (2012). 1 USD from 2012 corresponds to 0.819 Euro anno 2017.

As can be seen iRigure100Q, the gathered data does not provide a very convin@nguracy. When

the turbine costs are plotted against the discharge the relation is slightly more reliable. Yet the
considered dischargef @00nT/s lies far outside the ataset. Therefore this relatiodoes not provide

a conclusive estimate either.
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Figure 101 Franics pumgurbine runner costs (source: Sweco

al., 2012). Price levels are from January 2010. herefore 0.13;

NOK from the diagram is equal to 1 Euro anno 2017.

difference factor of the total electrical and mechanical costs divided by the turbine costs, the costs

The Norwegian Water Resources and
Energy Directorate published a
comprehensible guide (2012) for etimating
the costs of a hydropower plant
Therewith the costs can be approximated
by computng all the single elements. For
the chosen quicker method, first the
runner costs are estimated, frorfigure
101, when afterwards the complete
turbine costs arescaled from the runner
price. The costs of the runner comprises of
15 ¢ 30% of the turbine(Sweco et al.,
2012). FromFigure 101 the runner costs
are computed for bdt a 50m and a 100m
head and used to extrapolate to a 40m
water level difference. The total pump
turbine costs are estimated at 1/0.225
times the runner costs.

In case the pumyurbine costs from
Figure 100 are multiplied by the costs

between the two sources can be compared (Sesble 35). Between the two sources the average

costs is chosen.

Source ) Q =100m/s & P = 37.8MW Q =700n%/s & P = 264.7MW
'l OAOAAT 11 AE) 327 67.6
3xAAT AO Al 8 j344 78.9

Table35: Total electrical and mechanical costs for two turbine sizes

Ultimately the costs of the turbines for the second, third, fourtticetera can be reduced by 10%

compared to the first turbine, in case they are identical and constructed in a sequence (Sweco et al.,

2012).From Figure102it can beconcluded that it is much more epomical to install a few large

3500 turbines, instead of many
me Total electrical and mechanical costs small turbines. Hence, the
3000 pumpturbine that is
2500 / capable of converting a

/ 700nT/s discharge ito

2000 / 265MW is the favoured
1500 ——P=37.8MW choice at a cost of 73.3
/ ~#=P =264.7 MW million euros per unit. The
1000 / large  Francis pump
500 turbine  scales  with:
Hpc®mM YekD?2 o

0 - T T T )

0 1000 2000 3000 4000
Power (MW)

Fiagure102 Total electrical and mechanical costs per turbine size
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8.4 Housing of turbine costs

There is no detailed design yet of the powerhoupenstocks and other civil workshd scalathat
was obtained in the literature study will be appli@tstead (see 8.6 Overview of energy storage
island3. Although quite some information has already been ga#d on concrete and reinforcement
volumes and the overall dimensions of the penstocks and powerhouse are approximated (Bee §
Main dimensions and volumgdt is ot enough to make a reliable cost computation.

PYOGAE FTdzZNIKSNJ O2ada IINB St 02Nl G§SR GKShei®ydza Ay 3
the dredging costs originating from the excavation of the trench and the temporary dam will be
added on top. Mough the scalar of 602 million euros per Gigawatt already includes costs for a
building pit, it is the notion of the author that the issue of cavitation has been severely
underestimated in previous studies. The cavitation and draft tube combined nedesaitenuch

larger construction depth than was previously accounted for.

Nevertheless the housing may be a litie cheaper compared to the case stwies assumed that

the structure costs increase linearly over the depth and the housing is placed 60m below MSL in the

case studies, the structure would be 1.5 times as expensive (90/60). However, the turbines are twice

as large resulting in the need forbre Kl € F 2F GKS ydzYoSNJ 2F WLI2 6 S NJ
125MW). Ten percent is added for the longer transportation costs towards the Dogger Bank. For one
DAl gl GG GKS K2dzaAy3d O2aita GKSy o0S02YSY mMOPpfFndp
89%o0f the scalar. Of course the housing could be a little narrower for a smaller turbine. To account
F2N) GKAE YR (GKS dzy OSNIiFAyidé Ay GKS | OhGdz €t OI A2
costs is maintaine(seeFigurel03).

3,0
bnE Housing of turbines costs

2,5

2,0 //
= Dredging of trench

15
/ = Housing of turbines

1,0

/ Total
0,5 /

0 1 2 3

4 5 6
Installed power (GW)
Figure103 The scaling of the turbine housing per installed power capacity
A similar approach in terms of scaling as for the turbines has been adopted. The housing to

accommodate the first turbine is rated at 10096y the second turbine at 97.5%, thirdt 95%
etcetera. The reduction in costs as the power increases accounts for the learning curve during the
construction works, sharing of equipment and mobility costs, economies of scale and the relatively
lower dredging costg. It has to be stated that # presented costs graph for the turbine housing is
indicative and needs much more investigation to attain a reliable estimation. The computed concrete
and steel volumes could serve as a preliminary guidance.

3 For all pumpturbines a trench has to be dug from 20m below MSL till around 90m below MSL. The trench is
WGKNBS RAYSYyaA2ylf Qd ¢KSNXF2NIS NXtFGAG@Ste fSaa YI G§SNR
lined-up next to each othr.
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8.5 Operational and maintenance costs

Hydropowe projects are marked by relatively large investment costs and low running dogisal

costs are I¢ 4% of the initial investment. For large schemes 2.2% can be assumed (IRENA, 2013).
Most of the maintenance works will go into théegtrical and mechaal parts.

For the civil works and namely the outer protection it has to be noted that maintenance is a choice
and not a unknown varial#. The costs and time that are taken up by maintenance works are largely
dependent on the initial design (Burcharth & Rietveld, 1987). The three factors that mostly influence
the required time and costs are accessibility, the
peactive . leve of specialized equipment needed and the
material used. Generally land based equipment is
cheaper than their floating counterparts.
Therefore it would be convenient if all the repair
works on the dam can be executed from the land
itself. Additionally it $ recommended to use
locally available materials as much as possible and
have certain prefabricated parts for spare to
reduce the repair time. Overall the goal is to
minimise the costs over the whole life cyce, so
_ _ Nlimian of SHEEOR that the capital costs are optimised taiper with
Figure 104 Maintenance strategies. Note the concav . . . .
the operation, maintenance and inspection costs

shape of the optimal line (source: Burcharth & Rietve
1987) as inFigurel04

\
Preventive
Maintenance

intelligent
Maintenance

Costs

5dzS (2-aRISLIS RS E2LIIA Ydzy f S @St (se@Fgurel®gdSt isYpossibeds y I y OS
increase the safety level at virtually no additional codibis risk aversion strategy is pursued,
because of the poor accessibility of the PHS glattte middle of the North Sea.

For all involved civil works an operation and maintenance costs of 1% of the capital costs is used. Due
to the corrosive environment 4% of the capital expenditure in electrical and mechanical parts is
adopted.
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8.6 Total costs

The costs that argresented in the previous sectiomsan be divided into two groups: storage
capacity and power capacity. The storage capacity is created by the dredging of the inner reservoir
the subsequent construction of the daamd the water retaining measure (replacing the sand layer)
The Francis pumturbines and its necessary housing andand outlet systencompose the power
capacity.Figure 105 and Figure 106 show both the capital costs that are required to establish an
offshore pumped hydropower storage plant on the Dogger Bank.

Reservoir costs per storage capacity

45
hﬂ€4 Toe & slope|protection
. O Dam core of dredged material
3 Replacing off sand underlayer = Total reservoir costs (€)
N | =10r9*0,7200%F0.3837
2,5 R¥=0,9945
2
1,5
l 4
0,5
| _———
O T T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Storage capacity, E (GWh)
Figure 105 The relation betweendam and dredgingcosts and storage capacity for
maximum head difference of@éml yR RI'Y O2ada 2F dy dmo Ye

The relation betweerthe dam circumferencgresponsible for thecosts scales with the diamet)

and the quadraticreservoir surface aregand thus storage capacitgcales with diameter squargd

can clearly be seen iRigure105p ! A G 2N} 3S OF LI OAGe 2F wnD2K O2.
SjdA @I tSyli g2df R 2yf& NBIIANE HOPpOYed ¢KSNBF2N
deploy alarge energy storage sys.

Additionally a steep increase in costs can be observed at the lower tail of the grapdGWh). This
is the result of a relatively large dam compareéx the storage areaThe larger the reservoir
becomes, the less the dam size influences the costs

Furthermore one has to be aware that for the dredging costs the assumption was made that the
material from the inner reservoir that is not needed for the dam construction, would be dredged and
LJIFAR F2NJ 6& GKS ONBI A2y 2idnctidnk Shis i9ayBaddhable K dzo Q
presumption forsmall to medium sized reservoirs (§@5GWh). However, for larger reservoirs it will

become problematic to allocate the redundant material for other purposes. Consequently these
bigger schemes might have tarcy higher dredging cost©f course the size of the reservoir is also

limited by suitable geologic conditions (presence of thick clay layers). These will be increasingly more
difficult to locate for larger areasviore explanation about the scaling andetlimpact of different

cost components can be found iA.§ Final design and concluding remarks

The costs related to the power generation fréiigurelO6are almost linear. For the puraurbines
there is only a scale advantage when more than one turbine is installed. All the others will continue
having a price of 90% of this fitgtit.
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The turbine housing has not yet been thoroughly investigated and computed. Instead the costs that
were found in the case studies have been employed to H#rd extrapolate. A similar approachin

terms of scaling as for the turbines has been adopidathousing to accommodate the first turbine

is rated at 100%, for the second turbine at 97.5%, third at 95% etcetera. The reduction in costs as the
power increases accounts for the learning curve during the construction works, sharing of equipment
and mobility costs, economies of scale and the relatively lower dredging costs. It has to be stated

that the presented costs graph for the turbine housing is indicative and needs much more
investigation to attain a reliable estimation. The computed concrete and stdeines could serve as

a preliminary guidance.
Power capacity costs

4,5
bn€ 4 O Housing of turbines Power capacity costs (€)
35 Francis pump-turbines - 10?:5’3;?5?03118 //
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Power capacity, P (GW)

Figure 106. The costs of the Francis pump turbines and all related electrical, mechanical an
works. Note that the horizontal axis is divided according to the number of turbines (265MW eac

All the involved cost components are quantifiedliable36. These costs can be used to estimate the
expenditue to develop an offshore pumped hydropower storage facility in the North Sea on the
Dogger Bank.

Element # ADEOAI |/ Operational and maintenancA I OO O i
Dedicated equipment 310,000,000 -

Storage reservoir (E=GWh) | 10*0.7209*E~°*° | 10™*0.7209*E "

Power generation (P=GW) | 10°*0.8746P°°**® | 4¥10™*0.8746*P°**°

Table36: Total costs related to the creation and operation of an offshore pumped hydropower storage plant in the North

Sea

To acquire an impressian the order of magnitude of the costs: a 20GWh reservoir with 2GW of
power costs 4.24 billion euros and has yearly operation and maintenance costs of 90.5 million euros,

whereas a 40GWh equivalent with 4GW of turbine power costso6yls

costs.

YR KI a&ningcp Ye

After all it appears that the volume balanaad amount of dredged material that can be allocated to
other functionslimits the choice of storage capaciifor the storage business case itselfhis
restriction is the result of the initiahoice to construct the storage reservoir in shallow water (20m).

In case more than 25GWh needs to be stored it is advised to move to deeper water. Thereby the
storage capacity costs will rise slightly. For the chosen shallow water scenariohemdassumd

GKFG o0SaAaRSa

0 KS WSy S NH &(sizK ozéh® Twegle NaksS|akiedn he

assignedo new usesa moderate storage capacity of 25GWh is favouigdinstalling 10 turbines,
providing 2.65GW, the CAPEX becomes 4.65 billion eurotiar@REX 110 million eurpsr year.
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8.7 Levelised cost of storage

To be able to compare different storage technologies the levelised cost of storage (LCOS) can be
used, just like the levelised cost of energy (LCOE) is used for power plants. It must ihe clea
understood that the LCOS does not cover the true benefits of energy storage: energy security and
allowing large shares of renewable energy sourcebe integrated into the gridThese and other
benefits will be discussed in the next section.

Althoughthe LCOSuggests that all factors of influence on costs are covered, not all-aQdDSes
contain the same inputs. Thus one has to be cautious when using LCOS from different sources. In this
analysis thesameapproach of the Word Energy Council (WE@NfR016is adopted that was also

used for the comparison between storage technologies eardier2r8.8 Comparisonof energy
storage technologies

0 B —2.
080 L 2
B 8]
p Q

LCOS = Levelised Cost Of energy Storage 0eka?2 Ko
lo = Investment costs (CAPEX) ()]
A = Annual total costsin year t (OPEX) (9)
Mei = Produced electricity in each year (MWh)
n = Technical lifetime (years)
t r ,SIENI2F GSOKYyAOIf ftAFSGEAYS GMIHIXIYOD
i = Interest rate (WACC= 6.43°) (%)

To get a better insight in how these parameters influence the LCOS and what would be a reasonable
assumption ten scenarios are presentédrst a baic situation when afterwards a single parameter is
changed at the time.

Standard Power is produced on average for a morning peak of 3 hours and in

the afternoon peak for another 3 hours. The preferred alternative of 25GWh and 2.65GW is
operational for 95% of the time. The lifetime is 50 years, till the pdampines and
electricakmechanical equipment are deterioratedThe interest rate is 6.43% as was
suggested by previous research (De Boer et al., 2007).

Long lifetime The operational life is elongated till 80 years, without refurbishment.
RefurbishmentE&M The operational life islengated till 80 years, with a full revision of

0KS Gdz2NDAYS&a FYyR ff 20KSNJ St SOGNARAOIET YR YS
Low interest The interestrate is lowered to 5%.

High generation Besides the peakhaving additional power is generatedalto the

charging of a surplus of wind energy and discharging at times of shorfdge.almost
continuous cycle of buying and selling lstmlan electricity production of 10 hours a day.

Grid deferral: By adding the energg 1 2 N> 3S FIF OAtAGe G2 GKS
North Sea, the amount of interconnector cal§l€)capacity can be restricted. The exact ratio

M“wacc = Weighted Average Cost of Capital
> As was determined by the study for the Energy Island by KEMA and Lievense. This value includes taxes and
was found acceptable for an investment made by a governmental body (De Boer et al., 2007).
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between wind-IGstorage is unknown and dependent on a comprehensible Joestfit analysisA beneficial choice wodlbe to extract the
complete avoided IC cost from the CAPEX of the energy storage facility. It is unlikely though that the optimum intercphrseet@rgy storage
capacity is equal to the wind power capacity. However, the interconnector cables aretekpediave a much shorter lifetime than the pumped
hydropower plant. Therefore the installed power of the PHS might actually defer twice the IC cable capacity. All ifoalhdt &cceptable to
completely extract the installed power capac{®.65GW)in IC costs from the CAPEX. The average distance to shore is assumed at 350km. The
deferred cost of subsea interconnectableqobtained from 17 IC projects in the North Sea region by Gerrits (RB&Cpmes:

0QQQUAAEADI a0 VWETULP 0 ® pd YD ULRE ¢T1 @O

- Large scale: The storage and power capacity are doubled to 50GWh and 5.3GW
- Small scale: The storage and power capacity are reduced to 10GWh and 1.06GW.
- Utopia: Combines all the benefits to indicate the lowsrundary.
- Realistic: Combinesll parameters into a feasible alternative:
1 an 80 year lifetime with full E&Mrefitting after 40 years
1 2 hours of extra generating due to the combination with a giant wind farm
f 5STFSNNBR INAR Ay oS a dteddrgmitte CAPEXNII K Hodnyodoye> SEGN
1 An acceptable interest rate (WACC) of 6.43%

All stated scenarios are presentedliable37Z.CNRB Y GKS [/ h{ N}Yy3IAy3a 6SGs6SSYy mncoy (2 mMcop> GKS

Parameter Symbol Unit | Standard Ii?e?ir;ge Requrgll\s/lhed inlt_gr\:evst ge:'é?e?tion dggrdral I;i;gljg g::na?(lel Utopia Realistic
Storage capacity E GWh 25 25 25 25 25 25 50 10 50 25
Power capacity P GW 2.65 2.65 2.65 2.65 2.65 2.65 5.29 1.06 5.29 2.65
CAPEX lo a 4 .65E+09 | 4.65E+09 4.65E+09 | 4.65E+09 | 4.65E+09 | 2.17E+09 | 7.30E+09 | 2.69E+09 | 2.30E+09 | 2.17E+09
OPEX A a 1.10E+08 | 1.10E+08 1.10E+08 | 1.10E+08 | 1.10E+08 | 1.10E+08 | 1.93E+08 | 5.45E+07 | 1.93E+08 | 1.10E+08
Generating hours/day hge h 6 6 6 6 10 6 6 6 10 8
Produced energyfyear Mel MWh | 551E+06 | 5.51E+06 5.51E+06 | 5.51E+06 | 9.18E+06 | 5.51E+06 | 1.10E+07 | 2.20E+06 | 1.84E+07 | 7.34E+06
Technical lifetime n years 50 80 80 50 50 50 50 50 80 80
Interestrate (WACC) [ % 6.43 6.43 6.43 5 6.43 6.43 6.43 6.43 5 6.43
Levelised costs of LCOS a/

storage MWh 76.8 74.6 825 66.2 46.1 46.5 62.1 106.8 16.9 40.0

Table37: LCOS foall scenarios (with a 40m head differenc8m waves and constructed in 20m deep wajethe 'Refurbished E&M' and the 'Realistic’ scenario contai refitting of E&M
equipment after 40 years The storage facility is assumed to be operational 95% of the time. Note the large impact of the WACC, energy productiaefgmidl and scale of the facility.
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8.7.1 Comparison with other energy storage technologies

Now therange of possible LCOS and a specific achievable alternative is known, it can be compared

with the other existing storage technologies. Hence it will become clear whether it is actually a good

idea to combine energy storage in the shape of an inversénafés pumped hydropowestorage

(IOPHSy I OAf AGe G2 GKS W9YSNHE KdzoQ GKFG Aa LI IYyYySRK
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Figure107: The LCOS for 2030 of the studied IOPHS compared to other storage techniques (WEC
and relative to the LCOBBf conventional fossil fuelled plants (M nc € Kk a2 KU AY
(http://costing.irena.org/media/4110/fig -est3.png). The orange line indicates the chosen alternative
nnekaz2K

In Figure107it can be seen that clearly the considered IOPHS alternative is the most competitive.

Perhaps mossurprisingly the offshore version is not even half the costs of its counterpart in the
Y2dzyGFAya o6t { YSI yis deénts hardlto fathom,kespecklly decatisé in the

energy formulathere istht¢ KSA IKG aljdzt NBRQ FyR GKS gl SN f S@St
can be much larger. The combination of not having to do expensokeremoval or tunnelling works,

the large installed power of the IOPHS and corresponding electricity production and the combination
withalargevk Y R F I NXY LI dza the@ffeenddd e Kdzo Q YIF 1 S

Note that the desired IOPHS is 3 to 18 tiness expensive than batteries or power to gas! Esigc
in recent times energy storage is getting more attentaord plans are being developed, like power to
gas on the Dogger Bafikr the cooperation between Teslac.and Vestas for storing wind energy
with batteries’. Together with the late increase PHS investmentgPérezDiazet al., 2014) one
could not conclude otherwise than that the opportunities for offshore pumped hydro are gigantic.

Not unimportantly, the chosen IOPHS has a lower storage costs than the fossil fuel generating costs
Onnekasuksogbnceka2 Kod 2KFEG GKA&a AYRAOFGSE Aa GKI
andreleaseit at a later time than letting the energy go to waste and just generate new fossil fuelled
electricityinstead. Consequently it should be more beneficiakbaploy energy storage instead of a
Combined Cycle Gas Turbine (C@&dider to generate the daily variable load.

Ultimately it can be concluded that in case every technical design presented in this report is
nonsense and the overall costs proof to bade/as high, the concept of IOPHS would still be viable!

16 https://nos.nl/artikel/2192724nederlandseenergiereuzergaanwind-en-zonneenergieopslaan.html
v https ://mww.windpowermonthly.com/article/1443471/vestasonfirmstes|ajoint-project
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8.8 Benefits

The valueof energy storage lies above all in providing enesggurity. Secondly it enables the
integration of intermittent RES into the grid. Regardless how much wind or solar cayacilig be
installed, without energy storage conventional fossil fuelled plants would have to take over when the
wind is not blowing and the sun not shiningence the desired reduction in carbon output of 80
95% could never be achieved.

Besides these s advantages of safeguarding the electricity supply and allowing the transition
from a fossil fuel based economy to a sustainable markedretbare of course also the economic
benefits. Pumped hydro storage is typically profitable in the daily storagle,cyhere electricity is
generated for one till ten hours a day. Lately with the development of varsded pumpurbines

it is possible to adjust the power output to the second for both the pumping and generating mode.
This possibility opens up a wkohew market for PHS in the shdetrm energyworld. Together a
modern PHS facility can thus cover almost all revenue creating applicétieesigure 16 for all
sewices). Only seasonal storage is not beneficial, due to its low utility rate (Rauwerda, 2017).

To accurately compute the benefits of the energy storage system on the Dogger Bank would be
extremely challenging, because of all the uncertainties in futurergynerices, installed wind capacity

and all the connected countries with their own policies and power generation units. As was
concluded in the LCOS section, the business case for offshore PHS is as good as a storage technology
has ever been. Based on ttect and the current trend of developing all kinds of lesser (in costs)
storage alternatives, it could safely be assumed that the studied storage matitidue profitable.

In order to get a litte bit of an insight in the revenue streams and the paypewckd, a few future
scenarios are presented in the next section.

Additionally other functions could be added to the energy storage reservoir itself (besides other uses
that can contribute via the redundant material). Some of the possibilities that dyredtjinate from
the existence of the storage facility are:

- The inner slopes and berif250m) could be covered in solar panels. Imagine atigpa
coverage of 70% and a 25GWh systé8830m diameter) then the surface covered by
photovoltaic (PYpaneldecomes:

ns(:g “D 20 coum p@IG U W ug—‘;o @ 00 B on OO &
With a 10% capacity factor the annually produedelctricity from PV would be 563Vh This
is equivalent to % of the solar production of 2016 in the Nettands.

- Aquaculture. The inner reservoir could be used to grow mussels, oysters aritlypdish
Since there is some redundancy in the reservoir depth (40m, where 41.5m is possible) it
could be considered to locally dredge a little deeper to create ammuim water level.

- Biomass. The growing of seaweed to use as biomass for electricity generation offers a lot of

potential®. Just as for the aquaculture it needs to be investigated if the proper (tidal)
conditions are present.

180.35GW/km obtained from https://www.deingenieur.nl/artikel/heglederlandgroen
19See http://www.wur.nl/nl/show/Seaweeeh s-a-sourceof-biofuelsandchemicals.htm for a description of
why exactly seaweed is so promising
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8.8.1 Hypothetical revenues and payback period

Ly GKS 2NAIAYlFf LEXIY (GKS oSyS¥Aada aiARS 2F (KS
with this researchCurrently it is expected that this research will become public in 2018. To be able

to still get an impression of the ale of the benefits and the eventulslet Present ValugNPV) some
indicative scenarios are worked oWith the NPV the difference between the revenues and costs

are discounted back to the present. This discountin@eitormed because money is worth lassthe

future than it is nowa euro put in the bank will grow due to interest and a euro invested in a project

will not. Future income will therefore have to be discounted back with the interest rate to the
present value. Consequently the profitability afproject depends more on the revenues from the
firstyears of operation than at the end of its lifetime. The Re¢sent Value is computed by:

6 Qbi Qi @Ba6 Q —p°i 6
- n = Technical lifetime (years)
-t =VYearduringli@ A YS OMZI HXZ X YO ()
- G =Cashflowinyeart (=Reveng®PEX costs) 0€L
- = Interest rate (WACC) (%)
- G = CAPEX of the project discounted to t=0 0€eD

For the preferred storage reservoir with 25GWh and 2.65GW the NPV is f@dsarrigure108for
conditions with a different interest rate and profit from electricity trading as showrsilnle38.

4

—_— Cash flow
bn€ Standard

High energy price

——Low energy price

——High interest

Low interest

50 60 70 80

Year in operation

Figure108 The cash flow for different electricity priceand interest rates. From these scenarios the 'Standard' or
found most appropriate, with a payback period of 23 years. Note the refitting of the turbine equipment after 40 yee

High energy | Low energy | High
Payback period unit Standard price price interest Low interest
Interest rate (WACC) | % 6.43 6.43 6.43 8 5
Profit from electricity | 4/
production MWh 40 60 30 40 40
Net Present Value bnd 0.61 2.88 -0.52 0.09 1.34

Table38: Characteristics of the five considered economic models
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Figure108confirms the theory that the energy prices in the distant future do not affect the NPV that

much (compare the tail of the green and purple line). During the first operational years the
profitability of the whole projecis largelyinfluenced by the energy prices, after 30 years the NPV
3L 0SG6SSYy GKS KAIK yR £2¢6 LINAROS aOSylFNA2 Aa
AYONB I &SR (ithe itgfedsteratechdsnedafivelyiiargerimpactin the second half of its
EAFTSGAYSE 6KSNB (KS RAFTFSNBYOS 0680688y t26 FyR
and 80 years.

From the cash flow and NPV analysis two main things can be concluded:

1. The profitability othe projectissensitive to the energy prices and the interest rate.
2. The economic value is largely determined by the electricity prices during the first 30 years of
operation.

Consequently it is important that the project is commissioned when the electrpites or the
daily/hourly fluctuations are highThe fluctuations in energy supply are expected to increase
considerably in the future, due to the large shares of intermittent RESHiseee109).
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Figure109: The increase in extreme electricity pes in the future for the EL28 plus Norway and Switzerland (sour
https://energybrainpool.com/en/trends-in-the-developmentof-electricity-prices-eu-energy-outlook-2050/)

From the discussed alternatives of varying interest rates and profit from electricity vending, the
A0FyYyRIFENR 2LIiA2Yy Aa F2dzyR Y2ald NBlrazyloftSe® ¢KS
revenue of 294 millioneuroandl bt + 2F2¥MRANBR (2 GKS HnHYe AYy |
MdpD2 AG2N}Y3IS AadftlFyR AY HnHo F2NJ 0KS bSGUKSNIIYR
(De Joode et al., 2014). When extrapolating the revenues over the installed power the annua inco
g2dd R 60502YS HodcpgKmdp por2rdd RIC OB @2y R (2 | yS
FLIWNZEAYIFGSa GKS WI A3IK SHBNHEe2ENK OHOYy a dS wib Mk R
still be a conservative scenario, since the storage facilitylvaot just be connected to the Dutch

market, but also to the other North Sea countries.

a
['fl

All in all it can be concluded that billions of euros are to be eamed for acoefiected offeore
pumped hydropower facility in the North Sea.
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8.8.2 Contributono £ AT AOCU OO1 OACA O OEA Owil Aocu EOAS
During the design and the costs calculations it already became clear that the combination of a
storage reservoir and the energy island is mutually beneficial. The dredged mé#tetiddlecomes
available from the inner reservatan directly be used for the construction of the island. Additionally

the installed power of the storage plant can be extracted from the necessary interconnector cables
(1C) running to the mainland. The pumped hydro plsself benefits from the prime location directly

next to thegiant wind farm and the linkage with the multiple North Sea power markets.

One of the research questionsithin the group of students enlightening diffexeaspects of the
energy hulwas:dWhat is the optimal location for the Hub and Spoke concept in the North Sésa?"
scope contained an offshore wind farm (OWF) of 30GW to be connected via an artibadltslall

the North Sea countrieOne of the envisioned locations is the Dogger Bank (at 55.48N; 3HSE).

this location it is checked how energy storage can affect the overall business case. For determining
the required size of the storage and powepacity theearier20 to 40% rule is adopted (se@.8.3
Required energy storage capagitZonsidering the very wetlbnnected grid the lower limit of 20%

of intermittent RES capacity is applied. The storage facility then consists out of 60GWh and 6GW of

installed power’ The results are depicted Figurel110
160

Costs components offshore wind
development in the North Sea

bn€

140 +

120 +

M Costs without storage

B NPV revenue without storage
100 +

M Costs with storage

20 m NPV revenue with storage

60 ~

40 +

20 4

Island OWF (30GW) IC Energy storage Total Profit

-20
Figure11C: The business case of creating a giant offshore wind farm in the North Sea wvithithout energy storage

Note the negligible costs of the island itself and the reduction in interconnector cable costs in the storage alterr

The island, OWF and IC costs are discounted and obtained from Gerrits (2017)

From the fgure above it could be deducted that energy storage is the key to turn the whole project

from being unrewarding into a profitable case. Although this may be the case, it should be
approached with great care. Large uncertainties lay in both the OWF codttha OWF revenue,
which are the largest and governing factors of influence.

The difference in profitability of 4.5 billion euros is only of secondary importance. The main benefit
lies in the fact that when energy storage is included the whole energy lgupgcomes both
sustainable and reliable. Without storage the energy supply will remain variableviitdushave to

be supplemented by fossil fuelled generating upviich diminishes the overall sustainability.

2Such a large scheme will have to be placed in slightly deeper water (>20m) to avoid obtaining an excessive
amount d redundant dredged material. Therefore the CAPEX will be a bit higher (max. 10%). In this indicative
computation this added costs is neglected.
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9. Discussion

The obtained resultare evaluated in this chaptem their reliability and general applicabilitfhe

costs components are all defined by using deterministic values. Most of the values however are
uncertainand could either improve or worsen the business case for offshorepedninydropower.

Due to the limited amount of time and vast complexity a full probabilistic approach could not be
performed.Instead the current design is critically reviewed to see which components might turn out
to be more costly than expected and wheleteliespotential for savings.

First the elements that determine the storage and power capacity expenditure are reviewed and
afterwards the levelised cost of storage. Ultimately it is discussed how these caud® applied in
the future and what thempactof inverse offshore pumped hydropower storage could be.

9.1 Storage capacity
To assess how the construction costs m Dam costs grouped per section
alter from the earlier presented formula, the
components are reviewed individually. E
analysing the designs and the used data
can then be estimated how these costs mi
change When all upper and lower limitare
combined they can form a reasonable uppx
and lower boundary.

® Core

M Drainage & soil
preperation

m Toe protection
M Slope protection

® Water retaining
measure

Be aware that only the governing
engineering parameters are mentionec
There are many other factors of influenc

(technical and financial) that could affect thFigure 111 The components that constitute the da
cost range. construction. Note that the core and water retaining meas

originate from the dredging proces

The relative fat 2 NE 2 F S OK LI NI OFy 6S Ydzf GALX ASR gAGK
CKS WaoltAy3a FLFLO02NDT GKS LI2gSNI Ay GKS Oz2aid T2
storagecapacity ratios stay the saméhe potential higher costs or sags are explained ihiable39.

Element Potential extra costs or savings Upper | Lower
limit22 | limit

Core & water| Both rely on the dredging process and costs of equipmen 2.18 0.905

retaining case it proofs to be impossible to obtain a 100% filling rati| (1.50)

measure the grab and only 50% can be achieved, the cdstsle.

A 20%changein dedicated equipment costs results#9.5%
Drainage & soil| n nek¥ & | aadzYSR 2@SNJ | LISN 25 0.75
preparation However, when the consolidation process and draining (2.0)

excessive poor water pressures runs into problems, the w
construction process will be delayed. Totigate this, large
investments might be made in order to speed up the

LINB LI N} G§A2yd ¢KS NBghtb&Bquired C

Toe protection | From physical modellingt might proof that the dimension{ 1.1 0.182

I The values between brackets indicate a more likely scenario when the large risks of the filling ratio of the
grab dredger andiaborioussoil preparation are adequately mitigated
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obtained from the guidelinesra not sufficientor excessive
Thereforeal0%ratio isassumedor the toe design

In the current design the complete periphery is armourec
resist 8m wavesNavesfrom the south or easare only 4 to
5m high for a similar return period. This leads tioe
assumption that approximately hatff the circumference cal
be executed at half the protection costs (25% reduction).
All possible measures were taken in terms of macro stab
After a comprehensible soil investigation it might proof tt
the expens/e toe foundation of quarry run can be avoide
This would save 73% on ttee design.

Slope Just like the toe, the slope protection is evenly desig| 1.1 0.675
protection according to the guideline®hysical modellingray influence
the design with 10%. The savings in armouring around
periphery also apply to the slope (approximately 25%).

Weighted total | All upper and lower limits are multiplied with each oth¢ 1.57 0.62
after their relative share in the overall sts has beer (1.31)
accounted for (se€igurelll)

Table 39: The upper and lower boundary of the costs to create a certain storage capablgte that differences in
construction or material costs are not incorporated and neither is the planning

Thelargestrisks of higher costs lie the dredging process and soil preparation. Therefore extensive
research will be necessary to ensure an edffitidredging method and drainagBoth these things

can partially be avoided by thorough testing and-tnyts. Consequently it is assumed safe in a worst
case scenario to obtain a 75% filling ratio of the grab and perform the drainage and soil preparation
F 2 NJ §. Fihe rediting upper limits are statedTable39between bracketslt shows that an early
inventory of the potential risks and appropriate mitigation abltad toa maximum cost reduction

of 26%(seeFigurell?).

Table39 states that there lies great potential in improvements of the slope and especially the toe
design. Currently a lot of quarry run materal is present in the design to safeguard the maditystabi
AppendixF: Influence of toe material on slope stabilghows that when normal clay conditions are
presentthe use of quarry run could be avoided. This regsel investigations and genodelling.

7

bn€ | 0 Upper boundary The upperand Iower.
6 ] boundary together with
O Lower boundary Mitigated risk_ﬂ Fﬁ’f -_— _ the actual costs formthe
’ O Max. with sound design - - \k_ graph§hown inFigure
4 - 112 Since the lower
boundary carmostly be
3 achieved by a better
5 design, the maximum
\ Largely possbile costs are actually quite
1 by (toe) design close to the one that has
improvements beenused (0.96*1.31 =
0 ' | ' ' ' ' | 1.25=blue ling.
0 10 20 30 40 50 60 70

Storage capacity (GWh)
Figure112 The upper and lower limits of the reservoir construction costs.eThlue
line indicates the maximum costs for an optimised design (=upper bounda
improved design)
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9.2 Power capacity

For the assessment of the reliability of the Francis pdmpine and housing costs the se
methodology is applied. Only now there are only two elements distinguished: the turbines and the
civil works.The civil works have to deal with the same uncertainty and risks from the dredging
process for the excavation of the trench. However, it wasvpn that compared to the turbine
housing costs the dredging of the pitis minir(felgurel03).

For 2.65GW of power the housing and the turbines are responsible for 69% and 31% respectively.
Since the costs of the turbine housing has not been propery calculated (interpolated from literature
data), the largest uncertainty lies there. Consequentiyoild be imaginable that the costs may be
50% higher or perhaps 30% lower. This large range would not apply in the real world, since the
construction of the prefab elements would actually take place in the most controlled environment.
Until a rightful costcalculation has been made the unfavourable range of +50%3®0 will be
maintained.

A similar situation exists for the purrprbines. All Francis units would be custom made and the
corresponding costs could be accurately estimated by the manufacturety @uaring the
transportation and the installation of the electrical and mechanical equipment minor setbacks could
be encountered(~5%) However, the reviewed literature does not provide enough confidence to
adopt an evenly small uncertainty rangenvelveprojects with Francis pumfurbinesand a manual
hasbeen analysedrom the Norwegian Water Resources and Energy Directorate (SWECO Norge AS.,
2012). Yet not a very convincing relation between power and costs was found which leads to the
assumption of an ucertainty range of 20%.

Together the cost ranges sum up to an upper boundary4dPdand a lower boundary o73%as
depicted inFigurel13 Note that these are not physical boundaries, but only present due to a lack of
information. In reality itisnore likely for the expenditure to vary between 110% and 90%.

5,0 -
bn€ Power capacity costs -

4,5
4,0 /
15 ——Standard /
10 —— Upper boundary / /
25 Lower boundary / /
2,0 / /
/

s e
1:0 / /
0,5 #

0,0 T T T T 1

0 1 2 3 1 5
Power capacity (GW)

Figure113 The range in CAPEX for the power capacity. Note that the large range is the rest
lack of information, not from technical risks!

139



9.3 Levelised cost of storage

All percentages and factors named are extremely rough estimations and mostly without proper
scientific background. They are based on experiences and insightsdgdining this research.
Although the cost ranges may be hard to justify, they can offer a potential worst and best case
scenario.

To get a good understanding of how competitive an offshore pumped storage plant could become,
the discussed CAPEX ranges tlir storage and power capacity are turned into LCOS values.
Additionally the annuabperation and maintenance (O&M) cost rangeeds to be determined.
Initially 1% for the civil costs and 4% for the electrical and mechanical equipreeatmplemented.

Asan upper boundary double the O&M costs are used and half for the lower boundary. Combined
with the CAPEX scenatrios tleads toa maximum and minimum LCOBhe resut along with the
standard casare presented iTabled0.

Standard Maximum Minimum
#1 0 %8 | Al O 217 3.67 0.634
/ 0%8 j Al 0Q 0.110 0.220 0.055
, #1 3 | OF¥- 7 40.0 68.2 19.0

Table40: The uncertainty in various aspects of the construction and maintenance works lead to a most costly and most
beneficial caseealistically conceivable. All three scenarios are based on the chosen variant of 25GWh and 2.65GW from
88.7 Levelised cost of storage which the amount of installed power defers an equal quantity in grid investmetitat is
extracted from the CAPEX heW¥ aximum(ost is baed on theupper baundary cost with an optimised design (blue line
Figurel12).

The outcomes of the extreme maximum and minimum situations indicate two things:

1. In the worst case scenarithe offshore pumped hydropower variant is just as lucrative as a
competitive conventional PHS plant (LCOS ranging frogrilG0)

2. In the best case the storage facility in the North Sea would truly enter territory unknown to
historical energy storage plasit

Based on the findings in this report it can comfortaby concluded that the business case for
inverse pumped hydro is very strong. Even when phgject faces enormous setbackike: half the
production rate of the dredging equipment, twice as much spending on sail treatment, double the
maintenance costs and a 50% more expensive turbine housing, the enterprise would\stl ke
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9.4 Comparison with previous literature
Even thaigh the offshore pumped hydropower storage idea has been around for decades, limited
research has been performed to understand the mechanisms and complexities regarding the

realisation of such a project.

In the four case studies which have been investidateat similady construct one reservoir
themselves and employ the sea as the other reserwaire reviewed Plan Lievense and the Slufter
rely on an inner reservoir with a water table that is above the sea level and the Energy Island and
TIESI have theieservoir below the sea, justlike in this thesis.

To compare the scalars from the literature and the ones produced in this report, the thoroughly
analysed 25GWh with 2.65GW variant will representdb&ined results (seEigurelld).

Linearised capital costs

700
Me W Literature 602
600
B Dogger Bank

500
400
300
200
100

O .

Dredging & dam Housing turbines Pump-turbines
construction JGW /GW
/GWh

Figure 114: The linearised scalars that were obtained from the case studies ('Literature’) an
performed research (‘Dogger Bank'). Note that the scalars for the Dogger Bhakge for differer
storage and power capacities.

As can be observed no trend can be distinguished between the results from the literature and the
newly gained insights. This is caused by the many different parameters that dete rmiroevetel
costs, which can cancel out against one another. However, large deviainshs$echnical choices
were encountered:

The dam costs for the pumped storage facility on the Dogger Bank are four times asshigis

accounted for in the literatureC2 NJ G KS W9y SNHe& LaftlyRQ GKIFG ¢2dzf |
O2ladt> GKS RFEY YR RNBRIAYy3IA O2aia 62ddR 0SS HTI
Bank.9 @Sy Ay GKS Y2ad 2LWGAYAaGAO0 aOSyINx2 (GKS RI
boundary fromTable39). Although the wave conditions in the middle of the North Sea exceed the
environment in front of the coastline, it can be concluded that the necgsaamouring has been

seriously underestimated.

In the previous studies most dams were constructed out of sand, therefore a slurry ben(Sije
gttt KFER (2 06S AyOfdzZRSR Ay 2 Nt $hetoisitlere® N HamnS | y
though, no addional water retaining measures are required. Solely a potential sand layer near the
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reservoir bottom would need sealing. This can best be executed by dredging and replacing the
conveying material with selected clay.

The turbine housing component is nearkqual, since the costs were estimated by this scalar
obtained from the case studies. The small difference is caused by the assumption that the CAPEX
decline for the housing with 2.5% per installed turbif@e reduction in costs as the power increases
accounts for the learning curve during the construction works, sharing of equipment and mobility
costs, economies of scale and the relatively lower dredging .cositsl a more detailed construction

method and cost computation is made it cannot be said wheththe literature over or
underestimated the costdlt is likely that the housing costs will be lower, because the employed
GdzNDPAYySa IINB (6AO0S GKS &aAil Sz ySOSaardalriAaya 2yt
tailraces.

The pumpturbines are @arly less costly than previously thought. This is the result of using a turbine
twice as large, 265MW instead of 125MW. Thereby itis proven that it was a misconception that the
costs of a turbine do not relatively decline as the powerisincreased.

9.5 Remarkable findings
In general another few rearkable characteristics were discovered that were either not identified or
ignored in previous research

A very large inner berm has to be added to overcome the combination of macro slope stability and
uplift at the inner toe.

The optimum depth of the reservoir does not lie between 30 and 40 metres, but much deeper.
Effectively only the water level between the MSL and the seabed needs to be retained by the dam
(which does needs to be high enough to restrict theertopping) In case the inner reservoir is
excavated below the original seahethe water level that the dam has to resist remains the
difference between MSL and the seabddhe water level difference between the bottom of the inner
reservoir and the sabed is simply retained by the existing soil (underneath the constructed dam).

The use of a grab dredger takes away the limitatibrthe practicalmaximum dredging depth of a
suction dredger. Since the storage capacity is a function of the head diffessjuaged, a deeper
reservoir is preferred, because it will shorten the necessary dam length. For an inverse offshore
pumped hydro storage reservoir the optimal deptiil rather approach 60 metres.

The need for shallow water to enable the implementationaof offshore storage system is not as

correct as would be first assumed. Naturally the dam costs will increase when it is located in deeper
water. However, the dam costs only form about a third of the total capital expenditure. In case a
storage system lger than 25GWh is desired the facility should gradually move to deeper witers.

not, it is likely that the amount of material that becomes availabBO(O>million cubic metres) cannot

0S Iftt20FGSR (G2 2GKSNJ LldzZNLR2asSa o6GKS WwWSySNHe& Kd
depositing and transporting of left over material is unwanted and it would be favourable to move to
deeperwaterinstead.

A larger reservoir (>25GWh) does benefit from its scale compared to smaller alternatives. This scaling
advantage counters the added dam costs induced by the larger water depth. Consequently the
NEBflGA2y SEAaGaAY GiGKS I NESNIKKSKNEAB NDS AL ®NE ¢ & &
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inverse storage plantis not limited to depths of maximally 20 metres, but more likely to 40 metres
(afterwards the dam and armouring costs will counter all scale benetittjnately the concept of
inverse pumped hydropowert@rage has a much wider application rantgan wasuntil recently
believed.

The influence of cavitation on the design for the turbine housing isimmense. To avoid this
catastrophic phenomenon the turbines need to be installed at depths far below the battone

storage reservoir4c 18 metres). Additionally a draft tube that enables the maximum use of the

head difference between the reservoirs is necessary. This draft tube reaches a depth of roughly three
times the runner diameter. For a40m head di#ace the maximum depth of the powerhouse

extends till 90 metres below mean sealevel.

The challenges regarding the turbine housing were not clearly identified and pose a cbttadle
in the realisation of the whole energy storage scheme. The proposestruction method with
modular box caissons is deemed appropriate to deal with the circumstances and consequently
enable the implementation of an inverse offshore pumped hydropower storage facility.

It should be noted that the results are certainly nimnited to a single case on the Dogger Bank,
rather they are universally applicablehestated design choicemd relative costs components may
act as guidance from whithe given formulae and factors could easily be transposed to any other
case. By doingp it can quickly be assessédn inverse PHS systaapossible and whether it
provides a profitable business case.
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10. Conclusion

Billions of euros lay for the taking in the newly emerged storage marketrelore the offshore
pumped hydropower girage plant does not only offer environmental benefits (integrating large
shares & RES to combat climate change) or societal benefits (employing thousands of peaple)
also extremely lucrative from an economic perspective.

In this chaper the main cowlusions of the performed research are first briefly stated when
afterwards the choice and the scaling of the four building blocks of the storage fadéty, (

dredging, turbines and housing) are elaboratédK SNB o6& G KS NBaS| NOKsdf dzS& G A 2
an offshore pumped hydropower storage facility on the Dogger Bank scale with the power and
d&02NF3S OF LI OAaGes dzaAy3ad SEA&aGAY3T O2yaildNHzOGA2yY

Regardig the technical characteristiend scalingt was found that:

- Constructing an inverse offshore pumped hydropower storage facility in the middle of the
North Seahat can cope with the discussed failure mechanissossible

- As the head difference between the reservairs is increased the overllper metre) dam
costs declineThis is characteristic for inverse offshore pumped hydropower.

- The optimum depth of the reservoir does not lie between 30 and 40 metres, but will rather
approach 60 metres (enabled by the use of a grab dredger).

- A largestorage reservoir is more economical compared to a smaller one from a civil costs
perspective. Storage systems smaller than 10GWh should be avoided.

- In case the pumped hydro system is built in 20 metre deep water a storage capacity of
25GWh is preferred fothe wind development plans in the North Sea. In case a storage
system larger than 25GWh is desired the facility should gradually move to deeper waters to
limit the amount of material that becomes available.

- The inverse storage plant is not limited to diepof maximally 20 metres, but more likely to
40 metres for reservoirs larger than 40GWh (afterwards the dam and armouring costs will
counter all scale benefits).

Concerning the costs and benefas alternative with a25GWh reservoiand 2.65GW of instéd
powerhas been researched, which showed:

- The levelised cost of storader various (economic) conditions estimated to vary between
Mcdp | YR whwhibhnenkea2akR K | LIS NE Y2ad NBlFazylof
system connected to the North Seaumntries and a large wind farm (~10GW).

- Due totechnicaluncertainties in the present soil conditions, equipment and design the LCOS
2T nnex aandgefroficy PHe K2 KpPneka2 K Ay GKS NBf I (A
scenario.

- In the worst case scenariti¢ offshore pumped hydropower variant is just as lucrative as a
competitive conventional PHS plant (LCOS ranging froqrilG0)

- In the best case the storage facility in the North Sea waulty tenter territory unknown to
anyhistorical energy storage pléan

- ¢ KS nn eveutd?niakeoffshore PHS 3 to 18 times less expensive than batteries or
power to gas (both are currentiynder consideration toncorporatethe large shares of wind
energy fromthe North Sea).
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- Itis more beneficial to store energy and releasat a later time than letting the energy go to
waste and just generate new fossil fuelled electricity insteBs is caused by the fact that
the chosen fadilityhas a lower storage costs thah2 8 A At FdzSf 3ISYSNI GAy 3
versusbsmnce ka2 Ko

- The considered reservoir is expected to have a Net Present Value of 610 million euros, which
could reasonably become 2.9 billion euros.

- The profitability of the projectis sensitive to the energy prices and the interest rate.

- The economic value is largalietermined by the electricity prices during the first 30 years of
operation.

The whole research into energy storage was instigated by the plans for the development of a massive
wind farm (>30GW)pn the Dogger Bankia an artificiallycreated island The cost of the island,
offshore wind farm and the interconnector cable®re acquired simultaneously by Gerrits (2017)
Therefore ascenario with and without storageould bedeveloped. Although large uncertainties lay

in especially the wind farm costs and revenues, itshdwpromising results: For a 30GW wind farm

and all related costs the NPV ended up at minus 1.8 billion euros. By adding an adequate storage
system (6GW dhfstalledpower) the value turned into a plus of 2.7 billion euros.

All signs and gathered results point in the same direction: the opportunities for offshore pumped
hydropower storage are immensdhere are firsimover advantages while largely relying late-
mover technology. In other words: operating such a large scale storage facility, without comparable
competition (monopoly), could lead to large profits. While the research and development costs,
which are usually exceptionally high for pioneering@pts, stay limited since almost all technology
used has beenlong proven.

Though it is certainly helpful, thprofitability of adding storage to a renewable energy powered
economyis only of secondary importance. The main benefit lies in the fact thahvelmergy storage

is included the whole energy supptgn becomeboth sustainable and reliable. Without storage the
energy supply will remain variable and will thus have to be supplemented by fossil fuelled generating
units, which diminishes the overall dagability.

This research presents the first viable offshore pumped hydropower storage facility thatis
undoubtedly lucrative, without relying on potential revenues or investments from other functions.
Thereby it may offer a valuable link in the transitimwards a green econonand within the
development of large scale offshore wind energy in the North Sea
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In the following sections thgeneralconclusions from the technical design of the four building blocks
are stated. It should be noted that the seais are certainly not limited to a single case on the Dogger
Bank, rather they are universally applicable. With the stated design choices and relative costs
components, combined with some engineering judgement, the given formulae and factors could
easily e transposed to any other case.

10.1 Dam design

The design of the dam roughly consists out of three aspects: The outer protection against waves, the
inner slope and the water retaining measurat is used to seal the undgrhg water conveying sand
layer.

An Xbloc design was made for the sea defenexabse of its ability to deal with extreme wave
conditions large dependence on locally sourced core material and abetsle failure mode than a
caisson strature. It proded that for the whole dam the costs are for twtbirds shaped by the
armouring against the severe wave environmehherefore massive savings can be accomplished
when the pumped storage plantwould be locate@atmer waters

Due to the local geology aribe bursting criteria, the maximum head difference would be 41.45m of
which 40 metres was chosen as a practical limit. A large inner b&sadded in order to deal with
the combination of inner slope stability and the uplift/bursting mechanism at thesiirtne. This
mixture of forces led to an inner berm of 113m wide!

In order to operate the storage reservoir, the top sand layer has to be sealed. From the various
techniques that can do so, the simple dredging and replacing the sand with firm clay option i
favoured. The sand layer that lays betwedBm and-50m relative to MSL will be replaced with the
Wg2N] SASKKFIRNIADNIYI O2aia 2F MMIYyHpekY®

From the seepage computations it appeared that, when choosing very conservative permeability
characterisics, the leakage through the dam, retaining measure and underying clay could all be
neglected. The final design passed all the safety criteria that were consideféd. dam costs

AyOt dzRAYy3 GKS aSFHfAy3a YSI adzNBE I NBe tErasistiaYvatr SR | G
level difference of 40m and waves of 8m.

10.2 Dredging process

In order to reuse the dredged clairectly in the core of the dant was found that the clay has to be
dredged mechanicallHydraulic dredging would destroy the good qualities of clay and turn itinto an
impractical slurryFrom the discussed two working methods it can be concluded that the achievable
production rate is goveminglhe conventional grad dredgers and barges caly @perate in calm
waters, which would be an exception for the North SBg.using a sersubmerged vessel for the
dredging and a jackp pontoon for the transport, the whole procedure becomes amost
independent from the wave conditions.

In order to dredg the stiff glacial clay dedicated grabbers need to be made. These specialised
grabbers are mounted on a sessiibmersible vessel tha poweed by a dynamic positioning system

to maintain its location The dredged material is then transported and placesl a conveyor belt

system and over a specifically made jagkpontoon. The investment costs of the grabbers (0.5 x
onYeO FyRidaoKSH nadPYAE onnYeov | NB aKFENBR gA@wK GKS (
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LI FGF2NY oOomnnYe 0 dam codsteuttibntadd wilkdeSTRIly paidl fod. Théss are all
conservative assumptions, since the dredging equipment will definitely still have arest value.

Based on the large price difference the innovatidemisub & convegXconstruction process is the
chosen alternative. It is a convenient paradox that due to the harsh working conditions on the North
Sea eventually a very efficient dredging processdeveloped. The sersubmersible and jaclp
platform optimally benefit from the unique occasion of hayito transport such large volumes over a
very short distancdn total 310 million euros are required to invest in dedicated dredging equipment
to construct the dam. For a storage reservoir on the Dogger Bank with a 40m head difference the
dredgingunitpk OS A& odnekY

10.3 Power generation

To limit the need for civil works a turbine was chosieait can both generate power arqglimp water

back up. Since the Francis type is able to achieve slightly higher efficiencies than the Kaplan
equivalent and the Frasis one was recommended by all the previous studies in similar conditions, it
is the preferred choice.

It wasdiscoveredthat it is much more economical to install a few large turbines, instead of many
small turbines. Hence, the largest purpbine (whichis feasible todayandcapable of converting a
700m3/s discharge into 265MW is the favoured choicera¢stimatedcost of 73.3 million euros per
unit (excluding the additional costs for a stainless steel runner and cathodic proteciibe)
discharges ath dimensions are comparable to the two largest hydropowejects in the world: The
Three Gorges Dam in China and the Itaipu Dam on the border of Brazil and Paraguay.

The effect of cavitation managed to have a drastic impact on the turbine design. Tenprev
disastrous undepressures in and around the turbines, the units need to be placed sufficiently far
below the lower reservoilevel Since the installation depths for all turbine sizes were problematic,
the largest turbine was chosen anyway. Althougk tivil works are more costly per turbine the
number ofrequiredpenstocks and tailraces decreaseading to an overall saving

In order to deal with the corrosivealine environment measures had be taken. Experience from
the Okinawa Yanbaru seawatHS plant and various tidal energy plantsophat using a stainless
steel runner, and cathodic protection for other steel parts is ample to deal with the harsh
surroundings (Fujihara et al., 1998; Rijkswaterstaat etal., 1985).
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10.4 Housing of turbines
The pumpturbines should be

placed inside thefuture dam R
itself. When the powerhouse —
would be installed behind the

dam, the longer penstocks — )
would reduce the roundip g

. o
eff|C|ency by anextra2.7% Figure115: Design of the turbine housing constructed with modular caissons

Per turbine a single reinforced concrete penstock with a diameter of 13 metres was chased on
its minor losses and reasonable construction costs

From the available construction methqdan excavioon with modularbox caissons is the mostly
likely option to beable to construct the powerhoustll 90 metres below MSL. Three prefabricated

box caissons are sequentially sunk and stacked upon each other. Afterwards the penstock and
tailraceareconnecedand the dam can be built on top.

Connecting such largaructures horizontally with Gina gaskets is common practisamersed
tunnelling projectsVertically however a detail was developed to ensure sufficient compression of
the rubber to seal the likage.To prevent sliding or movement between the caissons a horizontal
shear key will be necessary.

Although the individual caisson elements have not been designed up to great detail yet, the
construction method together with the studied connectigm®vide enough confidence to assume
the turbine housing canindeed be realised.

Thereby the final link inthe energy storagesystétha 0SSy |yl f @aSR® 2 AGK | f f
feasible it can be concluded that installing and operating an inveusgped hydropower plantin the
North Sea is possible.
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10.5 Scaling of an offshore pumped hydropower storage facility

In this section the main research question of how an offshore energy storage plant scales with its
storage and power capacity is answerdtie costs of the discussed energy storage plant are largely
determined by:

- Armouring of the dam to cope with the wave conditions

- Sealing of the undeying sand layer

- Combination of inner slope stability and uplift of the inner toe

- Operational waves forredging the stiff clay

- Preventive measures against cavitatfonthe turbine runners

- Construction method of the powerhouse

- High maintenance costs of the electrical and mechanical parts

The costs that are stated above were divided into two groups: stotagacity and power capacity.

The storage capacity is created by the dredging of the inner reservoir, the subsequent construction of
the dam and the water retaining measure (replacing the sand layer). The Francistpdmmes and

its necessary housing ana and outlet system compose the power capacity.

For all involved civil works an operation and maintenancascof 1% of the capital costs wased.
Due to the corrosive environment 4% of the capital expenditure ictetl and mechanical parts
wasadopted.

When all costs are combined (except for planning and design costs) the expenditure scales as in
Tables7.

Element Capital costs MO ¢ Operational and maintenancecosts (MO 7 U

Dedicated equipment 310 -

Storage reservoir (E=GWh) | 10%*0.7209*E°* | 10*0.7209*E°* (= 1% of CAPEX)

Power generation (P=GW) | 10**0.8746P%°**® | 4¥100.8746'P°°**® (= 4% of CAPEX)

Table41: Total costs relatedo the creation and operation of an offshore pumped hydropower storage plant in the North
Seawith a maximum head difference of 40 metres

From the obtained results it can be concluded that it is beneficial from a civil costs perspective to
deploy a large eergy storage system. Moreover itis advised to implermeestorage capacity larger
than 15GWh, since for smaller sizes the dam size is relatively large compared to the reservoir.

Furthermore one has to be aware that for the dredging costs the assumptas made that the

material from the inner reservoir that is not needed for the dam construction, would be dredged and
LJFAR F2NJ 60 GKS ONBlFOA2Yy 2F GKS W9ySNHE KdomQ
presumption for small to medium sized resengo{0¢ 25GWh). However, for larger reservoirs it will

become problematic to allocate the redundant material for other purposes. Consequently these
bigger schemes might have to carry higher dredging andie located in deeper water

Contrary to the stomge capacity, the power generation scales almost perfectly linear. Therefore
hardly any scale advantages are realisable, especially not when concerning the costs of capital.

To decide how large the storage and power capacity should be per case, extwieding is
required. The profitability is largely determined by the (fluctuating) electricity prices. This research is
expected to become available in 2018 through Witteveen+Bos.
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11. Recommendations

The idea of Luc Lievense about artificially creaéingnergy storage reservoir has been laying on the
shelf for nearly four decades. At the time wind enedig not develop as quickly as initially expected
and the project lost interest. Nowadaysffshore wind is being installed and planned on a
unprecedanted scale, making the business case for energy storage more lucrative than it has ever
been before.Therefore the time to initiate the realisation of inverse pumped hydropower storage is
now.

The performed research proveisat energy storage can be a vahle contribution to the planned
b2NIK {SI WSySNHe& KdoQd !f iK2dzaAK +Fd FTANRG GKS
found that it may be more advantageous to commence the whole wind project further into Danish
waters. Thereby the sensit natural area of the Dogger Bank would be avoidEae obtained

results show that the storage system is versatile and could evenly be constructed in deeper water (up
to 40 metres). Theole restriction is the presence of an appropriate clay layer.

In order to attain more profouncknowledge othe optimal dam design, best time of investment and
required storage and power capacitiesome recommendations are madelhey are stated in the
same order of: dam, dredging, turbines, housing and benefits.

Dam & reservoir

Most important to realise the offshore pumped hydropower storage facility is a detailed soil
investigation. The presence and condition of the clay can determine whether the project is practically
feasible. Slight differences in soil properties beérnethe assumed and actual values can already
resultin large savings or additional expenses for the dam design.

Other failuremodes like settlement (partially dealt with for the outer protection), collision by ships
or drifting iceshould be investigatedrhe drifting ice loadboth from the North Sea as from the inner
reservoirneed to be quantified The Dogger Bank sea water temperature varies fron€ 5o 15C
(Eisma, 2006). Therefore only drifting ice may pose athreat.

From guidelines it was concluddldat micro stabilityfor embankments with a clay core does not
pose a threatHoweverrapid drawdown ofthe water table in the inner reservoirshould still be
regarded

The effect of infiltration on the phreatic line in the ddmas to be analysed\ raisedvater table leads
to lower effective soil stresses and thereby shear resistance.

The nner slope protectiorof the damfor during the construction phase yet to be optimisedSee
8Slope protection during construction

Possibly arown wall against risup may be advantageoug\ddinga crown wall to limit the rurup
and corresponding discharge over the crest might be more economical than a high dam (plus its
larger inrer berm required for the stability).

The dam closure operation needs special attention. No serious problems are expected since the tidal
differences and flow velocities are relatively limited (compared to for example the Deltawerken in
the Netherlands).
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The unknown achievable depth togethewith an unconvincing history letb the fact that jet
grouting was set aside After further research and a comprehensive reliability studyguting
mightbecomea potential candidate to seahunderlying sand layer

Effects of an offshore energy storage facility and theamd outflow on surrounding morphology.
Similarly the occurrence of sedimentation or erosion of the inner reservoir needs studying. The
sequential in and outflow may cause the formation of guti@and channels in the reservoir bottom.

In an extreme case this might affect the stability of the clay layer, which would result in a restriction
of maintaining a minimum water level to reduce local flow velocities. Therefore it could lead to a
reduction n effective storage capacity.

How thewater quality in the inner reservois affected by (temporary) stagnation of the water table.

Dredging
The possibilites regarding the use of RES for dredging operations are recommended for future
studies (using the@ighbouring energy hub for the construction of the dam).

The influence the conveying transportation method and the dropping of clay atheverater level
have on the clay properties.

Turbines

It can be interesting to research the possibility of usinifaplan pumgurbine. In case it can be
positioned higher than the Francis altemative or the draft tube would not need to be as deep then it
might be more competitive, since it requires less excavation and civil works. Alternatively the use of
horizontally placed axis Francis turbines or inverted Francis turbine could reduce the necessary
runner and draft tube depth. The extra costs that come with these options, due to smaller turbine
sizes, can then be weighed against the reduced housinggestarbine.

Housing of turbines

Better insight in turbine housing costs atide proposed constructiommethod. A question that

remains iswhether it is possible to apply the same construction process for a deeper reservoir
(~60m). In case there proofstobe a (prdctic 0 f A YA G GKS adFdiSYSyid 2FY ¢
RAFFSNBYOS Aa NBO2YYSYRSRE YAIAKG KI@S G2 0SS FRe

In order to achieve the desired lifetime of the pumped hydropower plant, the presence of sulphates
and other chemicals in the clay or soil thandharm concrete should be investigated.

Benefits

The kenefits of energy storagen both a societal and financial level need further understanding.
Compared to electricity generating plants, storage provides other advantages like energy security or
the integration of large shares of RES. Those assets are hard to quantify and monetise.

Energy price modelling is required to estimate the revenues and best time of commissioning.
Thereby the expected peak in prices around 2928035 needs to be weighed against the larger
fluctuations and spot prices around 2088d afterwards

Ultimately the ontribution of other functions to the storage facilityeed studyindike solar panels
on the inner slope and berm, aquacultuaed biomassnside the reservoir, natural areas, port and
marina facilities, recreation and housing.
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Figure 86: Diagram of specific rotational speeg) (@er turbine type for a given head (source:

YT =T g ot 0 G PSPPI 104
Figure 87: Diagram for relative runner dimensions and speed coefficient (source: Marence1@9H16)
Figure 88: Diagram for generator size estimations (source: Marence,.2014)....................... 105

Figure 89: Design of the draft tube and tailrace of a Francis turbine (left) and an animation of water
flowing through (right). Note that B here is equal to the previously determinecd,dsource:
Marence, 2016; https://www slideshare.net/swargpatel283/drdifioe)................cccoeeerirnriann.n. 106

Figure 90: The effect of cavitation on runner blades (source: http://authors.library.caltech.edu
DS O T 1o RSy T G102 o o) P 107
Figure 91: Diagram to determine (by extrapolation) Thoma's caviation coefficient (left) and the
vapour pressure head (right) (sagr Marence, 2016).........cccvuuieeeeeiieiiimmm e e eeeiaeeeannee 107

Figure 92: Exemplary hydropower layouts: indoor powerhouse (left) and@etthdor powerhouse
(right) (soure: https://www.linkedin.com/pulse/poweiplantsefficiency-capacityutilizationfactor-

v-r-v; http//www.jasonmunster.com/tag/hydroeleCtiicl)...........ccoeeuieiiiiiiiceeiiie e 109

Figure 93: Alternatives for the location of the powerhouse: behind the dam (top) and inside the dam
(o1 110 o) PSPPSR 109

Figure 94: Powerhouse of a Francis turbine. The draft tube has a significantly wider footprint than the
powerhouse itself (source: Marence, 2016)..........oveiuuiieiiii e eee e 110

Figure 95: Schematization of a pneumatic caisson (source:
http:/Mww.caroldenney.com/oNcerti.NtM)....... ..o 111

Figure 96: The working chamber from a caisson. This caissaumi till 25m below NAP directly in
front of the Amsterdam Central Station to construct the No@uddlijn (source: Pepers, 2011).111
Figure 97. Schematization of an open caisson (source: https://www.slideshare.net/_Yasir_/

underwate FCONSEILCON-58501529) ... ..ccuuiiiiiiiii e 112

Figure 98: The indicative construction process of the twelhinusing using modular prefab elements
.................................................................................................................................... 114
Figure 99: the hybrid constructiorrgress of the turbine housing. Step 1, 4, 5, 6 and 7 are the same
as for the modular @PPrOACKL..........oouuiii e 115

Figure 100: The dredging costs of the trench required for the installation of the turbines. The dots on
the line INdICate @ tUIDINE. ... ... e e e e e e e e e e man e eeee 118

Figure 101: The dam costs per single element (left), where the items with the same colour outline are
ANRPdzLISR G(G23SGKSNJI ONRIKGODP ¢KS (2 Gdthretddpddnici 2F y «
water level difference and handle 8m high Waves...........c.cooiiiiiiie i 121

Figure 102: The costs of the retaining measures as they progress over depth. The mean sea level is
20m abovethe bed level. Based on the large costs difference and the flexibility the dredging
altemative offers, thisis the preferred teChNiQUE...........cooviiiiii e 121

Figure 103: The total dredging costs for a storage reservoir with a 40m maximum head difference

and 5545m3/m of dam to be dredged. The grab & barge process is more competitive till 7.7GWh,

afterwards the semsub & convey process is prefermed.... .o viiiiiiiiecee e 122
Figure 104: Turbine cosger installed power capacity. Data obtained from Alvarado Ancieta (2012).
1 USD from 2012 corresponds t0 0.819 Euro anno 2017..........oevvuuiiiiimmmeeeiiieeeeieeeeieeeeenn 123

Figure 105: Franics purdprbine runner costs (source: Sweco et al., 2012). Price levels are from
January 12010. Therefore 0.133 NOK from the diagram is equal to 1 Euro anno.2017.......124
Figure 106: Total electrical and mechanical costs per turbine.size............cccoevvvceeiieeiinnens 124
Figure 107: The scaling of the turbine housing per installed power capacity..............c........ 125
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Figure 108: Maintenance strategies. Note the concaved shape of the optimal line (source: Burcharth

LA U= VL= [ K P PPUPPTSR 126

Figure 109: The relation between dam and dredging costs awdgs capacity for a maximum head
RAFFSNBYOS 2F nnY | yR.RLEY.02404..2F. . . Qy.emdXek ] YD
Figure 110: The costs of the Francis pump turbines and all related electrical, mechanical and civil
works. Note that the horizontal axis is divided according to the number of turbines (265MW each)

Figure 111: The LCOS for 2030 of the studied IOPHS compared to other storage techniques (WEC,
2016a) and relative to the LCOE adnventional fossil fuelled plants (@nce ka2 KO AY h?9
countries (http://costing.irena.org/media/4110/figst3.png). The orange line indicates the chosen
FEOGSNYFOGADS 2.8 0 KA.2.Kuiiiiieeeeeeeeeeeee e 131

Figure 112: The cash flow for different electricity prices and interest rates. From these scenarios the
‘Standard' one is found most appropriate, wilpayback period of 23 years. Note the refitting of the
turbine equUIPMENT after 40 YEALS. .....u ittt e e ern et e e e aans 133

Figure 113: The increase in extreme electricity prices in the future for th28gtlus Norway and
Switzerland (source: https://energybrainpool.com/en/trendsthe-developmentof-electricity
priceseenergy-OUtIOOK-20507).......ccuuiiiiieeeie e eem et 14

Figure 114: The business case of creating a giant offshore wind farm in the North Seawiitioot

energy storage. Note the negligible costs of the island itself and the reduction in interconnector cable
costs in the storage alternative. The island, OWF and IC costs are discounted and obtained from

(CT o 4 S 201 4 T PSPPSR 135

Figure 115: The components that constitute the dam construction. Note that the core and water
retaining measre originate from the dredging ProCeSS......cvviviiiiiiiiiiieee e 137

Figure 116: The upper and lower limits of the reservoir construction costs. The blue line indicates the
maximum costs for an optimised design (=upper boundary x improved design).................. 138
Figurell7: The range in CAPEX for the power capacity. Note that the large range is the result of a
lack of information, not from technical FISKS!..........oouiiiiii e 139

Figure 118: The linearised scalars that were obtained from the case studies (‘Literature’) and the
performed research (‘Dogger Bank'). Note that the scalars for the Dogger Bank chand&fendi

Storage and POWET CAPACITIES........cuuuueeiiiii et et e e e eet e et et mmm e e eeta e e aeebn e eeeesnanes 141

Figure 119: Design of the turbine haug constructed with modular caissans........................ 149

Figure 120: Most favourable design féine Haringvliiet location, using "wet" dikes (source:
Rijkswaterstaat, 1985).......ccuuuiiiiiieiii et cee e e e e rnm e 175

Figure 121: Artist impression of the Energy island and its multifunctional purposes (source: De Boer
Loy = 1200 4 USRI 177

Figure 122: Impression of the design of the waterpower plant (sowbeeBoer et al., 2007)....... 177

Figure 123: The old sitfepot: the Slufter (sourcgortofrotterdam.com)...........ccceeeveviiiinnannns 180

Figure 124: Crossection of dam design for the Slufte................oioiiiiicin 180

Figure 121: Artist impression of the multifunctional island by Reinout Prins (Source: Beurskens et al.,
2004 e — e nnn et et nnn s 182

Figure 126: Impression of the various components belonging to an undergfidBdfacility (source:
http:/AMww.sogecom.nl/energy.ntml)............ooiiiii i 185

Figure 127 Concep of Stored Energy in Sea (source: http:/forschung
energiespeicher.info/en/projektschau/gesamtliste/projekt
einzelansicht/95/Kugelpumpspeicher_unter WasSer))..........c.cooveviiiiiieeeiieeiieeeee e 187
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Figure 128: Crossection of concrete sphere (source: http://forschung
energiespeicher.info/en/projektschau/gesamtliste/projekt

einzelansicht/95/Kugelpumpspeicher_unter_VBa).............cooiiiiiiiiiiiicee e 188
Figure 129: The 1:10 pilot being installed (source:
https://www.energiesystemtechnik.iwes.fraunhofer.de/en/projekte/search/laufende/stensea.html)
.................................................................................................................................... 188
Figure 130: Shares of total COStS per COMPONENT...........ccvuiiiiiiiiceeie e eee e 189
Figure 131: Scalars of linesed costs per component of a PHS facility..............ccccceevieeenins 190

Figure 132: Sea level rise irethlorth Sea (mm/year). Local differences can be explained by storm
surges, sensitivity to water sep and subsidence of the land. From this figure a sea level rise of
3mm/year is assumed for the Dogger Bank (source: NIOZ et al., 2015)...........cccoevevvneennnnnn. 192

Figure 133: Storm surge levels in the North Sea (cm) obtained via a schematic storm wistaatcon
northerly wind of 23.2m/s and real bathymetry (Sindemrmann & Pohlmann, 2011). For the Dogger
Bank a storm surge of 1¢2L.4m will be taken into aCCOUNL............covvviiiiiiiicceieeee e, 192

Figure 134: lllustration of the amphidromic points in the North Sea. Thee lines indicate lines

of equal tidal range (high water level is thus in the order of Hadf tange!). The outline of the
Dogger Bank is depicted in red and the Dutch part of the bank has a blue perimeter. The figure was
modified from Borger et al. (2014) and Kvale (2006).............oeeiiuiieiiaeeeeeiieeeiie e e e e 192

Figure 135: Extreme value analysis on the wave return period (source: Frolke,.20Q17)......... 193

Figure 38: Soil profile taken from Dutch part of the Dogger Bank. Leem = mud/loam, Klei = clay, Zand
fijne ategorie = fine sand category, Zand grove categorie = coarse sand category. Coordinates:
530958, 6172188 (source: https:/www.dinoloket.nl/ondergrondgegevens).............cc.cc....... 194

Figure 136: The outer slope stability with a quarry run toe foundation. The safety factor is 1.18. Note
that the length of the critical slip surface through the quarry ramrminimal since it causes a lot of
011 o o PP 196

Figure 137: The outer slopeadtility with a stiff clay toe foundation. The safety factor is 1.11..196
Figure138: The outer slope protection with a weak muck layer underneath the toe structure. The
resulting safety fTaCtOr iS 0.78.........u i eee et e et e e e e ees 197

Figure 139: The outer slope protection with the existing seabed replaced with dredged material. The
Safety TACION IS 1.09... .. . it eem ettt eer e ettt e e e e et e s e e e e eeeas 197

Figure 140: Seepage through the dam)(@nd the underlying clay layer (Qn case the aquifer is
barely recharged through theurrounding environment (K< Q) ...« vvvevveneeieeiiinneeiieeeiin e eeeens 198

Figure 141: Potential head in aseooinfy SR | [j dZA FSNX» b23GS (GKS AyFi dzSy(
has on how quick the head decreases towards the centre of the reservoir (source: Barends & Uffink,

1200 LG PSPPI 200
Figure 142: The process of how the soil parameters eventually affect the (savings on) dam length. See
Figure 143 for the quantitative relation between the leakage faatud savings....................... 201

Figure 143: The green line indicates the relation betwdenleakage factor and achievable depth of

the reservoir, which ultimately determines the potential savings in the dam circumference (in
comparison with scenario 4, with 40m water pressure under the whole reservoir , 20GWh storage
capacity and dam costs oo c Py y Yek { YO ® ¢KS o6fF O]l &A0GNALSR fAy
between the soil characteristics and savings on the dam length. Tival&e shows the level of
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Figure 144: The stability of the clay layer agabursting for an infinitely long strip. Note that this is a
O2yaSNOI GADGS aadzYLliAazy s aiyOSiEOKMI. REAKS.2080S T2 N.
Figure 145: The vertical stability of the clay layer. Tfaig depicts the distance from where the
inner dam slope intersects with the reservoir bottom (x=0) till 300m towardsctrdre of the basin.

The equilibrium of forces is computed for an infinitely long strip and a conservative leakage length of
5000m. The blue line reflects the maximum achievable depth. The red line portrays the chosen
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Appendix A: Options to help integrating intermittent renewables
An overview of the five possible options to deal with theenmittency of variable RES:

Flexibility Purpose Example Strength Limitation Costs, CAPE
options i 0Q
1. Flexible Generate Startagas, |+ Some - Relies mostly For a CCGT
power power exactly| hydro or coal | infrastructure | on fossilfuel |pnne k | 2
accordingto | fired power isalreadyin | power plants
the demand | plantwhen place, since | - The surplus
demand thisisthe of RES is
outweighs conventional | wasted
supply method
2. Demand side| Adjustthe Chargingof | + Reducesthe - Effect still Unknown
management | energy electric need for unproven
demandto vehiclesin flexible - Limited
the supply times of an power, energy| potential in
energy storage and | mobility and
abundance grid expansior| industry
sectors
3. Energy Store energy | Stock energy | + Energy - High capital | 600 ¢ 1400
storage when supply | whenitis reliability and | investment € K1i?
exceeds windy/sunny | security - Largely
demandand | and release | +Allows high | unknown
release when| whenthereis | RES sharesin revenwe
required no wind/sun | the grid streams
+ Deferral of
grid extension
4. Supergrids/ | Connect [ Ayl W&+ Avod - Does not For 700 MW:
interconnector | regions/count| Southern energy workwhen 2,000,000
ries with Europe with | wastage Wy SAIK(ek]lY
different Wg A Y RE(+Reduces | relyonthe
energy Northwest peak energy | same RES
demands and| Europe prices - Requires
supplies double energy
generation
capacity
5. Do nothing | Accept Do not fully | + Most - Globd Curtailment
irreversible | committo RES infrastructure | tensions Germany’in
climate and stick with | isin place - Giant HAMCY N
change fossil fuel curtailment of | Possible
RES curtailment
EU27 in
2050
HAN OY €K

?2The Combined Cycle Gas Turbine (CCGT) is a conventional peak power plant, which can be quickly ramped up
and-down. The lifetime however is only 28D years. Furthermore, a CCGT plaatries high operational costs

(fuel consumption) and emits 670 kton more £é&nnually than a 20 GWh offshore pumped hydro storage
facility (De Boer et al., 2007).

23Accordingto German network operators (Dickson, 2017).

24 Projections from the European Conmssion for when extensive Pefuropean grid investments are not

placed in coherence with the growing RES shatdi (lhway2050, 2013).

174



Appendix B: Alternative pumped hydropower  storage systems

Unfortunately not all economic regions are located near a mountairawas, which allows for PHS
faciliies that can ensure a reliable energy supply. In this section PHS alternatives are explored that

utlise manYF RS 2 NJ dzy RSNANRBdzy R NBAaSNW2ANBR (2

Wl NIGATFA

difference that enables powegeneration. At first, four case studies that construct one reservoir
themselves and employ the sea as the other reservoir are reviewed. Secondly, an alternative using
underground cavities is discussed. Ultimately, an option that stores energy below d@hsugace is

presented.

B.1 Plan Lievense

All information on this case study is gathered froRijkswaterstaat, Hollandsche Beton Groep NV,
Ballast Nedam Groep NV, & Raadg. Ing. Bur. Lievense. (BR88%). accumulatie centrale

NoordzeekustHoofdrapportagdéase 1).

Motivation

Multiple designs for various locations have been made by the founding father of the pumped
accumulation reservoir Luc Lievense and his engineering compawense launched his idea of a
pumped accumulation plant for the Netherlands in 1979. In a respéms$ke prior oil boycott from

the Middle-East and resistance against nuclear energy, the energy storage system would reduce the

dependency on foreign policies and help integrating renewable energy into the grid.

7380 7000°
) T
56.00°

afdchting

zandwinning

,(—D: 328 ——m

Figure116: Most favourable design for the Haringvliet location, using "wet" dikes (source: Rijkswaterstaat, 198t

Design

The original idea was made up of @km long and 14m high rirdike in the Markermeer. The dike

would host four to five hundred wind turbines and contain four waterpower stations (De Ingenieur,

2015). Due to opposition regarding the large investment, environmental impact and potential flood

risk other locations were sought for. In the Hoofdrapportage fase 1 three sites are reviewed;
Haaksgronden (near Texel), Haringvliet and Brouwersdam, all with a storage capacity of 20 GWh and

for different levels of high and low water (1608.9, 70¢ 56 and 40¢ 35 respectively) and either

GoSiée 2N ARNE & RJplca & f!GfSING2 daThKD St KFSR2 NQEiofQS 2 IND NRnyR 3 |
opQ GFENAlIyda F2NJ GKS . NRPdzgSNERF YQRAGT FEING A i JIKU

Haringvliet (seFigurell6)is worked out here, since it represents the lowest investment.
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The reservoir has a circular shape, since this has the most optimalityaparsus circumference

ratio. A variation of 1.25 between high and low water is maintained to enable optimal performance
from the Francis turbines. From the optimal failure probabilities; economic 3%tQ personal 10

*Iyr. and societal 1&/yr., the normative personal acceptable risk level was used for the design. The
in-outlet works for a discharge of 30@07000 ni/s would need to be 500m wide and 10m deep. For
Fff aOSYyINA2Qa (KS (Gdz2NDAYS Of dza i SNE egddmidaR 06 S
storm direction and disembogue in a deep (old) flow channel. Sixty percent of the sand necessary to
construct the dikes could be sourced from within the reservoir. The-dikg itself would have an
impermeable layer on the innesiope that conhues for only a bit on the reservoir bottom, resulting

in a high phreatic line in the dike. Under normal operation 20cm of water would be lost daily, due to
seepage.

Unit Quantity
Storage capacity GWh 20
Power output GW 2.0 (2.9 pumping power)
Surfacearea reservoir km? 11.95
Head range m 70¢ 56
Turbines (Francis) MW 15*134
Roundtrip efficiency % 80

Table42: Characteristics of Haringvliet design

Costs & benefits

Costs are given in the original Dutch guilders and discounted to their 2015 value in euros (by the
Intemationaal instituut voor sociale geschiedenis, http://www.iisg.nl/hpw/calcuiattehp). No data

on the operation and maintenance were reported, nor eethe benefits. The costs for the
Haringvliet project are given ifable43.

#1 000 i Al 8 7
Dredging & dam construction 1473 /1,160
Housing of pumps etc. 1,202 /946
Pumps, generators etc. 1,401 /1,103
HV cable + grid connection 200 / 157
Total capital costs 4,276 /3,367

Table43: Costs of Haringvliet pumped accumulation plant

Why is it not constructed?

During the years that the feasibility of an artificial PHS facility for the Netherlands was analysed, the
wind energy technology did not develop as quickly as initially expected. Additionally, the electric
infrastructure could handle a fajreater share of wind energy than was first thought (20%), reducing
the need for storage. Ultimately the discussion moved towards nuclear energy and interest in PHS
was lost.
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B.2 Energy Island

The information presented in this case study is retieveaint. De BoerW.W., VerheijF.J.,
Moldovan,N., Van der Veen., GroemanF., Schrijnea @ > X % ®.32007)EMNeEieeiland,
de haalbaarheid van drie verschilende opties van energieopslag voor NedefcEMA
Consulting/Lievense.

Motivation

In this comprehensive study

three altematives of

providing storage are

reviewed; an energy island

with interior reservoir that

acts as a reversed pumped

hydro storage plant Kigure

117, a compressed air

energy storage option and a

second interconnector cable

between the Netherlands

and Norway. The study was

performed to find the

measure that could best be S , , _ o
implemented to deal with the I(Zslgzrselzlg.egrg:tr (laTglr:eszsag%of the Energy island and its multifunctional purpc
increasing ¥2dzy i 2F Ff dzOGdzl GAYy 3 LI2GSNI adzLlLX @ ISy SNI (¢
found particulary interesting, because the benefits are not confined to the energy sector, but could
also support other functions.

Rudolf Design
B A For the island two alternatives
. are worked out, of which one
has 50% more capacity. The
Pump generators larger variant proofs to be more
12 x 125 MW . -
ideal from a constructability
perspective, where the smaller
Yosarioval one is preferred based on its
varies between . . . .
s economic value. Since this is
expected to offer an interesting
insight in the cost/benefit

(X = 1,500 MW)

Lievensess®

_ relation, both alternatives are
Figure118 Impression of the design of the waterpower plant (source: De E analysed_
et al., 2007)
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