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Preface

Preface

This graduation thesis is written as part of taster specializatiomydraulic Engineering at thHeaculty
of Civil Engineering and Geosciencéthe Delft University of Technology in the Netherlands.

The thesigsdivided in parts to keep it structured. The following parts are discerned:

Part A poses he problems and provides an extensive contextual literature study of th
energy market and power generation

Part B defines the criteria to solve the issue and makes a first leap at solving the pro
by looking at possible energy storage methods andgiisg alternatives

Part C is focused on the development and proposition of a specific solution: The Sluf
Appendices forms the backup of this thesis and comprises of all tqgpendices

Together, these parts form or@hronologicabnalysis towards ceging a feasible energy storage solution
for the Netherlands.
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Abstract

Abstract

While Europanoves towards modern renewable energy sourdbs,problems of variability and
intermittency remain largely unsolved and contribute to the unreliability of these energy sources. At the
same time, the problems of balancing the daily pelaknand is still performed with expensive
conventional fossil fueled units because there are no cleatiernatives. Sitting perfectly in between
supply and demand is a solution with the potential of solving both problems: energy storage.

The possibilities for large scale energy storage are limited due to wdelerloped technologies, such as
chemical b#teries and conceptual ideas of hydrogen fuel cells. This is accompanied by the denial for a
need of energy storage by the promoters of international powad#. It remains a mystery where the
power will come from when all countries need their maximumpaitduring peak hours and when the
entire region produces low wind power due to low wind speeds.

Whereas developing technologies offer potential for futagpplication hydropower shines by being used
for decades for the purposes of energy storage inftven of Pumped Hydropower Storage (PHS). The
exclusivity of hydropower faelevatedcountries is challenged by offerimadternativesfor PHS in the
Netherlands. These alternatives are grouped according to their favor for either surface size with the
Storag Islandsor towardsthe dep K ¢ A G K (0 KS | e $oNdd dkRedninfy artd lofy Q & @
suitability of possible locations for Underground PHS Starage Islandsave the preference, supported
by the strong Dutch tradition of living with water afahdreclamation Among the alternatives is a silt
depotin the Maasvlaktavhichis losingts purpose, named the Slufter, which outperforms the others in a
costbenefit analysis due to the low expected primary investment and the highly suitability for this
application without changind@utch topographyand in which thecurrently stored contaminated silt of 78
million m?® can bemaintained

Transforminghe Slufterfrom a silt depot to an energy storage systesworked out technicallyA high

reservoir is create at a level of +39m NAP that is enclosed by an upgrade of 17 meters to the current

dams at +23m NARIajor failure mechanismbave been modeled and analyzed using two figkement

method software packages and it was found that the fast lowering ofékerwoir level is normative for

dam stability.The technical design is finalized so that the planning and costs of the construction could be

made in order to speak qualitatively about the design. The system confirms its potential with a

competitive unitpiceof e Kk a2 K | YR LI2&A&AA0Af AGASE | NFrefeWdrSNER F21I
as a result of the future demand for storage.

A profitable system is created that generates power during the day and stores power in the night with the
interaction betwea the high reservoir and the lower lying North Sea. The performance is optimized to be

similar to a medium power plant with a peak power output of 470 MW and with an energy storing

capacity of 2.16 GWh, the generation duration is 6 hours at maximum cgatiile power output drops

with the reservoir level). With this performance, the system satisfies the-paidncing needs of Zuid

Holland, Zeeland and a large part of Nostdlland, while providing enough wind power balancing to fit

the needs of ZuitHoland in the coming decade. Using the imbalance between the daily and nightly

L2 6 SNJ LINAROSasx GKS aeadSy lyyda tfe o8nyieafhelichstse Hn YA

The Slufter as a storage system offers a promising clean alternatitie tutrent gadueled peak
generatiorrunits and potential for the future power market in which varial#@ewable energy sources
play a large role.




Abstract (Dutch)

Abstract Dutcfbl

TerwijlEuropa zich steeds mesgchting de hernieuwbare energiebronndeweegt blijvende problemen
omtrent de variabiliteit onopgelost en dragen zij bij aan de onbetrouwbaarheid vagateergidronnen.
Tegelijkertijd worden de pieklastapgevangen met dure, fossiel gestookte cates door het gebrek
aan schone en/of goedkopesdternatieven. Tussenezevraag en aanbodsproblemen ziten oplossing
met het potentieel om beide op te lossen: energigslag.

Demogelijkheden voor grootschalig energipslag worden sterk beperkt door onvolwasgenhnologién

zoals de chemische battjen en waerstof-brandstofcé. Dit wordt versterkt door een ontkenning van

een behoefte aan opslag door aanhangers van internatenahdel in energie, ondanks dat de meeste
WestEuropese landen een soorgelijk levenstijl, dezelfde pieklasten en soortgelijkedttigiathe
verschijnselen hebben. Het is daardoor een mysterie waar de stroom vandaan moet komen wanneer allen
eengrote pieklast ervaren erer zwakke windsnelheden in het gebied worden gemeten.

Terwijldetechnologién in ontwikkeling mogelijkheden voa tbekomst bieden, schittert waterkracht

door al decennia gebruikt te worden voor energigslag in de vorm vaRumped Hydropower Storage

(PHS). De exclusiviteit van waterkracht voor hooggelegen landen wordt uitgedaagd door het presenteren
van mogelijkhede voor PHS in Nederland. Deze alternatieven zijn gegroepeerd volgens de voorkeur voor
ofwel een groot opperviak met dgtorage Islandofwel de diepte metUndergroundPHS.

Door de onzekerheid en ongeschiktheid van mogelijke locatiesWodergroundPHShebben deStoraeg
Islandsde voorkeur, gesteund do@eneeuwenoudeNederlandsdraditie om samermet waterte leven
en landuit zeete creéren Een van dezalternatievenis een slibdepot dat zijn functiggrotendeels heeft
GBS NI 2 NBy Shiffee minaRernétisfovertreft anderenin een kosterbaten-analyse vanwege de
lage investeringskosten en de geschiktheid voor PHS zeed@nderingen irde topografie van
Nederland De plannen incorpereren het opgeslagen slib wat er nu alWigit dus kan bjven liggen

Het voorstel om van de Slufter een energisslagsysteem te maken wordt ondersteund met een
technische uitwerking. Een hoog reservoir€§9m NAP wordt omringdoor dammen op +46 NAR een
verhoging van 17 m bovenop de huidige +23m NA€systeem bewaart en genereert energie door het
pompenvan en het loslatenin de NoordzeeHiermee presteert de Slufter vergelijkbaar met een
gemiddelde energiecentrale in Nederland met een piekvermogen van 470 MW. & eenopslag van
2.16 GWh kagedurende 6 uur stroom gegenereerd wordeteifwijl het vermogen daalt met het
waterniveau) Gebruikmakend van het verschil in de dagelijkse en nachtelijkse stroormijst,

verwacht dat hesysteeme20 miljoen per jaagenereerden €10 milioen aan brandstofkostebespaard

De snelle verlaging van de waterstand is maatgewarott de stabiliteit. Hiervoor zijn de dammen
gemodelleerd metwee eindigeelementenpaketten. De planning en kosten zijn bezekl zodatde
resultatenkwartitatief kunnen worden besprokerHet systeem bevestigt zijn potentieel met een
concurerende eenheidsprijs vad 5 k a 2 Ker \oytlen mogelijkheden geboden voor verder uitbreiding
van het3.14 knf grote reservoiom aan de toekorstige vraag voor opslag te voldoen.

De Slufter als energigpslagsysteem is een veelbelovende, schone alternatief voor deggatokte
pieklasteenheden en biedt daarnaast mogelijkheden in een toekomstige energri&t waarinvariabele
hernieuwbare enegiebronnen een grote rol zullespelen.

! This abstract is offered for the Dutch public as it deals with problems which are specific for the Netherlands

\"
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« Introductionto Part A

The energy market is changing rapidly. While the fossil fuels are dominating globally, the sounds of
opposition are increasingly stronger, emphasizing the negativeesidets that the fossils bring along.

The call from society for a cleaner, renewable, more independent way of energy is becoming increasingly
stronger. At the same time the industry is pointing at the problems of the alternative sources of energy.

Energygeneration fromrenewable energy sourcéRES)namely windsunand biomassoffer a clean,
decentralized way of producing energy that is widely available. The generation from RES is increasing in
recentyears and this trend will continufe A major issuavith energy from RES is that they are heavily
RSLISYRSY(lG 2y | @FrAtloAfAd&Z YSikhlowyighithin éeGabBrids, 2y &
regardless of demandhis is called the intermittencgf RESThisintermittency may prevent the further
penetration of RES ardwer the reliability othe system.

At the same time, utility companies are trying to cope with the large fluctuations coming from the
demand side. This turns out to be a tough job asdifficult to managea system with convenonal fossil
fueledplantsthat lose a lot of efficiency in the process of turning on andRéfhaps therare better
ways of dealingwith thesedemand variations.

Aninsight into the energy market is needed to determine when demand takes place, whiaatine of

the supply is and what kind of mechanisms are used to manage the imbalance between supply and
demand.Questions on how this imbalance is treated now and how the rise of RES will affect this
imbalance are imminent in the eation of solid energgystem.Recognizing the real problenthe sc
calledproblem behind the problepand identifying the desired situation are core results of this analysis.

The following research questions form thaseof the analysis performed at Part A:

a. What are tke energy market trends on different scales; framglobalscaleto the Netherlands
andhow largeis the rise of the renewable energy sources?

b. Why is Europe investing in renewables and decredtsrigssil fuel dependency?

c. What is the role of European p@wtrade and caiit be considered an option fahe imbalance

d. How large is the variability of renewables and how does it affect their reliability?

e. What are the characteristics of the Dutch energy market, from the supply and demand side

how will thischange with a possible increase in the share of renewables?

At the end of this section the problem as well as the goal should be formulated clearly with a thorou
understanding of the main processes surrounding these topics.

2REN21Renewables 2011 Global'Sfi dzd WS L2 NI QS HAaMMm

Sy



t NI ! X 9ySNHeE |y

2 » Enhergyand powerstatistics

The following subjects are discussed in this chapter:
2.1  The global production and CONSUMPLIAN.............uuiiiiiiiiieereeeieeiiee e e e e ee e e eeeee s 3
2.2 VIEWS ON TOSSI SOUIMCES ....eiiiiiiiiiie ittt ettt ettt e e et e e st e e e s s bbb et e e e abbneeeesannneeeas 4
2.3 The depletion Of fOSSIl FUEIS .........cooii i e e e e e e e e e 5
2.4 Main EUrOPEaNn trENAS.........uiiiiiiiiiie e e ee et e e e e e e e e e e e e e e e e e e s e e snnbnnnannreeeeeaeeeeeeannnd 6
2.5 Regional differences iNSide EUMQPE. .........uuuuuuiiiiieie e e eeeeee ettt s e e e e e e e e e aaaaaaaaeees 7
2.6 Policies regarding RES...... ...t ce e s e e e e e e e e e e e e e ee e e e e e e e eaentnnannn e 8
2.7 Roadmap 2024R050..........ccooiiiiiiieeeeeeee e e e e e e e e e e e et et e e e ———— e aaaaaaaaaararae] 9

2.1 The global production and consumption

Trends in the global energy market are important to creatmekgroundThe world energy demand is
largely supplied by fossil fuels with the shares of oil, natural gas and coal offering an 81h&%global
consumption in 2010. Though their relative share in the total energy consumption is diminishiing, the
absolute numbers are risirggpecidly in the developing countriesyhich can be accounted to the
increase in total energy output:1.8% in 202 (seeFigurel).®> The global trends can be split uptiends
for developed and undeveloped nations. For developed nations, total energy astptdady despite the
growth ofeconomies and productivity. Thianbe accountedy the increasingefficiency and demand
side managementn contrast, the output ofleveloping nationsind cheap fossilis increasing rapidly

1973 2010

1973 2010
Biokuels Biokuels , Wedo  Othert*
dr . x Coal/peat e 3.7% Coal/peat
P‘I*:.g?n urldc-v?"::‘e Other H,-crc and ngr Orher 8.4 16.0 40.6%
) :’5“’1"“"’ Mc\sur Co c"P‘m' '“‘ “"‘2";“?’
Nmum\ Naa g™ ’
Naturol gos oil
Ou\ 2.2% 4.6%
6 115 TWh 21 431 TWh
o ved s
6 107 Mtoe '2 717 Mtoe **Other includes geothermal, solar. T, Bl cndl wiass, and ek

Figurel X (left) Share of fuelsn energy production in973 and 200 and (rlght) share of power production by fuélEA,
Key World Energy Statistics, 2012)

Oilis still the largest consumed energy source, with a global share of 32.4% irL20khgat the share
of oil from 1973 till 2010, a significant rediamn is visble from 46% to 32%nd there isa reductionfor 13
yearsconsecutivelyThisreductionis balancedwith a combination of sources: hydropower and coal
(small share), altogether with increasesninclear energy and natural gas

Coal (either hard or soft@al/lignite) has ashare of 27.3% in 2010. While oil is dropping constantly, the
shareof coalincreasedn 2012 with 2.5%, outputting share of 29.9%. Coal ispeciallypopular inthe
developing nationsuch the rise of 10% in China, whereas Europe shatecreasef 1.1%.

Natural gasshowsa similar increase, with a share of 21.4% in the produdtid®201Q The same shift of
consumption from Europe to Asia is obsenador coal; WK A £ S 9 dzN2 i’ 024in R1I2PChIhaS R
and Japan increased respiely 21% and 10%. With this increase, global consumption rose>2.2%.

®BP, Statistical Report of the World of Energy, 2013
“ BP, statistical review of world energy full report, 2012
®BP, statistical review of world energy full report, 2012




t NI X ewsSriddEeds |y

Renewable energy sources (RE®) grouped together andrea combination of slar, wind, geothermal,
hydro, and some forms of biomasaergy In 2010, about 16.7% tifie energy consumpon could be

allocated to RES, with 8.5% coming from traditional biomass (mostly for heating) and 3.3% from
hydropower. The modern RES have a share of 4.9%, with 3.3% for solar/geothermal, 0.9% wind/PV and
0.7% biofuel. Looking at the power market, RE®untsfor 19% of which 16% comes from hydropower
(seeFigurel). The growth in RES is largely triggered by Europe, where wind ensef}s.8%"

Nuclear energwasrisingtill i KS HnannQas dddeayd G¢° #«é& 1 x4 B5H)
is nowdiminishing, with 4.3% in 201The2011tsunami in Japan

affected nuclear energy significantly; tlegent emphasized the !j iL
disadvantageandaffected the public view a lot. This resulted in the

stop ofthe Japanese nuclear powprogramand triggered aglobal L

ripple effectwith large decreases in e.g. South Korea and Germany Figure2 ... Drop in nuclear power generatic
(Figure2)d ¢ KA & NaiecIE#anSe, whh iRoyeséd its (BP, Statistical Review, 2013
dependencyon nuclear sourcet® 41%’

Global energy consumptioris expected to ise till2030 ranging from 35% to 60%he current differences
in trends between developed and undeveloped nations wdintain as developing nations are expected
to rise 65% ad developed nations will diminish their outpdue to increasing efficienciedespte the

50% growth irtheir economie$*°

2.2 Views onfossil sources

The discussion surrounding fdssburces is a controversial or@onsidering reasons in favor ahd
against fossil fuels can contribute to a more systematic analysis ofshesdior(seeTablel).

Support for fossils Opposition for fossils
Costs One of the most competitive costs per kWh Pollution Generation with fossil soursecreates many
for power generation as well as efficiency byproducts that are negative for environment
regarding heat and health
Functionality Many possible applications, such as fuel fg Global One of the byproducts,CQ, is causing global
transportation, generation of electricity, warming temperatures to rise. Carbon costs have been
heat and as a ithe production of plastic introduced to lower the levels of GO the air.
Technology The technology is proven and perfected. | Energy Caused by the geographiéstribution, the
Much experience and knowledge is presen availability energy needs to be transported in order to be
available, a process with many uncertainties
Flexibility In creation for power, the extracted fuel caf Energy Fossil fuels arextracted in certain geographic
be applied wherever, whenever with flexibll dependency locations, which makes people dependent on
amounts these places
Reliability Despite the doubts surrounding availability| Diversity of The current portfolio of nations is heavily base
no chronic problems concerning extraction| generating on fossil fuels, which makes them very
or transportation are faced, and there has | capacity dependentand less flexible
been no large economit¢agnations due to | Price Since not accessible to everyone, the few can
unavailability dependency determine market price
Depletion Fossil fuels are limited in stock, leading to
problems concerning sustainability

Tablel ... Advantages and disadvantages of fossil fuels

®REN21, Renewables 2012, 2012

" BP, statistical review of world energy full report120
8BP, Energy Outlook 2030, 2013

® ExxonMobil, Outlook for Energy; A View to 2030,
°|EA, World Energy Outlook 2012, 2012
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2.3 The depletion of fossil fuels

A popular RES promotion statemasthe depletion of oil, gas and coal suppliEsere are numerous
studies by varying parties who oppose a neadegletion howeveithe majority estimatsit to happen
within this century éeeFigure3). The mairuncertainty lies in databoutcurrent reservesOne estimate
usesa modification of the Klass mod&bn the current known reserveand predictsthat there is enough
oil, gas and coal to last respectively 35, 37 and 107 yé%ivhile each study shows afférent life span,

the main ranges are in that order of magnitude anjgest a shift from oil and gas towards coal, as coal
NEASNIBSE INB Y2NB FodzyRFYydG FYyR AdGQa F OKSI L) a2dz2NDS
These estimates increase tdeubt on the sustainability dbssil fuels. This doubt alone is triggering a
large opposition for these sources, claiming that an investment in these sdestest-termed thinking.
Governments and businesses can consider the economic benefits of fossil fuels as not justifying the
disadvantages, doubt and the public opinith.

W Natural gas

_ Oil Price Assumption (2010-2050)

S/barrel

e
I I . 2010 2020 2030 2040 2050
. -_— Oll price assumption a2 100 120 150 200
CECD ion-0ECD European Linion Fommer Soviet Union World o

Figure3 X (left) Fossil fuel reservem-production (R/P) ratio at end 2011 (OECD are developed natidBB) étatistical
review of world energy full report, 2022and (right) Oil gice development estimations 2012050 (EREC, RH&inking
2050, 2012)

A more detailed look into the known reserves shows that especially former Soviet Union nations are

blessed withhighcoal reserves while Europe struggteserallywith low reservesgeeFigure3 left).

Stimulated by low reserves, fosikeled Europe is venturing towards thef G SNy I G A @S &2 dzZNDSa @
the continent will become increasingly dependent on imports to power its wealth. Ceuhlviith

increasing difficulty in extraction, the scarcitfyfoel will lead to an increased pri¢geeFigure3 right).

Shale gas has revived thescussion about thancertainty of reserves. Thigtural g& extracted from the
shale rock igspecially ifNorth-Americaaresourcethat isconsidered a great deal. However both in
America as well as in Europe, the approach has been very careful and critical, with doubts about the
benefits as well as the large resenatimations** Academic circles also point out that shale gas in Europe
is deeper and harder to extrattA careful approach is required mainly due to the many unknowns,
uncertainties and the early stage the studies are in. Therefore, any predictions ametésts in the

stage cannot be very reliable and basing all hopes on shale gas is rather wishful thinking.

" The Klass model is a form of diffusimodel that is widely used to predict life expectancies in econometrics

125, Shafiee, Wheniivfossil fuel reserves be dimihisd, 2008

3C. Pauly, A visions for fueling Europe on RenewaBjssgel.de2013

“pod I KYSRE {KIFfS 31L& ¢2yQi &02L) LIBdCuardai0l® odzi O2dzZ R ONBLIGS ty
®NOS, Hoogleraren tegen schaliedd®S.nl2013
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http://www.spiegel.de/international/europe/commissioner-oettinger-presents-200-renewable-energy-projects-to-eu-a-927718.html
http://www.guardian.co.uk/environment/earth-insight/2013/jun/21/shale-gas-peak-oil-economic-crisis
http://nos.nl/artikel/521167-hoogleraren-tegen-schaliegas.html
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2.4 Main European trends

Europe in the last decade can be characterized by a shift from fossil fuels to alternative energy sources.
Since 2000) K Sh&eady drop in theupplyand consumption of oil, gas and colite total energy
productionhas decreasedith 7.4%in between 20052010(seeFigured), which is largely a sign of
increasing efficiencies and eryy saving action¥’

While nuclear energy has stagnated in the last decade, the rise of RES is clearly visible in both the

production and consumption. Overall, the share of wind power gimatovoltaic(PV)powerin 2011 was

respectively 7% and 2% of thmtal electricity demand’*® ThisdoublingR 2 $ay Q& YSI y YdzOK 6§
share has been very low overall.
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Figure4 ... (left) Primary energy production an¢right) consumptionby fuel, EU27 (Mtoe),2000- 2010 (Eurostat, 2013

Europeasa wholehas a large dependency on aig. Europe relies largely awil imports. The dependency
has risen from 75% 85% inbetween 20062010. For the same perioche dependency on gas has risen
from 49% to 62% and cofibm 43% to 58%T hehigh import of fossil fualis due to low production
values, which in turn can be appointed to the low reserves for fossil foetg?.3).

Coal consumption had been steadily dropping in the last decade asttiy¢ar, when it started to grow
again with about 2%. This is likely due to the high oil and gas price and the low coal prices in this year and
this is expected to continu¥.

A distinction from the global profile is that Europe produces both more RES é2@PAuclear energy
(28%) than each fossil fuel. Even though its share is declining, Russia remains the important energy
producer for Europe; the biggest exporter of oil and gas, whflinZoal. Norway is a notabproducer
inside Europes the2"™ producer ofgas(49%)0il (49%) and RES (6%)

'® Eurostat, Energy Indicators for 2012, 2013

9291y W2AYR AY LRSSNI I yydzdt adGFraGAaGA04Q5 HAmH
Y9 dNh 6 AaSNBUOWS Wt K2(G2@2fGFA0 . I NRYSGSNRSE HnAawmH
¥ Energy Digital, High naal gas prices lead to increased demand for coal in Euitgrice.com2012
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2.5 Regional differences inside Europe

Regional dferences are interestinfpr the overviewof the current energy situation inside Eurofénis
analysis will be done looking at therge players in th&uropearmarket and their respective energy

balance The main energy producers are Norway, France, Germany and the UK with respectively 24.9%,
16.8%, 15.5%, and 16% of the total energy production in th@ EUargestconsumers are Germany,
France, UK, Italy and Spatith respectively 19%, 13%, 12%, 11% and 8% of the total energy
consumption Norway is the largest energyxporter of energy while Germarlge largest importer

The consumption of oil is high everywhere, wittage in Greece, Ireland, and Portugaith 52%, 51%,

50%of their total consumptionlt is interesting to see these countries are indeed suffering because of the
high oil price®® The use of oil is specifically low in the Scandinavian countries and central European
countries such as Hungary and €lz&epublic, stayingay below30%.

Germanyhas a relatively mixed energy profile, with apart from oil (34%)ga®l(22%), an even spread
amongnuclear, RES, coal and lignite (11% each). Lately, Germany is investing a lot in wind and solar
energy @ow 119 whilesthe share of nuclear has plummetéseeFigure2). Many RES projectse

planned and there ardays that 50% of the power comes from wind and solar &hly.

France on the other hand is continuing its langeeistments in nuclear energy. Already 41% of the energy

(13% average in E2¥) and 75% of the power came from nuclear sources in 20L6gether with oil

omM>0 YR 3Jla 6mMc20X G§KSNB A ay Qlogeterzdith somé GSNB A FAOI
investment inRESo reachtargets set by the EU, France continually expands its share in nuclear energy.

The UK is characterized by a high fossil fuel consumption, with natural gas (40%), oil (35%) and coal (14%)
supplying 89% of the total consumption. Wittmast no RES (3% profile is similar tareland, Belgium

and the Netherlands, with both high gas shares and very low RES input. The remainder in the UK is

supplied with nuclear energy (8%). However, very recent plans to increase the share of Rise&haute

forward, with the ambitions of becominthe largest offshore wind supplier in the worfd.

TheScandinavian countries hagenerallyhighshares in RES, with an average of 30% of the energy
consumption. Denmark has chosen &mix of oil (26%),a@al (20%) and gas (23%), while Sweded
Finlandchose nuclear energy (2984d 16%. Norway almost exclusively consumes RES (35%), oil (41%)
and ga (19%)

Central Europe displays diverse prdfjleith large rolsfor nuclear energy in Czech Republicngary
and Switzerland (16%, 16% and 25%). There is high RES consumption in Austriag26%tydtopower
possibilities, whereasoal has a large sharetime Czech Republic (42%).Eastern Europe, biomaiss
largefor heating,especiallyin the BalticStates(34%)and Romania (16%). Coahiggein Poland (42%)
and Macedonia (45%) and overall, the Eastern European countries show shaitegatifabove ELR7
average of 35%, with the exceptiofiBulgaria which shows a preference for nuclear (22%6)

®G. Tverberg, The devastating economic impact of temrtly high oil pricesQilprice.com 2012

2¢d { YSRESes D22Ro&S ydzOf SI NJ L2 6 SN¥GREINDOLY & Q4 NBySsl 6fS SySNAHE NB(
2 EnergyPub, France Energy Profiperoforum.com2007

% The Crown Estate, UK Offshore Wind Report, 2012

 Eurostat, Energy Indicators for 2012, 2013



http://oilprice.com/Energy/Oil-Prices/The-Devastating-Economic-Impact-of-Constantly-High-Oil-Prices.html
http://www.guardian.co.uk/sustainable-business/nuclear-power-germany-renewable-energy
http://www.speroforum.com/site/article.asp?idarticle=9839&t=France%3A+Energy+profile
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2.6 PoliciesregardingRES

The EUs continually spporting further advancement of RES, e.g. witlnew resolution in favor of

coupling the windmills on the North S&5A targetwas set in 20080 have22% RES consumption by

2010 Currently the share id2-13% and it is clear that these goals have not been met. This suggests that
these targets are not strict and are perhaps not seriously pursued by merffigne. current goal ian
average 020% renevable energy consumption by 202he member specific targetre inFigure5).?’

The current goals areowevermore realisticFirstly, the combination of growth iracademic knowledge

with public awareneshad ledii 2 | aAddzr GA2y 6 KSNB {KS Ndhaodity an®OS LI | y (
opposition against fossil fuelky some nations, this translates into policy through subsidy and support;

however not in entire Europ® Financial difficulties may be one of the reasofsecon A O INB g G K A Ay
as expectednations are dawn bythe lower costsof fossil energy® Despite economic hardship$iet EU

pushes for strict deficit contrgf yet desires large investments from members to reach20@62020

targets this is rather inconsistent.

Businesses are drawte cheaper fossil ergyas well RecentlyRoyal SheBtated> that it is retreating
from the wind energy market because

GG2 ONXBI G Bcosts ofly 18% dfdhd tofafiamount needed forgw F I NY SAGK aAYAL N

This shortterm thinkingof governments ad businesses ithe main reasorfor a relatively lonREShare
However, with new policies and projectbe shiftin thinking isvisiblein the recent growth in RES
investment.Many counties are en rate of reaching theEU20% targets, whereas othersgland, UK,
France and the Netherlands) still have a long way to go.
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Figure5 ... Share of renewable energy in gross final energy consumption compared to EU targets (Eurostat, 2012)

%G, Ten Den, Resolutie tot koppelen windmolenparken Noord2keange Magazin€009
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%8B, Schievink, Kabinet gaat subsidie op zonnepanelempigeuw invoerenTweakers.net2013
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http://www.changemagazine.nl/klimaatkennis/mobiliteit_en_energie/resolutie_tot_koppelen_windmolenparken_noordzee
http://tweakers.net/nieuws/87704/kabinet-gaat-subsidie-op-zonnepanelen-niet-opnieuw-invoeren.html
http://www.economist.com/blogs/graphicdetail/2013/05/european-economy-guide
http://www.fme.nl/Actueel/Content/Nieuws/Nieuwsberichten_2012/CPB_verwacht_begrotingstekort_van_4_6_procent_in_2013
http://www.vozt.nl/2010/nieuws/offshore-windenergie/
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2.7 Roadmap 2022050

Future estimationss faras 2050 have been developed by various parBexause ofthe uncertainty in
future predictions, a lot of sources are considered to increase the reliability of the anBlgpisnding on
the analysis, the roadmaps can be split in three categories

- Estimdion based upon trend lines and future scenarios in energy demand
- Policy studieghat focus on the feasibility in favor of a certain goal
- Targetsthat are set by organizationdbdies mostly national or larger authorities

In the developed worldhe enegy demands actually dropping due to improved energy efficiency
policies and technologies€eFigure6). The total energy consumption in 2050 in Europe tvérefore
remain largely unchanged andll be around ® Exajoule per year.

P
exajoule [E)] per year

Range regarding
decarbonisation scenarios

400 | - Sub-Saharan Africa ©

Range for current

Middle East & N. Africa trends scenaros
@ Lafin America
[ | Asia & Oceania - Developing

= = B N BN W Ao & Oceania - Developed

North America

O 15

2000 20 I 0 2020 2030 2040 2050 2005 010 2015 2020 2025 2030 2035 2040 2045 2050

200

Figure6 ... (left) Final energy consumption by region (Shell, Energy Scenarios 2050, a068)ight) Share of electricity
of total energy in current trend and decarbonization scenarios (% of final demamdertical axis) (European
Commission, Energy Roadmap 2050, 2012)

The share of electricity in the total energy demand is growing rageigHigure6 right & Table2). Ths is
because more appliances are using electricity in their functioning. Expected is that once the new
ISYSNIY GA2y WOtheSncrgage wilble sidnifichriti® nos® cbritpEtitive technologies in the
raceasdominant car technology are eleatrcarsand hydrogen fuel celled batteries, which both require
electricityto be charged”?

Year Share of electricity in the total energy demand

2020 23%
2030 2526%
2040 27,535%
2050 30-40%

Table2 ... Future share oélectricty in the total energy demand

The EU targets for 2050 are to reduce the carbon emissions by 80%, with leads to the target of enhancing
renewable energy to 75% in 2050, with 97% of the electricity coming from RES and not further developing
nuclear energyseeFigure7).®

#2p. Fairley, Will electric vehicles finally succedT, Technology Review010
* European Commission, Roadmap 2050, 2012



http://www.technologyreview.com/featuredstory/422133/will-electric-vehicles-finally-succeed/
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Graph 1: EU Decarbonisation scenarios - 2030 and 2050 range of fuel shares in
primary energy consumption compared with 2005 outcome {(in %)

T5%.
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Figure? ... EU decarbonization scenarios (European Commission, Roadmap 2050, 2011)
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A summary of the analyzesburces iwisible inTable3. Based upon the share of electricity in the total
demand of energyseeTable2), sometarget and predictionsre transformed.

Year % of energy % of power Source Category
2020 14% 70%* Euiopean Commissn, Roadmap 2020dr Target
Netherland$
35% Dutch Government, Rijksoverheid.nl Target
39.239.8% Energiekonzept, 2010 Target
25% 96%100%* EREC, REhinking 2010 Policy study
2030 65-67% EC, Energy Roadmap 2050, 2012 Target
36% 100%* EREC,RThinking 2050,2013 Policy study
50% BP Energy Outlook, 2012 Estimation
50% European Climate Foundation, Power Perspectives Estimation
2030, 2012
2040 65% EC, Energy Roadmap 2050, 2012 Target
27-50% 100% Energiekonzept, 2010 (for Germany) Targe
100% EREC, Scenario 2040, 2010 Policy study
2050 19% 48%63%* EREC, REhinking 2050, 2013 Policy Study
80% P.efurka World Energy to 2050, 2007 (only Estimation
modern RES without hydro
100% 100% Energiekonzept, 2010 (for Germany only) Targe
40-60% 97% WWEF & OMA & Ecofys, The Energy Report, 2011 Policy study
35% 60% EC, Energy Roadmap 2050, 2012 Target

Table3 ... Overview targets and predictions 20250(the percentages marked with * are translated from thenergy
demand usingTable?2)

It should be noted thathe large part ofcurrentRES is biomass and wind energy, each abouts8%oof
the current electricity consumption. Biomass as a source is barely gréWirdle wind power wiltriple
its capacity by 2028.A similar tend is visible for PVTaking into account these factors, the share of

electricity coming fronvariable sourcegmainly wind and PWyill become about 36% in 20.

% Shell, Future Scenarios 2050, 2012
® Wwindenergie.nl, Rijksoverheid, 2011
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« Internationalpower trade

The EU is striving f@ moreunited Europe with an integrated energy market. With its policies it is
continually promoting market competition andliberalizingthe European Energy market. Recently it has
founded ACERn EUbacked institution which aims to unify energy s in member state¥ With the
liberalization, productiolbbecomesndependent of transporte.g. creatn of TenneT in the Netherlands
Production is done by commercial utility companies that also aim on maximizing profit. Excess generated
energy in theorm of electricity has become a commodity that is traded like conswgoeds

The electricity is transferred through the existing European energy grid, e.g. Dutch people can buy cheap
nuclear power from France, or clean hydropovireim the Norwegian moutains 6eeFigure8). Increased
cooperation is visible throughout entire Europe and new infrastructure is steadily constructed.
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Figure8X 9 dzNR LIS y Ofy% RoHmap ZDBII R1G:d) & Wikipedia(right), 2012)

Relevant igshe link between Norway and the Netherlands, the NorNed, throughGMWsubmarine

cable. During the daMorwayprovidesthe Netherlandswith hydropower, while the Dutch provide power
gas fired poweduring thenight to pump water back ughe high mountaingand to power the electric
common heating systems in Norw#yA second NorNed line was planned; however Statnett (Norwegian
transmission operator) has delayed this till 2021 having currently no interestdoomd NorNed cable.
Pans to further increase the capacity between Norway and Germany (NorGer) have not been d&layed.

There are mangimilar exchangelBetween bordering countries andhére are plans to create a fully

integrated Europeapower grid, whichwill profit from the geographic conditions. The scale of the plans

differs; while some look regionally, others use a wider scepeRigure9). Beforeagrid unification is

desired some barriers have to be cress The current infrastructure already has insufficient capacity, e.g.
DSNXIyeQa AyloAafAade G2 NI yaLE NGinghhis MffaktrBdide cd3tS N y & Q
significant amourg of capital and expands the maintenance costs. Other problem@areased

% European 8mmission, Single market for gas and electridi@, Europa.el?013

" Euromanitor International, Heating Appliances in Ny, Euromonitor.com 2013

BCco {GNI KNI G Sl GYidGk @ SIAS Ay(iSND2yySOG2NByés 9YSNHSALFI Hamm
¥ Reuters, Germany subsidizes cheap electrfoitjts neighborsReuters.com2013
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transport losses and the increase in regional dependency; with increased cross border exchange, nations
will trust their neighbor when demand cannot be met.

Figure9 ... (left) Future ambitions regarding an (exteretl) European energy grid (OMA, Roadmap 2050, 2Gik®) (right)
DESERTEC Foundation, 2013)

2 0K GKS AYONBIaS 2F wo{sx Al gAff 0SS KINRSNI G2 3Si
continental scale rather than nationaldeFigurel00 ® b2 3JdzZf NI yiSSa OFy 6S 3IABSY
imagine a scenario where thémergy is simply not availabé the neighbos. Trust is laid on the free
marketmechanisit K2 g SOSNJ 4§ KSNB Qa v 2earigdpibktdcénisupply an@demaikd (G G K S
is and whether the market will function as rapidly to ensure no blackout. The plans of liberalization are

overall discouraging energy independence of regions and countries.

Wednesday 10 November 2010 00UTC ®ECMWF Analysis 4000 VT: Wednesday 10 November 2010 00UTC
Surface: Mean sea level pressure / 850-hPa wind speed
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Figurel0... Analyss of the wind regimes on October 10th, 2010 (HEig, 2010)

One important note in this respedthat the ideas consider the technical workout, not considering much
of the sociologic, economic and political aspectthefsolution The political issue consedown to
dependence. Some plans stretch out to regions such as Northern Africa and the Middle East that are
politically unstablé’® Even within Europe these problems may dfisehallenging the dependency that is
ought to be createdLooking at theplan touseNorthern9 dzN.2 wijfsl @riergyto power thesouth in

winter (seeFigure9 left), asituation may arise of consequetive low wiseedsor months. This will lead
to several allocation problems and eventuallfiuence the trust in the system. Thégemplifiesthe risks

of such largescale collaborations on primary needs.

The market respondedn the liberalizatiorwith largeutility companies generatintgrge portiors of the
European electricityPrivatizedutility companies no longer have the sole goal of providing the society

“°BBC News, ArdbiprisingsBBC.co.uk2013
“IBBC News, Eurozone Crisis ExplaiB&E.c0.uk2013
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with energy, butalsoprofit maximizatiorfor their shareholders In 2009, the top 7 utility companies
produced 50% of the total electricity of the 3. The list is led by EfgFoup, whech produced 20% of
the total European supply using largely nuclear poweeTable4).*? These companies will increasingly
support crossborder transmission in between their operating regions, stimulated by tmali#agion of
the market.This will happemegardless of wat the most efficient situatiofs.

Several trade markets have been created, serving different time scales, from yearly to monthly (e.qg.
ENDEX) to daghead €.9.APX Spot) and howahead marketge.g. APX IntradayYhe hourahead market
offers a close match between generation and consumption in terms of time, while seasonal differences
are balanced at the lonterm market.

EDFgroup 652 19,6% FR*, UK, AU, BE, DE, HU, IT, NL, PL, SL, ES,
E.On Group 216 6,5% DE*, UK, SE, IT, ES, FR, NL, HU, CR, 8L, RC
Vattenfall 175 5,3% SE*, DN, FI, DEL, PL, UK

Enel Group 170 5,1% IT*, BG, FR, HE, RU, RO, SL, SP

RWE Group 169 5,1% DE*, NL, BE, UK, HU, SL, CRRPL,

GDF Suez Europe 141 4,2% FR*, BE, NL, UK, DE,

Iberdrola+Scottish 92 2,8% ES*, UK* IR

Total 1615 48.6%

(AU = Austria; BE = BelgiuBG=Bulgaria; CH=Switzerland; CR=Czech Republic; DE = Germany; DN= Denmark; ES=Spain; FI=Finland; FR = Frante=HE=
Hungary, IT = Italy; IR=Ireland NL=Netherlands; PL=Poland; RO=Romania; RU=Russia; SE=Sweden; SL=Slovakia; TR=fedrkéygtittrz Uni

TabledX [ NBS&G dziAtAde O2YLI yASE Ay 9 dzNP LIS -On Watérdall, EnelNB L2 NI &

RWE, GDF Suez, Iberdrola+Scotish Ppwer

“2EDF, Annual Report 2011, 2012
43 PricewatertouseCoopers, European Carbon Factor, Enerpresse, 2010
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« Dutch energystatistics

The following subjects are disgsed in this chapter
4.1 Dutch e€nergy DalanCe............cooeiiiieee e aaaa e 14
4.2 RES targets and their feasibility.............c.uuiiieiieiie e 15
4.3 Low RES utiation and future problems...........cccuiiiiiiiiiiecee e 16
4.4 Future DULCh POWET MATKEL......cciii it iee e e e e e e e e e e e e e e e e e s e e e e e aeeaeeeesaaannns 17
4.5 Power generation and tranSMISSIOLL........ccceeiiiiiiiiieieceeeieieeiii s e e e e e e e e e eeeeeeeeeeeaesernenen 17
4.6 POWET [0BA CUIVES. ...ttt e e e e e e e e e e ne s be e e e e e eeeeeeeaaannne 18

4.1 Dutchenergy balance

The Netherlands is characterized by an energy profile heavily dominated by oil and natural gas, which

account for respectively 39% @d2% of the total consumptiofVith the addition of coal (10.4%), the

Dutch shareof fossil fueled energyi91%among the highest in EuropsdeTable5).2 K| 4 Q& NBYF NJ I 6
is that the Dutch import of oil is nearly 150% more than consumed. This oil is stored in large silos around

ports (hence the high bunker value)daxported when prices are high. @Gilimported the most

Total coal

Total and coal Total oil and Renewable  Nuclear Trash and other
Subjects Unit energy products  oil products  Natural gas  energy energy energy bearers Electricity Warmth
Energy supply Total energy supply PJ 3287 344 1278 1373 136 39 56 62
Extraction PJ 2699 63 2406 136 39
Import PJ 10099 8418 783 - 116 -
Export PJ 8521 6379 1812 - 54 -
Importbalance PJ 1578 2039 -1029 - 82 -
Bunkers” PJ 719 - 719 - -
Supply mutation PJ 271 106 4
Input energy
Energy transfer  transfer For electricity/CHP™ PJ 979 241 23 507 104 39 a2 14 20
For fuel and wamth PJ 3326 127 3147 27 16 5 2 2
Production energy
transfer For electricity/CHP** PJ 585 368 217
For fuel and wamth PJ 3273 110 3128 8- 27
Energy use Total energy use  Total energy use PJ 3287 344 1278 1373 136 39 55 62 -
To balance post Balance electricity/CHP™™ PJ 384 241 23 507 104 38 32 -353 -187
Balance fi PJ 53 16 19 19 16 ) 2 24
Energetic final use PJ 2153 20 713 763 16 18 401 222
Non-energetic final use PJ 687 &7 524 84 12
To sector Energy sector PJ 548 251 124 404 52 39 0 243 -78
Industry (no energy sector) PJ
Transport PJ 481 - 474 1|- - - 8-
Private households PJ
Agriculture, fishing & service Py .

"Bunkers are import of fuel through for international ships and aircrafts and is not calculated in the Dutch energy balance
“*CHP = combined heat and power

Table5 ... Energy balance for 2012 in numbers (CBS, 2013)

Natural gass 89% of the total production. About half, 55% is consumed nationally, while 45% is exported,
making it the largest energy source for production and consumptiearly all exports are ofatural gas.

RESccounts foionly 4% of consumptioramong the least in Europd his 4%s split into 0.81% wind
energy and 3.22% biomass. RES is accountable fqiirl@8 power productiorwhich is shared by 4.10%
wind power and 5.85% power from biomdé8iomass is used for heating and 36%jfower generation.

Coal consumption has risen from 9.4% in 2011 to 10.5% in 2012, due to the low price of coal and rises in
the oil and natural gas pri¢8 This rise combined with the relative instability of the oil price is leading to
an increase in the use of coal, which is among the heaviest polfiiters.

*CBS, 2013
B {drGtAySs Ww2SNBfR ht ASLINA2a Sy 2S8SNBfR {(88y122f LINA24aQFX HAMO
¢ Mishra U.C, Environmental impact of coal industry and thermal power plants in Jodiaal of Environmental Radioactivig004
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4.2 RES targets and their feasibility

Theshareof RES in the Netherlan@sverylow, ranking 4th from the bottonm Europewhen it comes to
the share of RES generatiaeéFigure5). Considering the high demand from sociétthis seems rather
strange, lut the reality is more complex

Coming from a low share of RES energy and having less natural potential for renewable energy
development, the EU has specified a lower target for the Netherlands of 14% rather than the 20% by
2020 The Dutch government is mooptimisticand has declad renewable energy ambitions of 16%.

To create a feeling for the magnitudes, a quickalation for the required winohills for 2020 isinder
assumptiorthat energy consumptiowill bethe same in 2020 and a 14% share of RES, supplied with only
3 MW windturbineswith 30% capacity factof This quick calculation shows that an additionia00

turbines areneededby 2020 Considering a market price for wind power of $1.3 million/N\he total
investmentrequired is$3.3 billion. Developments that will affethis priceareincrease of other RES,
development in turbine technology and reduction in price/MW.

So how feasible are the targets bf%and 16%by 202 Based on data of RES frohe last 20 years, a
trend line is generated. This analysis shows thaemvusing a %' order polynomial for the growth curve
(which is optimistic), the share of RES generation will rise up to 9% bysFigurell). More detailed
analysis could be made by adding data of plannagegts.This analysis shows that the Netherlands
2y Qi 0 &teved hedr thd4% Eltarget with the same pace of growtMore extensive analyses
report the same conclusiotf

10.0%

8.0% <

6.0% -

4.0%
2.0%

0-0% T T T T T T T 1
1985 1990 1995 2000 2005 2010 2015 2020 2025

FigurellX { KIF NB 27F w9 { A ya (rédite} with 202D yoeeckX (dished lifie) Rdd line data from CBS,
Hernieuwbare Energie in Nederland, 2012)

" NatuurenMileu.nl, Ook Henk endrid willen schone NoordzeestroomiatuurenMillieu.n] 2013
“8 EU Commission, Renewable Energy Roagli2@(7

“° Rijksoverheid, Duurzame EnerdRijksoverheichl, 2013

9ECN, Energietechnologién in het kader wansitiebeleid: factsheets, 2004

*Vesta, 2013

*2 planbureau voor de Leefomgeving, Wissels Omzef@h3
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4.3 Low RES utilizatioand future problems

The reasorior the lowRES utilization in the Netherlandsn essence a combination of low motiwati to
invest in RES arathigh preference for fossil fuelés the Dutch economy is heavily reliant on fossil fuels
(seeg4.1), alot of turnover is realized in the tradof oil and the export of gash& higher capital cost fo
investing in RES rather than for fossil fueled sources (both forl iinitiestment and costs per kWH),
decreases the interest in RES.

In fact, the Dutch dependence on fossil fuels is so high, that the imminent energy transition will become
very difficut for the Netherlandsgee§2.3); a worrying situatior?.’ This transition may be frced one, as

the predictions state that by 2022, the Netherlargtsould be importing their lgest energy and export
product: natural gas° The Dutch economy profits largely from the consumption and trade of fossil fuels,
namely the export of natural gas and trade in oil. Up to 50 billion, or 20% of the government budget can
be allocated to energy related activities. There iack lof insight into the economic consequence of this
transition and making this transition too quickly will cause a lot of economic damage. Different energy
development scenarios must be analyzed and considered in order to prepare a smooth tratisition.

It is highly likely thapart ofthis transition has to be realized by a growth in RES. It is therefore
NEYEFEN]lFoftS GKIFIG GKSNBQa aThd rhain re@sSrisithistrg siriniatzediay a G | £ € S

- TK S NBEu@ly any hydropower potential imé Netherlands, dué the small height differences

- There is only limited land available for biomass creation. Used for heating purposes mostly,
biomasds competitive with natural gas many countries

- Grid capacitylacks toopen possibilities for decgralized power generation, e.g. wind farnfs.

- ¢ K S Ngawvély loMdgovernmental support for implementation of RES. Varying goals and
disruptive policies continue to plague development. Compared to Germany, Spain and Denmark,
whose governments activelyigport RES through policy, subsidies and attention, the Dutch
government seems rather passive. The current stakes in fossil fuels and lobbying has no doubt an
influence in this political choic®.

Despite themage the summary sketchethe Netherlands daghave a lot of potential in wind energy.

This potential is onshore as well as offshore around the North Sea, where the highest European average
wind speeds are measuréd®® Other countries around the North Sese expanding their capacities to

utilize this potential, while the Netherlands lacks dueréasors mentioned above.

Solar energy was only 0.1% of the power consumption in 2011 but is rapidly expueittiirtige price
drop in PV panel% While the potential for solar energy is great, it remains apessive option among
the RES as the technologystil developingwith industry products reaching efficiencies around 1%%.
Extensive studies prove thd000 MW capacity is possibly by 2320.

%% C. Douwes, Offshore WindenergiéQZT.nl2010

* Nu.nl, Wetenschap bezorgt ovenergieakkoordNu.n|, 2013

PwoYf SAGdZNHES +AaAS 2L (12812YaiA3IsS SYSNEHASYIENLGQE 9/ b3S HTKMMKHAMH
*® TNO, Naar toamstbestendig energiesysteem nederland, 2013

%" Rabobank Food and Agribusiness Research, Rabobank Report Q2 Renewables, 2013
*¥Nu.nl, Nedednd mist collectief leiderschaplu.n| 2012

** Trouw, Noordzee onbenut voor duurzame egiet EuropaNU.nl2012

60 European Environment Agend&urope's onshore and fshore wind energy potentia009

%' B. Heerema, Zonrenergie Tegenlicht.vpro.nl2013

%2 py/Pakket.nl, Zonnepanelen kop&y/pakket.ni2013

#\W. Simons, KEMA: in 2020 4000 MW aanneenergie in Nederlandnergiebussiness,2011
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4.4 Future Dutch power market

TheDutch government has no pe2020 energy policy. Therefore European predicti¢see82.7) are

used to determine Dutch power market expectations. The Netherlands consumes about 3.5% of the total
EU27 consumption. Inside the E2¥, apart fromno growth in supply, there is no large distributio

difference of power expected anditvalueisassumed to be the similém 2050. To give meaning to the
relative numbers of RES, the various estimated absolute numbers aresesSthble6).

Annual power demand Annual power demand  Source

EU27 (TWh) Netherlands (TWh)
2020 34434393 120.5153.8 EREC, Rkhinking 2050,2013

31003400 108.5119 Eurel, Electrical Power Vision 2040 EU, 2013
2030 3886 136 Energnautics, E Grid Study 262050, 2011

36163702 126.6129.6 EREC, Rkhinking 2050,2013

4100 1435 OMA, Roadmap2050, 2010

34003550 119124.3 Eurel, Electrical Power Vision 2040 EU, 2013
2050 4543 159 Energynautics, European Grid Study 2030

2050,2011

3491-4987 122.2174.5 EREC, REhinking 2050,2013

4800 168 OMA, Roadmap2050, 2010

40004050 140-141.8 Eurel, Electrical Power Vision 2040 EU, 2013

Table6 ... Future power demand in Europand the Netherlands

4.5 Power geneation andtransmission

Leading the liberalization trend in Europe, the Netherlands has since 2008 split the generation and
transmission of electricity. European commercial companies handle most of the Dutch power generation
(see ChapteB). The total installed power capacity in 2013 is equ&&64 MW.%* Transmission and
distribution is handled by TenneT. This commercial company is responsible for a continuous power supply
and expansion of the infrastructure where requirdeénneT also provides creb®rdertransmissionThe
Netherlands is net exporter of energy since 260@jth Germany the largest contributor in this trade of
energy. The Dutch benefit from the NorNeable thatis used to the fullest. Despite itperationat full

capacity, an expansion has been delayed by Nolaesg ChapteB).

The longer the transport, the greater are the lossElse transport and distribution losses were around 4%
in 2010, which is low compared Europe andhe world average (8.3%9.To put things in perspective,

the losses in the 580 km submarine NorNed cable are % With this cable, the Netherlands nearly
doubles its total transmission and distribution losses.

% TenneT, Installed capacity, 31/05/28)

% CBS, Nederland sinds oktober 2009 nettporteur van elektriciteitCES.n| 2010

® The World Bank, Electric power transmission distribution losses (% of output)Norldbank.org 2013
®7 J.E.Skog et allhe NorNed hvdc cable lir&010
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4.6 Power load curve

Thepowerload curves a graph that displays the consumed amounglettricityalong a certain time
period. Although it displays the power curve, it can provide a goadatidn of the consumed energy.
The Dutctconsumptionranges about 5 GW throughout a typicily. Around the year, the output varies
between the extremes of § 18 GW It ishypothesizedhat consumption is morén winter, with shorter
days and more electrical heating required. The statigifovethis distinctivelywith a change of about
20% inthe use of electricityseeFigurel?).

12000

N
10000 —

8000

6000

4000

power load in MW

yearly load curve per month for 2012

2000

0

jan-13 feb-13 mrt-13 apr-13mei-13jun-13 jul-13 aug-13sep-13 okt-13 nov-13dec-13

Figurel2... Yearly load curve per month for 2012 (ENTSxtracted on 1:8-2013)

This difference is because of the colder temperature andtshalays. Even though most of the heating

happens with natural gas, there is still a significant amount of electrical heatignprter daymeans the

light will be turned o earlier and on aczial levelpeople spend much more time insidaaking more

use of applianced.ookingat the daily variation for a montha distinctie sawtooth profile is visibledue

to the differences inweadayst YR 6 SS{ Sy Ra 6 6KSY Y2seéFigud83.TsieS I NBy Qi
more ddailed hourly curve for a week shows a very typical load curve, signifying the large fluctuations

between day and nighsgeFigurel4).
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Daily load curve for February, 2013
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Figurel3... Daily load curve for February, 20{BNTSEE, Extracted on 13/6/2013)

18



t I NI ! yand gbyeSmEEkets

Hourly load curve by day for Week 12, 2013
0 T T T T T T
Monday Tuesday WednesdayThursday Friday Saturday Sunday

Figurel4... Dutch daily load curve for wek 12, 2013 (ENTSE2013)
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Figurel5X | 2 dzNX & St S Oftorkik Kethariandg irr201R (EQT30E] Statistical Yesikb2011)

Zooming in on an hourly load curve for a day shawsry typical profilegeeFigurel5). Thementioned
seasonal differences amdsovisiblein Figurel5. In winter, the graph presents a sharp peak after office
hours (17:0619:00) due to people coming home after work and turning on their appliaficesmmer,

this peakcomes laterat around 22:00 in August. This is due to the long daylight and warmer temperature
as people spend more time outside. Throughout the entire yiar nightly values between the hours
23:00¢ 05:00 showwery little variability in demand

Therelation betweendemandand consumptionis very strongTo show the distinct character of this
profile, the demand curves from New England, USA are examined. This region is very similar to the
Netherlands in tems of population (15 million)general lifestyle, environment and climaiigeir power
demands are very similar the NetherlandqseeFigurel6left). The curve displays a few trends:

- Inthe morning there is the highest elevation change due to the start of the day, in between 5:00
and 8:00 hours. This transition from low to high demand is callednthiing ramp A lot of extra
capacity is required in these hours as there is a shift of SrG@#&manded capacity.

- Later in the day (around 18:@022:00 hours), the maximum value of power is reached. This is
called thepeak demandThis is a time of highrice and stess on the system. Power systems are
mostlydesigred on this value, ademand is high andeneration tses in a short time span. The
extra capacity is reached wipieak unitswith quick response characteristittgat come withhigh
costs. Arand the peak demand, energy demand is very fluctuatsegitigurel6 right). The five
minute peak demad shows higher required capaciti€ghis is due to lack of detail in the hourly
load curve. This differencerniather important whendesigninghe capacity.
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electric power demand (gigawatts) electricpower demand (gigawatts)
20 hourly 17
peakdemand five-minute
peak demand

'

15
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ramp
10 18

hourly
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w—— five-minute demand —=— hourly demand

o 2 4 6 2 10 12 14 16 18 20 22 5:30PM 6:00 PM &:30PM 7:00PM
hour hour

Figurel6... (left) Electricity load curve for New England, USA for 22/10/2@@l (right) Detailed peak load curve for
New England, USA for 22/10/201&IA, Electric load curve MeEngland, 2010)

With the liberalization of the European energy market, electriidtypen for trade orpowertrade
markets. These display the fluctuations in the price per MWh for different future timeq&ri.e.
months, days, hourOne expects thenices to follow demand and supply. Data shows howehat price
fluctuations are varying more radical than consumptiand demandA lot of factors are influencing the
power price,sothe exact reason cannot be given and depends on each sasEiQurel?).
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Figurel?7 ... Daily load curve displaying the load along the we2k in 2013 APX Group, 2013)

The fluctuations visible throughout the month andhé price does go down with low demd, however is
not consistent each timeséeFigurel?). Especially towards the end of the month, the price follows the
load almost precisely, which confirms the strong correlation.

MWh €/MWh
70

30
2 3 4 5 & 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

@ Volume -@ Price

Figurel8...Monthly load curve for the Netherlands including the price variance for May 2013 (APX Group, 2013)

20



t NI ! X 9ySNHeE |y

5 « Wind power

The following subjects are discussed in this chapter:
5.1 INtrodUCEION tO WINGA POWEL . .....eeiieieeeiee ittt et e e e e e e s et e e eeeeeeaeaeesaasannbnnaeeeeaeaaaaeeesaannnn 21
5.2 D10 (o IR/ o 0 =Y PRSP 22
5.3  Wind of Change: DENMAIK........uueiiiiiieieii ittt e e e e e e e e s et eeeaeee e e e s s annbeeeeeneeaeaaeaaeas 24
5.4  Performance of @ WiNd SYSIEIM.........uuiiiiiiiiiiiii e e e e e e e e e e s e eaeeaeees 25
5.5  Wind variability compared to demand................oooiiiiiiiiiiiii e 26
5.6 ViIEWS ON WINGO POWEL. ....uuiueuieiieieie e e e e e eee et et et eeeeeee e teteeaaaa e e s e s e aeaaaaaaaeaeteeeeeeeannsnsnnnnnnann e aas 26

5.1 Introductionto wind power

wind power is a mature technology of which the first applications date back to'ticertury BC. Alag

the line, development pogressed rather slowly until the currestage at whicta typical turbine has an

output of 3 MW and aost priceof $4.1 cents per kWA Futuredevelopmens aremostly in terms of

capacityand rotor sizgseeFigurel9). The historyfuture prospectsand the current global sharef the

technology have been analyzed of which the findings are reportéghpendixA.

2 AYR A& ONBFGSR FTNRBY GKS AYO!Il f I yeisPectidd; wirdl fowers& ( KS
actually a derivative of solar energy. More information about the fundamentals of wind has been
incorporated inAppendix8.

The preference for wind powen this reportabove solar powein the Netherlandsomes from the high
potentialand thefact that the technology is mature anslalready applied worlavide for decades, while
solar power is still in the early development phaldevertheless, the developmenf solar poweiis rapid
and asthe unit prices are decreasinigjs increasingly becoming an interesting investmé&htvhile the
nature of the energy source is different, the way in which it affects the energy system is the same.
Relevant is thatalar powerdisplays a similarariabilityand increasinghe share of solawill increase the
imbalance between supply and demand.

Because of its potential, wirgbwer is the main target and this energy source will be examined further
(also see82.7and &4.3).

B

Rotor diameter

Figurel9X ¢ NBYyR& Ay (dzZNDAYS RSaAdy o6Wd . Sdza{Syaz 9/bX HAMHO

% J. Conca, Is the answer, my friend, blowing in the wiRdfhes.com2012
®DOE NREL, Solar Market RepB@tL2x
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5.2 Dutch wnd power

The amount of turbine@ the Netherlandsvas1882 by the end of 2011, which combined a power
capacity of 2000 MW (average of 1.1 Maf turbine). Together these turbines produced 18% of the
Dutch electricity productiori® The distribution of the wind turbines is primarily in the Nortlest Gee
Figure20). This is because of thelativelyhighaverage wind speeds.

Figure20... Current wind energy projects in the Netherlands from left to right, >50 MW (1st)j5QMW (2nd), 110 MW
(3rd) (Rijkswaterstaat, www.wi-n-d.nl, 2012)

When analyzing wind power potentiakagind wind speeds are interesting, however with modern
windmills reaching up to 90ns€e85.1), measurements at 100 m height are more relevaeefigure
21). The areasvith high potental arethe north-westof the Netherlandsreachingover the North Seésee
Figure22 left). In fact, this potential is high when compared to the rest of EurgpeFigure22right).
Despiteits lower potential, Spaimmas relatively morénstalledwind capacitythan the Netherlands.

Langjarig gemiddelde 1981-2010

Gemiddelde jaarlijlse windsnelhsid

Langjarig gemiddelde 1981-2010
-— 2 Jaargemiddelde windsnelheid op 100 meter hoogte
-—

Figure21X [ 2eyhHaverage wind speeds 1982010, ground speeds (left) and at 100m (rigliNMI, 2012)

The lagest Dutch wind farm is 23 km offshore; the Prinses Amaliapark. With an installed capacity of 120
MW supplied by 60 Vestas V80 turbines of 2 MW, this park produces 435 GWh in a year (a very high
capacityfactor of 0.414), enough to supply 120.000 housegmfer. The project was financed by a

banking consortium meanirthere is trustin annual turnover that is high enough to pay off debt, without
the need to offer shareholders added assurances. This is a large change in the wind power industry.

®CBS, Hernieuwbare energie in Nederland 2011, 2012
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Mean Wind Speed at the Netherlands’ Exclusive Economic Zone (NEEZ)
Period: 1997 - 2002
Height: 90 m above mean sea level
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1.2-114
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108-11.0
10.6-10.8
104 -106
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1 10.0-10.2
9.8-10.0

Figure22 ... (left) Mean wind speeds at the Netherlands' Exclusive Ecoicatone Energy Research Center Petten, 2Dp04
and (right) Wind speed averages in Europe (KNMI, 2012)

Another largeprojectis OWEZ, also an offshore wind farm. It sists of 36 Vesta V90 turbines with each

3 MW creating 108 MW of installed capacity, enough for 100.000 households. The project is said to have
costs around 200 million euros, including government subsidies. The tendon was gReyeidShetind

Nuon, wto contracted much of the engineering work to a consortium led by Ballast Nesféen the

pilot, Shell backed out of wind peer because it claimed that it &heaper to invest imaturalgas’*

The largest wind park on land is the Delftzijl Zuid, with aciy of 75 MW. The park dates back to 2008
F' YR dzad Sa -7yudiNg thaf Geaerad-2.3 MW each, with 30 turbines in the farm.

The current Dutclambitions areto reach 6000 MW of wind power by 2020 in order to meet the 96

goaland the 16% isds targeted itself> Offshore farms are preferred becausestore wind power is

facing opposition due to visual blockage doder efficiency For the total North Sea, a potential capacity

of 135 GW is deemed feasitf&To meet the targetsseveral large mjectsare plannegdamong which the

most noteworthy is thaVindpark Noordoostpolder. With 48 turbines of 3.6 MW and 38 turbines of 7.5

MW (1), installed capacity will be 458 MWéur times larger than the current largest & dzo AR E 2 F €
million is aimed for filling in the gap between cost prige2 NJ & KA & LINE 2 Sndpowedpricbdc OSy (i |
6 eTccents/kWh)'* Construction on the first 48 turbines has commenced recently and is expected to be

finished in 2015° Similar b this, there are other plans waiting approvalrecent plan states that large

amounts of investment will be made on wind power and néayat have started®

™ C. Douwes, Offshore windenergiéDZT.nl2010

"2 RijksoverheidMeer duurzame energie in de toekomg&tijksoverheid.nl2013
"®Windspeed, Roadmap 2030, 2013

™ Windkoepelnop.nlWindpark NoordoostpoldenVindkoepelnop.nl 2013

™ Nu.nl, Ballast Nedam bouwt mee aan windmolenpark Noordoostpgldetn| 2013
®E.Vander Schoot¥ C 2 NJi dzA Y, Dé Telecaaaf0/55/201Q
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5.3 Wind of Change: Denmark

Denmark may be an interesting raeteodel for the NetherlanddDenmarkcontributes to the world of

wind energy with companies that develop turbine technology like Vesta, the largest wind turbine
producer in the worldNot too many years ago, it undertook drastic changes and made a transition to
decentralized power productiorlherefore, Denmark is\gery interesting reference case, alsecause of

the many resemblances to the Netherlands in terms of climate (wind regimes), political system, economy
and life standards.

The change in Denmark towards a wind powered country stand®71, when the public and political
will was put forward to push from a centralized energy market to decentralization bysB&Sgure23).
This created a situation in 2011 in which 28% of the Danish poweaécame from wind, with targets
of 50% by 2020 and 100% by 2035.

Centralized production in the mid 80’s Legend Decentralized production of today
LDecentralized Lnr
= Centralized CHP 7"
= Wind mill park < - e
ST S &
® ,
L J -
3
L4
L d
. .
& ®
@
®
L] L 2

Figure23... Transition of Denmark from a centralized to a decentralized energy production (A.Holmsgaard, 2010)

The change from a centralizedpplyto a decertralizedone meantthe construction ofots of wind farms.
Since the wind regimes ruling in Denmark are very similar to the one in the Netherlands, Danish wind
power records can serve as a reference whHenigning for the Netherland$he Danish wind datare
displayed imMppendixB. Based upothesedata;the followingconclusion$ave been drawn:

- The average capacity factor of offshore Danish turbimas 44.9% in 2012

- With 871 MW of installed offshore capacity, they produced 19.457 GWh of electffcity.

- During low variabilitythe turbinesoperated ata capacity factoof 20% or loweutmost 3 days in
91% of the casesee next paragraph for more about capacity factors)

- Thecapacity factovalues range between 10% and 70%

- There is arerystrong relationbetween the wind powesupplyand the spot price

- The spot price rose disproportionally, up to 400% of the average at tifne=y low wind output

- When wind output was low, the generation using Combined Heat Plants (CHP) was verychigh
so was the spotiice

7'S.Cha, Evaluation of &gy Storage System to Suppddgnish Island of Bornholm Power Grah12
"8 Energynumbers.info, Capacity factors at Danish offshore wind f&negynumbers.inf2010
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5.4 Performance of a wind system

When analyzing the potential of an area as a wind farm site, the most important characteristics are the
wind speed and duration. A minimum wind speed of 21 km/h is required to cesaédficient wind

farm.” The performage ofa windpower systemis largely dependent othe response of the conversion
system to thewind velocity variationsThis is illustrated with the load cungegFigure24 left).

1200 700,
Performance ® GRON-TY—75-36 , & FRLO-TV—85-36 , + KIMA-TV—80-38 , x WHOL-TV—85-38
 region? 1988

l

1 H i
) /
600 | Performance /
region 1%
/

‘ it bl
Ny 0
o A

Figure24 ... (left) Ideal power curve of a pitch controlled wind turbiref 1 MW (S.Mathew, Wind Energy, 2006) and
(right) Typical 'saw' profile for the generation of a wind turbine (J. Halkenvdindmolens Fictie en Feiteri998)

This meanshat highwind s SRa R 2 y yilleadyichighi dbitput avidhay actually stop the turbine
to prevent damage. There is an optimumnd speed for each turbinand theoutput is dggendent on the
matchbetween turbines andavind regime. Typically, the ouput curthasmany fuctuations §eeFigure24
right). The capacity factof® ) gives the ratio of power actually produced over a period of timith
respect to the power it could have produced if the machiagl operated at full capacity:

O
Yz 0

1000

Power, kW

——

o

Wind velocity, m/s y 1000

6 ON OB € 16

- Inwhich Eis theproduced energy, T the measured time ands$Rthe total capacity.

Guidelines for design values fGrare around 0.2- 0.3 for onshore turbines and®for offshore
turbines® To acquire more relevant values for tBeitch regionthe Danish data have beanalyzed (as
large amounts of data are not present for the Netherlands), which can be foulyoiendixB. The results
show thattheir offshore turbines displayed an avera@ef 0.45 in 2012 and 0.39 along their lifetime.
With 871 MW of installed offsire capacity, they produced 19.457 GWh of electricity in 2812.

TheG is commonly averaged over the year, even though it fluctuates throughout the year depending on
the wind GeeFigure25). For the Netherlandsyind power output is particlarly interesting in the winter;
generating up to 20% more power.
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Figure25... Yearly wind speeds of the monthly averages 4different stations (KNMI, Weerklimaat in Nederland, 1959

" AWEA, 2010
8 ECN, Energietechnologién in het kader ansitiebeleid: factsheets, 2004
8 Energynumbers.info, Capacity factors at Danish offshore wind f&negynumbers.info2010
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5.5 Wind variabiliy compared tademand

With conventional power generation, output is adjusted as far as possible to demand, using a
combination of turning plants on and off, adjusting capacities and using peak generation units for quick
response. Because there is no meciksamto turn onthe wind or to increase its capacity, this might pose a
problemin the future with larger penetration of wind powelt might coincidentally be true that the wind
power generation curve mimics the demand cupeitputting high power when deand is high. This is
dependert on the regional wind climatd=or wind farms in the UK, analysis shows that there is indeed a
positive correlation betweewind supply and demand, although a very weak oseefigure25). The

curve shows that when demand is highe capacity factors also highSince the windegimeof the UK

and the Netherlands are similar, a similar correlation may be true for the Netherlands.

Relationship between wind power output and electricity demand

Average capacity factor,
1995 to 2003

installed capacity / capacity factor)

Average wind power output (percentage of

0% 10% 30% 50% B80% T0% 80% 90%

Percentile rank of demand hour (100% e quals maximum demand)

Figure26 X w St | (winé pouieKavdilability& powerdemand (S.Graham, Characteristics of UK wind resource, 005

5.6 Views onwind power

Advantages ‘
Wind energy is cleanlGHG emissionnly with construction.

40%

Disadvantages
Visual pollutionof with windmills that react®0 meters irheight

Lowlocation dependencyThe EU imports 52.7% of its energy; of
which mostly coal (58.4%), oil (84.3%) and natural gas (63°4%).
decrease this foreign dependency, wind power offers an alternaf
with its high potential sites for generatioede85.2). Capital spent
on exploitations in politically unstable nations can be directed inf
growth of the domestic energy market, creating more jobs and
encouraging the economy.

Wind energy is not always reagivailable, as it does not always
blow as fastThe problem of intermittency and variability forms a
large disadvantagevhich will be attempted to be solved within thi
report. The consequence of intermittency is that no reliable ener
system can be builEven with a weldlesigned energy storage
FLrOAtAGeZ 6KSy G(KS SAYR R2Sa\y
storage capacity, no energy is available for the market.

Fuel is free for wind turbinesind in the operation phase, there are
only maintenance cost The market price of wind energy ranges
between 57.5 cents/kWh, already a very competitive price.

The height and rotors form an obstruction apdssible danger to
birdlife. Analysis of the bird deaths shows that the share caused
wind mills is insigificantly low®®

Wind is a renewable and sustainable source of energihiere is an
unlimited supply of wind and offers a clean, gtfilee solution.

Too much noiséy large windmills are causing opposition, despit
most of the complaints being social ansyghological factoreff

It is ethical in a market with good labor rights and transparency.
This is in sharp contrast with the fossil fuel markets. The coal
industry is marked by hard labor, low rights and collapsing miney
whereas theoil marketwith its oil spills®® monopoly abuse® low

labor rights and low environmental awarenéSs.

Grid capacityhas to be expandetbecause windmills are located fg
away from settlements. Larggcale plants need little infrastructure|
whereas a wind park stretches hurdis of meters and is placed af
the location with best wind generation. This introdudesses in
transportation andextra grid infrastructure costs

Table7 ... Summary of wind power discussion
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8. Layton, Do wind turbines kill birdsowStuffworks.com2010

LYRAOIG2NB QS

H MH

8. Chapman, Much angst over wind turbines is just hoSgitney Morning Journa2011

% The Guardian, BP oil spilhe Guardian2013

ht 9/ Qa OF N

tKS bA3ISNI R

Cwowk YSa 222fasSeés WwWi2¢ (2 oNBlI] 0620GK 2AiAfQa
TrvyySade Ly aBNywiw 2008 G NP (WY s LR2ffdziAz2zy | yR

Y2y2Li2f @

YR
L2 GSNI& Ay

26


http://science.howstuffworks.com/environmental/green-science/wind-turbine-kill-birds.htm
http://www.smh.com.au/opinion/politics/much-angst-over-wind-turbines-is-just-hot-air-20111220-1p3sb.html#ixzz1hAXpQb9z
http://www.guardian.co.uk/environment/bp-oil-spill

t NI ! X 9ySNHeE |y

« Problemdefinition

In this sectiona conclusion is drawn based upon the analysis performed above. This conclusion is also the
formulation of the problems that are identified in the analysis of the energy and power maiiets.
problem is found to be muHiaceted, which is why it requiregery extensive research.

The analysis shows that fossil sources hold a very strong pasitiba global market despite the strong
arguments opposing its usAsa cheap source of energy, they are especiailizedin developing nations
whereas their shre drops steadjl in the developed nations. Overall, the depletion of the sources is
imminent and will cause the fuel price to rise significantigkingalternative sources more attractive.

Especially in Europe, the tldr alternative sources is higiven though the total energy consumption is
not growing due tancreasedefficiency and power managemeriuropearcountries are increasingly
trying to lower their fossil fuel deendercy. This is visible in targe{set by the EU and national
government$and in future energy market studig@/hilethere are differences istrategy to realize this
Europewill overallcontinue to becharacterized by the strong growth mfnewable energy sourceRE$

This will pose large problems for the Netherlands, Wwliécheavily reliant on fossil sources for its
consumption and economjylhe utilization of RES is very low duertentionedreasons andt is highly
unlikely that it will fulfill either theEUor its own goalsHoweverthe government is pushing for
invesiments to increase the share of RES and initiate the transition from fossil sotitegrowth of RES
in the Netherlandsas to be coupled with a strong expansion of wind power capacity. Out of the RES,
wind power shows the highest potential for the Nettands due to the high wind speeds. The current
wind farms confirm this potential, with especially offshore wind farms providingdaghacity factos. The
research provethat wind power alone is insufficient in offering a reliable power systecause ofts
variable nature; part from the seasonal differees, wind speeds could berylow up to three days.

Analysis concludes that there are high fluctuationdémand inespecially the hourly curve along a day

and that this is causing high power pricestbe hourly markets. This is because these peaks are balances
by conventional plants which require a certain temperature to perform most efficiently and are therefore
less suitable for situatits with high flutuations The increase in RES will resulamincrease of daily
fluctuations and an increase of the current problems.

To summarize, the main problem is the imbalance in supply and demand. This is causing a lot of loss of
efficiency for utility companies as they cannot provide a steady load. Bethere is no controlling
mechanism or buffer in the system, these problems are simply solved by generation at a higher rate. With
the increased penetration of variable energy sources, of which mainly wind power is relevant for the
Netherlands, this imbatece is likely to increase. Withe increasdn variability, it will be increasingly

difficult to balance this with conventional units, who are limited by their nature of operation.

27



t I NI !

X 9ySNHe |y

Goalandhypothesis

To facethe problems a change in the energy balang is requiredThe following strategies are presented
with their drawbacks and an assessment &d@ of which strategy to pursue further in the next part.

1. Increasing international transmission lines, allowing more energy trade

This strategy has too mamycertaintiesand it is too risky since it is concerning primary needs. The
uncertainties and problems with this strategy are widely discussed in Chapter

2. More energy management from demand side

The development of efficientqpducts and indstries plays a key role; however soledying on this
strategy is naivehecause ofnany fators such as consumer lifestyle choidhat cannot be influenced.

3. Increased flexibility of conventional energy plants

With the increased penetran of RES, more plants wokkcomebackup plants that will generatevhen
demand is high and the Re&formsinsufficienty. The problem with this strategy is the rise of energy
pricesasthese backup units are only operat incidentally. In the transibnal phase from a fossil fuel
dominated energy sysm to a renewabldominated system, this stratggwill play a significant role.

| 26 SOSNIE

4. Energy storage

gKSY RS&AIYyAYy3D |
older and start tadeteriorate, they will slowly be placed outside the system.
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The problem definition is concluded with a desire for a buffer system; a system that can regulate the
imbalance between demand and supply. Temporary storing this energy in aeueage the excess
produced energy that is variable in natusenot wastedand be used later during peak houtfhis will

lead to a great increase in efficiency and less waste of primary er&ianage will open uphe door to
wind powerand similavariable sourcesThe goal is tereatethe link between supply and demand. One

YySSRa G2 FAYR |
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be match. At these periods, energy storage will kick in and compensatéftarence eeFigure27).

LOAD MATOCHING RENEWARLES
MAY REQUIRE MIASSIVE STO RACE

Renewable Input
/\ g S T AL
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Figure27... Thegoal of energy storagd€A. Shakouri, Trade offs in renewable energy solutions, 2011)

It is hypothesized that energy storage should be thefgared strategyThe following research question
will be the foundation of the research that is performed:

al2¢ G2

a 2 t @ Smbalanée beteBnGaipAlyvandd€mand with a rise of renewable energy

sources with a variable charactend offer a cleansafe, dependable, costfficient way of largescale

SySNHe ai2N}r3IS F2N ol
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To analyze thidroadquestion,it isdivided into subquestionswhich are presented in the Introdtion of
each part As the analysis takes place, new questions will arise which require specific answering.
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= Introductionto Part B

In Part Athe problemsareidentified and dirst step towards the solution is made by formulag the goal
towards creating an energy storage solutidime imbalance between demand and supply leads to large
differences betweemproduction and power consumption. The consequence is a system with high
uncertainty that is difficult to manage. Demand comes from consumers and their behavior can be
predicted to a high degree and supported with statistical data, a close approximatidecaade. This
demand is heavily influenced by day and night rhythms, culture and regulations (e.g. free weekends) and
is highly uncontrollable in nature.

This sectiorstarts by identifying the characteristics of the desired situation. What is the reqamenint

of balancingrom the demand and supply sigehat are the characteristics of the desired system?s&he
design criteria will be set and the desired situation will be quantified so that a suitable satatidme

looked for. Thegoal and thesolution will be defined in more detail abé options and alternatives

regarding energy storage are investigated. Each technology has its pros and cons and it will be the design
criteria that determine the suitability of a specific technology.

The following research questions form thaseof the analysis performed at Part B:

a. How would an energy storage system function in the Netherlands and what are the primary
design diteria to fulfill these functions?
b. What methods of energy storage are there? What are the main advantages/disadvantages
the current methods? Which methauf storageis applicable in the Netherlands?
c. What is the most preferable method of storage @mrhs of applicability and how can this methg
be optimized to function in the Netherlands?
The result of this section should belear understanding of the criteria for an energy storage solution,

stated preferencdor a certain storage technology andgsibly the first impressions of how such a
system shouldbe shaped.
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» Design condions

The following subjects are discussed in this chapter:
9.1 BenefitS Of ENErgy SIOragE. ... .ueii it 31
9.2 Preliminary System DOUNGAIES .......c.uuiiiiiiiiee ettt e e 31
93 tNBfAYAYINE &a6GL1LSK2L.RSNRA..LYLLEAAA ... 32
9.4  Wind power balanCing fUNCHIOMN ..........ceiiiiiiiiii et e e e 33
9.5 Peak demand balancing fUNCLION. ............ooiiuiiiiiiiiiee e 34
9.6 Largescale vs. SMaBIE SOIULIONS. .......coiuuiiiiiiiiiiii et 35

9.1 Benefits of energy storage

Basically, storing energy enables you to outpnérgywheneverdemand is high andlso serves as a
solution against the variabilityf wind by limiting the unexpected and unconthed output of energy.
There are other benefits for storing enerlige the obviousresourcemanagement advantagethe
SYSNHe GKI G A& 0SA Yy AnotHefiytBaltile ket systdm oArebé exdaiténla i SR Q @
createbenefits saving can be danwhen demand is low and thus the price, while generation occurs
when demand is high and thus the prigee84.6). This offers nebenefitsover the collection and
distribution of energy(this is further explaed inChapterl9.3). From this perspectiveyith only the peak
balancingenergy storageouldbe beneficial regardless of whether coupled with winalwer.
As displayed ibutchhourly load curves, pealon which generating utilities are designeare momentary
andthesepealsare up t0o33% higher than average consumpti@e€84.6). To desigm system of
national energy generatiobased upon the peais awaste of cafial, since they will be operational only
for a limited amount of timeAnother problem with the peakased design is that fossil fuel based plants
perform les=fficiently by being turned on and off In summarythe benefis ofenergystorageare:

- Highe share of primary energytilization

- Better utilization of the base load

- Fuel costs savings

- Having more control on the regulatory systednenergy production
- Lowering of the installed thermal production output

9.2 Preliminary system boundaries

System boundaies are used to set certain geagphic borders in which
solutionswill be looked for. As incorporated in the main questiead
Chapter7), a solution is looked for (a large part of) the Netherlands anc
the emphasis ia largescale solutiongee§9.6), which is why in this -
initial stage, the system boundariase the whole Netherlands, including \ =
its waters éeeFigure28). The pink shade iRigure28indicates borders of

the land area, whereas the red line does this for the Dutch waters, whi-*

is close to the internationally agreed borders with the bordering nation =" Sl ol
Figure28 ... Initial system boundarie
(Google Maps, 201.

8 Fossil fueled plants usually operate using the heat generated by burning the fuel. For the plant to operate on an effitjehts heat
has to reach a certain value. The losses arslyp@aused in reaching these temperatures.
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93 tNBEfAYAYINE aiGl18K2f RSNDA
LG Qa Atyidaht¥diffeyent parties that have influence and relevance on an energy storage solution
(seeTable8). Their interest are guiding in creating a system with a primary function of serving society.

Group | Stakeholder Interest Influence | Relevance
European Union Realization oEUtargets for RES Low Low
National @vernment Meeting Eltargets, naional prestige, minimal costs Very high | Medium
Province (regional government) Regional prestige, mimal costs,highbenefits High High
Municipality (local government) High safetyocalcitizens, life quality, land value, cheap | High Very high

power, no loss of land, increased risk, improved econo

= Adjacent municipalities Increased risk, cheap power Medium High

E Rijkswaterstaat Increased maintenance of civil structures High High

5 Ministry of Finance Minimal costs, improved economy Medium Medium

8 Ministry of Defense Low risk Low Low
TenneT (transmission company) Improved power management High Very high

g Power generation companies Efficient generation, highhanagement, more REfptions | Very high | Very high

£ = Agriculture & Fishery No loss/hindrance of land/ fishing area Low Low
National citizens National prestige, cheaper pav Low Low

s o | Localcitizens High land value, improved economy Medium Very high

& g Recreationists and tourists Quantitatively and qualitatively improved recreation Low Low

% E Environmental organizations No loss of natural habitat, protection of environment Medium Very high

g 3 Commercial sector (e.gusinesses Business opportunities Low Low

- Engineering, construction firm Increase in work, maximupprofit Medium Very high

o .2 | Workers More jobs, good worikg conditions Low Very high

Table8... Initial stakeholders analysis

Stakeholders influence and relevance

o B Government
£
@ .
2 @ Rijkswaterstaat
c
= Tennet & Power
'_nE" companies
A Province > Municipality
National citizens Adjacent munipalities } Local citizens
-]
o
c
3
= . - . Environmental
= = Ministry of Defense -+ Ministry of Finance —
= organizations
[}
- 4% European Union
) =] . Commercial sector Workers
Agriculture and fishery
low relevance high relevance

Figure29... Stakeholders influence and relevance graph

The major stakeholders of importance and relevancy are: TenneT, utility companies, Rijkswaterstaat, the
corresponding municipali, province and government. Especially their wishes are considered when
creating a solutionThis means the solution should comprise a systemlifigtthe national prestigeand

local life quality,while improving power management and efficiency and ctea a durable systenat

low costswith high benefitsand more possibilities for RES

While doing so, the preference is that the solution combines this with nature and recreation while having
low risks and little local interference and improves businessodppities and employment rates.
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9.4 Wind power balancing function

Thedesign criteria for thevind power balancing functioare determined using statistical data presented
in Appendibx8for the wind power situation in Denmark. AlreadyHart A, thehighsimiarities between

the Danishand Dutch systems are discussed and explained that this data is used because of its large
abundance and availability. The wind power balancing functioronljidefine a required storage
capacityfor the energy storage systerhe key findings of this analysis has been reporte&bifi

It was found that utmost 3 daythe wind power performedelowa critical level oG of 0.2. Thidas been
observed for 90% of thcases and is ses @éhe design criteria. This means that the energy storage system
that is designed should be able to cope with a low power performance= 0.2for 3 days.

For the current situation and the 2020 scenario, the installed wind capacity is used to detdnmine

required storage capacitecause there areo specific targets fothe Netherlandsbeyond2020, the

European targets are used as a reference and scaled accor(iaglhable3 and Table6). The average

value of all sources is used as the representative value for that scenario. This scaling is done in the same
way that the EU has specified 14% RES in 2020 compared toetfagyaof 20% by 2020 for Europe.

The calculabn for the future scenarios of 2030 till 2050 is performedlaswnin Figure30 and the
targets are displayed ifiable9.

Determine the share of RES in power production from scenar

Determine the annual production using RES in TWh

Calculate the installed wind power capacity

Calculate the energy capacity for design criteria of 3 days

Figure30... Defining the energy storage capacities for the wind power balancing function

Estimated % of Generation coming Installed wind power Required energy capacity

RES in power  from RES [Wh] [MW] [GWH
2013 2000 4.8
2020 (35 (44 6000 14.4
2030 57 74 10000 24
2040 75 100 13650 33
2050 86 130 15650 38

Table9 ... Required energy storing capacity of systdar the wind balancing function
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9.5 Peakdemand balancinfunction

Apart from regulating the variabieput fromwind power, energytsrage can also be used for peak
shaving purposed.hispart of theproblemiswidely discussed iRart A Theenergy storage solution
must be designed based on the worst scenario, whernvtr@tion ofdemand is highesfTo determine
when this occurs, th Dutch load curves are analyzese€84.6) for different time periods
- Along a year, this peak is reached in winter, namely January
- Along a month, there is ndistinct peak
- Along a week, this peak is reachedhia middle of the week, namely Wednesday
- Along a day, this peak is reached after office hpoanelybetween 17:30 21:00
Based on thdindingsabove,for each month of the year, one day with the maximum load profile is
chosen andinalyzedDue to the aailability of the data, this is done for the year 2611t should
therefore be noted that the analysis is unable to figure out extremes that occur on a scale of multiple
years. The choice not wonsideronly Januarytfie yearly peak monthis because # variance with the
peak is essenti@nd not the absolute numbeiThis is defined according to:
- Base loadwhich will be covered by conventional units. Thidafined as theaverage between
10:00-17:00, after the morning ramp, during which wiiperatesteadyat high efficiency
- Peak load, the difference between the base load and the extreme vahleag the daynote:
this is not the extreme value minus the mean, so there can be multiple peak loads in a day)

Asimplealgorithm is create@nd calculatedhat does the following

- makes the separation betwedrase loacandpeak load (the peak loadt only a specific hour)
0 OIOG O'@ QWE W @ Wk
0'Q@ OO 6 Hiak OQ
- sums up thepositivepeak loadso acqure the total energy storing capacity required
q
YQnR 6 V@@ &anQoo(I)Qo ®QEHQWE N T
d
- calculates the extreme valud the defined peak loadshich the system should provide
YQn o 'ﬁié’)'@’ﬁﬁo wn o OROD Qa 9 RE@ OQi
Inwhicho "CT# p drt T p ¥t Q= correspondingralue at a specific timeetween00:00-24:00
An exampleof the physical meaningf the algorithm is shown fat2 December 201ih Figure31in which
the blue curve is the hourly load values and the red line indicates the baseTloadrea in between the
red and blue curve gives the totaquired energy capacity whereas the maximum minus the b
gives the total required generating capacifihe full results for all analyzed data are displayetiahlelO.

Peak demand
S===SSosssssoSss

Required energy storage

——21.12.2011 ——Base-Load

REERRER
888288583

Definition of the base load

Power consumption [MW]

2 v 2
g8 8 8
g & 8

15
time [hours]

Figure31... Definition of the base loador 12 December 2011 (Dafeom ENTSOE, 2013)

89 ENTSOE, 2013
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Storage Generation
Capacity ~ Capacity

Date 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 (GWh) (MW)
19.01.2011 14265 15834 16257 16333 16328 16217 16287 16345 16208 16365 17214 16826 16203 15422 14484 164 919
16.02.2011 14108 15360 150905 15825 15726 15467 15463 15344 15248 15206 15419 16,031 15913 15140 14,208 1,56 463
16.03.2011 13284 14720 15440 15534 15556 15330 15318 15108 14940 14886 15020 14910 15580 14843 13903 1,76 259
20.04.2011 12665 14160 14,885 15033 15227 15090 15236 15226 15024 14856 14713 13861 13414 13197 13,645 037 130
18.05.2011 12560 14173 14957 15155 15244 15181 15282 15160 15015 14960 14860 14027 13547 13030 12,880 0,31 140
16.06.2011 12576 14180 15105 15378 15570 15517 15606 15595 15535 153 15173 14226 13,7 13163 12,655 0,46 134
20.07.2011 12021 13445 14269 14619 14797 14716 14816 14708 14560 14330 14190 13363 12912 12503 12191 047 173
17.08.2011 12021 13510 14372 14730 14851 14,771 14824 14762 14559 14341 14170 13347 12872 12619 12674 047 183
21.09.2011 13058 14283 14984 15164 15232 15096 15,181 15118 14,941 14874 14829 14155 14192 14368 13651 0,29 130
19.10.2011 13630 14914 15442 15538 15564 15431 15537 15497 15417 15283 15199 14942 15451 14776 13,922 018 75
16.11.2011 14462 15714 16,321 16,342 16,291 16,000 15967 15867 15815 16079 17346 16780 16279 15418 14445 284 1260
21122011 14185 16026 16405 16496 16480 16328 16360 16304 16221 16,711 17,322 16515 15968 15357 14,375 171 950

Tablel0... Storage requirements based on the peak shaving function of the storage solution (Data gathered from the
European Network of Transmission System Operators for ElectriENTSOE

The values iiTablel0 are markedgreen when they are below the base load and red when they exceed
the base load and thus require the energy storage device to come in action.

From the resultsthe requiremens of the energy storage deviare defined as the extreme values,
displayed inTablell. It can be seen that the required energy storage function is far less than the
requirement defined by the windower balancing, which is normative for the energy storage capacity.

Required duration of operations Required energy storage Required generating capacity
6:00 hours 2.84 GWh 1260 MW

Tablell... Required design criteria based updhe peakshaving function

9.6 Largescale vs. smaéficale solutions

One of the key discussion points when choosing an energy storage system is whether to choose lots of
smallscale solutions or a few largeale solutions. A comparison of advantages betwsgth options
can provide more insight in the selectiseéTablel2).

Smallscale solution Largescale solutions
Flexibility in capacity upgrade Larger efficiency due to losses of one solution
Easier to adjusta changes Larger efficiencgue to lower number of units
Low primary investment costs Overall lower cost per kWkince some costs are
fixedfor each unit; fewer units mearewer costs
Lower threshold for realization Simpler regulatory system
More reliable system due to spread of risk Lower maintenance costs

Lower operational costs

Tablel2... Advantages comparison between smaitale and largescale solutions

Currently, RES are less competitive compared to fossil fueledesaurhis comparison is based upon the
costs per kWh to serve it to a customer. The comparisdralriel2 shows that the cost per kWh is lower
using large scale solutioriBhe lower costs per kWh combined with tb#her economic advantages, gives
large-scale solutions the decisive edigethis particular situation.
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10 » Energy storage solutions

10.1  Overview of energy storage alternatives

Now that the design criteria have been defined for the system of energy storagéahls technology
can be sought to fulfill these criteri@he detailed analysis of all the energy storage techniques is
performed and can be found lppendixC. Here, a summary of the results is presenteith an overview
which displays the technologiethe advantages and disadvantagBse overview is displayed Trablel3.

10.2  Selecting a suitable energy storage solution

There are many ways to store generated energy. In between these possibilities, there afe lots
similarities. An initial method to thin down the possibilitie®ésed upon theequired storage time and
scale. Some possibilities are suited for conditions where power is néeaeaiciutes and requires quick
access times. Like this, there are otlebaracteristics that ensure a most efficient way of storage. The
main focus of this assessment is on storage solutions that are suited for the two furaftieired power
balancing and peaghavingdefined inChapter6.

Based pon a comparison of the variety of energy storage solutions, a preference for a specific method
can be made depending on the conditions and wislsesTablel14). The determination will first be made
by eliminationof methods. The first criterion is the desire for a laggale solution (e.g. > 100 MW). Only
the following storage solutions are suitable for thrgerion:

- Underground compressed air energy storageJAES)
- pumped hydropower storage (PHS)
- cryogenicenergy storage (CES)
Out of these options, the only proven technology seems to be PHS, as CAES and CES are technologies
dzy RSNJ RS@St 2LIYSy i I yR K| @&Vahléld). IORPhSSY majokrdiid NJ LIS NF 2 NIY
applications angbilot projectsof CAES have provés very low efficiencyThe alternative systems should
be kept in mind when comparing the developed system for energy storage.

Pumped hydropowesstorage (PHS3$ considered to be the most suitable.
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1 1 .« PHS Alternatives

11.1 Introduction

In the previous chapter, the decisimmadein favor forpumped hydropower storag®HS)PHSan ke

realized in a variety of wayshs/ OS KA 3IK St SGF A2y tI{ AayQid L}2aaAroft

underground orexpand thereservoirsurface The alternativeare groupedaccordingly, with ach group
presentingseveralalternativesthat are very distinct;hiey dther use a different techniquer emphasize a
specific caseandgeographic situation.

The dternatives inGroup Care not really considered as an optidsut are defined as to compare and test
the other alternatives. Their function as a reference is explained at the respective section.

The alternatives in Group 1 mainly focus ondosad hydropwer and benefit from the large surface of a
reservoir to store and generate required amounts of power. The first Dutch concept dfdad

hydropower storage was proposed in the Plan Lievense. Dating back to 1979, ir.Lievense came up with a
plan to createan artificial lake with a water level difference relative to the surrounding water body. The
head difference is used to generate and store energy. The originamalairfinished irl981 and had two

major updates: the creation of the Valmeer in 1986 anel theation of theEnergie Eilanth 2007. Both

these plans will be considered here and finally, a smaller scale variant for a storage island is considered
that requires little adjustmentd & A f i R SlSRffe@ OF f t SRY W5

The alternatives in Group 2 abased on the same principles as normal PHS with the exception that it

uses subsoil spaces to acquire the height difference. The beneifitdgfrgroundPHJUPHSIs that not

much terrainisrequired above groundwhich is preferable in the densely pop@dtNetherlandsit does
however require a subsurface reservoir to which the water can be released and pumped back from. This is
either a subsurface cavity to be constructed or an existing cthatyis fit for storing water

Aprimary selection is madedsed upon a Multi Criteria Analysis (MCA). The alternativesedadet] to
such a degree tha qualitative selectiogan be made. The results of this chapter should be a preference
for a certain alternativeAn overview of the alternatives:

11.2 Group 0: The reference alterNativVes. .............ueiiiiiiiiiie e 40
11.2.1 Alternative 0.1: DOING NONING ... .cieiiuiiieiiiiee ettt ssee e et e e st e s sbeeessabeeeeessneeennes 40
11.22 Alternative 0.2: European Energy Market............oooiiiiiiiieeriiiiiie e 40
11.2.3 Alternative 0.3: Traditional PHS...........ccooiiiiiiiiiiie e snnee s snneeesnenee AL

11.3  Group 1: StOrage ISIANUS.....cooeiiiiiii ittt e e e e e et e e e e e e e e e e e e e aaaaae 43
11.3.1 Alternative 1.1: Plan LIBVENSE. .......uiiiiiiieiiiiee ettt e st e e s snn e e s bneeena 43
11.3.2 Alternative 1.2: ENergy ISIand..........cooueiiiiiiieie e 45
11.3.3 Alternative 1.3: The SIUFLEE.......ooiii e e et 47

11.4 Group 2: Underground Pumped HYdro StOFAgE. ......ccoouiuuieiieiiiiiiiie it A9
11.4.1 Alternative 2.1: UPHS in eXiStiNG CAVILIES.......ciiiiuiiieiie ittt eeeiiiieee e e e s siaaeee e e e s sninaeeeaeeesnnesad 49
11.4.2 Alternative 2.2: OPAC LIMDUELG.......oiiiiiiiiiiiiie ettt et e e e e e e e e s snaneeeeaeeaas 51
11.4.3 ARErNAtiVE 2.3: GraVity POWEE ... ... eeeeiiieee et eee e e e ettt e e e e e e taeeeeeeaaeaaaaeeeeeaaeaaannneeeaaaaesaanneseeeens 53
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11.2.2 Alternative 02: European Energy Market

11.2  GroupO: The reference alternatives
11.2.1 Alternative 0.1: Doing nothing

Figure32... The smoke coming from a pealknit plant in the Ruhrarea in Germany

Conceptand evaluation

Not doing anything could possibly be the best solutlith no solution, the current problem reains
unsolved with increased future consequences. The current problems have widely been discuzsad\in
(see ChapteB). Since no investment is required, this is the cheapest alternative at first glsoce.
additional value is created and the problem is not solved and may even w@semmay be missing the
benefits a solution bringalong. This magomein the form of costs (e.g. yearly fuel savings) or in terms of
convenience, such as risk reduction and iayed conditiors. For a fair comparison, theenefit should be
transfomed into monetary termswhichis not always possibles.g.what are financial benefitsf

improved conveience? The primary decision must lesed upon more than monetary unifBhis

alternative checkghe additional value created by the other alternatives.

. - f of =

Figure33... A possiblduture scenarioof the European GrigOMA, Roadmap 2050, 2010)

Concept and evaluation

Thisalternative serves as a reference because many organizations highly value this option. It has been
discussed widely i@hapter3. To summarize, the main problems are concerning the reliabilitg peak
demand d the Netherlands coincides with its neighbors, which means that the pwilelbe unavailable

or the price will be very high during these houhscreasedenetrationof RES will increase the

fluctuations of the supply curve. Since climatological evesite place on a scale thaffects most of
WesternEurope, every nation will be out of power once theemmittency of the RES kicks ifhe grid
capacity needto be expanded if more crodmrder trade is going thappen since ountries arealready
facingproblems with their own grid.

To provide more reliabilitin the system, a controlling body within the EU is suggested that monitors the
power production and distribution and can make an early warning when the system is nearing-a black
out. Overall, thee are many uncertainties regarding international power trade. Thesertaintieslower
the effectiveness of this solution, creating high risk regarding availability and price fluctuations.
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11.2.3 Alternative 03: Traditional PHS

Figure34... Seneca Pumped Hydro StoraBtant near Pennsylvania, USA (Wikipedia, 2010)

Concept

Characteristics that are valid for traditional PHS will to a very high degree also be valid for the other
alternatives that utilize the same principlEhe advantage and disadvantages have largely been
discussedn Chapterl0. As a reference, this alternative elaborates the principle idea and theory.

Some 127.000 MW of PHS capacity was installed glab&B09, with arexpected growth rate of 60%,
the capacity by 2013 should be around 203.000 f\Wue to the flat topography, the Netherlands has
low potential for hydropower. Therefore, only a handful of plants are installed near rivers with 38 MW
installed capacity in tet ** Traditional pumped hydropower is therefore very difficult.

Theory

Traditional PHS comprises of two reservoirs: one upper and one [seefFigure35 left). Excess energy is
pumpedin the form of water tathe upper reservoir and released when energy is neegegyeringa
turbinein betweenz KAt S GKSNB A& y2 62Nl Ay3I SEIYLXS 2F
concept. There are applications abréadnd the concept is predominantly based upon @ov
hydropower technologyseeFigure35right).

Storag Pumpi
High-level reservoir Power |e Pipe | Minim Maxim | Generati N p
PHES Count | Capaci | Capaci | Leng | um um ng Flow F% )
Plant ry ty ty th Head Head Rate R:t:
(MW) | (MWh | (m) | (m) (m) (m/s) 3
) (m'/s)
:aglsaw Japan | 240 | 1368 483 |53 1125 832 773
Revin France | 760 3600 969 2112 2424 |70 55
Shin-
Takasega | Japan | 1280 | 8832 2792 | 2027  264.4 155.5 100.6
wa
Mingtan Iﬂi“’a 1600 | 10720 | 4443 (3405 4108 | 774 57

Figure35X (left) Scheme of PH8BC 2013 and (right) Reference PHS CPSPHS Technternational Experience, 1996)

By pumping water to a higher elevation, essentially the potential energy of the water is rafsednergy
potential of water at any given height is formuéat as

% E.Ingram, Worldwide Pumpegiorage Activity, 2010
I Milieu Centraal, WaterkrachMillieuCentraal.n|2010
2 Wikipedia, Vianden Pumped Storage PlaMikipedia,org 2013
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0 4T T @@ " O0m [Jould

- m=mass [kg]

- g = gravitational acceleration [nf|s

- h = hydraulic head [m]

- dh = thickness of the upper reservoir [m]
-V =volume of water [}

- " = density of water [kg/rf]

Considering this equation, the systenllveienefit disproportionally in a situation where the upper level of

the reservoir is heightenedhile maintaining lower levdtise ofh anddh). It has therefore the
preference toincrease theéheight. The same effect is true for the powdthe power igormulatedas

0 Ofd 7 Q@O " Q0L -  [Watl]

- Q = flow in [n¥s] (the flow rate is dependent on the size of the turbine gehstock
- —=efficiency]

TraditionalPHS is very dependent on geographical characteristics, which means that the feasibility first
starts with the search for a potential locatiofhe most important attributes are the following:

- How much water is flowing in and out of the system, i.e. more water leads to more energy

- The geographical conditions to store the water, both for the creatiothe upper as lower
reservoir, i.ethe larger the reservoir, thenore power

- The elevation difference and the water free fall height that can be realized, i.e. higher elevation
difference leads to more energy production

- The costs required to realize thegvious two points, i.e. larger facilities lead to higher costs

The following points should also be taken into considerations when designing strcictare

- The expected amount of evaporation considering different water levels in the reservoir

- The expead average energy costs and generation

- The geological specification of the site, such as data of soil characteristics, leakage possibilities,
earthquake statistics, foundation possibilities

- Sediment flow and the expected accretion as a result

- Direct losse or negative effects as a consequence of the PHS, e.g. loss of agricultural land,
movement of people, constructions, etc.

- Other possible functions that can be realized, e.g. recreation, irrigation, naval functioning

- The ecologicatffectse.g. influencen water flows, water leve|environmentetc.

Generally speaking high up the mountains the flow areas will be small, the amount of water is little, the
water drop will behigh andthe reservoirawill be deep but small. In lower areas, the water and seditmen
amount will be higher, the watdevel differencdower and the reservoirs shallow but stretched. This

leads to the distinction between loWwead and highhead waterpower. It should be clear that the

Netherlands is predominately a place for knead watepower seeFigure35right). A reference PHS

plant is the Ludington PHS plant in the USA. The characteristics, costs and performance have been added
to Appendix
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11.3  Group 1: Storage Islands

11.3.1 Alternative 1.1:Plan lievense

2
2 —
i = - aa L

Figure36X {1 SGOK 2F GKS 2NAIAYyLE ttlry [AS@Syas
Concept

The idea of the Plan Lievense is the creation of an upper reservoir enclosed byTtierosiginal plan

bases its design mainly on the peak shaving function, althdwdéo incorporates a wind power

regulatory system. The reservaionsiss ofa circular island forming the upper reservoir in a PHS system
The lake or sea around it is used as the lower reservoir. Generation and storage happens by letting the
water flow and pumping it back up from the surroundifidhe benefits in terms of costdme from fuel

cost savings and were estimated to fie2 billionannually.

More detailed

The circular shape is due to the favorable ratio of perimeter and surface. Phasedpegat is made
possible through the creation of three compartments; each holding an 800 MW tufied ablel5).

Along the years, the plan has been updated several times in which different hydraulic heads are
considered.The original plans consist of a hydraulic head of 70m, which is later reduced to 40m.

Capacity Size reservoir Original costs (in Dutch guilders)/Estimated
G2RIed Oz2aia

800 MW 30 ki Tt mMmdhp 0AfEAZY K € mMmdc

1600 MW 55 knf fl.31biIRk2Y K eHdTn OAffAZ2

2400 MW 165 knf FTftd pdoc O0AfE2Y K endyy

Tablel5... Three differentcapacitiesfor the Plan Lievense (Begeleidingscommissie Voorstudie Frehse, Wind
Energie en Waterkracht, 1981)

Three locationgire identified as potential sitesséeFigure37 left):
1. Inthe Markermeer attached to the Houtribdijk
2. At the shore near the Brouwersdam
3. Inthe North Sea far off the coast

The height of the dam ring depends on ttfeosen hydraulic head. Theestwidth of the Markermeer
solution is 7m, enough to place small road on top.

 Internationaal instituut voor sociale geschiedgrDe waarde van de gulden/euttSG.nl2013
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Figure37 ... (left) Possible locations for the upper reservaind (right) Overview of the turbine and the reservoir Bfan
LievensgBegeleidingscommissie Voorstudie Plan Lievense, Wind Energie en Waterkracht, 1981)

The widthin the other two options is 60m, significantly larger due to the dune shaped profile instead of a
steep dam. The estimated ground moving worksgngjected to be up to 1 billion fiof sand, of which
around 300 million msand for the dams and dunes, depending on the size of the reseBinae space is

not a major restriction for the North Sea location, a surface afet knf is deemed possibl&urbines
operate with an estimated efficiency 80%. The design safety of the dam ring at the Markermeer
solution is much higher because of the large possible consequences in case of a breach. The design
criteria are ten times higher than proped in theDelta norm The other locations share the same safety
requirements as the Delta norrRlan Lievense has been updated and reshaped in many swfsas the
new Afsluitdijk® In this plan, a similar dam ring is proposed at the Afsluitdijk, utilizing trghhei

differences in between the North Sea and the IJsselmeer. Each variant uses the same concepts and ideas
developed in the original Plan Lievense, though with some noatlifins to e.g. the dam height and

power generatiorcapacity.

Evaluation of Plan Lieanse

Apoint of criticism against the alternative is in terms of safety. The creation of a water reservoir with a
water level of +70m NAP in the original plan, and +40m NAP in updates, raises concerns. These concerns
are amplified by the proximity of Amggam at the Markermeer solution, and the proximity of Rotterdam

at the Brouwersdam solution. The risk of failure is defined as the probability of failure times the
consequence. As a solution for the safety concerns, the plan offefsa@asehe probabilty of failure at

this location by tenfold. The concerns revolve mostly around the consequences, which leads to a low
safety feeling and makes the alternative at this location prone for intentional destruction such as acts of
terrorism. The North Sea siteas therefore the preference.

The main barrier for theealizationhas probablypeenthe high primary investment costs. Although based
upon existing technology, the creation of such an island is still unique in the world and its feasibility is
unproven meaingthere is some uncertainty regarding the practical efficiencies and effectiveness in the
power grid. This uncertainty combined with large required investments lower the feasibility of the
concept.

% Rijkswaterstaat, Natuurlijk Afsluitdijk, 2010
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11.3.2 Alternative 1.2: Energy Island

Figure38X {1 SGOK 2F GKS 9ySNBH& LatlyR

Concept

Based largely on the principles and ideas of the original Plan Lievense, this alternative sitweliogaof
anislandin the North Sea. The significant concept difference with the Plan Lievensecie#t®nof the

a £ | £ YcGnBeltEThis solution creates a lower reservoir and lets water from the surrounding water
flow in; a reversed PHS/stem.The idea is combinedith multiple other functionsamong which an LNG
terminal, agriculture, tourism, imd farms, water sports and housing. This is to increase its feasibility and
justify the highinvestmentcosts

More detailed

The goal of the island is to store energy at night so that the base load plants can operate at a higher
efficiency and supply thpeakdemand by day so that expensive padmand units are not required.

With the increased penetration of wind power into the grid, the variable output @ahdanced using

this solution.The entire island stretches 6 x 10 km in sinda reservoir 80 knf givesa capacity of 20
GWh. Using 16 turbines of 125 MW each, these turbines can produce 1500 MW of power for 12 hours.
The water level in the reservoir varies freddm to-32m NAP. The reservoir will be closed off from the
water usingsurrounding kirry walls that reach the deep clay layatr40 meters below sea level

Therefore, the island is placed on top of a large clay layer to prevent inflow of ground water. The entire
area will in this way be closed ofbfn any in or outflow of water.The cats to create the island are
calculated to be around?2.45 billion of which 1/3 account for the civil engineering works whereas 2/3 can
be allocated to the pumps and other electiechnical work.

Figure39... Detailed drawing othe turbine crosssection
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The energy gaacity of the system is derived Appendix Go be

O g QI Q

Here” is the density of water, g is the gravitational acceleration, A the surface area,and h the
lowestand hidnest reservoitevel,relativeto the mean water level outside the reservoir. The flexibility of
the formula is predominantly given by the surface area A as well ashtbeenheights ofh, and h. The
results of some experimenting are displayed atle 16 (seeAppendixCfor the MAPLE modéls

Situation Surface area reservoir hy (m) Energy capacity (GWh]
(km?)

Small island 5 -20 -10 2.09

Medium island 15 -30 -20 10.46

Large island 30 -40 -30 48.83

Tabe 16... Calculations of the energy capacity

The surface area of the reservoir is a factor that can easily be increased upon available water space. This
increase in the surface area will increase the costs, becalssgex islandvill be required.The elevation
differences play a significant role in the equation because ofltbgroportional increaseTherefore the
preferenceis to createa highdam. However, this height is restricted by practisalesand cost
considerationsPrevious experiences with dredged islands prove that large islands up to %ré&m

possible. Although a vertical expansion is preferahémretically, a horizontal expansiomay be the

preference practicallyA balance between height, surface and cost$lead to the optimundesign

Evaluation of the alternative

The energy storing capacity of 20 GWh is very high for cupamioses which make this planistainable
for the future. The power generation capacity of 1500 MW is high enough to have a largdrito the
grid and supply an adequate portion of the pedmand.

The construction of an island of 6 x 10 km is rather controversial. This controversy is increased with the
large investments required to realize this optigaproject of this scale touweslots of stakeholders, of

which especially the environmental orgartipas will be strongly opposedlvhile the primary analysis

shows possibleosteffectiveness, realizinthis alternative will be unique in the world and is therefor
considered ariskinvestmentt C2 NJ G KA a NBFaz2ys SalLlSOAlLffe LktAoe
directly from such a solution will be cautious to invest.

Looking at technical uncertainty, there is much unknown regarding the clay layer which is supposed to be
uniformly present for at least ten meterénalysis of the CPT dashows that throughout the entire area,
there is a lot of variance in soil characteristics and material {jpe.

% DinoLoket, 2013
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11.3.3 Alternative 1.3: TheSlufter
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Figure40... Locaton of the Slufter on the map (Google Maps, 2013)

Concept

[A15

This alternative explores the idea of usigsting sites for the application of lelead PHSAt the
Maasvlakte of the Port of Rotterdam, theresitt depot, calledd 5 Sufter, whichisused forthe storage

of contaminatedsilt from the port area. This is quite a large depot and at first site this depot resembles
the drawings of the Valmeer ideadeFigure41l left). This has been the primary incentiveltmk further

into this option.

Without much alteration, this depot can be transformed from a silt depot into an energy storage solution.
With the addition of turbines, it can be used to generate and store power similar to the concepts in the
alternativesPlan Lievense and Energy Island; by pumping and releasing into the surrounding North Sea.

Volume depot +/- 143 milj. m3 (bruto)

65 milj. m3

+2,50 mir
NAP

78 milj. m3

-28 mtr

Figure41 ... (left) Sketchprofile of the Slufter DeSlufter.com, 2008and (right) Aerial@ A S &

More detailed

2F w5S§

{fdzZFGSND 6D

DeSlufter was constructed in 1987 in response to the large polluted soil that was being dumped into the
North Sea. Sedimentation is a natural process in the-fllmwing waters othe Port ofRotterdam and

constant dredging is needed to keep these araacessibléor large shipsin many cases this silt is

polluted and contains contaminants that cannot be dumped directly into the sea. For this rés@son

depot was constructed southwest of the Maasvlakte. The company Boskalis Dolman is respondikele for t
operation and maintenance of the depot. Their contract has been extended till 2014. About 3 million m
of dredged sediment was brought to the depot a decade ago and this number is diminishing significantly.
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The site is suitable as it is close to theusiious Port of Rotterdam and close to possible future offshore
farms. This means the power storage will be close to power consumption and generation, a preferable
position, which minimizes transmission losdelsis, given the location, the required giidrastructure is
likely to be present, which saves investment for grid infrastructure.

The depothas a depth of28m NAP and height of +23m NAP and can hold 143 il silt, leading to
an average surface area of 2.6 %ifhe Slufter can be used fenergy storage in a variety of ways. One
example, sing the direct Valmeer concept, one can vary the depth betw28m and-18mNAP, which
will give a total energy storage capacity of

(0] g Q. Q  v8zpm X pdOWQ
Appling 4 turbines of 125 MW eachives a power generating capacity of 500 MW that will be able to
produce for 3:30 hours. This number is barely enough to fulfitak demand shaving functiofhe major
advantage of this alternative is that it utilizes already an existing construction that will create much more
value/benefits when used for this function. Transforming the depot into a storage solution will not require
much investment, making itoenomically more viable.

Aside from the silt storage functions of the Sluftegether with its surroundings, ¢an combine

recreatioral functions The present high wind speeds make it an ideal spot for windsuaimgother

water sports® There is a kach for recreational purposesida small fishing associatidhThese

functions can be maintained within the alternative. In fact, it should be sought to expand these functions
to increase the feasibility ancteate more public acceptanc&he geographidaonditions are somewhat
favorable. Since the inflow of water needs to be prevented, the reservoir needs to be closed for
groundwater. Soil data suggests an impermeable layer starting from a deptb of NAP® However,

this layer is a mixed layer, sotdiéed data is required to determine the characteristics of this layer.

Evaluation ofthe Slufter

Data about the Maasvkde and its surroundings is abundant, which lowers the uncertainties. Thetdep
needs to be improved fagnergy storagewhich requirsinvestmentin turbines andoptimizations to the
depot. However, relative to the creation of an entirely nesland these investments will be very low.

The concern abouhis alternativeisthe uncertainty with the subsoil and threlatively small energy
capacity, making it less fior nationalstorage With the presence of the Maasvlakieand 2 expansion to
the northernand western side is restricted, but not on teastern andsouthern side of the Slufter.
Another major issués the current function bthis land with the depot containing8 million nf of
contaminated sil{at alevel of +2m NAPWhereisthis large amount of silgoing to be lefand what

about theannual depositg For options that considetouble functionality, the presence of thétswill
largely decrease the depth ammbtential for storageFrom a juridical, political and planning point of view,
it should be examined what chances and consequences there are for this function change. Not much
expectation into this can be given attlmoment, increasing its uncertaintjnother possible point of
criticism is theelative proximity of alarge water elevation to the port and city of Rotterdam. The
application of the Valmeer conceptduces much ofhe flooding concerns because ¢ase ba breach,

the floodwavewill enter the reservar and the reflecting wavwvill reach the shoredt is expected that

this reflecting wave will largely be damped oigzminglow risk for the shore.

% Surfed.nl, Slufter Surf ForecaSurfed.n) 2010
" SVV de Slufter, Strand vis verenigi®aydeslufter.nl2010
% DINOloketDinoloket.n| 2013
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11.4  Group 2: Underground Pumped Hydro Storage

11.4.1 Alternative 2.1: UPHS in existing cavities

Figure42 ... Crosssection of a cavern with a possible system of energy storage (Grondboor en Hamer, Zoutspecial, 2010)

The concept

This alternative works by pumping water up and releasing it intostiissurface reservoir when
generating.The application of UPHS requires a subsurface reservoir. This can eitt@wlyeonstructed

or existing cavities can be modified for this application. The last option is considered for this altetmative
save phnary investment costsA primaryassessmentf the geographic data displays two main areas
where such large subsoil places are present

- Depleted salt caverns in theorth-eastof the Netherlands
- Old mine shafts ithe provinceLimburg

Depleted slt caverns

The cavities surrounding the Dutch provinces Groningen and Drenthgranaising for this alternative

Large cavities were left after salt was extracted along the y@aese cavities are surrounded by rock

salt, which makes them highly impermeakled suitable for this purposeThisis whythese cavities are

also interesting for storing gas and ilThe subsoil spaces stretch up to 1600 m deep which makes them
idealfor largescale storagesgeFigure43). Laige modifications are required before these can be used as
UPHS plants. The strength and stabilityhefhollow spaces must be ensured for this purpose. Areas are
required to house the turbine and generator houses. Above the ground, there should becaigrépace

in the surroundings to construct the upper reservoir.

For simplicity, the assumption is made that tegel in the upper and lower reservoir remains steatlyis
is justifiable due to thdéarge reservoiarea and the large hydrauliead(in the order of 500 n; 1500m)
relative to thevariation caused by varying reservoir le@tsthe order of +/ 30 meters). Quick
calculations using the basic PHS formuta®$11.2.3 show that a cavity as displayéeft in Figure43 can
hold up to 12 GWh of energy, large enough for lasgale applications.

“Eneco Gasspeicher, Gasopslag in zoutcaveEre=s;0.nl2009
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Figure43... (left) Vertical cross section (sonar measurement) of a cavity near Winschoten, Groninigé) @ross section
of another salt cavern compared to the size of the Eiffel Tower (300m) (Akzo Nobel Industrial Chemicals B.V., 2010)

Mineshafts in Limburg

Anotherpossibility is to use mineshafts in Limburg for storage. These mineginaftsie accessotlarge
depthsand large enougtDutch nines can be split intstate mines and privie mines. Among these two,
the date minesare significantly larger. Most dhem are no longer used and their shafts are closé

like the Hendriks State Min&° The Herdriks State Mines consisté four shafts, three in Brunssum and a
ventilation shaft in Nieuwenhageithe fourth shafis the largest, with a depth of 1058and a diameter
of 6.7m. These shafts were constructed some decades ago and it is expected thatdhditionare not

up to thecurrentstandards.

For the construction afhe reservois, Limburg is particularly interesting. In this province high elevations
can be found; potential sites for the upper reservdine soil conditions are preferable for tbeeation of

a lowerreservoirunderground they consist of solid rock which will be hard to cut through, however will
be beneficial for thestability.

Evaluation

It is very difficult to determine a qualified subsoil space for this application. The dpawiel Have no
leaks and the inflow of groundwater into the systemust be minimalRelative to the mines, the
impermeability of the salt caverns can be ensureddamedegree.The second uncertainty éncerning
the stability and strength of these cavisiePrimarily not constructed for the use of storatfey cavities
are old anchave very different norms to oblige t@he stability and strength of the salt cavities with the
extractedrock saltis very arbitrary This leads to many uncertainties.

Apart from this, there are more general UPHS uncertainties regarding the control and management of the
subsoil part of the structure. Fractures, seismic activity, leakagesithout of the system and difficulty in
constructing the subsurface spaces seembemain points of oppositionThe seismic activity of the

Northern areas is worrying and could possibly lead to consequences such as damage orféakage.

1% ikipedia, Schacht (mijnbouviikipedia.n) 2013
1NOS, Schade door bevingen Gronindé®S.nl2013
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11.4.2 Alternative 2.2: OPAC Limburg

Figure44 ... Sketch of a UPHS plant (De OPAC @r@PAC in kort bestek, 1988)

Goncept

This plan has been previously considered to credt#HS plant in Limburtn this alternative, a resvoir
is created undergroundnd above groundAt night, the storage is utilizing the unused cheap base load
geneiated from these primary sources to pump the upper reservoir full and during the day, it is
generating to balance the expensive peak load. ThHiswake the storage profitablén order to reach

this goal, the design is based upon the daily load curv®@d Zhis plandates back to 1988). Three
alternatives have been considered, of which one has been picked and further optireéedblel?).

Storing capacity (GWh) Generation capacity (MW) Costs [Dutch guildergprice in 1985)

5 400 fl. 1.4 billion
8 1400 fl. 2.5 billion
20 2000 fl. 4.3 billion

Tablel7 ... Alternative designs for the OPAC plant
More detailed

Whether a place is suitable for underground storage depends on geograptdiions. The following
conditions are favorable for an underground reservoir:

- Low lateral variations in the soil along relatively large distances

- Low presence of karst topography, which is an indicator for the level of groundwater flow

- Determination ofthe thickness of layers, as uniformity is preferable

- Presence of an impermeable layer, otherwise additional modifications are needed

- Low presence of large geological cracks in the surrounding area

- Low seismic activity
Based uporthese criteria the provine of Limburg has been found fit for the UPHS solution. The choice
for Limburg is based on the large amounts of geographic data is available and the presence of a limestone
layer. This limestone layer showed low groundwater flow and little fractures. Tékerground reservoir
is placed near the small town Geulle, which iglwriver Meld S o6 dal | a¢ 0 Yy ZNGK 2F al |2
location for the upper reservoir is just south of the underground reservoir, in between Geulle and
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Maastricht. The total surface of thepper reservoifor 8 GWhis0.5 knf. To reduce visudlindrance the
reservoiris slightly buried, with the dikes raising 2 meter above ground level. To prevent leaking,
membranes have to be used as soil enclosure. This location has been chosen wgjéheariphasis on

future expansion of the system up to 40 GWh. The proximity of the business area is preferable due to the
available grid connections.

The design seeks to use proven construction rad#hto lower the uncertaintiegpr the underground

resevoNE SAGKSNI I (dzyy St 0 2 Miksg-method icknsigeed, of tvhich the 2 NJ & R NJA
first oneis deemed preferable. All the drilled soil can be recycled in the construction of the upper

reservoir or the greater construction industry. The tatahstruction time will take 10 years and will costs
approximatelyl. 2.5 billion Dutch guilders, of which thederground works account for 80% of the total

costs.With a design lifetime of 50 years, the plant is estimated to operate with an efficier®#6f The

application of Franciturbines should ensure this rate.

An important aspect of the design is the connection between the reservoirs. For this purpose, three shafts
are needed, one for the water and two for ventilation. A risk analysis pointthatithe consequences of
potential calamities at either the uppeor lower reservoir arenanageableTheplan therefore

recommends that the feasibility study has been sufficient and the UPHS plant can be constructed. With
this, the ballistossed to the plitical and market players.

Only the alternative with 8 GW&torage capacitand 1400 MWgenerationcapacity has been optimized
in terms of technical design. Of this alternative, the underground reservoir is placed 1400 meter below
ground level. The fluoiting water volumés approximately 2.4 million f

Evaluation

While the study takes away a lot of th@certainties of theechnical design in operational phasmt

much is mentioned about theonstruction of the projectThe technical uncertaintiagvolve mainly

around the construction of the lower reservoir. The construction is conceptually clarified and much
uncertainty remains on how to manage a TBM underground with the sharp cashtrs design. No

strength and stability calculation have bedisplayed in order to show that a 1400 m subsurface

construction is feasible. Also not much is mentioned about the consequences in case of leakages and how
they are to be controlled.

Since 80% of the costs are allocated to the construction of the lovserveir, theconstructional
uncertainties lead to higfinancial risk Generally speaking, the primanyestments are relatively high
YR GKS&S dzy OSNIIAyiASa R2y Qi LINRPGDARS | KAIKSNI FSI

52



QX
[atN

t NI . X 9y SNHeés

11.4.3 Alternative 2.3: Gravity power

Figure45... Top scheme of gravity power (gravitypower.net, 2013)

Concept

The gavity powerideais an innovation fronthe similarly namedsravity Powef% The idea is to drill a
holeinto the soi fill it with a liquidand put a large, heavy piston on tdpxcess energy can be used to lift
the heavy piston to a higher elevation inside the tube. Wheweris needed, the piston is simply
dropped and the liquidavill charge a turbine.

Motor 5
Senerator

GCeneration

Return
pipe

Figure46 ... Scheme of Gravity Power (gravityp@wnnet, 2013)
More detailed
The piston is used to generate pressure on the water body causing the turbine to flow. For this concept,

the energy strage can be derived from the basic equations of potential eneggs11.2.3

fo _[E“ 'Q ” ” z "Q bz (:]Z _

- d = hole diameter
-7 and” are respectively densities of the piston and water
- tand z > the piston and water body thickness
- G2d1rt STTAOASyOe
A model is @ated to play around with the parameteend their influence on the energapacity(see
Appendix D Primary assumptionare made for the parameters and furtheptimized consideng
specially designed construction techniqu&he results range from consetixge estimationstax 4 KS 06 S &
Ol &S & AséedablalB) Zllescominon diameter that can be found for the borehole is aroufdsl
meter, while they range tilBm.*° Considering new developmentsples witha dianeter of 4mare

192 Gravity Power2013
BydzA AOKALKAYEZ bd LS YR . ® Lo +2T ROATKSYal1AAS awlil @gSR20Ky2S 6 dzNB)
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possible'® Radical ideas are to use a turwiiring machine (TBM) to drill a vertical hole in #wl that

can range up to 6 m. The feasibility of this construction method is explained in general terms in the
previous alternative.

Situatior/ Diameter Density piston Thickness Total Efficie  Energy
Variable borehole (m)  (kg/m®) piston (m) height (m) ncy ¢) capacity (GWh)
Primary 3 3200 100 500 0.7 0.0015
Optimized 4 3200 300 700 0.7 0.0045

Best Case 15 3200 1000 2000 0.7 0.75

Tablel8... Energy storage capacities under changing variables

The height leads to a quadratic increase in energy capacithestepth shouldreferablybe as deep as
possiblerestricted by technical and economic factors. The Dutch soibchenistics are not vgr
favorable for deep boreholesgegp layerdrom the Miocene flepth 100-600 m) and the Juraépth 600
1500 m) are built up from clay, lose sand and g&3Based on this data arttie economic feasibility*®
these aspects remain thershgestuncertainty in the technical desigfihe heavier the piston, the more
energy can be generated. Looking at material densities and their prices’pitrseems feasible to apply
heavy concretg2700-3200 kg/n) with the combination ofvater (1000 kgm?). The piston needs to be
flexible enough to move up and down, yet there should be no spateden the piston and the wall is
difficult torealizet aAddzr GA2y 6KSNB (GKS g GSNI R2SayQid tSkH{ Ay
expected to betie main contributor to the losses (assuming a los&086). Considering power losses of
the turbine and generatort¢gether 109, the total efficiercy is estimated to be 70%alculation based
on favorableprimary assumptions showotential energy capatyi of up to 075 GWh.

Mineshafts in Limburg

Thefourth shaft of theHendriksmine (see§11.4.1) can be used for gravity power. The main difference is
that the shaft will thus be used for storagéhereasUPHSused it as aconnection betweerhe upper and
lower reservoirWith a depth of 1058nand a diameter of 6.7 metethis mine could thus be able to
storage an amount of up 10.044 GWh with the use of 800m thick piston.

Evaluation

Thecapacityshows a higlsensitivity to the diameter and the heightorall changesan lead to massive
improvements While the technique is promising, it may be better suited for regiondbcalbalancing

The combination with the mineshafts is promissigcethe mine shafts ar@o longer used anthe shape

is suitable for this application. The condition of the mineshaft is however unknown, which is the largest
uncertainty.Many uncertainties regarding risks, possible construction techniques and costs surround the
technique. Ovall, the technique is considered to highly experimeatadl not suitabldor largescale

storage This is empowered by the lack of practical proof (not even a pilot project) of the theoretical
possibilities.

4EAQ, Large diameter welBAO.org2010

1% Geologie van Nederland, Dwarsdoorsned@eplogievanNederland /2013
1% 3. Bourna, Stroom uit stoom door water van 4000 meter diepte op tegeonT rouw, 2012
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1 2 « Selection

12.1  Multi Criteria Analysis

12.1.1 Introduction

AMulti Criteria AnalysiéMCA)is used todefineavalueto the alternatives. An MCA is a method to

attempt to evaluate the value of different alternatives in a rational and objective Wag.objectivesire

organizing, increasing the transparency ofidem making and supportingedision makers in their choice.

The analysis is based upon different criteria, which are determisgtyil KS &G 1 SK2dhdR SNR& | y |
design criterigsee89.3). A detailed explanation of the cken criteria is givem Appendix

Because each criterion has varying importancegaght matrixis performed to obtain theveight factor
For exampleyisual obstruction is important to peopfeeighboringthe solution Depending on their
potential infuence on the entire project, one can judge whether this critexiaore important than
others Like thiseach criterion is compared to the othesf which the results can be fourgppendixE

12.1.2 MCAresults

The valuation for each alternative and criteriocagpens on a scale froi10; a highnumberindicating
high performanceEven thaghan MCA seeks to create an objectidecisiontool, judgments in this stage
are largely based on preliminary knowledge and estimations, which contain a large subjectatahar
Therefore, &tensive sociologic analysia the wishes and position of the stakeholdersecommended.

The results of the MCA are presentedigure47. TheStorage Islandscore generally higher than the
UPHptions. The reference alternatives Group 0 serve their purposeraference as for some cases
doing nothingactually is preferable optian

The values are especially sensitive to criteria with a high weight factor, naosdh; reliability, ecomoic
benefits, risks and power performaneel NAF A2y a 2F m ad0dSL) ¢2dzZ RyQi YI 1S
larger variations can especially have strong influemtéhe alternativedgor the mentioned criteria.

Alternative  0.1NO  0.2EEM  0.3PHS 1.1LIEVE 1.2El | 1.3SLUF 2.1 UPHS 2.2 OPAC 2.3 GP
MCA Value| 4.3 5.4 4.1 5.2 5.8 6.0 4.5 4.5 5.4
7,00

6,00 Sustainability & ecology

m Risks & safety feeling

5,00

M Power generation capacity

Large-scale applicability
4,00
! W Geographic dependency
W Extensibility

3,00
M Esthetics, visual & physical obstruction

200 W Economic benefits & added value
M Durability, reliability & proven tech
1,00 m Costs

M Constructability and construction time

0,00 m Compactness

Figure4? ... MCA results for each alternative
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12.2 Selection of alternative

The most promising alternatives are the Energy Islthel Slufter ad Gravity Power using mineshafts.
¢CKS {fdzZFGSN) a02NBa (GKS KAIKSAd 0SOldzasS AGQa |y
construction time and performeeasonabldor other aspects. The Energy Island sctiigbdue to the

added value it eates in combination with the large capacity. The downsidestardigh construction

costs and timeanddifficult methods for buildingGravity Powerlso scores high because of the utilization

of existing mines. This saves a lot of costs and construttite and gives the mines a new purpoSene

value would drop a lot if the mines prove to be not suited for this function.

The selection ipartly based upon the MCA. The values displayed a distinct preferendéné Slufter,
while its value is very cledo the Energy Island and Gravity Power. Despite not a winner by much, the
Slufter seems rather interesting. Compared to the Energy Island, it shines by its feasibility and low
investment costs. Compared to Gravity Power, it is far more suitable forémage application and is
based upon proved technologies with fewer uncertainties.

The selection haa minorsubjective character as the MCA does not convince with a strong preference for
one alternative Out of thealternatives,Plan Lievenseand theEnergy Islandre ideas that are

investigated to some degree, whereas Gravity Power has been the topic of another recent graduate
thesis™®’ In between all the options, the concept of ldvead PHS is never investigated further using
existing environmentand a smaller scalthat the Slufter offersThiscould bepromising as the evaluation

of other Storage Islandgroved to be negatively affected by the high investment costs.

¢CKS {fdzZFGSNNna NBftliAGSt e SioMgelsiarddd ax@ting stitadl OP ¥ KI NS R

is something that holds a lot gbtential for this application anche MCA result coirins this.The
unigueness, innovation and ingeniosity of tBriftercombined with the practical possibility, its potential
andeconomic feasibility and roonof creativity is something that calls for a focus on this alternafivés
alternative deserves therefore to be worked out in more detail.

7R, Imambaks, Gravity Power, 2013
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13 « Introductionto Part C

In the previous part, an extensive study has been performed to the criteria thatedéf@nsolution. The
first steptowards a solutia wasmade by identifying the technologies that are used for the storage of
energy. These have been testadcording tahe desired goal and design conditions which resulted in a
preference for Bmped Hydropower Storage (PHSince traditional PHS is rzald inelevated areas, the
principleof PHSvastransformedand made suitabléor the lowlying Netherlands. This resulted in the
qualitative design and consideration of several alternatives. These alternatives were testedwuilth a
criteria analysis hat resulted in a preference for the Slufter, a slip depot in the Maasvlakis. produced
the highest value and confirmed the potential in which ttigh feasibility and low investment costs were
decisive factors.

Now that the location and general comteof the solution is known, a deepanalysisan be performed
that will be the foundation of the technical desighthe Slufter Is it really possible to realize such a
solution atthat location?

The following research questions form thaseof the analysis performed at Paft
a. What are the chracteristics of the Slufter and its environment?
b. How should the design criteria be adjusted for the smaller scale of the Slufter?

How can the Slufter alternative be further optimized to enhance the benefits of the system?

o

d. What are the technical and consttional challenges in realizing the Slufter and which risks
should be assessed?
e. What is the performance of the system when operational, how can ihtegrated into the
power grid and what are the yearlyebefits from power trade and fuelavings?
At the end of this section the primary design of the Slufter should be clear and the main challenges

should be addressed or discussed. The financial and functional benefits of the system should be
guantified in order to rake a comparison with the current way of demand side balancing.
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14 « The Slufter analysis

The following subjects are digssed in this chapter
14.1 Detailed SyStem DOUNAANIES..........uuiiiiieeeeiiieiccci e e e e e e e e e e s s aeeeeeaaaeens 59
14.2  Environment around the SIUFLEL..........cooiiiiiiiiii e 59
14.3 Morphological analysis around the SBI..............coooiiiiiiiiiie e 61
14.4 Detailed stakeholders analySiS.........ccccoiiiiiiiiiiiiiiiie e e e e e e e s eeeeeaaaaeaeas 63
14.5 Sustainable ROMErdam..........oooiiiiiiie e e e e e e e e 65
14.6  Specifications Of the SIUTLEL..........cooi i 66
14.7  The future Of tRESIURIEL.........uiiiiiieee e e e e e e e e e e e 69
14.8  WINAPArK SIUMLEL... ..ot e e ee ettt s e e e eeaeaaaaeaeeeeeeeeeensnnnrns 70
14.9 Potential for regional BalanCing...........ooooviiiiiiiiiii e 70

14.1  Detailedsystem boundaries

The system boundaries are fhdr specified for the solutioandchosen in a way that the consequences
of the construction to the surrounding areas can be oversseeKigure48). Rather than a national
approach, the boundaries are specified down to the western port afé&otterdam. Awider area has
been selected as a boundahan the Slufter (found at the center &igure48). This has two reasons:

- InPart B the preliminaryassessmenshowed that thestoragecapacity may be sufficient for
national demand. Thereforenore surface area may be required for an expansion.

- Any actionand changes in the shorelime the aea is not without consequence€hoosing the
boundaries wider than the Slufter gives insight into these problems

Figure48... System boundariedefined with the red boXGoogle Maps, 2013)

14.2 Environment around the Slufter

Located south of the Maasvlakte, the Slufter is surrounded bitreh Sa inthe south, west and east.
With the canstruction of Maasvlakte 2nhich is due ir2014) a large part of the western border will be
occupiedby the port (seeFigure49). The Maasvlakte 2 is a large land creation project meant to increase
the capacity of tle Port of Rotterdam. On the Maasvlakte 2, there will be several container terminals as
well as bulk good storage places @k, gas and coal his willbe an areaof high economic value.
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Even though never meant to be a recreational beabhb, $lufterStrand is avery populatbeach on the
western sidelt offers both a clean beach and sea without facilities besides a parking place. It is
particularly an interesting spot for wirdnd kite surfers due to the high wind speed¥Since the
construction of the Masvlakte 2, the beach is used &muipment storageand has not been accessible.
When construction works finish, most of the southern pafrthe beactwill bere-opened for public¢®

Eastwards of the Slufter, there is the Od&iornse Meer. This lakea buffer in between the port and
Voorneand is a popular place for swimming da#lerecreation witha lot of facilities Southeast of the
Slufterat the shore of WesYoorneg there is Rockanje, one of the most popular and well developed
recreational beales in the area. It is part of the greater natural zone of Wésbrne and part of the
Natura2000"*° The nature in this area is improved as compensation for the construction of the
Maasvlakte 2geeFigure50 1%). Any action in thisrea is therefore problematic.

=

Port of |

- - Y \ . 23 Rockanie Beach

Rotterdam Rt (¢

W

| slufter Beach o
Maasvlakte 2 —
West-Voorns |

zeegebied

Figure49... Perspective overview of areaith indicated areas (Google Maps, 2008)

The area indicated ired inFigure502™ suffers fom bad water quality and continuous natural
nourishment from the sea. As the flow for water at the Dutch shore is mainly from south to north, the
water flowing into this inlet loses speed and settles the sediment, more about this in the next paragraph
Thearea borders a Natura2000 area at the coast of Wésdrne. In this area, there are no villages or

cities and the area is protected under the Natura 2000 guidelipesFigure503™).

! \ : WO Zone 3

.’.‘,,v'_ ’;’~‘~;\U ‘ s
Figure50... (left) Natural area of WestVoorne and (right)zone 1 isature with limited recreation zone 2with some
recreationand zone 3with high recreation(GemeentéWestvoorne, Bestemmingsplan Westvoorne Zeegebied, 2013)
(3rd) Natura2000 areaVoornes DuinNatura200Q 2013)

%8 port of Rotterdam, Havenkrant, June 2009

199 Maasvlakte 2, Slufterstrand dit jaar nog grotendeels opdaasvlakte2.com2009
°Natura20002013
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14.3  Morphological analysis around the Slufter

In thissection the morphological situation around the Slufter is analyzed. Theeens tchave been a lot
activities going on along thgears that have influenced the morphology of this area. This is mainly the
construction of thefirst Maasvlakte and the closing of the Haringvliet.

445.000 |
dieptelijnen 1982

é

=15

Figure51... Old overview of activities surrounding the Maasvlakte (Waalstra, 1977)

The closing off of the Harimtiet has led to a structural shoaling in the area enclosed by the Slufter and
WestVoorne. The morphological effect of the construction of the Maasvlakte 2 will lyelittés on the
entire Haringvliet inlet****2

On the shortterm, no structural erosion is expextin the area between the Slufter and Wegborne,
instead it is expected that the area will be filled up more in the coming y&4rs.

d 1998 ; 2010
10 15 a0 15
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platen geérodeerd

4361 Kreken/platen

systeem

4355

475 . . . . . ! . . .
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Figure52... Lidar bathymetrie 199&nd 2010(Deltares, Ontwikkeling Kliferosie Slufterdar®013)

! Roelvink, 1998
"2\naalstra, 1997
"3 peltares, Ontwikkeling Kliferosie Slufterdz2013
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Important sediment movements are displayedrigure53 and Figure54. These images illustratbe

results of modeling andonfirm the primary hypothesis that the area in between the Slufter and West
Voorne is subject to sedimentation. The wad@mninated sediment transport occurring at the western
border of the Slufter ismlonger an issue because of the construction of Maasvlakte 2 which is now
located there. Furthermore, the sedimentation taking place at the south border of the Slufter should be
considered as an area that requires constant nourishing. The local sedimanta¢re will be unaffected

by the construction of the Maasvlakte 2.

N Getijgedreven transport
> Transport bij hoge spuidebieten
+*+ _Sedimentatiegebied

Bagondesot 1
e ‘ f [ = ™\ Golfgedreven transport ( Maasvlakte
1 e LA “
\

.,mwr/ ‘//'/ ) &, < m<1500
i 3 e B <-1.300

i > : W@<-1100
i iz | <-09%0
— : <0700
*/ A P a<-o.500
| 59 f ) B ~— [@<-0300
. D<-0.100
[1<0100
[J<0.300
- [ <0500
~ <0700
=~ @ <0800
~ B<.190
S @ <t300
@ <1500
. @ >1500
% ™ 175 mYmfaar

Figure53... (left) Modeling the bathymetry changes in the area (Roelvink, 1988¥ (right) Important physical processes
in the area (golfgedreven = wavdominated, getijgedreven = tide dominated hoge spuidebieten = high purge values,
sedimentatiegebied = sedimentation area) (Stam, 2002)

- v

Signs of accretion visible in 2005 Accretion clearly visible in 2011
&

Figure54 ... Accretion visible in the area eastard of the Slufter
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14.

¢t KS

4

Detailed stakeholdes analysis
adl 1 SK2ft RS N®XE3is fugheridéadedl dow hatBheé lactiBn ofthe solution is

further specifiedseeTablel9 and Figure55).

Involvem
Group Stakeholder Interest Influence ent
European Union Checking Etargets for RES Low Low
Meeting Eltargets, national prestige, providing nationg . .
Dutch stae . < 2 . i 2 . . e Very high| Medium
service and safety, increased benefits
. . Regional pretge, providing regional services, having hi| . .
Province of ZuidHolland R ; s d!g ; sy . g High High
economic, living and settlement climate for the provinc
L High safety citizens, life quality, land value, cheap pow| . . .
= Municipality of Rotterdam : vy ) q. ty — High Very high
g no loss ofdnd,increased risk, improved economy
= : Improved economic, living and settlement climate of th .
9 Stadsregio Rotterdam . Low Medium
3 Rotterdam and surrounding
Adjacent municipalities diVestvoorne | Improved economic, living and settlement climate of Medium | Hiah
Brielle Westland Maassluis specific municipality :
Rijkswaterstaat (Min. of Infrastructure)| Increased maintenance High High
Ministry of Finance Budget maintenance, improved national economy Medium | Medium
Ministry of Defense Safety of citizens, avoidance of terrorism Low Low
Hoogheemaadschap van Delfland High water quality, lowering risk for pollutions Medium | High
Tennet(power transmission operator) | Improved power management High Very high
Utility companies (e.dNuon, Essent More efficient generation due to improve management . .
ty P ( n n gener, P 9 Very high| Very high
o Enec9 more RES possibilities
‘g Agriculture & Fishery No loss/hindrance of land/ fishing area Low Low
E Boskalis Beheer Sluftéexploiter) Economic interests Medium | High
Port of Rotterdam High eonomy port area, port services and safety Very high| Very high
Companies operatingt/with the port High economic opportunities Very low | Low
Comme| Hospitality industry (hotels, catering ar, ) ”
. Business opportunities Low Low
rce tourism sector
Regimal citizens & power consumers | National prestige, cheaper power Very low | Low
Local citizens High land value, improved economy Medium | Very high
. . Quantitatively and qualitatively improved situation for
Recreationists and tourists . Low Low
recreation
Q Envionmental organizations (mainly
Qo
GreenpeaceNatuurbehoud WNE . . . . .
g ) _D = d : No loss of natural habitat, protection of environment | Medium [ Very high
Stichting NoordzeeNatura2000 Zuid
Hollands Landschap
ANWB (travelers association) Tourism facilities maintained and expanded Low Medium
Recreatieschap VoorrAeutten- .
Preservation of ecology and landscape
Rozenburg
Stiching Duinbehoud (dune protection| Preservation of dune landscape Low High
Project [ Engineering, construction companies | Increasing in work leads to higher revenues Medium | Very high
related [ Employers & workers More jobs, good work conditions Low Very high
Tablel9X 5SSl Af SRanalysis { SK2f RSNJ
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http://ec.europa.eu/energy/renewables/index_en.htm
http://www.rijksoverheid.nl/
http://www.zuid-holland.nl/thema/milieu_natuur_en_water/projecten/750ha/index.jsp
http://www.rotterdam.nl/
http://www.stadsregio.info/
file://tudelft.net/student-homes/K/bkibrit/Desktop/Thesis/westvoorne.nl
http://www.brielle.nl/
http://www.gemeentewestland.nl/
http://www.maassluis.nl/
http://www.rijkswaterstaat.nl/
http://www.government.nl/ministries/fin
http://www.defensie.nl/
http://www.hhdelfland.nl/
http://www.tennet.eu/nl/nl/home.html
http://www.nuon.nl/
http://www.essent.nl/
http://thuis.eneco.nl/
http://www.slufter.com/nl/home/
http://www.portofrotterdam.com/nl/Pages/default.aspx
http://www.greenpeace.nl/
http://www.natuurmonumenten.nl/natuurbehoud
http://www.wnf.nl/nl/home/?splash=1
http://www.noordzee.nl/
http://www.natura2000.nl/
http://www.zuidhollandslandschap.nl/
http://www.zuidhollandslandschap.nl/
http://www.anwb.nl/
http://www.gzh.nl/
http://www.gzh.nl/
http://www.duinbehoud.nl/
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Port of Rotterdam

Rijkswaterstaat
o < Municipality of Rotterdam

high finflucnec >

Dutch State Il A I Stadsregio Rotterdam & TenneT

Provincie Zuid-Holland
Recreatiepschap Voorne

Hoogheemraadschap van Delfland # Stichting Duinbehoud
Adjacent Municipalities

Utility companies Environmental organizations
— Ministry of Finance Local citizens: Boskalis Beheer Slufter
3;3 Recreationalists & tourists Engineering & construction companies

Regional citizens

4 European Union

Ministry of Defence
Agriculture & Fishery

|
1 13 Hospitality industry Employers & Workers
‘ Companies operating at
| or making use of port

< low influence

< low involvement high involvement >

Figure55... Detailedstakeholder analysis

The analysis is different from the previous as it adds nmration specific stakeholdersuch as the Port

of Roterdam,the specification of the mnicipalitiesandall of the surroundig environmental
organizationsThe stakeholders which occupy the right upper black blur have a prominent role at some
point in the projectWhen designing a solution, the wishes arhéhnds of these parties should baken

in considerationWhen designing, the solution should focus on the following points to not conflict with
the interests ofprominentstakeholders:

- No interference with the port activities, improve tmeputation of the port and of Rotterdam
- Contribute to the improvement of the local and regional economy

- Keep the total costeelativelylow

- Preserve the natural state of the area or create a landscape of similar natural value

- Improve the possibilities for RES

- Provide a guation in which the energy costs are possibly cheaper

- Preserve a high quality of the surrounding in terms of land value and life standards

Furthermore during the design process, the following point should be trigghpdementor not be
hindered in all pases along the lifetime of the solution

- Provide a contribution foreaching the RE@rgets set by the EU

- Improve the prestige and image of the Netherlands

- Provide a contribution to the employment

- Preserve the dune landscape as well the recreational fanaif the Slufter beach
- Preserve the overall safety in the area, controlling possible safety risks

- Offer possibilities for local business and tourism development
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14.5 Sustainable Rotterdam

14.5.1 Ambitions of Rotterdam

The development oRotterdamcenters aroundwo main ambitions: economy and sustainability. The
economic ambitions are largely shared with the ambitions of the Port of Rotterdam, the largest
contributor to theregional economic productivity, seext paragraph

The sustainability ambitions can be ogmized in the creation of thRotterdam Climate Initiative* This
program aims to reduce the G@®missions of Rotterdam with 50% by 2025. This is achieved byesyvari
of the program and project§.hese projects and programs prove that the city is tagemguinesteps to
reach these ambitions.

It is therefore safe to say that the general idea of the Slufter is in line with the ambitions of Rotterdam.

14.5.2 Ambitions Port of Rotterdam

The Port of Rotterdartargelysharesthe ambitions of Rotterdam. The futuregpis show that the main

concerns are economy and sustainability. The economic concerns focus on the shift of the global economy
towards other centers in the world, predominantly caused by the growth of developing nations. Improved
port efficiency and devefaing the port as a hub for innovation abi basedeconomy are the main

actionsto improve economic conditions. This can be achieved by the collectio@,afr@ the investment

in hydrogen fuel cell plants.

Within the economic ambitions the ambition tdoe the leading port in Europe regarding energy; the

Energy Port. This is accompanied by the desire to become the hub for natural gas aside from oil and coal.
The other desires focus on developing technologies, such as utilizing coal plants for the aadture

storage of carbon and thus becoming the,@@b. Improved investment in wind power and biomass will
ensure power generation from renewables, as efficiency is increased fdtther.

The economic ambitions are in line with the sustainability ambitions eMdficiency will lead to less
power consumption and creating possibilities for hydrogen fuel will decrease emissions. The Port of
Rotterdam wants to be the most sustainable port in the world by 2030.

With these ambitiongomes the goal of th@ort of Roterdam to become the international leader in
innovation and development regarding ports. This will ensure the flexibility and sustainability of the port
and is in line with the Dutch ambition of being an economy based upon knowt&tige.

It is therefore safed say that the general idea of the Slufter is in line with the ambitions of the Port of
Rotterdam.Especially the creation of trenergy-hub and the sustainability wishes of the port are directly
contributed by the realization of the conceptual idea tratnergy storage. The proximity of the port to
the storage location is beneficial for the industry located at the port area.

"4 Rotterdam Climate Initiative, Wat doen va& Climatelniative.net2012

"% port of Rotterdam, Rotterdam Energy PéttrtofRotterdam.com2012
"8 port of Rotterdam, Havenvisie 2030, 2011
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14.6  Specifications of the Slufter

14.6.1 Technical specifications

The Slufter is a depot that is surrounded by dams that physicalyrae the stored silt from the
environment The average surface area enclosed by the dams is 2. 62Tk perimeter that erloses the
depot is 5.5 km londgl'he surrounding dams are 51 metéigh;the crest at+23m NAP and toe a28m
NAP $eeFigure56).**

Volume depot +/- 143 milj. m3 (bruto)

65 milj. m3

.+ 2,50 mtr
—

78 milj. m3

28 mtr

December 2009

Figure56.... (left) Schematization of the profile of the Slufter (www.slufter.com, 20@8)d (right) Crosssection location
(Google Maps, 2013)

The dams have an inner slope of 1:3, vahiceans that the inside width of the dams is 150 metethat
bottom. Assuming a uniform dam width, the surface area at the bottom of the depot is 2.3Wkite
the upper surface area is 2.93 kriThis makes the average surface area 2.62 km

The outer Bopes of the dams changes per section. The sawghtern section has a slope of 1:5, making
the width on the outer edge 250 m, while the sotghstern section has a slope of 1:4 to 1:5, with a width
varying from 20250 m.

CROSS-SECTION A-A' CURRENT SLUFTER
—— NORTH SEA MAASVLAKTE

windmill 15 MW
—F oxls helght  &7m
total helght 90m

outer woter level
at

t L 1
+23m MAP :u AR cantamlinoted =it
st loyer ESm NAP +23m NAP
\DF 1cm +2m NAP 45m NAP
£ sond \ ‘ %/% /

—28m MNAF

DISTANCES IN METERS

i —

1[ 135 |J) 4[ 150 [ 1700 [ 150 o s

Figure57... Crosssection AA' of current Slufter

" While there are small deviations in the height as well as in the depth throughout the area, the maximum deviations are about 1 mete
and therefore it is safe to assume a uniform height and depth.
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The crosssection of the Slufter in its current staigvisible inFigure57. The crossection was taken
halfway along the long edge of the SlufteeéFigure56).

The dams are entirely built up from sand, which is abundant in the area. To prevent the possibility of
contamination, the inside of the depot has been covered with a layer silt of 10 cm with a density of 11
kg/m® and very low permeability. No other measures have been taken to prevent leakage of
contaminations. As it seems highly unlikely that this is sufficient, it can be assumed that there is some
flow of contaminated water out of the depot. Even though it is kiwbwn what the degree of leakage is,

it has not lead to any major environmental pollution problem since its construction in the 1980s.

14.6.2 Silt storage specifications
A fullgeneralanalysids performed providing a thorough background into the case of coitated silt,
the yearly input, possible locations and recycling possibilities. This analysis is presdxgedrnialix Y

The Slufter is currently fulbr 50% of i§ capacity; this translates to 78 milliorf of contaminated silt.
This is predominantlgilt of class 3 but also contains class 4 contaminatisaeAppendixY as to what
these classes meahis silt has very low permeability as it is used to make the bottom of the Slufter
water-sealing by application of a 4fn thick layer*®

The Sluftercontains silt collected from the port area which is the result of the flow from the RKije)(
and MeusgMaas)rivers. Thigs predominantly silt o€lass 3, meaning that the silt requefgocessing
before it can be released into the environment. As praslg mentioned, the inflow of contaminated silt
has decreased a lot and the yearly input of silt into the Slufter is now about 0.6 miflisitt (for yearly
input trends, sed4.7).

While originally designeaf class3 material, the acceptance of class 4 material to the Slufter has been
commissioned on 11 September 1996. The mdidrehis change of functiorsthe construction of the
Maasvlakte 2. Another depot at the Maasvlakte area designed for clasgahtoated materials, the
Papegaaienbek, needed to be cleared for this. All of the silt stored inside the Papegaaienthenhas
beenmoved to the Slufter and dumped inside by opening thedbfhe class 3 layer, placing the class 4
material and reclosinthe top with class 3 materiabéeFigure58). The Papegaaienbek has been

constructed in 1986, close to the Slufter, and its main function was depositing heavy contamination in the
lower river areas® The capacityf this depot was 1.2 million frand the depot was full when it was

decided that the silt was going to be placed in the Slufter.

CONTAMINATED SILT INSIDE THE SLUFTER
/ class III silt: 76.2 million m3

layer reaching +2.5m NAP / # closs IV silt: 1.2 million m3

Figure58... Contaminated silt inside the Slufter (not on scale)

M8 Rijkswaterstaat, Herziening acceptatiecriteria en het si#reivan zand in het depot de Slufter, Milieffectrapport, 1998

9 Commissie voor de haven, Sluftegrziening acceptatiecriteri®DS.Rotterdam.nll 996
a28YFYAT b2 NYVSNAY I Ik IWEREH danica00T A2y 1 St F Wo
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14.6.3 Slufter subsoil

The layers undethe Slufter are mixes of mainly sand with silt. At 45 meters depthdhmdtion of Pieze
Waalre startsa formation that contains a lot of clay laydisdicated inorange seeFigure59first).

Lithologie BSO21273

4.0

zand

Diepte in maters onder maaiveld
Diepte in meters t.o.v. maaiveld

‘:m | 37.6 klei
‘ 42.8 zand 125
- -
§ ‘ klei 15
s 4.8 zand 17,5
- —~ 70.6 zand
e FE.6 llei 20
L L2t 1 ] ——— - [— 8l.8 5 10 15 20 25 30 35 40 45 50 55 6D
' " asanc ] ) (O THO 2012 conusweerstand

Figure59... (first) Overview of formationsunderneath Sluftetand Gecond2 A G KAy GKS F2NXIF A2y (KSNBQ
with detailed results atrandompoint 100 meters south of Slufteand (third) random CPT taken insicufter (TNO2013)

Due to the construction of the Maasvlakte and Maasvlakte 2, a lot of soil data is available in the area.
However, since not required for the Maasvlakte, these data do not cover the deep soil, particulaBg sub
meters, which is interesting for lodag a waterenclosing layer. A few subsoil tests can be found right
next to the Slufter that indicate a very mixed layer of sand and clay, confirming the nature of the Pieze
Waalre formation ¢eeFigure59 second. The sand has varying characteristics but displays an average
density of 16 kN/m\(seeFigure59 third).

The data indicates the presence of a clay layer of 5 meters thickness at 37 meters depth and an even
tickerlayer of 15 meter starting at 50 meters depth. The first thick clay layer could be sufficient to
function as a watesealing layer, however its presence throughout the surface area of the Slufter is not
guaranteed. As for the 1Beter one, even if not theame thickness everywhere, this layer has a higher
likelihood to function as watesealing.
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14.7  The future of the Slufter

The water quality in the flow areas of the Rhine and Meuse rigessongly improved in recent years.
This is leading to less flow efntaminated water and soil into the Rotterdam port area and with less
contaminated water flowing into the system, less contaminated soil is arriving each year to the Slufter.
Thisdecrease has been rather linear since 1988. Following this trend, tlepsittwill stop around the

year 2014 geeFigure60), the same year on which the current contraftoperation and maintenance

with Boskalis Dolmaands'?* 23

Decrease of yearly silt input into the Slufter

w
wn

&

‘k~“‘*=\‘
‘“\s\\\‘\‘,‘

L 4

w

M
n

~

=
wn

siltin million m?

&

<‘E~“‘~\~_“

T T T T T T 1
1985 1990 1995 2000 2005 2010 2015 2020

-

I
wn

o

year

Figure60... Decrease in th yearly silt input into the Slufter with a linear interpolation in re@ijeenkomsten uit het
verleden,Baggernet.infg 2006)

The Portof Rotterdamis therefore lookindor other possible functions fathe Slufter. Among their

considered options, an energy storage solution is also mentidffekhis coincidence of the ambitions of

the Port of Rotterdam and the analysis done in this report is rather promising, confirming that the
thought process is in lewith the ambitions of the Port of Rotterdam. As a stakeholder with large
influence and lege involvement to the projecthis contributes to the feasibilitysée§14.4for the full
A0F1SK2t RSNR&a Fylfeaara

Among the other cosidered options, there is the generation of poweith other methods, such as

biomass from algae, osmosis plants, wind and solar power. Wind and solar power can be combined with
an energy storage solutiofonsiderations like osmosis plants and biomassifadgae are highly
experimental. Besides power generation, the area could be tmathture, e.gbird nesting area.

Another point in favor of éunction changas the relative low ground prices that the municipality géir
the Slufter, which has bedmoubling the municipalityBeing a depot full of open, contaminated silt, it
Ady Qi GKS YvYzaid EUNIOGAGS 2F LI OSa (2 o6So

A quick evaluation of the future alternatives shows a lot of promise for the energy storage solution

presented. Many of théuture ideasfor the areacan becombinedalthough they require more analysis to
be deemed feasible.

21 G zwolsmanWaterkwaliteit van de Rijn en de Maas bij (extreem) lage afvae2605

22port of Rotterdam, Baggereals economische motor voor de Rotterdamse Ha®ijgenkomst uit het verleder2006
2 De Slufter homepage2013

24port of Rotterdam, Havenvisie 2030, 2011

125 RechtbankRotterdam, Zaaknumme€-10-398044- HA ZA 1255, Rechtspraak.n|2013
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14.8  Windpark Slufter

On top of the dam surrounding the Slufter reservoirwliidmills ofSiemensith 1.5 MW are operated

by Eneco and NuorséeFigure61). The windmills have an axis and total height of 67 m and 90 m above
ground level. With a capacity of 25.5 MW, the yearly production is 91.500 MWh, which provides 26.250
households of their power demand. The farm capacitydais 0.41, significantly higher than the average
of 0.3(see85.4for wind power fundamentals anchpacity factors}? The local wind speeds are relatively
high at 9.2 m/s (33 km/h) and have a dominant wind direction of Ws3&AppendixB for the analysis of
normative wind direction in the ar@&’’ Due to the high wind speeds, the park is one of the most
profitable ones in the Netherland4® Therefore Eneco and Nuon are investigating the possibility of
placing high capacity tbines of up to 8 MW?° Placing windmills on top of a dam which contains
contaminated silt is rather controversial because of the increased risk for failure of the dam due to failure
of the windmill. Nonetheless, the Port of Rotterdam digkswaterstaagllowed the realization, meaning
that they consider the risks manageable and highly value the contribution to their image.

Figure61X o0f STGU0 h@SNBASG 2F GKS 2AyRLI N] {f dzF (S EdecoNBOBKGIO |  GA
14.9  Potential for regional balancing

14.9.1 Scale reduction

Since the surface area of the Slufter is relatively small, the energy capacitathbt storednaybe
insufficient to supply the national demand. Therefore, a regional soliar as the province of Zuid
Hollandcould be a more suitabl&hould the Slufter perform higher than expectéite coastal provinces
Zeeland and NoortHollandcan be incorporatedThese provinces are obvious choices, as the grofvth
wind power will mainly comé&om offshore wind poweKsee85.2 for more about future wind power
plans) Another option is theclose proximity of NoordBrabant Depending on the performance of the
created solution, these areas can be regarded for fulfilling the role of regional balaDeisigite being
significantly smalletthe benefits of a largescale are still maintaine@ee89.6 for the benefits of a large
scale solutiop

With a smaller scale alternative, the likelihoofirealization is higher, even though it isisiqueidea and
despitethere beingno working examplgaroundthe world. The goal is to provide a systefmat iscan
provide a peatbalancing and the wind power balancing for the province of Eloland and perhaps

more provincesTo determine the regional demand and output, educated assumptions are made in the
following paragraphs. Where the required datarissing, the national trendare used as guideline.

%6 9emens, Ons duurzaamheids portfolgiemens.ni2010

TKNMI, 2013

28 EcoEdges, Een windmolenpark dicht bij huis; hoe werkt EetEdges.con2013
2% pichthij, Kijkje in de windmolen op De SluftBichtbij.n| 2013
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14.9.2 Regional pealshaving function

The regional demanfibr power in ZuieHollandis significantlyhigher than thenational averageer

province Since no clear numbers about the power consumption peripogvcan be found, the power
demand of the province has to be estimated using reference data; the population and the GNP. The
relation between power demand and GNP is not so obvious, but actually forms an accurate indication of
power demand-*

Being a parbf the Randstad area, Zuldolland has a high population density. The population is 3.5
million, 22% of the national population. The province is characterized as the heart of the national
economy and indusy, with a lot of large citieand the Port of Radérdam, one of the largest ports in the
world. Due to this, a disproportional high number of 22% of the GNP is accountable to this préVince.

To obtain the regional demand and required capacity, the national valeesultiplied with the share
which is @termined using the population and GNBr(nhational values, seg€9.5). Due to the lack of data
and the estimation using references, the obtained value is multiplied with an uncertainty factdk, of
allowing for this approximtion to have an accuracy of 10%. For the case ofHait&nd, the required
power outputbecomes305MW and the power storage capacity 0.68Vh.The same is applied for the
bordering provincesf Zeeland, NoordHollandand NoordBrabant éee Figure62). Note that the primary
objective is to facilitate Zuitholland and this is the main design criteria.

Noord-Holland

17% of Pop.
19.3% of GNP

° Reg. output270 MW
Req. capacityd.61 GWh

Zuid-Holland

22% of Pop.

22% of GNP

Req. output: 85 MW
Reg. capacityd.69 GWh

Slufter

Noord-Brabant

15.%% of Pop.

14.8% of GNP

Req. output208 MW
Reg. capacity0.47 GWh

Zeeland

2.3% of Pop.

3.3% of GNP

Req. output46 MW
Reg. capacityd.1 GWh

Figure62... The share of population, GNP and the required power output anglacity for the coastal provinces around
the Slufter (CBS, 2013 & Wikiundation, 2012)

¥ Cifter A. & Ozun A., Mulsicale causality between energy consumpiimd GNP, 2007
'3 Rijksoverheid, Nationaal Strategisch Rapport 2012, 2012
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14.9.3 Regional wind balancing function

The calculation of the required regional wind balancing functia@loigin the same way using the

national valuesgee89.4for national values The base of the calculation is the installed wind capacity per
province. These values are than scaled using the national values.

The current distribution of wind capacity is known, as is the distribution in 2§&xst, the current share

per province is calculated, then the share in 2020. The trend that is seen from 2013 to 2020 is continued
for the province until 2050. This estimation is multiplied by a factor of 1.2, which means the accuracy of
the calculations within 20%. This is a rather devious method of calculation, but since thefetire
ambitions per province after 2020, this is deemed to give reasonable estimates for the required wind
balancing capacitger province

An example calculation is perimed for ZuidHolland, after which the other provinces are calculated
analogouslyZuidHolland has an installed capacity of 260 MW, 10% of the national caplwtyrovince
wishes to increase their capacity to 720 MW by 20%0rhe ambitions for 2030ral 2050 are a
continuation of this trendThese ambitions will be realized by 300 MW in the port area; 3MWMW in
the Randzone Goere®verflakkee and another 26800 MWelsewhere

The scenarios are calculated using tfaional trendswhile taking intcaccount that the share of the
coastal provinces will grow disproportionally high because of the investments in offshore wind farming
(see85.2for these developmes). This growth will be in the order of 10% until 233b.

The equired energy storage is calculated and display€thiole20.

Installed wind power Required storage

(MW) estimation (GWh)
Zuid-Holland 2013 | 260 0,62
2020 | 720 1,73
2030 | 1770 4,25
2050 | 3541 8,60
Zeeland 2013 | 205 0,49
2020 | 500 1,20
2030 | 1230 2,95
2050 | 2460 5,97
Noord-Holland 2013 | 430 1,03
2020 | 1030 2,47
2030 | 2500 6,00
2050 | 5000 12,14
Noord-Brabant 2013 | 82 0,20
2020 | 420 1,01
2030 | 800 1,92
2050 | 1600 3,88

Table20... Required storage capacity for wind balancing for different scenarios

132 pgentschap, Windenergie beleid per provindgentschap.n2013
133 pgentschap, Windenergie beleid per provindgentschap.nl2013
138 ATQ Offshore windenergie in Nederland, 2010
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15 « | he Slufter alternatives

The following subjects are discussed in this chapter:
S A | (=Y g F= LAY I Y N O [ 1 =Y o | PP 74
15.3  Alternative 1B: High........oooi it 75
15.4  AREINALIVE 2: VaAlIMEEE. .. .uuuiii i e e e e e e e e e e e e e e e e e e e e e e e e e e e aeaeaa e ns 77
155  ARErnative 3: SPIL.......eeeeiiiiiiieie i e e sbrree e e s snnnneeeesnnnneeee s d O
15.6  AREINALIVE 4. GIEALEN .. ..o e e eee ettt e e et et e e e e e e e e e e e et et e e eeasasa b st e b e e e eeeeaaeeaaaeees 81
15.7 Selection using CORENEfit @NAIYSIS.......coiiuriiiiiiiiiie s 83

15.1 Introduction to Slufter alternatives

In the previous chapter, the Slufter and its environmargfurther analyzed so that the alternative can
be further optimizedThese ptimizations arelone to improve the performance of the Slufter in terms of
functionality, integration in the argananagement otontaminated silt and additional valué/hich
optimization is worth investing inPhis is researched in this section with the wd defined alternatives,
which are a combination of several optimizations.

The improvemenideasare only limited by creativity; sing calculations where needed, the potential of
the ideasis quickly discovered and more detailed if promisimbe full rgoort of ideas and considerations
can be found i\ppendixH. An overview of the considerations and their result is presenmtethble21.

Theevaluationshows distinct preference for certain ideak.is importantto realize that not every idea

can be combing with another. Thereforeapart from the base option of simply placing turbinfesr

different alternativesare proposed as combinatigof ideas tomaximize the positive effects. To make a
somewhat equal coparison between alternatives, the output rate is chosen as measure of performance.

# ‘ Consideration/ideas Result

1 | Increasing height of the| There is balance between the cosfisthe heightening and the extra power gained. This
surrounding dams analysishowsthat the height of the dams could be improvag to +40m NAP

2 | Increasing the depth Analyzing the subsoil and the danger for bursshgwsthat the depth could be further
inside the Slufter increased from28m to-31.5mNAP, an increase of 3.5 meter

3 | Splitting the reservoiin | - Because higher elevations are possible, this leads to a quadratic growth in power
two sections generation Even though the reservoir will be split in half, the loss of energy storing

capacity is outweighed by thdisproportioral growth in power output
- The upper reservoir should be placed towards the south to minimize risk
- There are no capacity benefits in creating unequal sizes due to the linked reservoirsg

4 | New reservoir The analysis presents a possibility doubling the &e at the easside of the Slufter

5 | Choosingheright slice | This is a balance between energy storage capacity and guaranteed power generation
of fluctuating water capacity dependingon the dimensions of reservoir and height of dams

6 | Wind setup inhe The fetch length is relatively small that when considering the longest span of the reser
reservoir the total setup because of (extreme)mds is only 2.5 cninsignificant

7 | Solving the double - If the dam issplit in two, the silt can be placed in the upper reservoir
functionalityof energy | - The silt has low permeability which means it could be utilioedhe dam core
and silt storage - The siltcan be used fothe waterenclosing slurry wallgeduction of0,5 million n’?)

- Transferring the silt antull recycling are very difficuttueto the large amourg
- The siltisaligned the sideat a1:10 slope, openindepth for power generation

Table21... Considerations for optimization and their results
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15.2 Alternatlve ]A Current

Figure63... Aerial view of the Slufter (Portofrotterdam.com, 2013)
Conceptand contaminated silt management

The idea is that the Slufter will operate as the upper reservoir and the surrounding waters as the lower
reservoir. Totre the energy, the water will be pumped from outside to fill the reservoir and released
back into the sea in order to generate energgdFigure64). The only physical change is the placement of
reversible turbnes.Basically the contaminated silt can remain as it is. The silt management is more
extensivelydiscussed in the next alternativea is the same as for this one. To limit seepage through the
dam, one can use a variety of ways of which the slurry watiasen in the initial design,

p [kg/m3]

uuuuuu hl [m] ya original outer dam

upper reservoir
lower reservoir outen dam Ve silt layer with turbines placed
;S
’ / Z // )
~ .
S T
- o L
water levels va
- -

& g [m/s2]

'/ hO [m]

|, surface A [km2] J

Figure64 ... Conceptual sketch Alternative 1B (not on scale)
Power performanceturbinesand costs
Due to the very low head difference, the performance of the turbines is not very Tighmost ogmum
turbines found have a maximum output capaafy20 MW (PedreiraDamin Brazi] see AppendiX)FThe
total energy storage capacity and generation capacity are givesday-igure64 , for derivatiors, see
AppendixG,all the parameters have been introducedgiti.2.3:

(6] -7 Q and 0 " Ol
To ensure a minimal power output, the water level inside the reservoir will be fluctuating+28m to
15m NAP (Why?->see§15.1). This givea storing capacity o1.18 GWhwith amaximumoutput 20 MW
per turbine This means tha supply the province of ZuiHolland,a minimalof 16 turbines are needed
This is quite high and it should be figured out whether this is feasible practidéilythese turbines, the
peakgenerationwill be 320MW, providing power foB hoursand 23 minutes

The costs can be split into the civil engineering costs and the elethmical costssgeTable23 and
Appendix U focost referencés

Activity | 2aGa Ay Y,
Placing of slurry walls to prevent water leakage € MAnN

16x 20 MWturbines incl. casing € 700

Total € 800

Table22... Rough estimate of costs for Alternative 1A
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15.3 AlternativelB: High

Concepiand contaminated silt management

Theideais the same as Alternative 18egFigure64), however in Alternative 1Bhe outer dams are
heightenedto achieve a higher power outpaind a dam core iglaced to control losse3he heightening
couldbe justified over the current situation since the increase in the hdigsta strong influence in the
storage capacity as well as the power capacity, while comifgpatosts.

This alternative combines thglt management function with energy storage. Only the top height is
required for generating power which means the lower parts can be maintained with the storézksilt
Figure64). Since the water is in open dawet with the silt, it could mix and leak out contaminants during
turbine activity. By placing a filter layer on top of the silt, this mixing is limited. The contaminants could
also seep into the outer dams and find their way into open water.

The seepagef the water from inside the dam may be a problem. To limit seepage, a number of
technigues can be applied such as slurry walls or the construction of a dam core. The latter is chosen for
this alternative in the primary design.

Technical details
As theprevious alternativefferstoo little hydraulic head to provide an adequate power output, the
damsare heightened from +23m to ®h NAP with the reservolevelat +39m NAP. This heightening is
applied for the entire surrounding danasd fromthe outer sides, sothat the dam is built up from the
North Seaand Maasvlakte, not from insid&his is because of two reasons:
9 the surface area of the Slufter is guaranteed (which is required to supply a steqgeement)
1 becausdahe dam is filled with siltthe @nstruction is made difficufrom the inside(i.e. one has
to remove the silt, heightethe dam and replace the silt)
With the assumption of a uniform dam profildyet volume of sand that is required for the heightening is
equal to eeFigure6b):p &z p 1 ¢ ™ Qi AQE & Q
In between the current dam and the heightening, a filter laylet mof silt is appliedThe silt inside the
Slufter is usedor this because of its low permeability. Thentaminated siltis readily available and
trapped between the twdayers;it will not form any pollution riskThe watermaybe able to flow
underneath the filter layer; it should be calculated how much the flow is before taking action.
SEASIDE DAMS (LENGTH: 2.2 KM)

new outer dam

low permeable silt layer
original dam

[i75

~=——| North Sea s 7 - inside of Slufter
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~=%—— | Maasvlakte
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3
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Figure65... Sketches of old dam and new outer damghout a core
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Power performanceturbinesand costs

The total energy storage capacépd generation capacity aggven by $eeFigure64, for derivatons, see
AppendixG, all the parameters have been introducegitl.2.3

0O -7 Q and 0 et
To ensure a minimal power output, the water level indide reservoir will be fluctuating from40 m to
30m NAP(Why?->see815.1). This gives an energy storing capacit.68 GWh The chosen turbines are
based upon the Algueva dam, but scaled and optimized for this hydraulit(bea Appendix)FThe
maximum power generation will kE25MW per turbine and75 MW when the water level hit$30m
NAP.In orderto supply the province of Zuidolland, a minimum o8 turbines are needed. With these
turbines, thegenerationwill vary inbetween375- 225MW, providing power foi7 hours ands5 minutes
under full capacity, enough to cover the peak of the dayeir placement will ben the southeastern
side of the Slufter because of the relatively sheltered position and the higher cotadiility due to
easier access.

The costs can be split into the civil engineering coststhe electretechnical costg¢seeTable23 and
Appendix U for cogter unitvalueg. The core costs are estimated to be abthe same as a slurry wati
this phase

Activity

Heightening of outer dams € 150
Placingimpermeable corewalls toreduce seepage € ™M n
3x 125 MWHturbines incl. casing € 375
Total € 625

Table23... Rough estimate of costs for Alternative 1A
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15.4  Alternative2: Valmeer

Figure66 ... 3Dmodel sketch of Alternative 1B

Conceptand contaminated silt management

The conceptual idea the same as before, exceyid Slufter will opedite as the lower reservoir and the
AdZNNBdzy RAYy3a g+ GSNE a (GKS dzZLJLISN) NBASNI2ANX® ¢KS
back to generate energgéeFigure67). The benefit is that the dam failarrisk is reducedince the

reservoir is lower than the surrounding The physical changes consist of increasing the dapththe
placingthe reversible turbines. Without danger for surface raptuttee depth can be increased t81m

NAP toincrease the fidraulic headsee815.1).

original
upper reservoir / outer dam
lower reservoir

F silt layer

original outer dam g [m/s2]
with turbines placed @

o lkg/m3] , '
’/»hO[rn] y

[ rface A [km2] l

A a1

/ mrrgr Ieu:éls_vﬁl;yirl_g_ e
7 whengenerdting/pumping

Figure67 ... Conceptual sketch alternative 1@ot on scale)

The largest issue with this alternatiisthe silt which is currently stored in the Slufter. In order to grofi

from the depth, this silhas to be removed, which is a problem due to the amdsee§15.1). The

majority of the silt will have to be transferred to other places where possitdenork out this alternative
further, it isassumedthat 50% of the silt can be transferred to other locatiplesiving35 million nf in

the Slufter Since it is desirable to maintain the height as much as possible, the remaining silt will be
stacked on the sides. This strategy will ensure that §dr&wlic head is guaranteed, but will reduce the
surface areaPushinghe silt to thesides, the layer thickness along the sides equals 77m and reduces the
surface area to 2.25 KimPractical issuesiayarise when trying to stack this silt on the sideshil/the

top layer is expectedly very muddy and slushy, the bottom layers should be more consolidated over the
years.Besides, it will be unable to make the silt remain at the same slope as the dam, and therefore a lot
of surface area will be lost. Shoulds turn out to be the preferred alternative, more analysis into this
problem is required.
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Technical details

The current depth of the Slufter 88m NAP. Without the risk of bursting, the depth can be increased to
31.5 m NAPThis deepening can only lobene once the silt has been removékhis requires dredging of

i 01 DGO VE Q¢dizp mzod Y&z p ™ &G Qo c0'GE D £.Qu
The turbines will be placed on the sowtlhsternsection(indicated inFigure66). This area is sheltered
from the sea and is accessible through land, which will have a positive influence on the constructability.

With the assumption that 50% of the silt is transferred, this means that 35 millfaf silt will need to be
recycled or moved.

Power performanceturbinesand costs

The total energy storage capacénd the power output with varying Q andsgiven bygeeFigure67,
for derivation, sedppendixG, all parameters are already introduced§h1.2.3

O -7 Q and 0 oot
The water level inside the reservoir will be fluctuating freBd m to-20 m NARWhy?->see8§15.1). This
givesastoring capacity 00.97 GWh.UTtilizing slightly lower performintyrbines;the poweroutput will
vary between79.4MW and55.4MW per turbine In order to reach a power output that can supply Zuid
Holland,4 turbinesare placed The maximum capacity wilhen be 320MW and the minimum capacity
221.6MW. The turbines can operafer 2 hours andb5 minutes under full capacityyhich isshort
compared to theother alternatives

The costare split into the civil engineering costs and the eleeteghnical costwhile the costs for the
transfer of the silt are not included because the uncertainty regarding this straldgycosts for the
electrotechnical by far outwejh the civil engineering costsgeTable24 and Appendix U for cost
referencek

Activity /] 2aGa8 Ay YAtfA2Yy SdzNEP(
Transferring part of the silt € MAn

Pumping the silt to the sides € MAnn

Deepening of reservoir € CT OH

Placing of slurry walls to prevent water leakage € M n

4 x 80 MWturbines incl. casing € 500

Total € 867.2 ~870

Table24... Rough estimate of costs f&lternative 1B
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15.5 Alternative3: Split

T

Figure68... 3D sketch model for Alternativ8plit
Conceptand contaminated silt management

Theideafor this alternativeisto place a separating dam inside the Slufter that will creategrer
reservoir on the south side and a lower reservoir on the northern. Sitle benefit is that théull dam
height as well as the depth can be utilized for the hydraulic headsi$tem will pumpwater to the
upperreS NI32 A NJ (12 WO Kio th&l&ver rdsefviir t\gerierdtpodved GekFigure69). The
physical changes consist of the constructiomeéparatingdamand heightening ofhe outer dans of the
upper side Theseparatingdam will be placednsidethe Slufter, splittingt into two equalsectiors.

p [kg/m3]
hi [m] g [m/s2]
original upper reservoir dam to construct &
/ outer dam / turbines are placed inside
4 —= lower reservoir original
outer dam

+Q [m3/s]

water levels varying
when generating/pumping

T4

hO [m]
v/l

surface A [km2] \

A A

Figure69... Conceptual idea sketch dflternative 2(not on scale)

The silt will be recycled arithnsferredto other destinationsas much as possibl is assumed that this
will be about 10%, and themaining siltwill be around65 million . Thesewill be placed in the upper
reservoir and wilstack toa height o560 m. There is a possibility to use thslt in the construction othe
separating dam

Technical detils

The dams surrounding the upper reservoir will be raised from +23nd@oHNAPwhichmeans that the
newly constructed darwill be 68 m high, of which about 35m above ground levelthe primary analysis,
it is assumed thathis will be an earth danthis type is cheapndsuitable for construction of such
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heights'® For he parts that need to baeightened which span 1880 m, an estimated 1.5 milliohguil

is required. Because wimdillsare placen the western and northerdams the upper reservoiwill be
facing the southqgee§14.2). This will also be beneficial in terms of ri8kpossible sourcef sandis the
surroundng dam of the lower reservoir, which no longer requires a height of +23m Néwever, this
would require additional work to remove and replace the windmills which are currently placed on top of
the western dams. The depth of the lower resernadnbe increased from28m to-31m NARwith the
dredging worksequiring4.2 million nf of soil. This dredgematerial can also be used in raising the
surrounding damsThe lower reservoir is made less permeable with the construction of surrounding
slurry walls untit50m NAP and for the upper reservoir either a slurry wadroimpemeable core can be
construded of which thefirst one ischosen

The real problem lies in the realization of this alternative. Since the depot is already filled wittd gliean
dam cannot be built on tophe construction of Z0m highdam with 427 meter width athe bottom is
vety difficult(considering a slope of 1:3peally, the silt would be removed, the dam would be built and
the silt would be pumped back into the upper reservoir. Howepamping large amounts of silt, storing
it somewhere and pumping it back are activittbat trouble the construction due to logistical problems
and long duration. These practical problems will have to be sahtbib isthe preferred alternative.

Power performanceturbinesand costs

The total energy storage capacépd the power outpuwith varying Q and s given bygeeFigure69,
for derivatiors, seeAppendixG, all the parameters have already been introduce@llib.2.3

(0] -7 "0 Q Q0 and 0 e
To ensure a certain power generation capacity, the water level in the upper reservoir is altered4fdom +
m to +20n NAP, giving a storage capadfyl.67GWh. The m@mum power that can be generatedli29
MW per turbine. When the water approaches the loMietit, generation will be significantly lower, about
76 MW. In order to supplyhe required amount of power for Zuidolland, at least 3 turbinegre
required Thetotal capacity of the turbines will be 387 MW for the upper limit and 228 MW for the lower
limit. Should the turbines be maximally loaded ulaiver limit, it would last about 5 hours and 35
minutes. This is more than sufficient to cover the duratiomhich the peaks occur during the day.

The costs are split in civil engineeringtsand electretechnical costg¢seeTable25and Appendix U for
cost references)

Type of activity Activity

Civil Engineering Dredging lower reservoir € 00y
Heightening dams € HANODH
Construction okeparatingdam € 200
Placing oBlurrywallsto prevent water leakage € Mnan

Electrotechnical 3 turbines incl. casing € OoTp

Total € T H~(F30

Table25... Rough estimate o€osts Alternative 2

1% Karkeh dam, Islamic Republic of Iran, 2013 (this dam features an earth dam of 127 meters high
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15.6  Alternative4: Greatr

Figure70... 3D sketch model for Alternativa
Conceptand contaminated silt management

Thisis a solution for the relatively logtoragecapacity. Itsolvesthis by expanding the stace area of the
current reservoir significantlgn the eastern sidéhat is enclosedby the Slufter and Wes¥oorne. Anew
reservoirwill be dugherewhich will operate ashe lower reservoiand the Slufter as theipperreservoir.
The silt can thus reniain the Slufter and will form an impermeable bottom for the upper reservoir.

original outer dam

g [m/s2] heightened and upper ms::?:?
‘ furbines placed dam to construct
lower reservoir \ p [kg/m3]
igi — ‘ N\
original
outer dam

ho [m]

water levels varying
when generating/pumping

surface A [km2]

Figure71... Conceptual idea sketch afternative
Technical design specifications

The location of the expansion has been stiweastwardof the Slufer. This area is designated for nature
development, buis suffering from accretiors€e§14.3and Figure54). Along the edges of the reservoir,

the nature development can continu&he current eastern dam of the Slufter will become the dam
separating the reservoirs and the location of turbin€kse hydraulic head is chosen as in AlternaBiyve

+39m NARvhich requires damef +40m NAPsurrounding theSlufter. The new reservowill hawe a

depth of-31m NAP<ee§15.1). Therequiredexcavaion is 93 milliorm?® and part of thiscan be used for

the heightening of the Slufter damehich requiresabout 20 millionm? (see§15.3. To nake the new
reservoir less permeabld, (clased off with slurry wallsf 50m depthinto the impermeable layeiTo

make the Slufter less permeable, either slurry walls or an impermeable core can be constructed with the
heightening (because naturally theuth width will also expand).
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Power performance

The total energy storage capacépd power output varying by Q andsgiven bygeeFigure71, for
derivatiors, seeAppendixG, all the parameters have already beetroduced ing§11.2.3

o -0 Q0 Q0 and 0 o2
With a hydraulic hed varying from 39m to +20n NAPthe storagecapacitywill be 348 GWh doublethe
amount of the other alternativesSince the hydraulic head is the same aSptit Slufterso will thepower
output; 129 MW at the upper limit t&6 MWat the lower limit.Since the reservoir is largexgditional
turbines can be used to utilize mopawer. Since the requirement is to balance Ztidlland the same3
turbines are used which generatetween387 MW - 228 MW, doing this forl2 hours and 41 minutes.
This value is a lot more than is required and it should be considered to utilize mbneetsithat will serve
more peopleor balance a larger area.

Costs

This alternative does require more civil engineering work thdner alternatives and despite the larger
scale, costs are not significantly higher than they are compared to the other dlterageeTable26 and
Appendix U for coseferencey

Type of activity ~ Activity

Civil Engineering Buying off extra piece of land € MAn
Lowering depth lower reservoir € CT ®H
Heightening dams upper reservoir € pn
Placing of slurry walls to prevent water leakage € 5

Electrotechnical 3 turbines incl. casing € 375

Total €746.2 ~ 750

Table26... Rough estimate of costs for Alternative 3

82



z

t NI / X ¢SOKYyAO!I f

15.7  Selection usingast-benefit analysis

15.7.1 Introduction

Costbenefitanalysis is based upon the economic principle of willingi@gsy or to accept. The
valuations are based on the willingness to pay of the potegaaiers for the benefits they will receive as
a result of the chosen alternative and the willingness of potential losers to accept compensatiloairfor
lossesAproject is desired when the benefits (i.e. valag® high compared to thibsseqi.e. coss).

Ultimately, the choice between the alternatives will be based upon the valuefcasts This ratio

ensures that the best value is created for that specific amount of costs, and thus chooses the alternative
that turns costs into value most efficieptlThevaluewill againbe determinedusing an MCAThe costs

for the different alternativesre estimatedusingkey figuresThis method provides a rough estimation of
the costs of the alternatives relative bne anotherWith both the values and cost palternativeknown,

a value/costratio can be calculated, which will form the end of the eoshefit analysis.

15.7.2 Multi Criteria Analysis
The different stage in the selection procedure demands slightly different criteria to be usesefltie
criteria areonce again explained lppendixE The alternatives considered are

Alternative 1A 1B 2 3 4
Name Current High Valmeer Split Greater

For a description of an MGé#ad how it works, se§12.1and Appendix EBasel on a weight matrix, the
importance of each criterion has been defined. The ahaicd meaning of each criterion and the
clarification concerning the givarlativevaluesare inAppendix EThe strong points of each alternative
and the valuesire displagd inFigure72.

Each alternative displayhstinct specialtiesfor examplethe Valmeerperforms relatively well wittvisual
blockage as it is the only solution thateates a lower reservoiHowever, since thaydraulic head is

limited, the energy and power capacity remain relatively small. Similar statements can be made about the
other alternatives based updrigure72. TheGreaterSlufter alternativecreates most vale.

Strong aspects of each alternative

e Current Slufter ~====High Slufter Valmeer Split e=——Greater

Constructability Value of the Alternatives

7,00

Construction time Visual blockage
6,00 Sustainability
Ecology Storage capacity

5,00 mSilt solution

Visual blockage

Sustainability

Risk management

- -  Power output potential

4,00
Extensebility

—
m Physical blockage

-

/ M Originality/Prestige
inali . 2,00 m Extensebility

Originality/Prestige m Ecology

1,00 W Construction time

Physical blockage m Constructability
0,00

Power output potential Current High Valmeer split Greater

Storage capacity

Silt solution

Risk management

Figure72... MCA results graphically
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15.7.3 Selection

Using the MCA, a sef valueshasbeen appointed to the alternativeand costs have been calculated in
the description of the alternativeeeTable27). With the two variables determinedhe costbenefit
ratio for each alternatives can be calculated gseeFigure73):

s e RO A O QL

0 ¢ ine Q mIIDngé—iZb\I(wwﬁuSMQ £Q Y
A high ratio means that the value is high compared to the costdtaidor every unit ofvaluethe
accompanied costs are the lowest among the alternatilteseans the best alternative utilizes every

euro spent to the fullest fothe creation of valueThe costbenefit ratio shows thaAlternative 1BHigh
Slufterhas the highest codtenefit ratio.

Alte a e e O a ee D eale
Primary costs (in million) €800 €625 €870 € 30 €750
Value €) 4.71 6.03 5.28 578 6.14
Ratio 5% 96% 61% 79% 82%
Table27... Total costsand valueof the alternatives side by side
Costbenefit ratio
100%
80% —
60% —
40% —
20% i
0%
Current High Valmeer Split Greater

Figure73... Costbenefit ratio ofthe alternatives side by side

15.7.4 Evaluation

The High Slufter performexcellent when creating value for the costs. The plan excels by its simplicity,
making most of the current situation and is a compromise betweerattenatives oiGreater and Split
Thecostbenefit ratio is very sensitive to the power capacity. An iaseein the power output potential

has a positive effect on the valuation as well as the costs as fewer turbines are required to meet the same
targets. Another strong aspect is the storage capacity, which is why the Greater alternative scores rather
high despite its high costs. Sustainability and risk management are factors to which the ratio is also
sensitivefor. The ratio suggests a high dependence on the costs. While this is true, costs are in fact a
representation of the amount and complexity of the Wwdhat is required. This combined with the low

power output is why the Valmeer alternative fails to impress

A large addition to the performance is the specification of the turbine. The Greater and Split alternatives
cannot profit much from the significalgthigher hydraulic head. Mentioned otherwise, the optimized
turbines used in the High Slufter perform really well when compared to the original Alqueva turbines. This
has a large influence in the value, which translates to lower costs because not souniéangs are

required. A similar story can be told for the current Slufterthesratio shows, it is certainly worth

spending the extra money on the civil enginegrworks since the gain fromigsignificantly higher than

the other alternatives. The g Slufter is therefore chosen to be worked out.
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1 6 « Technicabesign

The following topics are discussed in this chapter:
16.1 Introduction to techniCal @NalySIS...........uuueiiiiiieeiii i e e e e e e e e e seaneeeees 85
T B =T =T 1T L PRSP 86
16.3  Total VOIUME OF SANG....coiiiiiiiiie it e e st e e e s st e e e e s ssbaeeeessnbeeeeeeend 89
TR S I T o o (= PSPPSR 91
16.5 Stability analysis USH GEOSTUMIO...........ceviiiiiiiiiieiiiiee e e e e e e e e e et ee e 92
16.6 Stability with fast lowering water level using PLAXIS..........ccoooiiiiiiiiiee e 101
16.7 Turbine housing and connecting PENSIOCKS...........uuvuuiiiiiiiei e 110
16.8  New WINAPark SIURLEEL.........coooi s a e e e e e e aaaaaaes 114
16.9 Connection to national and European grid..........cccooveieii e 118
16.10 Filter on top Of the Silt IaYEF.... ... e 119
16.11 Evaporation OUt Of the SYSIEM.......uuuuieiiiie i a e e e e e e e e e e aeaaaeeeaees 119

16.1 Introductionto technical analysis

With the highest cosbenefit ratio, Alternative 1BHigh Sluftehas been chosen to be further worked out
The potential of this alternative combined with the low investments requirade resulted in a high cost
benefit ratio. The techni@l workout revolves around theesign of the heightened dam, the placement of
the turbine and the integration of the system in the national power gFlie design process is a cyclic
procesqseeFigure74) that requiresthe analysis of the current situatiaand proposals for improvements
(PLAN: executing the proposed improvemen®(@); checking based upon the goal whether the situation
has improved CHECKadjusting according to the chedk@7J. To impiove readability and effectivenegs
the report, only therelevant parts othis processre presented with corresponding calculations.

Figure74... Cyclic nature of dsign and test procesaccording to the Deming Quality Circle

The reservoir size is relatively small, which means it is not subject to a lot of processdsdffatt large
lakes and reservoirghese are aspects likiee astronomical tide and short waves. As calculated in
Appendix Hwind setupis negligible ingle the reservoir as the fetch length is very sniadicausehe

dams are 40 meters above sea level, sea waves and overtopping of the dam from outside are no issue.
The flow along the bottom of the dam may cause erosaoilin time couldchallenge the stabty of the

toe; the profile should be chosen wide enough that toe instability is not an iwrefore, most of the

loads and dangercomefrom the inside. Part of the technical analysis is the effect of the rapidly
fluctuating water levebn stability This is a very specifigsuefor this case as the reservoir level will be
fluctuating in a matter of hoursLhe result of this section should be a technical design of the system that
ensures strength and stability or discussed the main issues.
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16.2 Dam sections

16.2.1 Reconsideration®\lternative 1B High Slufter

The upper reservoir water level will be +39 m NAP, which is 35 meters above grourtd®/€he.height

is realized with an upgrade of the current dams. To make the dam impervious, an impermeable core is
desigqed for which the silt inside the Slufter may be used. Especially the bottom layers are largely
consolidated and suitable because of its low permeabifityt has prior been used inside the Slufter to
limit the outflow of contaminants from inside the Sleift

To minimize the slope angle of the dam and thus the volume that it occupies, a material with a high angle

of friction is preferable. Slope angles of 1:2 are possible forfihclams > however for the Netherlands,

rock is not readily available anahporting is a very expensive option. Materials that are available are sand

and silt. The dam fill is therefore executed with sand. Due to the lower repose angle of sand, the dam

slope is 1:3 with a crest of 10m wif8¢ K SNB + NBy Qi Y| y &even FaNaigsr sidels &di K R Y &
certainly possible-*

The expansion of the dam affects the energy storing capacity positively because the dam is expanded on
the outer side, so from sea side. This means there is no occupation of surface area inside the dam;
instead, the surface area at the top becomes slightly largeeRigure65). With the expansion, the crest
moves 54m seawards and the perimeter at this point is 5.84 km. With a current top surface area of 2.82
km?, this means that the surface area at the top becomes

Qo Ged EDE U Oi Q45 Q1 "QERGEG ¢ QR O ZUL Yo w p L TN TW CH
EQ0 01 QDGO £ Né G0 1 QODDY OE P QYL T ¢ oP TH
With a slopeof 1:3, the surface area at the lower limit of +30m NAP can be calculated. With a difference
of 10m, the width at the lower point is reduced with 30m at each point along the perimeter of 5.65 km.
This means the surface area the lower limit becomes (gittdléhe calculation above)
1 'QQ06 QO @D &6 WL APXIT L @ L PP @ W LAC P T X
[ 61 Qi@ ¢ VDR T X B X

For more information on the specifications of the Slufter and the initial Altered B: High Sluftesee

814.6and 815.3 As the reservoir surface is higher than initially anticipated, the amount of turbines is
raised to 4 instead of the 3 in the initial altettive. The benefits of this raise are discusse@hapterl9.

16.2.2 Splitting the sections
The heighteningf the damds from +23m to +40m NAP, a difference of 17 melbe heightening of the
dams will occur by ganding the danfrom the outer sides.This hashe followingreasons

- the reservoir size is not limited because of the dam width expansion

- expanding inside the reservaieedsmore soildue tothe high reservoir heighseeFigure67)
- expanding inside the reservoir is troublesome because of the silt which has to removed first

Three different sections are definetbng the perimeter of the SluftdseeTable28 and Figure75). The
separation is made based upon the current crssstional dam profile.

% Based upon surrounding ground level height (Dinoloket, 2013)

¥ Rijkswaterstaat, Herziening acceptatiecriteria en $wteiden van zand in het depot de Slufter, Miliitectrapport, 1998
%8 paul D.K., Seismic safety analysis of a highfibdam subjected to severe earthquake motion, 2010

1% Rijkswaterstaat, MER IJsseloog, 2006

1ONASA, Earth Sciences Web Team Tardzeta NASA 2010
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Section Length [km]
North SeeDam 1.28
WestVoorneDam 1.14

#3 MaasvlakteDam 3.42
Total 5.84

Table28... Different damsectionsnamed after their neighboring area
For each section a primary design is made that varies in terms of height levels and dam slopes. These

initial dimensionsare basedipon guidelinestested and further optimizedThe calculabns mostly focus
on the WestVoorne dam as this section is normative in terms of height and ¢kgee86.2.4.

Figure75... Different dam sections (#1 red = North Sea dams, #2 bl¥gestVoorne dams, #3 Maasvlakte dams)

16.2.3 North Sea Dam

TheNorth Sea Dam is located alotite southern edgef the Slufter borderinghe North SeaThis

particular part of coast is therefore subjecttimugh seaconditions This has been taken into regairdthe
design by making typical dune profile for this part. The slope is high (1:3.5) at the upper part of the dam
while they are low (1:6) at the lower parts.

Currently, the Slufter Beach is present there. With the expansion, the coast will be 200 matethe
Slufter towards the sea. Already this stretch of beach is about 200 meeeEiure76), meaning that
most of the upgrade will be requirdd the height.

Figure76... Closeup of the southern dams of the Slufter (Google Maps, 2013)
The crosssection is presented iRigure82. The additional required volume of sanddispendent on the

additional surface are6GREENMinus the area thats removed REDJor the core construction that can
be recycledseeFigure77):
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i 01 "UDIO@ QOb QNG 0 WD QNOT & QRDIC&P L TIC X T TO Y TTO TT PATT
O & QUM Ol acE QO 61 "ODHIO@DQEMNOc TP ¢ P TO P U CYPoRmI Qa dQE &

Figure77... Additional surface area of sand indicated in greéhe striped section is the core)

16.2.4 WestVoorne Dam

The WestVoorne dam is locatedt the eastside of the Slufter, facing the We¥borne coastThis section
Aay Qi a dzo2&dnditiohss thEN®ith@eéa damsee§14.3. This area is rather quiet and calm
with some sedimentation happening in between the Slufter and Wexirne éeeFigure78andgl14.3.

Figure78... The area in between the Slufter and Wedborne

The slopes are chosen to be steeper here (1:3) since osdbinthe turbines will be installed. Because

the area is ot subject to heavy sea conditions, this is the perfect location to place the turbines and realize
a steep slope. The slope of 1:3 is based upon the internal friction angle of sand and reference Pfojects.
In the current specificationshé slopesf thissideare also steeper thann the North Sea side.

The crosssection is presented iRigure82. The additional required volume of sandeguals the
additionalarea GREENmMIinus theremovedarea(REDJor the corethat can be recycle¢seeFigure79):

i 01 "ODIO@ Q0D QMO 0 WD QMNOT & QRDICOP L TIC X L P L TTO ¢ VAP
O & QM Ol AE 'l 01 "UDIO@HQEMOP p ZTWC L Qo X P P Y OHTH Q& BQE ¢

Figure79... Additional surface area of sand indicated in greéhe striped section is the core)

! Rijkswaterstaat, MER IJsseloog, 2006
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16.2.5 Maasvlakte Dam

TheMaasvlakte Dans mainlylocatedat the west, north and east sidef the Slufterattached to the

Maasvlakte which has @round level of +5m NARorthward in the bordering area, there is the
Maasvlakteweg, a road connecting the Maasvlakte 2 with the port area. This road is in the way of the dam
expansion. Since nothing is located next to this road, the road is moved 108smetthward (parallel to
current road) together with any pipelines or other underground lir@s.the south side a road stretches

along the Slufter edge, the Noordzeeboulevard, which will be remdadhe other sidesthere are no

major hindrances as t outer dam moves about 100 meters more inlgedeFigure8?2).1?

Figure80... The bordering area in between Slufter and the rest of Maasvlakte where red area indicates the hindrance on
the northern section

The slopes are chosen in line with the current dams, atTh& slopes based upon the internal friction
angle of sand and reference proje¢fé.Due to the lower height difference, trdamwidth is smaller The
crosssection is presated inFigure82. The additional required volume of sand is equals the additional
area GREENminus the removed are@REDjor the core that can be recyclddeeFigue 81).

[ 61 "QDIO@M Q'Qb QN1 o MW QRO & QRDICOP L TP PY XS P P P WXAP

O & OVGEM Gl AWE Qf 601 "ADIO@HQEMNOP WX @ T C TH X U X W oL@ Qdr dQé &

Figue 81 ... Additional surface area of sand indicated in greéhe striped section is the core

16.3  Total volume of sand

All the specific surface areas, their length and the total required sand volume have been cal(zédated
Table29). The total required amount of sand for the upgrade is 14.5 millidn m
North Sea Dam WestVoorne Dam Maasvlakte Dam | Total

Surface area | 3010 3256 1976 8242
Length [km] 1280 1140 3420 5840
Required volumgmillion m’] 3.85 3.70 6.76 14.31~14.5

Table29... Summarized required sand volume

“2This has been confirmed during a site visit

% Rijkswaterstaat, MER IJsseloog, 2006
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16.4  Thecore

The main function of the dam is to form a sepacatibetween the water levels arfzetween the
contaminated siland the seaThe dam fill sandhas ahigh permeabilityand therefore, animpervious core
is placed inside the damand is identical foeach sectia (seeFigure82). The primaryfunctions of the core
are control the seepage of thgroundwater through the darand increasing the stabilitf8ecause the
groundwater will flow through the dam, this may cause som@sm®n of the core material, especially due to
the small particle size of these soils. Therefore a filter is placed in between the sand and the silty clay to
limit this. The core dimensions have been derived from guidel{sesFigure83)."* The slopes on both
edges are chosen to be slightly lower than 3:1 and the width at the crest is chosen to be 5 meters. This
means that with a height of 45 meterthie width is 15 meters on each edggiving a total width o40m
(seeFigure83). The required amount of core material is then

WE DO Q1 "ODEI'QROOSRERH QI QIWP VEwW YT TP ¢ X P I TTIED G "Qar d'QE &

75 5. 17.5

2.5

L5

CONTAMINATED
SILTY CLAY FROM
INSIDE” THE SLUETER

40

Figure83... Core dimensions as defined in the technical design

A possible material for the asf the core is the silt which is stored inside the Sluffése use of the silt

inside the reservoir makes the problen | KS 02 y (i FOY Aly2l (0SSR La ANlithésh@w (G KS a2 f dzi
damé (Tl silt is actually a mixture of clay and has low permeabffigxlready a thin layer of silt is being

used at the boundaries of the Slufter to limit the outflow of contaminatedsée814.6.2, which proves

the watersealing quality. Other benefits are the wide availability, the clos&imity and the recycling of

contaminated silt. The preference is to use silt from deeper levels inside the Slufter. This soil will have a

higher consolidation and will be preferable for the stability and the constructalfilantitatively, not

much carbe said about the consolidation and settlicigaracteristicof this material because this is very

dependent on detailed soil analysiat the Slufter is still not full is in fact a combination of the reduced

yearly input and the high consolidation dfet material. Therefore, a strong recommendatgoes out for

more analysis in this regard in order to say more

Shouldthe silt in the Sluftenot be qualified by for example very low internal friction or too high
consolidation characteristics, other soaeccan be used for the core construction. One alternative is to use
clay layers in the surrounding areas. Boudsoil analysis shows that the soil in the surrounding area consists
of many clay layers. Ttogiteriafor the core material are high internal ppse angle, low permeability and

high consolidation degre®ther options consist of the placement of slurry or sheet pile wiatis the

further detailing, it is assumed that the lowkayersof contaminated silfulfill the criteria.

“4Us Army Corps of Engineergn@ral Design and Construction Considerations for Earth andRib&ams, 2004

S Rijkswaterstaat, Herziening acceptatiecriteria en het scheiden van zand in het depot de Slufter.fféitenapport, 1998
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16.5  Stability analysissing GeoStudio

16.5.1 Introduction

The software packag8eoStudio 201By GEGSLOPE Internationial used in order to perform the flow
analysighrough the dam andlip circlestability analysidt is aFinite Element Metho(FEM) software
package that is budlup from several modules in order éamalyze gedechnical issueslhe modules which
are used for the analysis of the dam are

- SEEP/W for the analysis of the groundwater flow through the dam
- SLOPE/W for the analysis of thslip circlestability of the &am

In total, thirteen different analyses have been performed usapStudio 201 get an understanding of
the problem éeeFigure84). Thefocus of the model has beghe WestVoorne dam, which is normative in

terms of slope and height.

Groundwater flow analysis
Stability with silty clay core

Slope Stability using Ent Slope Stability using Grid and Radiu
and Exitmethod Method
: empty :

Figure84 ... Sequential analyses that have been performed (blue indicating SEEP/W and brown SLOPE/W)

The analyssin SEEP/W and SLOPEAW performed consecutively, as the fldime is required for the
stability analysisMost of the research is on thdownstream slope of the dam, since it is expected that this
side will be normative. For the upstream side the normative situaticcurswhen the reservoir is full and
the sea level is at an extremely hilglvel of 4.5 meter with a return period of 1/10.00Dytch coastal

design criteriy**°

Slope stability
using Entry

and Exit
method

8 p, Sterl et al., Extreme North Sgtarm surge and the changing climate: an ensemble studyM| 2010
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16.5.2 Analyzingthe unconfined flow through the dam

Using SEEP/W

The goal of this analysis is to get an understanding of the groundwater flow through the dam and the effect
of the core on this flow. Using the SEEP/W module, one can analyze what the unconfined flow is through an
earth dam. In this model, the core consists of a silty clay materald in the Slufter

Geometric modelpoundary conditionsand materials

The tednical design acts as a reference on which the geometric model is based. The geometric model is
inserted using dimensions and slogesm the crosssection(seeFigure85). Three different materials are
specified m the analysis; dam fill sand, silty clay core and subsoil sand. The relevant characteriitiss
analysis, the hydraulic conductivity and the volumetric water contegm, be found irAppendix JThese are
inserted as curves and are based upon spedimnalysis found for silty clay materfaf.

o A
60 —

40 — =
a0 — - — \\
— -
20 — \\
10 [— - =" Damfill Dam fill ~

s | | | | L | \ \
=227 177 =127 77 =27 23 73 123 173 223

Figure85... Geometric model as used in SEEP/W (axis values in meters, y = 0 is at 0 m NAP and x=5m is center of dam)

Thehydrauliccondition on the left side of the dam is the hydrautead of +39m NAP. This boundary
condition is applied at the left slope starting from the top of the silt level to the crest Iseelfdink dotted
line inFigure85). On the right ride two differenttydraulicconditions have been definedirét is the lower
water level that runs from5m to Om NAPifdicated in light blue ifrigure85). Above this lineintil the dam
crest, is the saalledPotential Seepage Fadiadicated with the green line with white triangle dotshkigure
85). ThePotential Seepage Fabeundary is useébr the solver to locate the position of where a potential
seepage face might develop. In this case, thisasvhole downstream area until the water level at NAP.

Calculation

The analysis is dongsing aSteady Statsituationwith an iteration amount of 500 (which provides a well
balance between accuracy and computation time). Divect Equation Solvés usd to solve the
equations. To determine the flow of water through the danfslax lines introduced into the geometric
model the dashed blue arrow through the dam center, Baure85). ThisFlux lines the lire where the
solver calculates the total flow potential through the ddbespite not considering a transient modhbist
solution gives a great indication of the total seepage volume.

Results

The result of the flow map shows the distinct presence of the ¢(sreFigure86). The arrows are vectors

that indicate the flow in that specific point. The points indicate the direction of the flow whereas the sizes
of the arrows indicate the amount of flow.

T GEGSLOPE International, SEEP/W Version 5 User Manual Appendix A: Hydraulic conductivity, 2001
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Figure86 ... Result of the flow patterns (contours indicating head pressure)

Due to the presence of the core, the groundwater flows under the core towards the seepage point which is
locatedat the sea level. At this site, there are large amouwftfiows looking at the arrows and this could

form a potential problem for the toe. The vectors can be replaced byafledflow linesthat illustrate the

path of the groundwater flow starting from the upper reservoir side all the way to the seepage phint

flow lines show a flow through the dam which cannot be seen in the vector diggeakigure87). The

reason is that this flow is very little and the vectors are sized relative to one another, they agdlyirtu
invisible inFigure36.

. 7 S
Y

40 |

9,3204e-005 m?/sec
_-—"‘/v
=

-60 \

-227 177 -127 77 -27 > 23 73 123 173 223

Figure87 ... Flow lines and flux label

The flux going through the dam is displayedrigure87. The flux label intdtatesthat the amount of flux is
9.3204*10° m%sec. The total seepage values are:
Qa ¢ QA @b il RO FROE QG DO Qi
W CTEPT Z0 YT T Ti—'GHQX(I)T X né—gxmmio P¢ "Wa 6 OO GKADIIE Q
DO b 8 0on poe Xl o TXTOM L e
wQi €Qp ¢ nwi“?)‘i BIGDOET T p Tt pPOX p W AFQww
To compensate this loss each day, the turbinage topump upthis loss:
Qa €0 TXTOT |, o~ , . .,
HGEGEDEI R0 aRON GO as py P L Fwe e Al
If the turbines pump up water for another minute, the seepage losses would be accounted for a whole day
under the assumption that the water level is maintained throughout the day (Wdigtifies the extreme
case).The daily losses ammnly 0.1% of the fluctuating water volume, which is very low.

oy

To create more understanding of the model behavior, graphs of the developing water pressure, water flux
gradient, and velocity of the water the x and ygradient have been computed and can be found in
Appendix J
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16.5.3 Analysis of confined flow through a dam without core

In order to assess the importance of the caea limiting factor on the water losses, the core material is
changed into dam ffisand materialgeeFigure88). Apart from this change, all other values are kept the
same as this is only a comparidonthe seepage with and without a cork.is the hypothesis that this
model will have a laer flux through the dam. This can be accounted to the low hy@raonductivity.
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Figure88... Geometric model without a core

As there is no core, the groundwater flows directly towards the surface seepage point slightiytlaboea
level 6eeFigure89). The vectors are showing high amounts of flow just under the crest. This is because
there a convergence towards the surface seepage point. The pressure head lines are moving nharlg regu
as the flow is not hindered by the presence of the core.
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Figure89... Groundwater flow through the dam without a core
The flux running through the crosgction of the dam without the core is 8.0¥1n%sec. The hypothsis
was correct howevea tenfold increase in flovis surprisingThe total flow outof the reservoir due to
seepage, the water lowering in a day and the time required to pump the loss is

Qa ¢ QO @b il RO FROE QA DO Qi

. a a .
ZpmM ZuYPT T X TTQo 31, p PE€ A 6 WO OLEDOTETQ
VBT T TV T TR X G T O Qe P

Qo € 0 TTTO@QT.

MOYI Op ®E QAN W QR——+0. @ax podmd
N OFET QADI0@OoP 7 p T rip P
. Qa € 0 TTMOQOT oy
Y Q LV wic Qwéxe 1 Qe 6 0 Qi

DEOCEDOVOT WFAQAADON Ww®Rd X T
The losses without a core add up to 1% of the total volume perEgn though 10 times as high, this is
not a significant amountf the turbines pump up water for another 10 minutes, the seepage losses would
be accounted for a whole day under the assumption that the water level is maintained throughout the day
(which signifies the extreme casé@ot constructing a core does reduefficiency ofthe system but the
seepage values are not devastating
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16.5.4 Slip circle stability

Introduction, geometric model and materials

The stability analysis will be done with the flow analysis as parent, i.e. first the flow analysis is performed,
upon which the stattity is check with that steady state flow situation through the ddmese two
alternative calculation methods are explained as they are used in the analyses.

- Entry and Exit Method

- Grid and Radius Method
Two different methods will be checked; the methofBishopand the method oMorgensternPrice The
background information about the two methodsgivenin Appendix]. They consisbasicallyof a limit
equilibrium situation in which the slip stability is safe when
[ 01 O "QENOI Qi Qi 60 HE 0 Q

5 0o 0 owe om ¢ o

The geometric properties of the model are the same as theg lheen calculated for the floyseeFigure
90). The hydraulic conditions come from the previous model and were inserted into the model according to
the maximum and minimum state of the water level. For the stability analysis, additional material
characteristics are required sh as the unit density, cohesion and angle of repose. The material model is
modeled asMohr-Coulomb and the chosen parameters can be fouritiaible30. Thesoilcharacteristics
have been chosen based upon the expelcsoil conditionsind educated estimate®

i 0o QRO Qo

Material Unit density (kN/n?  Cohesion (kPa) Phi (°) \
Dam fill 16 3 31
Core fill 16 34 25
Subsoil 17 1 35

Table30... Material properties forslip circleanalysis GeoStudio
A
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Figure90... Geometric model in GeoStudior the slip circle stability calculations

Calculation

TheEntry and Exit Methoid used to model the stability of the slope. Thaeges are defined at the top and
bottom of the slope feeFigure91) andhavebeen chosermroadnot to exclude any possible slip circle due

to computation power limitations. If computation power is really an issue, it should be considered whether
it is possible to restrict thaccuracy rather than range of analysis. From an engineering perspective, it is
safer to know all possibilities of failure rather than the accuracy of failure.

Entry and exit ranges

127 7 27 23 73 123 173 223

Figure91... Entry and exit ranges for the Entry and Exit Method

8 Rijkswatersaat, Herziening acceptatiecriteria en het scheiden van zand in het depot de Slufter, Kfifdetrapport, 1998
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Resllts

The analysis is initially performed using a Morgensterice method of calculation. The program calculates
thus the possible slip circles and the corresponding safety fast@F{gure92).

oV — 1,393
50 —
40 =
30 —
20
10
0

-20
-30
40
50 —

o | | | | | | | | |
=227 =177 -127 77 -27 23 73 123 173 223

Figure92 ... Critical slip circle using the MorgensteRrice analysis

The critical slip circle has a safety factor of 1.393 for the Morgenf@o@ analysis. This means that even
for the critical slip circle, the safety factor is relativelgth The properties of the sliding body mass are:

Parameter Value

Method MorgensternPrice
Factor of Safety 1,393

Total Volume 3.518,8 m3

Total Weight 56.547 kN

Total Resisting Moment 3,8167e+006 khn
Total Activating Moment 2,7393e+006 khn
Total Resisting Force 17.886 kN
Total Activating Force 12.846 kN
{2YSGAYSa AGQa Y2NB KSfLW¥dA (2 GKAY]l Ay GSNya 27F
circle. A safety map is drawn on the map to indicate a zone where slip circles wisiniday factors of
safety could develos€éeFigure92in red. The safety map has a rangetilia stability factor of 1.443
which equals an increment of 0.50.

Without changing any of the values, the analyspgeidormed once again using the Bishop method. The
results for the Bishop method are very similar to the one of Morgensiice seeFigure 93).The safety
factor is however slightly lower than this is for the MensternPrice analysis; a value of 1.354. Being only
a fraction lower, thestability factoris still very high indicating a high stability of the slope against slip circle
sliding and this specific failure mechanism. The Bishop method does prodiligklg different safety map
(seeFigure 93). Graphs showing the development of the shear resistance, mobilized shear, total normal
stress, effective stress and the pore water pressure are attachagpendix].

60 — 1.354
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40 —
30 — -
20 —
10
0 A

-20
-30
-40
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=227 177 -127 77 -27 23 73 123 173 223

Figure 93... Slip circle analysis using the method of Bishop
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Grid and radius method

The analysis is further detailed with tigrid andRadiusMethod. This analysis presents an alternative to

the before usedEntry and Exit Method-hemethod of approximating the safety factor is tMorgenstern
PriceMethod. Only the calculation method is changed to Grid and Radius whiles the rest remaining exactly
the same. For more information about the geometric model and the materialsrigeee85 and the

explanation there. The calculation is still performed after the flow modeling, which is where the hydraulic
conditions come from.

The Grid andRadiusMethoduses a grid of possible radius points to tesiltiple slip circlesThe grid size

can be limited because the range of point location is known somewhat. The solver is then used to
determine the exact location and the critical slip circle safety factor. The grid has been purposefully chosen
to be quitelarge 6eeFigure94), because of the high reservoir level which can cause a variety of possible
slip circles, far greater than for a normal slope.

The results are promising also for t8eid andRadiudMethod (see Figure94). The critical slip circle safety
factor is 1.382, which is very similar to the values obtained aEihey and Exit Methadlhe slip circle that
is formed is however a different one, which proves #ssence of this method. The safety map is drawn in
Figure94 which proves that the potential slip circles are around the critical slip circle.

1
- <
b L e

A0 | = N

-50
il | | | | |

227 177 -127 -1t 21 2 73 123 173 223

Figure94 ... Critical slip circle and safgtmap for the Grid and Radius Method on the core model

16.5.5 Stability analysis for the dam without a core

The SEEP/W model without a core is now put to a stability calculation using the MorgelRstamethod.
The Bishop method is not tested for this caseth@sprevious model already displayed very similar results.
The geometric model is the same as the flow analgsisFigure88).

The solver has computed the critical slip circle with its corresponding stabdtty faeeFigure95). The

critical safety factor displays a value of 0.996. As explained before, any value below 1 means that the load is
larger than the resistance. This means that the stability is not guararfiteetis case. The safety map

provides a range of possible slip circles that might form in the range of 0.996 till ($&=2Fgure95). This

is calledthe critical zonean area for which the stability is not gaateed.
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Figure95 ... Safety mapand critical slip circldor the dam without core
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Further enhancing the analysis with the Grid and Radius method shows that especially the toe of the dam is
subject to instabilityseeFigure96). This is because of the high flow nearing the (geeFigure89).

-227 177 -127 -7 -27 23 73 123 173 223
Figure96 ... Critical slip circle and safety map for the Grid and Radiughud on the no core model

16.5.6 Calculation of the upstream slope full reservoir

Introduction and modeling

The left side of the dam is expected to be strong enough, especially with the water level being as high as it
is. This hypothesis will be tested in thisten. The model details are again the same, no adjustments are
required there. The model tested according to th&rid andRadiuanethod. The only change is in the
calculation methodthe characteristics are changed fronm_aftto-Rightto a Rightto-Left calculation.

Results

The results support the previously mentioned hypothesis that thehaftd side is indeed deemed to be far
more stable compared to the right side of the dam (Bégure97). The Grid and Rags Method provides a
critical slip circle with a safety factor 8464 This is a very high value and confirms that on this side of the
slope, no instability issues are expected.

R

=227 -A77 -127 77 =27 23 73 123 173 223
Figure97 ... Grid and Radius Method applied dhe left-side of the dam

16.5.7 Calculation of the upstream slope empty reservoir

The situation is analyzed for which the water in the reservoir is emptied and the sea level is experiencing its
1/10.000 probability of a high water level of 4.5 metéf The modeis the same with only the hydraulic
conditions changing. The water level is modeled as a phreatic water line. The grid size is expanded more
downwards as the water level is introducesk€Figure98).

A, Sterl et al., Extreme North Sstarm surges and the changing climate: an ensemble stdbiy| 2010
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tozBE s gaEd

Figure98... Model of Grid and Radius method analysis of the upstream slope during extreme situations

This situation does produce a lower safety factor correspogdo the critical slip circle. The reduction is
actually quite significang A § K G KS at21LJS t2aAy3 fyvyzad KFHEF 2F Ada
much consequences as the margins at which this slope is guaranteed are veiy tigghextreme

situation, the critical slip circle still produces a safety factor of 2(42@Figure99).

Fry
rFrywvy

<0 | ! ! ! | | |
=227 177 -127 =77 =27 23 73 123 173 223

Figure99... Critical slip circle for the extreme water level in combination with an empty reservoir

16.5.8 Concluding remarks on the GeoStudio modeling

The GeoStudio 2012 alyaes produced great understanding in the physiaghefdam and its weak points.

This is mainly écausethe model allows foexperimenting and playing witimany variablesThe

Morgensternt NA OS YS(i K2R LINERdzZOSR @SNE aill. YHefefortddxh&lB & dzAf G & | &
following analyses have been performed in the Morgensterice method only. Thérid and Radiuand

the Entry and Exinethods also produced similar results although it seemed as if the analysis could be done

with more overview and undstanding with theGrid and Radiusiethod. Therefore it seemed as if this

method produced more reliable results and was easier to use and understand what was going on. This

method therefore has the preference.

The flow modellingesultedin a preference fothe core model as opposed to the no core versitfith a
10 fold decrease of the seepage values, the presence of the core is significant. However, even considering
the no core values, the seepage values are not very high and seemmariageable

Thiscannot be said concerning the stability as the no core model resulted in a safety factor below 1. This is
due to the instability near the toe because of the high flow velocities. The stability of the model with core is
satisfied with varying margins forl éhe extreme situations that the model has been tested for.

The hypothesis that the upstream slope stabilitgtableis confirmed, dhough resultdor the extreme sea
level produced safety factors which were surprisingly low compared to the highvaaskavel situation.
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16.6  Stability withfast lowering water level using PLAXIS

16.6.1 Introduction

The PLAXIS 2D 2011 software package is used to analyze the deformations, flow, stability and the pore
pressures in the dam. The highlight in this analysis is tleetedf the veryfastlowering of the reservoir

level on the dam stability. The package is intended for Finite Element Method (FEM) calculatid®s for 2
analysis of deformation and stability in geotechnical issues. With the Plaxis software, seven additional

aspects regarding the stability and the performance of the dam are analgeeBigure100).

Effect of rapid lowering for different core models

Flow analysis§ Windmill load

Figure100... Analyses performed using PLAXIS

Only the WesiVoorne dam is tested becausetb& normative designdee 86.2). The calculationare
performed under the assuption that sea level is stead@nly he first model(CCN is explained detailed,
since muchsthe same;any ambiguitiesshould ke therefore checked witkthe first analysisMaterial
properties have been tried to be consistdntthe GeoStudio analyseThere are differences @axis
requires other (more extensive) specificatidhat have been based upon educated guesSeEspecity

for the core this difference can be largbe core material is modeled as Undrained B type in Plaxis where

a DS2{ddzRA2 R2SayQid YIS (KAad RAFTFSNBYyOS® ¢KS RATT
nature of the software) be influerd by material differences.
Parameter Symbol Silty clay
General BLUE GREEN YELLOW
Material type Model Mohr-Coulomb Mohr-Coulomb Mohr-Coulomb -
Drainage type Type Undrained B Drained Drained -
Soil weight above water 1 nsat 16 16 17 kN/m®
Soil weight below water T sat 18 20 21 kN/m®
Parameters
,2dzy3Q4 Y2RdzZ dzaz 90Q 1.5*10° 2.0*10" 5.0*10" kN/m?
t2Ada2yQa NI GAz2 3Q 0.35 0.33 0.3 -
Cohesion Cher - 3.0 1.0 kN/m®
Undrained shear strength Suref 5.0 kN/m?
Friction argle ' - 31 35 s
Dilatancy angle A - 1.0 5.0 [
L 2dzy3Q4& Y2RdAz dza  Ep. 300 kN/m?
Reference level Vref 30 m
Undrained shear strength Suine 3.0 kN/m?
Reference level Vref 30 M
Flow
Flow data set Model Hypres Hypres Hypres -

Van Genuchten Van Genuchten Van Genuchten -
Soll Subsoil Subsoil Subsoil -
Soil coarseness Very fine Very fine Very fine
Horizontal and verticapermeability 1.0%10* 0.25 0.01 m/day

Table31... Material properties as defied in the Plaxis analysis

1%0p| AXIS Reference Manual Appendix: Material properties, 2011
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16.6.2 CenteredCore Model (CCM)

Geometric modelboundaries and boundary conditions

First a dam under normal conditions is constructed with a center omade out of the silinside the Slufter.
The dam is analyzed usingkain strairmodelwith 15 nodes The geometric model is generated using the
technical design as a reference and is displayddgarel0L1

The horizontal boundaries are chosen to be sufficiently far away from the atzabout 100 mon each
side. This distance ensures that the effects can be seen inside the model computations. The bottom vertical
boundary is enclosed by the clay layer that can be foun8@n NAP. It is assumed that his layer is a water
enclosing layer andimodeled accordingly¢e814.6.3. The top vertical boundary is enclosed by the dam.
All boundaries for the damointsare not restricted so that the dam can deform in all directions in the x,y
plane 6eeFigurel01). The possible movement of the points is one of the goals of this analysis. The subsoil
boundaryconditions for each point arehosen like:
- For the subsoil bottom, movements for tipeints (5,60th x and ydirection arerestricted. The
points have therefore been chosen to be at a sufficient depth from the bottom of the dam
- Onthe sides, theoints (4,8,7,11are restricted only in the-girection. The points have therefore
been chosen to be at a sufficient distance frdma toes of the dam
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Mesh

The global coarseness of the mesh is generated kiitequality and has been further refined for the
respective clusters of the dam. These areas aesdhim and its core, as well as the connection areas with
the silt in the Slufter. The generated mesh with appointed materials is displayegure102 Determining

the suitable coarseness of the mesh is a rattiéficult process. Creating a mesh as detailed as possible is
the preference, since this models the reality more closely. Very fine detail in the mesh requires however a
lot of computation time. With a triahnd-error method, a suitable coarseness for timesh has been

defined. This triaknd-error method consists of performing the same calculations with two mesh types: one
very fine and another slightly coarser. If the results are more than 10% affected with the use of a finer
mesh, than the preference wddibe to use the finer mesh.

Figure102... Centered core geometric model
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Calculation phases
Nine different calculation phases are defined in the PLAXIS Maekffifurel03).

Initial phase wThe dam as build in in the geometric model
Phase 1 wHigh reservoir level

wFast lowering of high reservoir level
wSlow lowering of high reservoir level
wLow reservoir level

wStability calculations for Phase 1 till 4

Figure103... The calculation phases to model the effect of a rapid lowering of reservoir level

Initial phase Here the calculations are performed using t&avity loadingcalculationmethod.
The upper water level is put inside the reggir and the lower one at the sea levebgFigurel04).
With the hydraulic conditions defined, the initial pore water pressures are calculated using a steady
state groundwater flow.
Phase 1 High reservoir leveh this phase, the Initial Phase is calculated Btaatic Undrained
model. This increases the detail of the stress field. The third and fourth phase both start from this
standard situation (i.e. a dam with a reservoir leveB@tm) and the water levelThis phase models
a steady high water level in the reservoir.
Phase Zast lowering of reservoir leveContinuing from Phase 1, the water level is dropped by 10
meters in a matter of hourdnstead ofa steadystate calalation, a transient groundwaterléw
calculationis usedto model the change ajroundwaterflow during the drop.Thechosentime
interval is0.25 day § hour9. The calculation methoi$ Consolidation (EEF}he drop in water level
is signified linearly with h(t) iRigure104, according to:
N0 @ Yoz oryo

T U t1 OiIpAOADOAI

1 Y pit OECI AEOEREI AGAOO
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Figure104... Drop in hydraulic head level for Phase 2

Phase $low lowering of reservoir levelThe third phas is exactly the same as the second one,
except for a longer time intervalf the linear water level drop/Vhereas in Phase 2 the 10 meter
drop occurred in 6 hours, in this phase the drop is 5 days.

Phase 4.ow reservoir levelThisis the situation in wiih the lower limit of the water level is
reached. This simulates the lotgrm behavior of the dam at this lower reservoir level. Similar to
Phase 1, a steady state calculatioddamefor the water pressure distributiorséeFigurel05).
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Figurel05... Water conditions for the lower limit of the reservoir in Phase 4

- Phase 5 till 8afety calculationsln Phase 5 till 8, safety calculations are performed for the
corresponding Phases 1 #l. For example, Phase 5 is a safety calculation of Ph#dege 6 of
Phase 2 and so oiffthis safety calculation is a phireduction methodFor more info about this
method, seeAppendix KThis method is limit equilibrium state calculation method #h calculates
the safety factor by balancing the strength versus the load. In this waydit & A YA€ F NJ G2 . A &k
method. Similar tothe safety factor, PLAXIS displays the development of Msf.

Results

Apart from considering the static situation of the higlater level and the stability of the lower reservoir

level, it is interesting to see what the influencetloé fastdrop in water level is. This is a problem which is
very specific for this situation, as the water level drops quite significantly inraamount of time. The

analysis is performed by looking at the active pore pressure, the deformation of the mesh and the stability
during the phases. The pore pressures for the high water level are displaapine106 Phasel. The high
water level in the water reservoir is leading to high pressures right under the reservoir. This is due to the
large height of the water body. In the dam, this high water level leads to mainly pressure and a slight
suction on the pposite slope. The profile of the pore pressure along the dam in Phase 2, when the water
level is dropped in a linear way by 10 m, is visibEigurel06 Phase 2As the water level drops, the

pressure proflechy 3Sa® . SOF dzaS (GKS RNRL) KI LJIISya NBtFGA@St e
inside the dam. For the sandy material, the effect kicks in rather quick due to the high permeability, but for
the core this is not true. This introduces high variantpressures and leads to more suction on the
downstream slope as well as on the upper part of the upstream slop@hase 3, the time intervaf 6

hours ismadelonger to see the difference in pressure profile and the effect of this rapid loweringirfibe
interval is chosen to be 5 days and the difference is visible in the pore pressure curve for Rieafaegsire

106 Phase3. The water level lowering in the reservoir echoes throughout the dam. For a rapjdhan

water line lacks behind due to the core. However, considering longer periods of time (in this case 5 days),
the pressure that is built up in front of the dam is slowly declining and the result shows that the water level
inside the dam is much loweFhe result of the lowered water level is analyzed in Phase 4. The trend in the
curves continues and the pore pressure along the dam for Phase 4 is disjpl&ygdre106 Phased.

The most visual change of how tlvering affects the dam is in terms of the deformations (NOTE: the
deformations are scaled). At Phase 1, the deformations are somewhat lirsge&igurel07 Phase 1)

however after Phase 2, the rapid lowerintioe water level, the deformations are significantly highsee
Figurel07Phase?). The locations where the deformations take placeragénlyat the core, which is

highly compressible. The trend is continuad®hase 3 and Phasesé€Figurel07 Phase3 and Phase %

The deformations are quite significant. The difference between the high reservoir level (+39m NAP) and the
crest of the dam (+40m NAP) is only 1 metericlhs barely sufficient to counter trgeformation,

especially considering added safety factors. It should therefore be considered to either lower the high
reservoir level or heighten the crest level.
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Figurel106... Active pre pressure in Phasetlll Phase 4
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Figurel07... Deformations in Phasetlll Phase 4
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Stability

The safety factors for each phase are displayeThinle32.

Phase Situation Stabilty Factor
Phase 5 (Safety calculation of Phase 1) High reservoir level 1.765

Phase 6 (Safety calculation of Phase 2) Fast lowering 1.270

Phase 7 (Safety calculation of Phase 3) Slow lowering 1.505

Phase 8 (Safety calculation of Phase 4) Low reservoitevel 1.685

Table32... Stability factors for each phase

The reduction of stability during Phase 2 is substantial and this analysis has proven tlagt tduction

has a large influencenathe stability of the systemiWhereasa conventional analysis may point out that the
dam has a stabilitfactor of 1.765, during the transitional phase from a high reservoir level to a lower one,
the stabilty drops significantly to 1.27The development of the safety factor with the defornuatiis

displayed irFigure91l.

—— || Safety factors
hase 5)

e

M
Y

lul [m]
Figurel08... Safety factor for each phase varying as the deformation increases

16.6.3No Core Model (NCM)

Geometry and calculations

The reasons to place a corside a dam it limit the flow of groundwater and increase the stability of the
dam. To analyze whether this is really required in this situation, a model without a core is analyzed; the No
Core Model (NCM). For the analysis, the model is adjustedlglighchanging the material of the core into
Dam Fill Sand, with which the program makes no more distinction between the core and the material
surrounding it §eeFigurel09). The same calculation phases, boundand hydraulic conditions are

applied as in the previous cases; $eégurel01till Figurel05.
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Results

As expected, the dam collapses already in Phase 1 at which the high reservoir level is calculated. Analysis of
the groundwater flow shows large amounts of groundwater flowing through the dam and leaving the dam
near the toe ¢eeFigure110). TheB 0 at the end ofan urcompleted calculation step shows which

part of the force imbalance is applied before the calculation failed. This is a measure of the safety factor for
directly failing calculations. Thislue is for this model 8 0 T8 v

Maximum value = 0.09117 m/day (Element 2086 at Node 20887)
Minimum value = -0.01670 m/day (Element 2138 at Node 14521)

’ Groundwater flow q,

Figure110... Groundwater flow in the »direction for NCM

Furtherevaluation displays the true culprit and reason for collapse. The analysis can be performed by
looking at several data curves, all leadinghte same conclusion (séggurelll). The dam slides along the

line that is visible along the figures and this is causing failure. It is confirming that this analysis presents the
same results as GeoStudio 2012 tfee dam without core.
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Figurelll... Plastic points development for NCM indicated with red squares

16.6.4 Alternative core models

The CCM has been analyzed and the results have been evaluated. One problem with the CCM is that it
requires some excavation of the current dam in order to place the core. The next step is trying to make
improvements in the model as to aid the construction proc@sg alternative cores are considered:

- the Line Core Model (LCM)
- the Shifted Core Model (SCM)

16.6.5 Line CoreModel (LCM)

Geometry and calculation

In essence the same geometric model is used. The only alteration is the change of core shape. The model
with the new core and mesh is presentedrigurel12 No other changesare made to aly of the boundary
conditions orhydraulic conditions; ey are the same as in CCdéeFigurel01till Figurel105.

107



Figurel12... Generated mesh Line Core

Results

Evaluating the calculatis produces stable results for all the considered phases. However, for Phase 2, this

stability factoris veryclose to 1 The stability factor M at Phase 1 is 1.46 and at Phase 2 this dtods06
which is significantly lower than the CGdthe figuresdisplaya potential weak point of this core model
(seeFigurel13). Sability is the major issutoking at the plastic points formation as welkstae strains,
they all form a possible sliding line along which the dam could fail.
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Figurel13... Plastic points LCM in Phase 2

16.6.6 Shifted Core Model (SCM)

The other alternative core that immodeledis the Shifted Core Model (SEMhe goal with this model is to
create a core that satisfies all criteria of stability anthimizes the removal of current sollhe model, its
boundary conditions and the created mesh are displaydeignrel14. The hydraulic conditions remain
unchanged and can aresible in the CCM description figurel01till Figurel05.

Figurel14X D Sy S NIh ivith fhe SCMa

Results

The results of SCM show a similar prodisghe LCMwith alow stability atPhase 2While providing stability
factor of 1498 at Phase 1, this drops to 1.88Phase 2The deformation is significantly higher (up to
double) and tts is caused mainly by the direct contact of the water with the ceeeRigure116). The pore
pressure has an abrupt change when it reaches the core, unlike what was seen in thee€Eiyu¢e106).
This is because of the reversed angle the core has with respect twtkeofCCM As opposedo following

the surrounding pressure lines, the pressure line changes shape. This is the cause of some other problems

as the plast points and strains. These problems are clarifiegigure116. While it may look like there is

no problem, the figure demonstrates that there are very high strains at the border of the core and the sand.
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Figue 115... Active pore pressure for SCiigr Phase 1

Total cartesian strain ¢,

Maximum value = 0.2307 (Element 2444 at Node 5845)
Minimum value = -0.1409 (Element 2461 at Node 4677)

Figurel16... Strairsfor SCM in Phase 2

16.6.7 Concluding remarks on the effect of lowering reservoir level

The effect of the fast lowering reservoir has heboroughly analyzed and experimented with the use of
several different core model3he deformations and the effective stress distribution can be viewed on the
basis of the results of phases 1 to 4. Here, attention is focused on the variation of thefaater of the

dam for the different situations.

Regardless of which core model is analyzed, the drop of stability because of the fast lowering water level is
substantial and requires the dam to have a hiigitial stability factor. To exemplify thishé CCM model
shows a stability factor of 19for the high reservoir level which dropped to 1.id Phase 2

Three different dam core designs have been tested for the defined calculation phases. The alternative that
performed best was the origin@CM ThHs model performed best in the flow of the stresses and keeping

the deformations low. This is mainly because of the downwgéoding side corelhese results arim

contrast to the other two alternatives, the SCM and LCM, which are largely alteratitines cdre to

maximize construction ease. They both showed distinct weak spots, potential slide circles and therefore
proneness to failureThe results is weak stability factor for Phase 2, both not reaching values above 1.1,

so not even 10% safety margBoth alternatives utilize a core slope that should be mirrored along the
vertical axis to provide a smooth transfer of stress. When the mirroring happens, it essdosiediall
constructability benefits and thugads to the CCM. Since stability ovéegiconstruction ease, the choice
fallson the CCM.
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16.7  Turbine housing and connectipgnstocks

16.7.1 Francis turbines

The turbines that are chosen to be used in the alternative are Francis turbines that base their design on the
Alqueva turbines but have been tipized for theEnergy Islanglan, which utilizes a lower head. The
characteristics and performance of these turbines are laid o8L#2.1 In thissection, the turbine related
constructions are analyzedhe design of the turbines as well as the related construction is not the main
focus of this research, but their integration and feasibility aspects are analyzed nonetheless.

16.7.2 Flow velocity inside pnstocks

Each turbine has ongenstockconnecting the high ater level inside the Slufter to the turbine housatiich
is placel at sea levelThese should have a flow capacity which is equal or higher than the water flow
capacity of the turbines. By dimensioning them with a slightly higher flow capacity, it issdrtat this
part of thesystem is not the bottleneckVhen the turbines are generating power, the flow through the
turbines is in the range of 23®45 ni/s, varying by hydtulic headWhen the pumps are active to pump
up the water back into the reserwpithe maximum flow is 170 fs. This means that 345s is the flow
value per turbine for which penstockhas to be designed.he inlet and outlet of th@enstocksare
streamlined as much as possible ( p). The flow speed through theenstockis then gven by

0 O p& X0

p¥t“ 0O (0]

. v
Y =
0]

- U=flow speed [m/s]

- Q=flow [nis]

- A =surface area penstock

- D =inside diameter of the penstock

For the initial designhe speed of the water is calculated using the maximunedp# the water given the
hydraulic headThe initial diameter of the penstock is calculated using this speed and the formula above:

G 0w QABNE o) QDY CYQ Ugzu®zT v ¢ AT

. oT U
QQOa GaRiT P EcafiQ p& xsz O o®Yy 1TaQO0 Qi i

16.7.3 Losses

Theassumption is made that thlesses at the inlet and the outlet are negligible due to the relatively
smooth transition. Also the bends and corners are performed smoothly in order to keepltisss=at a
negligible levelOne loss source that could be play a significant role is the wall fridtierto the large

length of the penstocks of 14Qrithe head loss as a result of the flow is calculated using the Colebrook
White formulation. This formula ishosen because of its appliance for high Reynolds numbers which are
expected hereThe total head loss is calculated using Colebidthiite, however, written in another form:

Q
5 &, v T R o, T TV T 1 3 - (0 8)
6 ¢ a0bI &I 6 b DLHG L0 VNG WE gl | & _9or
X YO z Q
0 £ ONCECE TAD VO WEQT Qwd Q¢ ¢ QQ_"QZB

- f=friction coefficient
- D =inner diameter pipe
- e= ColebrooRWhite roughness coefficieht, 0.015 mm

31 FlowserveCamerorHydraulic Rta Book 2000
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- Rejpe= Reynolds number of the pipé 'Y'Q —
- v =kinematic viscosity, assumed at 10 degt&e$0® m%
- Length of the penstock, L = 140m

This isaniterative calculation, which is executedMicrosoftExceR010(seeAppendix \for Excekhee).

The hypothesis that the flow would be in the turbulent regime is provensaguifies the importance of this
analysisThe calculations are done for the mexim volume of 345 fits. For the initial design, this results

in Hyic= 30.91 m, an immense loS% reduce this significantly, the diameter is incrementally raised in order
to see the effectseeTable33. A smalincrement reducethe hydraulic head losses significantiyt this

drop decreasewith every incrementChanging the diametealsoresults in a more expensive structure.

The diameter is therefore limited at 8 meters, for which the head loss is,§64 below 1 meter. This is
only truefor the flow at the top level. To illustrate this, the loss is dtjy= 0.4m for a flow of 250n*/s.

Parameter Diameter  Flow speed  Friction factor  Head loss Pressure loss
Symbol D U f Hiric Y0

Unit [m] [m/s] - [m] [kPa]
Iteration #1 4 27.47 0.023 37 303.97
Iteration #2 5 17,58 0.023 10.15 99.60
Iteration #3 6 12,21 0.023 4.08 40.03
Iteration #4 7 8,97 0.023 1.88 18.52
Iteration #5 8 6,87 0.023 0.96 9.46

Iteration #6 9 5.43 0.023 0.54 5.3

Table33... Hydraulic head loss due to pipe wall fricti@t the maximum flow of 350 s

The choice is made formenstockof 8 metersdiameter. This value is consistent with the turbine specifics
(seeAppendixN for characteisticy, which featurearunner diameter of 8.8 meterd.hismassive8 meters
diameterformsa problemwhere the penstock hits the sea level. The local water level does not esamed
depth. This can be solves with a combination of dredging and flattenfitige penstock at the end (so that
the surface remains the same but the height is IeBsg amount of flattening and/or dredging is
dependent on the specific depth at that sifEhe turbine placement is moved more towards the sea where
the depths are gjhtly larger $eeFigurell?). More about the integratiofisin the following sections.

Figurel17... Seaward move of turbine placement (Google Maps, 2013)

52 prof.dr.ir.J.A. Batjes, Vioeistofmechanica, 2002

53 prof.dr.ir.J.A. Batjes, Vloeistofmechani2802
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16.7.4 Turbine housing

The reversile turbines will be placed on the outer side of the dakMhile the design of the turbine
housing is outside the scope of this report, réfd examples are displayed in which the placement of the
turbine and the function in terms of shape and size amglar to the turbine system proposed here.

The first example is the derived from Plan Lievesse§11.3.1andFigurel18). This planconsists of
comprehensive idea®f the turbine housing design and dimensionifige same designs are later used in
the Energie Eiland concesee811.3.2.

Figure118... (left) Sketch of the turbine houses (Ingenieursbureau Lieses Energie Eiland, 2008hd (right) Turbine
housing for the Karkheh Dam in Iraitndustcards.com, 2012

While the Plan Lievense turbine houses have not been realized, the next example hasktiehkKiam in

the Islamic Republic of Iran in 2001. The turbines offers similar capacity and the turbines houses have been
realized in a very similar manner as is proposed fgeeFigure118). The width of the opeing at the

lower level is 30 meters and the power capacities of the turbine$26eMW*>* Another similarity

between the Karkheh Dam arlde Slufter is the use of an earth dam; the Karkheh usgila mix of

different soils among which gravel, whikhs ahigher internal friction angle than sarmshdallows steeper

slopes. Nonetheless, the height of the dams of the Karkheh Dam is also significantly higher than is proposed

in this plan, 127 m compared to 45 meterd

16.7.5 Integration with the dam

The turbines wilbe placed irthe sectionof the WestVoorne damgseeFigurell7). It is expected that the

dam fill material is sufficiently strong that it can support the weight of the penstocks. The penstocks have a
high stiffress in order to resists local deformation of the dam.

The turbine housing iglaced at the toe of the dam. This should be taken in accouhie design of the
turbine housing as the load of the dam will be on top ofiiicing the tubine housing insidéhe dam has
some benefits since the length of tipenstockss less and therefore the total loss of energy due to friction.
Placing the turbines at the lower part also means th# easily accessible in case of a malfunction or
maintenance worksThe cosssection of the WesVoorne Dam at the location difie turbinesis displayed

in Figurel19. Thepenstocks are placdoetween thecurrentdam and theexpanded partThis way, they
utilize the head difference angquire the minimum amount of workrhis process is more detailed in

%% |ndustcards, Hydroelectric power plants in Irmjustcards.com2012

1555 R.&fti, A. Shafiee and M.M.Rajabi, The influence of clay core composition on the permanent of embankment 68ms, 20
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Chapterl?7. In thepenstockopening areagseeFigurel19andFigurel20) additional measures have to be
taken for the surrounding soil. When starting and stoppingttireinegpumps, the generated flow igery
highandcouldlead to local erosions near tigamtoe. This could in time endaegthe stability of the

turbine housng and the dam itselft is importantto make sure this fhire mechanism does not appear, so
the soil at the bottomwill have local strengtheniniipat will have a length reaching until theeitside of the
turbulent zone of the penstock inlethe inlet/outlet should be designed gbat the water flow into the
penstockds smooth without much turbulence. This has already been pointed out during the consideration
of the head losses and is also applicable here. With less turbulence in thjsem® soil ersion will occur

To reduce the seepage along the penstocks, a seepage barrier is placed and designed according to the
Dutch building norm (NEN3651:2012). This states that if the penstock is crossingamary

embankment, the placement of seepage bariigsufficient. While not valid for this situation, more strict

rules suggest the placement of this seepage barrier inside clay box of at least 1 meter in front of the barrier.
Since the penstock goes through the clay core dam, this clay box neceakstyfigfilled.

penstock

turbine house ‘

with foundation under
|

Figure119... Placement of the turbines anpenstockswith respect to the dam design

TOP VIEW AT THE TURBINES
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Figure120... top view of turbine placement
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16.8 New Windpark Slufter

16.8.1 Strategiesfor the new Windpark

Currently,17 windmills are operating to produce 25.5 MW of pealpacity with one of the highest
capacity factors in the Netherlandsee814.8for more about this wind farjnAs theexpansion takes place
ontop of the current darg, the windmills will ered to be removedThree possible alternatives are
proposed for the new Windpark, after which a preferencedne alternative is explained.

Removing the Windpark

An option is taemovethe wind farmand not repace it Placing wind turbines on tagf a 35 meter high
damwould drasticallyincrease visual pollutioand could be left outThen there is the aspect of risk. In case
of adam breach, the bordering area of the Maasvlakte could be floggeeg14.8). The placement of the
wind turbine enhances this risk,g. he failingnacelle could potentiallgamage the dandue to itsweight

Replacing the current turbines on top of the higher dam

Thisoption considers replacing the turbines on the new dam@/hether this alternative is an option
depends on the technical feasibilitthe new dam should be able to resist taeded weight of the turbine
For this, the PLAXIS model$t6.6are re@lculated with the distributed load on tofsee next paragraph).
This loactonsists othe foundationplusthe turbine. The dundation dimensions arestimatedfrom Figure
121 left; a circularfoundationwith 8m diameterand 2m thickness.

p.
ST ICrCT ¢t o

Because detailed information about the Siemens turbines on top of the dam is mibsinigrbine weight
isedimated using a reference turbine: the GE 1.5 MW from General Electr@aieBigure121right).

W QW0 Ol RANG QEZDiE iE 1L 'V HHD

= Weight GE 1.5 MW
Nacelle [kN] 550

1| Rotors [kN] 350
Tower [kN] 700
Foundation [kN] 2411

Total [kN] 4011

8| Weight/surface [kN/m?] 80

b A X e S

Figure121... Foundation of a 2 MW wind turbine (Pelegroup.co.uk, 2084y (right) weght specs of the GE 1.5 MW

The placement of the turbine could be problematic due to placement of the core material. This core
material is very easy to compress and is located right under the foundation of the windmill.

Upgrading the Windpark with higherapacity turbines

Another proposed alternative te place turbines of higher capacityThis idea followsom the high

efficiency of the current Windpark. With a capacity factor reaching up to 0.4, this is the perfect place to
place high capacity turbineshis option is considered now by the operating utility comparses§14.8).

High capacity turbines proposéa the Windpark Noordoostpoldersee85.2) could be utilized for this

project as well. These turbines are significantly larger and heavier than the current ones. Should this be the
desired option, the model would have to be-mgn in order to assess whether it is safe to place these

turbines. This is proposed as a recommeimh.

16.8.2 Modeling of CCM with windmill on top

Introduction

This analysis will calculate whether it is feasible tplee the windmills on top of the dam after the
expansions in sizdhe load of the windmills is modeled for that particular part of thesssection with a
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distributed load on top of the dam. This distributed load comes from the weight of the windmills and its
foundation which transfers to the dam. This load is calculated to be 80 kWit added safety factor for
the permanent loadTwo dfferent analyses have been performed in order to experiment with the load of
the windmill.

1. Distributed load on designed dam
2. Distributed load on designed dam with smaller core

Distributed load on designed dam

The geometric model is taken from the analygrformedin 816.6and alded with the distributed load
(seeFigurel22). Note that the distributed load is only placed on top of the Dam Fill Sand and not on the
SiltyClay Core material. This is because the distributed load is not placed upon a plate as it is in reality,
however directly on the dam on the different sections. If the load would be applied on top cbthe
material, which is highly compressible, thissagive an incorrect modeling of what will take place: once
the core is deformed slightly, the sand which has a higher compressibility will take over the load. The
distributed load is not modeled on top a plate because the plate deformation is not tHérgibeese
analyses, only whether the dam can withstand the load.

AAM

TITTIVTIvTTIT

i

Figurel22... Geometric model with the distributed load
Results

The effect of the load on the stability is checked for the various calculation phases(sea#T&able34 and
Figurel23). This is because this load is permanent and will also act when the reservoir level is dropping
quickly. This is considered to be the wetsisescenario.

The stability is expectedly lower than it is for the situation without load. Since the margins at Phase 1 are
quite high, the situation with load offers no danger to the stability. However, the hypothesis that the fast
lowering of the reservoilevel could potentially lead to problems is true. The safety factor drops to 1.068 at
Phase 6 (corresponding to the fast lowering phase), which is close to the critical balance of 1. The safety
margin is too low to be considered safe. The same is truPtiase 7 and 8, although to a lesser extent.

Phase Situation SF with no load SF with load
Phase 5 (Safety calculation of Phase High reservoir level 1.765 1.572
Phase 6 (Safety calculation of Phase Fast lowering 1.270 1.068
Phase 7 (Safety calculan of Phase 3) Slow lowering 1.505 1.131
Phase 8 (Safety calculation of Phase Low reservoir level 1.685 1.129

Table34... Stability factors for each phase with and without distributed load on top for CCM
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Figure123... Stability factor for CCM

Together with the dropn stability, the load is causing higher deformations at the top. As a consequence of
the load, the two sections of Dam Fill Sand push down the core material further. This is causing larg
deformations for Phase 1 at which the high water level also pushes down. The other deformations seem to
be controlled.The deformations of the model have been attachedfmpendix K

16.8.3 Distributed load on dam with smaller core

The stability factors preseetl for the previous modedre too low to be considered safe. Therefore the

model is slightly adjusted to test the effect on the stabilithis change consists of the narrowing the core

at the top so that the forces find their way quicker into the danséithd section of the dam. These parts

have greater load bearing capacity. In the previous model, it seemed that the dam fill sand section takes on
the distributed load and exerts it directly on the core. To limit this, it is analyzed what the influemberis

the core is narrowed down and theypothesis will be testedNo other alteratiors are made as far as the
boundaries, boundary conditions, hydraulic conditions and calculatieconcerned.

Since the load is only applied on the Dam Fill Sand sedtibe @rest, this section is enlarged by
decreasing the width of the core near the crest€Figurel24).

Figure124... Model with smaller core
Results

Thealteration is successful baasethe safety factors of the corresponding phases have incre ésesl
Table35).
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Phase Situation SF with no load SF withload SF with load and smaller core
Phase 5 High reservoir level 1.765 1.572 1.641

Phase6  Fast lowering 1.270 1.068 1.184

Phase 7 Slow lowering 1.505 1.131 1.4

Phase 8 Low reservoir level 1.685 1.129 1.588

Table35... Stability factors for each phase with and without distributed load on top for the smaller core

Eat phase is showing higher safety factors than the previous model. The hypothesis has been proven and
the model stability has been improved. The stability factor for Phase 6 is higher, but not really convincing of
its stability.The factorsafety ofis belav 1.2for the fast loweringwhich isstill very low.

The deformations are lower than they are for the previous model which is promising. A larger part of the
Dam Fill Sand is resisting the deformation introduced by the distributed load which is causindess
deformations and a better stress distribution overall. The deformations images have been added to
Appendix K

16.8.4 Concluding remarks on the placement of the windmill on top

It is shown that the original model has some complications when dealinghatadded distributed load.

The complications are mainly at Phase 6 when the reservoir level is lowered quickly. The stability factor
drops to a value which is very close the critical value of 1.

The model with the smaller core that is introduced to imgedhis stability performs kiger. In this sense
the thoughtprocess and hypothesis have been proved and the introduction of the model has been
beneficial in the understanding of how the model works. Still, the stability factors of the swaleemodel
are not convincing as they remain below 1.2.

The smaller core model performs well at this analysis. However, because the model is smaller at the crest,
this will influence the groundwater flow when the reservoir is high. This influence will be unfavosatble a
width is smaller; the chance of the water passing over the core is higher. This could be a major problem.
Therefore, this model can only be considered a recommendation for this analysis and a proof the
hypothesis above. To say more, it should beHeartanalyzed.

No convincing recommendatiocan be given at this moment as to the possible of placing windmills on top.
Therefore the strategy of not replacing the windmills is chosen with the recommendation for more analysis.
There are potential construatns possible which could make it possible such as

- Placing a vertical pile foundation under the windmill

- Placing sloping pile foundations in the dam to support the windmill
These possibilities should be analyzed further to quantify their potential.
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16.9 Connetion to national and European grid

The Slufter requires a high capacity cable to allow the connection with the grid. Since the generated power
is far higher, the peak generation capacity of 375 MW is normative for the design of the connection cables.
Deperding on this value, it can be calculated how ma&89 kV cable arerequired.The choice of a 380 kV
cable comes from theicinity of the port area and Maasvlakténalysis of the power grid lines surrounding

the Maasvlakte area shows the vicinity of a 38D kV transmission linedeFigurel25).
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Figure125... Power grid infrastructure of ENTS®Map 2012, ENTSE) 2012
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There is a large coal plant of 1200 MW at the Maasvlakte@h EVith a minor extensiomnd possibly an
upgrade of capacity, the cable connecting this plant to the grid could be utilized by the Slufter.as well

What is furthermore interesting is the proximity of the international power line with the United Kingdom
(UK) Especially since the UK is currently expanding its wind power capacity signifiseed®.$). At night,
the UK can either turn down their wind turbines or keep them operating in order to powewber

turbines of the SlufterThe presence of this line could offer possibilities for chasgperation with the UK

BioMass. ‘

haven 8241 ‘ e’an

Figurel26... Locationof the coal plant and the required exteien (EOn, Locatie Maasvlakte, 2013
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16.10 Filter antop of the silt layer

In order to prevent the mixing dhe contaminatedsilt layer with the water, a filter is placed on top of the
silt layer. The top silayer inside the Slufter is very muddy in contrast to the lower parts which are largely
consolidated. Since the particle size is very small, these pantafesasily get picked up by the floguring
turbine activity These particles contain many contawamts and could damagte surrounding nature.

Ergo, the filter does not have to be watsealing; it needs to limit the very top level erosion. A
geometrically closed filter is fit for this application. The idea behind this type of filleatishe paricles of

the base material get stuck inside the larger particles used for the filter material. The filter layer should
have larger permeability than the base layer so that there ibuilnling up of local pressur&he choice

upon determining the right fiér layer depends on three criterig®

- Stability between filter layer and base layer: — v
- Higher permeability of filter layer than base layer: — pT
- Internal stability —

The application of thge criteria results in two bound@s in between which the resul supposed to be
chosen. A patrticle size of 0.004 mm is assumed from the classification of the material as s#igeclay (
814.6.2. Assuming gradation of this material with a rati@ 7Q ¢, gives a range of aroundsg 0.003
mm and @s=0006 mm. The stability rule and permeability rule gives
Q VzQ T8t @ &

Q Vz2'Q T8ripdd.
The dsvalue of the material should be in between 0.015 and 0.03 Fonthe internal stability rule, the
dso/d10= 10 ratio is assumed to be about the same @flds= 15. This means that coarse silt to very fine
sand with a g value of 0.02 mm and agof 0.1 mm will be suitable as material for this filter layer

16.11 Evamwration out of the system

The evaporatiorof water out of the reservoir is a net loss of water that reduces the efficiency of the
system. Without going into much detail about the several computation methods to calculate the
evaporation, reference data islten elsewhere in the Netherland¥.Since climatological aspect play a
large role in the evaporation, the use of this data can be justified. The net loss due to evaporation in the
province of Friesland was calculated for each seaseeT@able36). The dominant season is summer,

during which the evaporation is 4.65 mm/day.

Spring Fall Summer Winter

Evaporation [nm/day] 2.7 16 4.65 0.67

Table36... Reference evaporation values ftite open waters in Fryslan (FutureWater, Berekening Verdamping, 2006)
For the upper reservoir this means a daily evaporatbn

QOAUEN €1 OANOR ¢ 1 TQHWEET "ODIO@EIH VP Zp T p T @& py Q0w
Because this seems significant, this is put into perspective: the daily fluctuating water mass is in the order
of 30 million ni. Compared to these fluctuations each day, the evaporation ofshislly 0.0047% of this

value; aninsignificant loss. Dgil the pumps will have to pump for an additional 20 seconds to account for
this loss.The order of these losses is really small and will be balanced somewhat by the precipitation.

1% G.J. Schriereck, Bed Bank and Shoreline Protection, 2004
%7 FutureWater, Berekening openwaterverdamping Fryslan, 2006
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17 « Construction method

An overview of the main construction activities thaeatiscussed are

17.1
17.2
17.3
17.4
17.5
17.6
17.7
17.8
17.9
17.10
17.11
17.12

Introduction to construction MEethQ............ooooiiiiiiiiiiiii e 120
S 1 (S 0] (=] o= L= {0 1 121
Phased construction along the length............c.oooooriir e 123
(O 1= Y= 11T o = 0 o TU T (o [ T TS = 124
ST= o o 10| (o = PP PP PR PP 126
D) ¢=Te (o1 a o aa1]1 g 0T (o] o] o |V PP PP PRP 127
Off-loading byrainbowingand diStribULION. ............cooiiiiiiiiiii e 128
(070 (= = T F= IS0 U o S P 129
CoNnStruction Of the HAIM..........uuiiiiieiiie et e e e s e eeeeee s 129
Constructing the turbine housing and PENSIACKS...........oocuuiiiiiiiiiiieeeiiiiiee e 130
Replacing the WINAMIIIS.........oooiiiii e e e 131
INitial fill Of the FESEIVOIL.......cci et e e e e e eeees 131

17.1

The technical design that is analyzed must be able to be built in a rather easy way. In this section the
different possibilities for construction will be explained. All the activities that are required are identified

Introductionto construction method

with their correponding estimated duration. With all the activities in sight, a concept plarcdngoe
made for the realization of the technical design.

The result of this section should be a clear understanding of all the necessary steps in order to go through

the congruction. While smallerctivities may require more detailing should be clear how to the
construction process progressesgaeneral and that solutiomare presented for large problems regarding
constructability.
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17.2  Ste preparations

17.2.1 Clearing stripping and grubbing

The project starts with clearing all neaquired objects from the site, such te removal of vegetation,
boulders, fences, small buildings and other structures closkdite. There are no large hindranceisat
need to be taken care ¢feeFigurel27). Stripping is the removal of all topsoil of the dam. The top soil is
heavily affected by external factors such as wind and weahehatthe characteristics of the topsaibuld
be different becatse ofmixing soilsGrubbing is the removal of organic material, such as raptplants.
Any organic material that is still on the outer dam surface may influence the behavior ekpamdeddam.
Therefore, this step is essential to guarantee stabdlitg durability.

17.2.2 Removing the windmills
Before any heightening of the damayoccur, the windmills which are currently on top of the Slufter have
to be removed. There are 17 windmills placed at certain distances throughout the entire dam except for the
southern section §eeFigure127). Disassembly of the wind turbine goes according to the following st&bs:
1. Remove the rotor blades¢eFigurel28)
2. Remove the nacelle with thgearbox and generator
3. Remove the top part of the toweséeFigurel128)
4. Depending the different parts the tower is built up from, repeat the last step

s
o e

Figurel27... Position of the 1Tvindmills on top of the Slufte(Google Maps, 2013)

e

Figure128... (left) Rotor disassembled from tower and (right) disassembly of the tower in pavthf¢.com, 2008

Disassembly of a turbinean be done very quicklWtilizing one crane, it will maximally take oneelt to
disassemble alBtoring the units can be done in vacant areas of the MaasvlakftSihce storage is only
required curing construction, thissjustified and futureplansof the Maavlakte 2 ared NBhjheted!*°

8 NRELPR, Short time lapse of a 1.5 MW wind turbine installation at the National Renewable Energy Laotattmy,com2009
1598 Kuipers, Is het erg als de Maasvlakte 2 voorlopig voor een deel leecEntignus Univeristy Rotterdai2012
%0 port of Rotterdam, Projectorganisatie Maasvlaktédvbnitoringsplan aanleg MaasvlakteMaasvlakte2.com2008
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17.2.3 Rerouting Maasvlaktewegand Noordzeeboulevard

The road on the northern side of the Slufter is the Maasvlakteweg. When the expansion on the northern
side is b be considered, this road must be placed more towards the north wheidfecient space is
available The rerout will take place by first constructing the new road in order to keep the function and
the accessibility. This new ro&lplaced aboul00 metes more upwards The move should also consider
any pipes and cable®nce finished, the old road can be demolished and its material recyidiedsame
process goefor the Noordzeeboulevard, which wilke built afterfinishing the damexpansion

17.2.4 Dredgingthe inner area in between WesYoorne and the Slufter

As the area enclosed by the Slufter and the \Aésbrne coast is increasingly getting clogged by the
sediment éee814.3), this area needs to bdredged to ensure that large amunts of water can be
extracted.Also the penstocks will pump and flow out into this section. To ensure a certain depth for the
placement and operation of the penstocks, some local dredging may be reqsi@eligure129). This

dredging will not be a problem because this is not a Natura2000 area and the wildlife between the Slufter
and WestVoorne is focused more towards ti@ostVoornseMeer.

Figure129... (left) Area clogged by sedimenmneeds to be cleared because of the turbine placemand (right) location of
temporary storage site where the dredged sand can temporarily be stored (Google Maps, 2Gb8)gle Maps, 2013)
17.2.5 Temporary storage sitéor the dredged materal

Large amounts of dredged soil will need to be stored temporarily before it is distributed to the location
where the dam construction is ongoinfheavailability of the SlufteBtrand the beach), is also used during
the construction of the Maasvlak®, where the beach was used as a temporary site to stquépment

etc. (seeFigurel29). This stretch of land can also be used as a dump site for the dredged matbeed.

are no large spatial limitations hersp a further detailings not required at this stage.
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17.3  Phased construction along the length

The upgrading the dams will be done in several phaBas. will be beneficial in terms of costs and allows
for the re-use of the temporargheetpiles to createa building siteSince work cannot commence
everywhere at the same time, this phased construction will not hittldetotal construction timeThe
construction will be split in four phaséseeFigurel30):

1. WestVoorne Damand part of the Maasvlakte dafm blue)
2. Northern part of the Maasvlakte dam (in red)

3. Western park of the Maasvlakte dafim green)

4. North Sea danfin orange)

Figure130... Placement of the sheet pilesumbers indicatig sections, X marks indicatirgheet pile bordergArcGis, 2013)

The construction is started at section 1 because the turhiiliebe placed thereSince the construction of

the turbines housing and connections may take some time, thieistart of theconstruction.Then the

sheet pilesare movedto part 2 and so on following the circle. The North Sea dam is chosen to be built last
because this is where the sand will be dumped and spread out during the gctistr of the different
phasesThe sheet pile sections are marked with the Xrigurel30. After the construction of the initial

part of the dam, they can be moved to the next section as the construction of the rest of the dam
continues. Since there is a lot of possibildy overlap of the different activities and sections, the
construction will not be halted by these activities.
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17.4  Creating a building site

17.4.1 Introduction

Two temporary sheet piles are needed for the construction; one on the dam side and one on the sea side
(seeFigurel31). The ground retaining sheet pi({displayed on the left iRigurel31) has the primary

function to withhold the soil pressure as well as the water pressline. sheet pile is anchored into the

back soil with 2 anchors. These sheet piles are extensively calculated using PLAXIS2t2@04.6). The
length of sheet pile that is required is the ofthe perimeter hat it is enclosingsee previous paragraph)
which equasto 1500meters.The amount of anchors is not lessenedig, since they cannot be rased

but will remain in the soilThe sheet piles are driven into the soil using a pile driver.

\
‘ excavating the soil - Initial sheet pile AZ18 top to
. - lowering local water level temporarily ~—
o / by continuous pumping ‘ bottom: +5m to -10m NAP

~ |Anchors at: +3m and Om NAP
= Improved model AZ25 top to
‘ bottom: +5m to -15m NAP

e V Anchors at: +2m and -3m NAP

Figurel31... Temporary sheet piles construction

17.4.2 Modelling the temporary ground retaining walls
The ground retaining wall is modelled using PLADXIS full analysis of the sheet pilissn Appendices XAn
initial model and an improved motleave been calculated:

- First, using initial design choicele sheet pile is modeledith top to bottom from +5m to-10m
NAP(ground level at5m NAP)The sheet pile isupported bytwo anchorsat +3m andOm NAP.

- Themodelis optimizedby going deepeto -15m NARchanging the sheet pile wall from AZ18 to
AZ?25 ande-positioning the anchorfor better moment distribution, at +2n and-3m NAP

The two modelsn their ultimately deformed state are displayed Fgurel32 The model is not only
improved in terms of deformations, but also in the moment distribution of the sheetfgdeFigurel133).

el \\\\
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— y VAVAVAVAVAY ]
Rl e / Y. ¥ A » " ¥ \ A A \
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tpoductory versign/ \/ \/ \ Y / XA AANrOdCtoryY Versflon/\ /A A LN\ /Introdugt
Deformed mesh |u| (scaled up 5,00 times)
Maimm vahie = 0,8027m (Bement 55 t ode 4159
_ e —— ~
— S
,-'///77 d
: 3 A, AN A AN Y A
trodactory versiony X Intraductory /Introdugt

Deformed mesh [u] (scaled up 50,0 times)
Masiemm value = 0, 1552 m (Sement 555 at Node 5063

Figurel32... (upper) deformed state for the itial model and (lower) deformed state for the improved model
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Introdu Iy vers

Introdu

Bending moments M (scaled up 0,0200 times)
Maximum value = 167, 1 km/m (Element 7 at Node 5775)

Bending moments M (scaled up 5,00°10 > times)
Minimum value = -482, 1 kNm/m (Element 11 at Node 5441) Minimum value = -265,0 kNm/m (Element 13 at Node 4899)

Maximum value = 1009 kNm/m (Element 6 at Node 5406)

Figure133... (left) sheet pile moment distribution in the initial model and (right) moment distribution in improved model

|9.5

¥ i y
55.4°% 348
» 1260 ol
Figurel34... AZ18 vs. AZ2%A(celorMittal, 2013)

The improved model performs substantidigtter thanthe previous model, reducing thaeformations,

Concluding remarks on the sheet pile analysis
improving the overall stabilitgseeFigure135) and reducing thenoments in the sheet pile and thus
allowing for a cheaper sheet pile for construction. The maximundivgy moment in the sheet pile is 267
kNm/m. The sheet pile that is chosen was thel®Zfrom ArcelorMittal) which was improved to the A5
in the improved model. Even with the smallest steel grade, which is S240, the maximum bending moment

resistances 589 kNm/m, which is way above what is 265 kNm/m. Considering this wide safety margin, it
should be considered whether there is still room for further optimization by choosing a smaller profile.
:afe&rscmrs eaame
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Figurel35... Safety factors cancing with displacement (stability curves of points A, Bt@h(to bottom) for the improved

model (top three curves) and the initial model (lower 3 curveste: one is in whitg)
125



http://www.arcelormittal.com/projects/europe/foundationsolutions/EN/sheet_piling/AZ_sections/AZ25.htm

t NI/ X ¢ Sgsluffeh O f

17.4.3 Water-retaining sheetpile

The waterretainingsheetpile displayedonright of Figurel31) has the primary function of witholding
the direct flood of water into the excavated area. This is water height of 5 metkth®ugh this changes
along the area and it is doubted whether théséally necessanplso due to its lower complexity, thgle
will not be thoroughly analyzed.

It could even be considered to punafi the water in the are&n between the Slufter and Wes&foorne.

17.4.4 Lowering the groundwater level

Now that the building sé is closed off from both sides, th&calwater levelmust be dropped in order to
start construction of the danilhisis difficult to assess, because the depths aldreggghore are very
fluctuating.If there is need for lowering the water level, this tneé using temporarily draining using
pumps. Once the lower part of the dam is consted, the drainage can stophe area that needs to be
drained is rather large, but the amount of lowering is not.

There will be a groundwater flow from the surrounding®ithis temporary basin as well. In this stage this
is perceived as being limited but does require more analysis.

17.5 Sand source

The total volume of sand for all the construction works will be in the ordédd@million . To put these
volumes in perspeate: for the construction of the First Phase of Maasvlakte 2, a volume of 240 miflion m
sand is rguired, which makes this only#® ofthe scale of the Maasvlakte Because of the scale of the
dredging works, the Maasvlakte 2 is an interesting referemogept for the dredging part of the Slufter.
From extensive research a suitableaifor sand collection is four{deeFigurel36). The choice for sand
collection areas for the Maasvlakte 2 is based upon two factr

- supply qualitative sand fit for construction of land

- relative close proximity to the project
Both criteria are valid for the Slufter and due to the location of the Maasvlakte and the possibilities to
dredge this site from the sea; the sand collectazras used for the Maasvlakte 2 are also suitable places
for the Slufter dam gpansion. Since the requiresnd is only 6% of the required sand of the Maasvlakte, it
is expectedhat the amount of sand is preserBome assumptions are made for the sou{@eeTable37).

- B + - +e

Zandwingebied ..
e O =
b + = o= ( ; + |

! mMv2
e + + 10 km> ¥
012345 Destination ; *

Figure136... Map showing the sand collection area for the Maasvlakte 2

MAASVLAKTE 2

7

NOORDZEE

Characteristics source value
Depth of the sand 20-30 m
Distance to project site Approximatelyl0 km

Table37 ... Relevant characteristics of source

181 Maasvlakte2, Zorgvuldige selectie zandwinlocatichergebruik zandVlaasvlakte2.comextracted on 2013
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17.6  Dredging methodology

The dredging methodology will consist of several steps and is partly cgdigurel37).

I Transporting hopper to source I
| |

I Dredging sand from source
|

I Transport hopper to destination
|

Off-loading hopper by rainbowing

I Transportation of sand onshore through pipes

Distribution of sand on site

|
I Buildup of the dam

Figurel37... Dredging methodology

The required amount of sand from the sourcé4s5million nv. During the dredging process, a lot of the
dredgedsoilwill be lost due to many reasons; thisistimated around®0% of the total meaning that tie

total should be taken 17.4 millionIh*? A trailingsuctionhopperdredge (TSHD) will be used because of its
wide array of applicability anitk suitabilityto dredge toa depth of approximately 30 metefsee previous
paragraph). To optimize the calculans,adredgingves®l is chosenthe Volvox Olympiaf Van Oord
Dredging and Marine Contractors (s&ppendiXM for characteristics)Two similar sized TSEWill be
used,utilizing in total three shipsAn operational schemis created forthese threeships(seeTable38).

The loading, offoading,transport timesand supplementation speed adetermined as follows®31%4

- The loading time is 25 minutewith added margin30 minutes ship capacity is 4870°m

- The tansport time is 30 minuteséeFigurel36)

- The offloading time is about 20 minutes, estimated 30 minutes with margin

- Each cycle consists of 5 steps, with eaelp saking 30 minutes teotal cycle time is 2.5 hosr
- So every cycle (2.5 hours), the transpataterial is 14610 rhor 5844 nihour

Transport Off-loading at destination
3 _& g & Cycle 1
4 ol | | =25
5 ‘Q d _}3 hours
6 ‘g " 5 .
8 L# ;E #1 ;E t*‘di Cycle 2
0 i | s -25
10 Q 4 = hours
11 Ll .| | 2 2y
Ships Ship # ket Ship #2 b Ship #3 sl

Table38... Scheme for dredging

162
163

Dr.ir. S.A. Miedema, Dredging processes the loading process of a Trailing Suction Hopper Dredge, 2012
Dr.ir. S.A. Miedema, Dredging processes the loading process of a Trailing Suction Hopper Dredge, 2012
1%4\/olvox Olympia (Van Oord B.V., 2013) Appendk M
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17.7  Off-loading byrainbowingand distribution

TheTSHDhas a draught of 7.2 metéseeAppendixM), which means it cannagpproach very near the
coast Instead, it can only reach theed line indicated irFigurel38. The safe depth the ship can reach is
about 100 metersrom the Slufterdam. From this distance, thhip can rainbow the sand onto shof@

x 10 2009

Soil height (in m with
100m respect to NAP)

Ship approach line

Figure138... (left) Bathymetryof the area close to the SluftdDeltares, Ontwikkeling Kliferosie Slufterdard013)and
(right) Expected dump sites by means of rainbowing

The sandill be rainbowedinto the dump zone anwiill be transported using a pipe system hooked on
power pumps. Corresponding with the phased construction schisee§17.3), the sand is first
transported to the ¥ drop zore. After the required amount has been dropped, that section of the pipe
system is taken apart and the sand will reach tffed?op zone. This process will continue until all sites
have sufficient sand tbuild upthe dam.After the 4" drop zone, thdastdrop zone is the same as the
initial dump zonegeeFigurel38). At the drop zones the sandlill be used to construct the dam by more
detailedequipment like dumprucks, bulldozers and scrapers.

A pump stationg installed to pump the sand to locations as far as Xtken other side of the Slufterjhe

sand which already contains a high degree of water. The sand at the location will be drained in order to
ease the construction and improve the constructive prdjgs:. There is no need to construct the entire
pipe system in once, since the assembly of the pipe system is quick and easy and Hezansea of sand

islimtedo @ GKS ¢{15Qad ¢KS 02y ailiNUzOGAzZ2Y 28143 FhelLIA LIS

following steps are distinguished in accordance whilphased construction

Construction of the pipe length untifdrop zone 02 y a (i NHzOG SR Wl 3 Ay ad GKS
Pumpincoming sand onto the®idrop zore (in the meanwhile start constructing dam)

Partly dsassemblyf pipe systenuntil 2 drop zoneand assembly towardhe 3 drop zone

Pumpall incoming sand onto tha™ drop zone (construction of Weatoorne dam stad)
Disassemblyemainingpipe systen at 2" zone and fulassembly towards%drop zone

Pumpall incoming sand on the“ﬁjrop zone

Repeat step 3 for the"and 3¢ drop zone and drop of all sand int& drop zone

8. Disassembly daéntire pipe systemremoval of pump statiomndrainbowingof sand into dump zone

No ok~wdPR

Further optimization of this process is possible depending on the power of the pump station and the
requirement of placing additional drop zones to further enhance the construction process

185 \/olvox OlmpiaVimeo.com 2012 (video showing operation of Volvox Olympia)
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17.8 Core material source

The contaminated silhiside the Slufter is used for the construction of the caeeg16.4and§14.6.9.

Because of the higher consolidated degree, this material will be extracted from the lower batalite(

soil analysis is required to determine this depth). maintainthe materialcharacteristics as much as

possible this material will not be dredged but simply dug otihis digging can be done by pladimg
equipment on top of the current dam ardigging from there. The equipmenan then movelongthe
lengthwith the construction Since the location of the material is very close to the site, this can be justified.
It can be considered to automate this process wisirailar system as the buckehainexcavabr since the
extraction depth and dam distance is the same along the le(sgtFigure139right).

The digging will be done parallel to thampingof sandand will bedone closedo the section of dantore
that is being constructed. This way, the transport length of the core matandkhe requirecequipmentis
kept at a minimum. Thdigging procesis doneconstantly as the dam core gets highBefore used for the
construction, the core material @rained to improve its constructive qualities.

Figure139... (left) Pumping of the silty clay material from the inside to the outside of the dand (right) Example of
bucket wheel excavatorySPTO.gaw013)

17.9 Constructionof the dam

The construction of the dam startsgether withthe construction of tle core and the turbine housingde

816.7). The construction mdtod is explainedor the WestVoorne danfor the crosssectionwith the

turbines andpenstocks geeFigure140). Other crosssections have a similar method without the penstock

and turbine housingThepenstockswill be placed on the dam until the dam has reached a slope in which

GKS O2NB YIFOGSNRAIE R2SayQi adsfei iethatatslbpe 6f 1:20FsTeasiaé R S NJ (i F
for the core materialShould it be difficult for the core material to maintaany slope, this material can be

supported by further depsition of sand from both sides, until the core is horizorifaké buildup of the

dam will be done incrementally, meaning that the buildl of core material goes along with the buil@ of

the surraunding sand. This way, the steep slop&df for thecore can be maintained with theonstant

support of the sands the dam gets higher

With each increment a thin layer of soil is placed on top of the previous layer. This layer is than compacted
usingrollers. Thegoaldensity of the fill and clay materisaround 1®0kg/m?>. To achieve this level of
density, vibrating rollers are used for the sand fill and smooth wheeled rollers for thé*ore.

1867, Stephens, Manual on small earth dams, 2010
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17.10 Constructing the turbine housing and penstocks

The turbire housing is constructed on the outer bottom of the darhesequential process has been
explained inFigurel40. Thepenstockswill be placed on top of the current dam along the slope until they
reach the crest ofthe current dam. On top of these, the dam fill will be placed which will make the
penstockgart of the dam. The construction of the turbine house is as straightforward as the construction
of any concrete structure. Since the turbines are large itemg; Wi# have to be lowered into the
construction using a crangpon the finalization of the turbine housing constructidrhis has to be taken

into account during the construction proce3$iechosen crane is the same as the aaee-place the
windmills ontop (see§17.11) can be used for this, since a turbine will weigh in about 170 {drEhe
construction of the turbine housing can start as soon as the building site is created and the local water level
dropped. This is simulteeous with the construction of the dam core. The construction of the turbine
housing does not hinder any other construction process and is therefore noictestto any strict
deadline.The penstocks will come prefabricated onto the site in segmentselrsegments will be placed
onto location after which they will be joined and made watertight.

CONSTRUCTING DAM AND TURBINES

inserting sheet pile supported by anchors ‘

inserting sheet pile ‘

excavating the soil
lowering local wat er level temporarily
by continuous pumping ‘

OB ONNG

laying the pipe in segments

»

conatructing the rest of the dam |

Figure140... Construction method turbine, pipes and rest of dam

187K, Bonsor, How hydropower plants woHowStuffworks.com2011
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17.11 Replacing the windmills

Although someaemarks have been placddr the placement of the windmills back on top in terms of the
stability of the dam, especially during the fast lowering of the reservoir [seeg16.8.2, a quick insight is
given to how this should be done

Placing these windmills could be problematic because ohigk elevation of the SlufteGearching for a

suitable crane results in many possibilities, among whishitable one is presentedéeFigurel41). This

particular crane has the carrying capacity to carry the separate parts as well as the capacity to reach heights
of up to 56m.

LIFTING HEIGHT

o
a2 38 40 a4 a8 52

16 20

Figurel41... Mammoet mobile crane DEMAG AC 50(Mammoet, 2013 )

The lifting crane would approach the landside windmills easily from the outside of the dam. For the seaside

bordering dams, a barrage ship could be used to patwindmill and cranen top. Another possibility is

using a ship crane. The advantage is that a ship crane can gain relatively easy access to the site. This easy
access only applies to the southern section and it shbala ship with suitable draught properties. It is

expecta that a land crane would be cheaper and more efficient, because a ship of this scale would require

more mobilizing costs and it would not be wortHadt only placinghe southern windmills.

17.12 Initial fill of the reservoir

Once the construction is finishethe reservoir can be filled using the four pumps. The volume of water
required to fill up the entire reservoir is equal to

. opZpm C® T
& HU Q1 BHEORAHIORG Y | @D WP cc PP, 5w p p i QutdQt

With a pumping capacity of 170%s for each turbine, it will take

w o PPTPT
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This initial pumpigrequirest f 240 2F LR 6SNI s KAOK A& Ay (G(KS 2NRSNI 27
construction cost§see Chaptet8.2).'°® After filling, the Slufter is ready for operation.
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18 « Planning& Costs

The followingsubjects are discussed in this chapter:

RS20 R = - T o 1 Vo P 132
0 0 1] PP PP 133
18.3 Sensitivity of planning and COSES...........uuuiiiiiiieeiiiee e e e e e e e e e e s esennanees 134

18.1  Planning

The realization of the construction project in terms iofi¢ is put out in the plannindt is rather preferable
to have the construction built as soon as possible. Having a fast construction period has the following
advantages:

- Sooner findionality

- Sooner ceation of benefits

- Lower costs due to less rent building up

- Shorter occupation of the area

- Shorter period of hindrance to the surrounding

Motivated by creating an ophized construction period, fight planning is created for the consiction

method. The construction costs are dominated by the rent of the TSd® Chaptet8.2). Therefore it has

beenthe aimtotrytokeepup KS NBYy il f LISNA2R 2F (KS ¢{pop@th 4 | Y
the rest of the constructionThe critical line gives the normative time duration and these activities have a

higher priority. Any delay of these activities will lead to a delay of the entire project; in order to control

these risks, some margihsive been added to their duration.

Construction starts in March'®2015 and is planned to finish on Decembef 2815. This is a total
construction time of

oTROdioc d QOOp T &€ £
The total project including the permit applications and the public awess campaign stretches a yeahe

GANTdiagram of the project planning with the critical line indicateddd is displayed ifrigurel42 The
description of each activity can be foundAppendidxS

The following assumptions are made:

- The dredging is happening 24 hours a day, 5 days week (maintenance is possible in the weekends)

- For the other construion sites, a working day consist of 12 hours

- Awork week is 5 days, starting from Monday till Friday

- Construction starts on MarcH'22015 (three months after the silt depot contract ends)

- The duration of permits and licenses takes 3 months (shouldahkislonger in reality, then the
construction date should be fixed and permit application should start earlier

- Vacations and holidays are neglected
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18.2 Costs

18.2.1 Construction costs

The conventional method of calculation is shsighted in terms of adding the lficosts of a construction
project. Especially when dealing with comparisons between RES and fossil fueled plants. Without going
much into this discussion, a referenceAppendixQis made out for more about this.

The indicative costs for the realizatiohthe construction are determined for the project. They are

dependent on the technical design, construction method and the planning. The costs have been calculated
using indicative values obtained in literature and reference prsjdgy splitting up thectivities and

defining their sukcosts, a higher accuracy is obtained. The construction costs overview is displaiddiin

39. The detailed description of each cgmist can be found idppendixU.

Energy projets are usually rated using the price per unit of power. This way they can be compared to one
another in a more objective way. The total cost® NJ (i KS { f dzF (nffld. WithBB poWeS || NI @ € pyn
capacity of 470 MW, the investment price per unit is
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This is significantly higher than fossil fuel alternatives, but a conclusion on the basis ofrthgypri
investments would be too shodighted. Ergo, the unit price of the full lifetime of the project is presented
in Chapterl9.

18.2.2 Maintenance and operation costs

The costs for hydropower systems like the Slufter are mainly wiaied by the construction costs. The

system requires no fuel to operate, apart from the power required to pump the reservoir back up (which is
integrated into the power trade system, s€&9.2). The operational costs are theogé limited to

maintenance to electranechanial parts. The operational cost for hydropower systersvery low at

e n®cc LIBING tdtat ogetational costs depend on the kWh produced in a y@amsidering that the

Slufter is operational fully alongdhyear, the yearly MWh production of the Slufter is calculated. This

number is reduced by considering some possible downtime of the system (e.g. for maintenance) and some
other efficiency issues (the technical efficiency is incorporated in the storageitgpa

¢hp FOTQ D X P P TOmItFO Q i
WE & QOEQ) MEDHORE WM P X ¢ P T2 X T w uiEi) QH'Q O
O ¢ gl @é TAIZ O'QOIANG Qi CPOTEREEEX TT WL PTIY w O TATD & "Qar o' @D O |
This is significantly less than the operational costs for conventional power generation units. As mentioned
before, a lifetime comparison offers a more objective view Shapterl9).

891|EA ETSAP, Technology Brief: Hydropower, 2010
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18.3  Sensitivity of planningnd costs

18.3.1 Cost sensitivy

The final costs will be sensitive to uncertainties in the cost estimatitims costs are split in to the civil
engineering costs and the electromechanical costs (namely the turbifles}urbine costs are determined
using recenteference data of turbines with similar and even larger capagity confirmed with multiple
reference project to ensure a high accuracy.

Three activities account for nearly 75% of tb&al civil engineering costs:

- Renting the TSH{B0% of the costs)
- Sheet pile works (13% of the costs)
- Rent of ground moving works such as bulldozers, scrapers etc. (8% of the costs)

Renting the TSHD has been determined using data ¥famOord Dredging and Marine Contractorheir
TSHD, th&olvox Olympighas been usedsaa reference for the other utilized two ships. The rental costs
have been directly verified (given this project description) and therefore offer a high accuracy.

The costs for the sheet pile works has been estimated using an average of the severa (searégppendix
F and Y. Bylooking at multiple sources in the Netherlan@shigher accuracy is obtained

The rental cost of the ground moving equipment has a high level of accuracy since the values have been
directly obtained from a supplier of suchi@gment. An uncertainty in this regard is however the amount

of equipment required. This is based upon the average handling speed of such equipment, which is a value
which is very projeetiependent. Therefore, a medium level of accuracy is obtained ferattivity.

Concluding, the cost sensitivity analysis shows a high level of accuracy because of the reliable sources of
information. Like mentioned before, the costs are very dependent on the duration of the construction
works, which requires a sensitiyianalysis of the planning.

18.3.2 Planning sensivity

The planning sensitivity is qualitatively assessed using the critical line in thel@atiseeFigurel42) and

the activities mentioned above are related to see hitvr planning affects each activity costs. The following
activitiesare considered

- Permits and licenses: wide range has been chosen here with a an advice to start earlier (possibly
already in the engineering phase) with the procedures if problems grected

- Site preparations: not much can go terribly wrdmye, a slow process can be speeded Wéthor

- Assembly pipe line system: straigfiorward task that consists of putting the parts together

- Pumping the required sand: this task depends heavily orirpet of the dredging team. As the
dredging is subject to lots of external factors that could influence its activities, some uncertainty is
expected with regard to this. This is however buffered by incorporating margins for each step of
taking the sand,ransporting and dropping and by the fact that the onshore pumping starts
delayed with respect to the sand dredging activities. This delay is another buffer incorporated in
the planning Using these buffers, the high accuracy is maintained.

- Finalizingand dacing a filter layerthese areactivtiesthat are uncertain buthavea small part in
the total planning. Any delay is therefore not with large consequences, which allows less accuracy.
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o Task Name ‘Duraiiun rsm Finish
|3an 18 |Feb 15 |mar 1S | Apras |May s Jun 15 |3t a8 |Aug 18 |Sep 15 | Nov 15 |Decas | yam -1
|5 |22 /29|26 |2 |9 |16/23 |2 |9 |26(23 |30 |6 1220 (274 2128 25|31 |8 (15|22 (29 (6 |33 2027 |3 |10 [17 24 (32 |7 [24 ]2 |28 |2 |9 |26 2230 |7 [1e |21 (28 | 4
1 Preparations 20 dawys Thul115 Wed22415 1
2 Permits and licenses L days Thu 1-1-15 Fri 27-2-15
3 Public aware ness campaign 30 days Mon 19-1-15 Fri 27-2-15 1
4 Site preparation 30 days Mon2-3-15 Fri 10415
5 Re-routing Maasviakieweg 30 days Mon2-3-15  Fri 10-4-15 |
] Reserving working space 30 days Mon 2-3-15  Fri 10-4-15 [ |
7 Removal windmills 8days Wed 1-4-15  Fri 10-4-15 I 1
3 Placing sheet piles Phase 1 7 days Mon 13-4-15 Tue 21-4-15
9 Lowering local waterlevel lday Wed 22-4-15 Wed 22 4-15 Ly
o Assembly pipe system I days Mon 13-4-15 Wed 15-4-15 1
1 predeing 132 days Wed 154-15 Thu 15-10-15 T
1z Enough for Phase 1 I days Wed 15-4-15 Fri 29-5-15 _1
13 Enough for Phase 2 I days Mon 1-6-15 Wed 15715 _l
14 Enough for Phase 3 I3 days Thul6-715 Mon31-215 —
15 Enough for Phase 4 I days Tue 1-9-15 Thu 15-10-15 |
16 |Executiong Phase 1 130 days Thu 16 4-15 Wed 30915 I 1
17 Foundation of turbine housing 7 days Thu23-4-15 Fri 1515 v-l
18 Constructing turbine housing o0 days Mon 4-5-15  Fri 4915
13 Placing pe nstock 2days Thu2-9-15 Fri 4915 [ |
20 Placing turbines inside housing 2 days Mon 7-9-15  Tue 8-9-15
2l Excavation part of old dam 10 days Thu 23415 Wed 6-5-15 “_l
2z Half-way construction dam 18 days Thu 7-5-15 Mon 1-6-15
=3 Pumping the required sand R days Thu 16415 Mon 1-6-15 =
2 Finising dam 18 days Mon 7-9-15 Wed 20-9-15 [ |
25 Preparations Phase 7 Zdays Tue 2-6-15 Thu 11-6-15
26 Re-placing sheet piles 7 days Tue 2-6-15 Wed 10-6-15
=z Lowering laocal waterlevel 1day Thu11-6-15 Thu 11-6-1% |
28 Assembly pipe system Idays Tue 2-6-15 Thu 4-6-15 T
2 Phase 2 45 dawys Fri 5-6-15 Thu 6-2-15 |¢ 1
X Pumping the required sand I days 5615 Tue 21-7-15
31 Bxcavation part of old dam 10 days Thu11-6-15 Wed 24-6-15
32 Half-way construction dam 17 days Thu 25615  Fri 17-7-15
33 Finising dam 17 days Wed 15-7-15 Thu &-8-15
34  preparations Phase 3 Edays Mon X1-7-15 Wed 29-7-15
35 Re-placing sheet piles 7 days Mon 20-7-15 Tue 28-7-15
36 Lowering laocal waterlevel 1day Wed 29-7-15 Wed 29-7-15
37 Assembly pipe system Zdays Wed 22-7-15 Fri 24-7-15 -i r’
B rPhase 3 45 dawys Mon Z7-7-15 Fri 25-5-15 l 1
39 Pumping the required sand I days Mon 277-15 Wed 9-9-15 J'
-~ Excavation part of old dam 10 days Thu 20-7-15 Wed 12-8-15 _l
41 Half-way construction dam 17 days Thu 13-8-15  Fri 4915
< Finising dam 17 days Thu 2-9-15 Fri 25-9-1%
“4H pPreparations for Phase 4 Zdays Mon 7-9-15 Wed 16-9-15
44 Replacing sheet piles 7 days Mon 7-9-15  Tue 15915
45 Lowering local waterlevel 1day Wed 16915 Wed 16915
6 Disasse mbly pipe-system 1day Thu 10915 Thu 10915 —r T
47 |Exearion Phase 4 45 dawys Frill-9-15 Thu 12-11-15 I‘ 1
43 Pumping the required sand I3 days Fri1l1 915 Tue 27-10-15 i
49 BExcavation part of old dam 10 days Thu 17915 Wed 30-9-15 q
50 Half-way construction dam 17 days Thu 1-10-15  Fri 23-10-15
51 Finising dam 17 days Wed 21-10-15 Thu 12-11-15 1
52 Finalizing 7 days Fril2-11-15 Mon22-11-15
53 | Construction of small road on top 15 days Tue 24-11-15 Mon 14-12-15
54 Placing the windmills on top 17 days Tue 24-11-15 Wed 16-12-15
53 Placing a filter an top of the silt 14 days Tue 24-11-15 Fri 11-12-15%
56 Filling up the reservoir 1day Tue 24-11-15 Tue 24-11-15 [
57 on with national grid Sdays Tue 24-11-15 Mon 30-11-15

Figurel42... Gantchart of construtional plan
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Costs of Project Slufter

Time
Amount required
Activity Costs/week required (weeks) Total relative Comments
Site preparation € 17.826.500,00 18% notes
Groundretaining sheet pile € 3.100,00 1820 1 € 5.642.000,00 6% costs per meter incl. placing and anchoring Costs that are spent once have a required set at 1 week
Water retaining sheet piles € 2.375,00 1500 1 € 3.487.500,00 ETY
Anchoring € 1.200,00 3000 1 € 3.600.000,00 as% costs per unit
Pile driver € 19.250,00 4 26 € 2,002 000,00 2%
Re-routing Maasvlakte weg € 2.050,00 1500 1 £ 3.075.000,00 3 costs per meter incl. destruction of old road
Cranes to remove windmill € 10.000,00 1 2 £ 20.000,00 0%
€ - [
€ - 0%
Dredging € 59.100.000,00 59% I
Mobilizing TSHD € 1300.000,00 3 1 € 3.900.000,00 a% Civil costs
De-maobilising TSHD € 1500.000,00 3 1 € 4.500.000,00 %
Renting TSHD € 650.000,00 3 26 € 50.700.000,00 50% W Site preparation W Dredging  m Distribution  ® Buildingdam  m Others
€ - 0%
Distribution € 4.914.000,00 5%
Renting pipe system € 39.000,00 1 26 £ 1.014,000,00 1% required length 1 km
Renting pump station € 75.000,00 2 26 £ 3.900.000,00 a% Booster station Il
€ o
€ - o
3 - 0%
Bulldozers, scrapers, et £ 3.088,00 100 26 £ 8.028.800,00 8% 5%\
€ - o
€ - [
€ - £
Others € 10.748,000,00 11%
Labar £ 3.000,00 100 10 £ 3.000.000,00 3% amount in months
Management € 5.000,00 10 26 € 1.300.000,00 1%
Site office, management € 24.000,00 1 26 € 624,000,000 1%
Renting storage spaces € 200.000,00 1 26 € 5.200,000,00 5%
Maonitoring € 24.000,00 1 26 £ 624.000,00 1%
€ - 0%
€ - 0%
€ - % Total costs
€ - 0%
€ - 0% m Construction costs subtotal m Electo-mechanical costs subtotal
Construction costs subtotal € 100.617.300,00 100% 17%
Turbines
125 MW Turbine € 70.000.000,00 4 1 € 250.000,000,00 1%
Penstocks € 5.000.000,00 3 1 € 15.000.000,00 a%
Turbine housing € 100.000.000,00 1 1 € 100.000,000,00 5%
Electo-mechanical costs subtotal €  395.000.000,00 68%
Profit + Risk (the percentages are calculated 12% € 59.474.076,00 10%
Finance using the sum of the subtotals, 1% € 4.956.173,00 1%
General expenses not of the final total) 4% € 19.824.692,00 3%
Total € 579.872.241,00 100%

Table39... Construction costs split intoivil costs ancelectro-mechanical costs
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1 9 « Operation, benefits & payback

The following subjects are discussed in this chapter:
19.1 Introduction to operation and BENEFILS..........coooiiiiiiiiiiiieiee e 137
I B2 1 o T 1 (=T | = 11 o] o S 137
19.3  POWET trade DENEFIES.....ciiiiiieiii it 142
19.4 CCGT alternative and fuel COSt SAVINGS...........cvvvieiuiiiiiiiiiieie e ee e 145
SR == Y o = Tod 1= o Lo 146

19.1 Introductionto operation and benefits

The next phase of analysis is the operational phase, in which the Slufter will provide its primary functions
of peak balancing and energtoring. To show the practical application of the PFdg§&tem with 4 turbines,
different scenarios are defined. Economic benefits from grid integration are discusSéadjiterl9.3

The goal of this chapter is to sedat the possibilities are for the integration of the Slufterthre power

grid, its operation within the current system and the benefits it can generate by applying smart strategies.

19.2  Grid integration

19.2.1 Turbine characteristics

Toacquirecharacteristidurbine data,one canspecifically desiga new turbine designed fothis

particular caser use turbineghat have provertechnical feasibility andperationexperience The

turbines that are used are theroposedturbinesfor the Energie Eilanglanand are based upotihe

Algueva Danturbines in Portugalsee811.3.2and Appendix- andN). The turbine type is the Francis
turbine, which is applicable for the given low head differences, its wide use and very high efft€fency.
The optimize Alquevaturbines rangehe hydraulic headrom 30to 40m andhave a pealoutput of 125

MW. The turbine displays a relation between flow and head which is favorable for this specifisemse (
Figurel43). With the chosen turbine anddgtcharacteristics, the power generation of the system over time
is calculated in detailising an extensive modehe Power Generation Mod@PGM,seeAppendix
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" — — 2390 MW
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2 x 92MW

YANG YANG
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Figurel43... Reference turlmes with their coresponding characteristics (Alsin, 2005)

7% 3an Vreeburg, Pumps and pumping stations, TU Delft, 2010
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19.2.2 Efficiency of the system

The efficiency of the system is dependent on the efficiency of the individual partbe realife

efficiency depends on a multitude of factors (e.g. imperfectiomnaterial, design, losses, etc.), they are
rather difficult to determine beforehand. Therefore, an estimated is made based upon referéficés.
By splitting the efficiencies into parts, a higher accuracy is achiegad

Component Efficiency

for the total efficiency ¢eeTable40). The sum of the partial Francis turbines 95%
efficiencies lead to total estimated system efficien®f 78%.The | pump 85%
efficiencyfor generation isndependent on the pumps so when Motor 98%
determining their performancethis has to be reduced from the | Senerater 8%

Total 78%

total effidency. The generation efficiency d¢ependent on the

Francis turbines, motor and generator, equal to 90%. Table40... Efficiency of the system

19.2.3 Power generationrmodel
To simulatehow the systemcanoperatealonga daya model has been createthe Power Generation
Model (PGM)Along withconsants(i.e. water density and gravitational acceleratiptije inputis:
Surface area of reservoir varying by depth (due to sloping, surface becomes less as level drops)
Upper andower limit of the water level
Flow/headcharacteristic§Qh-curve)and pumpcapacityof the applied Francis turbine
Number of turbines

9 Efficiency of the system and its specific paltsses of hydraulic head (e.g. penstock friction)
With this data, thanodel can be run anthe following results are calculated

1 Specific power gemation curvealong thetime, hydraulic head or flow (for different scenarios)

1 Flow through the turbines at any given time, hydraulic head and power (for different scenarios)

1 Hydraulic head variation and reservoir depletion speed and time

1 Reservaoir fillingime, fluctuating water amount

9 Total energy capacity as integral of power generation curve (this is the net value)

= =4 - A

Themodelis created under the following assumptions
1 The water is perfectly distributed over the amount of turbines
1 The turbine characterists are based upon the chosen turbine, however thec@tve is scaled
from the Alqueva turbinesséeAppendix F and for information about both)
1 The pump capacity of the chosen turbines are derived from the Alqueva turbines
1 The efficiency of the systemdsnstant
1 The characteristics of the turbirere only guaranteed in between 30 and 4@gdraulic head

The power generation throughout the day can be controied is thus subject to the power generation
strategy. The model hahoutbeenperfected for two scenarios:

1. Maximum output

2. Fixed output
The Maximum output scenaris a situatiorin which the Slufteperformsat full capacity. It is interesting
to see what the limits of the PHS is, how long it can operate at full capacity and what the power output
distribution is
The Fixed output scenarisa situation in which the output of the Slufter is controlled in order to balance
it inside the national gridThis scenario shows the usefulness of the system under a controlled output.

1) jevense en KEMA, Plan Energie Eiland, 2006
172 Alstom, Francis hydro power plangsistom.com extracted on 2013
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19.2.4 Pumping ar¥ S Y Liis@veir full

Through experimentation with the model, the fluctuating water level of the reservoir has been further
optimizedto fluctuate between +39m and +31m NAP. These levels provide the best balance in terms of
generation and charging timede results dew) using 4 turbines.

The previous lower level was set at +29m NAP which required a pumping time of 12 hours and 50
minutes. This is deemed to be too long if the goal is to balance daily. The model results are presented with
the newfluctuations The netenergy storing capacity with the new boundaries is 2.16 GWhlzend
fluctuating water volume is 24.6 million’*rof water. The total pumping time of the reversible turbines is

"y ___ D00W0 OUROIBA® o CWIOT o e i 61

NG &€ OED LW NEZQIO AN W QO TP X TT

The pumping is done linearnd Figurel44 showsthe amountof pumpedvolumeover time(blue curve
with diamond markersandthe reservoir leve(green line with triangle markey.

45,00
2000 Pumping reservoir full
35,00
30,00
25,00

20,00

15,00

(top curve) Reservoir level [m]
(bottom curve) Pumped volume of water [m®]

10,00
5,00

0,00
o 2 4 6 8 10 12

time [hours]

Figurel44... (top curve in [m]) showing the reservoir level with red dot indicating a full reservoir and (bottom curve in
[m3]) showing the pumped water volume with theed dot indicating a full reservoir (Note: two scales on vertical axis)
19.2.5 Maximum output scenario

This situation shows the maximum capacity of the system4ftalibines where to utilize the full
hydraulic head athat moment This scenario is ndar-fetchS R a Ay OS i K S fuficiodz¥tdl S N &  LINJ
balance the peaklemand;when a lot of power is demanded in a relative short amount of time.
Depending on the availability or production costs of other peaits, the grid controller may choose to
completely dain the Slufter first, before putting other uniis action. Themodelshows that the lower
level of the reservoir is reached afté@hours, which is more than sufficient to gap the peak pe(smk
Figurel45). During this time, there is no certain fixed power output, lblié outputchanges with the
loweringwater level.

When the reservoir is still full, the change of power output is larger than it is after some time. This is
caused by the characteristics of thebine and is a direct consequence of the-Qlrve. The power

output fluctuates between 468¢ 269 MW with an average of 357 M{seeFigurel46). This is quite

significant and with this power output, the storagdimn would become anediocrepower generator
nationally’ " Because the turbines are working at maximum capacity, the hydraulic head drops quickly. As
time passes, the hydraulic head drops because of the high flow of water. Because the water level drops,

the power that can be generated drops as well: the power curve shows a steep slop

¥ECN, Monitoring Nederlandse elektriciteitscentrales, 2005
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40 Reservoir level
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Figurel45... Change imeservoir level [m] with blue dot indicated the lower reservoir limit
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Figurel46... Change dmaximum power output [MW]with red dot indicating lower reservoir limit

19.2.6 Fixed output scenario

This situation shows a controlled and regulag&dfter. The output is kemteady as long as possible until
the system cannot genetathis fixed rate any lorgy due to insufficient headThis scenario is close to
reality as the transmission comparkefneT for the Netherlanpge/ould be interesting in providing a
portion of the power using this system, while adjusting other units accordingly. Othergesagtaton
units are mostly gaturbines that prefer a steady rate rather than a constantly varying one.

The steady rate is kept 80MW which is competitive value when compared to large power plafits

With this fixed output rate, the system generates powerédnours and 30 minutes. By rolling back the
maximum power output at the start, however requiring this for a longer period, the generation time is
extendedby half an hourgeeFigurel47). The power output stays sady at 350 MW until a certain point
GKSNB GKSNB aAyvyLie AayQid Sy2dzaK Ff2¢ GKNRdzAK (GKS
The power ranges between 35@269 MW with an average @31 MW EeeFigurel4d).
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Figurel47... Change in reservoir level [m] with blue dot indicated the lower reservoir limit

" ECN, Monitoring Nederlandse elektriciteitscentrales, 2005
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Figure148... Change of maximum power output [MW] with red dot indicating lower reservoir limit

19.2.7 Evaluationand feedback to regional demand

The modeprovidesinsight into the possible integration into the grid. As the power capacity drops with
the reservoir level, carefyplanning is required to suppdycertain pever output for a certain timeTwo
scenarios have been experimented with which both shows promising resultpoWes capacityas well

as the storage capacitf the system is quite higher than initially expect®#dhile only two scenarios are
presented here, séargeamount of strategies aabe applied with the storing system. The high flexibility,
the relative high efficiency combined with a fast startup timakesthis an increasingly promising energy
storing solution.

The system has an annual power output of BB® MWh §ee818.2.2. A regular household is utilizing an
average 3440 kWh per ye&P. This means that the amount of households that the Slufter will annually
serve is equal to
OQOIAN® Q1 0o Q¢ ‘so X TT W UZ@ T
WL QI WOV 64N OWOEED Q o1 2P TN

CTmoceEynarn® 6 G Qi

This number does not portray the rgabdtential of the Slufter and rather underestimates itaportance.
This is because the main function of the Slufter is to provide the peak load and therefore the power
capacity is normative when assessing the amount of households it is s€@eingidering the Maximum
Output Strategy, the Slufter produces antput of 470 MW. This is enough to fulfill the peak generation
demands of entire Zuitiolland, Zeeland and about half of Nodtdlland(see814.9.9. With its peak
balancing function, the Sluftés serving

N Qo a ¢ & OO AB '0& o o @EEEN & Q
Looking at the wind storage capacity, the system performs less adeq(see§14.9.3. Creating a
system with 2.16 GWh of storagepeity, it is capable of fulfilling theurrent national energy storge

demands. This is because there is very low storage dersiacd theshare of RES still low Looking at
2020, the Slufter would be able to barely fulfill the demands of -Blolandand Zeeland. Further down

the line, as soon as 2025, the Slufter will be incapable of providing Z8id f  yYRQa RSYIlI yRa®

expansion plans are therefore included in this repegg Chapte?1.4).

®Nibud, Enegie en WaterNibud.n| 2013
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19.3 Powertrade benefits

19.3.1 Integration into the power system

The Slufter will be integrated into the Dutch power system where it will operate to provide a balancing
function for the peak power demand as well as a storing function for the variable wind poheer.
performance of this grids simulated by the development of tieGM in the previousection This model

is expanded with the Benefit Model (BeM) to incorporate hourly power prities.model is explained in
AppendixO; here only the results and finding are dissed.

As the Sluftewill operate on a daily bas the hourly power market is relevant. On this market, the prices
per MWh vary per hour along a full dépe markets have been analyzedRart A. By utilizing a smart
strategy of buying and sellingth correct timing the Slufte cancreate benefitsFirst the power prices

will be analyzed and strategies only based upon the prices are defined, not regarding the capabilities of
the Slufter.Later, capabilites of the Slufter are takentimrespect to dehe aspecificoperationstrategy.

19.3.2 Power prices

The power prices fluctuate highly throughautlay. The dita used to basa strategy onare hourly power
pricesfrom the European Energy Exchange (EBXyhich he hourly trade is done otthe ELIXHourly

power pricesare takenfor varying dates along 2018¢geTable41 and Figurel49). Especially for power
markets it is relevant and meraccurate to take recent data, because of the high market volatility.
should be noted that the data set shows does not regard (smaller) variations along a week and month.

Wed, Wed, Wed Wed Wed, Thu, Wed Wed Thu Thu Wed Wed,
hour 10-okt-12 7-nov-12 12-dec-12 9-jan 10-feb 10-mrt 8-apr 14-mei 8-jun 13-jul 11-aug 10-sep Unit
1 36,22 17,86 37,63 37,95 3L,84 28,73 284 32,68 27,89 28,58 37,55 34,96 €/MWh
2 32,1 14,83 35,61 38,01 29,66 24,54 22,23 30,1 23,46 27,38 35,42 33,79 €/MWh
3 29,69 12,91 32,98 35,71 27,83 19,59 15,17 27,77 21,04 24,66 32,02 30,42 €/MWh
4 28,22 14,78 31,71 33,27 25,5 16,98 12,13 25,48 16,54 21,2 29,36 29,08 €/MWh
5 30,01 9,7 31,21 33,21 25,37 16,46 12,95 25,01 14,05 23,17 30,55 29,06 €/MWh
6 34,3 20,75 35,46 36 29,78 20,06 25,11 27,09 15,09 28,3 34,01 32,27 €/MWh
7 47,95 43,67 48,94 43,85 44,74 34,4 39,91 28,3 19,08 49,78 51,56 48,88 €/MWh
8 63,63 53,28 65,52 60,94 60,31 43,98 54,63 31,33 21,51 62,99 62,99 62,64 €/MWh
9 64,27 53,67 66,75 63,27 62,22 46,38 55,01 37,66 26,35 67,19 67 64,76 €/MWh
10 64,06 54,97 65,79 61,89 58,08 44,97 55,88 42,7 316 68,19 66,03 66,01 €/MWh
1 61,98 53,03 64,76 61,18 51,25 38,96 55,96 43,5 36,01 67,48 65,01 65,05 €/MWh
12 61,09 54,69 63,5 61,55 46,92 34,03 35,95 43,98 37,05 67,48 64,07 64,99 €/MWh
13 56,3 53,23 63,11 60,42 38,73 27,91 54,14 42,51 36,23 63,17 59,9 61,97 €/MWh
14 53,32 52,67 62,32 60,07 32,86 20,02 52,06 38,76 32,02 63,09 56,92 61,92 €/MWh
15 52,62 52,43 63,13 59,95 32,41 22,52 52,11 36,52 30,84 60,82 56,48 60,01 €/MWh
16 49,48 48,77 63,87 58,14 32,16 27,68 51,14 35,19 29,76 60,38 56,03 58,8 €/MWh
17 50,09 51,24 66,41 58,9 35,08 30,22 49,99 36,47 29,28 59,94 56,29 54,03 €/MWh
18 53,75 59,94 70,57 64,05 45,22 37,02 53 41,12 32,02 61,99 61 54,94 €/MWh
19 64,25 66,07 68,39 66,01 56,96 45,25 56,96 45,66 38,1 67,43 64,55 60,05 €/MWh
20 80,57 62,58 65,05 63,09 62,54 53,81 62,06 51,01 50,1 72,98 73,99 66,03 €/MWh
21 61,95 52 60,46 57,57 56,06 46,02 56,95 46,02 42,35 66,18 65,93 60,26 €/MWh
22 53,11 48,88 52,23 48,3 42,01 36,72 47,1 38,87 34,4 60,15 38,36 51,08 €/MWh
23 46,69 45 33,24 45,64 351 36,67 45,44 38,07 34,57 59,3 53,1 47,25 €/MWh
2 38,47 36,88 43,17 41,55 30,39 33,84 42,02 33,05 30,99 45,81 42,7 37,11 €/MWh

Table41... Hourly power prices for varying dates alg the year (EEX, 2013)

Figure149... Graphical representation of the values Trable41
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