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Introduction

Tueslay 30" October 2012 was an important day for the llulissat community on the West coast of Greenland, in the
Di s ¢c o Ba y O tha? day & majdr milestomeas achieved towards reducing the community energy
dependence and using renewable energy th@lcommissioning of the first turbine of three in the framework of the
llulissat Hydroelectric Project. Less than a year later, on Septefil2€118, the project was duly completed.

The llulissat power project now provides the town of llulissat andl, #880inhabitants with electricity produced

from 2 runoff of natural glacial lakes. The power plant installed capacity .5 B®V. Main challenges to the

project are linked to the fact that the llulissat Hydroelectric Project was to be implementeatumned pearl and in

the remote and artimonditions of Greenland. Thisased various design and implementation challenges related to
construction and operation oftegdropower plant in remote and permafrost conditions. Furthermore, the
implementation saddule was tightly set over a 48 month period from initiation of the project until the plant was to
be completedand running, an interesting challenge for the Contractor, knowing that the constructivousitenly
beaccessible by sea 3 months a yeahadjord is otherwise blocked by ice.

The project management part was in many ways a unique task on an international level, and the contractor did
manage to deliver all parts of the project according to original contract time schedule. Succeediveyimga
hydropower plant in the challenging conditions of Greenland requires experience, well planned and organized
logistics and intensive work coordination. The present pagoailsthe story of this projedh relation to its

planning, design and iplementation for remote artic conditions.

1. The llulissat Hydroelectric Project

llulissat, see Figure 1 belovis a town with about 4,500 inhabitants located in the Disco Bay in western Greenland,
approximately 20&m north of the Arctic Circle. It ide third largest settlement in Greenland, after Nuuk and
Sisimiut. The town is Greenland’s most popular tourist
declared a UNESCO World Heritage Site in 2004. The fjord is the sea mouth of J&@ujakeyg, one of the few

glaciers through which the Greenland ice cap reaches the sea. It is one of the fastest and most active glaciers in the
world. It calves over 3&m? of ice annually, i.e. 10% of the production of all Greenland calf ice and maoratiya

other glacier outside Antarctica. The llulissat Hydroelectric Project was to provide the town with green energy and
replace diesel generators producing electricity.
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Fig. 1. llulissat
The projecthad 1 r e ady been i dasrmartiofi nattodal seatch forthydrodo®es gotentials in

populated areas in Greenland. It is notil 2008 that the decision is takenr&alizethe project and Nukissiorfiit

the Greenlands national power compaendered the project as a ttkay. ThelcelandicEPC contractor istak

daughter firm of Pihl og S@n Denmarkwith Verkis Icelandic consulting engineees the main consultantame

up with the most attractive proposal and was selected for implementation of the project. The llulissat Hydroelectric
Project (22.5 MW) is the third one of this type in Greenland realized by istak as the main contractor, following the
realizationof the Qorlortosuaq 7.8IW hydropower plant in operation since 2006 and the Sisimid\db

hydropower plant in operation since@®0 Among the features that made the proposal attractive was the early
commissioning of the first of its three turbines, enabling Nukissiortep down production froiits diesel

generators earlier than initially planned.

1.1 Project characteristics
TheHydropower Projecis locatedn a fjord some 45 km northeast of the toefrilulissatas shown in Figure.2
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Fig. 2. The llulissat Hdroelectric Project- location.

The project harnesses the dischargepfAkmlfiwousnetsnal wi
storage obtained by drawdown of the water levels by respectively 30 and 50 m from the present. Water is diverted

from the upper lake throughdiversiontunnel controlled byalves. The lower lake serves as the intake reservoir

and fom there water is diverted through an intake structure equipped with bulkhead gates. From these the water is
conveyed through an inclined unlined headrace tunnel, partly in permafrost, down to three 7.5 MW Francis turbines

on a vertical axis in an undemynd powerhouse. The powerhouse is at sea level some 400 m inside the mountain.

Adjacent to the powerhouse is a transformer and a switchgear cavern. Water from the turbines empties into a tailrace
tunnel which again opens into the segures 3 and 4below proposesection showing the hydropower plant concept

andan overview of the main power plant elements.
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Fig. 3. Section showing the hydropower plant concept
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Fig. 4. Overview of the main power plant elements

A concrete sefice building is located at the access tunnel portal, housing service facilities and storages for the
power station and its personnel. In addition, the building includes fully equipped accommodation for ten. The
project also includes a helicopter platfowith adjacent hut for transport vehicleharborandassociatedacility
housing the emergency diesel engine and transport vehicles.

General technical information

Installed capacitand energy productior22.5 MW, 65 GWh/a
Turbines: Francis,d7.5 MW, Rated speed: @D0 rpm
o Gross head: 186 m
o Rated discharge: 3x5.0°s
Generators3x10 MVA, 10.5 kV,brushless xcitation
Unit transformers: 3¥0 MVA,; 63/105 kV
Substation in Power stationbéys 63 kV
Substatiorin llulissat 3 bays 63 kV, 221 MVA step-down transformers
Reservoir ISg 187 live storage: 54x4.61°
Reservoir 11ISg 233 live storage: 65x4.61
Headrace tunnel: 1.3 km; 4.0x4.5 m = 16.3 m?
Tailrace tunnel: 1.8 km; 4.0x4.5 m = 16.3 m2
Diversiontunnel: 1.0 km; 3.0x4.0 m = 11.0 m?2
Access tunnis:
o Tointake cavern: 374 m; 5.0x6.0 m = 27.3 m?
o To diversionvalve cavern: 374 m; 5.0x6.0 m = 27.3 m?
o To powehouse: 374 m; 5.0x6.0 m = 27.3 m?
Powerhouse: 35x10.5%22 m; Transformer hall: 28.5x9x8 m; Service building: 35.6x10.4 m
Transmission line63 kV, 50 km 116towers
Location: 69°12”° N, 51°05” w



1.2 Challenging conditions

As said before, thBulissat Hydroeletric Projectwas to be implementad a natural pearl and in the remote and
artic conditions of Greenlanmbsing therefore challengirgpnditionsfor its design and construction

Thellulissat icefjord,a UNESCO World Heritage Sites considered a natunaéarl. Implementing a project such as
the llulissat Hydroelectric Project in an untouched environment is not only challéogithg desigrwhich was
aimed at minimizing thgisual impact of the new facilities but also during the construction phaggstics and

work arrangementaere tohaveminimal impact on the construction site environment.

One of the particularities of th@ojectis ako thatit is located in a tundra argaeharacterized among other things by
permafrost. This mearbat the groun@nd bedrock arfrozenall year rouncddown to several hundred metensd
thatthaw aly occurs in tha@op layersof the ground ovesummer. ©nstruction of hydropowaslantandtunnel

below ground in permafrosbnditions isknownin only one other place in the world, the Kolyma region of
Siberiawhere a 900 MWpower plant was built in the years 198295.

Operating a hydropower plant intia conditionsand in remote conditions is in itself a challenge. In order to create
acceptabl®perating conditiong\ukissiorfitrequired the plant to be designesian automatic statipremote

operated from IluBsat.In addition, he plant was to bable to withstané major stop foup to one weekiue to
possible limited access badweather conditions

Finally, the implementation schedule was tightly ®etra 48 monthperiodfrom initiation of the project until the

plant was to be up and runningot much unusuahere except that the constructigite was only accessible by sea

3 monthsa yearas the fjord is otherwise blocked by ice. Transporting people, machines and equipment on site was
also to take into account the strong stre#msugh he narrow opening of the fjom@sulting from the melting of the
glacier and high tide in the area. Not to forget the artic weather conditiineemperaturegoing as low as30°C

in winter and icebergs floating in the Disco Bay all year round.

2. Desgn

It was quite clear from the beginning that the permafrost conditions combined to the fact that the water temperature
is close to 0°C would pose challenges for the dedigere is a risk, especially in the first year of operation, of

having ice formingon the walls of waterways, in particular in the tailrace tunnel ljingermafrost

For better understanding thehaviorof the permafrost and to predict the influence on the operation and structures
in permafrost, a three dimensional finite elememtnadrost model was developed. The model and its findings are
discussed in a paper on Hydro 2011 [2].

During excavation of the tunnels, thermometers were placed in boreholes in the tunnel walls at different depths to
monitor temperature changes in the sunding rock. The results of these measurements have been used to calibrate
the temperature model and will without doubt continue to benefit future research on the influence of permafrost on
underground hydropower plants. The 3D heat transfer model whsatedl to fit known temperature measurements

and used to estimate the minimum required water flow that prevents water from freezing in tfantidairace

tunnels of the power plant in case of a stop in the power production. Using a combinatiobrafezhboundary
conditions vs. known data, conservative assumptions and a number of worst case scenarios, it was concluded that
the minimum water flow required through the tunnel was no more than 315 I/s whereas the plant is designed for a
rated dischargabout 45 times the minimum flow required to prevent freezing conditions to occur. This value was
presented without a safety factor, as a combination of several unlikely worst case scenarios. The regased by

flow of 0.315 ni/s was easily obtained withree bypas connections, one per turbine.

Because the plant wé&s be unmannedndoperated from llulissatt was designed to be ablewithstand ugo one
weekwithout being servicedh the worst weather condition&.specific risk analysis was concted during the
design phase, aimed at identifying major failuttas to permafrost and weather conditiassvell as the risk of
flood in the planand assessing their impact on the operation of the Rastilts from the analysis wetteentaken
into acount in the design



One of the results from the rigkalyss was that in case tiie transmissiofine failure the station could be out of
operation for several weeks$ worst It is not possible to run a one turbine only for the station load as ttisam
load for Frantsturbine is about 30 % load but the station power is only maximum 7 %Q@oathe other hand, it is
rather costly to ruadiesel generator falong timeand would require to have sufficient amounbifstored for
this event The discussioron how tomitigatethis riskled to the decision dhstalling anelectro boiler of 2.8MW
that wouldenable runnin@ne of the turbines in case of line failure in the transmission system or in case of
maintenance.

Erection of a transmissioimk in an untouched site such as the llulissat icefjord posed another challenge, although
more common and with more wddhown solutionsThetransmission line designed by Efla in Iceland is sitel

lattice towersfastened down with steel ropd&he tansmission linerosseuinguaKujatdlegwith approx.600 m

span. Most of théowersare anchoretly rock anchors embedded in drilled holes with speadtiesive mortar

suitable forsubrarctic conditions. The line is a Peterson coil grounded overheawith continuous earth

conductor with fiber wire for remote communication. The last 3 km of the transmission line to the substation in
lllulissat isin underground cabl® fulfil environmentakequirementsThe line wasalsohidden from the fjord

behindthe mountains.

The power plantvas required to benmanned and remotely operated from the dispatchederitlulissat. The
SCADA systenfor control, acquisition and reporting of all controlled devices in this prajetides two redundant
servers plaadin the power station, three operator clients, ordispatch centre in lllusisat, one irthe pwehouse
and one irthe prtal building. The communication between the servers and clients is a ring connection with fibre
connection from the power plantdispatch centre and back from there to the power plant through a radio link.

3. Implementation
The geographical location of the project and difficult access to the construction site meant that the project was
highly exposed to any delay in execution afrtvthatcould occur due to unforeseen circumstances. The EPC
contractor planned the project implementataeordinglyand decideda.to manage the project risk by:
e Conducting a&omprehensiveesign review;
Using certified suppliers (for example, ABR@ssler and Montavar);
Having a sufficient stock of essential spare parts and gatosite
Emphasizing management of storage and workshop facilities;
Using experienced key personnel; and
Using conventional and traditionabrking methods

3.1 Planning and logistics

Since theconstructiorsite was not easily accessible and in order to minimize impact of the Project in the llulissat
icefjord, various storages weoeganizedor the implementation of the ProjeéatSarfac(fjord passageand

llulissat Partof the project included construction ldrborfor transportof the machineand equipment and for
transport of people. A heliport was also constructear the harbao transport peopléverything was to be
transported to site to support the constructctivities and provide accommodation and subsidence for the whole
constructionwork force Figure 5 illustrates the most common means of transportation in the project.
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Fig. 5. llulissat Hydroelectric Projectt h ¢ way t o travel ..

Equipment for the Bject was mainly procured from European manufacturers. As a general rule, the equipment was
transported td\Iborg in Denmark and shippexu transported by afrom there tcSarfac andlulissat. Ship and

barges where then used from these intermediarygaerbhe heaviest pieces of equipment included the turbines,
the generators with stator and rotosbout 35 tog, the transformers about 25 tog the steel liners for the penstock
—about 9 m, valves and gatdsansport by sea to the construction sies only possible from June to November
and logistics and construction activities had to be planned accordimghsportation of these elements to the
construction site was most critidacause of the strong currents and high-tidbout 5 m settinglimits on the

type of ships that could be useste Figure 6The Project could not afford to lose or damage these long lead items
during transportation to the site. It can be mentioned here that during transpeetaffthe heavy pieces of
equipmentit turned out thahn icebergvas onthe ship planned trajectory. The deviation required to avoid the
iceberg almost put the shi risk when it enterethe strong current of the fjord but this went well in the end thanks
to the experienced contractor matethfor these activities

Fig. 6. Shipping of equipment to the site



About 170personsvere on site when construction was in full swimith locals and people fromarious
nationalitieswith citizen from among others Iceland, Greenland, Slovakia, @idatiland, SlovenjAustriaand
Germany A camp wagrected close to the harbor site some km from the owaistruction siteDrinking water had
to be obtained by osmosis from sea watsrausgotable water was noeadilyavailable on site. An environmgn
health and safety plan was prepaaed implemented for the construction ph&iace the project was in a remote
location, sometimes difficult to accedge to weather conditionsgammemberspecially trained for first help eve
to bealwaysavailabk on site Othersafetymeasures includeaimong others firefighting systema fire truck and
trained firemen on site.

The construction site includedharbor, aconcreteplant, a workshop offices, a storage, a carpenter shop, a diesel
generator and fuganks in addition to shelters for the workeZ®mmunication to site includedienowave links
VHF systemtelephone riternet satellite telephoneand drect satellite links

3.2 Construction

Due to permafrosthe traditional methods of reinforcentén tunnels, rock bolts and concrétad to be revised
The temperature of the rock wdswn to-4 ° C and in some placesacks in the rockverefilled with ice that
melted as the tunnel was constructed. As a resultptiiestress situatiochanged fom day to day.

One example illustratinthe difficultiesto implement such a project with thaeforeseenhat usually follow at the

design stage is the realization of the intaBee of the key structures of the power plant isititeke attheintake

lake SO-187. The intake idocated some 30 m below the surface of the resef/bé.intake structure consists of a

cave specially designed to be able to receive without obstructing the intake the rocks and sediments falling in the
intake as a result of the&l blasting of the cave cap. A bulkhead gate is locatgd after the intake structure.

Initial measurements and assessnstwdly of geology and thickness of sedimenticated that the sediment layer

was aboutl m thick at the bottom of the resemddue to the difficulisite conditionsit was not possible to verify

these results, except that the water depth was investigated which revealed good accordance with previous
observationsExploration holes were drilled reguladyring excavation of theunnel,indicative of the quality of

the rock ahead each time, and the need for grouting. \ttileemork came close to the intake, theploration wells
revealed that previous studies underestimated the thickness of sediments at the bottom considératigkriess

was found to be-80 m and the rock under the surface sedimematsfoundquite irregular Clearing away the

sediments by dredging was considered as this practice is rather common but such action would have delayed the
project considerably andould have been expensive and technically difficult due to the site condltistesad,

was decided to redesign the intake according to the new data.

Various options were evaluatedtin the end it was decided to increasedframeter of the inlertém 4.0m to 6.5m
as well ago expandthe volume of the cavagnificantly in order to be able to receive increased quantities of
sediments withoublocking the intakeThe edesigrassumedhat the cave wa® be able to receiveZ00-3,000m®

of loose seiinent instead of 66F00 nt in the original designOnce the cave was ready, it was aboufl26n high
and extensive scaffolds had to be arranged in order to install the exmlogdive capn safe conditions. The
scaffoldswere removed prior to blastinli.is to be mentioned that during these activities, the cave was only
accessible through manholes amB00 mm steel tub&.he cave was then filled with water and arrangements were
made to make sure enough air was available for the explosive to ignpteriyr t was clear that the circumstances
of theinlet cap was difficult to deal witiNorwegian consultants wrassistedwith the project, said that it had only
beentried once beforé the worldto blast rockcoveredwith sediment of similar thickess and thenthe operation
had failed.

The blasting was triggereat 7:15 on the morning of Sunday September 30, 28it 2vas expected tadse to the
surface of the reservoir soon after. Much was at stakl@boutl Y2 minutedater when thair finally came to the
surfacegveryone was relievesk one of the key milestones of the project was finally readeedFigure.



Fig. 7. Air reaching the surface after blasting the cap of the cave

3.3 Starting up the power system commissioning

One of theparticularitiesof Greenland electricalystem is thathere is no high voltaggrid. Each town or village is

run as an “i sl aproblém of efeigizing tHe pawdr fransfosmets in ease of a total black out of the
system. The manufacturer ¢fet generators do not allow direct start the unit transformers as the inrush current when
energizing can be higher than the allowed current of the generator. The same counts when energizing the substation
transformers as they are twice the size of thetranisformers. The solutido this specific problem lies in the-so

called“ s o f t of thet63 kVtsystem including all the power transformers.

This is done by taking one of the turbines up to speed with help of the diesel generator and withoutgttezgizin
generator. The respective generator circuit breaker is then closed as well as all the 63 kV circuit breakers in the
system, four in the power plant and three in the substation in $dtliSext is to energize the generator slowly until

full voltageis reached. After that it is possible to synchronize to the station system run by the diesel generator in the
power plant and to the diesel generators in Hat town.

One of the requirement to the power plant was that the plant should be testeflilifabet i.e. 22.5 MW but on the

other hand the maximum load of the town was &nW and no actual grid as named before. It was also required

that the town load should not be used for testing purposes. The solution was to install a 15 MW electro boiler
outside in vicinity of the service building using wat

was the electrical boiler 2.f5oMW’nzmadi hgf oaSwellase bdad

the station and catruction load 0D.5 kW. The rest of the load up to 21 MW was taken from the town load as the
owners agreed on lowering the requirement.

Landsvirkjun Power, daughter firmf Landsvirkjun the main power producer in Icelahds contributed to training
Nukissiorfiit staff and has been in charge of the operation of the plant over the first year of operation

4. Conclusion

The llulissat Hydroelectric Project has mainly been characterized by logistical challenges due to the remote location
of the site, the &fac Canal Passage, the cold climate and short summers, the ice btd¢kimggVest Cost of

Greenland and in the Pakitsoq fjord as well as communication and transportation to thktaentingsucha

project in remote artic conditions requires dethplanningexperienced professionatgod coordination of all
stakeholders involved and discipliriene llulissat Hydroelectical Projebeinga Turn— Key project, the contractor

had to carefully coordinatithe work of the designers, the contractalbsubcontractors, the procurement of all

electrical and mechanical deliveries, the construction of concrete buildings, the blasting of the tunnels, the erection
of the transmission line and the starttgstingand commissioning of the Power plant atadivery to the customer.

The deliveries and subcontractors were tigh international level with subcontractors from rgarountries.
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The project management part was in many ways a unique task on an internationahtbtiedcontractor did
manage tdkeep all milestones artkliver all parts of the project according to original contract time schethge.
task to design and build thisitomaticpower station with sophisticated high technological control system and
complex electrical and mechanical qoonents was a challenge with a duration of 4 year#he construction
period.
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