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Introduction

This report summarisethe topics raisedat the Thematic Workshop o€Q Transport The
workshopformed one of three parallel tracks of thdetwork Knowledge Sharing Event in
Ponferrada (Spain) on-8 May 2014 hosted by CIUDEN (Compostilla Projett)e other
tracks addressedorage ofCQ and theregulatorydevelopment for CCS.
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Participants

In the Transport Group, three Network projects were represented: ROAD (NL) o€ufap
(ES), and Sleipner (NO) with apologies for absence romValley ProjectUK).

Agenda

Prior to theKnowledge Sharing Evembembers of the Transport Groupad agreedon the
items to be specificallyaddressed inthe technical sessiaon Friday 9 May 2014The
following presentations took place along widiscussions within the group:

CQ transport: update on progress and planning

ROAD Project

Compostilla Project

Presentation of C@pipeline & corrosionat esCQ(CIUDEN)
Compostilla Project

CQ storage characterization with flow assurance tools
Sleipner Project

Planning and preferences for the next KS event in October
2014

1. Status report ing

Fom the previous workshothe following key conclusiowasdrawn:

Except for Sleipner, the demonstration projects were placed in limbo, awaiting further
financialagreements. They ligplanned to build pipelines that are largely oversized for the
demonstration phase, with the intention to extend the use of these pipelines within a possible
larger CCS chain to emerge in the future.

Against this backdropupdates on the latest progresswere delivered by ROAD and
Compostilla summarisingthe status and main experiencegjained since the previous
knowledgesharing eventn October 2013

ROADproject

TheROAD project was initiated in 2009, amgito become operational by 2015. Th&anwas
first amended in 2012 due to funding issuést are still unresolvedThe following ddacto
events and indicative milestonesummarising the ROAD projetime line sofar were
presented

14 July 20009: EU project proposal submission
September 2009:Project selection by EU

May 2010: Grant decision bthe Government of the Netherlands
Q2 2012: t N22SO0 LI IFOSR Ay aaftz2g Y2RSé¢ RdzS
End 2013: Hot commissining of pwer plant (MPP33tarted (without CCS)
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2014: MPP3 Commercial Operatito start (with provisions foretrofitting with CCS
later)

For the ROAD projeetverything is ready except for the financifidne implication is that the
detail engineeringf the transport systens suspended. Engineering will need to be refreshed
once the project restarts.

Maasvlakte Power Plant 3
Capture Plant

Compression P18-A Platform

| o — B = ' Onshore Pipeline: 5km Offshore Pipeline: 20km

Figurel: The integrated CCS chain for ROAD project

The CCS Chain
The overalbtatus is:

Engineeing:
1 Deailedengineeringof cgpture plant isunderway.
1 Somelonglead suppliersarechosen and componentsengineered.
1 Hpelineroute engineered and Waw assuranceGtudy completed.
1 Wie-ins(fi.a. flue gas, steam) with power plant areinstalled (ready for integration)
1 Swragedesigncompleted, detailed FEED readyto start.
Rermits:
1 Permitting proceduresarefinalised (beginning of 2012).
1 Capture permitsare definitiveand irrevocable.
1 Stbragepermitsare definitiveand irrevocable from September2013.
1 Transport permitsareagreed, with publication imminent.
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Contiacts:
{1 Capture supplier areselected and BPC contrad isreadyto be signed.
1 Gontradswith power plant (utilitiesetc.) areready for signature.
1 Commercid contractsfor transport and storageare agreed, and will be signed at final
investment decisionq{D).
1 But, al price validity hasexpired, sorecorfirmation isnecessarypncethe fundinggap
isclosed.
FHnance:
1 \erylow CQ priceshave caused afinancing gapcompared to plan.
1 Ddayin GCSroll-out and loss of confidence in BU low carbon energy policy has also
weakened the strategiccase forthe demo.
1 RAADisgill negotiatingwith potential funders, but currently without agreement.

The main power statiostartedhot commissioningn late 2013 Asthe required permits have
been granted, ammercial operatios maystart during thesummer(2014)

The plantis running on hard bituminous coabmmerciallyavailable inthe Rotterdam
harbour. According to ROADhé power cycldas designed foall qualitiesof international
coak. Firing withany coal,includingco-firing with biomass, wilbnly havea marginal impact
onthe flue gagzompositionat the capture plantThis iglue to the effect of the upstream flue
gas clearup equipment Only lignitemay causesome differencdut it has not been assessed
The content of sulphuiaffectshoweverthe performance othe flue-gas desulphurisationnit
(FGD andis expected to bdypicallyaround1%

As themain powerplant is &ill in the hot testing modejt is running apart-load. The purpose
is to optimise the control systemand to make sure that the settingsre aligned withthe
correctoperating window.

The plantisdesignedo be able todivert a stream oflue gas corresponding to 250 M for
the purpose of demonstrating the full CCS chaine capture systerdiffers from the ones
already usd in industry but the unit is notconsidered to be thdirst of a kind. Reference
plants handling natural gas exishdathe design is considered to be robust.

With the capture unitin place the plantwill capture 169 t/hof CQ. This corresponds ti.1
Mt/ly to be stored assuning 70% availabilitgf the entire CCS system

The CQ Transport System
Since the ROAD project has been kept on a slow mode since 2012, progress @B the
transport system is rather limited. Some actions have been made, ntaingfine the flow

! Engineering, procurement and construction (EPC).
6

CCSNS Project: 3rdd Thematic Workshop@@ Transport, KS Event;8May 2014



assurance workAdetailed Flow Assurance stuthnow available on the IBbal CCnstitute's
website.

Flow assurance

Typical of the ROAD project is thaetpressure of the ebleted gas field is vetpw, despite
the depth of3.5 kmunderneaththe seabedPrior to theonset of thegas exploration,he
pressureused to be350 bar Currentlythe pressuras less thar20 bar, andit is still decreasing
as the reservoircontinues to produce gasOne problem is that if CQ is brought to the
platform in dense phasand injectedthrough the well head, the immediate pressure relief
will result infreezingtemperaturedue to JouleThomson cooling

Thedown-hole temperature is considered tmnstitute a severdottleneckmainly due tahe
risk of hydrates formation. In order toeliminate this riskthe temperature should be kept
above15°C.Combining this requirement with JoulEhomsoncooling a fairly hotCQ must
be dispatched from the compression tratence, the warm pipeline operati@ppears to be
a unique feature of the ROAD project.

In order to handle tis situation, a flow control philosophy at steady state has been
established The idea is tadjustthe temperature in the pipelinevherebythe density of the
CQ is controlled according to the requiredydrostatic head This head must gradually
increaseas thereservor pressurebuilds up In thisway, the pipeline pressurean be kept
constantand chokingcan be avoided. Hence:

1 Initially, atvery low reservoir pressures, the pipeline is opert@ith warm CQ
(above critical temperature)Therebysingle phase iensured in the pipeline and the
well. This will also limit the hydrostatic head in the well.

1 Later,as thereservoir pressur@xceeds aertainthreshold colderCQ is used with
higher density thusincreasing thegravity head in the wellThe use of &hoke vale
at the platform is probableensuing pipeline pressure above the critical pressafe
CQ.

The intention is to empty the pipeline into the well on shutdown, to the extent allowed by
the reservoir pressure. This minimises the>@€@maining in the pipeline, and therefore
minimises the condensation of liquid €43 the pipeline cools when dlfad. At low reservoir
pressures, the pipeline can be kept in the gas phase, but atreggvoir pressures and long
shudown periods someCQ will condense into the liquid form. This will cause some slugging
at restart. The possibility to use slug catchéas beerinvestigated, but wadeemedrather
impractical and therefore rejected. The current position of ROAD isatiabughslugs wi
occur, theyare not expected to have@etrimentalimpactneitheron the platformnor on the
injection well.Slugs willat any rate not reach the bottom of the well.

2 hitp://www.globalccsinstitute.com/publications/roagbroject-flow-assuranceand-control-philosophy
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The pocedures for shutdown/startip are still being optimised, buhey will include the
following actions

On shutdownempty the pipeline into the well

On startup: start the flow into the well as soon as the pipeline pressure is high

enough

1 Accept thatCQ may turn intoliquid phase in the pipeline during shutdown, and that
slugs may flow tftough the wellhead on stap.

1 Design the platform to withstand/accommodate slugs

)l
T

Further modelling work on thehut-down and restart procedureis underway

Pipeline

The current pipeline design does not follow a straight (iRigure2). It is designed to follow
existing pipelinesthus omitting the shipping lane and areas associated with wind turbines.
Directional drilling isequired twice for the crossing of shipping lanes

As already explainedather than operatingabove thecritical pressure, the pipeline will
operate ata temperature well abovethe critical temperature ofCQ (i.e. 31.1°C)This is

obtained by keeping theompressedCQ leaving the compression tragssentially uncooled

Moreover, the pipeline must bmsulaed.
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Figure2: ROAD project pipeline roufe

CQ Storage
The available storage capacity is:

- For the demonstration phas&:8 Mt (reservoir P18}), enough space about7 years
of operations
- For the subsequent phasg8-32 Mt (reservoir P1&).

The injection of the 1.1 Mia CQ will require only one wellAlthough the reservoir pressure
is already very low, it malgecomeeven lowerbefore CCS operations are due to stasis
natural gasis still being produced For thisreason,the initial injectionpressureremains
unknown

Technical Progress: Connection to OCAP

An additionaktudyhas been carried out to assess the potential linking of the ROAD pipeline
to the existing OCAEQ transport system supplying low pressuté€) to greenhouses around
Rotterdam.

So far,CQ s fed into the OCARBQ transport system via a low pressure {Jiipeline froma
hydrogen facility and a bioethanol plarflost greenhouse in the Netherlandsare kept
operationalthroughout the yearThe demand forCQ needed bythesegreenhouseshows a
huge seasonalvariation In the winter, lighting and heatingare mostly provided by local

3 http://www.globalccsinstitute.com/publicions/road-project-flow-assuranceand-controlphilosophy
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combined heat and power units (CHRaving surplus amounts ofCQ available for the
adjacent greenhoused.owardsthe summer seasorjowever,the CQ demandincreases
partly becausesunlight requires more GClor the photo synthesisThe local CHR also
become inefficiensheatis (usually)not needed inthe summer Thusthe locally produced
CQ becomedeficient.

The peak demandof the OCAPCQ transport systemis in Juneluly with at significant
variationbetweendayandnight. So far, thee is anaximumdemand that can be met reliably
by the existing supply (taking into accounydi@aght and weather variationsHowever, there
is more demand for CGrom greenhouses that cannot currently be méthe proposais to
connect the OCAP and ROAD systems so that OCAE@Qskeom ROAD to provide G@
additional greenhouses. This wowdtso allow ROAD to store surplus:@©@m OCAP in the
winter months. The challenge is, however, to connect the two pipeli@SAPperates at
low pressurevhereas ROAD operatat high pressure
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the opportunityfor the reuse ofa pipeline for chemicals etd. Howeverthe largerthe pipe

4 http://www.ocap.nl/index.php?option=com_content&view=article&id=11&Itemid=28
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the more difficultit is to reuseit. Several options have been explored combining the
geological storage.

OCAP would need to make capital investments to extend the local infrastructure connecting
more greenhouses with it€Q pipeline systemThis is a relatively low cost carbon reduatio
opportunity for the greenhouseghat can be combined with district heating for the
greenhouses (removing CHP units altogether), and it would create a fully functionihgil€O
(with capture, transport, utilisation and storage) in Rotterdam

Summarising the ROAD project

1 The ROADrmpject is comfortable inerms ofengineering and technical aspects. The
only problem is funding.
1 ROAD will have to makhke decision to go ahead or stop before the end of the year.

Compostilla_project
Sincethe Compostilla projechas been abandonedhe report on further development is
rather limited. In retrospect

a) TheOxyCFB300 FEED studhs accomplishediuringlast autumn(2013)

b) TheCQ transport system andhe flow assurance studgf Compostillavere
presentedat the previous workshop in Stavanger (October 2013)

c) Fewdayslater, Endesa made aegative final investment decisiqiID)early
November2013)

Knowledge development activities
The followingupdateswere reported:

- A rew partnerwill join in to bring more knowledge on G@ispersion The dspersion
release studyconductedfor a group of companieswill beshared.

- The cack arrest ted, are stillto be conducted. These tests will performed later this
yearand sharedat the nextknowledgesharingevent.

- The reamainingitems of the knowledge development mattwave beerterminated

Permitting status
The eavironmentalauthorisation processs managed byhe Ministry of Environmemn andthe
Ministry of Industry. Theprocess followeds presented in Figure 4.

The Environmental Initial Document which provides the identification of the project and main
environmental issues was completed2011.The public consultation is documented in the
Environmental Impact Study and the Environmental Impact Declaration was delivered to the
Spanish authorities in 2012.

The ewvironmental authosation has beerplaced on hold andhte project authorgation has
beenrefused The reason is that egulatory frameworkhas not been enacted iSpain.The

11
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only feedback receiveds that authorisation camot be granted without a regulatory
framework This positiorhasblockedany furtherprogress.

The onlyprobableway toresume the processs that the Spanish authoritiesnplementa
relevant transport regulationasfor CQ storage The latterhas beenin exisencein Spain
since 2010Since 11 November 201€pmpostilla has obtainedorfurther feedbackirom the
Spanish Government

Environmental Environmental

Impact Impact
Study Declaration

Public Review
Permitting @ Authorization

27/02/2012

Public utility Construction

declaration Project

s | @

Figure4: Permitting process scheme for OxyCFB300 project

2. CQ transport facility at CIUDEN

TheCQ transport testfacility of CIUDENs entirely newand opened in 2013t can be seen

in Figure 5,within the overall esCOfacilities. It is $ecifically designedat a scale
representtive ofa 150 km long buried pipelin&till, the experienceof CQ pipeline corrosion

is limited at CIUDENThe advantage of this test facility is that it may replicatal life
operations. It is useful in emulating realistic operating conditions. The test facility is designed
not only for corrosion studiesbut for depressurisation, pressure losses, instrumentation
testing, leakages.etc. Experiments are also made in [goort of the storage programme
(cavitation investigation).
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Figure5: esCQ - aerial view?

As CIUDEN expectorrosion to take place throughouhe full length ofthe carbon steel
pipes they are designed withan additionalthickness Thisadditional thicknesswill enable
CIUDENbo carry outa number ofcorrosiontests until the testrigsstartsfailing The tests can
be carried out by using a length of pipe from 300 m up to 3,000 m (in multiples of 300 m).

Test facility ch aracteristics:

- The testrig is planned for various purposes, not just for corrosion studies (both metallic
and elastomeric materials). Other important issues, for which experiments have already
been made or are planned, are cavitation under choke conditiand instrumentation
testing.

- Although the rig is quite tight, no leaks of 2kat may affect the bulk flodnave occurred.

So far, some minor nemtentional leaks have been detected at several locations, mostly
due to ice around the leakhich isformed fromthe ambient moisture.

- Rupture tests, originally part of the plan, have been left out of the current agenda. The
reason is that these tests are considered difficult to design.

- A further ambition is to introduce seglasses to the pipeline to gbrve the flow and
detect bubbles appearing during depressurisation.

- ltis possible to expand the range of fluids to include natural gas and even oil, but this will
require further investigation.

- Thetestrig is also envisioned to be used as a trainiogngt. All normal piping issues can
be encountered, at a manageable scale.

5 http://www.compostillaproject.es/resources/pdf/KSF_OXYCFB300_Compostilla_CCS_Project.pdf
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- Specific corrosion samples may be fit in barrels, separated with seals.

Figure6: CQ Partial view ransportexperimentalfacility at CIUDENsCQtest centre®

- Thetest samplesre designedn order to simplifithe replacement(separatelyand avoid
any disturbance of the flowThe plan is to changelgcted sampleswhile keeping the
remaining ones unchangesthtentionally, thiswill keep track othe history ofthe samples
and theiraggregatedexposure tadifferent concentrations of impurities

- A number of corrosion transmittersre installed, measung general corrosion, using
linear polargation resistance (LPR) as well as pitting corrosion, usiegtrochemical
noise (ECN) and conductance

- The corrosion transmitters are madeom a material compatible witlthe test sample.
The transmittes include softwareconverting measurements toorrosion inmm/year.
Different materials can be simulateimplyby adjustinga characteristic parameter

- Conductance measurements are used to observe the general corrosion, determined via
transmitters that alsaecordthe conductance of the material.

- Different stream compositionsof CQ with water as well asmpurities, additivesand
materials can be used in the rig.

6 http://www.compostillaproject.es/resources/pdf/KSF_OXYCFB300_Compostilla_CCS_Project.pdf
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Further aeas of interesinclude

- Behaviar of materials in terms of corrosion

- Behaviour of equipment or instrumentation used in real installatibmslifferent CQ
flows.

- Depressurisation tests

- Behaviar as to how thenstallationrespondgo transitionsin the flow system

- Experimentation with the pump (temperature changss.).

- Procedure setting for the industry, in terms of transients awetinuous operation, as
well as for operations such as venting the pige.

3. CQO storage characterisation with  flow assurance tools

The purpose of flow assurance is to ensure successful and economical flenQ® stream
from source to storageFrom the insights on operational experiencesf CQ transport,
injection and storage behaviomrovided numerouskey pointscan be highlighted

Injection of CQinto the Utsira Formation at Sleipner has been operational since 1996, at a
rate of approximately 1 Mtpger year. Apart from a minor disruption in the beginning of
injection, operationshave beerrunningsmoothlyover the years

From the control roomnormal fluctuationsin flow rate andCQ concentrationsfrom the
Sleipner West production streanan be observed

Asimilar multi-disciplinary set of toolto that of hydrocarbonoperationsapplies forCQ, but
logicallyin the opposite directiorio oil ard gas productionas theCQ is injectedinto the
ground A main difference, however, is the thermodynamic behaviour of the CO

A The critical poinbf CQ appears in theentreof the operating windowor the well
asthe reservoir conditions argupercritical As a resultmulti-phase flowoccursin
the well, whichis simulated within reasonable uncertainty constrainBessure,
flow rate and composition are monitored at the well head, but thex@o down
hole pressurevolumetemperatureinstrumentation (PVT) It is quite likely thata
liquid phasetransition occurs prior to the deeper supercritical conditions at the
injection interval The initial conditions in the reservoir arszasonably well
constrained and well path simulations provide insights into the subsurface
transport conditions.

15
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Figure7 Pressure enthalpy diagram for pure @é&nd CQwith 5% CHshowing two compression
and well paths at Sleipnér

CQ s a heavy, norwombustiblegas butasphyxiation is a risk.

The triple pointmaybe reached during depresssation.

Hydrate formation isiot an issueat Sleipner.Hydrate formation is prevented by

keeping theCQ stream sufficientlydry. It shouldbe kept in mind thatCQ can

potentially kecometoo dry. There is an optimal operation windaw

A The operating windownust be balanced against the risk of hydrafesmation.
The SleipnerCQ streamis less complex than th€Q stream typical ofa power
plant capture SOx, NOx and>@re not typical of natural gas cleaup.

A Sleipner involvestandardamine capture issuesimilar to those associated with
power generation

A Corrosion with water, @and/or NOx may occuiif these components are present

A A grong JouleThomson effectvithin the reservoirmay take place depending on

pressure conditions

> >

The wellhead pressure at Sleipner is around 60° l{ae. gaseous phaselhe hase
management in the well is based on simulagand sveralscenariohave beerconsidered
for two phaseflow in the mid-part of thewell.

’ Munkejord et al Energy Procedi&7 (2013) 2904 2913.
8 Eiken et al. Energy Procedid (2011) 55485548.

16

CCSNS Project: 3rdd Thematic Workshop@@ Transport, KS Event;8May 2014



So far, w indicationhas beerobtainedregarding ay hydrate incident in the wellmainly due
to careful engineeng. Sleipners however,at areasonably high risk in terms of humidity
content and temperature.

The CQ is dehumidifiedin the procesmg plant While the right PVTconditionsexist along
the transport line forclathrate formation (CQ and CH), there is not enough water vapour for
anice bond to formThis is an effective way to assure flow.

At Sleipner, theCQ is not fully dried asbone dry streams are expensive arsdib-optimal
from an engineering perspectiv®loreover, d Sleipner there is a fairly normal temperature
profile in the groundfrom the pointwhere theCQ is injectedto the top of thenatural gas
reservoir.

A strong Jouldhomson effecmayoccur when C@enters the reservoirln such a scenario,
the expansion of CGChas a significant cooling effedn the surroundingreservoir The
reservoirPVTcharactergation at $eipner isfairly straightforward. TheCQ streamentersthe
well ina single phase, potentially becomego phasesalong the well pathand thenturns
into a dense phases itapproacheghe reservoir. Tt transitionhas not causedssues in
terms of flow assuranceéout may alter the PVT conditions of fluid entering the reservoir

Themore progressive loss in injectivitgn bearesult of injectingnto a fairly restricted space
The gradual injectivity decline and pressure buijglcan be due t@ restricted faukbounded
compartment.The response to pressure builgh experience of Statoilvas to switch to the
planned alternative storage formation, i.e. to move the injection interval to the better quality
reservoir of the Stdormation. Themjection has continued successfully in the &tmation
since the well was reperforate@iven the proximity of the new storage location to thas
asset, the gas reservoiris carefully monitoredfor signs of breakthroughand CQ
contamination of the natural gadVell placement optionsare being considered to ensure
that CQ injection and storage can continue for the lifetinoé the field. Seemingly, no
seasonal variatiomccurs,although notable flow fluctuationsin the compres®n train are
observed related to routine shedown and maintenance of the gas capture and compression
facility. The supply of G@o the well depends on the supply from the onshore facility. As the
supply may vary over time, the bottohmole pressure (BHRaffected accordingly.

From a transport point of view,\@et streamcharactersed by free water must be avoidebh
North Americasignificantftundshave beenspenton water wellsvhich have beeronverted

to CQ injectors. The combination ofold water wells and subsequent corrosion issues
associated with CQresultsin wells that are imeasonably bad conditiolthoughwater well
conversion is often assumed to becheap optionprojects haveopted for more expensive
horizontal CQwells.

9 note that this largely reflects an optimal flood strategy for.GOR
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The effect of methane on hydrate formation

The effect of methane on hydrate formatiahffers by site InSalahlocatedin the desertof
Algeria,wasthe warmestCCS plangndalsothe plant with thehighestsurface compression
pressure The transport lengthsare moderate at a fewilometres. In contrast,Sleipnerhas
the shortest path for transport from the separatiamit, at less than ailometre. Srehvit has
the longest pipelinesituatedsubsea in the Artiandhence the calestCQ (4°C).This implies
that the CQ at Snghvit is m@ exposed to hydrates formatiomespite this fact, a additive
isusedfor the injectedCQ.

Latest development
A Anew flow assessment modellifgconductedusing the CEVIP module of OLGA.
A Dispersion experiments
A availablefor CQPipeTrans
A investigating what would happentifie pipe blew outdue to catastrophic
failure,
A model improvemenis ongoing.
A More and more equilibrium and corrosion experimehtsve beerperformed.
SINTEF's COTT code has been verifiggtieUbasedCQ Dynamicsproject
A Heat transfer and C4N> depressuisation experiments from Statoil/SINTEFbe
presented atGHGT12in Austin Texas, later this year
A New project DeFACTO (2ays) on transient flow in wells.

\>\

DeFACTO project

Vertical fow test facility will be made as an extension of the existing horizontal flow test
facility.

The characteristics of #project are:

Main objectiveto investigate vertical flow behavio@mphasisindransient
scenarios such as shut and blowout.

Fullyequipped with pressure and temperature sensors along the test.pipe
Design and quality assurance of critical elements are part of the currenfflG®
project

Fnal design and buildingre planned to be executed ia subsequenproject.

o oo o
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Figure8 Schematic of the vertical GQest loop to be built within DeRCTQproject!®

10 http://www.sintef.no/home/SINTEfENergyResearch/Projeetvork/DeFACTO/
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