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EXECUTIVE SUMMARY

CO; transport network development

Technical issues

According to earlier CO2Europipe work, several opsi are open for pipeline routes in the
development of a CQtransport network in Europe. The basic idea irtrathsport cases should
be to start with small volumes and correspondingelme diameters. Over dimensioning of a
pipeline will probably be infeasible from a commial@oint of view. Expansion of the capacity
of a pipeline route will probably be realised wahpipeline parallel to the existing one. No
technical difficulties are foreseen in expanding ttansport capacity in this way.

Modification of a pipeline is not more difficult fa CQ pipeline than for natural gas pipelines,
although the pressure of a €@ipeline will probably be much higher than thataohatural gas
pipeline. Thus, making a tie in to a pipeline undggher pressure would possibly require more
robust pressure resistant equipment. A tie in tobt® a pipeline could be done without
interrupting the C@flow, enabling capacity increase with minimal n@gaconsequences. An
even easier way to take care of doubling a pipelnge over a certain distance would be by
applying a few capped tees (for instance at eaaneuof the length) as a pre-investment.

Capacity expansion is also possible by utilising @iressure range of the pipeline through
additional compression capacity or installatioranfintermediate pumping station.

A combination of playing with pressure, pipelineoping and number of pumping stations
probably will result in the most freedom to copéhadevelopments and optimise the investment
plan.

Pipeline construction capacities

According to CO2Europipe CCS development projestidhe total length of the transmission
network would amount to 23,400 km in 2050 for thefdRence scenario and about 33,000 km
for the Offshore-only and EOR scenarios (Neele 208imilar predictions have been made
elsewhere. Assuming a gradual network developmemh 2030 until 2050; about 500 km of
large capacity C@® transmission pipelines should be built every ydar.addition, smaller
collection and distribution pipelines at €@apture and storage clusters have to be congtructe
This pace of network development would be slowemnththe development of oil and gas
pipelines in Europe. Based on this analysis, n@ fifeline construction bottleneck is expected
to occur.

However, a large part of the existing pipelines gttyooil and gas) is to be replaced before 2035.
Furthermore, the natural gas transmission infragire in Europe will expand. This could put
serious strain on the availability of onshore pipelconstruction capacity, but is not beyond the
current construction capacity to achieve.

Offshore construction, on the other hand, is aed#iit market altogether. Other than the onshore
pipeline construction business, offshore constoucts little influenced by other markets. The
main constraint in offshore construction is plamgnihe pipe laying vessels. Therefore, offshore
construction will be less difficult to realise theanshore construction.

Components of a CQ transmission system
Pipeline transport

D3.1.1 Copyright © EU CO2Europipe Consortium 2009-2011
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A CO, transmission system consists of entry points, Ipips, possibly pumping stations,
valves, pressure reducers and exit points, reguinirdepth insight in operational parameters
such as flow and pressure at crucial points inndgvork. Operating such a system is not very
different from operating a natural gas transmissiwtwork. The phase diagram of the
transported fluid, being COwith certain impurities, is different, requiringrist pressure
regimes for transport, either in the gas phase thie dense phase.

The participation of the CQOemitters in the Emission Trading Scheme (ETS) vetjuire that
the volumes of C@taken in at capture installations and deliveredtatage sites are recorded,
which means the volumes will be monitored in r@akt

Transport of CQin point-to-point connections can be operateddyasate operators, but when
interconnections transform these one-on-one commecinto a network, central operation and
control is advisable.

It is also advisable that, on a European levehdsieds are developed for the operating pressure
regimes and allowed impurities (this coheres styongth choice for metal specifications,
standard pipeline diameters and wall thickness)weal as welding procedures and checks,
maintenance, safety zoning, quality and quantitpsuoeement.

Compression

In dense phase GQ@ransport, a compressor is required to increasgtassure of the GQo a
value that ensures the ¢@ill stay in the dense phase along the pipelimti) the CQ is either
injected or is re-pressurized. The exact dischargesure varies hereby case wise and depends
on pipeline length, operating conditions, boostanp stations and storage conditions.

In this report, three compression paths are condpaensidering stand-alone compression from
the capture plant, and, for the most suitable path,compression solutions are evaluated. It is
concluded that the preferred and most efficientitsmh for CQ compression is the integrally
geared compressor, especially regarding its relgtiow power consumption.

Shipping

CO;, can be transported by pipeline, but shipping thvdedicated C@®vessels is also possible.
In certain situations, shipping has a number ofaathges over transport by pipeline. Transport
by ship creates flexibility to changing G&@olumes over time. Another benefit is that a stap
easily reach either smaller fields or fields lodateit of the vicinity of a C@trunk line, which
would be expensive to connect to by pipeline. Femtiore, shipping based G@®ansport can be
complementary to pipeline projects because of thelatively fast deployment and their
flexibility. Thus, a shipping-based G@ansport solution could be considered as a viapt®n

to open up the market for the short term and as ritexible long term solution.

Injection

The requirements for CQOinjection depend on the storage compartment (f@mple gas
reservoir versus virgin aquifer) and the way the, @transported (pipeline versus vessel). In
addition, there are differences between off- arghore applications.

The condition of the well is crucial for successiujection of CQ. Depending on reservoir
conditions, the C@®may need to be heated before injection, in whiabecheaters have to be
installed at the wellhead. It may also be necestaat the CQ is heated temporarily before
start-up of injection. Heating at the injection in@buld, of course, have a very negative impact

D3.1.1 Copyright © EU CO2Europipe Consortium 2009-2011
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on the overall CCS chain energy efficiency. Whemitijection facility is supplied with Cy
shipping, a heat exchanger is needed to heat the f@@® around -50 °C to the required
injection temperature. Buffer storage capacity rabp be necessary if continuous injection is
be required.

In general, there are no unforeseen difficultidateel to CQ injection if the storage reservoir
has been carefully selected.

Dynamic operation of a CQ transmission system

In designing a C@transport network, dynamical operation must bestialhto account. The
network is designed to support certain operatidmaits, such as flows, temperatures and
pressures. Varying-load operation of a power pdanat maintenance of the network are some of
the causes for fluctuation of the gfow. The effect of maintenance planning on theragion

of the CQ network is discussed. Following this discussiomergs affecting production
assurance are described.

Any technical system requires some kind of prewentinaintenance to reduce the risk of
unplanned maintenance from failures and to extdwd lifetime of the system. Within any
company, maintenance plans are set up to matclreegmaintenance activities and time slots
(maintenance windows) that become available as gfathe natural operating pattern of the
systems within the company.

In anetworkconsisting of several commercial players, as beltthe likely case in a CCS chain,

such coordination is also necessary between thgersato ensure that the entire chain is
available for carbon capture, transport and stovelgen required. The challenge is to establish
effective routines between the players in the ckaiminimise overall downtime. Of course, the

ability to handle varying C&flows will be an important transport system requient.

Production assurance will be an important parhefdevelopment and operation of future,CO
transport networks. Production assurance evalumatame a requirement in different project
phases either by qualitative evaluations or quatinté calculations. Several important areas of
activities for a CQ@ transport network will be supported by Productidssurance
evaluations/calculations, such as:

Infrastructure development

Capacity management/utilization
Daily operations & operation planning
Maodification Projects

In a CQ transport network, contributions to regularity aaehilability will be different from
component to component of the system. The impaoin freach component (or set of
components) on a system will mainly depend on #well of redundancy, the function of the
component in the system, the failure frequencytaeddowntime (given a failure). E.g. multiple
compressors can be installed to reduce the impafvntime of one compressor.

Redundancy can also occur in the transport chagilfitwhen multiple transport routes are
available. This is a clear advantage of having avoek with multiple transport routes and
storage reservoirs, as opposed to a set of onarertransport chains.

D3.1.1 Copyright © EU CO2Europipe Consortium 2009-2011
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PROJECT SUMMARY

The COZ2Europipe project aims at paving the road atdw large-scale, Europe-wide
infrastructure for the transport and injection ddCcaptured from industrial sources and low-
emission power plants. The project, in which keaksholders in the field of carbon capture,
transport and storage (CCTS) participate, will prepfor the optimum transition from initially
small-scale, local initiatives starting around 20bfvards the large-scale G@ransport and
storage that must be prepared to commence from ®02620, if near- to medium-term CCS is
to be effectively realized. This transition, as wa$ the development of large-scale LLO
infrastructure, will be studied by developing bsia cases using a number of realistic scenarios.
Business cases include the Rotterdam region, theeFRRuhr region, an offshore pipeline from
the Norwegian coast and the development of CCBdrCzech Republic and Poland.

The project has the following objectives:

1. describe the infrastructure required for large-esdednsport of Cg including the injection
facilities at the storage sites, which is the tagithis report.

2. describe the options for re-use of existing infiature for the transport of natural gas, that
is expected to be slowly phased out in the nextdewades;

3. provide advice on how to remove any organizatiofinhncial, legal, environmental and
societal hurdles to the realization of large-s€x® infrastructure;

4. develop a business case for a series of realistioasios, to study both initial CCS projects
and their coalescence into larger-scale CCS imtretstre;

5. demonstrate, through the development of the busimeses listed above, the need for
international cooperation on CCS;

6. summarise all findings in terms of actions to beetaby EU and national governments to
facilitate and optimize the development of largalscEuropean CCS infrastructure.

Project partners

Nederlandse Organisatie voor Toegepast Netherlands
Natuurwetenschappelijk Onderzoek- TNO

Stichting Energieonderzoek Centrum Nederland N&thds

Etudes et Productions Schlumberger France

Vattenfall Research & Development AB Sweden

Linde Gas Benelux BV Netherlands

Siemens AG Germany

RWE DEA AG Germany

E.ON Benelux NV Netherlands, Belgium, Luxemburg
PGE Polska Gruppa Energetyczna SA Poland

CEZ AS Czech Republic

Shell Downstream Services International BV Netheita United Kingdom
CO,-Net BV Netherlands

CO,-Global AS Norway

Nacap Benelux BV Netherlands

Gassco AS Norway

Anthony Veder CQShipping BV Netherlands

E.ON New Build & Technology Ltd United Kingdom

Stedin BV Netherlands

N.V. Nederlandse Gasunie Netherlands

The CO2Europipe project is partially funded by Eagropean Union, under th& Framework
program, contract226317.
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INTRODUCTION

This report describes the design of a large-scatefgean C@transport network. The
central issue is what technical challenges cardbatified in the design, construction
and operation of a large-scale £@ansmission network. All main technical aspedts o
CO; transportation are taken into account. The impaahpurities on the network and
standards for CQis outside the scope of this report, as they firenmain subject of
the CO2Europipe report D3.1.2, 'Standards fop'CO

Chapter 2 outlines some basic design issues retat&l) transport and tackles the
guestion of how to develop a pipeline transportwoek. An important question
regarding network development is whether the pigekonstruction industry will be
able to construct the required pipelines onshork aifshore at the necessary pace. In
addition, components of a pipeline transport sys@ma discussed in more detail,
especially compression. External safety is notlethn this report, although it is an
important design issue. The reason for this omiss#that safety receives ample
attention in the CO2Europipe report 'Societal andirenmental aspects' (Seebregts,
2011).

Shipping, the subject of the third chapter, couleroome some barriers for the
evolution of a CQ@ transport network. Our analysis shows that shgppsa good
alternative to pipeline transport in case of longtahces (hundreds of kilometers),
variable supply or injection of GGand small storage reservoirs.

The final phase in COtransport is the injection into the storage resenChapter 4
gives insight in the boundary conditions for £tbansport imposed by the injection
process.

Transport of C@for CCS has to be able to deal with varying suppig demand of
CO.. A system has to be designed to accommodate igausan flow. This topic is dealt
with in the fifth chapter of this report.

In the concluding chapter, the main findings angreduced, resulting in a number of
recommendations.

D3.1.1 Copyright © EU CO2Europipe Consortium 2009-2011
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TRANSPORT BY PIPELINE

2.1  Pipeline design, construction and operation
2.1.1 Introduction

The transport of C®in dense phase in carbon steel pipelines has pesnised for
several decades. As a result, considerable experibas been gathered, which is
reflected in that C®is being mentioned specifically in pipeline stami$athroughout
the world.

Operational experience in Europe with dense pha3get@nsport over a long distance
has been acquired in the Snghvit project in Norwesypart of a larger project where
LNG is produced, C@is removed from the natural gas, compressed,foated back at
high pressure and injected into a formation belosvitydrocarbon reservoirs.

Since 2005 an existing oil pipeline (85 km lend8,inch diameter) in the Netherlands
has been retrofitted for usage as a gaseouysti@@sport pipeline at moderate pressures
(11-25 bar) supplying C£xo greenhouses. Today, this OCAP pipeline, whicpairt of

a 250km CQ pipeline transport, has already been in operdbo® years. A major part

of this pipeline network is located in dense pofdeaareas and, as such, the design has
been subject to extensive HAZOP and Quality Riske&sment studies.

In an engineering study sponsored by the Rotter@amate Initiative and the Clinton
Climate Foundation, this onshore pipeline netwcak been further studied to be used
for on-shore transport of large volumes (4000-5K00n per annum) of gaseous €0
off-shore oil and gas fields in the North Sea.

In a comprehensive study executed by the World &ess Institute (WRI 2008) with
the contribution of major players in the Oil and sGadustry, having extensive
experience with operating pipeline networks foridemange of gases and liquids, the
design and operating experience of large pipelihas been described. In this
paragraph, a brief overview of this design and afieg experience on existing GO
transport pipeline networks is reported.

Besides the WRI report two other comprehensive eund documents (DNV, 2010;
Energy Institute, 2010), developed independently,paioviding guidance in all relevant
aspects (codes & standards, material selectionsafaly etc.) for a proper design and
operation of large COpipeline networks. Other work by DNV, GCCSI, |IEBnergy
Institute and the experience of the industrial g#spliers represented by EIGA is also
aimed at ensuring that demonstration programmesfibérom all available knowledge
from a number of industries.

Based on a comparison of international pipelinendaads with regard to the key

technical issues, no significant technical gapshim internationally common applied
standards have been found. Notwithstanding theegbmy design issues relating to sub-

D3.1.1 Copyright © EU CO2Europipe Consortium 2009-2011
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sea pipeline transportation of G@vere identified that were not already covered in
existing codes for pipeline transportation of gased liquids. In summary, the existing

standards cover all identified issues. Using ingusttandard Quantitative Risk

Assessment and goal setting procedures might essuitrin some improvements of

these standards. The adoption of such practicaddskontribute to increase confidence
that industry best practises are being employeckeduice the risk of leakages in the
event of pipeline ruptures. Considering that |a€g® pipeline infrastructures inevitably

will be developed in densely populated areas, iabiel basis for risk management is
important.

Current design practices and regulations have Ipegrto the test in carbon dioxide

pipelines. It may be argued that CCS as a wholeldhme taking more of a risk-based
approach given the predicted volumes and partiguEurope's increased urban density
compared to the US areas with £for EOR.

Nevertheless all studies have indicated that whaking into account the below
mentioned critical design issues, including theadly existing operational experience,
dense and gaseous phase, @@nsport can be done in a safe manner.

The critical issues to consider include;

- System dynamics - the dynamic interaction betwsestem components

- Flow assurance modelling - modelling of hydratéeptial, hydraulics, pressure
transients

- Validation of dispersion modelling methods - @laation of source terms,
accurate modelling, empirical modelling, definitioof separation distances
between pipelines and habitation

- Physical properties - validation of multi-compahemodelling techniques,
empirical data generation

- Mechanical design - fracture control predictiondatechniques, material
selection.

2.1.2 General pipeline design considerations

In the literature (e.g. Mohitpour et al., 2007) tthesign parameters for the design of
pipelines are extensively described and these calslol be applied for the design of
CO;, pipelines.

Design specifications for CQOpipelines should be fit-for-purpose and consisigith
the projected concentrations of co-constituentpe@slly water, hydrogen sulfide
(H2S), oxygen, hydrocarbons, and mercury. More ontdpé& of impurities in CQis
discussed in the CBuropipe report 'Standards for €({D3.1.2).

In this section, some parts of the WRI Report figdi have been quoted, as they are
describing all design aspects in a condensed mamfiecting common practice in
design and engineering of gaseous and liquid pipsli

“Pipeline safety and integrity guidelines” (WRI 20(B)

D3.1.1 Copyright © EU CO2Europipe Consortium 2009-2011
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- Operators should follow the existing Occupatiordafety and Health
Administration (OSHA) and EIGA (European Industri@as Association)
standards for safe handling of €O

- Plants operating small in-plant pipelines shoatthsider adopting Office of
Pipeline Safety (OPS) regulations as a minimunbést practice.

- Pipelines located in vulnerable areas (populaezblogically sensitive, or
seismically active areas) require extra due diligeby operators to ensure safe
pipeline operations. Options for increasing duegdiice include decreased
spacing of mainline valves, greater depths ofdduand increased frequency of
pipeline integrity assessments and monitorindefaks.

“Siting of CO; pipelines guidelines” (WRI 2008)

- Considering the extent of G(pipeline needs for large scale CCS, a more
efficient means of regulating the siting of cramsder CQ pipelines should be
considered at national level, based on consultatith states, industry, and
other stakeholders.

- As a broader COpipeline infrastructure develops, regulators stiozdnsider
allowing CQ pipeline developers to take advantage of curreational
condemnation statutes and regulations that wiltilifate right-of-way
acquisition negotiations.

The most relevant design parameters, as descnibteeistandard British Standard BS
PD 8010-1 (British Standards Institution, 2004 ahown in the following block flow
diagram.

! Condition assessment

D3.1.1 Copyright © EU CO2Europipe Consortium 2009-2011
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ROUTE QUALITY ASSURANCE SERVICE CONDITIONS
- Safety Considerations : gf;;reag:u falir;e - Categories of _ﬂ_wd
- Environmental considerations Y - Process conditions
- Records & docu_ment control - Surge & thermal
- Pipe diameter

DESIGN FACTOR
- Classification of location
- Select design factor

v DESIGN CRITERIA v

EXTERNAL CORROSION H SRRl TG 4—.INTERNAL CORROSION
- Stress criteria

- Expansion and flexibility

MATERIALS
P - Selection of wall thickness |-}
- Selection of materials
|
CROSSINGS TERMINAL & INTERMEDIATE
- Crossings design STATIONS
- Review of design factor - Safety systems
- Construction - Pressure design of components
- Environmental considerations - Piping design
- Selection of valves & equipment
EXTERNAL CORROSION TESTING & COMMISSIONING
- Corrosion survey - Environmental considerations
- Cathodic protection - Test plan
- Environmental conditions - Commissioning plan
= CHOSEN DESIGN =

Figure 3-1 Pipeline design flow diagram (Energyitoge, 2010)

2.1.3 *“Pipeline design” (WRI 2008)

Designing a CQ pipeline the following criteria should be takeroiraccount being:

pressure, temperature, and properties of the ligh& elevation or slope of the terrain;
dynamic effects, such as earthquakes, waves, d¢syiere and dead loads, and thermal
expansion and contraction; and the relative movéméronnected components. The

D3.1.1 Copyright © EU CO2Europipe Consortium 2009-2011
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compressibility and density of GQindergo significant nonlinear variation in normal
pipeline operating conditions (within normal pip&ipressure and temperature ranges).
Therefore, the design of GQpipelines requires point-by-point estimation odidl
properties using computational models (MRCSP 2005).

The main components of a pipeline include valvesngressors, booster pumps, pig
launchers and receivers, batching stations andumsintation, metering stations, and
Supervisory Control And Data Acquisition (SCADA)ssgms. Valves are typically
used for control functions around compressor antenmg stations and at the injection
sites. One important consideration in pipeline giess the distance between block
valves. Block valves are used to isolate sectidngife in the event of a leak or for
maintenance. Block valve spacings of between 16 3hé#ilometers have been used,
depending on the location of the pipe, and arenilest more frequently near critical
locations, such as road and river crossings anahuaibeas. Installing more block valves
per unit of length increases both the cost of ipelme and the risk of leakage from the
valves themselves. The further apart the valvesirastlled, the greater the volume
contained between the valves, which increases iftante from the pipeline required
for the gas to dissipate to a safe level in thenewd a pipeline rupture (Gale and
Davidson, 2004).

2.1.4 “Pipeline construction” (WRI 2008)

For pipeline construction, selection of pipe diaengtvall thickness, material strength,
and toughness depends on the transmissible fltedperature, pressure, composition,
and flow rate. For example, fluid flow rates arevdw in larger-diameter pipes. Lower
fluid flow rates result in fewer pressure dropdpwing a pipeline engineer consider
reducing the pressure requirements for,Gftering the pipeline, or reducing the
number of compressors along the pipeline. Howeer installation costs of pipelines
rise with increases in diameter. The design maossicer the economic trade off of
increasing pipeline diameter against the cost of €fnpression.

The majority of existing onshore GQipelines are buried over most of their lengtha to
depth of 1 to 2 meters, except at metering or pagiptations, and most offshore lines
are also usually buried below the shallow watebedaln deeper water, only pipelines
with a diameter of less than 0.4 meters are trehemeE sometimes buried to protect
them against damage. The exact depth varies basegraject-specific needs, and
variances can be granted where appropriate.

Experience from decades of pipeline operations esiggthat the optimum design and
engineering of a CPOpipeline will be site specific and will depend different factors,
including volumes of C@to be transmitted, gas composition, local popafatiensity,
topography, and meteorological conditions.

2.1.5 *“Compression” (WRI 2008)

Depending on the length and terrain of pipeline€omepression or decompression of
CO, may be required to maintain supercritical phase.d®@e CQ pipeline industry
currently uses centrifugal, single-stage, radidil-gpumps for recompression, rather
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than compressors (Mohitpour et al., 2007). Thessteo pumping stations are installed
as required to maintain sufficient pressure at falgvation points, in order to ensure a
single-phase C&Xlow (Nestleroth, 2007).

2.1.6  “Fracture control and propagation” (WRI 2008)

Avoiding initiation and propagation of longitudiralnning fractures is also essential.
Fracture arresters are typically installed ever§ Bteters, and lower-strength steel and
thicker-wall pipe are employed (IPCC 2005; Mohitpet al. 2007). The pipelines for
CO, transportation are usually constructed of carbielstaking into account GO
specific issues as, carbon equivalent, hardnessevahd fracture strength, valve,
fittings, actuators and trim types, bends.

The optimum strength and wall thickness are detegthibbased on the aforementioned
factors, as well as fabrication and handling comsitions. To reduce the chances of
corrosion, CQ pipelines typically have an external coating ddiéum-bonded epoxy or
polyurethane with full cathodic protection (MRCSBO03).

2.1.7 “Pipeline operating temperature & pressure” (WRI 2008)

The most efficient way to transport @@ in the dense phase. The critical point of,CO
is 73 bars and 3C. CQ is generally transported at temperature and pressunges
between 13C and 43C and 85 and 150 bars, respectively (Mohitpourle2@07;
KinderMorgan 2006). The lower pressure limit is bgtthe phase behaviour of O
and should be sufficient to maintain supercritmahdition. The upper temperature limit
is determined by the compressor-station dischaegepérature and the temperature
limits of the external pipeline coating materiaheTlower temperature limit is set by
winter ground temperature (Farris 1983).

2.1.8 Safety reviews

Designing a C© pipeline network, the entire GOtransport facility in place
[compressors, valves, and upstream processes]dsheukeviewed. The entire transport
network design should be reviewed with a HAZOP @tdz& Operability) study with
careful reviews of what can go wrong during operatof the entire C@facility. An
experienced HAZOP study team, typically consistofgtechnical people who have
significant experience in design, operation, cdn@od safety of particular processes,
jointly reviews the design and attempts to findearevhere safety and operability issues
may have been compromised or inadequately addrefsedn example, in a typical
HAZOP study, the “system” or “subsystems” are asstino be operating within design
parameters of pressure, temperature, flow, anddligomposition. Excursions from
these conditions are intentionally considered & se

a) the effect of changes to design parameters, and
b) if these changes cause safety or operabilikg ris

If it is found that, for example, the design floarcincrease due to over speeding of the
compressors, and if these are driven by gas omstaebines, the system components
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need to be reviewed to ensure that adequate paotastin place to prevent or mitigate
these excursions. Also, inadvertent operation dliaf valve in a CQ pipeline would
cause freeze up of the valve due to formation gfice with the sudden expansion of
the dense phase liquid. Pipeline design engindersid take into account each of the
parameters, to ensure that flow, pressure, and deye excursions can be safely
handled whilst maintaining the G@ dense phase.

2.1.9 “Pipeline safety” (WRI 2008)

Current pipeline design safety standards alredkly it&#o consideration valve spacing as
a function of pipeline diameter and surroundingdlarse. Instrumentation along the
pipeline is typically used to measure the flow rptessure, and temperature of the,CO
and provides sufficient information for the pipelis normal operation. The
instrumentation is located at compressor and nmgestations and sometimes at the
block valves. SCADA systems are used for remoteitoong and operation of the
compressor stations and the pipeline. These sysiesdesigned to provide operators at
a central control center with sufficient data oa #tatus of the pipeline to enable them
to control the flows through the compressors are ipeline as necessary (MRCSP
2005). Metering is used for computational pipelmenitoring (CPM) leak-detection
systems for single-phase lines (without gas inlidneid). Currently CQ pipelines are
not required to have CPM, mainly because it is nawily difficult. Other leak-
detection methods, such as pressure point anagdisierial and visual surveys, may be
used to ensure safe g@ansport.

The risks posed by increasing the network of,Qfpelines should be manageable
based on the extensive €@ipeline operating experience of industry. The D@fa
suggest that the impacts from g@ipeline incidents are typically less than thaserf
natural gas and hazardous liquid pipelines. As oredsby the lack of fatalities and
injuries, and significantly lower property damagapacts from CQ@ pipeline incidents
are typically less than those from natural gastamirdous liquid pipelines.

Up till now the main cause for incidents with £@peline is material failure (i.e., relief
valve failure, valve/gasket/weld or packing failyrellowed by corrosion and outside
force (Gale and Davidson 2007; Kadnar 2007). W@i® is more benign than many
other liquids transported through pipelines, iingportant to note that the GQ@ipeline
incident statistics are also probably related &oftitt that there are many fewer miles of
CO;, pipelines than pipelines transporting other liguiend they at present tend to be
located in less populated areas.

2.1.10 Other CO2Europipe work on pipeline safety

One crucial factor in COpipeline safety is the behaviour of €Que to a pipeline
leakage or rupture. The thermodynamics and dispersharacteristics of GQand the
external safety of COpipelines are the subject of the CO2Europipe tepoamework
for Risk Assessment' (Seebregts, 2011).
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2.2  Components of a CQ transmission system
2.2.1 Pipeline transport

For the operation of a gas transport system, comgiof entry points, pipelines,
pumping stations, valves, pressure reducers artdpexits, insight in the operational
parameters such as flow and pressure at crucialtpan the network is essential
(Mohitpour, 2007). Operators need to have insighte pressure at several nodes in
the network, at least where the pressure is thedoat the end of a pipeline) and, for
contractual reasons, at delivery and interconneqgtimints (entry and exit points). This
is similar for natural gas and GO

As discussed in the previous section, an impordgstinction between the two is that
pressure in C@transmission systems must be kept above the pgimsedary, while
natural gas is transported in the gas phase oolyh& actual operations will not differ
largely from operation of a high pressure gas trassion network: keeping the
pressure above the limit values at crucial nodesl (@ the pipeline) by means of
adjusting the inlet pressure if possible or by g the outflow of the system by
means of valves (remotely controlled or automatiih & local pressure set point). As
long as the pressure is kept within a certain areéhe phase diagram the €@
maintained in the dense phase.

As impurities determine the minimum pressure rexqugnts as well, the composition of
the fluid must be known. This will be the case las ¢apture installations have defined
characteristics, however the composition should b&8 monitored. The effects of
impurities in CQ are discussed in more detail in the CO2EuropiperteD3.1.2.

The participation of the COemitters in the Emission Trading Scheme (ETS) will
require that the volumes of G@ken in at capture installations and deliverest@atage
sites are recorded, which means the volumes withbaeitored in real time. Apart from
the operational data acquisition (SCADA), the tmors operator must use a
bookkeeping system of the G@olumes. The functionality is comparable to that o
liberalised natural gas transmission systems.

The transport is foreseen to be of a dynamic nainjected flows vary in time. Causes
for flow variation could be that a coal burning pwplant reduces production during
off-peak hours or that power producers optimisé fise between gas, coal and nuclear.
Another possible cause is maintenance of some qfathe storage installation. As
indicated, the effects of these flow variations barkept under control through steering
the pressure with pumps and valves. The procedwsed for controlling natural gas
transmission are deemed suitable for operating t€Dsport.

For the monitoring and control, a centralised aantoom is advisable once the €O
pipelines are interconnected shaping a networleretise multiple individual pipeline
operators will be responsible for parts of an irggd system, which could prove
difficult. Whether the control should be organissdational level (within the borders
of a country) or in a coordinated way for the enfturopean network depends on the
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phasing of the build-up of the transport networkhéf' starting with short-distance
pipelines, connecting sources with storage sitesn{fo-point), only local control is
necessary, matching the injection into the reserwath the supply from the source.
When a mature network is realised, control shoeldéntralised and the function of the
local party (a client of the network operator) @mination of expected injection flows
and possibly of flows to be injected in storagethwvhich the injecting party has a
storage contract.

This leaves the organisation of the £8Porage with the as of yet unanswered question:
Will storage reservoirs be owned and/or operatedsdyarate (commercial) parties,
apart from the transport grid, or will transportdastorage be owned, operated and
controlled by a single entity. The same questiasearrelated to offshore GQipeline
transport (EBN/Gasunie, 2010).

It is advisable that, on a European level, starglame developed for the operating
pressure regimes and allowed impurities (this cehestrongly with choice for metal
specifications, standard pipeline diameters and watkness), as well as welding
procedures and checks, maintenance, safety zaiadjity and quantity measurement.

2.2.2 Compression

2.2.2.1 Introduction
The material in this section is based on the wadsented in an article in the Carbon
Capture Journal. (Winter, 2009)

Compressor stations are necessary to overcomeréissype difference at the outlet of
the carbon capture unit and the inlet to the pigelsystem. The required pipeline
operating pressure will in most cases be abovetitieal pressure of CO The exact
discharge pressure varies on a case by case habislegpends on pipeline length,
operating conditions, booster pump stations angéconditions.

2.2.2.2 Three scenarios

Three main compression paths for a reference t@mgssure of 200 bars are thinkable
and shown in the pressure enthalpy diagram inigued below with:

A. Compression in gas phase with condensing/subapahd pumping

B. Compression in gas phase with recooling and cesson in the high density
area

C. Compression in gas phase with compression irdiensity area.
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Three main compression paths with a reference target pressure of 200 bar

Path A

This scenario is characterized by the lowest cosgioe power for Cg which can be
seen by the high gradient of the depicted comprassirrow. However, unless
installation is near the Arctic or Antarctic circlproviding economically reasonable
recooling, a dedicated refrigeration cycle will beeded. The additional compression
power for this refrigeration loop will annihilatbd power benefits.

Path B

In this case, the CQs cooled by heat transfer to the surroundingdem@maining at
constant pressure. The required compression posvdrigher than for scenario A,
however still better than for scenario C. From theerall power perspective, this
compression path looks the most promising. Thelehgé is, however, to properly
address C@behavior, which stilshows considerable compressible behavior and high
temperature sensitivity along that path.

Path C

Here, a compression path in the gas phase withecatise compression in the light
density area is under investigation. Along the cleteppath, the fluid behavior can be
modeled via conventional gas dynamics. Within Siesneoncept studies the power
consumption is however about 7% higher than witnado B. Still, the overall concept
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evaluation including also performance predictajilgerformance safety and reliability
made Siemens focus on scenario C in the first place

2.2.2.3 Design concepts for GO

Within this Scenario C the turbomachinery with thighest value added needs to be
identified. Two concepts were investigated for scenC, which addressed an identical
compression duty: 300t/h of wet G@ith a specified pressure ratio of 1.9 bar to 160
bar.

Siemens CO , compression solutions: SIEMENS
Compression to 160 bar with single-shaft / gear-typ e compressor
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1. Concept A — Single-shaft compressor trainA two-casing single-shaft compressor
train, totaling four process stages, is driven byagable-speed drive system directly
coupled to the low pressure casing. The low presstasing is a single-shaft
turbocompressor with horizontally split casing, aySTC-SH (17-6-B) and the high
pressure casing is a single shaft compressor wttically split casing, type STC-SV
(10-6-B). To obtain optimized impeller shapes aigh lefficiencies in the high pressure
casing, a speed-increasing gear box (ratio 1.9) apgdied. Provision was made for
speed control as the means of control. Both siagldt shaft casings were selected in
back to back arrangement providing in total thrgercooling steps. This train setup is
the classical concept for petrochemical instalfegiin fertilizer units with a focus on
robustness and highest availability.

2. Concept B — Integrally geared compressorA seven-stage integrally geared
compressor, type STC-GV (80-7), is driven via fbsgmked drive on the central bull
gear. Due to the speed flexibility of each impepair, an optimum flow coefficient for
highest efficiency can be achieved for the indigldmpeller. As the flow will exit after
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each compression step the idea of an isothermapission can be followed with in
total five intercoolers. Due to the strong real gakavior in the vicinity of the critical
point for CQ, the last two compressor stages are uncooled.ifftegrally geared
compressor concept has its origin in the air sejparanarket with the focus on highest
efficiency solutions and high availability.

2.2.2.4 Results

Siemens CO , compression solutions: SIEMENS
preferred machine concept

gear type : - up to 200 bar

Concept A | ConceptB

23 Ok e
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Siemens preferred solution: Integrally Geared Compress or at high efficiency
Page 3 2009 EOPCLTC SL4

Both machinery concepts are covered by the API Bth/ edition, which addresses
machinery selection for petrochemical gas serweiéls their requirements of superior
technology at a high quality level.

Power consumption is key

Power consumption is the key differentiator betwdea two concepts. A benefit of
4,890 kW (13.9%) of installed coupling power candwhieved. Even under part load
condition this power advantage remains valid anduidher supported by larger
performance map turndown ratio of Concept B withetinguide vane control in

comparison to the speed control of Concept A.

Part load
Both compressor concepts operate at any flow retieden 0% and 100% by integrated

control and safety means. This can be achievedulwegrane, speed or throttle control
and in addition by bypass control if the regulantlown range is exceeded.
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The decision for the train set up - one trail@®% flow, 2 trains at 50% flow or 3
trains at 33% - is a part of project optimizatemd the question on how much bypass
flow and efficiency decrease can be toleratedleftends further on several factors such
as available compressor portfolio, overall plantaikbility and reliability
considerations.

A major advantage of the integrally geared commne@Soncept B) is its flexibility for
intermediate control of pressure/temperature av.fldhis enables distinct conditions to
be controlled throughout the compression chainiwitime single compressor. This can
be of benefit when controlling pressures for feedextraction flow or pressures on
process gas treatments like dehydration. A singétscompressor (Concept A) is
usually speed controlled and has only one degrdeeetiom. The availability of both
compressor concepts are in the 99% range, with Ibating applied in critical
compression services.

Different gas compositions

Different CQ, compositions will require head and flow adjustmentthe compressor
which will be provided by the control means forese€onsiderations of different gas
compositions (“impurities”) of CO2, Nitrogen, Oxygehydrogen sulfide and so forth
are modelled by internal gas routines and incotgdranto compressor design as state
of the art for turbomachinery business. Strong cwbr weight, pressure and
temperature variations however must be known upfaenthey must be incorporated
into the compressor design.

Impeller efficiency

The main reason for this benefit of the integrgBared compressor versus the single
shaft compressor is the higher impeller efficiemgth axial flow intake in combination
with high head coefficients and the flexibility smjust the speed for optimum flow
coefficients. Polytropic impeller efficiencies anp to 89% per stage. The polytropic
efficiency is an efficiency value in which the nmeal behaviour of a process is
accounted for. In addition, an isothermal compssioncept with intercooling after
each impeller for the first five stages is usedwstream of the sixth impeller stage the
recooling is omitted due to the low Z-value of £Ohe above enables Siemens to
realize high pressure ratios in the first stagghtty decreasing in the last stages due to
increased mechanical loadings. With the above Sienme able to reduce the total
number of stages for compression ratios up to 20Qdx7 or 8. In contrast to the above,
the single-shaft machine suffers from running dy eéwo different speeds with the only
possibility to adjust the diameter and the numHtemmmpellers installed on the single
shaft. Having a polytropic efficiency for the figgtocess stage (made up of 3 impellers)
above 82%, a strong decrease to only 70% for Steplacess stage is encountered. This
is mainly due to the strong volume decrease througtihe compression chain, resulting
in 2D vane configuration on the last stages and pupeller performance. In addition,
the overall number of impellers is twelve compatedeven on the integrally geared
compressors, which is also due to the reduced leadficients for single- shaft
impellers.
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Energy savings due to compact design

Even with a relatively low energy cost of 2.5 €/\&lue added amounting to €12.225
million can be realized by opting for the integyaljeared compressor solution. In
addition to the OPEX benefits, the investment ¢ostan integrally geared compressor
is lower than for a single-shaft compressor trdims is the result of a compact design
with fewer impellers and smaller impeller diametédserall, there is a life-cycle cost
advantage for the integrally geared compressor. Rudhe compact design, the
installation weight is considerably lower and tipace required as well. This cuts cost
on the expenses for ground, concrete work and engineering. Furthermore, complete
packaged units can be realized with coolers irestalh steel frames and completely
assembled piping including necessary anti-surg@dodhis enables single lift units
with reduced site installation time and reducespipéng interfaces to a minimum. As
far as machine robustness is concerned, permissibtzle loads on single shaft
compressors with several times NEMA are higher tham integrally geared
compressors. On integrally geared compressors llbevadble forces and moments
require a closer look and will be calculated caseeior each single compressor.

2.2.2.5 Summary

Siemens established that the preferred and masieeif solution for CQ@ compression
is the integrally geared compressor. Especiallyré¢tatively low energy use of this type
of compressor is beneficial for use in the G@nsport chain.

2.2.3 Pipeline onshore/offshore

Usually in gas transport the maximum allowed pressar pipelines offshore exceeds
the pressure for onshore lines. The risks diffesglenvironmental damage from an
incident) and the distances to be covered withampression are larger (economic
optimisation). Compression at sea should be avolud if necessary, compression
could take place offshore, requiring a riser platfand remote compression facilities.
A complicating factor is the absence of power tonpeess CQ For compression
offshore, electrical power will have to be provideih an additional power cable.

In addition, compressing at the beach to the higakswvable pressure (for natural gas
steel pipelines 175 bars is practised; for,Q00 bars should be considered) minimises
the power required at the injection platform. Ofis® the dimensioning of facilities is a
matter of economic optimising. Also, costs estimmatieould reveal if, apart from a high
entry pressure, an oversized offshore pipeline dtamoutweighs extra pumping
capacity at the injection platform. and besideghsa pipeline could act as a buffer
compensating for fluctuations in storage injectamal onshore supply.

Procedures for control of the offshore pipeline Wdtonot be more complex than
procedures for onshore transport. Maintaining thgerating pressure within an
operational range using the pumping facilitiesha pipeline entry and the injection
capacities will do.
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2.2.4 Intermediate compression/pumping

Dynamic process conditions are not foreseen to ecapoblems in operating

intermediate compression or pumping stations. & B8Q flow decreases, the

intermediate station can just continue operatiaeept when the pressure downstream
comes close to the phase boundary. In that casginf@@tion in the reservoir should be
halted.

To optimise the C@ transport chain, it might be necessary to haverim¢diate
pumping stations, especially for long-distance gt pipelines. A disadvantage of
intermediate pumping is that (electrical) powereguired far from the COcapture
location. However, a COpipeline crossing a long distance in Europe wés$ major
industrial areas in most cases. As for offshopelmes, the North Sea is acquiring a
considerable network of offshore power cables, tgdor wind farms, but also to feed
oil and gas production platforms.

2 personal communication with Mike Haines from Ceftechnology.
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3 TRANSPORT BY SHIP

3.1  Liquefaction/terminalling
3.1.1 Introduction

In the 19" century the technology for liquefaction of gases heen developed. And
since then the liquefaction technology has beethdéurdeveloped and improved with
the aim to produce liquids in the most efficientnmer (lowest energy consumption and
investment costs). Today industrial gas companrespaoducing a variety of liquid
gases (helium, hydrogen, nitrogen, oxygen, carkoridke, natural gas, argon etc.) in
order to be able to transport large volumes effiitye

Besides transport by road, railway, liquid gasesaso transported by ship. The most
well known liquid gas transported by ship todayMG (liquefied natural gas.),
Less known is that liquid CO2 is already transpbtig ship for more than 15 years.

As such liquefaction is already a widely used ara/@n process having its advantages
because of the fact that the molecules in thedigunase take up much less space than
they do in their gaseous phase.

For example liquefaction of a gas occurs when itdegules are compressed. The
molecules of most of the gases are relatively faartafrom each other, while the
molecules of a liquid are relatively close togeti@as molecules can be compressed
together by in two ways: by increasing the pressiitee gas or by cooling the gas.

To liquefy gases two very important process dedigtures should be taken into
account being: the critical temperature and thecati pressure Critical temperature is
the temperature of the liquid-vapour critical poitat is, the temperature above which
a gas cannot be liquefied by an increase of pres3ine minimum pressure required to
liquefy the gas at the critical temperature isezathe critical pressure.

For example, the critical temperature for carbaoxidie is 31°C. That means that no
amount of pressure applied to a sample of carboridl gas at or above 31°C will
cause the gas to liquefy. At or below that tempeeathowever, the gas can be liquefied
provided sufficient pressure is applied. The caqoesling critical pressure for carbon
dioxide at 31°C is 72.9 bars. In other words, tppliaation of a pressure of 72.9 bars
on a sample of carbon dioxide gas at 31°C will eahe gas to liquefy. See Figure 3-1.
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Figure 3-1 CQ phase diagram

The difference in critical temperatures betweereganeans that some gases are easier
to liquefy than are others. The critical temperataf carbon dioxide is such that it can
be liquefied relatively easily at or near room temgture. By comparison, the critical
temperature of nitrogen gas is 147°C and that elium is 268°C. Liquefying gases
such as nitrogen and helium are more energy comgurand requiring higher
investments than does the liquefaction of CO2.

3.1.2 Methods of liquefaction
In general, gases can be liquefied using the faligunethods:

(1). Compression; the first method; the applicatibpressure alone is sufficient to
bring a gas into the liquid phase. For example, aman has a critical
temperature of 133°C. This temperature is well abmom temperature. Thus,
it is relatively simple to convert ammonia gas inbe liquid state by using
sufficient pressure. At its critical temperatutdjas a pressure of 112.5 bars.

(2). Alternatively, the liguefaction of a definedgrequires two steps. First, the gas
is cooled where after the cooled gas is forcedotevdrk against some external
system. Here the principle is that the gas is tpsSis energy, causing the
temperature of the gas to decrease further. Asudtyéhe gas turns into a liquid
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3 Using the Joule-Thomson effect. Gases alsdbeamade to liquefy by applying
a principle discovered by English physicists Jamesscott Joule (1818-1889)
and William Thomson (later known as Lord Kelvin;248-1907) in 1852. The
Joule-Thomson effect depends on the relationshivabfime, pressure, and
temperature in a gas. Change any one of these\arebles, and at least one of
the other two (or both) will also change. Joule @&hdmson found, for example,
that allowing a gas to expand very rapidly caudestemperature to drop
dramatically. Reducing the pressure on a gas adesimp the same effect.

3.1.3 CO; liquefaction

At any temperature between its triple point (-5€)and its critical point (32°C) carbon
dioxide can be liquefied, as shown in Figure 2ylcbmpressing it to the corresponding
liquefaction pressure, and removing the heat ofdeomation. Two liquefaction

processes are commonly applied [5]:

* 1) Carbon dioxide is liquefied near the critianperature; water is used for cooling.
This process requires compression of the carbaxidéiayas up to a pressure of about
76 bars. After the final compression stage theig@®oled to about 32°C whereafter
water and entrained lubricating oil are removede Tgurified CQ gas is then
liquefied in a water-cooled condenser.

» 2) the liquefaction process takes place at teatpsgs from -12°C to 23°C, with
liquefaction pressures ranging between 16-24 Wae. compressed gas is pre-cooled
to 4°C to 27°C, water and entrained oil are sepdradnd the gas is then dried in an
activated alumina, bauxite, or silica gel drierdafiows to a refrigerant-cooled
condenser. Ligquid CO2 is then distilled in a stdppcolumn to remove non-
combustible impurities.

The largest C@liquefaction plants today in operation are prodgd.15-0.38 Mtons of
LCO; on a yearly basis. The G& compressed to transport pressure, which noyrsll
14-20 bar, cleaned for unwanted components, dmeldliguefied as depicted in Figure
3-2. Note that, compared with the requirements dofeasible shipping based CCS
infrastructure, the output of such a plant corresisoapproximately to15 to 25% of the
currently foreseen capacity of CCS based liquedacstorage and transport terminals.
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Figure 3-2 Typical block flow diagram of a G@guefaction plant
3.1.4 Intermediate Storage

For the storage of large volumes of a pressurizpebfied gas, a spherical tank type or
bullet can be used. Under the current capabilibéstank storage suppliers, the
maximum capacity of one tank which withstands areirpressure of 7 bars may reach
approximately 8,000-10,000 tons. The structuralemalt is high tensile steel proofing

against low temperature as commonly applied for LtRGks. To reduce external heat
adsorption thermal insulating material on the wa#pplied.

A tank with this capacity would be filled with tl&O, production of a 1000 MW coal
fired power station in about 40 hours. A more gaheonclusion would be that the €O
production of a large C{point source can be stored for days. If there ddd a flow
interruption if, say, the injection of GOnto the storage reservoir is temporarily not
possible, the COwould have to be vented after a few days, depgnainthe number of
buffer tanks available.

3.1.5 Loading/unloading facilities

Loading/Unloading facilities from the storage tamk land to the ship would be of the
jetty type (loading arm), and pumps would prefeydi# located on board of the ship. In
some occasions, depending on the distance betwieeamgs and loading facilities,
pumps on land are required. Unloading depends errdbeiving facilities in the CO
injection facilities. However, pumps in the cargmks of the ship are recommended to
be used. Figure 3-3 shows the layout of a typi€ad [@juefaction and storage terminal.
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Figure 3-3 Typical layout of a GQiquefaction and storage terminal

3.1.6 Conclusions

Taking into account the current installed liquefaictand storage production capacities
for industrial gases like Nand Q, including the build LNG and LPG liquefaction
plants, the conclusion is, that there are no teldgncal limitations for developing large
scale (> 1.5 Mton/year) GQiquefaction & storage terminals.

CCS is requiring transport of large volumes of ,C®hich only can be transported by
pipeline or ship. Large volumes of g@lready are transported by pipeline, but there is
less experience of transport by ship.

Presently CQis transported in ships or trucks in semi-pregsarivessels at a pressure
of 14-20 bars. For economic large-scale transpb@@, by ship, the C@should be
transported semi-pressurized at pressure nearipte point e.g. at 6.5 bar and -52 °C.
Utilizing this pressure, the technology and experéefrom building and operation of
conventional LPG tankers can be utilised, and lgrgessurized cargo tanks can be
produced in an economical way.

3.2  Shipping
3.2.1 Introduction

This section is part of the CO2Europipe work paekag report (Mikunda, 2011).
There is currently uncertainty regarding the volugrewth of captured COand the
availability of suitable sinks for storage. Fronistiincertainty, a shipping based £0
transport solution could be considered as a viapt®n to open up the market, for the
short term and as a more flexible long term sofutior this concept, ships will be
loaded at CQ bulk terminals or at the industrial facilities afrdm there sail to the
location of underground storage areas, such aslgleted oil and gas fields (i)
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producing oil fields for enhanced oil recovery pasps, and in the longer term (iii)
saline aquifers.

3.2.2 The role of CO; shipping

There are a number of foreseen advantages thabeassociated with shipping O
namely:

Volume flexibility: Transport by ship creates flexibility to changi@@. volumes over
time. If more volume is offered for transport, atd#ional vessel can be introduced (as
well as additional intermediate storage tanksyolimes are reduced, ships and storage
(designed for multi-purpose services), can be takeh of the CQ service and
introduced to an alternative trade or to anothemjnCQ trade.

Alternative use of assetsShips represent a certain residual value (in tiragpecially
combined carriers that can be employed in alteredtades (i.e. LPG)Residual value
reduces the upfront investment risks.

Source and sink flexibility: Offshore pipelines are significant assets, todaihd to
operate and therefore particularly suitable forgléerm high volume transport of GO
For smaller fields, or fields located out of theinity of a CQ trunk line, laying a
pipeline may prove too expensive. A ship, howewam reach these fields, and in
certain cases this could be performed at a lowst: co

Complementary to pipelines: Due to its divisibility (related to volume flexiiy),
shipping-based CQOtransport is complementary to pipeline projecegause of their
fast(-er) deployment and flexibility. Income gert@ya can commence prior and during
the construction time of the pipeline infrastruetuAdditionally, owners and operators
of potential CQ storage fields cannot guarantee a 100% injectiime and therefore
alternative outlets must be considered, which carfdgilitated with the use of GO
transport by ship.

3.2.3  Ship configurations

Dedicated and combined ships

Different logistic scenarios require different ghipg configurations (in size and GO
conditioning process equipment). In this respediaded CQ ships can be used, or
alternatively combined-C4ZLPG ships can provide an attractive solution. Fram
technical point of view combining transport of €&nhd LPG in one vessel is considered
a feasible option, as the temperature-pressuréenelaf both gases is relatively similar
(liquid phase). Although a ship capable of trangpgrCQG, as well as LPG requires a
higher investment and has somewhat higher opesrdtmosts compared to a dedicated
carrier, a combined CLPG carrier offers investment risk mitigation.

% Onboard CQ storage conditions are around -50°C to -55°C and % bars, Liquid Petroleum Gases
(LPG) is transported at -48°C and atmospheric prestence the redeployability of the ship in this
alternative trade.
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Offshore and onshore discharge

Ships are generally designed to load their carganm port and discharge it in the next
(onshore discharge). As an alternative, ships carmbdified or purposely built to
discharge at offshore locations like platforms nraostandalone basis via single point
moorings directly into the well(s). Despite haviadditional investment and operational
costs, the advantage of a ship is that it can digghat different locations and the
requirement for C@infrastructure (i.e. pipelines) is reduced. Onegaility is that he
conditioning of the CQ(in order to meet the offshore storage field regmients) is
performed on board of the ship. Another one is tit conditioning of C@ is
performed on the platforms by making use of theilalvle non-commercial gas (e.g.
gas field pressure too low for economically expaytihe gas to shore). A case-by-case
cost review will be necessary in order to deterntiveebest lay out.

Ship sizes

It is of course possible to design a ship dependarthe project needs, however one
must bear in mind the usability of the vessel Will be re-used for the transportation of
other gases after G®ervice life time. When considering the LPG markes, following
ship sizes are likely to answer to market demanuk are therefore selected for the
(cost) comparison:

1. 10,000
2. 30,000

Typically these vessels will have the following @nsions:

Table 3-1 Typical vessel dimensions and specificeti
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4 INJECTION

The requirements for CQOnjection depend on the storage compartment (famgple
gas reservoir versus virgin aquifer) and the way @@ is transported (pipeline versus
vessel). In addition, there are differences betwsd&rand onshore applications (mostly
due to the available space and cost differences).

4.1  Well head pressure: compression or pump capacity

For all injection facilities a sufficient well hegutessure is required, to inject the £
the required mass rate. That wellhead pressurendspen the depth or the well; the
hydrostatic pressure increases with depth, allovianga lower wellhead pressure, but
the friction increases with depth too and this &asopposite effect. The configuration
of the injection well will determine the requireclhead pressure. This pressure is also
typically higher for saline aquifers than for depkk gas reservoirs — because the
reservoir pressure is higher. Depending on thegpbithe CQ a compressor is needed
(supercritical or gaseous phase), or a pump (liqQuDg).

4.2  Injection well

For the injection well, apart from well isolatioaquirements, all parts that come into
contact with CQ should be (Cg corrosion resistant, depending on the moisture
content of the C® The ability to withstand the aggressive moist@®, stream is
especially relevant for liners, packers and lubrisaln a depleted gas reservoir, a
former production well is usually used, if adequdte a virgin saline aquifer, it is
required to drill for a new injector.

4.3  Well head temperature: heaters

Besides pressure, temperature effects are parardacing the injection of C@ Unlike
conventional oil and gas applications, the critigaint of CQ can be within the normal
range of conditions under which the injection taglse. This means that is essential to
consider all processes (expansion, compressionghvaifect pressure and temperature,
and the associated phase transformations for atk paf the overall CCS chain,
including the injection installations and wells.pésially in offshore application, the
injected CQ is generally much colder than the usually warnemesirs. The resulting
temperatures and pressure gradients in the nehakeel need to be considered.

One of these potential complications is the fororatf hydrates. Figuur 4-1 shows the
pressure and temperature conditions under whichabydormation can be expected.
Based on such a diagram, it can be concluded thahiamum bottom hole temperature
of around 12 °C is required in order to minimize tomplications of the solidification
of the CQ (Satsepina, O.Y. and Pooladi-Darvish, M., 2010)ndcessary, heaters
should be added at the wellhead to ensure thabdkiemhole temperature is always
above that temperature. This is an issue esped@ilgepleted gas reservoirs, which
can be at a low pressure. Injecting low-tempera@@g can result in C@entering the
reservoir at conditions where hydrate formatiorrakevant. However, the impact of
hydrate formation remains to be observed in fudllsenjection tests.
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Figuur 4-1 Phase diagram (after Sloan, 1998) shgpwie conditions under which
hydrates form (L, S, V, H and | stand for liquidlid, vapour, hydrate and
water-ice, respectively). At temperatures above 28512.3 °C), no
hydrates occur.

4.4  Connection to transport pipeline

The transport between the capture facility and stewage compartment takes place
trough pipelines. The pipeline needs to be condetiethe injection installation. For
offshore platforms, this occurs through a riser. ha platform or on the onshore
injection side, there needs to be Ldistribution manifold, a compressor or pump, and
piping systems (existing systems should be upgradeen required). All wellheads
need to be equipped with G@esistant materials. In most cases a heaterasnegeded,
for either constant heating (to avoid phase transitions or cold temperatures at the
bottom hole) or temporary use (at start injectiomfter a shutdown, when the glias
been cooled by release of heat or decompressiaegses). Constant heating of the
CO, would increase operational costs very signifigantl

4.5 Intermittency and shutdowns

To deal with sudden stops in the overall systenmaly be required to have a valve
which can shut off the pipeline (for example, jbsfore the injection site) in case of a
shutdown. The pipeline then remains pressurized;iwfacilitates a subsequent restart.
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The CQ in the pipeline cools down by release of heat theoenvironment. Because of
this, temporary heating may be required when tiexiion is restarted. For emergency
situations, vent and blow down facilities shouldibelace. Their design and location
have to ensure the potential safety consequencelemessurization are within HSE
criteria. (DNV, 2010)

4.6  Connection to a transport ship

In the case of offshore storage, transport by temisean option. To increase the amount
of CO, which can be stored in the tanker under relatively pressures, the GQOs
cooled to around -50 °C. The tanker dischargesargio at a single point mooring
system (e.g. a turret), which is connected to tadfgem. After this discharge flow, it is
required to increase the temperature before igeadfio avoid problems as described
above). This can be done with a heat exchangechuises the temperature close to
that of sea water. Vessel transport may also requtemporary storage facility to avoid
extreme injection rates and guarantee continugastion.

Given its flexibility of ship transport and its milsle valuable role in the first

development phase of CCS, early (demonstrationggt® should prove the feasibility
of ship transport of C&Xo offshore storage locations.
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5 DYNAMIC OPERATION OF A CO , TRANSMISSION
SYSTEM

51 Introduction

In designing a C@transport network, dynamical operation must bemaikto account.
The network is designed to support certain opematiolimits, such as flows,
temperatures and pressures. In other chaptersiaim@ady mentioned how important it
is for efficient transport that the pressure istkejihin operational limits. To prevent
two-phase flow, the average operating pressurelghoel determined based on the
fluctuations in the injection flows along the piipel. The pipeline design team and the
control room should have a dynamic computer modglilable to forecast flows
through and pressures at critical nodes in theesysttaking into account the
composition of the various injected flows. Questiom be solved with the model are for
instance, if a large source might drop out sudderdyv fast does the pressure decrease
and what time is left to steer valves or start wompressor.

Because of the expected rise of wind power, fdasil-power plants will be forced to
have a varying load. This would cause varying@0ws, requiring a transport system
flexible enough to deal with this.

Maintenance of the network is one of the causedldictuation of CQ transport. This
paragraph discusses the effect of maintenance ipgron the operation of the GO
network. Following this discussion, events affegtproduction assurance are described.

Unplanned interruption of C{flow is also possible. Anywhere along the CCS khai
incidents can cause reduced £@w or complete interruption. The power plante th
capture installation, the compressor, the pipeéind the injection facility all have a
certain risk of failure. These failure modes angirtimpact on transport operation will
be discussed as well.

5.2  Maintenance planning

Any technical system requires some kind of preventhaintenance to reduce the risk
of unplanned maintenance from failures and to ektae lifetime of the system. Within

any company, maintenance plans are set up to miatghired maintenance activities
and time slots (maintenance windows) that beconsdlable as part of the natural

operating pattern of the systems within the company

In a network consisting of several commercial players, as balthe likely case in a

CCS chain, such coordination is also necessarydmatvthe players to ensure that the
entire chain is available for carbon capture, tpants and storage when required.
Obviously, there will be a problem if maintenan@zipds for the transport and storage
parts of the CCS chain are planned in periods wkiegecapture plant is planned to
operate. Similarly, any maintenance periods for ttemture plant represent an
opportunity also for the transport and storageesystto perform planned maintenance.
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Then, the challenge is to establish effective rmgibetween the players in the chain to
minimise overall downtime.

Similar systems exist today, e.g. in the Norwegigrstream gas transport network
operated by Gassco. On an annual basis, the gdagans report to Gassco their need
for maintenance periods for the coming year, andsGa have the responsibility to
establish a overall maintenance schedule for althef gas producers on the entire
Norwegian Continental Shelf connected to the irdgegt gas transport network. A
similar system could be established for a futureS@@twork, having many similarities
to today’s gas transport network, i.e.;

- many “sources” connected to the same transportarkitwn a gas transport
network the sources are the gas producers. In ar@@®rk, the sources will be
the capture plants.
many “exit points” from the same transport netwdrka gas transport network,
the exit point may be the customers or a trade hub. CCS network, the exit
points will be the storage location.

In the following, an example of a procedure for r@demaintenance planning between
the players in a CCS network consisting of sevesalces and exit points is given.
To obtain the optimization with respect to avail&piof the CCS network as described
in this Section, a&oordinatoris required to gather information from the playerghe
network, and to advise and recommend the timingnaintenance activities for each
part of the network, based on such information.ofly commercial players are
represented in the CCS chain, some neutral body masg to take this role. In the
Norwegian gas network, Gassco is not a commerd#glep, but an independent and
neutral Operator. If an Operator of the transporstorage part of the CCS network
represents the same independency and neutraldly,@perator may have this role.
Normally, preventive maintenance activities shoiflpossible, be performed in periods
where the overall load on the CCS system is gelydmater. There are two reasons for
this;
- maintenance windows, i.e. periods where normal aipmrs are reduced or

completely stopped, occur more frequently
the consequences of maintenance activities takingdr time than originally
planned, are normally less severe
The first step in the maintenance coordination @ssowvould be to request information
from the players in the CCS network to submit infation on an annual basis related
to;

Name of location / installation / facility involved

Major scope of work

Number of days for maintenance and modificationkwor

Period (start/ending date and hours)

Available capacity from the unit during the notifiperiod, including the period

when the capacity is reduced prior to a shut dowd #he period when the

capacity is increased after the shut down

Daily maximum capacity from the facilities throughothe maintenance and

modification period
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Any expected changes in GQuality in the notified period
Type of work, impact on the Transportation Systeogpe and criticality, and
possible alternative periods when the work candséopmed

Guidance for the players within the CCS network mvsabmitting this information is
that activities should be planned to the periodsaaly identified as periods with overall
lower load on the CCS network (if any).

Based on input and prior to the preparation ohalfco-ordinated plan for maintenance
and modification work, theoordinatorwill issue an overall preliminary plan to players
for comments, following an iterative process witdates, based on the dialogue with
all players in the CCS network.

To ensure a plan which is as updated and optimpbasible, any changes of notified
periods/activities or new activities to final comrated plan for maintenance and
modification work that may affect the availabiligf the CCS network must to the
extent possible be avoided. If such changes cafotavoided, reports to the
coordinator should be made as soon as possible, for updattéee ajverall plan to be

performed.

Based on the final overall maintenance planctherdinatorshould issue a report to all
players in the CCS network, specifying maintenaatévities and resulting availability
of the different parts of the network.

5.3 Planned and unplanned downtime of transport compon&s
5.3.1 Definition

The term Production Assurance is defined in ISO1808s the “activities implemented
to achieve and maintain a performance that issabptimum in terms of the overall
economy and at the same time is consistent withicgige framework conditions”.

5.3.2 Production assurance in a CQtransport network

Production assurance will be an important parthef development and operation of
future CQ transport networks. Production assurance evahgtiose a requirement in
different project phases either by qualitative eatibns or quantitative calculations.
Several important areas of activities for a Gfansport network will be supported by
Production Assurance evaluations/calculations. €arsbe:

Infrastructure development

o Decision support for alternative infrastructure elepment projects

o Optimize approved concepts to secure pay backveiments
Capacity management/utilization

o Verify production assurance consequences of ali@macapacity

utilization factors of the network (operationalxileility)

Daily operations & operation planning

o Establishing KPI (Key Performance Indicators)
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o Fulfilment of Production Assurance requirementsgga values) for new
facilities or upgrades.
Modification Projects
o Evaluate the Production Assurance impact of alteamodifications
projects.

5.3.3 Production assurance in operation and design

Operational parameters may be used for reportiad’tioduction Assurance level in the
operational phase. These parameters could be useslation to a KPI target (Key
Performance Indicator) or a guarantee value. A tm&cfor reporting/calculating
production assurance in a g@ansport network should be established to ease th
communication between the respective stakeholdetisei network. The nominal value
of the operational availability is usually signdiatly higher than the design availability.
Reporting of the Production Assurance has severgigses:
- Measure of performance (KPI).

Monitor the technical condition of the facilities.

Identify events which involved parts can implemem¢asures to reduce or

eliminate.

Ensure that the right actions are taken.

KPI targets related to operational parameters shoatmally be established for each
installation based on:

The complexity of the installation.

Sparing philosophy.

Production Assurance definition.

Plant specific information.

Historical information.

The term design availability is used to calculateldnent the production assurance
level in different project phases, prior to ins#thn. If production assurance is one of
the main business drivers in a project, a quaitéaanalysis should be performed
during the different project phases.

The design availability calculations form an imjaott basis for investments connected
to new project as well as modifications/maintenapagects. The results from design
calculations could support investments in modifmat/new facilities to secure the

integrity of the respective facilities and/or foitime basis for cost/benefit analyses to
support investments in new facilities. The desigral@ation is also beneficial for

identification of bad actors (equipment with largegative influence) in proposed
design. The design availability can for some fée#i be connected to a predefined
target/ambition value in the respective stagespmbgect.

Factors that can affect the design availabilitgchtions:
Redundancy and sparing philosophy in main or ytditstems.
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The complexity of the design. Pipeline systems ratigmhave a “simple” design
(mainly pipeline and valves) compared to a procgksit including more
advanced equipment.

Uncertainty in the failure data (plant specific generic)

5.3.4 Production assurance definitions

To establish parameters and KPIs related to prodastrance, the following three
different definitions in the operational reportiagd design calculations can be used.
Deliverability
0 Measure the overall performance of the,@@nsport system.
0 Includes compensation measures like turn-up aneé |rack (i.e.
increasing the inventory of the pipeline by inciegghe inlet pressure).
0 Uses real production or nomination (transport nagdequested by the
party having such need) as a reference level.
Production availability
0 Used on pipelines, platforms and processing plants.
0 Includes internal and external events.
0 Uses real production or nomination as a refereenel |
Available yearly capacity
o Normally mostly used for processing plants, e.gtwe plants.
o Includes internal, external events and planned teaance.
0 Uses real production or nomination as a refereeel |

In a CQ transport network, contributions to security oeogiion and availability will
be different from component to component of theteays The impact from each
component (or set of components) on a system waintp depend on the level of
redundancy, the function of the component in thetesy, the failure frequency and the
downtime (given a failure).

Compressors (or pumps) for increasing the pressutbe transport network can be
assumed to be important with respect to produairasse. They perform a critical
function, and high costs make evaluations relatedhstalling redundant equipment
challenging. Depending on the flow pattern in thstem vulnerability related to failure
may be reduced by installing 2x50% (i.e. two corspogs having 50% of the required
capacity each) or 3x33% as an alternative to 1x1008én, failure in the compressor
function (i.e. the set of compressors) can be erpet occur more frequently, but the
consequences of failure are reduced. In a situatioere some of the sources for £O
have the possibility of turning down production,isthmay be an alternative to
investigate.

For a pipeline system downstream of compressorgdpuravailability is normally
significantly higher than for the rotating equiprhetypically as high as 99,9%. Low
complexity and few moving parts implies that fadlurates normally are impacted
mainly from external events, such as excavatorshiore) or anchors (offshore). In this
part of the network, equipment with the most cdnftion to downtime are valves,
however, still with an availability significantlyeltter that compressors and pumps.
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Typical comparable valves in a gas network haveeamtime to failure between 20 and
500 years.

Emphasis should, however, be put on characteristiased to transport systems in this
context that are special for GOand where more data and experience is needed to
optimize design. Such characteristics are e.gte@lgo corrosion mechanisms (e.g. if
water comes into the G@tream) and occurrence of longitudinal fractures.

Redundancy can also occur in the transport chaif jtwhen multiple transport routes
are available. This is a clear advantage of ha@ngetwork with multiple transport
routes and storage reservoirs, as opposed to afsehe-on-one transport chains,
because in case of point-to-point transport, thela/thain is down when a single
component is down. When there is a network, failnfrea component could be dealt
with by rerouting the C& depending on the nature of the network and tbation of
the failure.
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6 CONCLUSIONS

6.1  Main findings

Current technology and a history of €@ansport suggest that G@ansport through a
dedicated pipeline network and with g@ssels is technically feasible. However,
designing, engineering and operating a,@étwork requires knowledge of G@ows,
pressures and compositions. This report discusses sf the required issues. Dynamic
modeling and information on GQnetering are not tackled in this report. Neveghs)
the available information suggests that there armsurmountable hurdles to
implementing large-scale G@ansport network development.

Specialized firms are able to construct @Ompressors for up to 200 bars with state of
the art technology and proven high availabilitye$a compressors are not available off
the shelf.

It is important that pipeline transport takes placthe dense phase because of the
required transport capacities. Operational expedeatould reveal over time what the
minimum margins in pressure and temperature aredtmal transport in terms of
compression energy and throughput (costs of cormjuresersus the risk of operating
outside the dense phase).

Construction of 1,500 km of CGipelines per year (as projected for the peria2020
2030) on top of existing pipeline markets requaesgnificant construction effort, but
this is certainly not impossible to achieve andawdtof reach technically.

There is an important distinction between offstemmd onshore C{network
development. Offshore construction will requirepgeo planning of equipment/vessels,
but no major problems are foreseen in this areah@m® construction, on the other
hand, will be affected by the fact that there Wwéllarge projects in the natural gas
distribution networks as well, constraining theesi the available skilled work force.
CO;, transport infrastructure development cannot banded as independent from
natural gas infrastructure developments. Onshorgp§@line infrastructure will
therefore be harder to construct than offshorestfucture.

Shipping CQ with vessels to offshore storage locations mighappropriate in the

early stages of a CCS project and for storage allstepleted gas/oil fields. Having the
injection compressors on board the vessel reldhsesffshore platform from the need

of a compressor and logistics for fuel supply oebattric connection to the coast. Later
in time, when volumes have reached such a levebthaffshore pipeline is feasible, or
when the small fields are filled up fully, the shipan be operated in a new CCS start up
or applied for e.g. LPG transport, which makesadheice for shipping of C@Oin certain
cases an option to be taken into account fromkanmiigation point of view.

D3.1.1 Copyright © EU CO2Europipe Consortium 2009-2011



Page 42

6.2 Recommendations

Pipeline construction cost tends to increase apdpgcted to increase further in the
coming decades. It is recommended to constructipgeeas soon as it is clear that CCS
is a viable option for major CGemitters in Europe, in order to minimise the cost.

It is advisable that at a European level, minimuandards are developed for €O
transportation infrastructure (pipeline networksl @hipping). These would include, in
particular, minimum standards for operating pressegimes and allowed impurities,
since these affect the design specifications fpelpie or containment vessel materials,
and also may be needed for welding procedures lagtks, maintenance, safety zoning,
guality and quantity measurement. The developmelarge-scale C@transport could
benefit from dynamic Ce&transport models.

The technology to inject CQn subsurface reservoirs is available today. S@rees
remain, mostly on an operational level. These s$sueude the possible requirement of
heaters when injecting into low-pressure depletesifeelds. Early CCS projects should
be encouraged and supported in addressing thessiss

The feasibility of ship transport is to be demoatd in early CCS projects. Ship
transport can potentially play a vital role in tharly phase of the development of the
CO;, transport infrastructure. It is currently thougjmt the technology for transport and
offshore unloading are available, but the feadipbibf the complete ship transport
system remains to be proven. This should be doeargs as possible.
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