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Project summary

The COZ2Europipe project aims at paving the road atde large-scale, Europe-wide
infrastructure for the transport and injection dd/Ccaptured from industrial sources and low-
emission power plants. The project, in which keskeholders 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@ansport 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 besia case using a number of realistic scenarios.
Business cases include the Rotterdam region, theeRRuhr/Hamburg region, an offshore
pipeline from the Norwegian coast and the develaopgnoé CCS in the Czech Republic and
Poland.

Objectives

The project has the following objectives:

1. describe the infrastructure required for largeesdensport of Cg including the injection
facilities at the storage sites;

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

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

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

5. demonstrate, through the development of the busicases 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 largakscEuropean CCS infrastructure.

This report

This deliverable describes the necessary inpu€foy quality standards, by which is meant the
composition of the C® With adequate COquality standards, the first objective is partlgtm
The CQ composition is the characteristic influencing eacidl every component in the chain
from capture to storage. This report provides infouta CQ quality standard that enables a
safe, reliable and cost-efficient CCS chain.
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Introduction

Transport of CQposes health and safety risks. Under certain tiongj leakage or rupture of a
pipeline can result in the dispersion of £@ith the potential to affect humans and the
environment. CO2Europipe’s scope is on societal @mdronmental aspects but restricted to
external (i.e. safety related) risk to the enviremth In addition, the assessment is restricted to
the CQ pipeline part of the total CCS chain, and to omshmpelines. Risks of CQransport

by ships have not been addres$e@nshore pipeline infrastructure in particular kech in
densely populated areas will pose the highestthealtl safety risks. Safety risks in other parts
of the CCS chain (e.g. capture of £0Or risks associated with GQnjection into the
underground storage) are also beyond the scope.

Comparison of risk figures for various industritdefice involuntary) activities or (energy)
infrastructures and risk figures for the variousneénts in the CCS chain or the various energy
chains may give the public a more balanced viewhemagnitude of the additional risk of €O
pipelines. Purely as an illustration, Figure 1.Ibleprovides a comparison.

Additional fatalities
expected in 2050, if CCS is used at a large scale
0 20 40 60 80 100 120 140 160 180 200
g e
Shipping coal -
Rail transport [ Ee——
Capture .
Fipelnes .
shipping co2 | [
Injection I
Storage I
Figure 4: Result summary: Actuarial estimates of the human cost of 1 GtC of CO?

emissions mitigation by using carbon capture and storage ar 1500 baseload coal fired
power plants.

Figure 1.1 Risk comparison between various stagehe CCS chain based on CCS at 1500
coal power plants (Source: CIRED, 2010)

2 In accordance with the Annex A description of W 3.2 work content.
% See recent report (DNV, 2011) for risks of a€nsport by barge or sea going vessels.

D.3.2.1 Copyright (c),EU CO2Europipe Consortium 2009-2011
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Overview

The activities in WP 3.2 have been divided intorfasks (with leads between brackets):
1. Characterisation and prevention of pipeline rigkagpter 3, Part 1, Gasunie and TNO)
2. Frameworks for risk assessment (Chapter 4, PaiND)
3. (Semi-)Quantitative risk assessment (Chapter 3, RamMNO)
4. Risk Management (Chapter 6, Part 4, ECN)

‘Risk’ can have a much large scope e.g. relatdthémcial and policy risks, organisational risks
or other Health, Safety and Environmental (HSEsisAn overview of such other risks can be
found in the recent EU CCS Network report (CCSNekne, May 2011) showing the lessons
learned from the first year of work on the six C@&monstration projects funded under the
EERP programme. Financial, policy and project rigkes addressed to some extent in some of
the WP 4 case studies (Rotterdam area, Rhine/RuhHamburg area, Karsto case and Poland
and Czech Republic cases, see deliverables DD#.2,2, D4.3.1 and D4.3.2, D4.4.1, D4.4.2,
D.4.3) and in WP 3.3 (Mikunda et al, 2011).

Ongoing permitting procedures of recent or ongoipjects for CCS may include
Environmental Impact Assessments (EIAs). In sucAsElexternal risk and safety to the
environment is usually covered. Examples are threfglecht case in the Netherlands (stopped
due to much local public resistance and a decisjothe Dutch government not to store £
onshore locations) or the ROAD project (one ofshedemos) for which the EIA is due in the
second half of 2011, as part of the permitting pssc

In its final stage of dealing with such externadks, residual risks that are not acceptable
according to risk criteria or norms need to be rmgada In addition, risks that can change over
time will need to be managed, see also (CCSNeteorklay 2011).

Although risk identification, analysis and managemmethodologies for industrial activities
and similar pipeline infrastructure are well esitstiéd, the case of G@ipeline infrastructure is
somewhat different than other pipeline infrastruesu The work conducted in CO2Europipe
and recent other studies indicate the differenoesveays to deal with the peculiarities of £0
transport.

D.3.2.1 Copyright (c),EU CO2Europipe Consortium 2009-2011
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Risk characterisation, prevention and mitigation

Introduction

The scope of this section is to:
- define the threats and consequences relate@©2Zapipeline rupture
- define the possible prevention and mitigation suees

To achieve the goals set in the scope a methodatatigd the Bowtie analysis is used. The
methodology, the results and the conclusions andmenendations will be explained in the
next chapter.

The bowtie analysis has been performed for the rdama event ‘CO2 transport pipeline
rupture'. Another possible hazardous event is Gaadsport pipeline leakage. The leakage case
is not presented here because the threats, comsmgi@revention and mitigation measures are
similar to the rupture case. Also, it is presunteat the CO2 pipeline is located onshore and is
buried. Furthermore, threats like sabotage andriem are excluded from this exercise.

BowTie RISK analysis of CO2 transport

3.2.1 Methodology

The bowtie has become popular as a structured meth@ssess risk where a quantitative
approach may not be possible or desirable. Theessaof the diagram is that it is simple and
easy for the non-specialist to understand. The igl@asimple one of combining the cause (fault
tree) and the consequence (event tree). When tifietriee is drawn on the left hand side and the
event tree is drawn on the right hand side withitaeard drawn as a "knot" in the middle the
diagram looks a bit like a bowtie, as shown in F&g8.1.

Threats + Hazardous Consequences +

Prevention Measures Event Mitigation Measures

Figure 3.1 Schematic overview of a bowtie analysis

A bowtie diagram can be created by defining the:
1. Eventto be prevented

D.3.2.1 Copyright (c),EU CO2Europipe Consortium 2009-2011
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Threats that could cause the event to occur
Consequences of the event occurring

Controls to prevent the event occurring
Controls to mitigate against the consequences.

o~ wn

The bowtie analysis has been performed for therdama event C@transport pipeline rupture'.
Another possible hazardous event is,Gfansport pipeline leakage. The leakage case tis no
presented here because the threats, consequentegrearention /mitigation measures are
similar to the rupture case..

D.3.2.1 Copyright (c),EU CO2Europipe Consortium 2009-2011
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3.2.2 BowTie

The red circular area or the "knot" in the middépresents the hazardous event, in this case 'a
CO;, transport pipeline rupture'.

o The hazardous event

The first boxes to the left of the hazardous evaritich are underlined with yellow black
stripes, represent the threats that can causevém #® occur.

External Carrosion A threat

The final boxes to the right of the hazardous eveptesent the consequences should the event
take place.

Formation of a CO2
A consequence

The boxes between the threat and the hazardous emesent the control measures that are
available and the boxes between the hazardous erehtthe consequences represent the
possible mitigation measures.

B crF
Adding CO2
fetectors wih Control or mitigation measures

automated alarm

D.3.2.1 Copyright (c),EU CO2Europipe Consortium 2009-2011
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The control and mitigation measures can be dividexdifferent categories.
Table 3.1 provides an overview of the codes useddntrol and mitigation measures.

Table 3.1 Overview of control/mitigation measuredes

Code Description

co Communication

DE Design

DF Defences

EC Errar-enforcing conditions
HI Housekeeping

HywY Hardware

[E] Incompatible goals

bl Maintenance Management
OR Crganisation

PR Procedures

TR Training

In Figure 3.2 the result of the bowtie analysigigen for the hazardous event 'C@ipeline
rupture'

It is explicitly stated that the control to thedht faces threats of its own. For example, a cbntro
to the threat 'Internal Corrosion' is ‘removal ofOHand impurities'. However, when this
removal process is interrupted or incomplete, thetrol can be rendered useless. In other
words, the control measures also have failure gaqgies.

D.3.2.1 Copyright (c),EU CO2Europipe Consortium 2009-2011
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= . DE . DF . DF . DE . MM
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Figure 3.2 Bowtie figure (COpipeline rupture
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3.2.3 Threats

It is presumed that the G@ipeline is located onshore and is buried. Furtizee, threats like
sabotage and terrorism are excluded from this eeerc

In the next paragraphs the threats that can leddet@vent C@pipeline rupture are discussed
briefly.

3.2.3.1 External Interference / Third Party Damage

O External Interference
Bl Construction defect / Material failure
[ Corrosion
49'6%I:| Ground movement
E Hot-tap made by error

M Other and unknown

According to European Gas Pipeline Incident Dataugror EGIG D. van den Brand, et al.
2009 External interference is the biggest threaefdoto a gas transport pipeline. The EGIG
database, which dates back to 1970, shows thabeipmately 50 percent of registered gas
transport pipeline incidents were the result okex4l interference. According to P.M. Davis, et
al. 2008, the main cause for spillage incident€wofopean oil is also external interference of
third party activity.

The fact that gas transportation pipelines areelouconstitutes the first line of defense against
external interference. The deeper the pipelinaiiged, or the higher the depth of cover, the less
likely it will be hit by a third party.

At those points along the right of way of a pipelinhere the depth of cover is not high enough
physical barriers like concrete slabs are useditmate the risk by lowering the hit frequency
of the pipeline.

The pipeline markers that are located along thiet rigf way of a pipeline aim to signal people
that a pipeline is present and care should be tak®mm performing digging activities in the
area.

In the Netherlands, as well as in numerous othent®s, one-call systems are introduced.

When a contractor/farmer etc. plans on diggingishebliged to call an agency to inform them
of the work to be carried out. The agency will gasat whether utilities (pipelines/cables etc)

D.3.2.1 Copyright (c),EU CO2Europipe Consortium 2009-2011
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are present in the area and if so, tells them geziic location of these utilities. Often a
representative of the transport system operatdbeipresent during the digging activities.

In addition, the main transport system operatoisuae, has an inspection program. Every two
weeks a helicopter performs a flight along the renjas network to see whether digging
activities take place without Gasunie knowing akibut

Another way to lessen incidents as a result of raateinterference is public education.
Normally, no one intentionally damages a pipelis@ public knowledge about procedures and
the dangers of digging in the vicinity of gas tqamgation pipelines is important

Preventing Control Examples

Depth of cover For example >1,5 metres

Physical Barriers Concrete slabs above the pipeline

Pipeline markers Markers along the right of waagiipeline

One call system Centralized agency to provide lonat of
utilities to parties who plan on digging

Inspection Program e.g. Inline Inspection or DCVG

Public education

3.2.3.2 External Corrosion

7.3% O External Interference
B Construction defect / Material failure
B Corrosion

49.6%
15.4% ° @ Ground movement
E Hot-tap made by error

B Other and unknown

According to D. van den Brand, et al. 2009 and FDdvis, et al. 2008 Corrosion is the third
biggest threat to a transport pipeline.

External corrosion includes atmospheric corrosind subsurface corrosion. When the coating
on the pipeline is damaged and the pipe steelpssed to a humid environment, it will suffer
from atmospheric corrosion. Moisture, g@ontamination of chemicals such as chlorine; SO
etc. and high temperature, can enhance the comrasiicsteel. Atmospheric corrosion is a
relatively rare failure for most of pipelines. Masftpipelines are buried in soil and soil is often
an effective electrolyte. So pipelines suffer sufzsie corrosion more than atmospheric

D.3.2.1 Copyright (c),EU CO2Europipe Consortium 2009-2011
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corrosion. The soil corrosivity, pH, microorganism the soil, temperature, stress etc. can
promote the corrosion process.

The coating of a pipeline should ensure that RO ldan reach the outer surface of the pipeline
so that corrosion can't take place. However, treeadways a risk that the coating does not cover
the pipeline completely. Especially the coating tlsaapplied in the field around the welds is a
critical component, since the procedures are nwedys carried out correctly.

The second line of defense is the Cathodic Pratecystem (CP system). The pipeline metal
can be protected as cathodes by applying impresseént or artificial anodes. When the
potential of a metal is below its corrosion potahiti is protected.

Another control is regular inspection and mainte®anA distinction can be made between
direct inspection and indirect inspection. Runninfylagnetic Flux Leakage inline inspection
tool through a pipeline will give you direct infoation about the level of metal loss in your
pipeline (internal and external) and measures cariaken or planned to prevent corrosion
defects from becoming critical. Direct Current \&gle Gradient (DCVG) measurements on a
pipeline can give you information about coatingede$, which are an indication that corrosion
might be taking place (when the CP system is fgjland actions could be necessary.

In order for DCVG to deliver accurate measuremémssoil has to be conductive. When some
water is present in the ground DCVG will work bekt.dry areas measurements will be
inaccurate, but because of the absence of wateprtbbability of active corrosion will be low
anyhow.

Stray current from electric railways, grounded D&@vpr or AC power transmission facilities

may cause coating or metal damage at areas whereuthent leaves the pipeline to enter the
soil or water. The common mitigation measures ideluinterference bonds, isolators,

intentional anodes, and cathodic protection.

Another form of external corrosion is Microbiologlly Influenced Corrosion (MIC)
Microorganisms contribute to corrosion by formingevdices, forming concentration cells,
forming acids, concentrating halides, mineral ac@®monia or hydrogen sulfides, and by
destruction of coatings. Cement or polyester cgatiin good conditions, can be effective in
preventing MIC by shielding the metal surface frorganisms.
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Preventing Control Examples

Coating e.g. Polyethylene or coal tar

CP System Impressed current

(Inline) Inspection and Maintenance Monitoring nhédas and planning repairs
Stray current control e.g. Insulators

3.2.3.3 Internal Corrosion

According to, D. van den Brand, et al. 2009 and .FDdvis, et al. 2008, corrosion is the third
biggest threat to a transport pipeline.

Internal corrosion is pipeline wall metal loss anthge caused by a reaction between the inside
of the pipeline and the product being transporia. CO, poses no threat to steel, but with
presence of free water, corrosion can be promateplurities such as oxygen, chlorides; 3
organic acids, precipitates or sulfur-bearing coomus may enhance corrosion. Pitting and
crevice corrosion are commonly seen in cases efnat corrosion. Removal of free water and
impurities, adding dehydrator, and using internaitmgs are valid methods to protect the
pipeline from internal corrosion.

Preventing Control

Removal of HO and impurities
Adding dehydrator

Adding inhibitors and biocide
Internal coating

Control of impurities in CQ

(Inline) Inspection and maintenance

3.2.3.4 Stress Corrosion Cracking (high-low PH)

Stress Corrosion Cracking (SCC) refers to theatdn or acceleration of a cracking process
due to the conjoint action of a chemical environtakand tensile stress. The stress can be due
to applied loads or a residual stress from fakivcatCarbon steel in carbonate solution and
hydrogen sulfide under load may suffer from SCQGes&4 corrosion cracking is difficult to
detect and SCC failures are not predictable. Trezesf can be highly localized. The high stress,
high pH level and high temperature are contribufiagfors. The presence of certain bacteria
such as sulphate reducing bacteria (SRB) will iaseethe risk. The materials with high ductility
and high fracture toughness are less susceptilB€©@.

Selecting suitable material, controlling the ope@ratonditions such as low pressure and stable

temperature, in a benign environment, is the bestlition. Any method that lowers stress
concentration of the pipeline and the occurrendea#lized corrosion can relieve the SCC.
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Preventing Control Examples
CP system
Thoughtful/responsible operation Minimizing presgsuariations

Temperature control

3.2.3.5 Wear by particles in the CO, flow

Erosive wear (erosion) can happen inside the gifelines. Erosion is the loss of material due
to wear caused by the moving fluid or suspende@soA joint process of corrosion and
erosion in the presence of a flowing corrosive,@an lead to the accelerated loss of pipe
material. High liquid velocity and turbulence, ertred solids and bubble collapse due to
cavitation can cause serious erosion near elb@es, orifices and control valves, Antaki, 2005.
To prevent erosion, carbon steel can be clad wilyer of material more resistant to erosion.

Preventing Control Example
Removal of dust / Use of filters / Scrubbers Cantirith erosion resistant material

3.2.3.6 Interaction between CG, and infrastructure materials

In the design phase care should be taken whentisglébhe materials used in the system. The
fact that CQ s transported can lead to different material proprequirements.

Dense phase GO can damage some elastomer sealing materials. Higbmeter(>90)
elastomer seals are normally specified. (Viton gabeats and Flexitallic, nitrile and EPDM
gaskets are often used in the USA for,@pelines, J. Gale, et al. 2004.

Preventing Control
Proper Design
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3.2.3.7 Natural threats

O External Interference
B Construction defect / Material failure
@ Corrosion
49.6% O Ground movement
@ Hot-tap made by error

M Other and unknown

Forces exerted on the pipeline by natural occuaeti&e landslides, earthquakes or settlement
can be high and in some cases can lead to faifutee@ipeline. The main mitigating measure
is an appropriate selection of the right of way.

Preventing Control Examples

Right of way selection Using knowledge of subswfacand
subsequent likeliness of earthquake/landslide
etc.

3.2.3.8 Design & Construction errors / Material flaws

4.6%
7.3% O External Interference
B Construction defect / Material failure
@ Corrosion
49.6%

15.4% O Ground movement

@ Hot-tap made by error

B Other and unknown

15.5%
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In order to minimize the occurrence of design andstruction error and flaws in the used
materials several controls can be identified. Fok@ll, the transport company only selects
suppliers that can show a suppliers declaratiorthi declaration it should be stated that the
materials and the procedures are in compliance thighnational and international norms and
standards (e.g. NEN 3650, EN10208-2, 1SO03183, #3M03). Next to requirements on

material properties the standards also dictate Wwhat of quality control is necessary. For

example, in NEN 3650 it is stated that a hydrosgsiuld be performed before taking a new
pipeline in operation.

Besides the national and international standardsryecompany can define supplementary
requirements in company standards. Because atdheent no

(international) standard for GQransport pipelines exist, it is advisable that,Cfpecific
requirements are set in these company standards.

The design of C@transportation pipelines should be conducted wighthreat of a C&loss of
containment in mind. This could mean that additioequirements on materials, design, testing
and commissioning are needed.

Preventing Control
Quality control
Proper design

3.2.3.9 Fatigue

Fatigue is a progressive and localized structureadge caused by cyclic tensile stresses. The
cyclic stresses can be due to mechanical loadsierta thermal cycling. Cracking proceeds
perpendicularly to the tensile stress and is uguadnsgranular. In a corrosive environment,
corrosion fatigue can occur at lower stress legals progresses at a faster rate than fatigue in a
noncorrosive environment. Carbon steel has an andarlimit, a stress below which fatigue
cracking will not occur. The endurance limit isan order of 30 percent of the ultimate strength
of the metal.

Preventing Control
Proper design
Maintenance/Monitoring

3.2.3.10 Hydrogen Induced Cracking

Hydrogen induced cracking is caused by absorptiohydrogen into the material to cause
degradation in mechanical performance. Hydrogenehasnsiderable accelerating effect on
crack growth in susceptible steels. Hydrogen cagémerated by welding, corrosion, cathodic
protection and biological activity. If the pipelimeetal is exposed to an anaerobic environment
where sulphate reducing bacteria (SRB) are pre&RB will be active in the areas where
hydrogen is generated under cathodic protectiopdrétien sulphide produced by the SRB can
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promote hydrogen absorption into the steel whiculte in hydrogen embrittlement. In this
case the application of antibacterial coatingsastiwvhile.

Preventing Control
Anti-bacteria coating

3.2.3.11 Errors made during repair/maintenance

4.6%

7.3% O External Interference
B Construction defect / Material failure
@ Corrosion

(V)
49.6% O Ground movement

15.4%
@ Hot-tap made by error

B Other and unknown

15.5%

Wherever people are working, people make mistakiegortunately, a mistake in the gas
industry can have disastrous consequences. In tirageinimize the occurrence of mistakes it is
important to work according to procedures and regeality control system in place.

Preventing Control
Quality control/procedures

3.2.4 Consequences of the event
In the next paragraphs the consequences of the €@rpipeline rupture are discussed briefly.

It is possible that a rupture of a €@ipeline is the triggering event for another hdpais event
to occur, for example the failure of a parallelurat gas transport pipeline. In the selection of
possible consequences these so-called domino®#eziot taken into account

3.2.4.1 Formation of a CO, cloud

Because the density of G@ the gaseous phase is higher than that of &g,las the tendency
to form a cloud that covers the surface. Breath@ is extremely hazardous to people. A
continuous exposure at just over 2 percent canecdegressions of the central nervous system.
At concentrations higher than 10 percent it carseaevere injury or death due to suffocation.
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To warn people around the pipeline when G®present in the surrounding atmosphere; CO
detectors with an automated alarm could be instadie critical points in the COtransport
infrastructure. In general it is advisable to resplbe safety distances that apply for the pipeline

When a loss of containment is detected and is dersii dangerous the people in the
surrounding area have to be evacuated. The bldelesdave to be closed and the remaining
gas in the block segment has to be vented.

Mitigating Control
Installing CQ detectors with automated alarm
Respecting the safety distances

3.2.4.2 (Physical) explosion
For (physical) explosion hazards, safety distame@sbe defined and respected.

Mitigating Control
Respecting the safety distances

3.2.4.3 Fracture propagation

Fracture propagation is a problem in pipelines eging gas or liquids with high vapour
pressures. Fractures can propagate in either the Mrittle or fully ductile modes for long
distances, and in theory, could propagate almalfinitely. In the literature on C(pipelines,
many authors have indicated that ductile fractumpagation may be an issue and indeed, the
requirements to consider fracture propagation in, @elines is included in the federal
regulations in the USA.

In the design of gas pipelines, the fracture apesssure is generally controlled by specifying a
required material toughness.

When the pipelines are not designed with sufficienighness to arrest propagating ductile
fractures it is common to install crack arrestdosi@ the pipeline.

Mitigating Control
Crack arrestors

3.2.4.4 Economical & Environmental effects

When a rupture of a G(pipeline occurs it is inevitable that a considéaimount of CQis
released into the atmosphere. Because emission @f i€ considered harmful to the
environment an emission trading system is in plabere the polluter has to pay a certain
amount of money per ton of GOl'he current 'price’ of CQOs between 10 and 20 €/ton €0

A blockage of the C@flow will also have its effect on other parts betCC(T)S chain. It is
advisable to design the infrastructure keepingptbesibility of a rupture in mind.
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Mitigating Control
Block valves
Vent remaining C@to atmosphere

3.2.4.5 Noise effect

A rupture of a C@gas transport pipeline will produce a large amaintoise. People who are
near the event should wear their personal proteati@asures to minimize damage to their
hearing.

Mitigating Control
Personal Protection Measures

Discussion

A Bowtie diagram gives a clear overview of the @muand consequences of hazardous events.
It shows transport system operators what methodsbeaused to prevent an event and what
actions need to be taken to mitigate the damatipsievent takes place.

Statistical analysis of incidents in the oil and gadustry reveals that some failure causes are
more likely to cause damage to the pipelines thharacauses.

A risk assessment such as risk matrix analysis Ineagecessary to indentify the risk levels of
threats. Risk assessment can be based on eithéfatium or quantitative methodologies.
Qualitative assessments are based on experienceergideering judgment. Quantitative
assessments use engineering disciplines to setitipgsoand develop programs for system
inspection.

The following equation is commonly used as a didin of risk, Roberge, 2007.
Risk = probability of failure (POF) x Consequendéailure (COF)

where the POF is based on failure frequency or i@nglifetime, while the COF is usually
related to safety, health, environment, and ecoosissues.

A risk matrix method is an example of qualitatiikrassessment It uses a matrix dividing the
dimensions of frequency (POF) and consequence (@@& typically three to six categories.
Risk matrices can use quantitative definitions he frequency and consequence to rank the
risks of the each hazard or each box on the riskixn@ee Figure 3.3(Roberge, 2007). In the
matrix A represents very low (VL), B low (L), C miach (M), D high (H) and E very high
(VH) level effect on the environment and publicetgf If an event happens frequently and has a
fatal effect on environment or public safety, tlver is located in the high risk region.
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It is worth mentioning that the risk matrix methbds its limitations. For example, it may
underestimate total risk by ignoring accumulatidsroall risks, because sometimes many small
risks can accumulate into an undesirably high tosal

Bowtie analysis combined with risk matrix assessseaan help regulators and transport
system operators to make regulations and/or remeinés for the design, construction,
operation, inspection and maintenance of the ttahsport systems.

5 High risk
.?_’." 4 Mediumthigh risk
g 3
L
2
O 21 Lowrisk Medium risk

1

A B C D E
Consequence

Figure 3.3 Risk Matrix

Conclusions & Recommendations

A Bowtie analysis has been performed to give amwaew of the threats and consequences of a
rupture in a C@ transport pipeline. The prevention methods andgatibn measures if a
rupture occurs are described.

Literature shows that the main threat to a trartspipeline is 'external interference’, followed
by 'material and/or construction failure' and 'osion’, see Appendix A.

Special care should be taken in the design phaseQfl transport pipeline since the fact that
CGO;, is transported can lead to different requirementshe materials used. When pipelines that
were designed for another purpose that @&nsport are used this goes without saying.

A Bowtie diagram combined with the risk matrix medhcan be used to assess the risk in CO

transport systems to help regulators and operatngpany to make regulations for the design,
construction, operation, inspection and maintenarfitke CQ transport systems.
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Appendix A to Chapter 3: Risk characterization, prevention and
mitigation

There are 54 spillage incidents in European crossHry oil pipelines in 5 years (2002 — 2006)
(Davis, Dubois et al. 2008).

Table 3.2 Five-year comparison of spillage inctdehy causes in European oil pipelines
(2002-2006)

Failure causes times %

Mechanical failure 29.6
construction 7

material 9

Operational 3.7
system 2

human 0

Corrosion 20.4
external
internal
stress corrosion cracking 1

Natural hazard 1.9
subsidence 0

flooding
other
Third party activity 44.4
accidence 13

malicious
incidental

— O w

A~

Table 3.3 There were 10 incidents in Ogpelines in USA in the 1990-2001 period J. Gate,

al. 2004.
Failure causes times %
Material Relief valve, 4 70
Weld/gasket/valve packing, 3
Corrosion 2 20
Outside force 1 10

Table 3.4 The principal causes of pipeline accislémtnatural gas pipelines in the USA in the
1986 -2001 period J. Gale, et al. 2004.

Failure causes %
Material 13
Corrosion 32
Outside force 35
Operator error 3
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Other 17

Table 3.5 Incident causes percentages in natusapigalines in Europe (EGIG data D. van den
Brand, et al. 2009)

Cause Overall Percentage [%)]
External Interference 49.6

Construction defect / Material Failure 16.5

Corrosion 15.4

Ground movement 7.3

Hot-tap made by error 4.6

Other and unknown 6.7
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Frameworks for risk assessment

Introduction

This literature survey is focussed on the questi@ould releases of GQluring incidents endanger the
safety of the outside world? The reason for theresuiis the fact that large scale transport of, @O
relatively new. In addition CObehaves differently from other transported sulzstanwhich introduces
more uncertainties for risk and effect calculations

In the USA and Canada long distance transport ipipglfor CQ are already in use. The operating
pressures vary between 100 and 200 bars. Moskséthipelines are located in remote, non-populated
areas. The COis mostly used for Enhanced Oil Recovery (EOR)Nbrway (Statoil) a 200 bar off-
shore pipeline is in use. In the Netherlands al€p i8S transported, however, at much lower pressures
and at a much smaller scale: 10-22 bar (Zoetermeer)

For CCS (Carbon Capture and Storage) projects tist likely option for CQtransport is transport as a
dense liquid as this is the most economical wayaddition, the C@will be transported at pressures
above its critical point (Rica=72.9 bar) to prevent two-phase flow under nornparating conditions.

However, in case of an accidental release the anwudO, released from the pipeline is larger in case
of liquid or dense phase transport than in caseapbur transport. In order to be able to assesethe
risks, proper validated models for the outflow amgpersion of CQare needed.

Effect and risk calculations are the tools to anstire question about safety during C@leases.
However, the situation is complicated due to tHéedint tools that are available. Before presentirg
results of the literature review, the risk assesgnuncepts are briefly outlined in Section 4.4.2,
examples of safety approaches for pipelines in iare presented in Section 4.4.3. Section 4.4rfsst
with the elements of effect and risk calculationsl @resents which of these elements are presemted i
the various literature sources.

Effect and risk calculations

4.2.1 Safety policy

Effect and risk calculations play a role in theesgfpolicy of industries, of the competent authesiton
external safety and of the emergency servicesofti@nization of safety policy may be describedHsy t
so-called safety chain. The safety chain consiktéve links. The role of effect and risk calcularis
varies depending of the link in safety chain tlsatonsidered.

The five links of the safety chain are:
1. removal,
2. prevention,
3. preparation,
4. repression and
5. aftercare.
They are discussed below.
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4.2.1.1 Removal

Removal refers to the removal of structural cauddszards, especially in the field of land-usenplag
and infrastructure. An example is the creationroiralustrial area where safety aspects can be iaken
account at an early stage.

4.2.1.2 Prevention

Prevention refers to the restriction of risks andidents, for example by making demands in perfoits
building and permits for storage and transport afigerous goods. Upholding of these permits is the
next step.

4.2.1.3 Preparation

The preparation on the control of accidents andstéss requires a strategy, supply of information,
instruction and training of employees and the &itjan of tools.

4.2.1.4 Repression

Repression refers to the actual combat of the antignd the provision of subsequent relief.

4.2.1.5 Aftercare

Aftercare refers to the return to normality. Thase the medical and psychological care for victand
relief workers, handling of claims and taking caféhe environment. Also evaluation by the authesit
and giving account for the followed procedurespas of the aftercare link.

Risk calculations are vital input for the first g¢lerlinks in the safety chain: pro-action, prevemt@md
preparation. In order to understand the signifieapiceffect and risk calculations an introductiorrisk
assessment is presented in section 4.2.2.

4.2.2 Risk assessment: how are target groups affect ed?

Public safety involves the prevention of and pristecfrom events that could endanger the safethef
general public from significant danger, injury/haomdamage.

When tasked with the safety assessment of a proghatinology or process various parameters
should be considered. The choice of the mosthldei@ssessment method will depend on these
considerations. The following should be taken extoount:

What is the target group (personnel, customers,gdreeral public, other equipment) that might
suffer adverse consequences (domino effects)?

In which stage of development is a process (deséggineering, construction, commissioning,
operation, maintenance, decommissioning)?

What type of regulations applies (e.g. prescrileethhiques, specific norms and criteria, probamslist
or deterministic assessments)?

Is a quantitative or qualitative assessment red@ire

What is being considered: undesired events (actsylen safety during regular use (operational and
workers safety)?

What is the purpose of the assessment, e.g. |dtting a safe location for a process (unit), or
selecting the safest process from a range of aliiggs (relative ranking), or assessing safety in
comparison to other processes or techniques (bear&imm)?
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What are the input data requirements and how matdid available at the time of assessment; i.e. is
the technology new (which means limited data idlalbke), or is the technique tried and tested and
has safety relevant data been collected?

In the context of this survey the events that camdanger the safety of the outside world are seleaf
hazardous materials during incidents. Releasesapérdous materials may occur at companies that
produce or use those materials or during transpothese by rail, road, water or pipeline systems.
Hazardous materials are flammable, explosive dctoxemicals that may form a threat for public treal

or can cause damage to buildings and constructions.

An important element of a safety analysis in tloatext is the determination of the distance at twhic
damage may occur as a result of an accident witardaus substances. This is the so called “effect
distance”.

This is illustrated by the presentation of an aeotdwith a pipeline transporting petrol, see Figlire .
Discharged petrol forms a pool and is put to figsuiting in a ‘pool fire’. The radiation of the fies
may cause injuries to people in the neighborhoodamise damage to buildings, installations or other
targets.

Risk analysis focus on the question: how are taggaips affected by a release of hazardous material
There are various approaches to perform risk aesalifsat are described in section 4.2.3

Pipeline accident with natural gas

I Damage area

Effect distance
related to damaae

<«

Distance to exposed people and |

Figure 4.1 risk assessment — effect distance

4.2.3 Risk assessment: various approaches

Risk assessment is a structured procedure to eégadualitatively and/or quantitatively the levelragk
imposed by hazard sources [8].

Due to political, cultural, structural, technicaidaother differences there is no unique procedorreisk
assessment in the European Union [21].

The risk assessment of major accident hazardsegnooiped into three broad categories namely:

- The establishing of generic distances

- The consequence based risk assessment

- The ‘risk based’ risk assessment

The latter two are both Quantitative Risk Analysisthods.
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4.2.3.1 Generic safety distances

The development and use of generic safety distandessed on the principle that uses of land whieh

not compatible with each other should be separdibd. extent of this separation zone is assumed to
depend only on the type of industrial activity or the quantity and type of the hazardous substances
present. The generic approach can provide a sepatatween the developments and the hazardous
activity. The safety distances usually derive frexpert judgement and are based on historical tiata,
experience from operating similar plants, roughsegjuence estimates or on the environmental impact
of the plant [8].

4.2.3.2 Quantitative Risk Assessment (QRA)

In a Quantitative Risk Assessment (QRA) all acciader_oss of Containment (LOCSs) scenarios
are fully quantified and the results are comparedsk acceptance criteria. If risk acceptance
criteria are met no safety measures or Layers éériae (LODs) are required. If risk criteria are

not met measures need to be taken. Such measurfgecaither preventive, i.e. LODs in the

fault tree, or mitigative, i.e. LODs in the evergd.

Risk acceptance criteria might be a result of comggeaolicy (often the case if effects stay withire th
boundaries of the site) or may be set by regulgt@ingch is usually the case if effects extend belysite
boundaries - the domain of external safety).

The consequence based risk assessment
The consequence based risk assessment considers
- The distance at which a hazardous concentratioarsagith or without accounting for the duration
of the exposure.
- The distance at which thermal radiation reachéseshold value for thermal effects
- The distance at with overpressure reached a thicktroundesired effects (e.g. eardrum damage)
Various hazardous concentrations/threshold valtegause [8] :
- The lethal concentration (LC1%) is the concentratiorresponding to 1% lethality for toxic releases
The IDLH (Immediately Dangerous for Life and Healtor toxic releases
The ERPG-2 (Emergency Response Planning Guiddbnépxic releases
SLOT: significant level of toxicity
SLOD: significant level of death
Thermal radiation corresponding t8 8egree burns
The overpressure corresponding to eardrum rupéuge 140 mbar) for explosions
Another designation for consequence based riggsasgent is deterministic risk assessment

The ‘risk based’ risk assessment

Quantitative Risk Analysis (QRA) is a method foraqtifying the risk and physical effects of induaitri
installations with hazardous materials. First theident scenarios are identified followed by the
determination of the physical effects (outflow pbewna, gas dispersion). Dangerous levels of
hazardous gas may lead to casualties and/or ligthBbr every scenario and corresponding effect and
damage, the probability is to be determined. Neattesponding probabilities and damage calculations
are multiplied and added to calculate the totd. ris

Another designation for the ‘risk based’ risk assesnt is the probabilistic risk assessment

4.2.4 Variability of the risk assessment procedure

In paragraph 4.2.3 the various approaches of aasslessment are presented. However, even for the
same approach the outcome of a risk assessmentanague to a number of factors:
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- The hazard identification phase may be criticablose the role of expert judgment is fundamental.

- The estimation of scenarios’ frequencies by thdyatemay differ.

- The effect models do have limitations: for instatfoey are valid for a restricted temperature range
or not applicable for the particular behavior ¢ tthemical of interest.

Therefore it is important to have apprehensionhef uncertainties in assumptions, data and caloulati

methods of a risk assessment. These topics wiismeissed in this report.

4.2.5 The role of risk assessment in Land-Use-Plann  ing (LUP)

In the introduction it is stipulated that risk assment is of importance in various links of theesaf
chain. In the Pro-Action link Land-Use-Planninguies are of great importance. In countries where the
risk-based approach is in use, two measures ofarsldetermined: the individual risk contour and th
societal risk curve. For both risk measures catare in use.

The individual risk criterion is applied for thegpection of each individual against hazards invagvi
dangerous chemicals. The societal risk critericastablished for the protection of the society ragfahe
occurrence of large scale accidents.

In countries where the consequence based risksmssatis in use, the extent of consequences is the
only criterion for LUP. In Table 4.1 an overviewpsesented of the land-use planning practicesen th
European Union [8].

Table 4.1: Overview land-use planning practicethenEuropean Union (1999)

Country Generic  Consequenc Risk based Land-use Arrangements
safety e based approach  planning still being
distances approach criteria developped

Austria X

Belgium X (Wallonia) X X

(Flanders)

Denmark X

Finland X

France X X

Germany X X X

Greece X

Ireland X

Italy X

Luxembourg X X

Netherlands X X

Portugal X

Spain X X

Sweden X X X

United Kingdom X X

A more recent paper [21] provides a review on tmplémentation of article 12 of the Seveso Il
Directive, providing information on industrial riskand LUP in several selected EU member states. Thi
reference is highly recommendable reading, for méwésk analysis approaches are described and the
link to LUP issues is outlined.

Specially the Annex of this document is of interegiereas several selected practices systemataraly
described for the EU-members United Kingdom, Fraitedy, Germany and The Netherlands. For each
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of these five countries separately the followingmis are explained in detail (including a list oé th
selected countries references and web links):

Background (countries history — present charadiesjs

Operation permits procedure

Territorial governance and planning instruments

Planning procedure

Systematic method in use for land us planningskyriareas

What ‘tolerable’ means in the countries regulatiostatus of adopted criteria
Environmental assessment

Subjects and competences: transparency of thegwecmvolvement of the public

Norway, Poland, Sweden and Czech Republic areneotioned in the two references [8,21]. Together
with United Kingdom, The Netherlands, France andn@my also these countries risk assessment
practice is discussed in the next chapter.

Safety Approaches for Pipelines in Europe

The first approach to ensure that pipeline systeperate ‘safely’ is to design, construct and operat
pipeline systems according to the relevant starsdgoderning the safety of pipelines. This Sectidlh w
discuss the 4 levels for standard pipelines in geirand discuss the local pipeline safety regulatian
Germany, the Netherlands, France, Norway and the UK

4.3.1 European standards for Pipelines [24]

There are 4 levels of standards for pipelines iroge.
European Gas Directives that focus on common ridegransmission, distribution, supply and
storage whereas also specific directives are ingpow
European Standards (ISO, CEN) cover aspects cdngettme design, construction and operation of
safe pipelines.
National regulations or specifications for desigmnstruction and operation of pipelines based en th
European Standards
Particular safety aspects incorporated in natiagaslation, codes or specifications
None of these standards has been specifically desel for CQ. Recently a document has been
published with recommended practices for,@{peline design and operation. [19]

4.3.1.1 European level

First Gas Directive 98/30/CE in 1998

Second Gas Directive 2003/55/CE in 2003

(Common rules for transmission, distribution, sypgohd storage)
Specific Directives (Seveso, PED, ATEX...)

4.3.1.2 International /European Standardization (1ISO, CEN)
Basic Functional standard: EN1594:2000 — For cdateee ANNEX A
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4.3.1.3 National regulations based on European Standards example UK

European standards implemented in the UK as Briklslimative Standards (BS EN series) and
supported by published documents (such as thesBr&tandards PD Series) provide a sound basis for
the design of pipelines.

European Harmonised Standard: BS EN 14161: Petroland natural gas industries — Pipeline
transportation systems.

European Harmonised Standard: BS EN 1594: Gas $@ystems - Pipelines for maximum operating
pressure over 16 bar - Functional requirements.

4.3.1.4 Particular safety regulations

For a few countries particular pipeline safety tagans are described in section 4.3.2. They asé ju
examples to show the various approaches. All camiepresented among ¢Edropipe participants are
included.

4.3.2 Pipelines Safety Regulations - examples

4.3.2.1 Pipelines Safety Regulations — UK

The principal legislation governing the safety giglines Pipelines Safety Regulations 189as goal
setting requiring that pipelines are designed, tanted and operated so that the risks are as $ois a
reasonably practicabl&(ARP™). In judging compliance, HSE expects duty-holderapply relevant
good practice as a minimum. For new plant/instialte/situations, this will mean the application of
current good practice. For existing plant/instadias/situations, this will mean the applicationcofrent
good practice to the extent necessary to satigfydalevant lawALARP and use of good practi€d.

In the pipeline industry there are many well estileld standards, covering design, operations and
maintenance of UK sector major accident hazardlipigg both onshore and offshore, which can be
used to demonstrate risks are ALARP. If a duty Boldishes to use other standards, recommendations
or guidance then this may be acceptable, provideg tan show that they achieve equivalent levels of
safety. A gap analysis should be undertaken toirorthis.

In the UK CQ will be treated as if it were a “dangerous fluidider Schedule 2 of The Pipelines Safety
Regulations (PSR) 1996. That designates the ppeaia “major accident hazard pipeline” (MAHP)
under Part Il of the Regulations (see http://wwse.lgov.uk/pipelines/hseandpipelines.htm), meaning
that a “major accident prevention document” (MARigeds to be prepared under Regulation 23. Under
this, the operator needs to demonstrate that:

all hazards relating to the pipeline with potenttatause a major accident have been identified;
the risks arising from those hazards have beematel [i.e. a risk assessment];

the safety management system is adequate; and

the operator has established adequate arrangefoeatgit and for the making of reports thereof

One should be aware that there are other additi@uplirements for an MAHP including notification
(Regs 20 & 21) and emergency plans (Regs 24 & 25).

There is an Approved Code of Practice (ACOP) ferRSR, which sets out in more detail how the four
items (bullets) above should be addressed in th@MAocument. This will obviously need adapting for
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the particular risk characteristics of €O Therefore the following references would be wered
relevant:

The DNV Code of practice DNV-RP-J202 [19].

IGEM/TD/2 “Application of pipeline risk assessmewt proposed developments in the vicinity of
high pressure Natural Gas pipelines”, again altacgrding to the characteristics of £O

The main pipeline standards in use in the UK arePB®8010 Part 1 and Part 2. Natural gas also
uses an additional guidance document — IGEM/TD1.

Additional UK (safety) regulations can be foundtba links below:

http://www.hse.gov.uk/pipelines/fags.htm#mhlupassemnt
http://www.hse.gov.uk/gas/supply/information.htm
http://www.hse.gov.uk/pipelines/co2conveying.htm
http://www.ucl.ac.uk/cclp/ccsdata.php

4.3.2.2 Pipelines Safety Regulations — Norway
Norway has a risk based safety approach. Norwegigulations specify that risk analyses should be

performed to identify risks. The operators howeaes free to use the tools they themselves consider

appropriate. Operators may include what is evatlittebe relevant (and thus also allowed to exclude
issues evaluated as not relevant). Each compaalgasexpected to establish their own risk accegtanc
criteria, meaning that the same risk level may besiered as acceptable for one company, and
unacceptable for another. The philosophy is theh @mpany is forced to do a realistic and thorough
evaluation of what they are doing, rather thanofsihg a "common recipe”. To a large extent the
authorities' task is to evaluate and regulate thg @perators work and think, rather than evaluatiiveg
detailed results of each analysis.

In Norway, specific regulations related to £gipeline transport have not been establishedbygtithe
authorities are in the processing of developinghsegulations.

It is expected that the same principles will apfdy CO, transport as for petroleum related pipeline
transport. Regulations already in place for thegbetim industry are functional requirements, spy@aif
what is to be achieved rather than what shouldooe ¢h details.

A summary of the Norwegian pipeline (safety) retjalas can be found on the link below:

http://www.ptil.no/requlations/the-continental-shatticle4246-87.html

this is a condensed version of the Norwegian sa#guylations, and in particular the last half af thxt
is informative. The above link contains furtheikirto regulations and standards.

4.3.2.3 Pipelines Safety Regulations — NL (Decree Public fdy Pipeline
systems)

Zoning plans

According to the concept-Decree, municipalitiesa@rkged to consider the Individual Risk ContowR)|
and the Societal Risk when zoning plans are deeelopor IR the 18 contour is the limit value for
vulnerable objects and a guide value for reducédevable objects. Societal risk must be justifigthim
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the area of influence of the pipeline system. Faonmable substances that extends to just outsed&Gh

® contour, for pipeline systems with natural gas ehemicals the area of influence has to be caledlat
on an individual basis. Besides in each zoning pleece is allocated for maintenance activitieshan t
pipeline: in a strip of minimal 5 m at both sidefstioe pipeline applies a building ban and a permit
system for constructions.

Obligations pipeline operator

At the construction or replacement of pipelinepimciple the 1§ contour should be located within 5
meters of the pipeline. Further all modificatiom®usld fit within the zoning plan. The pipeline optar
informs the Risk Registration Office Hazardous Miale about the modifications. In addition the
concept Decree contains a provision concerningdiy to provide for the prevention of unusual
incidents. Compliance with NEN 3650 (constructiemands) and the NTA 8000 (availability of a
safety management system) is obligatory

Regulation Public Safety Pipeline System

Part of the Decree Public Safety Pipeline systentie Regulation describing amongst others theysafe
distances and calculation methods for the varigpelipe systems. The Decree and the regulation will
come into force in phases, to start with the higspure natural gas pipelines. For natural gadipgse
the calculation tool CAROLA is available. For pipe systems with flammable liquids the RIVM has
already published safety distances. The safetarlists or calculation methods for pipeline systeiitts w
other substances will be announced at a later.stage

4.3.2.4 Pipelines Safety Regulations — France

Since a few years France applies a specific metbggao analyse the risks: Plan for the

Prevention of Technological Risks (PPRT). [20]

This method is as follows:

- Execution of a safety report. This safety reportlides the definition of scenarios and the
determination of consequence distances for 3 ogvéld of consequences: very severe damage,
severe damage, significant damage, and indirecagam

- Determination of the probability for each scenafibis ranges from: extremely unlikely to
common.

- Determination of the kinetics of a scenario: digfion between fast and slow. A fast
scenario implies that no safety measures can etk prevent damage/ lethality outside
the site limit, e.g. an explosion. A boil over laslow kinetic characteristic.

- Fast kinetics:

o For a specific location, the probabilities of tleesarios are summed.

0 The sum of the probabilities is grouped in 3 catEgo

o0 The consequences and the summed probabilities raxgoed in 7 levels as
follows to obtain the risk: very strong+, very stgp strong+, strong, average+,
average, and low.

- Slow kinetics: in contrast with the fast kinetiést the slow kinetics, one does not look at
each individual scenario, but at one specific effeaxic, overpressure, radiation). No use is
made of the risk; one only looks at the total eapelof one particular effect.

- Maps are made for the risk for the fast kineticnsems and for the effect envelopes of the
low kinetic effects.

- In the maps obtained in the previous step, allabjéuilding, houses etc) that are present
within a risk/ effect envelope are represented.
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- Based upon the maps (taking into account type técef kinetics, vulnerability, etc),
decisions are made:
o Definition of area of expropriation
o Definition of area of pre-emption
o Definition of area of cession : owner has rightieanand that his property will be
bought by local authority
o Which risk reducing measures are taken in which éneat resistant walls, etc)

4.3.2.5 Pipelines Safety Regulations — Germany

Some information on the safety regulations in Gelynean be found in reference [21]. Germany is a
federal country with 16 states. The Land-Use-Plagné regulated on federal and state level.

The method generally used for risk analysis isdbesequence based approach. In exceptional cases
different tools can be applied, e.g. a probabdiapproach or a case-by-case approach.

Some reference (inter)national standards used im&wy are:
DIN: EN 14161:2003 Petroleum and Natural Gas Inikest- Pipeline Transportation Systems
ISO 3183-3 Petroleum and Natural Gas Industriegl St@e for Pipelines — Technical Delivery
Conditions
PD 8010-2:2004 Subsea pipelines (British Standardffshore pipelines)

Normally, pipelines in Germany with pressures >X6lgp through a long-lasting procedure of land use
planning. Every state is responsible for land Uaerpng (ROV), a combination in responsibility ket
state ministry of Interior and the one of Enviromméipelines with pressures <16bars are in muaicip
regulation. [22]

The ROV legal framework is used for pipelines witlessures >16bars. It is coordinated by the AFR
(Ausschuss fir Rohrleitungen; part of the federaiidtry of Environment) and the cooperation DVGW.
They define the Gas-HD-Rohrleitungs-VO and the T@éthnische Regeln fiir Fernleitungen) and plan
to add an attachment M to these TRFI rules by €&1d 2This attachment M will deal with CO2 and will
incorporate the regulations defined in the new Gern@CS law KSpG. However, the KSpG will not be
in place before end 2010.

The moderate German mining law is applied for sfield pipelines within oil and gas producing fisld
There, pressures may reach 100 to 500 bars.

4.3.2.6 Pipelines Safety Regulations — Poland

In Poland both risk based and deterministic ridsleasments are performed.

Formally, the Polish regulation in major accidergaaonly describes what should be contained
in the required documents, which are: a major actigrevention policy (MAPP), Emergency

Plans (EP) and Safety Reports (SR). In Polandetieeno approved framework methodology
for the realisation of these documents. Nevertkedeseral EU-guidelines are used in practice.

The Polish safety approach can be grouped intacategories:
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The structured ones, where all formal requiremants(MAPP, EP and SR) are combined and form
one integrated system with clearly defined goals|st and results for the demonstration of safe
operation

Casual ones (stochastic) ones, only descriptiveotdd to the presentation of required information
without judgement of safe operational assessment

Polish SEVESO II regulation does not require the o QRA or any other risk assessment
methods, which are available. The selection andcaffe use of those methods (to do risk
assessment and hazard identification) belong topleeator who needs to prove their use.

Risk analysis data on CO2 pipelines — literatur e review

4.4.1 Introduction

As explained in section 4.2.3 there are various@gghes to perform a risk assessment. This Seétébn
reviews the literature on risk assessments of Tke following system characteristics affect riskass
of containment [9]:

Pipeline design and construction (materials chaoé characteristics, number of intersections,
connection of intersections, number of valves par length)

Pipeline location (above ground or buried/covergdplogy and terrain features, urban areas,
protected nature environment)

Pipeline use (operational circumstances, throughput

Pipeline maintenance (monitoring technologies, niemna to failure)

First the elements of a risk assessment are shaedgribed. Next it is reported
which of these elements are presented in the valfitauature sources.

4.4.2 System description

In the scope of this literature survey the risksaofelease of C{that is transported by pipelines, is
reviewed. For modelling the outflow of materialfi@ pipeline, data is necessary on the pipelingeesys
such as the diameter of the pipeline, the lengikatable sections and the presence of soil egeer

Buried as well as above ground pipelines are censdlin several references. Pipelines are connected
through flanges and welds and may contain valvees& are part of the pipeline system, pumps are
excluded. In most literature references it is nwered that risk analyses adopt a generic systenubeca

a final system design is not yet available.

It is expected that COwill be transported as dense liquid at pressupe®WR00 bars. The diameter of
pipelines operated at pressures of 100 up to 268 (B0 bars off-shore) varies from respectivelg 40
mm (16 inch) up to 914 mm (36 inch).

4.4.3 Failure scenarios for pipelines

Loss Of Containment events (LOC’s) of pipe linetegss are (full bore) rupture, leakage, fissureghol
and split.
The definition of rupture is not univocal.
Definitions of rupture are for instance:
a leakage bigger than half of the diameter of ipelimes [2]
a crack of 75 mm or longer and 10% of the minimiltiv[3]
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The LOC’s modelled in risk analysis are rupture Bratkage. Pinhole leakages are not modelled because
their contribution to risk is minimal.

According to [4] in the event of a rupture outfl@ecurs on both sides of the rupture. The locatfahe
rupture is determining the flow rate.

According to [4 ] a leakage has an effective dianef 10% of the nominal diameter, with a
maximum of 50 mm. For underground pipelines leakagaodelled as outflow from a 20 mm
hole.According to the Purple BooH] the material of the pipeline, the presence dhlirand the design
pressure are of no influence on the scenariosahad frequencies.

4.4.4 Failure frequency

The failure frequencies are reported in Table Bdy. the use of general failure data of pipelined an
fittings, the properties of COin the supercritical state as well as the infleeraf impurities in
combination with water should be reminded. The atitg ability of supercritical COdemands that the
design/construction of e.g. gaskets, seals andnitéinings is compatible with the use of the pipe
for CO, transport. In general it should be considered & tu different failure mechanisms, existing
pipelines have to be re-qualified for transmissICO,.

Reference [5] states whether failure rates for naaigas pipelines can be used for {aipelines. Rates
that have been used in other QRA’s and in thisystud between 0.7*1Dand 6.1*1¢ km™ year'. As a
result the distance to the 1*@isk contour may vary between 48 and 204 meter.

4.45 Crater formation

A full bore rupture of a pipeline can occur duritigging activities of a buried pipeline. During buan
accident, the crack may propagate until a so caltrdck arrestor’ is reached (e.g. a weld,
reinforcement). In the event a gas pipeline burgten very rapidly, the escaping gas expands
instantaneously and will possibly result in a puessvave in the environment. In this case the maysi
explosion will possibly result in a bigger craterdathe dimensions of the crater (length, width and
depth) determine whether the outflow will loosentementum. Reference [11] refers to a study whereby
the angle of the crater is determined in orderaioutate the conditional probability of a jet disgen.
According to reference [11] larger hazard rangespaoduced by smaller crater angles. If horizojetial

in the crater collide with each other in the evehta two sided outflow, the outflow may loose its
momentum completely [12]. However there is a clastopinions in [10] and [7] about the loss of
momentum as well as about the mixing with air ie #vent of colliding horizontal jets in a crater.
According to [10] statements should be based oftosuexperiments under high pressure.

4.4.6 Physical processes during the outflow of pres surised gasses

The outflow process of a general, pressurised gade described in this way. After rupture of tigep

the processes inside the pipe determine the oufitbake) pressure, flow rate, and vapour massifmract

of the flow. Just outside the pipe there is an axfmn region where the pressure drops to ambieaht an
the fluid flashes, resulting in a two-phase, tuentljet of vapour and droplets. Due to the higloeiy,
ambient air will be entrained into the free jet.ridg the flashing droplets are formed and, dependim
their size, the droplets will either rain out amdnfi a liquid pool on the ground, or remain airboamel
eventually vaporise. Due to the mixing with the @&mb air the momentum of the jet decreases and the
cloud is further dispersed by the surrounding aivements. In a separate process the liquid podl wil
evaporate and also be dispersed.
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| Spray release model

Dense gas dispersion model: instantaneous, hoazjettand vertical jet

. Jetdispersion (two-phase)
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Flashing ! entrainment :

Vapor cloud
dispersion
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aflti:{j‘i‘ Sublimation //"/'

Dry ice bank |

| Dense gas dispersion model: evaporating pool |

Figure 4.2 Overview of processes during outflovpssurised CO

Source region

These steps are indicated for 00 4.2 However, at atmospheric pressure, €&n only exist as solid
and gas, instead of liquid and gas, see phaseadiieigr Figure 4.3. This changes the outflow process,
solid CG is formed instead of droplets during the flashamgl the rain out results in a solid £i0e
bank. See Table 4.2 for characteristic pressuréseanperatures for GOAt atmospheric pressure solid
CQO, directly transforms into gaseous ©@ithout first forming a liquid.
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Figure 4.3 Pressure-temperature phase diagramQer C

Table 4.2 Overview of parameters for critical pant triple point of C@

Priple  5.18 bar

Tuipe -56.6 °C

Peritical 72.9 bar

Tcritical 31.1°C

The main process conditions that determine thdavutfrom a pipeline are the operating pressure and
temperature. As long as the pressure remains athevéiple point pressure, Giill behave as any
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other liquefied gas. However during a depressudratvent the inventory pressure will drop below th
triple point (5.2 bar). The formation of dry ice aspossibility. Exactly this possible solid fornuati
process gives rise to the question whether exisélease and dispersion models can be used fer@O
that improvements or changes should be made.

The amount of solid C{that is formed depends on the starting condit{pnand T). Initial conditions
can be found for which solid formation does notusgcor only a small mass fraction will become solid
In these situations the outflow and dispersion @ @ill be no different than any other heavy gas, e.g
propane, and normally available release and diggersodels can be used for the accidental release o

CO..

On the other hand, for initial conditions which uksn liquid and two-phase outflow the G@elease
will be both solid and vapour at the final condiso Then regular models for release and dispeesien
possibly no longer valid and should be adapted.

4.4.7 Initial cloud of CO ,

According to [7] the occurrence of a vertical jelesase with momentum is the most likely scenario. |
the event of buried pipelines a crater may be fdriat is of great influence on the momentum of the
release. The initial momentum of a jet release diithinish due to entrainment of air; in this wa th
released C@is also diluted to non-lethal concentrations wttenmomentum becomes negligible.

According to [12] horizontal jets of GQill appear from both sides of the pipeline aftepture. It is
assumed that a crater is formed and the two jétgeliide and loose their momentum. @@ill expand
and cool down. In the event the two jets looserth@mentum, dispersion out of the crater can be
considered as emission from a surface source arasrejet any more.

The above mentioned two approaches lead to difféng@uit parameters for the dispersion of the cloud.
The scenario of a gas loosing all of its momenturd amerging from the ground slowly is
considered to be a worst case scenario for buijelipes.

4.4.8 Dispersion of the cloud

CO, is a heavy gas under atmospheric conditions. Inbomation with the assumption that the jet will
lose its momentum, a heavy gas model for modelisgetlsion is appropriate [12]. However, the heavy
gas models have restrictions because they givdiallee results under certain conditions, such &g lo
wind velocity, complex terrain or congested buitghn

CFD (Computational Fluid Dynamics) modeling of tthiepersion of C@is a challenge, and
presently under development. CFD modeling enaldetake into account the influence of
obstacles in the dispersion of €O

The two models can be used in combination to peemhfidence in the consequence analysis.
For every situation the best solution should beseho

* A release with a large proportion of its momentemoved due to leak orientation, crater size amgpesiwould
likely lead to low dispersion rates and correspoghyi high hazardous distances.
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4.4.9 Exposure to CO ,. probit functions and concentration thresholds

In the QRA probit functions are used to calculdte tonsequences of exposure of human beings to
levels of toxic or oxygen dissipating gases. Alffeas on respiration should be taken into accotihe
general probit function for inhalation of “toxic’ages is presented as:

Pr=a+blIn(C*t).

WhereC is the concentration artds the exposure time (varying dimensioreg)b andn are constants
related to the toxicity of the toxic gas. The facaepends on the dimensions of C and t.

Literature sources show both scenarios that inclpdebit functions, and scenarios that include
concentration thresholds (with or without a spesifion of the duration of the exposure). A

concentration threshold is a fixed value. Concéiatnathresholds may use conservative endpoints for
which an adverse impact is assumed on human Héalth

Risk calculations include also a vulnerability disiition that is expressed in the probability. An
overview of probit functions and exposure threshdior CQ is presented in Table 4.3. Due to the
different end-points a direct comparison betweenrtsults of effect and risk calculations presetmed
Table 4.6 is not possible.

Table 4.3: Probit functions and exposure threshfdd€O,

Literature Toxic data on CO,/ Exposure threshold(s)

sources
Probit STEL 1% 50% 100% Toxic n | No

mortality mortality mortality value lethality

4.45+In(C2*) 5.2

Koornneef 5] cin [kg/mf"] ,tin[s] '
4.45+In(C*) 5.2

Molag[12] C in [kg/m?], tin [s]

. -90.8+1.01In(E*t) 1.5x1d° 1.5x10*

McGillivray [11] | ¢ in ppm, tin min opn?.mir® ppnf.min® 8
-98.81 +In (C*t) 10% (vol) g < 5% (vol)

Tebodin[13] C in ppm, tin min 100.000 50.000

ppm ppm
. 1.5%
Mazzoldi[14] 15000 ppm

5SLOTDTL
5SLOD DTL
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In the Netherlands the National Institute for Paltliealth and the Environment (RIVM) has concluded
in 2008 that available data on the effects of, @Onsufficient to deduce a probit relation for £Gor
exposures below 10% G@o lethality is expected [12].

Reference [5] states: In addition, uncertaintydassed by the absence of a dose-effect relatioreship
well as internationally standardized exposure thokis for CQ for use in QRAs. This results in a large
divergence of results in QRAs for GQipelines. In this study the risk contour is foustda distance
between 0 and 124 meters with varying the probitfion. The results of earlier risk assessmentedar
between <1 m and 7.2 km assuming different expasuesholds.

The HSE in the UK has used a probit based on SL@ITSA.OD values from literature. [23]
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Literature Pipeline data / phenomena
sources
Description Internal  Operating  Operating Phase |ength Inventory full bore Depth of Crater
diameter pressure  temperature  ©f CO2  of rupture (kg) or soil formation
(mm) (barg) (K) isolable total mass released coverage
section release rate (kg/s) (m)
(km) duration (s)
Koornneef [5] NEN 3650 406 (167) 110 290 Dense 20 4510 kg no
liquid (instantaneous)
2.25*1¢ kg
(horizontal jet)
4510 kg
(sublimating bank
20%)
Vendrig [15] Onshore 760 (30”) 100 285 Dense 10
pipeline liquid
Offshore 1020(40”) 300 279 Dense 10
pipeline liquid
Lievense[16] NEN 3650
Molag [12] NEN 3650 660 (26") 16.5 283 Gas 16.9 190.000 kg (6146 1.3 yes
m®) 408 kg/s during
465 s. (two-sided
outflow)
40 Gas yes
Turner[17] 1070(427) Horizontal release
610 (24") Horizontal release
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Literature T
SOUrces Pipeline data / phenomena
Description  Internal  Operating  Operating Phase |ength Inventory full bore Depth of Crater
diameter pressure  temperature  9f CO2  of rupture (kg) or soil formation
(mm) (barg) (K) isolable total mass released coverage
section release rate (kg/s) (m)
(km) duration (s)
McGillivray [11] 736.6 32 278 Gas 18 1.1 1907
736.6 15 278 Gas 18 1.1 198
Tebodin[13] NEN 3650 - 356 (14”) Max.44 189 -283 Gas 300 m No coverage NO
2003 and 73
m9
711(28") 300 m No coverage NO
and 73
mlO
356 (14") 4.4 No no
information
711(28") 4.4%2 No no
information
Mazzoldi[18] Generic - About Dense 1.080.000 kg -
not 100 bar liquid 1800 kg/s -
specified 600 sec

" length/ depth approach: average crater amgl@ccording Kinsman and Lewis, 2002)
8 length/ depth approach: average crater amgl@ccording Kinsman and Lewis, 2002)

Pipeline in tunnel, the tunnel is provided whtches at both ends. It is assumed that the tatoheblown away in the event of a rupture of tipelme
10 Pipeline in tunnel, the tunnel is provided witktches at both ends. It is assumed that the a#&belown away in the event of a rupture of tipelpe
1 Burried pipeline in pipeline lane
12 Burried pipeline in pipeline lane
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Table 4.5: Physical effect modelling: overview mbut data in literature sources

Literature Modelling aspects Failure frequencies for pipelinegm™ yr™)
sources
(Probability of ) jet Models used / parameters Generic Leakage Rupture
dispersion frequency (operating (operating
pressure (bar)) pressure (bar))
Koornneef B] | Instantaneous - Full bore ruptur® 6.1710° 0.25%6.1*107 (110)
horizontal and vertical - Non—stationary two-phase outflow from large pipelin
jet Spray release model - adjusited
Vapour mass fraction: 70% Jet diameter: 0.6-0.8 m
Puncture:
TPDIS and Spray release model- adjusted
Dense gas, based on SLAB
Vapour mass fraction: 21-22%
Software package used: EFFECTS 7.6 adjusted and
RiskCurves (TNO 2007)
Vertical jet For all puncture scenarios a hole &iZ20 mm is assumed. 6.1¥10" 0.75*6.1*107 (110)

Pipeline roughness: 0.045 mm,

wind speed (at 10 m height):2 m/s,

ambient temperature: 9°C, concentration
Averaging time: 600 s,

height of release and receptor: 1 m,

ambient relative humidity: 83%,

wind direction is equal to direction of release,

13 Assesment done with software package EFFECTSdjuéted and RiskCurves (TNO 2007)
1 Includes description of flashing and aerosol fdiamaand evaporation. No fallout of solid ¢i® expected
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Literature Modelling aspects Failure frequencies for pipelinegm™ yr™)
sources
(Probability of ) jet Models used / parameters Generic Leakage Rupture
dispersion frequency (operating (operating
pressure (bar)) pressure (bar))
roughness length description (roughness of tetrain)
0.25 m (high crops; scattered large objects, upwind
distance < 15 m., height of obstacles < 20 m),
discharge coefficient full rupture: 1,
discharge coefficient puncture: 0.62
Vendrig[15] Full-bore pipe rupture (applied to all leaks of maient 3.5%10° Small: 1.4*10° 8.5*10°
_ Medium: 9,5*10°
diameter > 150mm) Large: 2*10°
Large leaks, 100mm equivalent diameter (covering
leaks from 50 to 150mm)
Medium leaks, 30mm equivalent diameter (10 to
50mm), and
Small leaks, 7mm equivalent diameter (3 to 10mm)
Molag[12] Dispersion out of the crater is modelled as poelpevation 0.75*6.1*107(16.5)  0.25*6.1*10 (16.5)
of a heavy gas.
McGillivray 0.4° Rupture scenario’s assume a hole with a diameter of 4.65x10°(32) 3.39x10° (32)
4.65x10°(15) 3.39x10° (32)
[11] 150 mm.
Leakage scenario’s assume a hole size of 50 mm
Weather classes: D5 en F2
Software package used: Safeti-NL
Tebodin[13] | Vertical outflow® For leakage scenarios a hole size of 20 mm is a=sum 6.1*10 6.3*10°(44)® 7+10° (44Y°

Vertical

outflow with

1% Pe: 2 x (904) /360
8 Outflow out of a pipeline subway: vertical contirus outflow with low velocity.
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Literature Modelling aspects Failure frequencies for pipelinegm™ yr™)
sources
(Probability of ) jet Models used / parameters Generic Leakage Rupture
dispersion frequency (operating (operating
pressure (bar)) pressure (bar))
high velocity . Outflow calculations with multiple rate long pipedi  6.1*10°%7 0.75*6.1¥107 (44)"°  0.25*6.1*10" (44

model with time dependent outflow in 5 steps fokalv
by user defined source. Software package usedti-Safe
NL/ Phast Pro.

Mazzoldi Zero release velocity and gy¢yare package used: CFD Fluidyn-PANACHE (3.4.1)
release velocity of 49 mi s
[18] *(jet release)

7 pipe line in tunnel: reduction factor 100: dam#ued parties excluded/ additional wall thickne€8&reduction factor 10.

18 pipe line in pipeline corridor

9 Underground not in pipeline corridor

20 Underground in pipeline corridor: reduction factan 8.71 for pipeline in corridor/ additional wihickness 50% reduction factor 10.
21 Underground not in pipeline corridor
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Table 4.6: Overview of results of effect and riskctilations, reported in literature sources

Literature
sources

Koornneef p]
Lievense[16]
Molag[12]
Vendrig[15]
on shore
Vendrig[15]
off shore
Turner[17]
McGillivray [11]
Tebodin[13]
Mazzoldi

Results of effect and risk calculations

Range Ranges Ranges Ranges Ranges Risk 0.1 cpm Risk 0.3 cpm
distances to endpoint endpoint endpoint endpoint based on based on
10° contour 2000 ppm 15000 ppm 70000 ppm 100000 ppm  SLOD SLOT
(m) (m) (m) (m) (m) (m) (m)
0-204
3.5
21-90
3000-3800 1330-2000
3600-7200 1650-2500
1903-2441
45-65 45-70
no10° contour
374-1290 52-852

" Large leak and full bore rupture
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4.4.10 Review Effect and Risk Calculations

In most literature sources diameter of pipelinesraping pressure and temperature are available.
Crater formation is only considered in reference$] [and [12]. The influence of the input
parameters on modelling the release of CO2 froailiad pipeline is determined in reference [5].
Variance in the maximum release rate of a pipdiilere, which ranges between 0.001 and 22
tonne/s, is mostly influenced by, in order of impoice: the size of the orifice, the diameter of the
pipeline (in the case of a full bore rupture), @ierg pressure, operating temperature and section
length. [5].

Tables 5 and 6 show an overview of input data aesllts from several published risk

calculation&. The following can be learned from them:

- With respect to the modelling of physical effeatgprmation on the software packages used
is available, but little information on used modalsd their input in QRA’s except for
Reference [5].

- In Dutch QRA's leak in underground pipelines is rlbell as a leakage with an effective
diameter of 20 mm, whereas in other countriesgelégak ranges from 50 up to 150 mm.

- Most literature references assume a vertical owutfexcept for reference [5] and [12].
Reference [5] assumes dispersion out of a cratppalsevaporation of heavy gas. Reference
[5] considers the following release types: horiabmelease, instantaneous release, vertical
release and sublimating bank. No fallout of sol@,@& expected. Sublimating dry ice banks
and instantaneous releases result in the higheseaotration near the source. These types of
releases are without momentum. For vertical anizbotal releases highest concentrations
are found further away from the source. Th& &0ntours vary from 0 up to 204 m.

- Reference [5] presents the influence of initialsstge and temperature on the flash fraction at
the orifice exit for pressures above the criticedgsure. The higher the initial pressure the
sooner the maximum vapour mass fraction in theaselas reached. With an increase in the
initial temperature an increase in the initial anaximum vapour mass fraction is seen but at
higher temperatures it takes longer before the mami vapour mass fraction is reached. The
effect of varying the vapour fraction on the fimiak profile is large.

- A direct comparison between the results of effect @sk calculations presented in Table 6 is
not possible because risk calculations includelaerability distribution that is expressed in
the probability.

- The effect of meteorological conditions is not vetgar yet but reference [5] states that
preliminary results show that when these conditiars varied that concentration profiles
surrounding the pipeline after release also vamysitterably. Under F2 conditions higher
concentrations can be expected at great distameesvdnd.

22 Not all data could be incorporated in the tabls#iere parameters are given (such as the vapour mass
fraction) the conclusions in the reference of iestrare given as well.
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4.4.11 Knowledge gaps and uncertainties in modellin g reported Iin
literature sources

As long as the pressure remains above the tripiat poessure, COwill behave as any other
liquefied gas. However during a depressurizatianethe inventory pressure will drop below the
triple point (5.2 bar).

Below some statements found in literature about etiod) with respect to QRA studies are

mentioned:
Saturated liquid inventories: If the pressure fakidow 5.2 bar the HEM and-method
models are invalid. There is considerable uncdstainround modelling dense phase £LO
releasesq].
Outflow models (e.g. Morrow model) in the eventgbture of pipelines are not suitable
to incorporate the formation of solid G&urthermore, there is a lack of knowledge
about the vapour and dry ice fraction in the rededfiese parameters have a large
influence on the dispersion and consequently orrilkeprofile of CQ releases
[5]
A methodological choice that affects the QRA’s ome to a large extent is the
direction and momentum of release. Currently, thenmeo consensus on the type
of release that is characteristic for a £@lease from a failing pipeline. The
results indicate that when varying the type of aske (horizontal jet, vertical jet,
instantaneous, sublimating bank) the calculatethuices from the pipeline to the
1*10° risk contour may be larger than currently regulafer high pressure
natural gas pipelines [5].
Many dispersion models start with a mean valuettier outflow instead of taking into
account the course of the outflow in time.
Validity of the outflow and dispersion models iretevent of accidental releases from
high pressure pipelines is uncertain. The hazargesand therefore risks are expected to
be substantially larger for releases at highergumes (which would therefore be in the
dense phas¢i1].
As representative substances for,@@pane and ammonia are sometimes used. If this is
the case, it should be taken into account thatdhmerature behaviour of high pressure
CO,is very different from propane and ammonia.

Conclusions

A general conclusion that can be drawn is thateth@mot an EU-standard process or procedure
for the calculation of the effects and risk of halmaus releases. This statement is not only true for
CO,, but also in a more general situation. In facheamuntry has independently implemented the
SEVESOII directive.

Existing European regulations and standards fotu(ah gas transport pipelines have not yet
been used as a basis for the development of sp&fii pipeline regulations and standards. The
DNV-RP-J202, a code of practice for the design emetration of C@pipelines (April 2010), is a
first step.
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In addition, the endpoint of which risk is accepigdot also uniquely defined.

At many points in the process of determining tis& of CQ transport uncertainties are present:
- Operating conditions: for most pipe lines theseraeknow yet
Failure frequencies: insufficient data is availalde the failure frequency of pipelines
carrying CQ
Models describing outflow and dispersion of C@e formation of solid C&prevents using
the standard, validated models used for other matger
Probit function: no probit relation has officialeen established

At these points more development is needed to ¢oraesalidated and generally accepted way of
performing risk calculation for CQransport by pipelines.
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Annex to Chapter 4: Contents of European StandartbB4:2000

EN 1594:2000 Gas supply systems - Pipelines foliimmax operating pressure over 16 bar
Generally taken as basis for national regulatiorspecifications for design, construction and
operation of pipelines

Particular safety aspects are complemented in tfiereht European countries by national
legislation, codes or specifications

Covers all aspects concerning the design, consirueind operation of safe high pressure gas
transmission pipelines (MOP16 bar)
Functional standard: established for the user ggaem operator) not for the producer !

Scope

Normative References

Definitions, symbols and abbreviations
Quality system

Safety and the environment

Pressure safety

Design ( 7.7 Depth of cover)

No ab~hwNE
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EN1594:2000 has only a general comment on the tmgghvalues, and refers for pipes to the
EN10208-2 which mentions specific minimal toughnestsies in order to avoid ductile fracture

propagation.

Second Gas Directive 2003/55/CE in 2003: commoasrifibr transmission, distribution, supply
and storage.
Article 5: Security of supply
quality and level of maintenance
technical emergency response
Article 6: Technical rules for interoperability
technical safety criteria
minimum technical design and operational requiremen
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Quantitative risk assessment

To test a formal risk assessment methodology omwreerete CO2Europipe case, the
German case was selected and used for that purpdtbeugh the risk assessment
procedure in Germany is of a deterministic nataréprmal (probabilistic) quantitative
risk assessment (QRA) was applied. The detailhaif QRA are reported as part of the
WP 4.2 German case Deliverable D4.2.2 (Thielemahralg 2011%° To be self-
contained, the Synthesis chapter summarises asiintings from that risk assessment.

23 Thielemann, Th. et al (2011): D4.2.2 WP4.2Ifreport Second deliverable (month 27) - Making Q€@ sport feasible: the German case Rhine/Rular @g—
Hamburg (D) — North Sea (D, DK, NL), Revision: @jyJ2011.
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Risk Management

Introduction

At the start of the CO2Europipe project questiomsenasked about the organization of
risk management, role of inspections, the resptmbibdies, the availability of standards,
and the safety regulations in the United Statesglation to risk for society and the local
environment related to GAransport through pipelines.

To answer the questions, first a description & nenagement is given. A complication
is that there is no common understanding of wisktmanagement precisely means. This
is mainly caused by differences in terminology (etg definition of ‘risk’) and, more
importantly, what is covered by ‘management’. Somes risk management is regarded
as identical to ‘risk treatment’, sometimes risknagement is seen as a way to control
processes and even organisations with regard tertamaties in achieving objectives.
Moreover, many organisations prefer terminologe ligafety’ and ‘integrity’.

The role of inspections and authorities is defimedhe legal frameworks. Since the
pipeline networks (especially for natural gas) apdensive, a very complex legal
framework has been established. A small part of bgal framework concerns safety
issues. It will be described how the CCS Direc2089/31 EC drives the development of
the legal frameworks in the EU member states wapect to risk management of £0
pipelines, and provides the legal basis for licegsauthorities and inspections. A
comparison will be made with the United States.

An important instrument in providing safety is thdevelopment and enforcement of
Standards. At some point in national legislatiom dluthorities will require the use of one
or more specified national or international Staddafor the design, construction and
operation of the pipeline system. Standards earshatural gas pipelines, but there are at
present only a few Standards for £@pelines. These COspecific Standards are
extensions of or part of the existing Standard® @kpectation is that new Standards will
be extensions of existing Standards.

The key message of this chapter is that the basicapts of risk management in the
member states are very similar, as well as theéellegal implementations. On the other
hand, there are large differences in terminologgrtly due to translations, partly due to
the fact that concept of risk management mayIstillomewhat premature.

2 See the description of Task 3.2.4 in the WorknRiithe CO2Europipe project (Annex B of the
Contract)
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The Concept of Risk Management

Various approaches to risk management have beeerlap@d. Ideas about risk

management are often based on the observatiomtdjat accidents are often a result of
managerial and/or organizational shortcomings. Marganisations have implemented
additional management systems for Integrity Managemor (physical) Asset

Management as laid down in e.g. ASME B31.8S-2004nagiing System Integrity of

Gas Pipelines. However, recognising that an org#éois is more than a set of
management systems, the International OrganizédloStandardization (ISO) published
in 2009 1ISO 31000 “Risk management - Principles gndalelines” Recent literature

usually refers to ISO 31000 concerning risk managemBoth will be discussed in the
following sections. In Section 6.2.3, eventualllge trisk management process will be
described, which will be very useful as a moulcctanpare various approaches to risk
management, mainly by resolving terminology issogegonsidering the context of each
step in such risk management approach, rather t@rierminology that was used to
describe the step.

6.2.1 1SO 31000 Risk management - Principles and gu idelines

All organisations manage risks in one way or anpth@me in a systematic way, some on
an ad hoc basis. In 2009, the International Orgdiom for Standardization (ISO)
published ISO 31000 “Risk management - Principled guidelines” (ISO 31000:2009,
IDT). Recent literature usually refers to ISO 31@@dcerning risk management.

ISO 31000 distinguishes between thrénciple, the frameworkand theprocessof risk

management.

Principles are typically: that risk management $thobe an integral part of
organisational processes; that uncertainties shoeiladdressed explicitly;
and that risk management should be tailored toettternal and internal
context and the risk profile of the organisation.

Framework means that risk management is part ofottezall management system,
there is a mandate and commitment, and there i®rstahding the
organisation and its (internal and external) cantex

Process means that there is 1) a well defined carnzation and consultation plan,
there is 2) a risk assessment containing the cgniek analysis, and risk
treatment, and there is 3) a monitoring and re\pevgram

Graphical representations, based on ISO 31000wekagement, are given in Figure 6.1
and Figure 6.2.

The 1SO 31000 guideline regards risk managemerdnasrganisational routine, with
emphasis on the management and organisationalsisJines is justified, since the
majority of the large accidents reported in the @amity are the result of managerial
and/or organizational shortcomings. This is alsdreslsed in the preamble of the Seveso-

D.3.2.1 Copyright (c),EU CO2Europipe Consortium 2009-2011



ClED
CO2 Europipe Page 58/74 - .

Il Directive; in which Annex-Ill provides a desctipn of a ‘safety management system’,
which is in effect very similar to the ISO 3100did#ion.

Principles for Risk Management
creates value, explicitly addresses uncerainty,
transparent, tailored, dynamic, etc. (see IS0 31000)

Framework for Risk Management
Preferably formal and procedural,
but often ad-hoc and informal
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Risk Management Processes
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Figure 6.1 Graphical representation of Risk Manag@based on ISO 31000

6.2.2 ASME B31.8S-2004: Managing System Integrity o f Gas Pipelines

The purpose of these programs is to enhance dayetyentifying and reducing pipeline
integrity risks, and in this sense they can be icened as applicable to risk management.
ASME B31.85-2004 is a supplement standard to th&®BSode for pressure piping
B31. The Integrity Management Plan Process desthleee contains five elements:
1. Identify Potential Pipeline Impact By Threat
Threats are: Time Dependent (e.g. external comdsiStable (e.g. manufacturing-
related defects); Time Independent (e.g. outsidee)o
2. Gathering, Reviewing & Integrating Data
Gather technical and historical pipeline data topsut the risk assessment
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3. Risk Assessment
Location specific events and/or conditions are fidiex that could lead to a pipeline
failure. Probabilities and consequences are estunah order to rank pipeline
segments for integrity assessments.

4. Integrity Assessment
In-line inspections, pressure testing and othexgnty assessment methods

5. Response to Integrity Assessment & Mitigation
Procedures and plans to respond to Integrity Assesisresults

The American Petroleum Institute (API) has devetbe similar industry consensus
standard (Standardisation of Pipeline Integrity Bg@ment for Liquid Lines - API
1160), and also U.S. Department of Transportatiéhfgeline and Hazardous Materials
Safety Administration (PHMSA) has issued a finalerto require operators of gas
distribution pipelines to develop and implementegrity management (IM) programs.
The generic description of the IM program in thisdf Rule is discussed in more detail
in Section 6.3.1.

These systems typically focus on Integrity Assesdntiee. inspections, etc.), but use
different wordings and different schemes for royghke same process.

6.2.3 Risk management process

To enable discussion of various risk managementoagpes, the ISO 31000 approach is
chosen as a reference, since it is at the higbest bf abstraction and is able to reflect
the other approaches considered in this chaptemalticular, the ISO 31000 risk
management process is useful for this purpose. aphycal presentation of the risk
management process, as defined in ISO 31000, engivFigure 6.2.

< = Establishing the context <: :)“

Monitaring Communication
> Risk Identification < >
& &
<: > Risk Analysis < :>
Review Consultation
> Risk Evaluation <: :>

<_‘_'_:> Risk Treatment <: :>

Figure 6.2 Graphical representation of the Risk dgment Process (ISO 31000)
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The first step of the risk management process isléeelop a communication and

consultation plan (box on the right side of FigGr2) to involve all internal and external

stakeholders. The plans should contain placeholétersaddressing the risk, and its

causes, consequences, and treatment. Early in@mndatxternal communication helps to
establish the context, ensure that the interesghefstakeholders are considered, and
creates (external) support.

The second step is to establish the context (tajui®mibox of Figure 6.2). The context
consists of three ingredients: the objectives efdperator, the operator’s internal context
and the external context of the activity.

The first and second step are often done on anoeadHasis, there is no written
communication plan and context, but people invohaed communicating and are
intuitively aware of the context. This may be sti#fnt for straightforward routine

operations, but a more formal approach should beidered in case of more complicated
operations or political and societal sensitive éssu

The next steps, risk identification, analysis anéleation (often addressed as ‘risk
assessment’), and risk treatment and monitoringraviéw are usually very explicit, a.o.
because these steps are in one way or anothesfghg licensing process.

To illustrate how ISO 31000 is used as a referetioe,five elements of the Integrity

Management Plan Process as described by ASME ajected on the ISO 31000 Risk
Management Process — see Figure 6.3.

Establishing the context < : j >

I

Monitoring 1. Identify Potential Impacts Communication
< > Risk Identification < >
& 2. Gather Data &
< > Risk Analysis < >
Review 3. Risk Assessment and Risk Ranking Consultation
4. Integrity < > Risk Evaluation < >
Assessment S
5. Response & Mitigation

<_|_|_> Risk Treatment <: :>

Figure 6.3 Projection of the ASME Integrity Managerh Plan Process on the ISO
31000 Risk Management Process.
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Legal perspective

The 1ISO 31000 guideline is not a standard for fiestion and/or legal requirements.
Risk management, as defined in 1ISO 31000 is ndt gfaany legislation. However, in
most countries the major elements of the risk mamant process are explicitly required.
Moreover, at present there is a tendency to ingatpamore and more elements of the
risk management process, and to a lesser extentisthmanagement framework, into the
regulations.

6.3.1 USA

If CCS is successful in the USA, as much as 40080 million tonnes (Mt) per year of
CO; could be injected into a variety of geologicalnf@tions in the United States. The
existing U.S. CO2 pipeline infrastructure transp@pproximately 45 Mt of C{per year
over 3500 miles of pipe for enhanced oil recovét®R). For comparison, the existing
U.S. natural gas pipeline network transports 455bttyear of natural gas over 300 000
miles of interstate and intrastate pipe.

Hazardous Liquid Pipeline Act

Carbon dioxide pipelines are regulated to the sdeggee as hazardous liquids pipelines
by the U.S. Department of Transportation’s Pipelamel Hazardous Materials Safety
Administration (PHMSA), pursuant to the Hazardousjuid Pipeline Act of 1979
(HLPA). PHMSA's Office of Pipeline Safety (OPS) tdgtes the design, construction,
operation, maintenance, and spill response planitingegulated pipelines. The agency
establishes minimum safety standards for intergigelines, and has largely pre-empted
states from establishing their own standards fiarstate pipelines.

Federal regulation (49 CFR Part 195) regarding tmanagement of pipeline integrity

In 2002, the United States Department of Transportg DOT), through its Office of
Pipeline Safety (now the Pipeline and Hazardousehds Safety Administration, or
PHMA), made significant changes to the existingefadl regulations (49 CFR Part 195)
regarding the management of pipeline integrity. thanges (Section 195.452) mandate
pipeline operators to create integrity managemégmspthat include baseline integrity
assessmentnd periodic reassessments of pipelines that ampédct High Consequence
Areas(HCA's: generally, these are high population dignareas or difficult to evacuate
facilities, such as hospitals, prisons or schoaig] locations where people congregate,
such as churches, office buildings, or playgrounds.

PHMSA final rule

To this end, PHMSA has issued a Final Rule - Imgletimg Integrity Management — on
July 17, 2007 amending 49 CFR Part 195 by:

§ 195.450 Definitions.

§ 195.452 Pipeline integrity management in highseguence areas.

8 195.588 What standards apply to direct asses@ment

D.3.2.1 Copyright (c),EU CO2Europipe Consortium 2009-2011



Ppc
CO2 Europipe Page 62/74 - -

Appendix C to Part 195-Guidance for Implementatminan Integrity Management
Program

At minimum, each of the following elements must beluded in the integrity

management program:

(1) A process for identifying which pipeline segmentsild affect a high consequence
area;

(2) A baseline assessment plan (...)

(3) An analysis that integrates all available inforraatabout the integrity of the entire
pipeline and the consequences of a failure (...);

(4) Criteria for remedial actions to address integiggues raised by the assessment
methods and information analysis (...);

(5) A continual process of assessment and evaluationaiotain a pipeline's integrity
(-);

(6) Identification of preventive and mitigative measute protect the high consequence
area (...);

(7) Methods to measure the program's effectivenegs (...

(8) A process for review of integrity assessment resaitd information analysis by a
person qualified to evaluate the results and in&dirom (...)

This approach to Integrity Management is very mirchine with the 1ISO 31000 risk
management process, see Figure 6.4. The areasnuhuwaication plan, context and
(quantitative) risk analysis have less emphasthenintegrity Management Program then

in ISO 31000.
<J_L:> Establishing the context <: :)"
Monitaring 0 1. identify pipeline segments ... Communication
2. baseline’ 8§ Risk Identification < >
program o
& o 8
<:——E‘—:> ' '
E R;ik Analysis <: :>
. L 3 Analys .
Review -E Consultation
7 measure 8 :} Fisk Evaluation < v'g, review by
: . - _ _ _ a qualified
effectiveness |w 4. Criteria for remedial actions Srson
Risk Treatment |
6. Prevention and mitigation

Figure 6.4 PHMSA Integrity Managemeimti( in blue) Program structure presented
in ISO 31000 Risk Management Process
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Appendix E - Carbon Dioxide Pipeline Risk AnalydiECA Project Site Kern County,

California URS Corporation, May 19, 2009

Asset Integrity- The Key to managing major incidesks International Association of

Oil & Gas producers (OGP) December 2008.

Policy Brief: Regulating Carbon Dioxide Pipelinesr fthe Purpose of Transporting

Carbon Dioxide to Geologic Sequestration Silegpartment of Engineering and Public
Policy, Carnegie Mellon University, 2009.

6.3.2 European Union

There is no “EC Pipeline Directive”

There is no EC Directive that is more or less amihe USA Hazardous Liquid Pipeline
Act, though there is EC legislation with respecthiie European natural gas market. EC
legislation to limit the risks of all industrial taties is established in the EC
Environmental Impact Assessment Directive. For Qijilines the CCS Directive is
also of importance, as explained below.

CCS Directive 2009/31
The CCS Directive 2009/31 EC does not give speodfgpirements for risk management
of CO2 pipelines or related issues. Nevertheléssetare two articles that are of interest:
Article 24 Transboundary cooperation
In cases of transboundary transport of ;C@ansboundary storage sites or
transboundary storage complexes, the competenbréigh of the Member States
concerned shall jointly meet the requirements o$ thirective and of other
relevant Community legislation
Article 21 Access to transport network and storsiges
Member States shall take the necessary measueestioe that potential users are
able to obtain access to transport networks amstioit@ge sites for the purposes of
geological storage of the produced and captured, G® accordance with
paragraphs 2, 3 and 4.
Transboundary transport of natural gas is commorths relevant national legislations
allow this. Since the same legislation regulates, @@nsport, transboundary GO
pipelines is possible in the regulatory frameworkée national standards for @O
transport may be elaborated in future, but the asticles above imply that Member
States should avoid incompatible Standards, sihae would block potential users to
access the network.

The CCS Directive 2009/31 EC amends Annex | ofEh& Directive 85/337/EEC. As a
result, pipelines with a diameter of more than & and a length of more than 40 km
for the transport of carbon dioxide (@&treams for the purposes of geological storage,
including associated booster stations are projessubject to an EIA (Environmental
Impact Assessment).
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EC Environmental Impact Assessment Directive
The Environmental Impact Assessment will identifgescribe and assess in an
appropriate manner, the direct and indirect effe€ project on the following factors:

- human beings, fauna and flora,

- soil, water, air, climate and the landscape,

- the inter-action between the factors mentionedénfirst and second indents,

- material assets and the cultural heritage.

Annex IV of the EIA Directive 85/337/EEC specifighat the developer supplies
information about a.o.:

- the likely significant effects on the environmeimgluding on issues such as
biodiversity, population, human health, fauna, dlosoil, water, air, climatic
factors, material assets, cultural heritage incigdiarchitectural and
archaeological heritage, landscape and the ingtiwaekhip between the above
factors;

- the measures envisaged to prevent, reduce andhas$uypossible offset any
significant adverse effects on the environmentnoplementing the plan or
programme;

- a description of the measures envisaged concermiogitoring of the
significant environmental effect

inasmuch as the Member States consider that tbemiation is relevant to a given stage
of the consent procedure and to the specific chenatics of a particular project or type
of project and of the environmental features likielypoe affected.

Measures to prevent significant adverse effects moditoring are parts of the risk
management process, but Member States have soetoiinein the implementation of
this part of the Directive in the national legalrfreworks.

In effect, in each member state, this modificatodrthe EIA act is the legal basis for
more detailed Decrees, Ordinances, Rules and Adtrative Orders that eventually
define what is needed to obtain a license for ¢an8hg and operating a pipeline. The
basic elements of the risk management processtifidation, treatment, monitoring) can
be found in this part of the legal systems, bunteology and emphasis differ.

6.3.3 Germany

There is no Pipeline Act

There is no pipeline act; instead there are var@ubnances (Verordnungen) that ensure
sufficient protection of the environment and mahe3e ordinances find their legal basis
in the Environmental Impact Act (UVPG), the moskevant ordinance is the Federal
Pipeline Ordinance (RohrFLtgV).

Environmental Impacts Act (UVPG)
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If CCS is successful in Germany, a drastic expangb the existing C@ pipeline
infrastructure is needed. The expected transpetamices and amounts require pipelines
that are subject to an EIA (Environmental Impactséssment): see the German
Environmental Impacts Assessment Act (UVPG, 88 20 Anlage 1 Liste "UVP-
pflichtige Vorhaben", Nr. 19.4 , Nr. 19.5). This is line with the EIA Directive
85/337/EEC.

Federal Pipeline Ordinance

Through § 21 Abs. 4 of the UVPG the Federal Goveminhas established the Federal
Pipeline Ordinance (RohrFLtgV). In line with the B, the purpose of the RohrFLtgV
is to avoid detriment to the wellbeing of the gehgublic; protection of persons and the
environment against harmful effects resulting fritna installation, state and operation of
long-distance pipelines.

The Ordinance includes the following paragraphs, riimin points of which are given

here:

§ 3,4 Basic and other requirements: Proper operatia up-to-date documentation and
instructions

85  Pipeline installation inspections

86 Independent examination of the pipeline desthe, pipeline construction, the
pipeline operation, and determination of their confity with specific
requirements, or, on the basis of professionalguagnt, general requirements.

8§ 7 Case of damage:

88  Precautions for cases of damage:

8§89 Pipeline Commissioning

Technical Rules for Pipelines (TRFL)

In accordance with 8 9 para. 5 of the Pipeline @adce Technical Rules (Technischen
Regel fiur Rohrfernleitungen: TRFL) have been pingds in the Federal Gazette. The
TRFL is a comprehensive and detailed set of reguatand forms the technical basis for
installing, operating and inspecting pipelines fiansporting substances in accordance
with 8§ 2, para. 1 RohrFLtgV. If these Technical &ubre observed, the requirements of
the Pipeline Ordinance are deemed to have bee(@3efpara. 2 RohrFLtgV).

Risk Management

If a pipeline complies with the Technical Rules HIR, the purpose Pipeline Ordinance
has been met, i.e. sufficient environmental pradechas been achieved. Within this
framework there is no need for quantitative riske@sment.

Qualitatively, the articles in the RohrFLtgV ordint@ cover most non-quantitative issues
of the ISO risk management process, as shown uré&ig.5.
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Figure 6.5 Articles in the RohrFLtgV ordinanca plue) presented in ISO 31000
Risk Management Process

The quantitative aspects of the risk managementess have been carried out by
specialised organisations and have been laid dowbligatory standards (TRFL).
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R. Konersmann a.dOn the risks of transporting liquid and gaseousldua pipelines
BAM Federal Institute for Materials Research andtifg, Research report 289, Berlin
2009

DVGW Code of Practice G 200@inimum requirements with respect to interoperapili
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6.3.4 The Netherlands

There is no Pipeline Act

Similar to Germany, there is no pipeline act, iadtthere are various Decrees (Besluiten)
and Rules (Regelingen) that ensure sufficient ptmte of the environment and man.
These Decrees find their legal basis in the Enwremtal Impact Act (WM) and the
Spatial Planning Act (WRO). However, at the timenaiting of this report (April 2011)
the amendment that is to be expected as a restheaftification of the CCS Directive
2009/31 EC (i.e. long CO2 pipelines will be subjiecan EIA) has not been implemented
yet, but should be implemented in national legistabefore 25 June 2011.

Environmental Impacts Act (Wet Milieubeheer - WM)

Presently there is no EIA obligation for CO2 pipebk in The Netherlands. But, the WM
allows the authorities to require an EIA through @eneral Administrative Order
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(Algemene Maatregel Van Bestuur) for any projecattimay have a substantial
environmental impact. In practice, e.g. for the @amirecht CO2 disposal demonstration
project, the operators prepare an EIA on a volyrasis.

Decree External Safety of Pipelines (Besluit extemveiligheid buisleidingen - Bevb)
The Decree External Safety of Pipelines (Bevb) tedassociated Rule External Safety
of Pipelines (Revb) have become ‘in werking’ si@fd.1. The Decree ensures protection
of persons and the environment through establisismigty distances based on risk
analysis and organizational and operational reqergs. From risk management
perspective, a key element is the documeafety management system pipelines
(veiligheidsbeheerssysteem buisleiding), covering:

a) Description of the system and a qualitative judgimen

b) Goals, criteria and standards

c) Risk inventarisation and evaluation for the fulp@ine life cycle.

d) Safety related technical and organizational measure

e) Responsibilities and organizational authorities

f) Organization, controls, procedures and means

g) Monitoring

h) Documentation
In broad lines, this is very similar to the intégrmanagement program described in
Section 6.3.1.

However, the Decree is only applicable to pipelit@msporting natural gas and ‘oil
products’. So, even if a CO2-pipeline is subjectato EIA, this Decree would not be
applicable (without amending the Decree).

References
Environmental Impact Assessment: Underground strafy CO2 Shell CO2 Storage
B.V. December 2008

International standards

All national regulations rely on a multitude of metal and international standards with
respect to the technical details of constructiamshsas pipelines, compressor stations,
booster stations, gas treatment systems, etcctarty in Europe, however, there are no
standards for CO2 pipelines, i.e. standards cov@nd gas pipelines, with the exception
of the DNV recommended practice DNV-RP-J202.

For the application of the standards for oil antura gas pipelines to CO2 pipelines,
some modifications and additions are needed. Basediscussions with the pipeline

operators, in particular a high focus on contrgllthe water content in the CO2 before
entered into the pipeline, and the strict procesldioe shutting down the line in case the
dewatering system cannot meet the specificaticngssential. Because of this focus,
internal corrosion is not reported as a signifigaipeline failure mechanism [DNV]. The
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DNV guideline is also applicable to “Conversionexisting pipelines for transportation
of fluids containing overwhelmingly CO2”, implyintgpat this is technically feasible and
safe with proper technical and operational efforts.

References

DNV-RP-J202 lists the following relevant standaadsl codes:

API 1160 Managing System Integrity for Hazardougulidl Pipelines

ASME B31.8 Gas Transmission and Distribution System

ASME B31.8S Managing System Integrity of Gas Pipesi

CSA Z662-07 Oil and Gas Pipeline Systems. Canagiandard Association
DNV-RP-F107 Risk Assessment of Pipeline Protection

ISO 3183 Petroleum and natural gas industries el $lipe for pipeline transportation
systems

ISO 16708 Petroleum and natural gas industries peliRe transportation systems —
Reliability-based limit state methods

ISO 31000 Risk management -Principles and guidgline

IEC 61511 Functional safety - Safety instrumentgstesns for the process industry
sector

NACE TMO0192-2003 Evaluating Electrometric Materials®n Carbon Dioxide
Decompression Environments

NACE TM 0297-2002 Effects of High-Temperature, Higressure Carbon Dioxide
Decompression in Electrometric Materials

NORSOK Z-013 Risk and emergency preparedness asalys

Conclusion and Recommendations

In Task 3.2.% of WP 3.2, the following aspects have been addtess

(1) the organization of risk management,

(2) the role of inspections,

(3) the responsible bodies,

(4) the availability of standards, and

(5) the safety regulations in the United States,

in relation to risk for society and the local eviment related to CO2 transport through
pipelines.

6.5.1 Conclusions
The conclusions wit respect to these aspects are:

Risk Management

= See the description of Task 3.2.4 in the WorlknRiithe CO2Europipe project (Annex B of the
Contract)
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There is no common understanding of the meaningsif management’. Most national
legal systems and standards require a cycle of idshtification, risk treatment and
monitoring. A common basis for these various immarations of this cycle is provided
by ISO 31000 guideline on risk management, pubtishe2009. ISO 31000 provides a
generally acceptable terminold§yfor key terms such as ‘risk’, ‘risk assessmenti an
‘risk management’.

Role of Inspections

Physical inspections of pipeline systems are cduwig with special equipment (such as a
PIG and visual inspections of the pipeline laneg)the operator or by specialized

companies hired by the operator. Authorities regjimspections to be carried out on a
systematic and regular basis, and sometimes regginiew of the inspection results by

independent experts. In the ISO 31000 Risk Managemecess this is referred to as
'monitoring and review'.

Responsible Bodies

The responsibility for the environmental part oé icense (i.e. the EIA), including the

risk management cycle, lies with the Ministriedolvironment of the member states.

All member states have Environmental Inspectoratesspect the operators, sometimes
connected to the Ministry of Environment, or coubléo other Inspectorates, or

sometimes operating as an independent institute.

Finally, all member states have institutes thatettgy national (technical) Standards.
Pipeline systems will have to comply with thesen8tads, in this context also termed as
Codes.

Avalilability of Standards

In Europe the Norwegian DNV has developed recomméngractice DNV-RP-J202
'design and operation of CO2 pipelines'. HoweverEl) member state has developed a
standard (yet). It is expected that many membéesta due time will develop national
standards for CO2 pipelines as is already the foaig@pelines for natural gas.

Safety Regulations in the United States

The United States Department of Transportation (RCQhrough its Pipeline and
Hazardous Materials Safety Administration (PHMA¥yhassued a Final Rule -
Implementing Integrity Management — on July 17, 2@fending 49 CFR Part 195. The
adopted approach to Integrity Management is vergima line with the ISO 31000 risk
management process.

% Before the publication of ISO 31000 various, stmes conflicting definitions were in use.
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6.5.2 Recommendations

Since the CO2Europipe project aims to summariséralings in terms of actions to be
taken by EU and national governments to facilitatel optimize the development of
large-scale, European CCS infrastructure, theviollg actions should be considered:

1. To develop a European Standard for Pipeline Intedvianagement, explicitly
based on the ISO 31000 guideline; to resolve dsoosabout terminology and to
avoid misunderstandings and miscommunications.

2. To develop or adopt national Standards for the tcocison and operation of GO
pipelines to avoid ad hoc decisions on licensirapstruction and operation of
pipelines.

3. EU member states should consider to perform aegfi@environmental impact
assessment (or SEA: strategic environmental assessm European SEA
Directive 2001/42/EC) for the COpipeline infrastructure under consideration;
since the local environmental effects considerec&nnEIA are subordinate to
strategic infrastructure.
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Synthesis and conclusions

This final chapter presents a summary/synthesih@fmain findings derived from the
work reported in the previous Chapters.

Transport of CQ@ poses health and safety risks. Under certain tondj leakage or
rupture of a pipeline can result in the disperstdnCO, with the potential to affect
humans and the environment. CO2Europipe’s scopmisocietal and environmental
aspects but restricted to external (i.e. safeteel) risk to the environméht In addition,

the assessment is restricted to the, @ipeline part of the total CCS chain, and to
onshore pipelines. Risks of G&ansport by ships have not been addre&s&hshore
pipeline infrastructure in particular located inndely populated areas will pose the
highest health and safety risks. Safety risks heoparts of the CCS chain (e.g. capture
of CQO, or risks associated with GOnjection into the underground storage) are also
beyond the scope.

The methodologies and methods to assess the qafetyroader: Health, Safety and
Environmental, HSE) risks of CO2 transport are westiablished by use of such methods
in other industrial activities (e.g. as used in gi#s, chemical and nuclear industry) or
pipeline infrastructures (e.g. transport of natgas).

Recommendation: CO2Europipe recommends the use of formal QuanitaRisk
Assessment (QRA) methods to determine the HSE oBk¥02 pipeline transporthese
QRA'’s can adequately deal with uncertainties asgediwith risk analysis.

However, the following knowledge gaps or unceriamexist:

a. Physical outflow of C@in case of a leak or rupture in a pipeline
Due to the specific physical nature of £@e physical outflow behaviour in case of
a leak or rupture in a pipeline is not fully undecsl. The numerical models
predicting the behaviour of the outflowing gas ace yet fully validated with full-
scale experiments; model predictions may therefiotelead to adequate estimates
of the safety risk of C@pipelines.

b. Limited experience on pipeline failure frequencies
Compared to natural gas pipelines, there is ontytdid experience on Gipeline
failure frequencies. The current experience is gaglated to CQ transport used
for Enhanced Oil Recovery in the U.S [referencajc®CCS projects and pipeline
infrastructures start to develop, the experience lvéll grow and can be taken into
account in adjusting the failure frequencies.

27 In accordance with the Annex A description of W 3.2 work content.
2 See recent report (DNV, 2011) for risks of Qnsport by barge or sea going vessels.
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c. Dose-effect relationships

Available Environmental Impact Assessments indidat use of different dose-
effect relationships to determine the fatality rigk a result of too high a
concentration of C® Until now there is no official generally accepte
relationship. E.g. TNO, Tebobin and the UK HSE d#éerent ones leading to
different estimates. Some use a conservativeioektip with the chance of
arriving at risk estimates that are not meaningfulshow compliance with risk
norms.

Safety risk policies showing compliance with queative risk criteria differ in the
various EU Member States. Current external risk suaistrial safety policies in the
various EU Member States and Norway differ. Somemlder States require a
guantitative (probabilistic) risk analysis to bendacted. The risks calculated have to be
compared to clear defined risk criteria. E.g. riskeria used in the Netherlands are
individual risk contours and the group risk. Eagpet of risk has a separate norm to be
met.

Recommendation:The differences in safety risk policies shouldddeen into account in
the permitting process and in case of transbounggrgline trajectories. It should be
noted that this is not different from the caserahsboundary natural gas pipelines, so it
is expected to be no real barrier.

Recommendation: CO2Europipe recommends a harmonization or everdatdization
(best practices) to prevent these differences fb@woming a barrier to pan-European
CO, pipeline infrastructure. Recommended standards prattices include those
developed by DNV (DNV, 2010) and 1ISO3100 on Risksigement.

The outcomes of other ongoing projects can hel@lidating the risk assessment models
and to reduce the uncertainties in risk assessnferajects to be mentioned are:
CO,PipeHaZ?®, COPipeTrans (a Joint Industry Project), and the ELB@@&twork with
its first year’'s lessons already reported (CCS MetwEU, 2011). Also national CCS
research programmes (like CATO-2 in the Netherlprfswill provide additional
insights. More specifically, the Environmental InspaAssessments (EIAS) now in
preparation to support the first large demonstrat@CS projects will add to the
knowledge base and may provide information thaticed the uncertainti€s.

The various stakeholders in @hfrastructuré® should incorporate new lessons from
other ongoing research and demonstration projeliese lessons can confirm the
findings of the CO2Europipe risk work and, more artpntly, knowledge gaps identified
here can be narrowed down.

29 www.co2pipehaz.eu

30 http://www.co2-cato.nl/

%1 The EIA of the ROAD project, one of the CCS derfinanced by the EERP is expected to be available
for public consultation in the Autumn of this yedm intermediate check by the NCEA was published
may of this year (NCEA, 2011).

%2 Stakeholders here: large emitters (e.g. power emieg), gas network companies, pipeline constructio

and compressor companies, storage operators, teguénd inspection bodies, R&D institutes.
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Once the first CCS demos now planned for 2015ppegational, the levels of safety risk
estimated from QRAs can be used to judge whethesethiisks comply with national
rules and regulations.

HSE risks are a key factor in public acceptanc€®f transport (and storage). Therefore,
risk assessment, risk management and proper riskncmication are key activities that
can aid in public awareness and acceptance. lprogerly communicated, the HSE risks
as perceived by the public may be a barrier todénelopment of CCS. Examples are:
the Barendrecht case in the Netherlands (Feensth 2010), and postponing onshore
storage in Member States like the Netherlands aedm@ny. Other projects than

COZ2Europipe provide more lessons to deal with sisee of public acceptance of CCS,
and timely public engagement. One relevant andlyneampleted FP7 project in this

respect is NearCO?Z.

33 http://www.communicationnearco2.eu/documents-anterigs/
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