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INTRODUCTION
— Background

The implementation of Carbon dioxide Capture and Storage
(CCS) will require very large quantities of high concentration
CO, to be transported from point of capture to point of injec-
tion into geological repository. Pipelines are seen as the pri-
mary transportation means of CO, in the context of CCS.
There is limited experience worldwide in pipeline transporta-
tion of CO, in its liquid and/or supercritical phase (i.e. collec-
tively termed "dense phase") in the scale that will be required
for CCS.

This Recommended Practice (RP) has been developed in order
to address the need for guidance for how to manage risks and
uncertainties specifically related to transportation of CO, in
pipelines.

This document provides guidance and sets out criteria for the
concept development, design, construction and operation of
steel pipelines for the transportation of CO,. It is written to be
a supplement to existing pipeline standards and is applicable to
both onshore and offshore pipelines. The RP is intended to
assist in delivering pipelines in compliance with international
laws and regulations. The pipeline operator will also have to
ensure that the project is in compliance with local laws and
regulations.

— Acknowledgment

The development of the this RP was organized as a joint indus-
try project and the partners are acknowledged with their sup-
port and for bringing necessary best available knowhow into
the development of the document:

— ArcelorMittal
— BG Group
— BP

— Dong Energy
— GQGassco

— GQGassnova
— ILF

— Petrobras
— Shell

— Statoil

— Vattenfall
— Chevron.

A special acknowledgement to representatives from Health
and Safety Executive in the UK, the State Supervision of
Mines in the Netherlands, and the Petroleum Safety Authority
in Norway as observers in this JIP and to SINTEF, IFE and
Polytec for carrying out technical studies as inputting to this
document.
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1. General

1.1 Background

CO, Capture and Storage (CCS) has been identified as a key
abatement technology for achieving a significant reduction in
CO, emissions to the atmosphere. Pipelines are likely to be the
primary means of transporting CO, from point-of-capture to
sites (e.g. underground reservoirs) where it will be stored per-
manently to avoid its release to the atmosphere. While there is
a current perception that transporting CO, via pipelines does
not represent a significant barrier to implementing large-scale
CCS, there is significantly less industry experience than for
hydrocarbon (e.g. natural gas) service and there is a number of
issues that needs to be adequately understood and the associ-
ated risks effectively managed.

Today, CO, is mainly transported in pipelines for industrial
purposes. The majority of CO, pipelines are found in North
America, where there is over 30 years of experience in trans-
porting CO,, mainly from natural deposits and gas processing
plants for enhanced oil recovery (EOR). The only existing off-
shore pipeline for transporting CO, is the Snehvit pipeline,
which has been transporting CO, (obtained from natural gas
extraction) through a 153 km seabed pipeline from Hammer-
fest in north Norway back to the Snehvit field under the Bar-
ents Sea, since May 2008.

In a CCS context, there will be need for larger pipeline net-
works in more densely populated areas and with CO, coming
from multiple anthropogenic sources. Also, offshore pipelines
for transport of CO, to offshore reservoirs are likely to become
common.

1.2 Objective

The objective of this Recommended Practise (RP) is to provide
guidance on safe and reliable design, construction and opera-
tion of pipelines intended for large scale transportation of CO,
to meet the requirements given in the referenced pipeline
standards, ref. Sec.1.7.1.

1.3 Application

This document applies to:

— Rigid metallic pipelines

Pipeline networks

New onshore and offshore pipelines for transportation of
fluids containing overwhelmingly CO,

Conversion of existing pipelines for transportation of flu-
ids containing overwhelmingly CO,

Pipeline transportation of

anthropogenic CO, in the context of CCS
anthropogenic CO, in the context of combined CCS
and EOR

CO, captured from hydrocarbon stream

CO, from natural (geological) sources for the purpose
of EOR

other sources for large scale transportation of CO,

Pipelines as defined in the referenced standards, see
Sec.1.7.1

— Transport of CO, in gaseous-, liquid and super critical
phases

Extent of pipeline system as described in Sec.1.8.27.

Guidance note:

In this document, the term ‘overwhelmingly CO,’ refers to defi-
nitions given in the London Convention, the OSPAR convention
and the EU CCS Directive. The actual percentage of CO, and
other components present in the CO, stream shall be determined
based upon technological and economical evaluations, and
appropriate regulations governing the capture, transport and stor-
age elements of a CCS project.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

This document does not address how to secure public awareness
and acceptance on a local/national level. This is, however, an
important issue that needs to be managed carefully as an integral
part of the pipeline development.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

1.4 Structure of this Recommended Practice

1  General

Contains the objectives and scope of the RP, and gives ref-
erence to Codes and Standards. It further introduces
essential concepts, definitions and abbreviations.

2 Specific properties of CO,

Provides an introduction to the fundamental properties of
CO, and CO, stream composition relevant in the context
of CCS.

3 Safety Philosophy

Provides recommendations and guidance on safety
aspects of transportation of CO, in pipelines relevant in
the context of CCS.

4 Concept development and design premises

Provides general recommendations and guidance on how
to solve design issues specifically related to pipelines
intended for transportation of CO,.

5 Materials and pipeline design

Provides recommendations and guidance on how to solve
materials and pipeline design issues related to pipelines
intended for transportation of CO,.

6  Construction

Provides recommendations and guidance for the construc-
tion phase of pipelines intended for transportation of CO,.
7  Operation

Provides recommendations and guidance for commission-
ing, operation and integrity management of a pipeline spe-
cifically intended for transportation of CO,.

8  Re-qualification of existing pipelines to CO, pipelines

Provides general guidance on how existing pipelines used
for other purposes than transporting CO, can be re-quali-
fied for the purpose of transporting CO,.

( Concept )( Design }(Construction}(

_____________

_____________
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’
1

~-

' Changed Service

Sl I

N V.
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1
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-

_____________

_____________
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1.5 Users of this Recommended Practice application areas stated in Sec.1.3.

Users of this RP are typically: The recommendations stated in this RP apply as a supplement
to both offshore and onshore pipelines unless otherwise stated.
CCS project developers

Pipeline engineering and construction companies
Pipeline operating companies

Authorities

Certification companies.

1.7 References

1.7.1 Reference to standards

Recommendations provided in this RP refer to, but are not lim-

. ited to, the following pipeline standards:
1.6 How to use this document

The recommendations given in this RP are restricted by the

__________________________________________

1
]
ASME B31.4 E
1
1

GUIDELINE

Figure 1-1
Reference to pipeline standards

ISO 13623 Petroleum and Natural Gas industries — Pipeline Transportation Systems, 2"d Ed. 15.06.2009
DNV-0OS-F101  Submarine Pipeline Systems, Oct. 2007
ASME B31.4 Pipeline Transportation Systems for Liquid Hydrocarbons and Other Liquids, 2006

1.7.2 Cross references to pipeline standards

1SO 13623 DNV —-0S - F101
Annex A Safety evaluation of pipelines Sec.2 B 300 Systematic review of risks
Sec.5.2 Categorization of fluids Sec.2 C 200 Categorization of fluids
Annex B.2 Location Classes Sec.2C 300

Sec.3 A200 Concept development

Section ASME B31.4
3 Safety Philosophy

3.2.2 Categorization of CO,
3.2.3 Location classes

4 Concept development and design
premises

4.3.2 Pressure control and overpressure Sec.5.4 Pressure control and overpres- Sec.3 B 300
protection system sure protection

4.5.3 Pipeline transport design capacity Sec.5.3 Hydraulic analysis Sec.3 B400
4.7 Pipeline routing Annex C Pipeline Route Selection Sec.3 C

Process

Annex B.2 Location classification Sec.2 C 300 Location Classes

Annex B.3 Population density

Sec.8 Materials and Coatings
Sec.10 Construction

4.7.2 Population density

Sec.7 Construction - Linepipe

Sec.8 Construction — Components and
Assemblies

Sec.9 Construction — Corrosion Protec-
tion and Weight Coating

Sec.10 Construction - Installation

5 Materials and pipeline design

5.1.6 Internal corrosion allowance
5.3.3 External coating
5.5 Running ductile fracture control

6.2.2 Pressure testing

6.2.3 Dewatering and drying

Sec.9.5.2 External coatings
Sec.8.1.6 Shear Fracture Toughness

Sec.6.7 Pressure test requirements
Sec.11 Testing

Sec.12.3 Drying procedures

7.5.2 Emergency response plan and pro- Annex E.3 Emergency Procedures

cedures

Sec.6 B200
Sec.8 C Pipeline external coatings

Sec.402.5 (Spe-
cific for CO, pipe-
lines)

Sec.7 1200 Supplementary require-
ment, fracture arrest properties

Sec.7E Hydrostatic testing and Sec.5
B200

Sec.10 O 100 Final testing and prepara-
tion for operation

Sec.10 O 600 De-watering and drying

Sec.12 B 500

DET NORSKE VERITAS
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1.7.3 Other References, Codes and Standards

The latest revision of the following documents applies:

API 1160 Managing System Integrity for Hazardous Liquid Pipelines

ASME B31.8 Gas Transmission and Distribution Systems

ASME B31.8S Managing System Integrity of Gas Pipelines

CSA Z662-07 Oil and Gas Pipeline Systems. Canadian Standard Association

DNV-RP-A203 Qualification Procedures for New Technology

DNV-RP-C203 Fatigue Strength Analysis of Offshore Steel Structures

DNV-RP-F107 Risk Assessment of Pipeline Protection

DNV-RP-F116 Integrity Management of Submarine Pipeline Systems

ISO 3183 Petroleum and natural gas industries — Steel pipe for pipeline transportation systems

ISO 15156 Petroleum and natural gas industries — materials for use in H,S containing environments in oil and gas production
— general principle for selection of cracking resistant materials

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

ISO 17776 Petroleum and natural gas industries - Offshore production installations - Guidelines on tools and techniques for
hazard identification and risk assessment

ISO 31000 Risk management -Principles and guidelines

IEC 61508 Functional Safety of electrical/electronic/programmable electronic safety-related systems

IEC 61511 Functional safety - Safety instrumented systems for the process industry sector

NACE TM0192-2003 Evaluating Electrometric Materials in Carbon Dioxide Decompression Environments

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

NORSOK Z-013 Risk and emergency preparedness analysis

PHMSA Pipeline and Hazardous Materials Safety Administration. Pipeline Safety Regulations PART 195

1.7.4 Other References

1/

12/

13/

14/

5/

16/

17/

/8/

9/

/10/

/11/

12/
/13/

/14/

/15/
/16/
7/
/18/

/19/
120/

121/

“Carbon Dioxide Capture and Storage”, prepared by Working Group III of the Intergovernmental Panel on Climate Change, Cam-
bridge University Press, 2005

Interim guidance on conveying CO, in pipelines in connection with carbon capture, storage and sequestration projects, UK Health
and Safety Executive, Hazardous Installations Directorate, 12 Aug. 2008, UK HSE Interim Guidance
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1.8 Definitions

1.8.1 Arrest pressure
Defined as internal pipeline pressure where there is not enough
energy to drive a running ductile fracture.

1.8.2 Carbon dioxide (CO,)

Defined as a non-polar chemical compound composed of two
oxygen atoms covalently bonded to a single carbon atom
(0=C=0).

1.8.3 Carbon dioxide stream

A CO, stream shall be understood as a stream consisting over-
whelmingly of carbon dioxide with a limited fraction of other
chemical substances. The actual percentage of CO, and other
components present in the CO, stream shall be determined
based upon technological and economical evaluations, and
appropriate regulations governing the capture, transport and
storage elements of a CCS project.

1.8.4 Commissioning

Activities associated with the initial filling of the pipeline sys-
tem with the fluid to be transported, part of operational phase.
1.8.5 Corrosion allowance

Extra wall thickness added during design to compensate for
any reduction in wall thickness by corrosion (internal/external)
during operation.
1.8.6 CP system

Cathodic protection system designated for a pipeline. Cathodic
protection is typically the secondary system for external corro-
sion protection with the primary system provided by external
coating.

1.8.7 Critical point

Critical point is defined by the critical pressure and tempera-
ture of the fluid composition above which the substance exists
as a supercritical fluid, where distinct liquid and gas phases do
not exist.

1.8.8 Critical pressure

Defined as the vapour pressure at the critical temperature.

1.8.9 Critical temperature

Defined as the temperature above which liquid cannot be
formed simply by increasing the pressure.

1.8.10 Dense phase

Collective term for CO, in its liquid or supercritical phases.

1.8.11 Design pressure

Maximum internal pressure during normal operation (see
DNV-0S-F101 or ISO 13623 for further details).

1.8.12 Direct assessment

Defined as a structured process for pipeline operators to assess
the integrity of pipelines.

1.8.13 Direct examination

Examination and inspection, usually by non-destructive test-
ing, of the pipe wall at a specific location to determine whether
metal loss or other degradation has occurred. Non-destructive
testing may be performed using visual, magnetic, ultrasonic,
radiographic, or other means.

1.8.14 Ductile running fracture

A running ductile fracture is defined as a pipeline rupture,
extending more than one pipeline joint.

1.8.15 Elastomer

An elastomer is a polymer with the property of elasticity. The
use of elastomers in relation to pipeline transport of CO, is
limited to application as seals and gaskets. Elastomer materials
are characterized by being soft, elastic and almost incompress-
ible.

1.8.16 Flow coating

Internal coating to reduce internal roughness, hence reduce
friction pressure loss.

1.8.17 Free water

Water not dissolved in the dense CO, phase, i.e. a separate
phase containing water. This can be pure water, water with dis-
solved salts, water wet salts, water glycol mixtures or other
mixtures containing water.

1.8.18 Hazard

A hazard is a physical situation with the potential to cause
harm, such as injury or death to workers, damage to property
or disruption of business or pollution of the environment.

1.8.19 Hypercapnia

Defined as a condition where there is too much CO, in the
blood. A cause of hypercapnia is inhalation of environments
containing abnormally high concentrations of CO,.

1.8.20 Incidental pressure

Maximum internal pressure that the pipeline is designed to
withstand during incidental operation.

1.8.21 In-line inspection

Defined as the inspection of a pipeline from the interior of the
pipe using an ILI tool; the tools used to conduct ILI are known
as pigs, smart pigs, or intelligent pigs.

1.8.22 Line packing

Accumulation of fluid stream in pipeline to compensate for
dynamic output/input at the upstream or downstream battery
limit of the pipeline.

1.8.23 Linepipe

Cylindrical section (pipe) used in a pipeline for transportation
of fluids or gases.

1.8.24 Major Accident Hazard (MAH)

Major Accident Hazards (MAH) are generally considered to
be those hazards that could pose significant harm to one or
more of the following categories: a large number of people; the
environment; a facility or infrastructure; or a company’s repu-
tation. They can be categorized as high consequence, low fre-
quency events as opposed to occupation type hazards (e.g.
slips, trips and falls) which are generally significantly lower
consequence but more frequent events.

1.8.25 Non-condensable gases

Chemical compounds that are in vapour state at typical pipe-
line operating conditions.

1.8.26 Operator

The party ultimately responsible for the concept development,
design, construction, and operation of the pipeline; the opera-
tor may change between phases.

1.8.27 Pipeline system and CO, pipeline system

Pipeline system:

Pipeline with compressor or pump stations, pressure control
stations, flow control stations, metering, tankage, supervisory
control and data acquisition system (SCADA), safety systems,
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corrosion protection systems, and any other equipment, facility
or building used in the transportation of fluids.

CO, pipeline system (onshore) extends to the first weld
beyond:

— the last isolation valve downstream of the CO, capture
plant or pump/compression station

— the isolation valve just upstream of the pump/compression
station or sequestration site.

CO, pipeline system (offshore) extends to the first weld
beyond:

— the first valve, flange or connection above water on plat-
form or floater

— the connection point to the subsea installation (i.e. piping
manifolds are not included)

— the first valve, flange, connection or insulation joint at a
landfall unless otherwise specified by the on-shore legisla-
tion.

1.8.28 Population density

The population density defines the location class that is used in
specification of design factors. It is defined as number of peo-
ple per square kilometre /ISO 13623/.

1.8.29 Risk assessment

An overall methodology consisting of: identifying potential
threats to an area or equipment; assessing the risk associated
with those threats in terms of incident, likelihood and conse-
quences; mitigating risk by reducing the likelihood, the conse-
quences, or both; and measuring the risk reduction results
achieved /API 1160/.

1.8.30 S-N curve

Graphical presentation of the dependence of fatigue life (N) on
fatigue strength (S).

1.8.31 Supercritical phase

Supercritical phase is defined as the physical state of a fluid at
pressure above critical pressure and temperature above critical
temperature of the fluid.

1.8.32 Safety integrity level

Defined as a measurement of performance required for a
Safety Instrumented Function / IEC 61508/.

1.8.33 Safety Instrumented Function

Safety function with a specified safety integrity level which is
necessary to achieve functional safety /IEC 61511/.

1.8.34 Safety risk

Defined as risk of fatalities or adverse health effects for
humans inside the influence zone of the pipeline.

1.8.35 Temperature, design, maximum:

The highest possible temperature profile to which the equip-
ment or system may be exposed to during installation and
operation.

1.8.36 Temperature, design, minimum:

The lowest possible temperature profile to which the compo-
nent or system may be exposed to during installation and oper-
ation (this may be applied locally).

1.8.37 Threats

An indication of impending danger or harm to the pipeline sys-
tem.

1.8.38 Triple point

Defined by the temperature and pressure at which three phases
(gas, liquid, and solid) of a substance coexist in thermody-
namic equilibrium.

1.9 Units
The current document applies SI units as default notation.

1.10 Abbreviations

API American Petroleum Institute

ASME American Society of Mechanical Engineers

CCS Carbon dioxide Capture and Storage

CFD Computational Fluid Dynamics

CP Cathodic Protection

CPM Computational Pipeline Monitoring

CRA Corrosion Resistant Alloys

CVN Sharpy V-Notch

DA Direct Assessment

DTL Dangerous Toxic Load

DOT Department of Transportation

EOR Enhanced Oil Recovery

EOS Equation of State

FEM Finite Element Method

GHS Global Harmonized System

HC Hydrocarbon

HDPE High Density Polyethylene

HSE Health, Safety and Environment

HSE UK Health and Safety Executive UK

IEA International Energy Agency

IEA GHG IEA Greenhouse Gas R&D Programme

ILI In-Line Inspection

IMP Integrity Management Plan/Process

IMS Integrity Management System

KMCO, Kinder Morgan CO,

LCs Median Lethal Concentration

MAH Major Accident Hazards

NG Natural Gas

OEL Occupational Exposure Limits

PA Arrest Pressure

PE Poly Ethylene

PHMSA Pipeline and Hazardous Materials
Safety Administration

PR Peng Robinson (Equation of State)

PS Saturation Pressure

RP Recommended Practice

SCADA Supervisory Control And Data Acquisition

SI International System of Units

SIL Safety Integrity Level

SLOD Significant Likelihood of Death

SLOT Specified Level Of Toxicity

STEL Short Term Exposure Limit

SMYS Specified Minimum Yield Stress

TCM Two Curve Method

2. Specific properties of CO,

2.1 General

CO, is a non-polar chemical compound composed of two oxy-
gen atoms covalently bonded to a single carbon atom
(O=C=0). The molecule has a linear shape and zero dipole
moment. At ambient pressure and temperature pure CO,
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appears as a colourless and at low concentration an odourless
gas.

CO, occurs naturally in the earth’s atmosphere at a concentra-
tion of typically 0.038% by volume and is naturally resolved in
the oceans. High purity CO, also exists in geological forma-
tions.

This section presents and discusses specific properties and
behaviour of CO, that is relevant for the design and operation
of a CO, pipeline.

2.2 Physical properties of pure CO,

Fundamental physical properties of pure CO, are listed in
Table 2-1 with reference to the phase diagram given in
Figure 2-1.

CO, has a molecular weight approximately 50% higher than
air, 1.e. at ambient condition the density of (gaseous) CO, will
be higher than air, which has implications on how CO, dis-
perses when released to the ambient.

At normal atmospheric pressure and temperature, the stable
carbon dioxide phase is vapour.

Dense phase occurs in the phase diagram, ref. Figure 2-1, for
pressure and temperature combinations above the vapour (gas)
- liquid line and under the solid-liquid line. When the temper-
ature is below the critical temperature it is common to say that
the CO, is in the liquid dense phase and above in the supercrit-
ical phase.

For temperatures below the critical temperature, crossing the
vapour-liquid line by reducing the pressure, results in a phase
transition from liquid to gas with an accompanying step
change in enthalpy and density. For the CO, to transform from
liquid to gas, heat must be added in the same way as heat must
be added to convert liquid water into steam.

Above the critical temperature there is no noticeable phase
change, hence when the pressure is reduced from above to
below the critical pressure, a smooth enthalpy change occurs
from super critical fluid to gas. Pure CO, has a triple point at -
56.6 °C and 5.18 bar, which determines the point where CO,
may co-exist in gas, liquid and solid state. At the right combi-
nation of pressure and temperature CO, may turn into the solid
state commonly known as dry ice.

Guidance note:

A CO, pressure-enthalpy diagram provides insight to the phase
changes, and is the most frequently used diagram for design pur-
poses.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Figure 2-2 shows the mass density of pure CO, as function of
pipeline operating temperature and pressure. The step change
in mass density from vapour to liquid state should be noted. In
general the effect of temperature and pressure on mass density
should be considered in optimization of pipeline transportation
capacity. It should be noted that various types of other chemi-
cal components in the CO, stream may to various degree affect
the mass density.

Supercritical CO, is a highly volatile fluid that will rapidly
evaporate when depressurized to ambient conditions.

Table 2-1 Selected physical properties of pure CO,
Property Unit Value
Molecular Weight g/mol 44.01
Critical Pressure bar 73.8
Critical Temperature °C 31.1
Triple point pressure bar 5.18
Triple point temperature °C -56.6
Aqueous solubility at 25°C, 1 bar g/L 1.45
Gas density at 0°C, 1 bar kg/m3 1.98
Density at critical point kg/m3 467
Liquid density at 0°C, 70 bar kg/m3 995
Sublimation temp, 1 bar °C -79
Latent heat of vaporization (1 bar at subli- | kJ/kg 571
mation temperature)

Solid density at freezing point kg/m3 1562
Colour - None

Guidance note:

High pressure CO, when released to atmosphere will undergo a
significant cooling due to expansion and potential inclusion of
solid CO, particles at -79°C. Where the temperature of a CO,
release plume is below the dew point temperature of the atmos-
phere into which it is being released, the water vapour in the
atmosphere will condense to form a cloud which will be visible
to humans, making it difficult to distinguish CO, solids from
condensed water within the cloud.

The size and visual opacity of a formed water vapour cloud will
be determined by the temperature within the cloud (i.e. < dew
point temperature) as well as the humidity level of the air.

A high pressure release of CO, which creates a release plume
above the dew point temperature of the atmosphere into which it
is being released will be invisible to the naked eye.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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Carbon Dioxide: Temperature - Pressure Diagram
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Phase diagram of pure CO, /16/

Mass density of pure CO, as function of pressure and temperature
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Mass density of pure CO, (PR EOS)
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2.3 CO, stream composition

2.3.1 Implication of CO, composition on pipeline design
and operation

Physical properties of a CO, stream defined by its individual
chemical components may vary from the physical properties of
pure CO, and will have implications on both pipeline design
and operation.

The acceptable amount of other chemical components relates
to techno-economic optimization not limited to the pipeline
but including the facilities at the pipeline upstream and down-
stream battery limits.

The CO, composition will vary depending on the source:

— Captured from combustion/processing of fossil fuels.
— Generated from industrial processes.

— Extracted from high CO, containing HC streams.
— Explored from natural sources.

In the context of CCS, the CO, may come from large scale
combustion of fossil fuels, typically gas, oil or coal fired power
plants but also from industrial processes. The different tech-
niques for capturing the CO, from combustion power plants
are commonly characterized as pre-combustion, post-combus-
tion or oxy-fuel processes. Further, CO, may be captured from
a range of industrial processes (e.g. steel manufacturing,
cement manufacturing refineries and chemical industries).
These processes may generate different types and amounts of
chemical components in the CO, flow, such as CHy, H,O,
H,S, SO,, NO,, N,, O,, Glycol and others, see Sec.2.3.2.

Table 2-2 provides an overview of the main identified issues
associated with various components.

Table 2-2 Main issues related to various components in CO, streams
Component Properties Comment
v
3 »| 2 2| = 2| g 5 G g g ,S 5
ﬁ 15 = Q L= E = E=] an B 2 =
=5 98|88 S 3 = 3] g s
SR | & g = a E é S [f (& o &
T Al O 3 & 2 F O IS
CO, ° ° ° ° ° ° ° ° e | Non-flammable, colourless, no odour at low concen-
trations, low toxicity, vapour heavier than air
H,0 ° ° ° ° ° e | Non-toxic
N, ° Non-toxic
0, Non-toxic
H,S ° (o) ° ° (o) Flammable, strong odour, extremely toxic at low con-
centrations
H, ) ° ) Flammable, non-condensable at pipeline operating
condition
SO, ° Non-flammable, strong odour
CcO Non-flammable, toxic
CHy+ ° e | Odourless, flammable
Amines ° Potential occupational hazard
Glycol (o) (o) Potential occupational hazard
Ref. Sec. 333 (453235 | 45.11 5 56 | 55 | 5.1 7

2.3.2 Indicative compositions from capture processes

The composition of the CO, stream will depend on the source
and technology for capturing the CO,. Indicative components,
i.e. not exhaustive list, for CO, streams associated with types
of power plants/ capture technologies are included in

Table 2-3. Industrial capture plant compositions will differ
from these, e.g. steel manufacturing, cement manufacturing,
etc.

Composition limits require to be aligned throughout the CO,
chain from capture through transport to storage.

Table 2-3 Indicative compositions of CO, streams /IEA GHG/. Unit % by volume
Coal fired power plant Gas fired power plants

Component Post- Pre- Oxy-fuel Post -combustion | Pre- combustion Oxy-fuel

Combustion combustion
Ar/ Ny/ O, 0.01 0.03-0.6 3.7 0.01 1.3 4.1
H,S 0 0.01-0.6 0 0 <0.01 0
H, 0 0.8-2.0 0 0 1 0
SO, <0.01 0 0.5 <0.01 0 <0.01
CO 0 0.03-0.4 0 0 0.04 0
NO <0.01 0 0.01 <0.01 0 <0.01
CH4t 0 0.01 0 0 2.0 0
Amines - - - - - -
Glycol - - - - - -

1) The SO, concentration for oxy-fuel and the maximum
H,S concentration for pre-combustion capture are for the
cases where these chemical components are left in the CO,
stream based on cost optimization of the capture process

and compliance with local HSE and legal requirements.
The concentrations shown in the table are based on use of
coal with a sulphur content of 0.86%. The concentrations
would be directly proportional to the fuel sulphur content.
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2) The oxy-fuel case includes cryogenic purification of the
CO, to separate some of the N,, Ar, O, and NO,. Removal
of this unit would increase impurity concentrations but
reduce costs.

3) For all technologies, the impurity concentrations shown in
the table could be reduced at a higher capture costs.

2.3.3 Physical properties

Physical properties of a CO, stream defined by its individual
chemical compounds may vary from the physical properties of
pure CO, in terms of but not limited to:

— Toxicity

— Critical pressure and temperature
— Triple point

— Phase diagram

— Density

— Viscosity

— Water solubility.

Typical effects of selected chemical components on the phase
envelope are shown in Figure 2-3. Adding lighter components
such as CHy, N, or H, primarily affects the boiling curve in the
phase envelope.

Compared to a typical Natural Gas (NG) composition, the
most essential difference is the higher critical temperature of
CO, causing liquid- or dense state at typical pipeline operating
conditions.

Guidance note:
Natural gas composition applied for obtaining the phase envelope

in the figure contains; 88 Mol% CHy, 8 Mol% C,Hg, 2 Mol%
C3H8, 2 Mol% C02

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

2.3.4 Solvent properties

The solvent properties of CO, increase with pressure and tem-
perature with supercritical CO, being a highly efficient sol-
vent. This characteristic must be taken into account when
selecting materials in contact with the CO,, such as elastomer
materials, and when assessing the consequences of a signifi-
cant pressure reduction (e.g. due to a leak).

There is potential for any substance that is in solution within a
high pressure CO, pipeline inventory to be precipitated out at
the point of pressure drop due to the decrease in solubility of
the CO,. The precipitation of any hazardous substance held in
solution could then result in harmful human exposure or envi-
ronmental damage at or near the point of release.

2.3.5 Water solubility

In the vapour state the ability of CO, to dissolve water increase
with increased temperature and reduced pressure as for natural
gas. With transition from vapour to liquid state there is a step
change in solubility and the solubility increase with increasing
pressure which is the opposite effect of what occurs in the
vapour state, ref. Figure 2-4.

The ability of the CO, stream to dissolve water may be signif-
icantly affected by the fraction of different chemical compo-
nents, hence this needs consideration.

Effect of selected impurities on phase envelope
Comparison with Natural Gas
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Figure 2-3

Effect of selected chemical components on phase envelope (PR EOS)
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Solubility of water in pure CO; as function of pressure & temperature
(Data reprocessed from SINTEF /9/)
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Solubility of water in pure CO,; only for illustration /9/

Guidance note:

There is limited available knowledge on water solubility models
for CO, streams including other chemical compounds. The indic-
ative solubility for pure CO, should not be taken as representa-
tive for a CO, stream with other chemical components.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

2.3.6 Chemical reactions

Chemical reactions due to temperature and pressure variations
and, in particular, due to mixture of CO, steams from multiple
sources (ref. Table 2-3) must be assessed to avoid concerns
such as those listed in Table 2-2. In particular, formation of
free water shall be paid attention.

2.3.7 Equation of state (EOS)

For a CO, stream composition containing overwhelmingly
CO,, a Peng Robinson (PR) Equation of state (EOS) is consid-
ered to provide sufficient accuracy for prediction of:

— Mass density in both gaseous, liquid and supercritical CO,.

For CO, mixtures containing significant levels of impurities,
the applied EOS should ideally be tuned using experimental
data. As a minimum the EOS should be verified against exper-
imental data in order to assess the level of inaccuracy of the
calculations.

Particular attention must be given when performing simula-
tions near the critical point of the composition due to the
reduced precision of the EOS (high non-linearity).

Particularly for water solubility and drop out prediction as well
as hydrate formation, the EOS should be calibrated or verified
towards experimental data for the project specific CO, stream.

3. Safety Philosophy

3.1 Safety Evaluations

3.1.1 Safety objective

An overall safety objective shall be established, planned and
implemented, covering all phases from conceptual develop-
ment until abandonment.

3.1.2 Risk assessment

A systematic review shall be carried out at all phases to iden-
tify and evaluate threats, the consequences of single failures
and series of failures in the pipeline system, such that neces-
sary remedial measures can be taken. The extent of the review
or analysis shall reflect the criticality of the pipeline system,
the criticality of a planned operation, and previous experience
with similar systems or operations.

The risks to people in the vicinity of the pipeline shall be
robustly assessed and effectively managed down to an accept-
able level. To achieve this, CO, hazard management proc-
esses, techniques and tools require critical examination and
validation. The safety risk related to transport of CO, should
include but not be limited to controlled and uncontrolled
release of CO,.

3.1.3 Risk management

The (safety) risk management strategy should be based on rel-
evant industry good practice which centres on inherent safety
and the prevention of incidents which could endanger people,
the environment or property. This establishes a hierarchy of
prevention before control, mitigation, protection and emer-
gency response.

ISO 13623-Annex A provides high level guidelines for the
planning, execution and documentation of safety evaluations
of pipelines and may be applied as reference. Additional guid-
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ance on hazard identification and risk assessment approaches
that may be applied to CO, pipelines, particularly in densely
populated areas or other public-sensitive areas, can be found in
ISO 17776, ISO 31000 and NORSOK Z-013.

It should be recognized that CO, pipelines at the scale that will
be associated with CCS projects are novel to many countries and
this should be reflected in the risk management strategy adopted.

3.1.4 Hazard identification

Rigorous and robust hazard identification is very important,
particularly in a relatively immature industry such as the CCS
industry. Hazards can not be effectively managed if they have
not been identified.

For CCS, with few companies or people with hands on experi-
ence and few relevant hazard identification studies, great care
should be taken during hazard identification exercises since
hazards may be missed, or hazards that are identified may be
deemed non-credible due to lack of relevant knowledge.

Until experience and knowledge is built up and communicated
within the CCS industry, greater focus should be applied to
hazard identification (and risk assessment) to compensate for
the lack of experience.

Guidance note:

Loss of reputation in case of a single major accident in the early
deployment phase of CCS may have impact not only on the oper-
ator but also the CCS industry at large.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.1.5 Major accident hazards

Major Accident Hazards (MAHs) are categorized as high con-
sequence, typically low frequency, events as opposed to occu-
pation type hazards (e.g. slips, trips and falls) which are
generally significantly lower consequence but typically more
frequent events.

A ‘Major Accident’ is defined in various regulations. The def-
inition in the Seveso II Directive is:

“ Major accident' shall mean an occurrence such as a major
emission, fire, or explosion resulting from uncontrolled devel-
opments in the course of the operation of any establishment
covered by this Directive, and leading to serious danger to
human health and/or the environment, immediate or delayed,
inside or outside the establishment, and involving one or more
dangerous substances.”

MAH risk assessment should be performed to provide esti-
mates of the extent (i.e. hazard ranges and widths) and severity
(i.e. how many people are affected, including the potential
numbers of fatalities) and likelihood of the consequences of
each identified major accident hazard. MAH risk assessment
could be used as input to design requirements, operational
requirements and planning of emergency preparedness.

Specific criteria for Lethal Concentration - LCs( are given in
Sec.3.3.1/2/.

3.1.6 Risk reduction

Guidance on risk reduction and evaluation of risk-reducing
measures given in ISO 17776 may be applied as reference.

3.2 Risk basis for design

3.2.1 General

The pipeline shall be designed with acceptable risk. The risk
considers the likelihood of failure and the consequence of fail-
ure. The consequence of failure is directly linked to the content
of the pipeline and the level of human activity around the pipe-
line. Hence, both the content (CO,) of the pipeline and the
human activity around the pipeline need to be categorized, and
will provide basis for safety level implied in the pipeline

design criteria.

Categorization of CO, is described in Sec.3.2.2, and human
activity level is given in Sec.3.2.3. The associated utilization
factors are given in Sec.5.4. Sec.3.2.4 presents guidance on
assessing pipeline failure frequencies.

3.2.2 Categorization of CO,

ISO 13623 and DNV-OS-F-101 require the pipeline inventory
to be categorized in one of the following five categories
according to the hazard potential in respect of public safety:

Table 3-1 Fluid categorization /ISO13623, DNV OS-F101/
Category A | Typically non-flammable water-based fluids.

Category B | Flammable and/or toxic fluids which are liquids at
ambient temperature and at atmospheric pressure con-
ditions. Typical examples are oil and petroleum prod-
ucts. Methanol is an example of a flammable and

toxic fluid.

Category C | Non-flammable fluids which are non-toxic gases at
ambient temperature and atmospheric pressure condi-
tions. Typical examples are nitrogen, carbon dioxide,

argon and air.

Category D | Non-toxic, single-phase natural gas.

Flammable and/or toxic fluids which are gases at
ambient temperature and atmospheric pressure condi-
tions and are conveyed as gases and/or liquids. Typi-
cal examples are hydrogen, natural gas (not otherwise
covered in Category D), ethane, ethylene, liquefied
petroleum gas (such as propane and butane), natural
gas liquids, ammonia and chlorine.

Category E

According to ISO 13623 and DNV OS-F101 CO, is catego-
rized as a category C fluid.

The LC50 curve for CO, is well above 5%; hence according to
the Globally Harmonized System (GHS) CO, is a “Not Classi-
fied” substance. CO,’s lethal concentration levels are at least
one order of magnitude higher than that required in the GHS to
categorize it as a “Classified Acute Toxicity Substance”.

Guidance note:

Within the Globally Harmonized System (GHS) Acute Toxicity
criteria, any substance that has a median lethal concentration
(LC50) of less than 5000 parts per million (ppmV) (0.5% in air;
by volume) is classified within one of the five defined Hazard
Categories given in Table 3-1. A substance with a LC50 concen-
tration greater than 0.5% is defined as “Not Classified”.

According to ASME B31.4, dense phase CO, is classified as a
“Hazardous Liquid”.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

The introduction of CCS in regions where there is currently no
CO, infrastructure will push the boundaries of experience
within many areas including engineering, operations, risk
management and public acceptance. CO, pipelines will have
major accident potential due primarily to a combination of vast
pipeline inventories and the consequences if CO, is inhaled at
concentrations above around 7%, ref Sec.3.3.1. A precaution-
ary approach to risk management is therefore recommended,
and it is recommended that, until sufficient knowledge and
experience is gained with CCS pipeline design and operation,
a more stringent categorization should be applied in populated
areas. This will be reflected in the pipeline wall thickness
design, see Sec.5.4, and for pipeline pressure testing, see
Sec.6.2.2.

3.2.3 Location classes

Specification of location classes for onshore pipelines should
comply with ISO 13623; Annex B.2. Specification of location
classes for offshore pipelines should comply with the require-
ments given in DNV-OS-F101.
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Table 3-2 Location classes according to ISO 13623

Location Description

Class

1 Locations subject to infrequent human activity with no permanent human habitation. Location Class 1 is intended to reflect inac-
cessible areas such as deserts and tundra regions

2 Locations with a population density of less than 50 persons per square kilometre. Location Class 2 is intended to reflect such
areas as wasteland, grazing land, farmland and other sparsely populated areas

3 Locations with a population density of 50 persons or more but less than 250 persons per square kilometre, with multiple dwelling
units, with hotels or office buildings where no more than 50 persons may gather regularly and with occasional industrial build-
ings. Location Class 3 is intended to reflect areas where the population density is intermediate between Location Class 2 and
Location Class 4, such as fringe areas around cities and towns, and ranches and country estates

4 Locations with a population density of 250 persons or more per square kilometre, except where a Location Class 5 prevails. A
Location Class 4 is intended to reflect areas such as suburban housing developments, residential areas, industrial areas and other
populated areas not meeting Location Class 5

5 Location with areas where multi-storey buildings (four or more floors above ground level) are prevalent and where traffic is
heavy or dense and where there may be numerous other utilities underground

For onshore pipelines, location classes shall consider possible
dispersion of CO,.

Safety measures in the different location classes depend on
need for protecting the pipeline from 34 party activities. The
degree of protection will vary depending on location class, and
should be determined based on a risk and safety assessment.
Protection may be ensured by e.g. burial, fences, signs and
similar. National legislation shall also be considered.

3.2.4 Pipeline failure frequencies

It is critical to characterize the possible failures of a pipeline
system in terms for which frequency data is available. For CO,
pipeline systems there are relatively little relevant experience
available. However, some statistics from CO, pipeline inci-
dents in the U.S. can be found at the Office of Pipeline Safety
(OPS) within the U.S. Department of Transportation, Pipeline
and Hazardous Materials Safety Administration (PHMSA)/17/.

Failure statistics for onshore and offshore pipelines shall be
considered separately, particularly related to the cause of
external third party damages.

Incident data from other relevant pipeline systems (none-CO,
pipeline systems) should also be consulted and assessed as
input to the frequency analysis. In addition to incident data for
CO, pipelines, the PHMSA information source also provides
data for other pipelines in the U.S. Other databases containing
pipeline incident data are:

— The European Gas Pipeline Incident Data Group (EGIG)
database /19/

— The CONCAWE Oil Pipelines Management Group inci-
dent database /20/

— The PARLOC database /21/

Guidance note:

Differentiating between external and internal threats one may
expect that the external threats related to CO, pipelines provide
equivalent statistics as for hydrocarbon pipelines. This is based
on the assumption that the protection of the CO, pipelines will be
similar to hydrocarbon pipelines.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

The frequency analysis should examine the available historical
incident data in depth to extract and use the most relevant data
for a particular CO, pipeline project. When applying failure
statistics, one needs to consider pipelines designed according
to equivalent codes.

Guidance note:

For internal threats the statistics may be applied based on that the
control of the water dew point is sufficient. Lack of control of the
water dew point is expected to increase the failure level in the
CO, pipelines as the corrosion rates increase significantly from
that of typical hydrocarbon gas pipelines that are operated with
equivalent dew point control.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

It should be noted that there is a difference between nominal
failure probabilities and target failure probabilities. Target fail-
ure probabilities are normally used in risk assessments based
upon failure statistics, while nominal failure probabilities are
reflected in design codes and hence exclude human errors and
similar.

3.3 Safety assessments — CO, specific aspects

3.3.1 Human impact to inhaled CO,

The acute health effects that are seen following inhalation of
high concentrations of CO, are presented in Table 3-3 and
should be used as reference values for safety risk assessments.
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Table 3-3 Acute health effects of high concentrations of inhaled CO, /14/

CO;, Concentration in Air
(% v/v)

Exposure

Effects on Humans

17-30 Within 1 minute Loss of controlled and purposeful activity, unconsciousness, convulsions,
coma, death
>10-15 1 minute to several minutes | Dizziness, drowsiness, severe muscle twitching, unconsciousness
7-10 Few minutes Unconsciousness, near unconsciousness
1.5 minutes to 1 hour Headache, increased heart rate, shortness of breath, dizziness, sweating, rapid
breathing
6 1 — 2 minutes Hearing and visual disturbances
< 16 minutes Headache, difficult breathing (dyspnoea)
Several hours Tremors
4-5 Within a few minutes Headache, dizziness, increased blood pressure, uncomfortable breathing (Equiv-
alent to concentrations expired by humans)
3 1 hour Mild headache, sweating, and difficult breathing at rest

Several hours

Headache, difficult breathing upon mild exertion

0.5-1

8hrs

Acceptable occupational hazard level

Guidance note:

The reference source on which the above table was based /14/
does not provide specific details of the age, sex, fitness or general
well-being of the people exposed. But a conservative and reason-
able assumption would be that people with underlying health
concerns would not have been selected as a volunteer in tests.
Therefore the exposure limits may need to be adjusted for use in
risk assessment should the exposed population being considered
include vulnerable people (e.g. those with a respiratory illness).

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

25%

The harm level expressed by a given substance in the air is
influenced by two factors, the concentration in the air (c¢) and
the duration of exposure (t). The following expressions have
been defined by the HSE UK for CO,, ref. Figure 3-1:

SLOT DTL: 1.5 x1040=¢8- ¢
SLOD DTL: 1.5 x1041 =¢8- ¢
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SLOT DTL = Specified Level Of Toxicity Dangerous Toxic Load
SLOD DTL = Significant Likelihood Of Death Dangerous Toxic Load

Figure 3-1
SLOT and SLOD limits for CO,

Guidance note:

Human respiration is controlled by the respiratory centre of the
brain which keeps the basic rhythm of respiration continuous.
One of the most powerful stimuli known to affect the respiratory
centre is CO,. CO, acts as both a stimulant and depressant on the
central nervous system.

CO, is not a chemical asphyxiant like hydrosulphide or carbon
monoxide in that it does not prevent the efficient transfer of oxy-
gen via the blood.

With reference to Figure 3-1 the number of people injured (seri-
ous and minor) by the release may be approximated by the
number of people estimated to be between the SLOD and SLOT
DTL contours (i.e. the SLOT DTL contour is taken as a prag-
matic limit for human harm).

With reference to Figure 3-1 the number of fatalities caused by a
CO, release may be approximated by the number of people esti-
mated to within the SLOD contour (i.e. the SLOD DTL contour
is taken as a pragmatic limit for fatalities).

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.3.2 Occupational exposure limits for CO,

An occupational exposure limit (OEL) is an upper limit on the
acceptable concentration of a hazardous substance in work-
place air for a particular substance or class of substances.

The OEL given in Table 3-4 should be applied as reference for
evaluating occupational hazards.
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Table 3-4 Occupational exposure limits
Exposure % CO, Comment Reference
Time
10 hours 0.50% Time weighted average NIOSH (US)
8 hours 0.50% Time weighted average OSHA (US)
0.50% Occupational Long Term Exposure Limit (LTEL) COSHH HSE (UK)
60 min 4% Emergency Exposure Level for submarine operations USA Navy
2.5% Emergency Exposure Level for submarine operations National (US) Research Council
5% Suggested Long Term Survivability Exposure Limit HSE (UK)
2% Maximum exposure limit Compressed Gas Association 1990
20 min 3% Maximum exposure limit Compressed Gas Association 1990
15 min 1.5% Occupational Short Term Exposure Limit (STEL) COSHH HSE (UK)
3% Short Term Exposure Limit (STEL) Federal occupational safety and health regula-
tions (US)
10 min 4% Maximum exposure limit Compressed Gas Association 1990
7 min 5% Maximum exposure limit Compressed Gas Association 1990
5 min 5% Suggested Short Term Exposure Limit (STEL) HSE (UK)
6% Maximum exposure limit Compressed Gas Association 1990
3 min 7% Maximum exposure limit Compressed Gas Association 1990
1 min 15% Exposure limit NORSOK (Norway)
<1 min 4% Maximum Occupational Exposure Limit Eeder(a%ggcupational safety and health regula-
tions

3.3.3 Health effects from exposure of CO, composition
with other chemical components

Supercritical CO, is a highly efficient solvent but when it
undergoes a significant pressure reduction, for example during
a leak, it changes to a gaseous state with virtually no solvent
capability.

This characteristic of CO, introduces the potential for any
compounds or elements that are in solution within the CO,
inventory being precipitated out at the point of pressure drop.

In addition to the health hazards related to pure CO,, the tox-
icity of the individual chemical components (e.g. H,S and CO)
should be considered as part of a safety risk assessment.

3.3.4 Other health effects

In addition to the hazards associated with inhalation of CO,-
rich air, the following health effects should be evaluated when
found applicable:

— Injuries caused by direct exposure of the released solid
state particles or cryogenic burns

— Inhalation of solid CO, particles within a release

— Noise level related to vent stations.

Guidance note:

Inhalation of air containing solid CO, particles within a release
cloud is particularly hazardous since this could result in cryo-
genic burns to the respiratory tract as well as toxicological impact
upon sublimation. As dry ice will quickly sublime upon emission
from the pipeline, this risk of inhalation applies only in the imme-
diate vicinity of the leak.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.3.5 Environmental impact

CO, may affect the flora and fauna with which it comes into
contact, from microbes in the deep subsurface near injection
point to plants and animals in shallower soils and at the sur-
face. The effect of elevated CO, concentrations would depend
on several factors, for example, for terrestrial ecosystems the
type and density of vegetation; the exposure to other environ-
mental stresses; the prevailing environmental conditions like
wind speed and rainfall, the presence of low-lying areas; and
the density of nearby animal populations.

Animals exposed to high CO, concentrations are assumed to
experience the same effects as described for humans in
Sec.3.3.1, and are caused by hypercapnia (elevated levels of
CO; in the bloodstream) and asphyxiation leading to respira-
tory distress, narcosis and mortality. The extent of effect from
the elevated CO, concentration will vary between species due
to difference in, for example, behaviour and body size.

The consequences associated with accidental or planned
release of CO, and its impact on flora, fauna and livestock
need to be considered as part of the risk assessment process.

3.3.6 Accidental release of CO,

Accidental release of CO, (controlled pipeline depressuriza-
tion is described in Sec.7.6.5) from an initial liquid state to
ambient conditions involves decompression and expansion of
the released medium with a corresponding drop in temperature
of the released medium and remaining inventory.

CO, differs from decompression of hydrocarbons with respect
to that the release may appear as a combination of gaseous and
solid state CO,.

Particularly for CO,, the erosive properties of the solid CO,
particles released should be considered in case there is a poten-
tial for direct impingement on nearby critical equipment. Other
components in the CO, inventory my increase the erosive
properties of the release stream.

The temperature reduction through the crack/opening at the
leak point may however not be significantly more pronounced
than for volatile hydrocarbons.

Even though CO, is a colourless gas, a release from a cool CO,
inventory will most likely cause condensation of the water sat-
urated in the ambient air, resulting in a cloud visible to human
eye (until the release cloud warms to above the air’s dew point
temperature).

A release of warm or hot CO, which results in a release above
the air’s dew point temperature will be invisible to the naked
eye since there will be no condensing water or solid CO, par-
ticles.

3.3.7 Release rates

Accidental release rates from a CO, pipeline primarily differs
from a hydrocarbon pipelines due to the potential phase
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changes within the flow expansion region.

To enable modelling of accidental release rates the transient
thermo hydraulic behaviour of the pipeline needs to be consid-
ered.

Calculation of the transient release profile needs to include but
not be limited to:

— Hole size and geometry

— Pipeline diameter, length and topography

— Temperature, pressure and chemical composition of the
CO, stream

— Heat transfer between pipeline and ambient

— Closing time of any inventory segregation valves (e.g.
block or check valves)

— Initiation time and capacity of pipeline depressurization
system.

Guidance note:

In case a pipeline depressurization system is installed within the
pipeline section (between block valves) and activated in a pipe-
line accidental situation, the reduced duration of the release due
to depressurization may be taken into account.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.3.8 Dispersion modelling

Empirical models for estimating dispersion of released gases
in air and liquids are readily available; however, they need to
be validated for CO, in CCS-scale applications /15/. Acciden-
tal release of CO, differs from other typical fluids in terms of
formation of a solid state, ref. Sec.3.3.6.

Dispersion of gaseous CO, (either cooled or at ambient tem-
perature) can best be compared with an equivalent release of
propane (CsHg) due to their comparable physical properties
(molecular weight and viscosity).

Effects that need to be considered within the modelling are:

— Release rate

— Leak profile

— Jet direction (consider both impinging and free jets)
— Release gas density

— Wind speed and direction

— Atmospheric stability class

— Air humidity

— Surface roughness.

The effect on modelling results of solid CO, formation within
the release stream is not validated and results must therefore be
handled with care. It is expected that the effect is larger for
large leaks and full bore ruptures than for small releases. When
the cold stream of CO, hits the ground, a small release will be
heated by the surface, however, if the leak is large and/or long
lasting, less of the gas will be heated by the surface and the
effect of solid CO, is expected to be larger.

In addition to being influenced by the wind, the heavier than air
CO, stream will spread out sideways, with off-axis ground
level concentrations being higher than for a neutrally buoyant
or buoyant gas release. Ground topography (e.g. slopes, hol-
lows, valleys, cliffs, streams, ditches, road/rail cuttings and
embankments, etc.) and physical objects (e.g. buildings), as
well as wind direction may have a significant influence on the
spread and movement of a CO, cloud. Particular care should

be taken in identifying topographical features and assess how
this may impact the consequences of a CO, release.

In many assessments, integral models should provide accepta-
ble modelling capability, but in areas where the combined
effects of topography, buildings, pits, etc. and the heavy gas
properties of the released CO, may have a significant effect on
the exposure of people or livestock, more detailed simulations
using advanced dispersion tools (e.g. Computational Fluid
Dynamics (CFD)) should be considered.

Also, the potential severity of the predicted consequences
should influence the depth and breadth of consequence assess-
ment. For example, the level of analysis for a small low pres-
sure on-site CO, release will likely demand less analysis than
for a large, liquid phase CO, release that could create a hazard
range potentially exposing a large number of people. In addi-
tion, should a predicted hazardous release plume be assessed to
fall just short of a densely populated area, the uncertainties in
the analysis and any circumstances which could lead to exten-
sion of the hazard into the populated area would need careful
consideration.

Modelling releases from underground pipelines need careful
consideration since the crater formation and subsequent
release flow could significantly reduce the momentum and
therefore air mixing of the release thereby decreasing the dis-
persion and increasing the hazardous distances.

Submerged releases of CO, may be modelled in a similar way
as for hydrocarbon gas having similar molecular weigh (i.e. pro-
pane). Dispersion models are readily available; however, they
need to be validated for CO, in CCS-scale applications /15/.
Guidance note:
Several initiatives are currently taken to tailor and validate
empirical dispersion models specifically for release of CO, /17/.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.3.9 Human impact assessment

Unless the use of alternative harm criteria is justified, the
SLOT and SLOD dangerous toxic load as described in
Sec.3.3.1 and Sec.3.3.3 should be applied.

4. Concept development and design
premises

4.1 General

This section includes recommendations related to design
issues that are specific to CO, and that are normally considered
as part of the pipeline concept phase.

CO, pipelines shall be designed in accordance with industry
recognized standards and applicable regulatory requirements.

Existing pipelines previously used for transportation of other
media may be re-qualified for transportation of CO, given that
appropriate standards and regulations as well as guidelines
given in Sec.8 are followed.

Concept Design Construction)"( Operation }(Abandonment)
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4.2 Design Premises

With respect to design premises, the following issues should
be paid particular attention to:

Issue: Onshore | Offshore
Regulatory requirements ° .
Safety objective ° .
Design standards ) °
Population density along pipeline route ° (o)
Topography (reference to gas dispersion) .
Topography (reference to flow assurance) °
Composition of CO, stream °
Limitations to pipeline export and arrival con- °

ditions

Requirements to pipeline integrity manage- [ .
ment (monitoring, inspection, reporting)

Design life ° .
Transport capacity and operational flexibility ° .
Shut-in and re-start ° .
Operational and upset inventory conditions ° .
(e.g. temperature, pressure, phases)

Material specifications [ °
Pressure relief system ) (o)
Requirements to pipeline energy efficiency [ .

Guidance note:

As the CO, stream is common to all three parts of the CCS chain
(capture, transport and storage), the design specification must be
consistent and aligned throughout the CCS chain. In particular,
the specification of impurity limits in the CO, stream is an exam-
ple of an aspect that must be adequately considered along the
complete CCS chain.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.2.1 Reliability and availability of CO, transport

A holistic approach must be taken when assessing the reliabil-
ity and availability of the CO, stream since the reliability/
availability of one part of the CO, chain has design and opera-
tion impact on another. The pipeline system can be used as a
buffer to smooth out supply and storage interruptions, but this
has to be assessed and the line-pack capacity optimized against
cost and other project drivers early in the design phase of the
various parts of the CO, chain.

4.2.2 Access to transport networks

A pipeline operator will have to clarify with authorities how to
take the necessary measures to ensure that potential users are
able to obtain access to transport networks. Access should be
provided in a transparent and non-discriminatory manner.

4.3 System design principles
4.3.1 General

The pipeline layouts comprise the various valves as well as
intermediate compressor and/or pump stations and instrumen-
tation within the battery limits, and defined as part of the pipe-
line. The pipeline layout is a critical part of the pressure safety
functions and it also determines the accessibility for mainte-
nance and repair.

4.3.2 Pressure control and overpressure protection system

A pressure protection system shall be used unless the pressure
source to the pipeline system cannot deliver a pressure in
excess of the incidental pressure including possible dynamic
effects. The pressure protection system shall prevent the inter-
nal pressure at any point in the pipeline system rising to an
excessive level. The pressure protection system comprises the
pressure control system, pressure safety system and associated

instrumentation and alarm systems.

The purpose of the pressure control system is to maintain the
operating pressure within acceptable limits during normal
operation, i.e. to ensure that the local design pressure is not
exceeded at any point in the pipeline system during normal
operation.

The purpose of the pressure safety system is to protect the
downstream system during incidental operation, i.e. to ensure
that the local incidental pressure is not exceeded at any point
in the pipeline system in the event of failure of the pressure
control system.

For a pipeline operated in dense phase, the pressure control
system should be designed to ensure that dense phase condi-
tion is retained both at the design operating condition, reduced
flow rate and in a pipeline shut-in situation.

The pressure control system should be configured to ensure
sufficient margin to water drop out, ref. Sec.4.8.3, in case of a
pipeline shut-in condition

Guidance note:

If choking (pressure reduction) is required at the receiving facil-

ity to meet e.g. the storage reservoir pressure it may be more cost

efficient to allow for parts of the pipeline to be operated in mul-
tiphase state.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.3.3 Pipeline Protection

As a reference, for onshore pipelines the minimum cover of
depth should follow the specifications given in ISO 13623;
Sec.6.8.2, however, as detailed previously, due consideration
needs to be taken of the influence a crater release has on dis-
persion. Crater size and geometry will be a function of pipeline
depth of cover.

For offshore pipelines, the requirements to protection against
external threats should be evaluated according to ISO 13623;
Sec.6.8.2, DNV-RP-F107 or DNV-OS-F101 with no particular
issues related to CO,.

Guidance note:

The requirements for the minimum cover of depth given in ISO
13623 are independent of fluid categorization.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.4 Dewatering
4.4.1 Definition

Dewatering — removal of water content to ensure that no free
water can drop out at any location along the pipeline either dur-
ing normal operating conditions or during transient or upset
conditions.

4.4.2 Particular aspects related to CO,

Performance and reliability of CO, stream dewatering is
essential for corrosion control, ref. Sec.5.1.

Performance and reliability of CO, stream dewatering is
essential for hydrate formation control, ref. Sec.4.5.11.

4.4.3 Maximum water content

Water content should be specified in terms of parts per million
on mass bases (ppmW).

A sufficient safety margin between the specified water content
allowed at the inlet of the pipeline and the water solubility at
any location along the pipeline should be specified. Due
account should be taken when determining the maximum
water content limit of the variations in CO, pressure and tem-
perature during operations and particularly during upset condi-
tions when both the pressure and temperature may drop
significantly.
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4.4.4 Reliability and precision of dewatering

A Safety Integrity Level (SIL) /IEC 61508/ should be defined
for the water monitoring system to ensure sufficient level of
reliability. Appropriate SIL should be defined based on a risk
assessment.

The response to detected off-spec water content should be
defined based on appropriate assessment of the consequences.

Valid calibration certificates shall exist for the water monitor-
ing system. Calibration should be performed taking the project
specific CO, stream into account.

Guidance note:

IEC 61508 specifies 4 levels of safety performance for a safety
function. These are called safety integrity levels. Safety integrity
level 1 (SIL1) is the lowest level of safety integrity and safety
integrity level 4 (SIL4) is the highest level. The standard details
the requirements necessary to achieve each safety integrity level.
These requirements are more rigorous at higher levels of safety
integrity in order to achieve the required lower likelihood of dan-
gerous failure / IEC 61508/.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.5 Flow assurance

4.5.1 Particular aspects related to CO,

With reference to Flow Assurance the following particular
issues should be considered:

— Effect on flow capacity of fluid temperature and pressure

— Transportation in dense (liquid) phase (i.e. above critical
pressure) or as two-phase

— Hydrate formation, potentially causing pipeline blockage

— Transient operation.

4.5.2 Hydraulic model

In the pipeline design phase a thermo-hydraulic model should
be established to enable:

— Determining and optimizing the pipeline transport capacity
— Pressure surge analysis

— Water drop-out analysis

— Simulation of release scenarios — controlled and accidental
— Pipeline shut-in and start-up analysis

— Pipeline depressurization

— Simulation of heat transfer to surroundings.

The thermo-hydraulic model should as a minimum be able to
account for:

— Two-phase single and multi-component fluid
— Steady state conditions.

For performing pipeline depressurization analysis the hydrau-
lic model should be able to account for:

— Transient simulation
— Model to properly account for solids formation when
dropping below the triple point.

Guidance note:

Experience with currently available multiphase simulation codes
is that tuning of the Equation of State models may be required to
obtain stable solution when applied to near pure CO,, particu-
larly close to the critical point.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.5.3 Pipeline transport design capacity

Pipeline transportation of CO, over longer distances is most
efficient and economical when the CO, is in the dense, i.e. in
liquid or supercritical regimes. This is due to the lower friction
drop along the pipeline per unit mass of CO, compared to
transporting the CO, as a gas or as a two-phase combination of

both liquid and gas.

From a cost and efficiency point of view keeping the CO,
stream in single phase is of particular importance if the pipe-
line requires intermediate boosting stations.

For pipelines with no requirement to intermediate boosting,
transport in multiphase regime may, for parts of the pipeline,
be acceptable and in some cases economical in terms of requir-
ing lower pipeline export pressure.

When determining pipeline capacity due consideration should
be taken for any line-packing strategy for smoothing out
upstream and/or downstream transients.

Recognized thermo hydraulic tools and suitable physical prop-
erty models for the CO, composition shall be applied and doc-
umented for determination of the pipeline transportation
capacity.

Guidance note:

Increasing amount of other components than CO, will generally
reduce the transportation capacity of the pipeline, depending on
the type, quantity and combination of the components. Indirectly
this may have implications on the required pipeline sizing and/or
inlet pressure and/or distance between intermediate pump stations.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.5.4 Reduced pipeline transport scenario

In addition to the design (maximum) transportation capacity, it
shall be documented through thermo hydraulic analysis that
the pipeline is able to operate at a reduced rate without signif-
icant operational constraints or upsets.

4.5.5 Available transport capacity

Seasonal variations in ambient temperature need to be part of
the thermo hydraulic design due to its effect on mass density of
the CO, stream.

Guidance note:

The pipeline may generally have higher capacity in winter con-
ditions compared to summer conditions.

Effect of temperature (seasonal variations) is likely to be more
pronounced for onshore pipelines compared to offshore pipe-
lines, however, depending on geographical location.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.5.6 Pipeline export conditions

Due to the significant reduction in specific gravity of supercrit-
ical CO, with increase in temperature, the temperature at the
upstream battery limit of the pipeline should be minimized.
Cooling of the CO, stream after compression may signifi-
cantly increase the capacity.

Guidance note:

The temperature at the upstream battery limit of the pipeline may
be high due to temperature increase associated with compression.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.5.7 Pipeline arrival condition

For the maximum design transportation capacity the arrival
pressure at the downstream battery limit of the pipeline should
not be less than the boiling pressure corresponding to the max-
imum arrival temperature.

CO, arriving at the injection point at a pressure that is signifi-
cantly above or below the required injection pressure will
result in wasted energy. The pressure along the whole CO,
chain should be optimized during the design.

4.5.8 Flow coating

Application of flow coating to reduce frictional pressure drop
by reducing the internal roughness of the pipe is generally not
recommended due to the following:

DET NORSKE VERITAS



Recommended Practice DNV-RP-J202, April 2010
Page 24

— The main concern that needs to be considered relates to
detachment of the internal coating in a pressure reduction
situation, due to diffusion of CO, into the space between
the coating and steel pipe during normal operation or due
to low temperature during depressurization. It should be
noted that the decompression effects may be gradual, i.e.
start as blistering and ultimately cause full detachment.

— Damaged coating may be transported to the receiving
facilities causing process upsets or plugging of injection
wells.

If flow coating is applied, the coating material shall be quali-
fied for compatibility with CO, and the ability to withstand rel-
evant pipeline decompression scenarios.

4.5.9 Thermal insulation

For a pipeline, the heat ingress from the surroundings is deter-
mined by the difference between the ambient temperature and
the temperature of the CO, inside the pipeline, combined with
the insulation properties and burial depth of the pipeline.

The implications of thermal insulation on minimum pipeline
temperature in a depressurization situation should be consid-
ered.

Guidance note:
In a depressurization situation, a too rapid depressurization may
cause sub-zero temperatures, potentially causing external icing
on the pipeline.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.5.10 Transient operation and line packing

The resilience of the pipeline to dynamic flow conditions and
the potential for line packing should be considered as part of
the pipeline design.

Guidance note:

Inflow conditions may, depending on the CO, capture technol-
ogy, vary in the order of percentages on flow rate per minute for
a power plant due to supply demand for power. How the cyclic
demand influence the operation of the CCS system need to be
considered also for the pipeline system.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.5.11 Hydrate formation, prevention and remediation

The potential for hydrate formation both in gaseous and liquid
CO, should be considered with reference to the water content
in the CO, stream.

In addition to the potential for forming CO, hydrate, the poten-
tial for forming hydrates from other non-condensable compo-
nents should be considered.

The potential for forming hydrates during commissioning or
re-start should be considered with reference to the dewatering
procedure and potential for residual water in the pipeline after
pressure testing.

Use of ammonia for hydrate prevention is not recommended
due to the potential for forming solid ammonium carbonate
when reacting with CO,.

The primary strategy for hydrate prevention should be suffi-
cient dewatering of the CO, stream, ref. Sec.4.8.3. Water con-
tent should be controlled and monitored at the inlet of the
pipeline.

Guidance note:

There is no clear scientific evidence that CO, hydrate may form
without presence of free water. Moreover, operational experi-
ence from CO, pipelines operated in US does not flag this as a
particular concern.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.6 Pipeline layout

4.6.1 General

Due to the vast pipeline inventory for a CO, pipeline, the rec-
ommendations to pipeline sectioning with either check valves
or block valves need particular considerations. The rational for
sectioning the pipeline may be for risk reduction or for opera-
tion and/or maintenance reasons.

4.6.2 Block Valves

For onshore pipelines, the location and performance require-
ments of intermediate block valves should be based on local
legislative requirements (if any) and the risk management
strategy. The following is relevant:

— Block valves, when closed, reduce the volume of released
product in case of pipeline containment failure

— Block valves increase maintainability by limiting section
of pipe that requires depressurization

— The effectiveness of block valves to limit the scale of a
leak will be dependent on effective leak detection.

— The block valve closes based on a signal typically from the
control system, either manually or automatic.

Guidance on spacing of block valves specifically for CO, pipe-
lines is provided in the Canadian pipeline standard CSA-Z-
662-7.

It should be acknowledged that block valves introduce addi-
tional risk associated with:

— Leak sources
— Operational cost due to maintenance and repair.

Mid-section block valves are not considered feasible for off-
shore pipelines although valves near landfall and near an off-
shore installation may be required as part of the risk
management measures.

Guidance note:
For existing onshore pipelines, intermediate block valves are
normally installed to reduce the total volume to be relieved in
case of a planned or unplanned depressurization or in case of a
pipeline rupture.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.6.3 Check valves

Rapid closing (autonomous) check valves (i.e. non-return
valves) may assist in reducing the volume of released product
during a release event, ref. Figure 4-1.

The check valve act autonomous and closes automatically as
the flow rate is gradually reduced and finally reversed.

Since check valves prevents reverse flow in the pipeline, meas-
ures to enable depressurization may need to be put in place, ref.
Figure 4-2.
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Installation and design of check valve stations have to consider
the pipeline layout and utilities for depressurization.

4.6.4 Pump stations

For a natural gas pipeline, the transported fluid may act as a
source of energy supply to remote valve or pump stations. This
is however not the case for CO, pipelines. Power and signal/
control availability may influence the optimal location of valve
and pump stations.

4.6.5 Pigging stations and pigging

Particular aspects related to CO, are materials selection, ref.
Sec.5.

Pig launchers and/or traps may be either temporary or perma-
nent. The primary purpose of the pig launcher/trap is to enable
dewatering during commissioning and pigging either as part of
commissioning or during operation.

4.6.6 Onshore vent stations

Onshore vent stations may either be permanent or temporary.
Temporary vent stations may be portable for the purpose of
depressurising sections of the pipeline for inspection, mainte-
nance or repair.

As a minimum requirement, one permanent vent station shall

be included that has access for depressurization of the entire
pipeline. As a general recommendation, each vent station
should have the capacity to depressurize the volume between
block valves, also taking into account the integrity of the pipe-
line and any other safety considerations related to the release
of C02

Typical layout of an H-Stack vent station is illustrated in Fig-
ure 4-3, allowing for depressurization of either side of the
Block Valve.

The vent stack may be equipped with a flow control valve con-
nected to a temperature gauge on the pipeline. The set point for
the control valve should be selected with a sufficient margin to
the minimum pipeline design temperature so as to prevent the
pipeline being exposed to sub-design temperature during vent-
ing.

Guidance note:

According to industry practice the control valve is often replaced

with a sacrificial valve, as it is considered as a more cost efficient
solution.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

An alternative to temperature control is pressure control since
the temperature relationship with pressure can be determined.

Slow opening of all blowdown valves is recommended /4/.

Seal materials and lubricants should be selected in accordance
with the recommendations given in Sec.5.3.1.

Due consideration should be given in the design of the vent
system to the potential for very low temperatures down stream
of the control valve due to the expansion and possibility for
solid CO, creation. If solid CO, formation is possible, the vent
design should minimize the potential for blockage.

To prevent the potential for solid CO, formation within the
pipeline during venting, the pressure shall be maintained above
the triple point of the inventory (i.e. 5.2 bar for pure CO,).

In Sec.4.9 additional guidance regarding layout of vent sta-
tions are provided based on safety.

4.6.7 Submerged vent stations

For offshore pipelines, the feasibility of and requirements to
submerged vent stations, shall consider relevant safety and envi-
ronmental risks, such as risk of high CO, concentrations on the
sea surface and potential acidification of the water column.
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4.7 Pipeline routing

4.7.1 General

The general recommendation with respect to CO, pipeline
routing is that a standard approach as for route selection for
hydrocarbon pipelines should be applied. The standards
referred to in this RP, in combination with the specific CO,
safety aspects described in Sec.3.3 and the pipeline design con-
siderations provided elsewhere in Sec.4, should give the nec-
essary guidance on CO, pipeline routing issues.

4.7.2 Population density

For onshore pipelines the population density should be deter-
mined according to ISO 13623; Annex B.3 and documented as
illustrated in Figure 4-4. The distances used to determine the
population densities should, until CO,-specific distances are
defined and stakeholder-accepted, be determined using disper-
sion modelling. The 400 m limit specified in ISO 13623 has
not been validated for use with CO, pipelines.

Guidance note:

Due cognisance should be taken of the heavier than air character-
istic of CO, and ground topography when determining the zone
width along the pipeline, as required in ISO 13623; Annex B.3.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
For offshore pipelines surface vessel activity shall be consid-

ered in the same manner as for a natural gas pipeline.
3

4.8 CO, stream composition evaluations

4.8.1 Specifying the CO, stream composition

It is recommended that the CO, stream composition specifica-
tion shall be determined based upon technological and eco-
nomical evaluations, and compliance with appropriate
regulations governing the capture, transport and storage ele-
ments of a CCS project.

Guidance note:

Yan et al. /13/ presents some ideas in assessing the techno-eco-
nomical aspect in the CO, composition specification. The
DYNAMIS project /12/ provides guidance on some likely con-
centration limits of selected impurities in the CO, stream for
transportation in pipelines, based on CO, stream compositions
from pre-combustion capture. These limitations do not necessary
provide technical or operational limitation, and should be
assessed from project to project. Reference is made to Table 2-3
for information regarding typical concentration ranges for com-
ponents identified for various capture technologies.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.8.2 CO, composition in integrated pipeline networks

In case of mixing of different CO, streams in a pipeline net-
work, it must be assured that the mixture of the individual com-
pounds from the different CO, streams do not cause:

— Risk of water dropout due to reduced solubility in the co-
mingled stream
— Cross chemical reactions /effects.

- Location class 1

>

Pipeline route
Figure 4-4

»

Visualization (example) of population density along pipeline route through Location class /ISO 13623; Annex B3/
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4.8.3 Limitations on water content

Maximum water content in the CO, stream at the upstream
battery limit shall be controlled to ensure that no free water
may occur at any location in the pipeline within the operational
and potential upset envelopes and modes, unless corrosion
damage is avoided through material selection.

Guidance note:

The required maximum water content can be met by installing
dehydration units in the intermediate compressor stages.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

The potential for water drop out should be calculated with ref-
erence to Sec.2.3.5 and according to the recommendations
given in Sec.2.3.7 for the following operational modes:

— Normal operation pressure and temperature envelope
— Pipeline shut-in pressure combined with minimum ambi-
ent temperature

— Pipeline depressurization scenario.

For normal operation a minimum safety factor of two (2)
between the specified maximum allowable water content and
the calculated minimum water content that may cause water
drop within the operational envelope should be specified.

For a pipeline shut-in case a minimum safety factor should be
specified with reference to the shut-in condition. During a
pipeline shut-in the pressure should be kept as high as practi-
cally possible to minimize risk of water drop out.

For pipeline depressurization it is likely that water drop out can
not be prevented unless a very stringent requirement is speci-
fied for maximum water content.

Table 4-1 Indicative limits on maximum water content
Reference Maximum water content Source of CO,
1b/ ppmW | ppmV | ppm
MMScf Mol%
/M. 18-30 |157- -
Mohitpour/ 261
/KMCO,/ 30 261 CO, reservoir
/Statoil 50 CH4+ Stream
operated
Snehvit/
/DYNAMIS/ 500 CCS

Guidance note:

For an offshore pipeline operated in dense phase (i.e. above
vapour liquid line), the minimum temperature is controlled by
the ambient seabed temperature, i.e. typically ~5°C. For an
onshore pipeline the minimum temperature will be controlled by

Populated

area

the minimum ambient design temperature.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.8.4 Limitations on content of toxic or environmentally
hazardous substances

Limitations on content of toxic or environmentally hazardous
substances shall be defined based on appropriate toxic harm
criteria.

Guidance note:

The limitations on toxic substances in the CO, composition
could be specified such that the harm criteria is determined by
exposure limits for CO, rather than other toxic compounds /12/.
It needs, however, to be documented that the combined hazard-
ous effects are properly taken into account.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.8.5 Limitations on content of hydrocarbons

Hydrocarbons in the CO, composition should have a dew point
such that condensation does not occur within the operational
envelope (combined pressure and temperature) of the pipeline.

4.9 Vent stations

Vent stations should be designed and located to ensure the
potential safety consequences of a depressurization is within
the acceptance criteria both in terms of occupational health and
3td party risk.

Potential for exposure of solid CO, particles and cryogenic
exposure shall be considered.

As a general recommendation the vent stack should be point-
ing 45° from the horizontal plane in direction away from where
exposure with CO, gives the highest consequences, ref
Figure 4-5.

Dominant wind directions and topography effects should be
considered when selecting location of vent stacks and vent ori-
entation.

Height of vent stack should be assessed based on dispersion
simulations and practical safety zones. Consideration should
be given to vent tip design in the pursuit to maximising air mix-
ing at the vent tip.

Noise generation from the vent tip shall be considered with ref-
erence to occupational health limits. Measures for noise reduc-
tion shall be considered as required.

In all cases, design and operation of vent stations should be
based on a robust release consequence assessment of worst
case reasonably foreseeable CO, flow and weather/environ-
mental conditions.

Figure 4-5
Configuration of vent stack

Pipeline

Vent Stack
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Guidance note:

The vent release consequence assessment should take due
account of all the hazardous components within the CO, stream
(e.g. H,S). The consequence assessment should also use appro-
priate harm criteria noting that the harm level from two or more
harmful substances, when mixed, may be less than, equal to, or
greater than, the sum of the individual substances.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5. Materials and pipeline design
5.1 Internal Corrosion

5.1.1 General

From the operational experience with onshore CO, pipelines
in North America, internal corrosion is not reported as a signif-
icant pipeline failure mechanism resulting in other failure
modes. According to U.S. Department of Transportation’s
Office of Pipeline Safety there are no reported pipeline dam-
ages caused by internal corrosion. Based on discussions with
the pipeline operators, this is mainly a result of the high focus
on controlling the water content in the CO, before entered into
the pipeline, and the strict procedures for shutting down the
line in case the dewatering system can not meet the specifica-
tions.

In the context of CCS, the CO, stream, depending on the
source of CO, and capture technology applied, may vary from
the CO, stream taken from natural geological CO, reservoirs.
Added uncertainty in dewatering processes and water monitor-
ing should be considered as part of pipeline design and opera-
tion.

Guidance note:

The most likely cause of off-spec water content is considered to
be carry over of water/glycol from the intermediate compressor
stages during compression of the CO, to the export pressure.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

Potential for external corrosion is not considered significantly
different for a CO, pipeline compared to hydrocarbon pipelines,
hence the design principles provided in the existing standards
should be followed.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.1.2 Internal corrosion rates

Field experience and experimental work show that dry pure
CO, and pure CO, that contains dissolved water well below
the saturation limit are non-corrosive to carbon steel at trans-
portation pipeline operation conditions.

For a carbon steel pipeline, internal corrosion is a significant
risk to the pipeline integrity in case of insufficient dewatering
of the CO, composition. Free water combined with the high
CO, partial pressure may give rise to extreme corrosion rates,
primarily due to the formation of carbonic acid.

There are currently no reliable models available for prediction
of corrosion rates with sufficient precision for the high partial
pressure of CO, combined with free water.

Presence of other chemical components such as H,S, NOx or
SOx will also form acids which in combination with free water
will have a significant effect on the corrosion rate.

Guidance note:

Based on the present understanding of CO, corrosion mecha-
nisms at high partial pressure, there exists significant uncer-
tainty, particularly considering the effects of other components in
the CO, stream (typical components are listed in Sec.2.3).

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.1.3 Internal corrosion control

The primary strategy for corrosion control should be sufficient
dewatering of the CO, at the inlet of the pipeline.

No internal corrosion protection is required for C-Mn steel
pipes provided that free water in the CO, stream is avoided
through a strict humidity control procedure.

5.1.4 Internal corrosion protection-mechanical

For shorter pipeline sections internal polyethylene (PE) liners
may be used for corrosion protection in areas where free water,
hence corrosive service, may be present. Internal PE liners
may be a cost efficient alternative to stainless steels.

When using PE liners the annulus between the PE liner and the
outer C-steel pipe must be vented to avoid collapse of the PE
liner in a pressure reduction situation /KMCO,/.

5.1.5 Internal corrosion protection-chemical

Current knowledge and operational experience does not sup-
port that CO, corrosion rates in case of free water can be con-
trolled using pH stabilization, hence this approach should not
be applied without extensive qualification.

5.1.6 Internal corrosion allowance

The general recommendation is to operate the system such that
internal corrosion is avoided through operational control, ref.
Sec.5.1.3. Off-spec operations may occur and the likelihood of
such events should be evaluated as part of the system design.

Corrosion allowance may be applied to the wall thickness for
the complete pipeline or for shorter stretches. Tolerance to off-
spec water content over shorter time periods may also be con-
sidered.

5.2 Linepipe Materials
5.2.1 General

The selection of materials should be compatible with all states
of the CO, stream.

Candidate materials need to be qualified for the potential low
temperature conditions that may occur during a pipeline
depressurization situation.

5.2.2 Linepipe material

Carbon-Manganese steel linepipe is considered feasible for
pipelines where the water content of the CO, stream is control-
led to avoid formation of free water in the pipeline.

Application of homogenous corrosion resistant alloy (CRA) or
CRA clad/lined linepipe may be an option, but normally only
for shorter pipelines.

Guidance note:
Application of corrosion resistant alloys steels for longer pipe-

line sections is generally not considered feasible from a cost per-
spective.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Candidate material types and compatibility with CO, are listed
in Table 5-1. Pipelines with fluids containing hydrogen sul-
phide (H,S) shall be evaluated for sour service according to
ISO 15156.

Guidance note:

Parts of the CCS chain may be exposed to conditions where for-
mation of free water may not be avoided. This may be in the cap-
ture part (source) and in the storage site (sink). E.g. injection
wells may be exposed to CO, saturated water internally and
externally and a CRA may then be needed.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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Table 5-1 Candidate material types compatible with dense
and vapour CO,

No free water With free water
Material types s ? s Cé
Q + O +
e | 2| 2| ¢
[ O A O
C-and low alloy steel ° °
304 ° ° ° °
316 ° ° ° °
13Cr . (® . (®
22Cr (duplex) ° (®) ° (o)
25Cr (duplex) ° (®) ° (o)
Nickel based alloys ° ° ° °

Guidance note:

According to ISO 15156-3 type 25Cr is only marginally more
resistant to H,S cracking compared to 22Cr.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.2.3 Internal lining

A lined pipe is defined /DNV-OS-F101/ as a pipe with internal
(corrosion resistant alloy-CRA) liner where the bond between
the linepipe and liner is mechanical. Use of internal liner for
corrosion protection is normally not a cost efficient option for
longer pipelines, however, may be relevant for shorter section
with insufficient control of water.

5.2.4 Internal cladding

A cladded pipe is defined /DNV-OS-F101/ as a pipe with inter-
nal (corrosion resistant alloy-CRA) liner where the bond
between the linepipe and liner is metallurgical. Use of internal
cladding for corrosion protection is normally not a cost effi-
cient option for longer pipelines, however, may be relevant for
shorter section with insufficient control of water content.

5.3 Non-linepipe materials

5.3.1 General

The selection of materials should be compatible with all states
of the CO, stream. The fact that dense phase CO, behaves as
an efficient solvent to certain materials, such as non-metallic
seals, shall be considered.

With respect to eclastomers, both swelling and explosive
decompression damage shall be considered.

Candidate materials need to be qualified for the potential low
temperature conditions that may occur during a pipeline
depressurization situation.

Guidance note:

Swelling of the elastomers is attributed to the solubility/diffusion
of the CO, into the bulk material.

Explosive decompression may occur when system pressure is
rapidly decreased and the gases that have permeated into the elas-
tomers expand. In the case of incipient damage, the elastomers
will only show blistering, due to expansion of the diffused CO,.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.3.2 Internal coating

Internal coating for either flow improvement or corrosion pro-
tection is generally not recommended due to the risk of detach-
ment from the base pipe material in a potential low temperature
condition associated with a too rapid pipeline depressurization.

Materials for internal coating or lining shall be selected with
due regard to the partial pressure of CO, and the associated
failure modes.

5.3.3 External coating

An incidental or uncontrolled depressurization of the pipeline
may cause lower temperatures compared to traditional oil/gas
pipelines, and hence the external coating for corrosion protec-
tion shall be qualified for these temperatures. Coatings quali-
fied for traditional oil/gas pipelines may hence not be qualified
for CO, pipelines due to lower design temperature.

Guidance note:

Failure of external coating due to exposure of low temperature
resulting from a too rapid decompression has been experienced /
KMCO,/.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

The insulation properties of the external coating (including
burial) shall be considered as part of the overall pipeline heat
transfer coefficient, particularly related to the reduced heat
ingress from the ambient temperature in case of planned or
unplanned depressurization of the pipeline.

Guidance note:

Reduced heat ingress may affect the depressurization time of the
pipeline.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.3.4 Non-metallic seals

High partial pressure CO, streams causes different types of
deterioration mechanisms, in particular destructive decom-
pression of o-rings, seals, valve seats etc. when the pressure is
reduced from the liquid (dense) state to the vapour state of the
CO, /4/.

Non-metallic materials shall be qualified to ensure:

— Ability to resist destructive decompression

— Chemical compatibility with CO, and other chemical
components in the CO, stream (ref. Sec.2.3) without caus-
ing decomposing, hardening or significant negative
impact on key material properties

— Resistance to full temperature range.

Guidance note:

Elastomers have usually more free volume in their structure com-
pared to partly crystalline thermoplastics. As a consequence they
are more permeable to gases and liquids and more vulnerable to
fracture and cracking in cases of rapid gas decompression when
they are saturated with gas under high pressure.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.3.5 Lubricants

Petroleum based greases and many synthetic types of greases,
used in pipeline components such as valves, pumps etc., are
deteriorated by CO, /4/. The compatibility of the applied
grease with CO, shall be documented for the specified CO,
composition and operating envelope in terms of pressure and
temperature.

This recommendation applies in particular to safety critical
valves such as block valves, check valves and pressure relief
valves where lubrication may significantly affect the ability of
the valve to operate in an emergency situation.

5.3.6 Materials testing and qualification standards

For testing of resistance of elastometric materials resistance to
decompression, reference is made to the following standards:

— NACE TM0192-2003, Evaluating Electrometric Materials
in Carbon Dioxide Decompression Environments

— NACE TM 0297-2002, Effects of High-Temperature,
High-Pressure Carbon Dioxide Decompression in Electro-
metric Materials.
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Table 5-2 Utilization factors onshore /ISO 13623, Sec.6.4.2 Strength Criteria/

Location Fluid Fluid category D and E

Category C Location Class (Population density)

LC1 LC2 LC3 LC4 LC5

General Route 0.77 (LC>1) 0.77 (E) 0.77 0.67 0.55 0.45

0.83 (LCI1) 0.83 (D)
Crossings and parallel encroachments
— minor roads 0.77 0.77 0.77 0.67 0.55 0.45
— major roads, railways, canals, rivers, diked 0.67 0.67 0.67 0.67 0.55 0.45

flood defences and lakes

Pig traps and multi-pipe slug catchers 0.67 0.67 0.67 0.67 0.55 0.45
Special constructions such as fabricated assemblies | 0.67 0.67 0.67 0.67 0.55 0.45
and pipelines on bridges

5.4 Wall thickness design
5.4.1 General

The wall thickness is normally governed by pressure (internal
and external) containment criterion. However, there are also
other factors that may determine wall thickness:

— For pipelines where pressure containment requires a thin
wall thickness, a higher wall thickness may be used if fail-
ure statistics indicate that impact loads and corrosion are
the most likely causes of failure and have the decisive
effect on thickness design.

— Installation method (reeling, offshore).

5.4.2 Pressure containment design

For onshore pipelines the allowable hoop stress design factors
(yield strength utilization factor) should be specified according
to ISO 13623; Annex BS5, with reference to location classes
and factors for category D fluid, ref. Table 5-2 (recommended
utilization factors for CO, are given in bold). Note that the uti-
lization factors for category C fluids are listed in the table as a
reference.

Guidance note:

Compared to categorizing CO, as a C fluid, the current recom-
mendation imply no change in design factors for LC1 and LC2
representing locations subject to infrequent human activity and
without permanent human habitation and population density of
less than 50 persons per square kilometre, respectively.

Design factor of 0.83 is allowed according to ISO 13623 for pipe-
lines conveying category C and D fluids at locations subject to
infrequent human activity and without permanent human habita-
tion (such as tundra and desert regions).

The utilization factors above are equivalent to what is included in
DNV-OS-F101, however, the pressure containment format is
expressed differently.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

For offshore pipelines the allowable hoop stress design factors
should be specified according to ISO 13623 for category D flu-
ids, ref. Table 5-3 (recommended utilization factors for CO,
are given in bold). Alternatively, DNV-OS-F101 may be used.

Table 5-3 Utilization factors offshore /ISO 13623,
Sec.5.4.2 Strength Criteria/

General route 0.77
0.83

Shipping lanes, designated anchoring areas and har-  0.77

bour entrances

Landfalls 0.77

Pig traps and multi-pipe slug catchers 0.67

Risers and primary piping 0.67

Guidance note:

Design factor of 0.83 is allowed according to ISO 13623 for pipe-
lines conveying category C and D fluids.

Utilization factor of 0.67 for landfall location may be relevant in
case frequent human activity in the landfall area.

The utilization factors in the table (0.83-0.77-0.67) are equiva-
lent to DNV-0OS-F101 utilization for safety class low-medium-
high. Reference is given to DNV-OS-F101 Sec.l A604 and
Sec.13 E400.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.4.3 Local buckling - Collapse

For design requirements for resisting external over pressure,
reference is given to DNV-0OS-F101 Sec.5 D400.

5.4.4 Local buckling - Combined loading

For design requirements for resisting combined loading from
pressure, axial force and bending, reference is given to DNV-
OS-F101 Sec.5 D600. Fulfilment of combined loading crite-
rion is not achieved by increasing the wall thickness (the only
common exception is reeling installation).

5.5 Running ductile fracture control

5.5.1 General

The pipeline shall have adequate resistance to propagating
fracture. The fracture arrest properties of a pipeline intended
for transportation of a CO, composition at a given pressure and
temperature depends on the wall thickness of the pipe, material
properties, in particular the fracture toughness, and the physi-
cal properties of the CO, composition in terms of saturation
pressure and decompression speed. Adequate resistance to
propagating fracture may be achieved by using; material with
low transition temperature and adequate Charpy V-notch
toughness, adequate drop wear tear testing, shear fracture area,
lowering the stress level, use of mechanical crack arrestors or
by a combination of these methods. The pipeline should be
designed such that the rupture is arrested within a small
number of pipe joints. Alternatively, fracture arrestors may be
used.

Design solutions shall be validated by calculations based upon
relevant experience and/or suitable tests. Requirements to frac-
ture arrest properties need not to be applied when the pipeline
design tensile hoop stress is below 40% utilization.

The fracture control design philosophy may be based on ensur-
ing sufficient arrest properties of the linepipe base material to
avoid ductile running fractures or installation of fracture arre-
stors at appropriate intervals.

5.5.2 Particular issues related to CO,

To prevent ductile running fractures, the decompression speed
of the fluid needs to be higher than the fracture propagation
speed of the pipe wall, i.e. if the decompression speed outruns
the fracture propagation speed, the fracture will arrest.
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Schematic; Particular effects of decompression speed for CO, relative to fracture propagation speed of pipe wall; Insert figure shows

schematically phase envelope for pure CO,

The particular issue related to CO, is the step change in rapid
decompression speed as the pressure drops down to the liquid-
vapour line (saturation pressure), ref. Figure 5-1. Compared to
natural gas, the decompression speed of liquid CO, may be
significantly higher. However, as vapour starts to form, the
decompression speed of the CO, stream drops significantly.

To that extent running ductile fractures is a higher concern for
CO, pipeline compared to e.g. natural gas pipelines, this needs
to be related to the design pressure of the pipeline. For low
design pressure (typically less than 150 bar), CO, pipelines
may come out worse compared to natural gas pipeline. This
may, however, not be the case for higher design pressure, ref.
Sec.5.5.4.

Decompression speed is influenced by:

— CO, composition (effect of other components than CO, on
liquid-vapour saturation line); Impurities with a lower crit-
ical temperature than CO,, such as Methane, Nitrogen and
Hydrogen will increase the toughness required to arrest
ductile fracture /6/.

— The initial operating pressure; Higher pressure yields
higher decompression speed

— Pipeline operating temperature; Higher temperature yields
higher saturation pressure.

Fracture initiation control

N

A numerical model for prediction of the decompression of out-
flow behaviour must be capable to deal with a high transient
flow and therefore requires tracking of the expansion wave and
the propagation as function of time and distance along the
pipeline length.

Guidance note:

Different amount of other chemical components in the CO, com-
position will affect the Liquid-Vapour line and subsequently the
decompression speed and needs to be considered.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.5.3 Fracture control plan

A fracture control plan should be established, and should con-
sider fracture initiation control and fracture propagation con-
trol, ref. Figure 5-2.

Fracture initiation control should be considered a first barrier,
and propagation control a second barrier.

Guidance note:

It should be noted that there are different mechanisms causing
fracture initiation compared to fracture propagation.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Fracture propagation control
A
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Figure 5-2

Fracture control plan; /A. Cosham, R. Eiber/

Yes
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Figure 5-3
Fracture propagation control

5.5.4 Procedure for evaluating fracture propagation
control

A coarse assessment of fracture arrest may be performed
through the following steps, ref. Figure 5-3:

Step I: Determine Fracture Arrest pressure (P, ) based on pro-
posed pipeline design in terms of pipeline diameter (D), wall
thickness (t) and material specifications.

Step 2: Determine the critical pressure (Pc) based on CO,
stream composition

Step 3: If P5 > P — Fracture Arrest

It should be noted that for a CO, stream containing a signifi-
cant fraction of non-condensable gases, such as H,, the above
approach may be non-conservative.

As a consequence of the above approach, low (design) pres-
sure pipeline (thin-walled) will have a lower margin between
arrest pressure (P,) and saturation pressure (Pc), hence be
more susceptible to running ductile fractures.

If the coarse assessment described above does not demonstrate
sufficient margin between P, and P, the TCM approach,
described in Sec.5.5.5 should alternatively be applied.

Guidance note:

High content of non-condensable gases leads to a phase envelope
that extends to higher pressure. This needs to be taken into
account in terms of at what pressure vapour starts to form during
pressure reduction.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.5.5 Two curve model approach

If sufficient margin between arrest pressure and saturation
pressure can not be documented based on the approach
described in Sec.5.5.4, a two curve model (TCM) may be
applied (e.g. the Battelle TCM approach)

Applying the Battelle TCM approach the following should be
considered:

— Decompression speed for product composition
— Fracture propagation speed.

Guidance note:

The Battelle TCM is an empirically derived parametric model
validated for Natural Gas and liquids by large scale tests. Even
though a number of tests has been performed for liquids resem-
bling liquid state CO,, at the time of publication of this RP it has
not yet been sufficiently validated with CO, as test medium.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.5.6 Determination of decompression speed

Determination of decompression speed for CO, streams has
successfully been performed using transient multiphase solv-

— Yes —> | Fracture Arrest

— Yes —> | Fracture Arrest

ers, simulating a pipeline rupture. The decompression speed
curves are then used as input to the TCM approach together
with the fracture propagation speed, ref. Sec.5.5.7.

Guidance note:

The flow solver, Equation of State (EOS) and simulation set-up
needs to be able to sufficiently account for the rapid transients
occurring during the rupture scenario.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.5.7 Determination of fracture propagation speed

Fracture propagation speed for a given pipeline design may be
obtained from:

— Empirical correlation to Charpy-V Notch (CVN) impact
or Drop Weight Tear tests at operating temperature,
including de-rating term for measured CVN>95]

— Burst testing

— FEM Simulations.

Guidance note:

Fast propagating ductile fracture may potentially be evaluated by
numerical methods such as FE-simulations as an alternative, or
in addition, to empirical based methods (such as the Battelle two
curve method). However, this requires a robust and reliable cou-
pling with a description of gas pressure acting on the pipe and the
corresponding gas outflow and gas decompression behaviour. If
numerical simulations are used, it is recommended to carry out
mesh sensitivity studies to evaluate the effect of characteristic
element length on the predicted structural behaviour. FE-simula-
tions should be used with great care, and it is recommended to
ensure that conservative assumptions are made both for the
mechanical properties of the pipeline and the gas pressure.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

Further R&D work is required to develop validated and robust
numerical methodologies for prediction of running ductile frac-
ture, and of decompression flow in CO, pipelines in the case of
running ductile fracture. At the time of publication of this RP,
further R&D work on running ductile fracture was being
planned; the designers and developers of CCS CO, pipelines
should employ the latest knowledge on this subject in the devel-
opment of the their pipeline systems.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.5.8 Fracture arrestors

In case neither fracture initiation control nor fracture propaga-
tion control is ensured by other means, fracture arrestors
should be installed.

The feasibility and type of fracture arrestors should be docu-
mented.

Spacing of fracture arrestors should be determined based on
safety evaluations and cost of pipeline repair.
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Guidance note:

Use of fracture arrestors in the CO, pipelines operated in the
United States is considered standard practice /KMCO,/. One
operator has provided feedback that they typically install arres-
tors every 300m (1000”) /4/, based on a “spares in stock” philos-
ophy. Some of these pipelines may, however, be constructed
from linepipe with lower fracture toughness compared to what is
available today.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

The safety risk associated with a running ductile fracture may not
necessarily be significantly worse compared to a local guillotine
rupture; safety risk assessment needs to be performed to assess
this. The possibility of a running ductile fracture to propagate
from a lower to a higher location zone should be considered.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.6 Fatigue

5.6.1 Particular aspects related to CO,

On the condition that no free water is present at any location in
the pipeline, fatigue is not considered a significantly higher
concern for a CO, pipeline than for hydrocarbon pipelines,
hence standard design codes may be applied /e.g. DNV OS-
F101/.

5.6.2 Particular issues related to off-spec water content

If liquid water in any quantity will be present in the transported
medium, the design S-N curve must be established by labora-
tory testing in an environment similar to the actual operating
conditions.

Reference is made to DNV-RP-C203 for fatigue strength anal-
ysis, and for guidance on fatigue testing to establish a new S-
N curve.

Guidance note:

In the occurrence of free water, corrosion fatigue is a potential
concern; however, limited published data are available.

It is recommended to perform further studies to assess the com-
bined effects of dense phase CO, and free water.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.6.3 Effect of other components

In the presence of free water, the potential effects of other com-
ponents in the CO, stream are listed in Table 5-4.

Table 5-4 Potential effect of other components on fatigue life

Component | Potential effects related to fatigue | Requires Free
water

H,S Corrosion assisted fatigue °

SO, Corrosion assisted fatigue

5.7 Hydrogen Embrittlement

It is not expected that hydrogen embrittlement is a more sever
concern for CO, transport than for Natural Gas. Equivalent
considerations should be done in accordance with recognized
standards.

6. Construction
6.1 General

The construction phase is initiated at the time of ordering the
steel on the basis of the selection requirements as provided
from design. Components and linepipe for the pipeline system
is then to be manufactured and assembled in accordance with
the requirements as given from the design.

The requirements with respect to construction have not identi-
fied specific needs for CO, pipeline systems. The standards
referred in this document should give the necessary guidance
in combination with the specific design considerations as pro-
vided by the previous sections.

In pre-commissioning phase there are some issues that are
described in the following section.

( Concept }( Design W Operation }CAbandonmem)

6.2 Pre-Commissioning

6.2.1 General

Pre-commissioning activities are performed to prepare the
pipeline system to be ready to be put into operation. This
requires cleaning of the system (debris) and system testing
activities and preparation to fill the pipeline system with the
fluid intended for operation.

The standards as referred by this document have guidance on
the issue of pre-commissioning activities and relevant consid-
erations. In the following some specific considerations for the
pre-commissioning activities are given.

6.2.2 Pressure testing
System pressure integrity shall be confirmed through:

— Strength testing
— Leak testing.

The intension of the strength test is to ensure minimum yield
strength (e.g. SMYYS).

The intension of the leak test is to confirm that the pipeline sys-
tem has containment integrity as required.

Standards may deviate as toward the regime implied by pres-
sure testing, e.g. DNV-OS-F101 require pressure strength test-
ing as a mill test of each pipe joint and the pressure leak test on
the system level.

For pressure test requirements to onshore pipelines, reference
is given to ISO 13623, while for offshore pipelines reference is
given to DNV-OS-F101.

Invoking Annex B.6 of ISO 13623, the requirements to pres-
sure test (based on the population density and concentration of
people in the vicinity of the pipeline) for category D and E flu-
ids should be applied for onshore pipelines (see Sec.3.2.2).

Fresh water is preferred for pressure testing (i.e. testing with an
incompressible fluid).

Air, N, and CO, may be used in remote areas subject to a risk
assessment (ref. guidelines provided in PHMSA §195.306).

Guidance note:

Performing the system pressure leak test with e.g. air or N,, vis-
ual inspection of the entire pipeline length will likely be required
to confirm that the pipeline is free of leaks.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

6.2.3 Dewatering and drying

Special attention should be given to dewatering of pipeline
system prior to filling with CO,. The high solubility of water
in dense phase CO, may be beneficial as to ease the require-
ment to drying compared to gaseous state. It should, however,
be noted that in the initial stage of the first-fill, the CO, will be
in gaseous phase.

Due to the particular corrosion issues the pipeline should be
dried to a dew point of -40 °C to -45°C (at ambient pressure)
before filling with CO, /KMCO,/, /4/.
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6.2.4 Preservation

The need for conservation of the pipeline between pre-com-
missioning and commissioning phases should to be assessed.
Gas such as N, and dry air may be used for conservation of the
pipeline, but the requirement to the gas quality needs to be
assessed.

Preservation should be selected with proper consideration
toward the commissioning requirements. This may include
requirements for internal pressure.

7. Operation
7.1 General

The purpose of this section is to provide minimum require-
ments for the safe and reliable operation of pipeline systems
for the whole service life with focus on pipeline integrity man-
agement (PIM).

Integrity management for CO, pipelines should be treated dif-
ferently than for natural gas or hazardous liquid pipelines
because CO, lines present different operating challenges and
they pose different threats and consequences. The following
sections cover those aspects of commissioning and integrity
management that require additional consideration for CO,
pipelines relative to other pipelines.

( Concept }C Design }(Construction Operation Abandonment

7.2 Commissioning

7.2.1 General

The operator needs to perform the required risk assessment for
the particular system and to establish proper commissioning
procedures.

The constraints for operation of the pipeline need to be taken
into considerations in the commissioning. Assurance that the
pipeline is filled with a fluid quality in accordance with the
requirements at the receiving end concludes the commission-
ing phase.

7.2.2 Initial filling with product
Before initial filling, the pipeline is considered to be in the con-

dition as defined by the pre-commissioning.

Mixing of CO, and the pre-commissioning substance should
be considered as part of this activity. Experience shows that
dense phase CO, and N, do not always mix well and therefore
a pig between the two media may be required.

Low CO, temperatures shall be considered during first fill
operation as the CO, stream may have to be throttled down-
stream the export compressor until a sufficiently high pressure
is reached. Risk of forming solid CO, as a result of the throt-
tling process shall be considered.

7.2.3 First/initial/baseline inspection

For pig-able pipelines it is recommended to perform a first/
baseline/initial intelligent pigging before the pipeline is put
into operation. This inspection will determine the condition of
the pipeline and be used as a reference for later inline inspec-
tions. In addition the results will be used as input to the first
inspection plans, see Sec.7.8.

7.3 Integrity management system

7.3.1 General

The basis for a safe and reliable operation of a pipeline is the
Integrity Management System or IMS. /MS is comprised of
many elements and the terminology of the elements may differ
in different codes and standards (ref. DNV-RP-F116, API
1160, ASME 31.8S). The operator must be aware about differ-
ences between onshore and offshore pipelines with respect to
IMS.

Figure 7-1 shows some of the more common elements which
are defined in DNV OS F-101 and DNV-RP-F116.

The core of the IMS is the IMP, the Integrity Management
Process, ref. Sec.7.7. The IMP includes risk assessments,
integrity assessments, inspections, operation, maintenance,
repairs, etc. Other parts of the /MS support the /MP, such as
operational controls and procedures, contingency plans etc.

Additional considerations, specific to CO, shall be determined
and must be addressed in the Integrity Management System
and Integrity Management Plan. In this document only the
identified CO, specific issues will be presented, for general
information on company policy, reporting and communicat-
ing, management of change, information management and
audit and review see DNV-RP-F116.
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Figure 7-1
Integrity Management System DNV-RP-F116

7.4 Organization and personnel

7.4.1 General
Organization and personnel are defined in DNV-RP-F116.

7.4.2 Training of personnel

The roles and responsibilities of personnel involved with
integrity management of the pipeline system shall be clearly
defined. Training needs shall be identified and provided for
relevant personnel in relation to management of pipeline integ-
rity. Roles and responsibilities, related to safeguarding the
integrity of the pipeline system should be clearly defined.

Additional training, above that required for hazardous liquid
and natural gas pipelines, may be necessary for personnel
working with CO, pipelines, also see Sec.7.5.4.

7.5 Contingency plans

7.5.1 General

Contingency plans cover procedures and plans for emergency
situations which shall be established and maintained based on
a systematic evaluation of possible scenarios. Also contin-
gency repair procedures are a part of contingency plans.

7.5.2 Emergency response plan and procedures

Emergency response plan shall be developed and communi-
cated considering the major accident hazard (MAH) related
specifically to CO, pipelines.

7.5.3 Pipeline depressurization

Safety issues related to pipeline depressurization need to be
considered. Safety zones in the vicinity of the vent stations
need to be established and controlled during a vent situation.

Procedures for determining safety zones should be based on
the defined depressurization rate and corresponding conse-
quence zones calculated according to recommendations given
in Sec.7.6.5.

7.5.4 Safety issues related to pipeline inspection
and repair

When working in a pipeline trench (under repair) the O, and
CO, levels shall be monitored inside the trench. Other chemi-
cal components in the flow shall also be considered subject to
monitoring if these may provide an increased health risk com-
pared to the monitoring and threshold for CO, in view of
potential leaks.

CO, concentration should not exceed 0.5-1% (occupational
health limit for 8 hrs day shift).

Guidance note:

For existing onshore CO, pipelines, large portable fans are often
used to push fresh air into the trench and maintain a non-hazard-
ous environment.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.6 Operational controls and procedures

7.6.1 General

Operational controls and procedures are defined in DNV-RP-
F116.

7.6.2 Ramp-up and ramp-down of transmission rate

Ramp-up and down should be done manually, with reference
to a thermo hydraulic model.

Guidance note:

Ramp-up and down may cause vapour formation at pipeline high
points with an increased risk for internal corrosion to occur,
depending on the inventory pressure and temperature conditions.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.6.3 Leak detection

Computational pipeline monitoring (CPM) is most widely
used technique for leak detection. These methods use flow,
pressure, temperature and other data provided by a SCADA
system, and can be divided into four types:
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— Flow or pressure change

— Mass or volume balance

— Dynamic model based system
— Pressure point analysis.

In addition to these methods there are methods that utilize sta-
tistical models to validate pipeline data in order to decide if
there is an increase in the flow imbalance.

Gas detectors may also be used as part of the risk management
strategy for a pipeline. A risk based approach is recommended
to determine the need for, and location of, gas (and other)
detectors.

Guidance note:

For human detection of leaks from an onshore pipeline release of
CO, to the ambient conditions, a visible cloud that consists of a
mixture of solid CO, particles mixed with condensed water ice
crystals and condensed water vapour is likely to be formed close
to the leak point. Further from the leak point the CO, solids will
be either sublimed into invisible CO, vapour or dropped out onto
the ground. The remaining cloud will be condensed water vapour
due to the cold CO, stream that is condensing the water in the air
(see Sec.3.3.6 for details). For subsea releases this may not be the
case since the CO, is heated to ambient (water) temperature
before released to air at the sea surface.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.6.4 Pipeline shut-in
A pipeline shut-in procedure should be established.

Pipeline shut-in should be performed carefully and in a con-
trolled manner. The shut-in procedure may depend strongly on
the pipeline layout and utility system, hence should be estab-
lished for each specific pipeline.

During a planned shut-in the pressure in the pipeline should be
kept sufficiently high to prevent:

— Vapour from forming
— Risk of forming a free water phase.

Guidance note:

Vapour formation may cause upsets during re-start of the pipe-
line.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

Ability of dense phase CO, to dissolve water is reduced with
reduced pressure.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

In case there is a risk of temperature increase during shut-
down, i.e. due to higher ambient temperature, the potential
increase in pressure shall be considered with reference to the
overpressure protection system.

Guidance note:

This is of particular importance when shutting in a shorter section
of pipeline and/or where the shut-in condition is near the critical
point.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.6.5 Pipeline depressurization

A procedure for planned depressurization should be estab-
lished. The procedure should consider the pipeline layout in
terms of segmentation as well as location, capacity and func-
tion of vent stations.

Based on operational experience with existing CO, pipelines,
one of the main concerns related to pipeline depressurization
are the potential risks associated with low temperature effects
and formation of solid state CO, at low points in the pipeline.
The temperature reduction inside the pipeline relates to the
pipeline design, operating conditions, ambient conditions and

depressurization rate.

The pipeline should be operated to minimize the number of
planned depressurizations.

Simulations should be performed to determine the thermo
hydraulic response of the pipeline or pipeline segment. The
depressurization procedure should document with sufficient
margin that:

— Local pipeline temperature less than the design tempera-
ture does not occur, including steel pipe as well as internal
and external coatings

— Local pressure is maintained above the triple point pres-
sure so as to prevent solid CO, formation.

Configuration of vent stations, ref. Sec.4.6.6.

Since the density of solid state CO, is higher than liquid state
CO,, formation of solid state CO, will not cause internal frost
wedging of the pipeline.

Guidance note:

Depressurization of a long pipeline section may take considera-
ble amount of time (e.g. days), and will have impact on the avail-
ability of the pipeline. This concern applies both to planned and
unplanned depressurization events. Temperature measurement
and control should be used for controlling the depressurization
rate.

If the temperature becomes low enough, the pipe material may
become brittle, in worst case causing pipeline rupture.

If solid CO, is formed, a considerable amount of time may be
required for the CO, to sublimate to vapour. The sublimation
time will depend on the ambient temperature and the pipeline
insulation properties.

Solid CO, deposits will be at pipeline low points which may plug
the pipeline.

Re-introduction of dense phase CO, into a pipeline which has (or
could have) significant solid CO, deposits must be avoided. The
consequence of the very rapid sublimation of solid CO, to
vapour, with the corresponding 750 times increase in volume
could lead to over pressurization of the containment envelope.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.6.6 Thermo-hydraulic model

A thermo hydraulic model for the pipeline should be estab-
lished and applied as basis for monitoring the pipeline operat-
ing conditions. The model should be calibrated with
measurements (pressure and temperature) from actual operat-
ing conditions.

7.6.7 Flow measurement

Accurate flow measurement may be required for the purpose
of leak detection or fiscal metering, Sec.7.9.4.

In relation to CO, tax or cap-and-trade regimes the measured
amount of CO, stored may be required as input to the docu-
mentation of the amount of CO, released to the atmosphere
within the CCS chain. The needed accuracy of the flow meas-
urements should be evaluated, considering that measurement
uncertainty of the amount of CO, released might have to be
incorporated.

7.6.8 Fracture control plan

A fracture control plan and a procedure for evaluating fracture
propagation control should be established, see Sec.5.5.3 and
Sec.5.5.4 respectively.

7.6.9 In-line inspection procedure

Procedures for launching and receiving an in-line inspection
tool should be developed, Sec.7.9.1.

7.6.10 Maintenance valves and sealings

See sections 5.3.4 and 5.3.5 for maintenance and lubrication of
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seals, respectively. This must be reflected in the maintenance
plan and procedures.

7.7 Pipeline integrity management process

An Integrity Management Process plan (IMP) specific to the
CO, pipeline system shall be established.

An IMP is the specific set of steps and analyses that are con-
ducted to assess and maintain the integrity of a pipeline. The
IMP incorporates numerous elements and activities that shall
include, but not be limited to, the following:

— Risk assessment activities and integrity management plan-
ning (Sec.7.8)

Integrity assessment activities, including inspections and
other activities used to assess the current condition of a
pipeline. Also included here are analyses of severity of
anomalies or defects in the line and root cause analyses,
when appropriate (Sec.7.9, Sec.7.10)

Response activities, including repairs and mitigation.
They also include planning for reassessments and long-
term monitoring (Sec.7.11).

The elements of an IMP may differ between pipeline segments
and between onshore and offshore applications.

7.8 Risk assessment and IM planning

7.8.1 General

As apart of the IMP an operator shall conduct risk assessments
based on collected data, identified threats and consequences
that could affect the integrity of the CO, pipeline system it
operates.

The output of the risk assessment gives inspection plans which
are the basis for inspections. The first inspection/baseline/ini-
tial inspection together with the design, fabrication and instal-
lation documentation shall be the input to the first inspection
plan.

7.8.2 Data collection

Types of data which may be required in an IMP to evaluate
CO,-specific threats and consequences are shown in Table 7-1.

To the extent practical, the risk assessments should also take
into account the results from monitoring (Sec.7.9) and the
emergency response plan (ref. Sec.7.5.2).

Data required for the Integrity Management Process specific to
the CO, pipeline system shall be identified, gathered, aligned,
integrated, and reviewed.

7.8.3 Integrity Threat Identification

The likelihood of all threats that could affect the integrity of
the CO, pipeline system shall be identified and estimated.
Each threat is a potential source for failure.

It could be assumed that a CO, pipeline would be susceptible
to the same threats as a gas or liquid pipeline; however, there
are different threats that are specific to CO, pipelines as
defined in Table 7-1.

Some of the threats listed in Table 7-2 are shown as both “Typ-
ical to Any Pipeline” and “Specific to CO, Pipelines”, as there
are additional or different issues related to these threats for a
CO, pipeline. The threats are divided into time-dependent,
time-independent and operational.

Table 7-1 Data collection CO,-specific threats and consequences

Data required for IMP | COy-specific threats and consequences

Design data The pipeline system has been designed with a set of premises. These premises should be part of the integrity man-
agement system. The threats to the system are based on these data, hence the system must operate within the defined
limits. Re-assessment activities may change the premises which will change the threats and consequences. Documen-
tation is to be considered as part of the IMP

Attribute Data Seam weld type (affects surface breaking seam-weld anomalies that may be exposed to CO,)

Pipe manufacturer, manufacturing date, and manufacturing method (similarly affects surface breaking pipe-body
anomalies that may be exposed to CO,)
Corrosion allowance on wall thickness

Construction Data

Pressure test/line drying procedure (affects residual water present when line is filled)
Inspection reports (identifies types and potential impact of anomalies introduced during construction)

Operational Data

Normal, upset, and maximum allowable water content (along with other components, affects the potential for internal
corrosion; water content in a CO, pipeline will typically be controlled such that free water, under anticipated operat-
ing conditions, does not occur)

Hydraulic profile during operations, filling, shut in, shutdown, and decommissioning (affects stresses due to pressure;
also affects the ability of dense phase CO, to contain water)

Temperature profile during normal operations and under upset and shut in conditions (affects mass density/transpor-
tation capacity; affects whether CO, remains in dense phase)

Normal, upset, and maximum allowable levels of other components (affects phase changes that may occur with pres-
sure changes; also impacts safety (exposure to H,S, SO,...) and material compatibility (H,S, O,,...)

Glycol carryover (may affect presence and location of free water)

Hydrate formation (hydrate formation is not normally a concern for onshore lines due to their relatively high temper-
atures, around 60°F, but it may be a concern offshore)

Flow control data (affects pressure drops and hydraulic profile along the pipeline)

Depressurization history

Internal Corrosion
Control Data

Inhibitor usage, including monitoring data

Oxygen content

pH stabilizers

Corrosion monitoring, including but not limited to coupons

Maintenance, Inspec-
tion, and Other

In-line inspection data (quantifies the types, locations, and sizes of some anomalies)
Monitoring and inspection data related to non-metallic components, such as elastomers
Results from leak detection monitoring
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Table 7-2 Identified threats to CO, pipelines categorized into
“CO, specific” and “typical for any pipeline”

Threat Typical to Any

Pipeline

Specific to CO,
Pipelines

Time Dependent

External corrosion °

Internal corrosion (®) °

Stress Corrosion Cracking

Fatigue

Degradation of materials

Manufacturing, welding, and
equipment defects exposed to
CO,

Stable

Manufacturing and welding °
defects not exposed to CO,

Time Independent

Third Party Damage

Incorrect Operations

Weather/Outside Force

Equipment defects not affected by
CO,

Equipment Failure

On-bottom Stability °

Operational

Repair/Welding Issues

Shut in

Blow Down/ Depressurization

7.8.4 Consequence identification and evaluation

All consequences resulting from failures shall be identified
and considered. These consequences and their resulting impact
areas are to be used to assess risk and to prioritize inspection,
repair, and mitigation activities associated with the IMP.

The consequences of releases due to threats that could affect
the integrity of the CO, pipeline system it operates shall be
identified and estimated.

7.9 Inspection, monitoring and testing

7.9.1 In-Line Inspection

It shall be ensured that the in-line inspection tool to be used is
compatible with pressures and CO, phases that may be present
along the CO, pipeline system. Difficulties specific to CO,
pipelines include but are not limited to those related to material
compatibility, high pressures, diffusion of high pressure CO,
into electronic components, speed control, and cup wear:

Industry experience with inline inspection of CO, pipelines is
limited to relatively small pipeline diameters and pipeline
lengths.

Typical failure modes are:

— Damage to the data recording units due to explosive
decompression (i.e. data are lost) when the pig is taken out
of the trap

— Wear to the disk plates (cups) or seals due to poor lubrica-
tion characteristics of CO,.

Special polymers are required, i.e. materials that are not sus-
ceptible to explosive decompression effects.

Detailed procedures for launching and receiving an in-line
inspection tool in a CO, pipeline shall be developed, in order
to ensure that the compression/blow-down process does not
create temperatures damaging to the tool or harmful to nearby
personnel.

Guidance note:

Further technology qualification of in-line inspection tool solu-
tions that can run in dense phase CO, for linger distances and
large bore diameters may be required.

Technology for pigging in a CO, environment is expected to
adapt to an expanding CCS industry.

Future (European) requirements to Internal Line Inspection (ILI)
need to be considered.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.9.2 External inspection

Small leakages on buried pipelines containing CO, in dense
phase can result in a temperature decrease of the surrounding
environment resulting in freezing of the humidity in the soil
and air, which can be observed as large ice bulbs.

Guidance note:
CO, operators in the US that have experienced small leakages

from buried pipelines have reported ice bulbs which in some
cases may be 1-2 m3.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.9.3 Monitoring of composition and physical properties

For compositional analysis of the CO,, gas chromatography
can be used. This is the same technology that is used in natural
gas transport. Which components need to be measured
depends on the specification for purity of CO,. From the com-
positional analysis it is possible to measure the density of the
gas/fluid.

7.9.4 Monitoring of Flow

In the context of CCS fiscal metering will likely become a
requirement. The metering station may either be part of the
upstream delivery point or pipeline.

Standard flow restriction metering (orifice; Venturi) devices
can provide high accuracy, however the precision will depend
on the pressure and temperature dependant density. As illus-
trated in Figure 2-2, a small temperature variation will have a
significant effect on the pressure recording. Accurate temper-
ature control in the meter run is therefore of high importance.

Calibration of the flow metering should be performed for each
specific CO, stream. Virtual metering based on a thermo
hydraulic model and input from pressure and temperature sen-
sors may be considered as a fall back option.

Guidance note:
The meter run needs to be equipped with a pressure relief system
due to potential temperature induced pressure build-up.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.9.5 Monitoring of water content

Instead of a dew point measurement, experience show that it is
more suitable to use a moisture analyser to measure the water
content. There are several choices of moisture analysers on the
market that can be used with CO,, both contact as well as non-
contact.

The precision of the instrumentation shall be considered with
respect to the specified margins on water content.

Table 7-3 Techniques for water monitoring

Component | Available Sensitivity Accuracy
Techniques
Water Dew Point and For Moisture | For Moisture
content Moisture Analysers e.g. | Analysers
Analysers 0.1-2500 ppm | e.g. 10% of
reading
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7.9.6 Pressure Testing and dewatering

Related to pipeline repair, see sections 6.2.2 and 6.2.3 for pres-
sure testing and dewatering respectively.

7.10 Integrity Assessment Activities
7.10.1 General

When a damage or abnormality is observed or detected an integ-
rity assessment shall be performed. Typical pipeline defects and
those specific to CO, pipelines shall be considered and addi-
tional inspection, monitoring and testing may be required.

Inspections and overall integrity assessments that address
defects specific to CO, pipelines may include but are not lim-
ited to:

— In-line Inspection, see Sec.7.9.1
— Pressure Testing, see Sec.6.2.2
— Monitoring, see sections 7.9.3 to 7.9.5

Guidance note:

Integrity assessments for CO, pipelines should be based on an in-
line inspection or a pressure test. Information from on-going
monitoring may also be used for part of an integrity assessment,
but only in addition to an in-line inspection or pressure test.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.10.2 Internal corrosion direct assessment

Internal corrosion direct assessment is a method for determina-
tion of the internal corrosion threat mostly for non-piggable
onshore pipelines (ref. ASME 31.8s). This method may devi-
ate from ordinary natural gas pipelines.

7.11 Response activities

7.11.1 General

Threats and defects associated with a CO, pipeline must be
evaluated and addressed in the repair and mitigation program.

7.11.2 Repairs

Repair and modifications of the system should be performed in
accordance with accepted industry standards and practices. It
is the operator’s responsibility to determine the most appropri-
ate repair method.

Some repairs, such as those involving in-service welding, may
require additional considerations as a result of being used on a
CO, pipeline.

Additional considerations may be required when a CO, pipe-
line is depressurized to conduct repairs. This is due, in large
part, to possible phase changes in the fluid. During depressuri-
zation, CO, in pipelines has been known to form dry ice as well
as forming a gaseous phase depending on the pressure release.
Repair procedures should consider the risk associated with the
condition of the fluid.

Guidance note:

Repair procedures should consider the risk associated with the
condition of the fluid.

Material qualification shall be evaluated when applying repair
solutions to CO, pipelines as material compatibility is a concern.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.11.3 Mitigation

Mitigation is defined as preventive maintenance related to the
condition of the pipeline taken based on the results of the integ-
rity assessment.

CO, specific mitigation issues may relate to:

— Pressure restriction and the risk of transition from dense to
gas phase

— Flow rate

— Fluid composition, Sec.2.3

— Change in composition of fluid may influence corrosive
properties, Sec.5.1

— Change in composition of fluid may influence the behav-
iour of the dense phase CO, flow

— Removal of free water, Sec.4.4

Mitigating internal corrosion shall be primary concern for CO,
pipelines and may require additional consideration. The oper-
ator shall identify and address all known mitigation issues
related to CO, corrosion to extent practical.

Guidance note:

The following mitigation alternatives are identified to be less
promising in relation to CO, transport. They are common in use
within the industry for transport of other media, but are not iden-
tified to be solution in the context of dense CO,:

— Corrosion inhibitors
— pH stabilizers.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.11.4 Intervention

Intervention is defined as corrective actions taken based on the
results of the integrity assessment.

Thermal contraction due to depressurization may give the
worst case thermal loading scenario for a CO, pipeline. The
thermal responses of both operational and accidental depressu-
rization should be evaluated. Depressurization scenarios may
dominate with respect to intervention requirements.

8. Re-qualification of existing pipelines
to CO, pipelines

8.1 General

As a potentially feasible option for establishing a pipeline net-
work for transporting CO,, existing pipeline infrastructure
may be taken into use on the condition that the pipelines are re-
qualified for CO, transportation.

8.1.1 Applicability

Applicability of the recommendations included in this section
relates to but are not limited to pipelines where the following
parameters are significantly altered:

— Safety issues related to change of product
— Physical properties of the product

— Operating conditions

— Life time.

8.1.2 Basic principle

Re-qualification shall comply with the same requirements as
for a pipeline designed specifically for transportation of CO,.
Any deviation identified shall be thoroughly evaluated and
concluded whether it is acceptable or not.

For a pipeline re-qualified for the purpose of CO, transporta-
tion it may, however, not be feasible from either a technical or
cost perspective to comply with all recommendations put for-
ward for a purpose built pipeline.

8.2 Basis for re-qualification of existing pipelines to
CO, pipelines
With reference to the pipeline development process diagram

shown in Figure 8-1, the starting point for a re-qualification
process is the operation phase of an existing pipeline.

Data from concept, design, construction and operation should
provide foundation for the re-qualification.
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Concept Design Construction

Operation ><Abandonment)

---------------------------------------- > CRe-qualification}(Operation CO; }C Abandonment )

Figure 8-1
Development phases for a pipeline system

When the pipeline is re-qualified for operation with CO,, the
pipeline project enters a new operations phase with new design
and operating premises.

Abandonment shall be in compliance with requirements as for
the original pipeline and additional requirements for a CO,
purpose designed and built system.

8.3 Re-qualification process

8.3.1 Process

The re-qualification is initiated by a decision to bring an exist-
ing pipeline system or parts thereof into operation with trans-
port of CO,. This change is primarily identified through
change of medium in the pipeline from the original design.

The re-qualification process as defined herein is recognized
through the process flow given in Figure 8-2, and described
through the steps described in the following sub sections.

8.3.2 Initiation (1)

A decision is taken to evaluate an existing pipeline system for
the purpose of CO, transport. It is required to perform a re-
qualification of the system to ensure safe and reliable operation
Wlth C02

8.3.3 Integrity assessment (2)

As a starting point one needs to address the integrity of the
pipeline system through assessment of the technical condition.
Historical information of how the system has been operated
compared with the requirements for operation should be
assessed. The information from an Integrity Management
Process/ Program as available may be beneficial as support,
but this may not necessary provide all information as needed.
Identification of materials selections as well as the pressure
rating of the pipeline system is key information that needs to
be screened as part of the integrity assessment. The SCADA
system should be identified and applied as basis for identifying
gaps toward the requirements for a CO, pipeline.

8.3.4 Hydraulic analysis (3)

A flow assessment should be performed to identify feasibility
with reference to transportation capacity and corresponding
pressure and temperature distribution along the route. Require-
ment for modifications of the pipeline system should be iden-
tified and evaluated.

8.3.5 Safety evaluation (4)
Safety evaluation of the system should be performed address-

ing the implications of change of product. The system as it is
designed should be evaluated toward the specific safety
requirement for CO, pipelines. Requirement for modifications
of the pipeline system should be identified and evaluated (e.g.
additional block valves, leak detection upgrades, etc.).

Particular focus shall be applied to the accidental release con-
sequence analysis due to the change in characteristics of the
product. Hazardous distances for CO, may be considerably
longer that for HC, particularly in valleys or low lying areas,
due to the higher release inventory mass and the heavier than
air density.

8.3.6 Premises (5)

Premises for CO, transport should be defined incorporating
the results from the Hydraulic analysis as well as Safety eval-
uation. These will define functional as well as system require-
ments that may deviate from the original design conditions.
Requirements to the system should be identified and included
as part of a complete premise for the re-qualification.

8.3.7 Re-assessment (6)

Reassessment of the pipeline system may then be initiated.
Based on the input from the Integrity assessment and the CO,
transport Premises, integrity may be evaluated for the system.
Parts of the system that is identified not to be compliant with
the integrity requirements will require design modifications
and reiteration on the reassessment. In some cases the required
modifications are not feasible e.g. from a cost-benefit stand-
point, leading to termination of the re-qualification process.

8.3.8 Modification alternatives (7)

Modification alternatives should be evaluated with respect to
feasibility. A re-assessment of the modification alternative will
then be performed through documenting the integrity status.

8.3.9 Documentation (8)

Documentation of the system should then be performed. The
requirements to the CO, pipeline should then be identified
together with a status of the system and the requirements to
changes of the system to comply with these requirements.

8.3.10 Implementation (9)

Implementation of changes to the system should be performed
prior to transition of the system into the new operational mode
with CO, transport.
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Figure 8-2
Re-qualification process for pipeline system change into CO, transport

DET NORSKE VERITAS



Recommended Practice DNV-RP-J202, April 2010
Page 42

DET NORSKE VERITAS



	1. General
	1.1 Background
	1.2 Objective
	1.3 Application
	1.4 Structure of this Recommended Practice
	1.5 Users of this Recommended Practice
	1.6 How to use this document
	1.7 References
	1.8 Definitions
	1.9 Units
	1.10 Abbreviations

	2. Specific properties of CO2
	2.1 General
	2.2 Physical properties of pure CO2
	2.3 CO2 stream composition

	3. Safety Philosophy
	3.1 Safety Evaluations
	3.2 Risk basis for design
	3.3 Safety assessments – CO2 specific aspects

	4. Concept development and design premises
	4.1 General
	4.2 Design Premises
	4.3 System design principles
	4.4 Dewatering
	4.5 Flow assurance
	4.6 Pipeline layout
	4.7 Pipeline routing
	4.8 CO2 stream composition evaluations
	4.9 Vent stations

	5. Materials and pipeline design 
	5.1 Internal Corrosion
	5.2 Linepipe Materials
	5.3 Non-linepipe materials
	5.4 Wall thickness design
	5.5 Running ductile fracture control
	5.6 Fatigue
	5.7 Hydrogen Embrittlement

	6. Construction
	6.1 General
	6.2 Pre-Commissioning

	7. Operation
	7.1 General
	7.2 Commissioning
	7.3 Integrity management system
	7.4 Organization and personnel
	7.5 Contingency plans
	7.6 Operational controls and procedures
	7.7 Pipeline integrity management process
	7.8 Risk assessment and IM planning
	7.9 Inspection, monitoring and testing
	7.10 Integrity Assessment Activities
	7.11 Response activities

	8. Re-qualification of existing pipelines to CO2 pipelines
	8.1 General
	8.2 Basis for re-qualification of existing pipelines to CO2 pipelines
	8.3 Re-qualification process


