
 
 
 
 
 
 
 
 

BARRIERS TO OVERCOME IN 
IMPLEMENTATION OF CO2 CAPTURE AND 

STORAGE (2): 
 RULES AND STANDARDS FOR THE 

TRANSMISSION AND STORAGE OF CO2  

 
 
 

 
 

Report Number PH4/23 
August 2003 

 
 
 
 
 
 
 
 
 
 
 
 

This document has been prepared for the Executive Committee of the Programme. 
It is not a publication of the Operating Agent, International Energy Agency or its Secretariat. 



 

 i

BARRIERS TO OVERCOME IN IMPLEMENTATION OF CO2 
CAPTURE AND STORAGE (2): 

 RULES AND STANDARDS FOR THE TRANSMISSION AND 
STORAGE OF CO2  

 
 

Background to the Study 
 
 
The IEA Greenhouse Gas R&D Programme (IEA GHG) is systematically evaluating the cost and 
potential for reducing emissions of greenhouse gases arising from anthropogenic activities, especially 
the use of fossil fuels.  Of the options available, capture and geological storage of CO2 is considered to 
be a promising option if, as expected, deep reductions in atmospheric CO2 emissions are needed in 
order to achieve the UNFCCC1 target of stabilisation of atmospheric greenhouse gas emissions. Capture 
and geological storage of CO2 is technically feasible, much of the technology required can be readily 
adapted from existing industries such as the oil and gas and chemical industries.  However, despite the 
fact that there are several large scale demonstration projects underway or planned worldwide, CO2 
capture and storage has yet to gain international recognition as a safe and effective mitigation 
technology.  In an attempt to understand the barriers that stand in the way of wide scale deployment of 
CO2 capture and storage in depleted oil and gas fields, IEA GHG undertook a study to assess what the 
barriers were and how these could be overcome2.  One key barrier identified was the lack of storage 
regulations.   It is considered that an effective regulatory system (including relevant codes of practise, 
standards and regulations) is required to ensure that key stakeholders will feel comfortable that capture, 
transmission and storage of CO2 will be undertaken in a safe and effective manner.  It is acknowledged 
that in some areas of the world, such as North America, where CO2 is injected in CO2/EOR operations 
there are already regulations relating to transportation and injection.    However, in other areas of the 
world, where the technology could be deployed, standards have not yet been developed.  Also, there are 
analogous gas storage installations in these countries, which might provide a basis for new regulations 
for capture and storage.   
 
The aim of this study is to develop information on potential standards3 for CO2 capture and storage that 
could be applicable in the countries where the technology will be deployed. It also aims to produce 
suggestions about what needs to be done to develop appropriate standards (either regional or 
international) for CO2 capture and storage, so as to allow the technology to achieve global acceptance as 
a safe and effective mitigation technology.  

 
The study has been carried out by Woodhill Engineering Ltd of the UK.  

 
 

Technical Background 
 
 
All industrial operations/practices are governed by norms, standards, rules and regulations that allow 
effective management of safety by industry regulators. The standards and rules are often developed in 
accord with the industry itself to ensure that the procedures established are both practical and can be 
deployed effectively.  The CO2 capture and geological storage process can be considered as comprising 
three components: capture, transmission and injection and storage.  The capture process was not 

                                                      
1 United Nations Framework Convention on Climate Change 
2 IEA Greenhouse Gas R&D Programme, Barriers to Overcome in Implementation of CO2 Capture and Storage 
(1): Storage in Disused Oil and Gas Fields, Report No. Ph3/22, February 2000.  
3 For the purposes of this study standards are considered to include: norms, codes of practice, standards and 
regulations  
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considered as part of this study for two reasons, first the plant will be constructed within the boundary 
of a wider facility, and hence construction and operational standards for the host facility will apply.  
Secondly, the capture plant can be considered as a standard piece of chemical engineering, therefore 
chemical industry equipment standards will apply.   
 
The CO2 pipeline will, however, extend outside the boundary of the source process and was considered 
within the scope of this study, as was the injection and storage of CO2 in geological reservoirs.  The 
study has considered those regions of the world, such as North America, where there are existing 
standards for transmission and injection of CO2.  The USA for example has some 2400 km of existing 
CO2 pipelines with a developed regulatory process.  In addition, in North America there are significant 
numbers of existing CO2 injection operations (CO2-EOR and acid gas injection operations), which have 
developed regulatory processes in place.  By contrast in Europe, there is an extensive natural gas 
network, but only a limited CO2 pipeline infrastructure4.   Also, there is only one large CO2 injection 
project currently underway at the Sleipner gas field in the North Sea.   
 
The regulatory practises in North America could form the basis for regulations in other regions.  
However, there are a number of issues that need to be considered such as: 
 

• higher population densities in other countries, 
• the scale of future CO2 injection operations, which is currently modest in North America.   

 
Another source of regulatory experience could be natural gas storage.  Because natural gas is a 
commodity, and because it has combustible properties, the design of natural gas storage reservoirs is 
concerned with avoiding leakage.  Rules and standards for gas storage might, therefore, might provide 
an extra degree of confidence in the public’s eyes, if they are adaptable to CO2 storage.   
 
Overall, there is a considerable background of information on rules and standards in existing CO2 
transportation and injection operations, and in related industries, worldwide that can be drawn upon to 
begin the process of considering what standards might be applicable for CO2 capture and storage. The 
aim of beginning this process is to promote discussion on the future requirement for standards on CO2 
transportation and storage. 

 
 

Results and Discussion 
 
 
The following areas are discussed in this report: 
 

• Identification of key standards and regulatory bodies. 
• Draft guidelines for the geological storage of CO2. 
• Road map for developing draft guidelines 

 
Identification of key standards and regulatory bodies 
 
To begin the process of identifying appropriate standards, a list of some 28 regulatory bodies was 
developed5.   Next, a list of relevant standards and regulations was drawn up following searches of the data 
bases of the identified regulatory bodies.  In total some 542 different rules, standards and codes were 
identified.   To identify those standards that are relevant to geological storage of CO2 a list of key technical 
issues was drawn up for transmission and geological storage of CO2.  The key technical issues were then 
cross referenced to the identified standards and regulations to determine which standards cover, or consider, 
                                                      
4 Much smaller amounts of CO2 compared to those in the USA are transported for the food industry; the relevance 
of the regulations governing this activity to large scale pipelines is uncertain. 
5 The list comprises some 28 key regulatory bodies from USA, Canada, Europe, Japan and Australia, as well as 
International bodies such as the IEA.  The full list of standard bodies identified is provided in the main report.   
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each issue.  The extent of coverage of each issue was then addressed and areas of deficiency in the existing 
regulations determined.  For pipelines some 11 key standards were identified that covered the key technical 
issues, whilst for CO2 storage some 10 key standards were identified.  The listing of appropriate standards 
is summarised in the main report as well as the analysis of the standards, whilst more extensive details are 
provided in the Appendices B.  Some discussion of the rationale for the development of the key standards is 
provided in Appendixes C and D.  In addition, significant regional differences between standards and their 
implications are discussed.  The results of the analysis of existing standards indicated the following: 
 

CO2 Pipelines 
 
A number of existing international pipeline standards were identified, which when cross referenced to 
the key technical issues indicated that there were no technical gaps in the internationally available 
standards.  In addition, no issues relating to sub-sea pipeline transportation of CO2 were identified that 
were not already covered in existing codes for hydrocarbon transportation.  However, it was concluded 
that some reinforcement should be considered regarding block valve locations in the existing codes. 
The reason for this is that small leaks from pipelines were identified as a potentially significant hazard 
from a CO2 pipeline based on a dispersion modelling study6.  Large leaks will identified by the pipeline 
control system and the section will be isolated quickly.  Small leaks have the potential to persist for 
significantly longer times.  
 
With regard to international standard development, it is understood that unification of the various 
standards on pipelines was already underway through bodies such as ISO7 and CEN8.  Also, that there 
was an increasing widespread acceptance of one standard (ISO 13623, Petroleum and natural gas 
industries – Pipeline transportation systems) in the petroleum industry and with regulatory bodies. 
 
Geological storage of CO2 
 
In contrast to the pipelines review, the analysis of standards relating to storage identified that there 
were very few applicable existing standards.  Most of those identified refer to materials selection and 
equipment specifications for drill pipes and well heads and other related equipment.  In addition, no 
international standards concerning reservoir selection for geological storage of CO2 were identified, 
although it was noted that no similar standards for hydrocarbon reservoirs either. 
 
 A number of standards were identified for natural gas storage, however, they were not considered to be 
directly applicable to geological storage of CO2 because they had been drawn up with cyclical 
operations in mind.  However, these standards do address a number of fundamental issues that are 
relevant such as well integrity and the need for screening of reservoirs on an individual basis.   
 
In the USA and Canada, regulations for underground injection operations are largely framed to protect 
underground drinking water supplies, which must be taken into account when considering geological 
storage of CO2.  These existing regulations, however, lack a broader perspective on issues such as sub- 
surface monitoring both during and after injection operations have ceased. 
 
Key areas that were considered to be not covered (either fully or in part) by existing standards that are 
relevant to geological storage of CO2 were: reservoir monitoring, well abandonment and general 
design, operation and maintenance procedures of the injection well and supporting equipment.   

 
It was clearly identified that there was a need for guidelines to be developed in this area, which should be 
based on oil and gas industry best practise.  It was considered by the consultant that such guidelines might 
well exist, either in whole or in part, within companies in that sector, but are not available currently in the 
public domain. 

                                                      
6 Details of the dispersion modelling study undertaken as part of the study are given in Appendix A. 
7 International Standards Organisation 
8 European Committee for Standardisation 
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Therefore, based on the results of the analysis of existing standards, the emphasis for the rest of the study 
was placed on the development of guidelines for geological storage of CO2. 
 
Draft guidelines for the geological storage of CO2 

 
A set of draft guidelines, for the geological storage of CO2, have been formulated by the contractor.  
The aim of the draft guidelines was to identify how the gaps in available standards, identified in the 
preceding step, could be satisfied by the development of an international set of guidelines.   It is noted 
that the guidelines are based on a premise that each storage reservoir is unique (until our understanding 
develops sufficiently that reservoirs can be generalised) and that the knowledge of a storage reservoir 
will develop over the injection period.  The guidelines cover the following issues: 

 
Selection of storage locations 

 
The key element of this section is to ensure that a proposed storage facility is suitable for CO2 
storage over a reasonable period of time9.  To achieve this assurance, the guidelines propose that a 
technical view of the reservoir is developed by the combined development of: a geological model of 
the structure10, a reservoir model11 and a geochemical model12.  In addition, the engineering issues 
relating to the storage system also need to be determined13.    
 
Monitoring of storage locations 
 
The guidelines propose a combination of options that should be considered for monitoring the 
injected CO2, which include: well monitoring (injection and abandoned), reservoir monitoring and 
surface monitoring.  The use of all these techniques is considered appropriate because they can 
provide complementary information.  For instance, well monitoring will provide localised detailed 
information and can provide information to calibrate other monitoring techniques such as seismic.  
Reservoir monitoring will assist in calibrating reservoir models and surface monitoring will provide 
additional evidence of the lack of leakage from the reservoir.  In the latter case, this may be more of 
a public relations exercise, rather than a vital monitoring component. 
 
It is noted that different monitoring techniques lend themselves to different monitoring frequencies 
and that monitoring frequencies will most likely be relaxed as the risk of leakage from a storage 
reservoir is shown to be low and evidence of effective containment is demonstrated.  Monitoring 
and modelling are considered to be linked and an iterative process can be considered where model 
predictions are re-run based on new monitoring data extending the understanding of the long term 
fate of the CO2 in the reservoir.      
 
Abandonment of wells 
 
The guidelines highlight the need to ensure that once injection operations are ended (i.e. when wells 
are abandoned) the integrity of the reservoir will be maintained.  Wells also need to be abandoned 
in such a way as to ensure there is no communication between the storage reservoir and other 
permeable layers.  The guidelines identify that codes of practise are already available on well 

                                                      
9 For the purposes of this study a 1000 year storage timeframe was considered, on the basis that this timeframe is 
frequently quoted in the literature. 
10 The geological model would include features such as: cap rock properties, depth to top of reservoir, thickness, 
physical properties (over pressure & lithography ) etc., see main report for full list  
11 The reservoir model would includes features such as: reservoir properties (permeability and porosity), natural 
fluid flow, location of penetrations (abandoned wells etc.,), location of spill points etc., see main report for full list  
12 The geochemical model would include: analysis of native and injection fluids, consideration of likely reactions 
within the storage formation and with the cap rock. 
13 Engineering issues include: identifying maximum well head injection pressure, cap rock threshold displacement 
pressures, formation fracture pressures, possible seismic disturbances etc., - see main report for full list of 
engineering issues. 
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abandonment, but these will need to be incorporated into any new guidelines for geological storage 
of CO2.      
 
Maintenance of the guidelines 
 
It is recognised that, since the expertise in the field of geological storage of CO2 is still developing, 
there is a need to share information on operating experience so that the guidelines can be updated 
on a regular basis. 

 
Road map for developing draft guidelines 
 
It was considered that the ultimate aim of this and work following from it would be to develop an 
international standard for CO2 storage which would be sponsored by an internationally recognized 
standards body, like API14 or ISO.  In this case, two routes to develop the guidelines were identified.   
 
The first route, would involve direct contact with an international standards organization like API or 
ISO.   ISO standards are developed by technical committees.  One potential problem to approaching 
ISO directly is that there may not be an appropriate committee willing to discuss the requirements for 
geological storage of CO2.   It was also recommended that if this route is pursued, an interim step would 
be required, prior to contacting the standards body.  This interim step involves the further development 
of the draft guidelines from this study.  The guidelines would be developed by consultation with 
relevant industry groups and the inclusion of industry best practice15.  However, it is noted that the state 
of knowledge in this area is limited and still developing, therefore, a degree of flexibility will be needed 
to allow new ideas to be included in the guidelines.  Relevant industry groups include: 
 

• Companies operating existing CO2 injection programmes e.g. Statoil, EnCana etc., 
• Relevant national regulatory bodies e.g. NPD16, Alberta Energy Utilities Board etc.,  

 
The second route would be to develop the guidelines in co-ordination with a national standards body, 
which would then work with ISO or API in the future to develop the international standards envisaged 
above.  The advantage of this route is that gaps in national standards in relation to geological storage of 
CO2, which have been identified, could be overcome through the involvement of a national standards 
organization by the development of national standards.   
 
It is expected that the timescale to develop an international standard could take at least 4 years. 
 
 

Expert Group Comments 
 
 
The draft report on the study was sent to a panel of expert reviewers and a number of the IEA GHG 
Programme’s members who had expressed interest in reviewing it.  The report was well received by the 
reviewers, who felt that it was comprehensive and addressed all the important issues.  A significant number 
of technical points were raised by the reviewers, many of which were at a level of detail greater than the 
study.  Nevertheless the consultant has made best efforts to incorporate their comments into the report.  
One concern raised, was that we must be careful in assigning monitoring needs and avoid seeing a 
monitoring frequency become the accepted practise that might put an undue financial burden on CO2 
storage operators.  A concern was also raised about the use of the 1000 year timeframe in the report, which 

                                                      
14 American Petroleum Institute 
15 The SACS project has prepared a Best Practise Manual based on its experiences of monitoring the Sleipner CO2 
injection - whilst this only focuses on monitoring and not operational activities it does act as a suitable reference 
document.  
16 Norwegian Petroleum Directorate. 
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was an arbitrary choice17.  The particular issue was that the reviewer was concerned that we could become 
locked into a “no leakage for 1000 years” approach and that “we must remain open minded”.  “In coming 
years, we might regard 100 years as a sufficient timeframe as our knowledge develops”.   Several reviewers 
commented that they were uncertain that developing standards in consultation with ISO and API was the 
clear route forward.  They advocated an approach by which operational storage would projects develop 
guidelines which would then become the basis for any future standard.  In essence this has now started with 
the publication of the SACS.  Best Practise Manual18.  The comment in effect opens just the discussion this 
report was intended to provoke.   In addition, it was noted that the guidelines must be open to modification 
in the future so that new technology developments, in monitoring for instance, that allow better accuracy at 
reduced cost could be incorporated once they are proven in the field.          

 
Major Conclusions 

 
An analysis of existing standards has been undertaken which has identified that existing standards for CO2 
and hydrocarbon pipelines cover all the important issues that need to be addressed to develop an 
international standard for CO2 transportation in pipelines.  In addition, moves are underway to develop a 
single international standard for pipelines covering both on and off-shore operations.  The same, however, 
is not true for geological storage of CO2.  Existing standards were found to be limited in number and did 
not cover all of the issues that need to be addressed.  Efforts, therefore, need to be made to develop a set of 
guidelines for the geological storage of CO2.  
 
The study has, therefore, set out to develop a set of draft guidelines that aim to start a debate on the way 
forward in developing the guidelines for the geological storage of CO2.  The absence of such guidelines is 
seen as a barrier to the implementation of this technology; therefore, best efforts need to be made to 
develop these guidelines.  Two approaches are considered that involve the development of a single standard.  
The first approach, involves a process which would develop the guidelines with the support of an 
international standards body, such as ISO or API.    The alternative approach is to develop guidelines based 
on industry best practise using existing demonstration projects as reference cases.  It is concluded in the 
study that it might take at least four years to develop a set of guidelines for geological storage of CO2.    
There is, therefore, an urgent need to determine the best next step to develop these guidelines and hence 
progress their development otherwise their absence might be a major impediment to the development of 
CO2 capture and storage technology. 
 

 
Recommendations 

 
 
The aim of establishing the draft guidelines on geological storage of CO2 was to provoke discussion on 
the way forward on the development of such standards.  If it is decided by the members of IEA GHG 
that it wishes to take the discussion forward a forum to discuss the guidelines could be established.  
Such a forum could take the form of a workshop involving key industry and standards bodies to help 
develop the guidelines further as recommended by the consultants for this study.    
 
Currently only one demonstration and monitoring project, SACS has published a Best Practice Manual.  
However, it is noted that currently there are only a limited number of such projects underway globally.  
Other demonstration and monitoring projects, such as the Weyburn Monitoring Project, should also be 
encouraged to produce similar documents so that a body of knowledge on CO2 storage in geological 
formations can be developed.  The development of a similar manual based on the experiences gained 
from CO2-EOR operations worldwide would also provide a useful reference document in the absence of 
                                                      
17 IEA GHG are about to undertake a study that will consider the likely timescales needed for geological storage 
of CO2. 
18 IEA Greenhouse Gas R&D Programme, “Saline Aquifer CO2 Storage (SACS) Best Practise Manual”, Report 
No. Ph4/21 August 2003. 
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a significant number of CO2 storage projects.  In addition, similar manuals could be developed (if they 
do not already exist) by other related underground storage activities including acid gas injection and 
natural gas storage that could provide complementary reference information.  In the latter cases, it is 
considered highly likely that such manuals do exist within operating companies but are not in the public 
domain, but could be made available publicly.  
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Glossary of technical terms and abbreviations 

For the purposes of this report the following definitions apply. 

 

Annulus The space between the outer wall of pipe and the inner wall of the next 
casing or borehole wall. 

Acid Gas Mixture of gases that may contain significant quantities of H2S and CO2. 

AFNOR Association Francaise de Normalisation. 

AGA American Gas Association. 

ANSI American National Standards Institute. 

ALARP As low as reasonably practicable, as statement about the extent to which 
risk has been reduced. This is commonly used in a European context. 

API American Petroleum Institute. 

ASCE American Society of Civil Engineers. 

ASME American Society of Mechanical Engineers. 

ASTM American Society for Testing and Materials. 

BSI British Standards Institute. 

Borehole The hole made by drilling a well. 

Cement A substance consisting of alumina, silica, lime and other materials that 
hardens when mixed with water. In wells it is used to support and hold 
casing and is also used to isolate sections within a borehole from each 
other.  

Cement Plug A volume of cement placed at some interval inside the wellbore to 
prevent fluid movement. 

CEN European committee for standardization. 

CO2 Carbon dioxide. 

Code A document that is often strictly applied without deviation. Example 
ASME Boiler and Pressure Vessel Code, Section VIII, Pressure vessels - 
divisions 1 and 2. 

Code of Practice Synonymous with Code. 

Company 
Engineering 
Practice 

A document prepared or adopted by an Operating Company that is used 
for guidance by that company and its contractors. 

Contractor A company that performs services for an Operating Company such as 
engineering, procurement, construction and operations support. 

CSA Canadian Standards Association. 

Dense phase Dense phase is a state of a material where it is possible to move from a 
liquid to a gas without an interface between the two ever becoming 
visible. 
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DIN Deutsches Institut fur Normung. 

DNV Det Norske Veritas. 

Document A document formally issued by an Official Organisation and usually 
subject to revision and update. 

DOE Department of Energy (US). 

DOT Department of Transport (US). 

EOR Enhanced oil recovery. 

EPA Environmental Protection Agency (US). 

EUB Energy and Utilities Board (Alberta). 

GPA Gas Processors Association. 

GPSA Gas Processor Suppliers Association. 

Guidelines A document issued by an official organisation, giving guidance. 

H2 Hydrogen. 

H2O Water. 

H2S Hydrogen sulphide. 

HSE Health and Safety Executive, (UK). 

IEA International Energy Agency. 

Inactive Well A well where production, injection, disposal or workover operations 
have ceased, but permanent abandonment has not taken place. 

Industry Practice Common practice within industry often reported in industry journals and 
publications and possibly not covered by a Document. 

Industry Standard A Document used to give design information for components. Example 
API 610 Centrifugal pumps for petroleum, heavy-duty chemical, and gas 
industry. 

ISO International Organization for Standardization. 

JIS Japanese Industrial Standards. 

MSS Manufacturers Standardization Society of the Valve and Fitting 
Industry. 

N2 Nitrogen. 

NACE National Association of Corrosion Engineers, (US). 

NETL National Engineering Technology Laboratory, US Department of 
Energy. 

NFPA National Fire Protection Association, (US). 

NNI Nederlands Normalisatie-Instituut. 

NIOSH National Institute for Occupational Safety and Health, US. 

NOx Nitrogen oxides. 
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NSF Norges Standardiseringsforbund. 

O2 Oxygen. 

Official 
Organisation 

A body that issues Documents giving regulations, rules and guidance. 
Official Organisations can be governmental or non-governmental and 
are often supported by technical professionals. 

Operating Company A company that is responsible for the operation of a facility. This 
normally includes the safety aspects of design, construction, operation 
and decommissioning. 

QRA Quantitative Risk Assessment; A technique that uses known frequencies 
of individual constituent events to assess the likelihood of other events. 
Typically this technique is applied in a European context to the 
assessment of the acceptability of a hazard. 

Recommended 
Practice (RP) 

A document used for guidance, often for the design of multi-component 
systems. 

Regulation A government Document that normally takes precedence over other 
Documents. 

Reservoir Subsurface volume that can hold fluids. 

SACS Saline Aquifer CO2 Storage project, currently underway in the Sleipner 
field of Norway. 

SAI Standards Australia International. 

Sequestration The segregation of a material, in the context of this report, carbon 
dioxide from the atmosphere. 

SO2 Sulphur dioxide. 

Sour Gas A gas that has trace quantities of H2S. 

SPE Society of Petroleum Engineers. 

Specification A Document used to assist the procurement of components. Example 
API Specification 12F, Specification for shop welded tanks for storage 
of production liquids. 

Standard A Document issued by a Standards Organisation such as ISO, ASME, 
DIN or ASI. 

Standards 
Organisation 

An Official Organisation that issues internationally recognised 
Documents. The Standards Organisations reviewed for the purposes of 
this report are listed in Table 2.1. 

Surface facility Process plant and piping at the surface. 

WEC Woodhill Engineering Consultants. 

Well A drilled borehole cased with tubulars.  

Wellbore The interior surface of the cased or openhole through which drilling, 
production, or injection operations are conducted. 
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SUMMARY 

This report identifies barriers to carbon dioxide storage that may result from gaps in industry 
standards and regulation.  Key technical issues have been identified, and relevant standards 
reviewed to identify significant gaps. 

The transport of carbon dioxide by pipeline systems has been practised for over 25 years.  
Internationally respected standards such as ASME B31.4, “Liquid transportation systems for 
hydrocarbons, liquid petroleum gas, anhydrous ammonia, and alcohols” , make specific mention of 
such systems and considerable operating experience now exists in their application and use.  There 
is no apparent need for further guidelines or standards for pipelines. 

For the storage of carbon dioxide in underground reservoirs, existing standards and regulations 
primarily relate to the design, drilling, operation, maintenance and abandonment of wells.  Many 
public domain documents have developed from good oil field practice. However, these documents 
require reviewing with respect to the chemical environment resulting from carbon dioxide storage, 
and the required storage time of typically greater than one thousand years. 

There are no specific standards for the management of reservoirs.  However, there are goals and 
specific data provision requirements set within certain waste injection regulations.  Two 
international standards do exist for cyclical subsurface gas storage schemes, concerning deep saline 
aquifers and abandoned hydrocarbon reservoirs.  These are not suitable, without modification, for 
the direct application to carbon dioxide storage. 

Regional variations are clear in the approach to gas storage.  In Europe there is a goal setting 
approach, but in North America the approach is more prescriptive. 

The conclusion of this review is that for subsurface facilities the further development of existing 
guidelines for well practices is necessary, especially for the long term abandonment of wells in a 
carbon dioxide environment.  International best practice guidelines for the storage and monitoring 
of carbon dioxide storage reservoirs should be developed.  As with the development of most 
standards and regulations in oil field practice, existing good practice should be highlighted and 
shared through such guidelines.  Relevant information should be available from the pioneering 
Operators of the first carbon dioxide storage projects, Enhanced oil recovery (EOR) projects and 
Acid Gas disposal projects, and their associated regulatory bodies. 

Overall there is a trend, especially in the oil and gas industry, for the internationalisation of codes 
such as those from API, which have generally been accepted by the ISO. Carbon dioxide storage 
will be a global activity, and the sharing of best practice will be highly beneficial.  Therefore, an 
international body such as the ISO is best placed to sponsor such work.  The API could also be a 
suitable sponsor. 
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1. INTRODUCTION 

This report presents the results of a review of the rules and standards (documents) for the 
transmission and storage of carbon dioxide, and identifies how the documents can be 
developed to help enable the underground storage of carbon dioxide. 

This has been achieved by the listing and review of documents from a wide variety of 
internationally recognised Official Organisations.  The scope of work and base data for the 
report is given in Section 2.  In addition to the sources of documents, Section 2 also gives 
base data for safety issues for releases of carbon dioxide into the atmosphere and the 
potential effects on humans. 

The technical assessment of carbon dioxide transmission and storage is given in Section 3.  
The areas reviewed in detail are: transmission (eg, pipelines); safety (eg, the implications 
of releases of carbon dioxide); injection and subsurface storage. 

Section 4 presents a schedule for the preparation of the guidelines, and a roadmap 
indicating the possible relationships for the effective development of the guidelines. 

The conclusions and recommendation are given in Section 5, and references are given in 
Section 6. 

The appendices are contained in Section 7.  Appendix A contains a carbon dioxide 
dispersion study.  Appendix B contains a review of pipeline issues.  Appendix C contains a 
review of carbon dioxide storage issues.  Appendix D contains references to relevant 
international codes and standards.  Appendix E contains a set of draft guidelines for the 
geological storage of carbon dioxide. 
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2. SCOPE OF WORK AND BASE DATA 

2.1 Scope of work 

The scope of work was given in the specification issued by the IEA Greenhouse Gas R&D 
Programme, (IEA/CON/02/76), and modified by subsequent agreement. 

 

2.2 Base data 

2.2.1 Existing documents 

The documents reviewed in this report are principally from sources in North America, 
Europe, Japan and Australia. The organisations that issue these reports are listed in 
Table 2.1. 

The base data for this report has been North American, European, Japanese and Australian 
standards and North American regulationsa. 

2.2.2 Safety and environmental considerations 

Carbon dioxide makes up a small fraction of the normal atmosphere, and is a gas under 
atmospheric conditions.  It is odourless and, apart from indirect physiological symptoms, 
cannot be detected by humans without equipment. 

At higher concentrations carbon dioxide can cause asphyxiation by displacing oxygen and 
has toxic physiological effects [1,2], as detailed in Table 2.2. 

Naturally occurring high levels of carbon dioxide have been reported from volcanic sources 
and have caused fatalities, some of which have received high public profiles, eg Lake Nyos 
in Cameroon where almost 1,800 people died from a carbon dioxide release from a 
volcanic lake. This, plus the widely held knowledge that it is a waste gas from normal 
respiration and combustion engines, is likely to contribute to a public risk perception of 
carbon dioxide. 

Carbon dioxide is routinely handled in high concentrations by the Brewing/Fermentation 
and Steel Industries as well as the Nuclear Industry in the UK with a high degree of safety.  

Carbon dioxide has also been used for Enhanced Oil Recovery (EOR) schemes, and piped 
from naturally occurring CO2 storage fields to EOR schemes for over 30 years. In these 
cases dense phase transportation is used and the energy stored in the pipeline constitutes an 
additional hazard. 

The source of a carbon dioxide supply will determine which, if any, impurities are present, 
for example a power station might lead to SO2, NOx and H2O being present.  

Impurities with a carbon dioxide stream, in particular H2S, can have safety and 
environmental hazards which exceed the significance of the impact of CO2, even at low 
concentrations. Acid gas, a waste stream that is a mixture of CO2 and H2S that some times 
needs to be removed from a natural gas stream, is a good example of this. 

                                                           
a Federal regulations for the United States and those of the Energy and Utilities Board of Alberta taken as 
being typical of Canada. 
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The safety and environmental impacts of H2S are well known and reported. Even at 
relatively low concentrations of H2S, it will become the dominant hazard associated with 
that gas mixture. CO2 will contribute to the impact of H2S by ensuring that any escaping 
gas cloud is heavier than air. 

Therefore the lessons learned from studies of carbon dioxide facilities that have been based 
on acid gas injection facilities may be over pessimistic for other carbon dioxide sources 
without H2S. 

This report considers carbon dioxide streams of pure CO2, unless otherwise stated. 
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Table 2.1 L ist of key standards and regulatory bodies. 

 

Abbreviation Notes Type Country Region 

AFNOR Association francaise de normalisation Standards France Europe 
AGA American Gas Association Industry USA North 

America 
ANSI American National Standards Institute Standards USA North 

America 
API American Petroleum Institute Standards USA North 

America 
ASCE American Society of Civil Engineers Professional USA North 

America 
ASME American Society of Mechanical Engineers Standards USA North 

America 
ASTM American Society for Testing and Materials Standards USA North 

America 
BSI British Standards Institute Standards UK Europe 
CEN European committee for standardization Standards Europe Europe 
CSA Canadian Standards Association Standards Canada North 

America 
DIN Deutsches Institut fur Normung Standards Germany Europe 
DNV Det Norske Veritas Company Norway Europe 
DOE Department of Energy (US) Government USA North 

America 
DOT Department of Transport (US) Government USA North 

America 
EPA Environmental Protection Agency Government USA North 

America 
EUB Energy and Utilities Board (Alberta) Government Canada North 

America 
GPA Gas Processors Association Professional USA North 

America 
GPSA Gas Processor Suppliers Association Industry USA North 

America 
IEA International Energy Agency Government International Global 
ISO International Organization for Standardization Standards International Global 
JIS Japanese Industrial Standards Standards Japan Far East 
MSS Manufacturers Standardization Society of the 

Valve and Fitting Industry 
Standards USA North 

America 
NACE National Association of Corrosion Engineers Standards USA North 

America 
NETL National Engineering Technology Laboratory, 

US Department of Energy 
Research USA North 

America 
NFPA National Fire Protection Association Standards USA North 

America 
NNI Nederlands Normalisatie-Instituut Standards Netherlands Europe 
NSF Norges Standardiseringsforbund Standards Norway Europe 
SAI Standards Australia International Standards Australia Australasia 
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Table 2.2 Safety issues for  carbon dioxide. 

 

CO2 concentration Notes 

0.08-0.1% 
(800 to 1000ppm) 

Perception of stale air starts 

0.5% (5,000ppm) UK HSE Long term Occupational Exposure Limit 

1% (10,000ppm) US NIOSH Personal Exposure Limit for 8-hour time weighted 
average. 

1.5-3 % 
(15,000 to 30,000ppm) 

Electrolyte imbalances and other metabolic changes in Humans 
have been reported. 

1.5% (15,000ppm) UK HSE Short term Occupational Exposure Limit. 

3% (30,000ppm) US NIOSH Short Term Exposure Limit. 

> 3% (30,000ppm) Increase in respiration noted in some Human subjects. 

5 - 10% Impaired physical and mental ability and possible loss of 
consciousness. 

> 10% Severe symptoms, rapid loss of consciousness, and possible coma 
or death with prolonged exposure. 

> 25-30% Loss of consciousness within several breaths, death imminent. 
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3. TECHNICAL ASSESSMENT 

To establish the current status of standards and regulations for carbon dioxide transmission 
and storage, a review of such Documents and their subject area has been undertaken by 
experts in those subjects. This review has identified key Documents, coverage of technical 
issues, and comparison in approaches. 

The study has focused on the transmission of carbon dioxide in dense phase and restricted 
itself to the injection of carbon dioxide into depleted hydrocarbon reservoirs, deep saline 
aquifers and deep un-mineable coal seams. 

 

3.1 Review of standards and regulations 

3.1.1 Methodology for  review of standards and regulations 

The review has been progressed by firstly generating a list of relevant standards and, where 
appropriate, regulations. As a parallel activity, experts have generated lists of technical 
issues. This has allowed the list of issues to be cross-referenced against the database of 
standards and regulations developed to identify gaps and regional variations, see 
Figure 3.1. 

3.1.2 Technical issues for  transmission of carbon dioxide 

Three main options currently exist for the pipeline transportation of carbon dioxide [6]. 
These options are driven by the constraint of avoiding two phase (liquid and gas) flow, 
which makes a pipeline very difficult to operate. The options are: 

1. low pressure gas transmission; 

2. high pressure dense phaseb transmission, and; 

3. refrigerated liquid transmission. 

Existing large scale carbon dioxide transmission pipelines have opted for dense phase 
transportation. No pipelines were identified during this study that utilised either of the other 
two options. 

The advantages of this choice are that the high density of the transported carbon dioxide 
fluid reduces pipeline flow rates and hence size, whilst avoiding the problems of 
refrigeration such as: frost heave; the need for materials of construction suitable for 
cryogenic service, and; potential two phase flow after pipeline shut in. 

 

Safety and environmental implications of carbon dioxide transport 

Gas dispersion modelling has been conducted for a series of full bore pipeline failures and 
a smaller 25mm (1” ) leak, which typically could be from an instrument line on a block 
valve, see Figure 3.2, Figure 3.3 and Appendix A. It should be noted that the results are 
informative only in gaining a relative insight into the two types of dispersion cases studied. 

                                                           
b Dense phase is a state of a material where it is possible to move from a liquid to a gas without an interface 
between the two ever becoming visible. This is normally at significantly high pressure. 
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They cannot be applied to specific locations where local topography and atmospheric 
conditions will have significant effects on any carbon dioxide dispersion.  

It should be noted that impurities such as hydrogen sulphide, often associated with carbon 
dioxide in applications like acid gas injection, may have the more significant impact on the 
hazards posed by any dispersion, even at a very low concentration [4]. 

The study carried out indicates that small leaks may present a very significant threat to 
human or animal life located near carbon dioxide pipelines, see Figure 3.3. Larger ruptures 
show initial high concentrations, but the plume does not ground until the concentration falls 
below hazardous levels, see Figure 3.2. A full QRA study would need to be carried out in 
each particular case to adequately quantify risk. 

 

3.1.3 Geo-technical issues for  subsurface storage of carbon dioxide 

Three reservoir types are considered by this report for the capture and storage of carbon 
dioxide: 

• depleted hydrocarbon reservoirs; 

• deep saline aquifers; 

• deep unmineable coal beds. 

Depleted hydrocarbon reservoirs have a proven trapping mechanism, and if they have been 
suitably treated then the same reservoir structure can be utilised to store carbon dioxide. If 
the reservoir was a gas drive type, it is reasonable to expect the reservoir to stay pressurised 
over significant periods of time after the injection phase of any project has completed. 
Long term geo-chemical interaction with the material that makes up the reservoir’s lattice 
and cap rock is a possibility. 

Deep saline aquifers, assuming a mechanism exists that will prevent the less dense carbon 
dioxide from migrating vertically, provide potentially large sinks for carbon dioxide. 
However, they lack the built-up site specific knowledge that a depleted hydrocarbon 
reservoir will have. Ultimately the carbon dioxide can be expected to dissolve into the 
brine and further geo-chemical interactions may follow, some benign fixing the carbon 
dioxide, others potentially more troublesome degrading cap rock and possibly mobilising 
heavy metal species materials to transport them to higher level layers, possibly affecting 
potable water aquifers. 

The third storage reservoir being considered is deep unmineable coal beds. The carbon 
dioxide needs to be held in the coal seam for long enough for preferential adsorption on the 
surface of the coal, displacing methane and possibly nitrogen. Consideration needs to be 
given to the ultimate fate of the displaced gases. 

A reservoir suitable for containment of carbon dioxide for over 1000 years is neededc. This 
creates requirements on the type of reservoir to be chosen and the design, operation and 
abandonment of wells to be used to operate a carbon dioxide storage facility. 

                                                           
c  This time scale is often quoted in literature on Carbon Dioxide sequestration, and represents the time for 
the atmosphere and biosphere to have stabilised and reduced green house gas concentrations. However, 
shorter timescales may still be important to the overall effort of carbon dioxide storage. 
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Experience with cyclical hydrocarbon gas storage has shown that the wells used to operate 
the storage themselves are often the source of storage containment problems, as are 
unmapped or incorrectly mapped wells that become conduits for migration out of the 
storage structure. It is considered that in the United States there have been an estimated 3.3 
million [16] well bores drilled; precise documentation on location and design is not always 
available. Events at Hutchinson, Kansas, USA, demonstrated precisely this problem, where 
old brine wells became the conduit to the surface for migrating gas [15]. 

Whilst techniques for understanding subsurface structures in the oil industry have vastly 
improved over the last 100 years, utilising geology and various sensing technologies, there 
still remains a significant element of uncertainty about any subsurface structures. To this 
end reservoir monitoring is a key element of subsurface reservoir management, allowing 
models to be developed and verified or alternatively modified to incorporate new 
understanding. 

The consequence of loss of storage containment, whether gradual perhaps leaching toxic 
materials into potable ground water supplies, or catastrophic as in an uncontrolled blowout 
to surface or between subsurface layers, need to be considered and the risks of these events 
assessed. 

Specifically the following issues need to be carefully considered:  

a) reservoir selection; 

b) well design; 

c) reservoir monitoring; 

d) abandonment; 

e) record keeping; 

f) operational risk management. 

 

a) Reservoir  selection 

Geological considerations 

• Identification of benign sedimentary basins, with inter-bedded sequences of 
permeable aquifer beds and impermeable confining rocks. 

• Expectation of aquifers containing saline formation. 

• Basin exposure to severe tectonics. 

• Ensuring limits of CO2 storage and transport can be accurately predicted through 
the use of geological models. 

• Essentiality of 3D seismic data, its quality and well coverage. 

• Evaluation of criteria for permeability and porosity of disposal zones.  

• Determination that disposal zones are significantly deeper than and isolated from 
overlying potential underground potable water sources. 

• Assessment to determine that CO2 injection will not interfere with present or 
potential use of water resources nor result in other environmental hazards. 
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Seal thickness and integr ity 

• Local closure anticipated to have stability over 1,000-5,000 years.   

• Seismic characterisation of the reservoir is essential (shape, extent, closure, spill 
points). 

• Lateral continuity of confining cap or seal. 

• Cross faults or conductive faults or open fractures conducive to movement of fluids 
into overlying aquifers/depleted reservoirs/coal beds. 

• The sealing integrity of cap rocks in terms of compressive and yield strength to 
confirm the sealing properties and to prevent vertical propagation of fractures.  

• Geological criteria of seal and cap rocks in terms of permeability. 

• Leakage across spill points and through seal. 

• Capillary threshold pressure at any sealing faults or caps. 

 

Fluid compatibility 

• Reservoir fluids should exhibit properties that are compatible, or at least do not 
cause adverse reactions, with the injected CO2.   

• Potential of mineral precipitation and plugging of pore space. 

• Relative density of injected fluids with reservoir fluids. 

 

Reservoir  proper ties assessment 

• Reservoir characteristics concerning fluid pressure, temperature, fracture pressure, 
and other physical and chemical characteristics of the injection zone. 

• CO2 injection and its anticipated reaction products altering the permeability or 
other relevant characteristics of the confining or injection zones. 

 

Aquifer  specific   

• Structure of the aquifer is usually unknown beforehand.  This has more inherent 
uncertainty than does a depleted reservoir. 

• Aquifer pressure allows adequate injection pressure to be maintained. 

• Nature of the aquifer (static, eg central N Sea examples, or dynamic, eg 
typical N American west coast). If dynamic, then a description of those dynamics. 

• A regional knowledge of the area would provide the information required to assess 
this uncertainty. 

Coal bed specific 

• Requirement of definitive studies as to the rates and magnitudes of CO2 and CO2 
gas mixtures sorption/desorption on both dry and moist coal surfaces. 
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• Issue of density and viscosity development of the gas mixtures under elevated 
conditions. 

• Impact of coal swelling/shrinkage in “brine”  and gas mixtures. 

• Geochemical reactions induced by CO2 injection, possibly including mobilising 
heavy metal species. 

• Depending on ambient temperature and pressure, gas mixing could produce 
pressure surges during injection of CO2 into deep unmineable coal beds. 

 

Disposal Well Selection 

• Offshore transport of gas to disposal facility. 

• Public perception of a potentially unsafe industry and the words “waste disposal.”  

 

Well modelling 

• Modelling and evaluation of well operating conditions and pressures to establish 
supercritical point and subsequent injectibility of the fluid. 

 
b) Well design 

Well design should attempt to ensure that, so far as is reasonably practicable, there can be 
no unplanned escape of fluids from the well, and that risks to the health and safety of 
persons from the well or anything in the well, or in strata to which the well is connected, 
are as low as reasonably practicable (ALARP). 

The following is a typical (but not exhaustive) checklist of considerations to be made in 
designing an injection or disposal well, and is based on the United Kingdom Design and 
Construction Regulations: 

• Is the location suitable for a rig (eg, prevailing and extreme weather conditions, 
shallow gas, access and egress, emergency response plan)? 

• If already selected, is the rig capable of drilling the well as planned? 

• Do the local conditions allow for the operating envelope of the well (eg, water 
depth, climate influence, tectonic stability)? 

• Have these risks been demonstrated to have been engineered ALARP? 

• Has sufficient and adequate subsurface information (eg, stratigraphic column, pore 
pressures, fracture pressures, downhole temperatures, potentially porous and 
permeable zones, fluid types, presence of hydrocarbons, toxic or corrosive gases, 
presence of abnormally over-pressured formations or areas with strong potential 
for loss of circulation, etc) been supplied to the drilling engineer responsible for 
well design? 

• Have all these subsurface factors been incorporated into the casing design (eg, kick 
tolerance, formal mechanical design, compatibility with the injected fluids, etc)? 

• Has the casing design been peer-reviewed and approved? 
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• Have all these subsurface factors been incorporated into other aspects of the well 
design and construction (eg, drilling fluids, cementing, directional drilling, etc)? 

• Is the wellhead suitable for the fluids and life cycle conditions anticipated 
throughout the duration of the well? 

• Has the well completion been formally designed to meet the requirements of the 
well and the anticipated life cycle conditions? 

• Has the surface equipment been designed in accordance with API Specification 6A 
(Wellhead and Christmas Tree Equipment)? 

• Has the abandonment programme addressed the long-term isolation of the porous 
and permeable formations (cement stability, etc)? 

 

Primary cementing 

• Cement is designed on a case-by-case basis according to subsurface conditions.  A 
good understanding of the aquifer flow is essential, because cement decays rapidly 
with a dynamic CO2-rich environment, particularly at elevated temperatures.  
Proprietary brands have been developed for this environment but are not yet 
optimal.  In a static acid environment, very minor cement decay is seen in a 
CO2-rich environment, but this may not be an issue at low temperatures (<120°C) 
in the opinion of one operator. 

• Annular leakage is potentially a problem due to cement decay and casing corrosion 
(wormhole corrosion).  Good cementing practices are essential, such as good mud 
conditioning before displacement, effective centralisation, turbulent flow in 
spacers, maximum cement displacement rates and rotation of liners during 
cementation.  In particular, effective isolation of injection zone must be achieved.  
Correct selection of production casing (or liner) and jewellery must be made to 
minimise the corrosion risk.  Pressure monitoring of all annuli as part of the 
monitoring programme must be considered, even if these are cemented to surface.  

 

Corrosion 

• Reduction of corrosiveness of the injected gas or fluid should be considered (eg, 
water scrubbing of gas, corrosion inhibitors or deoxygenation for liquids).  Good 
modelling of the behaviour of injection tubing and completion jewellery under 
CO2-rich conditions is essential to minimise the risk of corrosion.  API corrosion 
models and recommendations are over-conservative, so detailed work with the 
steel manufacturer should be considered. 

• Cheaper alternatives to CRA tubing can be considered, such as HDPE lining (eg, 
BP’s “Polybore”  system) or fibreglass.  However, these may not be suitable for 
injection conditions.  Minor scaling can significantly reduce the corrosive effects 
of CO2 on steel tubulars. 

• Monitoring of integrity.  Solutions which may be considered are: a routine 
multi-finger caliper logging programme during the injection phase; gas treatment 
before injection (prevention rather than cure); annular pressure tests; tubing 
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pressure tests as part of a regular routine preventative maintenance programme 
(this is a recommendation in US and Canadian Federal regulations), and; annular 
pressure monitoring during sequestration and after it has stopped.  Other wireline 
tools (temperature logs, PLT tools, noise logs) can detect cross-flow behind the 
annulus and help to identify corrosion problems. 

 
c) Reservoir  monitor ing 

A 3D seismic baseline and sufficient geological study would be required before the project 
starts to form the basis of a successful monitoring programme.  This should include 
overlying layers and any fluids there present.  Non-invasive monitoring techniques would 
be preferred due to the potential leak path created by drilling observation wells. 

It is important to remember that one of the most common causes of failures in analogous 
gas storage projects has been failures associated with wells.  Hence any observation well 
that penetrates the seal of the reservoir represents a significant risk to the integrity of that 
reservoir. Careful consideration should be given to utilising other monitoring techniques 
that can provide the same information. 

The same argument is, however, much less relevant to observation wells that monitor 
aquifers or structures overlaying the storage structure.  Here shallower wells could be 
drilled, in an onshore environment, at much lower cost and risk than the deeper injection 
wells. 

A reservoir model should be built to incorporate pressure monitoring from the wells and 
the model should be updated on a regular basis to ensure necessary changes are made. 

Technical work should be carried out to show the feasibility of monitoring gas “bubble”  
with the use of repeat seismic surveys (4D seismic).  Repeat surveys could be performed 
every 3 to 5 years to ensure repeatability of measurement during the lifetime of the project.  
Monitoring frequency depends on the rate of CO2 injection and the uptake (fast in saline 
and depleted hydrocarbon reservoirs, slow in coalbeds).  Consideration could be given to 
the use of permanent seismic monitoring. 

After injection is complete, an increasing timescale (i.e, +10, +25, +50, +100 years) could 
be applied until such time as the gas “bubble” can be shown to be stable and unmoving. 

 

d) Abandonment  

Cement chemical and mechanical integrity must be addressed: 

• Understanding of the behaviour of cement under dynamic conditions (mobile 
aquifer fluids) and static conditions. 

• The cement must replicate the original cap-rock seal. 

• Current product focus must move away from stability in the (relatively) short-term 
(<100 years) to the long-term (>1000 years). 

• Look to use analogues from the nuclear waste disposal industry, where long-term 
stability and isolation is essential. 

The integrity of other mechanical barriers must be addressed: 
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• Conventional bridge plugs will corrode with long-term exposure to CO2.  Consider 
using non-metallic alternatives (eg, Halliburton “Fasdrill™”). 

• Long term stability of production casing or liner at injection point must be 
understood. 

• Will the well be suspended or permanently abandoned?  This has a direct impact 
on the selection of Xmas tree materials, wellbore plugging, the well intervention 
and maintenance strategy and the well monitoring programme. 

 
e) Record keeping 

Adequate record keeping during and after sequestration is essential.  There are a number of 
ways this can be achieved: 

• Adequate knowledge of all old wells which penetrate the target aquifer, since 
failure of these has been demonstrated to be the primary cause of all aquifer 
breaches. 

• Wellhead metering (standard procedure for oil or gas wells). 

• Pressure monitoring of all annuli, and trend analysis to predict and identify 
problems. 

• Downhole monitoring using gauges or “smart completions”  which can react to 
changing downhole conditions.  This downhole pressure monitoring can be linked 
with the routine non-invasive monitoring of the CO2 “bubble”  to enhance the 
interpretations. 

• Information sharing is recommended in order to overcome technical issues 
efficiently and cost-effectively. 

 

f) Operational r isk management 

The primary aims of risk management are; to minimise the impact of the operation on 
public health, public safety and the environment; to ensure compliance with local 
regulations; to ensure and maintain public acceptance of the operation, and; to promote the 
company’s image.   

Risk assessment is made during the design and construction stage, and encompasses both 
the geological and the engineering risks.  Engineering risks are discussed in Section 3.2 
(above).  Geological risks to be considered are those such as: 

• leaking cap rock (faults, or mechanical failure); 

• incompatibility with aquifer fluid; 

• uncertainties in the geological model (faults, reservoir compartmentalisation, 
poorer than expected reservoir properties); 

• stratigraphic uncertainties; 

• spill points. 
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Risk management is a part of the process of managing the well under injection and storage 
conditions.  A framework for well risk assessment has been covered extensively in a 
US EPA report on the risks associated with injection wells [14].  Although this report 
considers the US exclusively, the scenarios and examples discussed are sufficient to be 
applied on a worldwide basis. 

Factors to be considered include: 

 
• The nature of the leak (i.e, contained or uncontained to surface, cross-flow into 

another aquifer etc.). 

• The size of the leak. 

• The complexity of the leak path. 

• The complexity of the repair process (has the well been suspended or abandoned, is 
the well subsea or on land?). 

• The consequences of the leak (can the leak be tolerated?). 

 

3.1.4 Analysis and review of Standards 

Analysis and review of Standards: pipelines 

At the time, it was unclear whether to treat the early carbon dioxide dense phase pipelines, 
used to transport carbon dioxide for EOR operations in the United States, as liquid or gas 
pipelines, and in fact attempts were made to apply the standards for both. However, the 
experience gained since has fed through to many of the key standards and codes, such as 
ASME B31.4d, which make specific mention of such systems and highlight particular 
issues that may be specific to carbon dioxide dense phase transport such as propagating 
fractures and low blowdown temperatures. 

The transportation of carbon dioxide by pipeline is practised in a number of countries in the 
world, most notably Canada and the United States. Standards such as ASME B31.4d, and 
CSA Z662-99e, make explicit reference to carbon dioxide. Regulations in the United States 
also make specific reference to carbon dioxide pipelines. These standards and regulations 
have been in force for a number of years and significant experience of operating these 
pipelines and applying these standards now exists. 

A full review of relevant standards categorised by issues is presented in Table 3.1. The 
regional application of these standards is presented in Table 3.2. These tables show a well 
developed standards and codes system that, whilst varying between countries, is clearly 
well established. Gradual unification of these documents is being progressed by bodies 
such as ISO and CEN as part of their function. 

There would thus appear to be no technical gaps in internationally available standards, 
though the national application of these standards may vary. 

However, the issue of public concern could highlight the issue of potential loss of 
containment, whether by rupture or more minor leaks. This potential problem would be 

                                                           
d Liquid transportation systems for hydrocarbons, liquid petroleum gas, anhydrous ammonia, and alcohols 
e Oil and Gas Pipeline Systems 
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exacerbated by any presence of hydrogen sulphide. Thus the issue of block valve location 
and leak detection could be emotive and, if handled badly, lead to a barrier to the effective 
implementation of carbon dioxide transport and storage schemes. 

Statements about block valve location and the design criteria required, when close to 
populated areas, are common to a number of standards. These are essentially prescriptive 
requirements. The use of QRA techniques is mentioned in the Canadian standard, but only 
in an appendix. US DOT regulations make use of QRA techniques, but only to prioritise 
the application pressure testing requirements on existing pipelines. No justification based 
on QRA of block valve spacing frequency, or pipeline routing has been found in the 
standards reviewed.  

However the assessment of risk may be considered by regulating authorities, especially in 
Europe, where risk acceptance criteria exist for individuals and society [8]. 

In addition pipeline industry associations and regulators collect data on pipeline 
incidents [7,9,10,11] and the QRA technique is widely understood across the world. There 
is therefore no discernible gap in the available data and QRA analytical techniques that can 
be applied that could require further guidance for the case of carbon dioxide transport. See 
Figure 3.5 for a typical QRA methodology. 

The need for detection of leaks from natural gas pipelines has lead to some standards 
mandating odourisation, but primarily for fuel gas supply or domestic low pressure 
systems. This does not apply to higher pressure transmission lines. 

Odourisation for carbon dioxide lines is not discussed in standards, though its impact could 
be identified by a QRA analysis and might be an option utilised to reduce overall risk. The 
adoption of QRA techniques would therefore include odourisation and other gas detection 
techniques. 

The only standards for carbon dioxide composition (eg JIS K 1106 and BS 4105) are 
geared up to industrial or medical use of the gas. If a more complex system of carbon 
dioxide gathering systems and storage options came to exist, where a short term market in 
transport and storage existed, then standards to allow trade would be required which would 
exceed those currently in existence. Currently, limitation on carbon dioxide composition 
would be set on a case-by-case basis, determined by the requirements of individual 
systems. 

There is increasing acceptance of ISO 13623f, which advocates both limit state design and 
stress based design. It can reasonably be expected that this standard will gain widespread 
acceptance in the pipeline industry and with regulatory authorities. 

No significant issues with sub-sea pipelines were identified for carbon dioxide transport 
that are not already issues for hydrocarbon transport, and hence covered in existing codes. 

Analysis and review of practices and standards: subsurface 

A list of standards categorised by issue is presented in Table 3.3 and their regional 
application in Table 3.4. A full and detailed review of standards and certain regulations is 
provided in Appendix C. In general it is mostly the areas that require the use of mechanical 
equipment that have standards applied. The reservoir engineering aspects are not governed 
by accepted standards. 

                                                           
f Petroleum and natural gas industries -- Pipeline transportation systems 
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Legislation and regulation in many countries deals with the high-level (generic) aspects of 
reservoir selection. Most notably, in the USA the Department of Energy and Environmental 
Protection Agency requires an assessment of the suitability of the reservoir for the injection 
and storage/disposal of industrial waste (into which category CO2 falls). 

United States Federal Regulations governing and controlling the injection of waste in the 
subsurface environment and the protection of safe drinking water are found in the Code of 
Federal Regulations, Chapter 40, Parts 144 to 148. 

These codes require an assessment of the suitability of a reservoir for injection of waste, 
making particular concern of protecting underground drinking water supplies. However, 
they are not prescriptive in the technique to be used for this assessment, though do require 
provision of certain survey data to confirm the suitability of storage locations. Whilst short 
term gas storage wells are excluded from these US regulations, liquid hydrocarbon and 
EOR operations are included. In Canada, these regulations are determined by the 
requirements listed in the Alberta Energy and Utilities Board Guide 51. 

In broad terms, the North American regulations can be characterised as defining a legal 
envelope within which waste injection operations can be conducted.  This is inherent in 
there being Federal regulations.  The main driving factor is the protection of safe drinking 
water, rather than any other aspect such as protection of the surface environment or 
industrial safety. 

Some regional differences exist in Europe, which have not been addressed by any existing 
standards.  For example, in both Germany and the Netherlands current legislation forbids 
the permanent re-injection of any material into anything other than the formation from 
which it came, although it does not forbid the “ temporary storage”  of liquids and gases 
subsurface. 

In general, gas-storage facility operators are required to: 

• Case and cement gas injection/withdrawal wells to ensure no gas can leak from 
them. 

• Make periodic, regular inspections of all gas-storage wells and all wells used for 
observation. 

• Periodically inspect the gas-storage reservoir and storage-protective area to make 
sure no gas is leaking or other hazardous condition exists. 

• Implement gas-storage well monitoring and periodic integrity-testing programmes. 

• Not exceed pressures that may cause the gas to begin leaking. 

• Notify the regulatory agency within a short period (eg 24 hours) of making 
emergency repairs to gas-storage wells and submit a written explanation of the 
emergency and what action was taken within a few (eg, 5) days. 

• Keep records of well inspection results and pressure data, integrity testing data, and 
inspections of abandoned and plugged wells. 

• Notify the regulatory agency before (eg, 14 days) an injection/withdrawal well is 
plugged to prevent migration of gas or other fluids within or outside of the well. 

All these guidelines are in agreement with standard industry or “good oilfield practice”. 
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In most regulations detailed requirements are placed on well abandonment practice, in 
particular the observation of inactive wells, plugging and isolation on the injection zone 
and testing and records are required. 

In general oil field activity has tended to precede regulation, and often regulation has been 
formulated and informed by developing standard industry practices. 

Reservoir monitoring and the general design, operation, maintenance, and abandonment of 
injection wells for the purposes of carbon dioxide sequestration are all areas not fully or in 
part covered by standards and regulations. 

The need for guidelines is to convey best practice, primarily based on experience, as well 
as explicitly listing issues that need to be addressed. Such guidelines and practices may 
exist in whole or part in companies engaged in carbon dioxide injection and storage 
operations, but is not in the public domaing. 

The wide spread acceptance of API codes and regulations is apparent from Table 3.4. 
Currently many API codes and standards are being adopted by ISO [3], and should this 
process continue it is reasonable to expect a widely recognised and common set of 
international standards to emerge in this subject area, where there is benefit to be gained 
from their existence. 

Overall the key findings comparing issues against standards, codes and regulations are as 
follows: 

1. No international standard for reservoir selection. 

2. No international standard for reservoir monitoring. 

3. No international standard for material selection in a subsurface environment. 

4. No international standard for well design and risk assessment. 

 

3.2 Development of draft guidelines 

3.2.1 Storage reservoir  selection and monitor ing 

Traditionally, operators have had a burden of proof when proposing the extraction of oil 
and gas to show that their development plan is safe, and economically in the interest of the 
host nation. In effect, regulators and authorities have set goals for operators to demonstrate 
they will achieve. 

Since carbon dioxide sequestration is a very similar activity where each case has significant 
differences and a varying amount of inherent uncertainty, as is the case with oil and gas 
development, a similar approach would have a strong chance of success. 

Hence any developed guidelines should aim to support this proven process. 

Reservoir  selection 

Information on what could constitute appropriate storage reservoirs exists in the published 
literature.  Basic checklists can be developed for the major identified reservoir types.  

                                                           
g Such guidelines based on the experience of the Sleipner CO2 storage facilities are expected from the SACS 
project, but are not available at the time of writing. 
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This information should be cross-referenced with available applications to regulatory 
authorities to operate carbon dioxide storage, EOR or acid gas injection facilities to identify 
which of these techniques has been successfully utilised. 

Existing guidance on cyclic gas storage facilities can provide a useful template here. 
Though the approach taken in EN 1918h of goal setting and being less prescriptive would 
provide wider potential for worldwide application than the more prescriptive approach of 
CAN/CSA-Z341-98i. It is of course possible for local regulatory authorities to impose 
specific restrictions or prescriptions that they believe are necessary. 

Monitor ing 

Lists of procedures for monitoring gas storage locations, some of which specifically 
address carbon dioxide sequestration, exist in the public domain [5]. In addition, regulated 
gas storage locations have a requirement for reporting certain monitoring activities and 
keeping detailed records. 

The benefit of having a world-wide central repository for such information is that 
geographically dispersed, but physically similar, storage projects can benefit from common 
experience. From this process good practice would emerge, and guidelines could be 
developed for classes of storage reservoirs. 

Of particular interest would be the development of storage modelling techniques for carbon 
dioxide sequestration that are deemed to have been verified and have widespread 
acceptance by regulatory authorities. For example; a particular software package or 
modelling technique may become accepted for particular types of reservoir in the course of 
time. 

In both the cases of reservoir selection and monitoring the role of guidelines to assist 
learning about subsurface sequestration will reduce the number and severity of early 
failures, with a corresponding benefit economically, environmentally and in terms of public 
confidence. 

Well Abandonment 

Standards and regulations for well abandonment exist in differing forms around the world. 
Their objective is to prevent the migration of formation fluids along the well bore, where 
potential contamination or loss of valuable formation fluids could result. 

The key difference from hydrocarbon well operations for carbon dioxide storage is the 
chemical impact of carbon dioxide, especially once it has dissolved in water. The 
containment of the storage formation fluids for over 1000 yearsc also marks a stricter 
requirement than is usually the case. 

Hence modification to existing guidelines, standards and regulations is required. 

The guidelines from the API Bulletin E3, “Well Abandonment and Inactive Well Practices 
for U.S. Exploration and Production Operations, Environmental Guidance Document”  
could be extended to take into consideration the effect of CO2 on the abandonment of 
wells, specifically the appropriate materials to be used in plugging CO2 wells and 
appropriate testing requirements, considering the required life of the plug. 

                                                           
h Gas supply systems. Underground gas storage. Functional recommendations. 
i Storage of Hydrocarbons in Underground Formations 
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The same approach could be taken with well abandonment guidelines and regulations in 
Europe and Asia. Since some of the issues such as the risk of contamination of future water 
supplies may be highly political and dependent on local circumstances, it is unlikely that 
the standard and approach to be taken could develop a universally accepted standard. 

Guideline Philosophy 

Two basic traditions are evident from reviewing standards and regulations. The prescriptive 
approach, often characterised by words such as shall and will and full of specific 
requirements, and; the goal-setting approach, where the end is described, but not the means 
to achieve it. 

The preferences for the two approaches are reflected in geography, with North America 
heavily favouring prescriptive approaches and Europe increasingly backing goal-setting 
approaches. These trends are reflected in both regulators and standard bodies. 

However, from the perspective of international guidelines, this difference does not have to 
be a barrier to the development of widely acceptable guidelines. If the guidelines are 
effectively tasked with establishing issues, and listing appropriate but not exclusive 
techniques to resolve them, then the standard and approach by which these issues can be 
addressed can be left to standards and regulations of both types. 

From research carried out in the UK on the public perception of risk [12], regulation and 
controls were favoured by the population sampled. So, whilst the European approach may 
favour goal-setting, public opinion could force more prescriptive measures if a significant 
risk is perceived. Also, there is support for more information to be made available to the 
general public. These guidelines could form a basis for informing the public. 

Summary of draft guidelines presented 

As part of the review undertaken by WEC, draft guidelines on the geological storage of 
carbon dioxide are presented, where the need has been identified, in Appendix E of this 
report. 

They take the form of outlining the major phases of a carbon dioxide geological storage 
project, defining objectives for each phase and listing issues and techniques that could be 
considered in the operation and regulation to meet those objectives. 

It is intended that regulations and standards may be derived from these guidelines with 
scope reserved for development of either a prescriptive or a goal setting approach. 

One of the major aims of these guidelines is to provide a prototype common repository for 
experience gained across the globe. By concentrating on the technical issues, rather than 
the choices differing jurisdictions take in dealing with those issues, it should become easier 
for this intention to be achieved. 

The geological nature of the storage approaches means that each location will be unique, 
however classifications of storage location with common lessons to be learned will occur 
across the world.  

The process of sharing lessons learned can be expected to be especially significant for 
carbon dioxide storage as failures will be expensive in terms of public confidence, and 
clearly repeats of the same failures could undermine public support. 
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3.3 Key bodies for  guideline development 

The following is a list of bodies recommended to be engaged in guideline development. 

• Companies operating carbon dioxide injection programmes and their regulatory 
authorities, eg, Statoil, ENCANA, NPD & EUB. 

• A sponsoring standards authority, eg, ISO or API. 

• Current bodies that issue standards and regulations for well abandonment eg, API. 
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Figure 3.1 Methodology for  review of standards and regulations. 

 

Generate list of technical 
issues for CO2 
transportation and storage 

Cross reference 
standards and issues 

Generate list of standards 
and regulations 

Identify gaps in regulation / 
standards coverage. 

 

 

Figure 3.2 Maximum concentration contours for  a full bore release from a dense phase carbon dioxide 
pipeline. 

 

Note: The Categories correspond to various weather conditions that could apply to each 
dispersion. 
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Figure 3.3 Maximum concentration contours for  a 25mm leak from a dense phase carbon dioxide 
pipeline. 

 

 

Figure 3.4 Pure CO2 physical proper ties, showing phase behaviour .  
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Figure 3.5 Typical QRA study for  carbon dioxide pipeline. 
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Table 3.1 Issues and standards for  carbon dioxide pipelines 

Issue Comments Standards 

Abandonment/ 
decommissioning 

Only of concern if abandoned pipeline contains pressurised 
carbon dioxide. Codes generally require pipelines to be 
decommissioned and disconnected from any other systems that 
remain in service, and left in a safe condition. 

ISO 13623 
BS 8010 
CSA Z662-99 

Block Valve 
Spacing 

Dependent on the proximity of the pipeline to inhabited areas 
and the population density (Location class). Also required for 
environmental protection such as at major river crossings and 
for segmentation of remote pipelines. 

ASME B31.4 
ASME B31.8 
CSA Z662-99 

Blowdown Blowdown of a pipeline through a vent should ensure that 
sufficient dilution occurs in the atmosphere before the gas 
reaches ground level. 

Due to the low temperatures that can be achieved during CO2 

decompression, controlled blowdown is required to limit 
pipeline steel temperatures. 

Blowdown facilities required at sectionalising valves. 

CSA Z662-99 

Brittle Failure Fracture toughness properties and associated Charpy v-notch 
and drop weight tear tests to provide brittle fracture control. 

ISO 3183-3 
ASME B31.8 
CSA Z662-99 

Buried Cover The level of cover for a buried pipeline is governed by its 
location and proximity to populated areas and fluid 
categorisation. 

ASME B31.4/B31
.8 ISO 3183-3 
CSA Z662-99 

Carbon Dioxide 
Fluid Composition 

Dependent on the levels of contaminants such as H2S, etc. If 
sour condition, then composition and properties of the linepipe 
material will change to cater for sour service. The contaminants 
in CO2 influence the vapour pressure, which in turns affects the 
decompression pressure and subsequent requirements for 
pipeline fracture propagation and arrest properties. 

ASME B31.4 
CSA Z662-99 
BS 8010 
DNV OS-F101 
NACE RP 01 75 

Categorisation of 
Substances 

CO2 is treated in the same context as a high vapour pressure 
(HVP) hydrocarbon. 

CSA Z662-99 
BS 8010 
ISO 13623 
DNV OS-F101 

Cathodic 
Protection (CP) 

Generally applicable to all onshore and offshore pipelines.  No 
special requirements for CO2 as cathodic protection is required 
for external corrosion protection. 

DNV RP B308 

Consequence of 
Pipeline Failure 

CO2 gas is heavier than air therefore will settle in lower lying 
areas and displace the air leading to asphyxiation of persons. 
Codes provide guidance on proximity of pipelines to populated 
areas depending on the classification of the fluid and population 
densities. 

Also, decompression of CO2 can result in very low 
temperatures, which could cause hazards. 

ASME B31.4 
ISO 13623 
CSA Z662-99 
BS 8010 

Corrosion – CO2 
Weight-loss 

Only of concern if water is present as carbonic acid (pH of 3.3 
to 3.7) is formed which is corrosive to steel. 

Norsok M-506 



IEA GREENHOUSE  GAS R&D PROGRAMME  GUIDELINES 
TRANSMISSION AND STORAGE OF CO2  DISCUSSION DOCUMENT  

2312uIG8011c.doc  3.20 
28 May 03    

Table 3.1 Issues and standards for  carbon dioxide pipelines 

Issue Comments Standards 

Corrosion – 
Sulphide Stress 
Corrosion Cracking 
(SSC) 

Requires H2S to be present in the CO2 gas. NACE RP 01 75 

Corrosion –
Hydrogen Induced 
Cracking (HIC) 

Requires hydrogen to be present in the CO2 gas. BS 8010 
NACE RP 01 75 

Crossing of Water Generally applicable to all pipelines.  No special requirements 
for CO2.  Isolation valves are usually installed on both sides of 
major water crossings. 

BS 8010 

Design The design factors used in determining the pipeline wall 
thickness are governed by location class, which defines the 
population density and requirement for public safety. 

ISO 3183-3 
ASME B31.4/B31
.8 ISO 13623 
CSA Z662-99 

Ductile Failure Charpy v-notch and drop weight tear tests with acceptable 
values provide resistance to ductile failure propagation. 

ISO 3183-3 
ASME B31.8 
CSA Z662-99 

Earthquake and 
Seismic Activity 

Generally applicable to all pipelines.  No special requirements 
for CO2. 

CSA Z662-99 
ASCE 

Emergency 
Planning 

Generally applicable to all pipelines, no special requirements for 
CO2 other than its asphyxiation properties require personnel to 
be trained in safe working procedures for oxygen deficient 
atmospheres. 

CSA Z662-99 

Environmental 
Considerations 

Generally applicable to all pipelines.  No special requirements 
for CO2.  Environmental impact assessments (EIA) are 
undertaken. 

ISO 13623 
BS 8010 

Fatigue Generally applicable to all pipelines.  No special requirements 
for CO2. 

ISO 3183-3 
ASME B31.4 
BS 8010 
ISO 13623 
CSA Z662-99 

Fracture 
Propagation 

Controlled by fracture toughness requirements and associated 
testing (Charpy v-notch, DWTT and CTOD).  Supplementary 
design measures are required to positively control fracture 
propagation.  This can include use of higher grade steel with 
higher notch toughness and/or use of fracture arrest devices. 

CSA Z662-99 

Hydrates No special requirement as the transportation of CO2 is in a 
dehydrated condition. The hydrate formation temperatures and 
pressures are affected by the levels of contaminants. 

 

Insulation May be required to maintain the temperature above the critical 
point (31oC) for a supercritical fluid, otherwise would be a 
major requirement for cryogenic CO2, however, this is not 
applicable to this review. 

BS 8010 
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Table 3.1 Issues and standards for  carbon dioxide pipelines 

Issue Comments Standards 

Landfalls Generally applicable to all pipelines.  No special requirements 
for CO2   other than proximity to populated areas. 

BS 8010 

Leak Detection Generally applicable to all pipelines, no special requirements for 
CO2. 

CSA Z662-99 

Mechanical Design There are fundamental differences in the codes related to 
calculation of wall thicknesses, these include the hoop stress 
factors and the inclusion or otherwise of manufacturing mill 
tolerances. 

ASME B31.4 
ISO 13623 
CSA Z662-99 
BS 8010 
DNV OS-F101 

Odourisation Carbon dioxide is odourless. Odourisation is normally 
applicable to distribution pipeline systems, therefore is not 
applicable to CO2 sequestration systems. 

CSA Z662-99 

Pipeline 
Construction 

Generally code requirements are applicable to all pipelines, no 
special requirements for CO2. 

ASME B31.4 
ISO 13623 
CSA Z662-99 
BS 8010 
DNV OS-F101 

Pipeline Routing General requirement to avoid populated areas where possible 
due to hazard of CO2 leaks. 

ASME B31.4 
ISO 13623 
CSA Z662-99 
BS 8010 
DNV OS-F101 

Pressure Relief Generally applicable to all pipelines, no special requirements for 
CO2 other than safe venting following activation of the pressure 
relief system. 

BS 8010 
DNV OS-F101 

Pressure Testing Particularly important to clean and dry the pipeline after hydro 
testing to prevent corrosion. 

CSA Z662-99 
ASME B31.4 
ISO 13623 
BS 8010 

Records Generally applicable to all onshore and offshore pipelines, no 
special requirements for CO2. 

DNV OS-F101 
CSA Z662-99 

Repairs Generally applicable to all onshore and offshore pipelines, no 
special requirements for CO2. 

ASME B31.4 
ISO 13623 
CSA Z662-99 
BS 8010 
DNV OS-F101 

Reporting Incidents Generally applicable to all onshore and offshore pipelines, no 
special requirements for CO2. 

ISO 13623  

Risk Analysis Generally not mandatory, however Hazids and Hazops are 
undertaken, followed by quantitative/qualitative risk 
assessments (QRA). 

CSA Z662-99 
BS 8010 



IEA GREENHOUSE  GAS R&D PROGRAMME  GUIDELINES 
TRANSMISSION AND STORAGE OF CO2  DISCUSSION DOCUMENT  

2312uIG8011c.doc  3.22 
28 May 03    

Table 3.1 Issues and standards for  carbon dioxide pipelines 

Issue Comments Standards 

Road/Rail 
Crossings 

Requirements for recognition of any proximity limits and 
associated hoop stress design factors due to the hazard of 
escaping CO2. 

ISO 13623 
CSA Z662-99 

Safety Carbon dioxide while classified as non-toxic, it is hazardous 
with respect to asphyxiation and low temperature if leaking 
from a pipeline. 

DNV OS-F101 
CSA Z662-99 

Sphering / Pigging Due to the effect of supercritical CO2 on elastomeric materials, 
care will be required when selecting the materials for the 
spheres and pig cups/discs, otherwise generally applicable to all 
onshore and offshore pipelines. Generally pipelines are required 
to be able to be intelligently pigged. 

ASME B31.4 
ISO 3183-3 
CSA Z662-99 
BS 8010 
DNV OS-F101 

Subsea Pipeline Generally applicable to all onshore and offshore pipelines, no 
special requirements for CO2. 

ASME B31.4 
ISO 3183-3 
CSA Z662-99 
BS 8010 
DNV OS-F101 

Welding Generally applicable to all onshore and offshore pipelines, no 
special requirements for CO2 other than fracture toughness 
requirements. 

CSA Z662-99 
DNV OS-F101 
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Table 3.2 Regional application of codes and standards for  pipelines 

Country Area Design Code Foreign Code 

Pipelines AS 1978 
AS 2018 
AS 2885 
AS 2885.1 
AS 2885.2 
AS 2885.3 
AS 1697 

Australia 

Piping AS 4041 

Only if regulation or standard 
references 

Pipelines DOT regulations 

Piping ASME B31 codes 
ASCE 

Linepipe API 5L 

United States of America 

Welding API 1104 
Local State Administrative codes 

None 

Pipelines CSA Z 662-99 
CSA Z 276-94 

ASME Canada 

Piping CSA Z 245.1-95 
CSA Z 662-96 

ASME 

Pipelines BS 8010 Parts 1-3 ASME B31 Series 
ISO Series 

Welding BS 4515 
CP 2010 Part 5 
IP Codes 

API 

United Kingdom 

Piping BS 7777 Part1 to 4 
BS 417 Parts 1 to 2 
BS 6323 

ASME B31 Series 
API 

Pipelines DNV OS-F101  

Piping TBK 5-6 ANSI/ASME or BS Standards 

Cathodic 
Protection 

DNV RP B401  

Norway 

Corrosion Norsok  

Pipelines NEN 3650 
NEN 3651 
NEN EN 10208 parts 1-3 
NEN EN 10285 
Rules for pressure vessels 

None Netherlands 

Piping NEN EN 10208 parts 1-3 
NEN EN 285 
NEN EN 286 
NEN EN 10287 

Rules for pressure vessels  
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Table 3.2 Regional application of codes and standards for  pipelines 

Country Area Design Code Foreign Code 

Pipelines TRRs 
DIN Handbook 15 
DIN Handbook 141 
DIN 2470-1 
DIN 2470-2 
TRGLs 
prEN 1594 

Germany 

Piping TRR's 
DIN Handbook 15 
DIN Handbook 141 
DIN 2470-1 
DIN 2470-2 
TRGL's 
prEN 1594 

None 

Pipelines NF A49 Series France 

Piping NF A49 Series 
Codeti 95 

All designs must comply with the 
regulations 

Pipelines   Japan 

Piping   

Pipelines Table 5 of regulations (CGBL) 
KS A0503 

ANSI 
ASME 
API 

Korea 

Piping Table 4 of Regulation ANSI 
ASME 
API 

Pipelines ISO 13623 International 

Linepipe ISO 3183-1 and 3 
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Table 3.3 Issues and standards for  subsurface storage of carbon dioxide 

Issues Comments Standards 

Overall subsurface facilities 
design and maintenance  

Only covers cyclic 
hydrocarbon gas storage i.e. 
not permanent sequestration of 
gas. 

EN1918-1,2 

Storage of hydrocarbons in 
underground facilities 

As above. CAN/CSA-Z341-98 

Mechanical design and H2S 
service 

Does not cover CO2 service. 

 

API spec 5CT 

API spec 5D 

Mechanical design of surface 
pipeline H2S & CO2 

Does not cover high pressure 
downhole service. 

API spec 5L 

(equivalent to ASTM A106) 

Wellhead and Christmas tree None API spec 6A 

SSSV  None API spec 14 

H2S service of oilfield metals Does not cover CO2 NACE MR0175 

Material selection for water 
injectors 

Does not cover high pressure 
CO2 service. 

NACE RP0475 

Cathodic corrosion of oilfield 
tubulars 

Too general, does not address 
chemical control of corrosion. 

NACE RP0186 
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Table 3.4 Regional application of codes and standards for  subsurface activity 

Country Subject Design Code Foreign Code 

Australia 
Oilfield materials 
selection None 

API (latest revision) where 
applicable 

 Well design 

None (state regulations 
currently being consolidated 
to Federal level) Not applicable 

 Subsurface injection None None 
United States 
of America 

Oilfield materials 
selection 

API (latest revision) where 
applicable None 

 Well design State regulations None 

 Subsurface injection 
Federal (Safe Drinking Water 
Act) None 

Canada 
Oilfield materials 
selection None 

API (latest revision) where 
applicable 

 Well design 
Alberta creates Federal 
precedence None 

 Subsurface injection 
Federal Standards and State 
Standards None 

United 
Kingdom 

Oilfield materials 
selection None 

API (latest revision) where 
applicable 

 Well design 
National (Design and 
Construction Regulations) 

Safety Case Directive 
92/91/EEC 

 Subsurface injection National None 

Norway 
Oilfield materials 
selection None 

API (latest revision) where 
applicable 

 Well design 
Norwegian Petroleum 
Directorate (NPD) None 

 Subsurface injection NPD None 

Netherlands 
Oilfield materials 
selection None 

API (latest revision) where 
applicable 

 Well design State mining authority 
Safety Case Directive 
92/91/EEC 

 Subsurface injection State mining authority None 

Germany 
Oilfield materials 
selection None 

API (latest revision) where 
applicable 

 Well design State mining authority 
Safety Case Directive 
92/91/EEC 

 Subsurface injection State mining authority None 

France 
Oilfield materials 
selection None 

API (latest revision) where 
applicable 

 Well design Oil and Gas regulations 
Safety Case Directive 
92/91/EEC 

 Subsurface injection Unknown None 

Japan 
Oilfield materials 
selection None 

API (latest revision) where 
applicable 

 Well design Unknown Unknown 
 Subsurface injection None None 
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4. SCHEDULE ASSESSMENT 

4.1 Roadmap for  developing guidelines 

The first step on the route to developing internationally recognised guidelines has been 
taken by the commissioning of this report. Standards bodies, of the type that could support 
an internationally accepted standard (most likely either API or ISO), have their own 
procedures for developing technical documents and managing the process for their 
development. It therefore follows that it is necessary to choose which organisation to 
proceed with to be able to develop a roadmap. 

Since the draft guidelines attached have not at this stage been circulated for review, but are 
rather only indicative of the approach that could be taken, further development of their 
concept is a possible step prior to requesting a standards body to develop them. The 
advantage of this would be to provide firmer guidance before the process passes to a third 
party. 

There is another optional intermediate step possible of first developing the standards with a 
national standards body, and then attempting to promote them to an ISO standard. The 
advantages of this approach could be a faster process for delivering a first useable set of 
guidelines, and also a reduction in the risk that the ISO process might vote to reject a 
developed standard and leave the international community with no guidelines. The 
disadvantage is that the particular viewpoint of the body chosen could be imprinted on the 
resultant documents. 

The possible standardisation routes are shown in Figure 4.1. The start is the delivery of 
draft guidelines to either be revised by an IEA sponsored group, and ISO or API procedure, 
or a national committee. In all cases the ultimate aim is to develop an international standard 
sponsored by API or ISO. 

The recommendation from this report is that a further iteration of these guidelines is made, 
taking advantage of the considerable good will that exists in the world with operating 
companies, engineering institutions and research establishments on this issue. This would 
provide a solid basis to proceed to the ISO with, and also provide a working copy for early 
implementers of geological carbon dioxide storage projects to refer to. 

 

The ISO standard development process 

The ISO describes a standard as follows: 

“Standards are documented agreements containing technical specifications or 

other precise criteria to be used consistently as rules, guidelines, or definitions of 
characteristics, to ensure that materials, products, processes and services are fit 

for their purpose.” • 

Thus the definition of guidelines used in this report fits within the ISO definition of 
standards. 

ISO standards are developed by technical committees, established by the technical 
management board. A technical committee can undertake preliminary work on a potential 

                                                           
• http://www.iso.org/iso/en/aboutiso/introduction/index.html 
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standardisation subject or a new work proposal can be received from one of the following 
bodies [13]: 

• a national body; 

• the secretariat of the committee; 

• another technical committee or subcommittee; 

• an organisation in liaison; 

• the technical management board or one of its advisory groups; 

• the chief executive officer. 

The potential problems of approaching the ISO directly are that there may not be an 
appropriate committee willing to discuss the requirement for a carbon dioxide storage 
guideline, and that problems could be encountered navigating the internal structures of the 
ISO by an organisation unfamiliar with its workings. Approaches may be possible to the 
following committees: ISO/TC67 (Materials, equipment and offshore structures for petrol, 
petrochemical and natural gas industries); ISO/TC193 (Natural Gas), and; ISO/TC82 
(Mining).  However, for the reasons identified in the review of standards, national 
standards do not exist in relation to reservoir engineering.  This fact is reflected in a gap in 
coverage at the ISO level. For this reason it would be advisable to seek the assistance of a 
friendly national body with experience in these issues. (ANSI, BSI, CEN, CSA, NNI or 
NSF are all possible candidates for this role). 

The procedure for development will follow a series of stages: 

• Stage 1: Proposal stage 

• Stage 2: Preparatory stage 

• Stage 3: Committee stage 

• Stage 4: Enquiry stage 

• Stage 5: Approval stage 

• Stage 6: Publication stage 

A suggested target date for achieving all the above stages is given as 36 months from 
approval of a work item. 

Estimate time frame for  guideline development 

There is probably a need for interested parties, such as operators, regulating authorities and 
various non-government organisations to formulate an initial requirements specification, 
perhaps in part based on this report. This could take at least a year to organise and agree on 
the approach. The development work on guidelines by the SACS project would most likely 
want to be integrated fully, when available. 

Therefore it would be reasonable to estimate that the official guideline development 
process will take at least 4 years, and possibly more. 
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Figure 4.1 Routes for  development of international guidelines for  the geological storage of carbon 
dioxide. 

 

Draft Guidelines 

IEA Draft Guidelines Nat. Guidelines 

International Guidelines 

Choose 
route 

ISO/API 
Procedures 

IEA sponsored 
committee 

National Standards 
Committee 

* 

* Assumes ISO adoption is intended target 
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5. CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions  

1. The transport of carbon dioxide in dense phase by steel pipelines has been practiced for 
over 30 years, and a body of experience is reflected in the specific mention of carbon 
dioxide in pipeline standards such as ASME B31.4j and CSA Z662-99k. Thus there is 
no significant technical gap in the capability and applicability of standards for 
pipelines. 

2. The arrangement of block valves for protection in the event of pipeline failure needs to 
be carefully considered utilising industry standard QRA and goal setting techniques. 
Block valve locations themselves present risks, and small leaks from pipelines, which 
are hard to detect may present the most significant hazard for such pipelines. To this 
end further work could challenge prescriptive CO2 block valve location requirements in 
codes. 

3. Existing standards for hydrocarbon storage below ground do not sufficiently cover the 
issues for long term carbon dioxide sequestration.  

4. One of the most likely causes of carbon dioxide subsurface storage failure is migration 
via existing wells. This has been a common cause of failure for gas storage locations. 
Also well abandonment is likely to be a key issue in the subsurface storage of carbon 
dioxide. In addition, it should be noted that observation wells in themselves contain 
inherent risk to the integrity of a storage location. 

5. There are no effective standards for the reservoir engineering tasks required for CO2 
subsurface sequestration. This is also the case for hydrocarbon production, where 
internal company practices and experience are the repository of knowledge on such 
issues. Due to the inherent uncertainty in information on potential reservoirs and 
variation between different storage locations, prescriptive codes would be impractical 
and unhelpful. 

6. Regulations and standards relating to subsurface issues have tended to develop out of 
good oil field practice.  Hence, identifying practice that is proven is a good starting 
point for the development of guidelines for carbon dioxide sequestration. 

7. Reservoir monitoring guidelines could provide useful issue lists and templates for 
regulatory authorities who are just starting the process of approving carbon 
sequestration projects. They would also help improve public support by minimising the 
number of times lessons from failures need to be learned. 

8. A set of guidelines from an internationally recognised body is unlikely to be achieved 
in less than 4 years. 

                                                           
j Liquid transportation systems for hydrocarbons, liquid petroleum gas, anhydrous ammonia, and alcohols 
k Oil and Gas Pipeline Systems 
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5.2 Recommendations 

1. Further development of well abandonment guidelines would be beneficial, preferably 
by extension of the appropriate API guideline and standards. 

2. Guidelines for the subsurface sequestration of carbon dioxide should be developed 
using operator experience and best practice as a starting point. They should be 
goal-setting in nature, raising issues to be addressed. They should also function as a 
repository of knowledge and experience. They should be formulated under the 
sponsorship of either ISO or API to achieve the international acceptance required. 
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Appendix A Carbon dioxide dispersion study 

Appendix B Review of pipeline Issues 

Appendix C Review of CO2 Storage Issues 

Appendix D International standards and codes 

Appendix E Draft guidelines for the geological storage of carbon dioxide 
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APPENDIX A CARBON DIOXIDE DISPERSION STUDY 
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Carbon Dioxide Dispersion Study 
 
1. INTRODUCTION 

To assess the specific implications of loss of containment from carbon dioxide pipelines, a gas 
release and dispersion study has been carried out by Woodhill Engineering Consultants. 
 
Gas dispersion is, in general, very sensitive to topography and weather conditions, and it is 
therefore not possible to provide definitive generic guidance from such studies, as site-specific 
conditions will affect the actual dispersion. 
 
However, it is possible to provide some insight into the magnitude of the hazard posed by CO2 
dispersion following pipeline rupture, by running a series of characteristic simulations. 
 
The gas dispersion modelling software chosen for this work is DNV’s Phast v6, which has wide 
use and industry acceptance for such applications. 
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2. SCOPE OF WORK 

A series of pipeline leak and rupture scenarios were chosen for study. Pipeline ruptures are 
considered to be vertical, since they will occur below grade and are considered to have 
sufficient energy to blow off the covering layers. For instrument lines, the worse case of 
horizontal release is considered, from a block valve station above grade. 
 
For pipeline rupture 20”, 30” and 36” pipeline diameters were considered, each with two cases 
in which block valves are located at 5 and 30 km intervals respectively. The pipeline pressure is 
172 barg with a temperature of 20°C. This is based on the requirement to transport CO2 in 
dense phase. 
 
For each case a range of weather conditions was used, representing typical wind speeds and 
atmospheric stabilities.  
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   m/s  m kg  mm s 

1 1" Instrument 
pipeline leak 

Horizontal 
release 

1.5 
F 

 1.00E+09 Leak 25.4 60 

2   1.5 D  1.00E+09 Leak 25.4 60 
3   5 D  1.00E+09 Leak 25.4 60 
4   10 C  1.00E+09 Leak 25.4 60 
5   3 A  1.00E+09 Leak 25.4 60 
6 20" pipeline 

rupture 
Vertical 
release 

1.5 F 5000 9.76E+05 Long 
Pipeline 

Full 
bore 

60 

7   1.5 D 5000 9.76E+05 Long 
Pipeline 

Full 
bore 

60 

8   5 D 5000 9.76E+05 Long 
Pipeline 

Full 
bore 

60 

9   10 C 5000 9.76E+05 Long 
Pipeline 

Full 
bore 

60 

10   3 A 5000 9.76E+05 Long 
Pipeline 

Full 
bore 

60 

11   1.5 F 30000 5.86E+06 Long 
Pipeline 

Full 
bore 

60 

12   1.5 D 30000 5.86E+06 Long 
Pipeline 

Full 
bore 

60 
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Table 2.1 Release Simulation cases 
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   m/s  m kg  mm s 

13   5 D 30000 5.86E+06 Long 
Pipeline 

Full 
bore 

60 

14   10 C 30000 5.86E+06 Long 
Pipeline 

Full 
bore 

60 

15   3 A 30000 5.86E+06 Long 
Pipeline 

Full 
bore 

60 

16 30" Pipeline 
rupture 

Vertical 
release 

1.5 F 5000 2.20E+06 Long 
Pipeline 

Full 
bore 

60 

17   1.5 D 5000 2.20E+06 Long 
Pipeline 

Full 
bore 

60 

18   5 D 5000 2.20E+06 Long 
Pipeline 

Full 
bore 

60 

19   10 C 5000 2.20E+06 Long 
Pipeline 

Full 
bore 

60 

20   3 A 5000 2.20E+06 Long 
Pipeline 

Full 
bore 

60 

21   1.5 F 30000 1.32E+07 Long 
Pipeline 

Full 
bore 

60 

22   1.5 D 30000 1.32E+07 Long 
Pipeline 

Full 
bore 

60 

23   5 D 30000 1.32E+07 Long 
Pipeline 

Full 
bore 

60 

24   10 C 30000 1.32E+07 Long 
Pipeline 

Full 
bore 

60 

25   3 A 30000 1.32E+07 Long 
Pipeline 

Full 
bore 

60 

26 36" Pipeline 
rupture 

Vertical 
release 

1.5 F 5000 3.16E+06 Long 
Pipeline 

Full 
bore 

60 

27   1.5 D 5000 3.16E+06 Long 
Pipeline 

Full 
bore 

60 

28   5 D 5000 3.16E+06 Long 
Pipeline 

Full 
bore 

60 

29   10 C 5000 3.16E+06 Long 
Pipeline 

Full 
bore 

60 

30   3 A 5000 3.16E+06 Long 
Pipeline 

Full 
bore 

60 

31   1.5 F 30000 1.90E+07 Long 
Pipeline 

Full 
bore 

60 

32   1.5 D 30000 1.90E+07 Long Full 60 
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Table 2.1 Release Simulation cases 
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   m/s  m kg  mm s 

Pipeline bore 
33   5 D 30000 1.90E+07 Long 

Pipeline 
Full 
bore 

60 

34   10 C 30000 1.90E+07 Long 
Pipeline 

Full 
bore 

60 

35   3 A 30000 1.90E+07 Long 
Pipeline 

Full 
bore 

60 

36 1" Instrument 
pipeline leak 

Horizontal 
release 

1.5 F  1.00E+09 Leak 25.4 1800 

37   1.5 D  1.00E+09 Leak 25.4 1800 
38   5 D  1.00E+09 Leak 25.4 1800 
39   10 C  1.00E+09 Leak 25.4 1800 
40   3 A  1.00E+09 Leak 25.4 1800 
41 20" pipeline 

rupture 
Vertical 
release 

1.5 F 5000 9.76E+05 Long 
Pipeline 

Full 
bore 

1800 

42   1.5 D 5000 9.76E+05 Long 
Pipeline 

Full 
bore 

1800 

43   5 D 5000 9.76E+05 Long 
Pipeline 

Full 
bore 

1800 

44   10 C 5000 9.76E+05 Long 
Pipeline 

Full 
bore 

1800 

45   3 A 5000 9.76E+05 Long 
Pipeline 

Full 
bore 

1800 

46   1.5 F 30000 5.86E+06 Long 
Pipeline 

Full 
bore 

1800 

47   1.5 D 30000 5.86E+06 Long 
Pipeline 

Full 
bore 

1800 

48   5 D 30000 5.86E+06 Long 
Pipeline 

Full 
bore 

1800 

49   10 C 30000 5.86E+06 Long 
Pipeline 

Full 
bore 

1800 

50   3 A 30000 5.86E+06 Long 
Pipeline 

Full 
bore 

1800 

51 30" Pipeline 
rupture 

Vertical 
release 

1.5 F 5000 2.20E+06 Long 
Pipeline 

Full 
bore 

1800 

52   1.5 D 5000 2.20E+06 Long 
Pipeline 

Full 
bore 

1800 

53   5 D 5000 2.20E+06 Long 
Pipeline 

Full 
bore 

1800 
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Table 2.1 Release Simulation cases 
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54   10 C 5000 2.20E+06 Long 
Pipeline 

Full 
bore 

1800 

55   3 A 5000 2.20E+06 Long 
Pipeline 

Full 
bore 

1800 

56   1.5 F 30000 1.32E+07 Long 
Pipeline 

Full 
bore 

1800 

57   1.5 D 30000 1.32E+07 Long 
Pipeline 

Full 
bore 

1800 

58   5 D 30000 1.32E+07 Long 
Pipeline 

Full 
bore 

1800 

59   10 C 30000 1.32E+07 Long 
Pipeline 

Full 
bore 

1800 

60   3 A 30000 1.32E+07 Long 
Pipeline 

Full 
bore 

1800 

61 36" Pipeline 
rupture 

Vertical 
release 

1.5 F 5000 3.16E+06 Long 
Pipeline 

Full 
bore 

1800 

62   1.5 D 5000 3.16E+06 Long 
Pipeline 

Full 
bore 

1800 

63   5 D 5000 3.16E+06 Long 
Pipeline 

Full 
bore 

1800 

64   10 C 5000 3.16E+06 Long 
Pipeline 

Full 
bore 

1800 

65   3 A 5000 3.16E+06 Long 
Pipeline 

Full 
bore 

1800 

66   1.5 F 30000 1.90E+07 Long 
Pipeline 

Full 
bore 

1800 

67   1.5 D 30000 1.90E+07 Long 
Pipeline 

Full 
bore 

1800 

68   5 D 30000 1.90E+07 Long 
Pipeline 

Full 
bore 

1800 

69   10 C 30000 1.90E+07 Long 
Pipeline 

Full 
bore 

1800 

70   3 A 30000 1.90E+07 Long 
Pipeline 

Full 
bore 

1800 
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3. TECHNICAL ASSESSMENT 

Contours have been plotted from the simulations for 5% (time averaged over 30 minute) and 
10% (time averaged over 1 minutes) concentrations of CO2. These correspond to concentrations 
and exposure times where severe to dangerous physical symptoms could be expected in humans 
exposed under these conditions, (see Safety and environmental considerations in main body of 
report, section 2). The results of these studies are shown in Figures A.1-A.10. 
 
In all cases for the vertical pipeline ruptures the dispersion cloud is not expected to reach the 
ground until it is at a concentration significantly lower than that of concern. In essence, the 
energy of the escaping gas is sufficient to elevate and mix to such a degree as to avoid harmful 
concentrations at ground level. 
 
The same is not true for the 1” instrument line break that produces harmful concentrations for 
up to 100 metres from the release. 
 
The reduction of block valve spacing from 30 to 5 km made no significant difference to the 
high concentration levels, though the overall duration of any incident would be shorter. 
 
From all the pipeline cases, the longest dispersion distance was produced for stable and calm 
conditions, with lengths over 410m for 5% CO2, and 105m for 10% CO2.  Other weather 
conditions produce significantly shorter horizontal displacement of significant gas 
concentrations. Since, by definition, the 1.5 m/s F condition weather is the most stable, 
grounding by large scale air movements is unlikely, although topography may affect this. 
 
For the 1” instrument lines grounding occurs in every case. Hazardous concentrations of CO2 
are predicted for between 80 and 110m downwind. 
 
From these studies the consequence of smaller leaks is shown to be potentially highly 
significant. A reduction in block valve spacing does not improve the peak concentrations 
reached, and can be expected to significantly increase the number of points, such as instrument 
lines, at which smaller leaks could occur. 
 

4. CONCLUSIONS 

• For full bore pipeline ruptures harmful concentrations of carbon dioxide were not 
predicted for the cases considered. 

• For full bore pipeline ruptures, block valve spacing varying between 5 and 30 km made 
no major difference to the peak concentration predicted. 

• The smaller leak predicted hazardous concentrations of carbon dioxide at ground level 
for up to 80-110m downwind. 
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Figure A.1 20” pipeline, 30km section, 5% CO2 contours side view. 

 
 

Figure A.2 20” pipeline, 30km section, 10% CO2 contours side view. 
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Figure A.3 30” pipeline, 30km section, 5% CO2 contours side view. 

 
 

Figure A.4 30” pipeline, 30km section, 10% CO2 contours side view. 
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Figure A.5 36” pipeline, 30km section, 5% CO2 contours side view. 

 
 

Figure A.6 36” pipeline, 30km section, 10% CO2 contours side view. 
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Figure A.7 1” instrument line, 10% CO2 contours side view. 

 
 

Figure A.8 1” instrument line, 10% CO2 contours side view. 
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Figure A.9 Comparison between 5km1 and 30 km 36” pipeline releases, 10% side view contours. 

 
 

Figure A.10 Comparison between 5km1 and 30 km 36” pipeline releases, 5% side view contours. 

 

                                                      
1 The ‘Base Case’ shown in the figure is the 5km pipeline section. 
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Pipeline Issues 
 
1. DESCRIPTION OF CO2 TRANSMISSION FACILITIES 

The boundary between surface and subsurface facilities is defined as the flange after the well 
choke (or nearest wing valve if no choke specified).  Therefore the wellhead and choke will be 
considered to be subsurface facilities for the purposes of this review, and from the choke 
onwards including flow lines, surface facilities and pipelines will be considered as surface 
facilities. Typical demarcations are shown in Figure 1.1, based on ASME B31.4. Some 
variations may exist between codes as, for example, some codes are specific to either onshore or 
offshore, while other codes combine both onshore and offshore requirements. 
 

Figure 1.1 Typical demarcation boundary for carbon dioxide pipeline system 

 
 
As carbon dioxide is transported in a dehydrated condition, due to severe corrosive properties if 
wet, low alloy carbon steel is typically used for the pipeline and flowline materials. 
Transmission as a supercritical fluid or a low-pressure gas, are the two main options for carbon 
dioxide CO2 sequestration operations. Carbon dioxide can also exist as a cryogenic liquid or 
solid, however, these are not considered as suitable for long distant and long-term transmission 
and subsurface disposal. 
 
The physical properties of carbon dioxide have been outlined in Section 3 of the main body of 
this report. Above the critical point (72.8barg/+31oC) carbon dioxide can exist as a dense phase 
fluid with characteristics of both a liquid and gas. A particular important characteristic for 
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pipeline transportation is the low viscosity; the supercritical phase viscosity is the same as a gas 
phase that is 100 times lower than CO2 in the liquid phase. 

 
1.1 Existing or analogous systems 

Carbon dioxide is presently transported for use in the following systems: 
 

• CO2 transportation for enhanced oil recovery (EOR) operations 
• Acid gas re-injection (carbon dioxide containing hydrogen sulphide (H2S)) 
• CO2 sequestration (Sleipner CO2 disposal project) 

 
1.2 Significant aspects of CO2 sequestration 

Sequestration of carbon dioxide has the following significant aspects: 
 

• Chemical action of CO2 and other contaminants, H2S, mercury, chlorides, etc, on steel 
when wet. There is a wealth of operating experience worldwide for both dry and wet 
gas pipelines. The main area of any concern is related to the level of contaminants, 
particularly H2S, which can give rise to sulphide stress corrosion cracking as well as 
general corrosion. 

• Likely pipeline pressure/temperature regime – dense phase/supercritical flow. This is 
regarded as normal operating range for gas transportation pipelines, and provides no 
‘show stoppers’. 

• Injection conditions including any additives for controlling mobility and mineral 
trapping, thickening agents to increase viscosity, although this is normally introduced at 
the well injection point not at the inlet to the pipeline. 

• Difference in behaviour between a liquid, supercritical fluid and gas on loss of 
containment. This is a known behaviour, similar to existing transportation of high 
vapour pressure (HVP) fluids, and can be catered for in design. 

• Compressibility and density of CO2 show strong, non-linear dependence on the system 
pressure and temperature, but again can be allowed for in hydraulic analyses. 

• Effect of supercritical CO2 on elastomeric materials, seals, gaskets, packing, etc.  This 
is nothing new, transportation of solvents, and can be catered for in any design. 

• Effect of supercritical CO2 on petroleum based and some synthetic lubricants used in 
related equipment, high performance solvent action. Again this is nothing new, 
transportation of solvents, and can be catered for in any design. 

• Poor lubricating characteristics of supercritical CO2 requires special design features for 
compressors, pumps and pipeline pigging equipment. This is nothing new, 
transportation of solvents, and can be catered for in any design. 

 
2. LIST OF RELEVANT STANDARDS, CODES AND REGULATIONS 

A comprehensive list of codes and standards identified is provided in Appendix D. 
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3. LIST OF SIGNIFICANT ISSUES 

Table 3.1 lists the primary significant issues related to carbon dioxide pipeline transportation. 
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TABLE 3.1 SIGNIFICANT ISSUES RELATED TO CARBON DIOXIDE PIPELINE TRANSPORTATION 

ISSUE COMMENTS/OBSERVATIONS 
TYPICAL REFERENCE CODES 

AND STANDARDS 
Abandonment/decommissioning Only of concern if abandoned pipeline contains pressurised carbon dioxide. 

Codes generally require pipelines to be decommissioned and disconnected 
from any other systems that remain in service, and left in a safe condition. 

ISO 13623 
BS 8010 
CSA Z662-99 

Block Valve Spacing Dependent on the proximity of the pipeline to inhabited areas and the 
population density (Location class). Also required for environmental 
protection such as at major river crossings and for segmentation of remote 
pipelines. 

ASME B31.4 
ASME B31.8 
CSA Z662-99 

Blowdown Blowdown of a pipeline through a vent should ensure that sufficient dilution 
occurs in the atmosphere before the gas reaches ground level. 
Due to the low temperatures that can be achieved during CO2 decompression, 
controlled blowdown is required to limit pipeline steel temperatures. 
Blowdown facilities required at sectionalising valves. 

CSA Z662-99 

Brittle Failure Fracture toughness properties and associated Charpy v-notch and drop weight 
tear tests to provide brittle fracture control. 

ISO 3183-3 
ASME B31.8 
CSA Z662-99 

Buried Cover The level of cover for a buried pipeline is governed by its location and 
proximity to populated areas and fluid categorisation. 

ASME B31.4/B31.8 
ISO 3183-3 
CSA Z662-99 

Carbon Dioxide Fluid Composition Dependent on the levels of contaminants such as H2S, etc. If sour conditions, 
then composition and properties of the linepipe material will change to cater 
for sour service. The contaminants in CO2 influence the vapour pressure, 
which in turns affects the decompression pressure and subsequent 
requirements for pipeline fracture propagation and arrest properties. 

ASME B31.4 
CSA Z662-99 
BS 8010 
DNV OS-F101 
NACE RP 01 75 
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TABLE 3.1 SIGNIFICANT ISSUES RELATED TO CARBON DIOXIDE PIPELINE TRANSPORTATION 

ISSUE COMMENTS/OBSERVATIONS 
TYPICAL REFERENCE CODES 

AND STANDARDS 
Categorisation of Substances CO2 is treated in the same context as a high vapour pressure (HVP) 

hydrocarbon. 
CSA Z662-99 
BS 8010 
ISO 13623 
DNV OS-F101 

Cathodic Protection (CP) Generally applicable to all onshore and offshore pipelines.  No special 
requirements for CO2 as cathodic protection is required for external corrosion 
protection. 

DnV RP B308 

Consequence of Pipeline Failure CO2 gas is heavier than air therefore will settle in lower lying areas and 
displace the air leading to asphyxiation of persons. Codes provide guidance on 
proximity of pipelines to populated areas depending on the classification of 
the fluid and population densities. 
Also, decompression of CO2  can result in very low temperatures which could 
cause. 

ASME B31.4 
ISO 13623 
CSA Z662-99 
BS 8010 

Corrosion – CO2 Weight-loss Only of concern if water is present, as carbonic acid (pH of 3.3 to 3.7) is 
formed which is corrosive to steel. 

Norsok M-506 

Corrosion – Sulphide Stress Corrosion 
Cracking (SSC) 

Requires H2S to be present in the CO2 gas. NACE RP 01 75 

Corrosion –Hydrogen Induced Cracking 
(HIC) 

Requires hydrogen to be present in the CO2 gas. BS 8010 
NACE RP 01 75 

Crossing of Water Generally applicable to all pipelines.  No special requirements for CO2.  
Isolation valves are usually installed on both sides of major water crossings. 

BS 8010 
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TABLE 3.1 SIGNIFICANT ISSUES RELATED TO CARBON DIOXIDE PIPELINE TRANSPORTATION 

ISSUE COMMENTS/OBSERVATIONS 
TYPICAL REFERENCE CODES 

AND STANDARDS 
Design The design factors used in determining the pipeline wall thickness are  

governed by location class which defines the population density and 
requirement for public safety. 

ISO 3183-3 
ASME B31.4/B31.8 
ISO 13623 
CSA Z662-99 

Ductile Failure Charpy v-notch and drop weight tear tests with acceptable values provide 
resistance to ductile failure propagation. 

ISO 3183-3 
ASME B31.8 
CSA Z662-99 

Earthquake and Seismic Activity Generally applicable to all pipelines.  No special requirements for CO2. CSA Z662-99 
ASCE 

Emergency Planning Generally applicable to all pipelines.  No special requirements for CO2 other 
than its asphyxiation properties, which require personnel to be trained in safe 
working procedures for oxygen deficient atmospheres. 

CSA Z662-99 

Environmental Considerations Generally applicable to all pipelines.  No special requirements for CO2.  
Environmental impact assessments (EIA) are undertaken. 

ISO 13623 
BS 8010 

Fatigue Generally applicable to all pipelines.  No special requirements for CO2. ISO 3183-3 
ASME B31.4 
BS 8010 
ISO 13623 
CSA Z662-99 

Fracture Propagation Controlled by fracture toughness requirements and associated testing (Charpy 
v-notch, DWTT and CTOD).  Supplementary design measures are required to 
positively control fracture propagation.  This can include use of higher grade 
steel with higher notch toughness and/or use of fracture arrest devices. 

CSA Z662-99 
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TABLE 3.1 SIGNIFICANT ISSUES RELATED TO CARBON DIOXIDE PIPELINE TRANSPORTATION 

ISSUE COMMENTS/OBSERVATIONS 
TYPICAL REFERENCE CODES 

AND STANDARDS 
Hydrates No special requirement as the transportation of CO2 is in a dehydrated 

condition. The hydrate formation temperatures and pressures are affected by 
the levels of contaminants. 

 

Insulation May be required to maintain the temperature above the critical point (31oC) 
for a supercritical fluid, otherwise would be a major requirement for cryogenic 
CO2.  However, this is not applicable to this review. 

BS 8010 

Landfalls Generally applicable to all pipelines.  No special requirements for CO2   other 
than proximity to populated areas. 

BS 8010 

Leak Detection Generally applicable to all pipelines.  No special requirements for CO2. CSA Z662-99 
Mechanical Design There are fundamental differences in the codes related to calculation of wall 

thicknesses.  These include the hoop stress factors and the inclusion or 
otherwise of manufacturing mill tolerances. 

ASME B31.4 
ISO 13623 
CSA Z662-99 
BS 8010 
DnV OS-F101 

Odourisation CO2 is odourless. Odourisation is normally applicable to distribution pipeline 
systems, therefore is not applicable to CO2 sequestration systems. 

CSA Z662-99 

Pipeline Construction Generally code requirements are applicable to all pipelines.  No special 
requirements for CO2. 

ASME B31.4 
ISO 13623 
CSA Z662-99 
BS 8010 
DnV OS-F101 
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TABLE 3.1 SIGNIFICANT ISSUES RELATED TO CARBON DIOXIDE PIPELINE TRANSPORTATION 

ISSUE COMMENTS/OBSERVATIONS 
TYPICAL REFERENCE CODES 

AND STANDARDS 
Pipeline Routing General requirement to avoid populated areas where possible due to hazard of 

CO2 leaks. 
ASME B31.4 
ISO 13623 
CSA Z662-99 
BS 8010 
DnV OS-F101 

Pressure Relief Generally applicable to all pipelines.  No special requirements for CO2 other 
than safe venting following activation of the pressure relief system. 

BS 8010 
DnV OS-F101 

Pressure Testing Particularly important to clean and dry the pipeline after hydrotesting to 
prevent corrosion. 

CSA Z662-99 
ASME B31.4 
ISO 13623 
BS 8010 

Records Generally applicable to all onshore and offshore pipelines.  No special 
requirements for CO2. 

DnV OS-F101 
CSA Z662-99 

Repairs Generally applicable to all onshore and offshore pipelines.  No special 
requirements for CO2. 

ASME B31.4 
ISO 13623 
CSA Z662-99 
BS 8010 
DnV OS-F101 

Reporting Incidents Generally applicable to all onshore and offshore pipelines.  No special 
requirements for CO2. 

ISO 13623 
 

Risk Analysis Generally not mandatory, however Hazids and Hazops are undertaken, 
followed by quantitative/qualitative risk assessments (QRA). 

CSA Z662-99 
BS 8010 

Road/Rail Crossings Requirements for recognition of any proximity limits and associated hoop 
stress design factors due to the hazard of escaping CO2. 

ISO 13623 
CSA Z662-99 
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TABLE 3.1 SIGNIFICANT ISSUES RELATED TO CARBON DIOXIDE PIPELINE TRANSPORTATION 

ISSUE COMMENTS/OBSERVATIONS 
TYPICAL REFERENCE CODES 

AND STANDARDS 
Safety CO2, while classified as non-toxic, is hazardous with respect to asphyxiation 

and low temperature if leaking from a pipeline 
DnV OS-F101 
CSA Z662-99 

Sphering / Pigging Due to the effect of supercritical CO2 on elastomeric materials, care will be 
required when selecting the materials for the spheres and pig cups/discs, 
otherwise generally applicable to all onshore and offshore pipelines. Generally 
pipelines are required to be able to be intelligently pigged. 

ASME B31.4 
ISO 3183-3 
CSA Z662-99 
BS 8010 
DnV OS-F101 

Subsea Pipeline Generally applicable to all onshore and offshore pipelines.  No special 
requirements for CO2. 

ASME B31.4 
ISO 3183-3 
CSA Z662-99 
BS 8010 
DnV OS-F101 

Welding Generally applicable to all onshore and offshore pipelines.  No special 
requirements for CO2 other than fracture toughness requirements. 

CSA Z662-99 
DnV OS-F101 
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4. CROSS REFERENCE OF ISSUES AGAINST STANDARDS, CODES AND 

REGULATIONS 

4.1 Commentary on Use of Standards 

ASME B31.4 specifies specific requirements and information for CO2 pipelines.  However the 
code specifically excludes carbon dioxide gathering and field distribution systems. 
 
ASME B31.8 is for gas pipelines and, while it specifically excludes carbon dioxide 
transportation piping systems, it is considered applicable for low-pressure transportation of 
carbon dioxide in a gas phase, eg, there would be little difference between a hydrocarbon gas 
with a high level of CO2 and CO2 with hydrocarbon contaminants. 
 
ISO 13623, BS 8010 and DnV OS-F101 cover CO2 pipelines and use the same system to 
classify carbon dioxide as a category C fluid.  Carbon dioxide is classified as a non-flammable 
fluid, which is a non-toxic gas at ambient temperature and atmospheric conditions.  However, it 
has asphyxiation properties and gives rise to low temperature when decompressed, eg, 
temperatures below –50oC, which can cause frost bite on contact with the skin.  
 
CSA Z662-99, ISO 13623 and ASME B31.4 cover most of the aspects related to the 
requirements for CO2 transmission pipelines, with both CSA Z662-99 and ISO 13623 including 
the application of limit-state design principles. DnV OS-F101 also incorporates limit-state 
design but is specific for offshore pipelines. 
 
4.2 Regional Variations 

Table 4.1 REGIONAL VARIATIONS 
Country Area Design Code Foreign Code 

Australia Pipelines AS 1978 Only if regulation or standard 
references 

  AS 2018  
  AS 2885  
  AS 2885.1  
  AS 2885.2  
  AS 2885.3  
  AS 1697  
 Piping AS 4041  
United States of America Pipelines DOT regulations None 
 Piping ASME B31 codes  
  ASCE  
 Linepipe API 5L  
 Welding API 1104  

  
Local State Administrative 
codes  

Canada Pipelines CSA Z 662-99 ASME 
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Table 4.1 REGIONAL VARIATIONS 
Country Area Design Code Foreign Code 

  CSA Z 276-94  
 Piping CSA Z 245.1-95 ASME 
  CSA Z 662-96  
United Kingdom Pipelines BS 8010 Parts 1-3 ASME B31 Series 

ISO Series 
 Welding BS 4515 API 
  CP 2010 Part 5  
  IP Codes  
 Piping BS 7777 Part1 to 4 ASME B31 Series 
  BS 417 Parts 1 to 2 API 
  BS 6323  
Norway Pipelines DnV OS-F101  
 Piping TBK 5-6 ANSI/ASME or BS Standards 
 CP DNV RP B401  
 Corrosion Norsok  
Netherlands Pipelines NEN 3650 None 
  NEN 3651  
  NEN EN 10208 parts 1-3  
  NEN EN 10285  
  Rules for pressure vessels  
 Piping NEN EN 10208 parts 1-3  
  NEN EN 285  
  NEN EN 286  
  NEN EN 10287  
  Rules for pressure vessels  
Germany Pipelines TRRs None 
  DIN Handbook 15  
  DIN Handbook 141  
  DIN 2470-1  
  DIN 2470-2  
  TRGLs  
  prEN 1594  
 Piping TRRs  
  DIN Handbook 15  
  DIN Handbook 141  
  DIN 2470-1  
  DIN 2470-2  
  TRGLs  
  prEN 1594  
France Pipelines NF A49 Series All designs must comply with the 

regulations 
 Piping NF A49 Series  
  Codeti 95  
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Table 4.1 REGIONAL VARIATIONS 
Country Area Design Code Foreign Code 

Japan Pipelines   
 Piping   

Korea Pipelines 
Table 5 of regulations 
(CGBL) ANSI 

  KS A0503 ASME 
   API 
 Piping Table 4 of Regulation ANSI 
   ASME 
   API 
    
International Pipelines ISO 13623  
 Linepipe ISO 3183-1 and 3  
 

4.3 Commentary on Regional Variations 

The main regional differences and national differences are associated with public safety and 
protection of the environment, which also may include local legislation. This has been 
recognised by the ISO (TC 67/SC 2) committee when drawing up the international standard 
ISO 13623, which allows individual countries to apply their national requirements for public 
safety and protection of the environment. 
 
For example, in USA the DOT regulation 195 deals with safety standards for pipeline facilities 
used for the transportation of hazardous liquids or carbon dioxide, while the State of Louisiana 
has its own administrative code 43-Natural Resources (Part XI, Office of Conservation-Pipeline 
Division, Subpart 4-Carbon Dioxide, Chapter 7 Transmission of Carbon Dioxide Pipelines) that 
deals with design, construction, testing, operation and maintenance. 
 
4.4 Notes on Stress Based and Limit State Design 

There are two methods related to pipeline design: the allowable stress design (ASD), and; the 
limit-state or load resistance factor design (LRFD). 
 
The deterministic ASD approach, typical of older codes and standards, and limit-state LRFD 
approach are distinguished by the way in which the input variables to analyses are treated. 
 
In the deterministic approach, the variability in the input parameters and the prescribed 
maximum design level is accommodated by a ‘safety margin’, eg, use of design factor and the 
specification of conservative limits i.e. minimum values for parameters such as wall thickness, 
yield stress, etc., and maximum values for pressure, pipeline diameter, etc. 
 
In limit-state design the variability of the input parameters are described by a statistical 
distribution of values, eg, normal distribution, log-normal distribution, etc.  Therefore, there is 
no unique value of ‘load’ that can be compared with the limit-state and the integrity of the 
structure is no longer ‘certain’ but expressed as a very small probability that the limit-state will 
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be exceeded. Thus limit-state design employs both limit-states and structural reliability 
(probability) theory. 
 
Limit-state design is alternatively referred to as load resistance factor design (LRFD) and this is 
perhaps more descriptive of the methodology. A load parameter L is compared with a structural 
resistance factor R. 
 
If L and R were deterministic, L>R would indicate failure. However, as noted above, all 
parameters are variable. The consequence of this may be illustrated by considering a limit-state 
for hoop stress, where failure occurs when the hoop stress exceeds the limit value, ie, specified 
minimum yield strength. 
 
An expression for hoop stress is as follows: 
σh  = (p-pe)(D-t)/2t 
Where; 
σh   Hoop Stress 
p Internal Pressure 
pe  External Pressure 
D Pipe Diameter 
t Minimum Pipe Wall Thickness 
 
The ASD approach requires the following: 
σh < Fσsmys 
Where; 
F Hoop Stress Factor 
σsmys  Specified Minimum Yield Strength 
 
The LFRD approach requires statistical distributions of values for all the parameters p, pe, D 
and t, which must be known to determine the distribution of values of σh. There is also a 
statistical distribution of σsmys values. Therefore, if the load and resistance distributions are 
known,the probability of failure may be calculated and represented by the ‘overlap’ of the two 
distributions. 
 
Figure 5.1 shows the distributions for the load (hoop stress) on the structure (L) and its 
resistance (specified minimum yield strength) to failure (R); the region where the distributions 
overlap indicates failure. 
 
For the case of pipeline hoop stress and material specified minimum yield strength, the overlap 
of the distributions corresponds to linepipe of minimum thickness and maximum diameter 
manufactured from material of minimum yield strength and which experiences maximum 
pressure. The probability of the simultaneous occurrence of all these conditions is very low. 
This is consistent with operating experience, which shows that defect free pipes do not fail. 
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Figure 4. 1 Limit state design basis 
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5. GAPS IN CURRENT CODES AND STANDARDS 

There are no apparent gaps in the current codes and standards since pipelines for the 
transportation of CO2 are no different from those for the transportation of hydrocarbon gas or 
liquids. The codes and standards have been used successfully for the design of CO2 pipelines 
for over 25 years, and now include performance requirements related to the main perceived 
problem related to fracture propagation. Improvements have been made in the manufacturing of 
linepipe; such that any past problems related to fracture toughness properties have generally 
been overcome. 
 
Caution is required in the use of the codes and standards if “cherry-picking” of code clauses is 
applied. This is particularly important if mixing stress-based codes with limit-state codes. It is 
recommended that a single code is used and only other codes used where the originating code is 
silent. 
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1. DESCRIPTION OF CO2 STORAGE FACILITIES 

The boundary between surface and subsurface facilities will be the flange after the well choke 
(or nearest wing valve if no choke specified).  Thus the well head and choke will be considered 
to be subsurface facilities for the purposes of this review, and from the choke onwards including 
flow lines, surface facilities and pipelines will be considered as surface facilities.  The reservoir 
and geological structures relevant to CO2 storage will be considered to be covered under the 
heading of subsurface facilities. 
 
 
1.1 Existing or Analogous Systems 

The active projects worldwide which we have found in the course of our research are : 
 

• RECOPOL is an EU-funded joint industry project for enhanced coalbed methane 
production in the Silesian Basin of southern Poland; 

• Burlington Resources have an established commercial enhanced CBM project in the 
San Juan Basin, Colorado; 

• Allison Unit in New Mexico, USA.  Over 100,000 tonnes of CO2 has been injected at 
this unit over a three year period. 

• A field test of enhanced coal bed methane (ECBM) production using CO2 and nitrogen 
mixtures is being carried out by the Alberta Research Council under an international 
project facilitated by the IEA Greenhouse Gas R&D Programme. The combined 
approach may offer more attractive means of recovering methane and storing CO2. 

• Statoil operate the highest profile CO2 sequestration project on the Sleipner Field, 
which is by far the biggest project in the world.   

• CO2 injection into depleted oil reservoirs is an established technique and can yield 
enhanced oil recovery by typically 10-15% of the original oil in place in the reservoir.  
The additional oil production could, in certain circumstances, more than offset the cost 
of CO2 capture and injection.  In 2001, about 33 million tonnes per year of CO2 were 
used in more than 74 EOR projects in the USA; most of this CO2 is extracted from 
natural reservoirs but some is captured, as described above, from natural gas plants and 
ammonia production.  A further 6 million tonnes per year of CO2 have been injected as 
part of a large CO2-EOR project in Turkey.  An example of a CO2-EOR scheme using 
anthropogenic CO2 is the Weyburn project in Saskatchewan, Canada. CO2 captured in a 
large coal gasification project in North Dakota, USA is transported 200 miles by 
pipeline and injected into the Weyburn field in Saskatchewan, where 5,000 tonnes/day 
of CO2 have been injected since September 2000.   
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1.2 Significant Aspects of CO2 Sequestration 

• CO2 chemical action on steel: Commonly referred to as sweet corrosion (as opposed to 
sour corrosion which involves H2S).  Carbon steel dissolves in the presence of free 
water in a CO2-rich environment.  The corrosion mechanism is widespread rather than 
localised pitting or cracking, but localised galvanic attack can also occur.  It is at its 
highest rate in a dynamic system. 

• Injection conditions: Gas injection wells are a little-used but standard feature of oilfield 
engineering, therefore no new designs will have to be developed.  Injection pressures 
will depend on the initial and maximum allowable confining reservoir pressures. 

• The difference in behaviour between a liquid and supercritical fluid on loss of 
containment. After injection into an aquifer CO2 will form HCO3- ions in water 
relatively quickly (dependent on the water movement rate, CO2 injection rate and water 
phase composition).  Loss of containment prior to this will lead to the release of CO2 as 
a pressurised gas.  However, since over-saturation is highly unlikely to be achieved, the 
“lemonade bottle” effect will not be seen. 

• Replenishment or repressurisation of the reservoir by CO2 injection will return it to its 
original virgin pressure.  This will be within the design tolerances of the wells already 
drilled into the reservoir.  The design of a well’s abandonment or suspension will 
address these pressures.  Overpressure must be avoided so as not to exceed the 
confining pressure of the cap-rock. 

• CO2 in aquifers should, in most cases, return to close to the original aquifer pressure 
over time.  This is dependent on the aquifer selection, but one selection criteria on to be 
considered is that the aquifer is of sufficient dimension to allow this to happen. 

• CO2 in coal seam injection will be preferentially adsorbed, displacing methane.  There 
are a number of projects worldwide which are addressing this, some commercially.  
This type of sequestration is currently only valid onshore for economic reasons. 

• CO2 is required to be isolated for the order of thousands of years without significant 
leakage back into the atmosphere.  This is addressed at the well design stage, but 
further research needs to be done on many aspects (discussed below). 

• Adequate identification of faults and potential natural leak paths (within the limits of 
seismic resolution) needs to be assessed in the reservoir selection process. 

• Reservoir characterisation is essential before any project is started.  Geological risk is 
inherent in any injection programme. 

• Injected CO2 can contaminate an overlying potable aquifer by: 
§ Seepage through inadequate sealing beds. 
§ Seepage through sealing beds via hydraulic fractures initiated as a result of 

drilling. 
§ Leakage caused by preferential dissolution and channelling through sealing 

zones. 
§ Displacement of host saline groundwater into a potable aquifer. 
§ Migration of injected liquid into a potable water zone within the same aquifer. 
§ Injection into an aquifer that is eventually reclassified as a potable water 

source. 
§ Migration of CO2 as a result of casing, cement sheath or well failure. 

• Fluid compatibility between the injected fluid and the reservoir fluid. Chemical 
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reaction of CO2 with formation water (matrix erosion or precipitation of mineral 
phases).   

• The stability of CO2 and the aquifer brine at reservoir pressures and temperatures 
should be included as part of the reservoir characterisation study.  Clearly, in a worst 
case it could preclude the sequestration of CO2. 
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2. LIST OF RELEVANT STANDARDS, CODES AND REGULATIONS 

2.1 Existing Standards and Industry Codes of Practise for Injection of CO2, Acid 
Gases and Waste Liquids.   

The database of existing standards is given in Appendix D of this report.  There are very few 
standards applicable to the subsurface aspects, and almost all of these refer to materials 
selection and design.  There are no international standards relating to reservoir selection for CO2 
storage wells, although this is not surprising, since there are no similar standards for 
hydrocarbon reservoirs.   

 
A number of standards, listed below, are written for underground hydrocarbon gas storage but 
these are directly applicable to cyclic gas storage only.  They do address the fundamental issues 
of well integrity, but also say that the suitability of each reservoir for storage must be 
investigated on an individual basis. 

 
A significant point to note, however, is that the US Department of Energy (Jan 2002) recognises 
that a heavy reliance on oil and gas standards is necessary, to whit: 

 
“Technologies will borrow extensively from the petroleum industry in 
drilling, stimulation, and completion of injection wells; processing, 
compression, and pipeline transport of gases; operational experience of 
CO2 injection; and subsurface reservoir engineering and characterization.” 

 
This philosophy is pervasive throughout all the non-oil and gas standards documents reviewed 
for this study.  Standards directly applicable to subsurface aspects of CO2 (and acid gas, ie, that 
which contains H2S) sequestration are listed below. 

 
Industry codes of practice are regulated by National or Federal oil and gas laws.  For example, 
within the European Union each country has its own regulatory authority (NPD in Norway, 
SODM in Holland, DTI and HSE in the UK), but each oil company has its own internal policies 
and procedures which act in addition to and complement National or Federal laws. The 
situation is similar in North America. Typical design considerations imposed are given in 
Section 3.2 of this report. 

 
 

2.1.1 Facilities Design Standards 

EN 1918-1 (1998) Gas supply systems - underground gas storage - Part 1: functional 
recommendations for storage in aquifers. 
The standard lists the general functional recommendations for the safe and environmentally 
acceptable storage of gas in aquifers.  It covers the functional recommendations for design, 
construction, testing, operation and maintenance of underground gas storage facilities in 
aquifers up to and including the wing valve of the wellhead.   

 
EN 1918-2 (1998) Gas supply systems - underground gas storage - Part 2: functional 
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recommendations for storage in oil and gas fields. 
The standard is similar to 1918-1, except that it covers underground gas storage facilities in oil 
and gas fields up to and including the wing valve of the wellhead. 

 
The rationale behind these two standards is the harmonisation of underground gas storage 
design, operation and maintenance, ultimately driven by a desire to manage the health and 
safety aspects on the industry.  These standards are non-prescriptive, in line with the regulatory 
framework which exists in European oil and gas well construction codes of practice.  Note that 
although both the above only define gas in terms of “any gaseous fuel which is in a gaseous 
state at a temperature of 15°C and under a pressure of 1 bar and which remains in a gaseous 
state under storage conditions”, the principles applied therein are directly transferable to CO2 
sequestration. 

 
Canadian Standards General Instruction No. 3 CAN/CSA-Z341-98:  Storage of hydrocarbons 
in underground formations.   
This is a highly prescriptive document, and many aspects are not applicable to CO2 storage (eg, 
monitoring wells, fire and explosion procedures, etc).  This is the sort of document which 
companies with practical experience are looking to re-write.  It represents the philosophical 
antithesis of the EN1918 standards. 

 
 

2.1.2 Materials Selection Standards 

API Specification 5CT.  Specification for Casing and Tubing 
Covers the mechanical specifications (wall thickness, internal and external diameters) for steel 
casing and tubing, their connections, couplings, and coupling protection, chemical composition 
and testing procedures. 

 
Note, however, that this standard does not cover the selection of material in a CO2-rich 
environment.  This materials selection is usually made using metallurgical advice from the steel 
manufacturers themselves, although such third party standards are often incorporated into 
internal oil company design policies. 

 
API Specification 5D.  Specification for Drill Pipe 
Covers Groups 1 and 3 drill pipe; specifically, those in certain designations and wall 
thicknesses as provided in the standards list and tables. 

 
API Specification 6A.  Specification for Wellhead and Christmas Tree Equipment 
Covers the requirements for performance, design, materials, testing, inspection and welding of 
pressure control systems for the production of oil and gas, notably wellhead equipment (casing 
and tubing head housings and spools), crossovers and spools, casing and tubing hangers, valves, 
chokes, actuators and ring gaskets. 

 
API Specification 14.  Specification for Subsurface Safety Valve Equipment 
Covers subsurface safety valves, safety valve locks, and safety valve landing nipples.  Includes 
minimum acceptable standards for materials, manufacturing, and testing of both surface and 
subsurface-controlled safety valves for three classes of service.  
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NACE Standard Material Requirements MR0175.  Sulphide Stress Cracking Resistant Metallic 
Materials for Oilfield Equipment. 
Presents metallic materials requirements for resistance to sulphide stress cracking for petroleum 
production, drilling, gathering and flowline equipment, and field processing facilities to be used 
in hydrogen sulphide-bearing hydrocarbon service. 

 
NACE Standard RP0475.  Selection of metallic materials to be used in all phases of water 
handling for injection into oil-bearing formations. 
The standard is a guide for selecting corrosion-resistant materials for the supply, storage, 
pumping and injection of water encountered in oilfield operations where external or subsea 
exposure to seawater is not a consideration.  These recommendations are also applicable to 
metals used in conjunction with carbon dioxide injection. 

 
NACE Standard RP0186.  Application of cathodic protection for external surfaces of steel well 
casings. 
The standard presents procedures and minimum requirements for the control of external 
corrosion of steel well casings by applying cathodic protection.  It does not, however, designate 
for specific situations, nor cover complexity of casing spacing, nor does it include corrosion 
control methods based on the chemical control of the environment. 

 
ASTM A106.  Standard specification for seamless carbon steel pipe for high temperature 
service. 
This conforms to API 5L (line pipe specification) only and may not be applicable to downhole 
applications. 

 
 

2.2 Applicability and Variation of these Codes and Standards   

There are no international standards defining the types of reservoirs available for CO2 
sequestration.  This is, instead, an engineering and commercial decision based on the suitability 
of the reservoir and seal rock for disposal.  Oil and gas companies, along with other companies 
engaged in the subsurface disposal of waste, have traditionally relied on the experience of 
petroleum end reservoir engineers to make these decisions, based on interpretations generated 
by industry-standard commercial packages.   

 
National or Federal legislation in many countries deals with the high-level (generic) aspects of 
reservoir selection and well design.  Most notably, in the USA the Department of Energy and 
Environmental Protection Agency, which requires an assessment of the suitability of the 
reservoir for the injection and storage / disposal of industrial waste (into which category CO2 
falls). 

 
Comprehensive United States Federal Regulations governing and controlling the injection of 
waste in the subsurface environment and the protection of safe drinking water are found in the 
Code of Federal Regulations, Chapter 40, Parts 144 to 148: 

 
Part 144 - Underground Injection Control Program 
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Defines the classification of injection wells, requirements for the injection of 
waste and conditions necessary for permitting. 

Part 145 - State Underground Injection Control Program Requirements 
Defines procedures for permitting on a State rather than a Federal level. 

Part 146 - Underground Injection Control Program: Criteria and Standards 
Defines criteria and standards applicable to the design, operation and 
abandonment of, and responsibility for, all classes of waste injection wells. 

Part 147 - State Underground Injection Control Programs 
Defines the control programmes for waste injection wells on a State-by-State 
basis 

Part 148 - Hazardous Waste Injection Restrictions 
Identifies restrictions on substances which can be injected into a certain 
classification of disposal well. 

 
In Canada, these regulations are determined by the requirements listed in the Alberta Energy 
and Utilities Board Guide 51. 
 
In broad terms, the North American regulations can be characterised as defining a legal 
envelope within which waste injection operations can be conducted.  This is inherent in their 
being Federal regulations.  The main driving factor is the protection of safe drinking water, 
rather than any other aspect such as protection of the surface environment or industrial safety. 

 
European standards have been discussed above.  Some regional differences exist in Europe, 
which have not been addressed by any existing standards.  For example, in both Germany and 
the Netherlands current legislation forbids the permanent re-injection of any material into 
anything other than the formation from which it came, although it does not forbid the 
“temporary storage” of liquids and gases subsurface. 

 
In general, gas-storage facility operators are required to: 

 
• Case and cement gas injection/withdrawal wells to ensure no gas can leak from 

them. 
• Make periodic, regular inspections of all gas-storage wells and all wells used for 

observation. 
• Periodically inspect the gas-storage reservoir and storage-protective area to make 

sure no gas is leaking or other hazardous condition exists. 
• Implement gas-storage well monitoring and periodic integrity-testing programmes. 
• Not exceed pressures that may cause the gas to begin leaking. 
• Notify the regulatory agency within a short period (eg, 24 hours) of making 

emergency repairs to gas-storage wells and submit a written explanation of the 
emergency and what action was taken within a few (eg, five) days. 

• Keep records of well inspection results and pressure data, integrity testing data, and 
inspections of abandoned and plugged wells. 

• Notify the regulatory agency before (eg, 14 days) an injection/withdrawal well is 
plugged to prevent migration of gas or other fluids within or outside of the well. 
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All these guidelines are in agreement with standard industry or “good oilfield practice”. 
 

The applicability of these standards outside their direct spheres of reference, for example in 
East Asia or Australia who do not have their own standards, will be dependent on the regulatory 
culture of these countries as to whether they select the prescriptive (North American legislation) 
or non-prescriptive routes (European).  In Asia, Japan’s focus is primarily on oceanic 
sequestration due to the lack of suitable reservoirs and the tectonic instability of the country, 
although one aquifer injection and one coal seam sequestration pilot project have been started.  
Both Japan and South Korea are focussing on CO2 emission reduction rather than sequestration 
(relying on carbon trading).  Australia has an active research and development programme for 
CO2 sequestration, but currently no projects. 

 
 

2.3 Current Initiatives to Improve or Extend the Standards.   

Most research is at a fundamental level, with the exception of those projects mentioned above.  
Only Statoil appear to be moving towards a revision of the existing hydrocarbon gas storage 
standards (preparing a “best practices” manual), and this is only because of their long-term 
operational experience.  They anticipate the manual to be produced in 2003.  In line with this 
company’s willingness to share knowledge on the Sleipner project, this manual will be available 
in the public domain. 

 
 

2.4 Is a Single Standard Applicable for all Reservoirs? 

A single standard is easily applicable to both the onshore and the offshore sequestration of CO2, 
in so far as being non-prescriptive in its outlook and recommendations. 
 
To extend this further, the applicability of Federal regulations (eg, Canadian and US) to larger 
projects is also valid.  Currently, these regulations only cover smaller projects (a few million 
tonnes per year or less).  However, the guiding principles are the same whatever the size of 
reservoir and whatever the volumes required to be sequestered, and it is only the engineering 
which needs to be scaled up. 

 
 

2.5 Appropriateness of Monitoring Regimes  

The regulations and standards covering the subsurface sequestration of gases are well 
established, and some of the minor differences have been noted above.  However, the 
fundamental differences to be considered when sequestering CO2 rather than hydrocarbon gas 
are the recommendations on well monitoring and life-cycle design.   

 
Monitoring of underground gas storage wells is recommended exclusively by the drilling of 
observation wells.  These provide a leak path and are not considered acceptable to a non-cyclic 
storage programme.  Statoil have successfully demonstrated that the use of 4D seismic is a 
technically effective offshore alternative, as well as being substantially cheaper.  Other 
alternatives such as the addition of tracers to the injected gas (to detect leakage) or tomography 
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(to monitor aquifer inflation or shrinkage) should be considered for onshore sequestration 
projects, especially given the recent technological advances in satellite remote sensing.  This is 
expanded on in Section 3.3. 
 
The cultural differences between European and North American monitoring regimes mentioned 
in Section 2.1.1 of this Appendix are not a barrier to large-scale CO2 sequestration projects, nor 
to approaching a full international standard.  The experience and recommendations of the main 
players, particularly Statoil and their “Best Practices Manual”, should be adopted as the guiding 
principles around which existing legislation can be modified.  The most comprehensive existing 
legislation is that of either Canada or the USA. 
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3. LIST OF SIGNIFICANT ISSUES 

The following list incorporates all items that need to be considered for good practice in 
injecting and storing CO2 in deep aquifers, existing depleted oil and gas reservoirs or deep coal 
beds. 
 
 
3.1 Reservoir Selection 

3.1.1 Geological Considerations 

• Identification of benign sedimentary basins, with inter-bedded sequences of permeable 
aquifer beds and impermeable confining rocks.   

• Expectation of aquifers containing saline formation. 
• Basin exposure to severe tectonics. 
• Ensuring limits of CO2 storage and transport can be accurately predicted through the 

use of geological models. 
• Essentiality of 3D seismic data, its quality and well coverage. 
• Evaluation of disposal zones criteria for permeability and porosity.  
• Determination that disposal zones are significantly below in terms of depth and isolated 

from overlying potential underground potable water source. 
• Assessment of CO2 injection will not interfere with present or potential use of water 

resources nor result in other environmental hazards. 
 
 
3.1.2 Seal Thickness and Integrity 

• Local closure anticipated to have stability over 1,000-5,000 years.   
• Seismic characterisation of the reservoir essential (shape, extent, closure, spill points). 
• Lateral continuity of confining cap or seal. 
• Cross faults or conductive faults or open fractures conducive to movement of fluids 

into overlying aquifers/depleted reservoirs/coal beds. 
• The sealing integrity of cap rocks in terms of compressive and yield strength to confirm 

the sealing properties and to prevent vertical propagation of fractures.  
• Geological criteria of seal and cap rocks in terms of permeability. 
• Leakage across spill points and through seal. 
• Capillary threshold pressure at any sealing faults or caps. 

 
 
3.1.3 Fluid Compatibility 

• Reservoir fluids should exhibit properties that are compatible, or at least do not cause 
adverse reactions, with the injected CO2.   

• Potential of mineral precipitation and plugging of pore space. 
• Relative density of injected fluids with reservoir fluids. 
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3.1.4 Reservoir Properties Assessment 

• Reservoir characteristics concerning fluid pressure, temperature, fracture pressure, and 
other physical and chemical characteristics of the injection zone. 

• CO2 injection and its anticipated reaction products altering the permeability or other 
relevant characteristics of the confining or injection zones. 
 
 

3.1.5 Aquifer Specific   

• Structure of the aquifer is usually unknown beforehand.  This has more inherent 
uncertainty than depleted reservoir. 

• Aquifer pressure allows adequate injection pressure to be maintained. 
• Nature of the aquifer (static (central N Sea examples) or dynamic (typical N American 

west coast)). If dynamic, then a description of those dynamics. 
• A regional knowledge of the area would provide the information required to assess this 

uncertainty. 
 
 
3.1.6 Disposal Well Selection 

• Offshore transport of gas to disposal facility. 
• Public perception of a potentially unsafe industry and the words “waste disposal.” 

 
 
3.1.7 Well Modelling 

• Modelling and evaluation of well operating conditions and pressures to establish 
supercritical point and subsequent injectibility of the fluid. 

 
 
3.2 Coal Bed Specific 

• Requirement of definitive studies as to the rates and magnitudes of CO2 and CO2 gas 
mixtures sorption / desorption on both dry and moist coal surfaces. 

• Issue of density and viscosity development of the gas mixtures under elevated 
conditions. 

• Impact of coal swelling/shrinkage in “brine” and gas mixtures. 
• Geochemical reactions induced by CO2 injection, possibly including mobilising heavy 

metal species. 
• Depending on ambient temperature and pressure, gas mixing could produce pressure 

surges during injection of CO2 into deep unmineable coal beds. 
 
 



IEA GREENHOUSE  GAS R&D PROGRAMME  GUIDELINES 
TRANSMISSION AND STORAGE OF CO2  DISCUSSION DOCUMENT  

 

 

2312ulG8201e.doc  3.3 
28 May 03     

3.3 Well Design 

There are no internationally applicable standards used in the design and construction of wells.  
National legislation in most oil- and gas-producing countries in the world requires that a well 
design is submitted for external examination and verification by peers acting on behalf of the 
National or Federal oil and gas regulatory authority, and internal auditing processes within 
companies usually require that the well design is audited prior to approval.  The well design 
attempts to ensure that, so far as is reasonably practicable, there can be no unplanned escape of 
fluids from the well, and that risks to the health and safety of persons from the well or anything 
in the well, or in strata to which the well is connected, are as low as reasonably practicable 
(ALARP). 
 
The following is a typical (but not exhaustive) checklist of considerations to be made in 
designing an injection or disposal well, and is based on the United Kingdom Design and 
Construction Regulations: 
 

• Is the location suitable for a rig (eg, prevailing and extreme weather conditions, 
shallow gas, access and egress, emergency response plan)? 

• If already selected, is the rig capable of drilling the well as planned? 
• Do the local conditions allow for the operating envelope of the well (eg, water depth, 

climate influence, tectonic stability)? 
• Have these risks been demonstrated to have been engineered ALARP? 
• Has sufficient and adequate subsurface information (eg, stratigraphic column, pore 

pressures, fracture pressures, downhole temperatures, potentially porous and permeable 
zones, fluid types, presence of hydrocarbons, toxic or corrosive gases, presence of 
abnormally overpressured formations or areas with strong potential for loss of 
circulation, etc) been supplied to the drilling engineer responsible for well design? 

• Have all these subsurface factors been incorporated into the casing design (eg, kick 
tolerance, formal mechanical design, compatibility with the injected fluids etc)? 

• Has the casing design been peer-reviewed and approved? 
• Have all these subsurface factors been incorporated into other aspects of the well 

design and construction (eg, drilling fluids, cementing, directional drilling, etc)? 
• Is the wellhead suitable for the fluids and life cycle conditions anticipated throughout 

the duration of the well? 
• Has the well completion been formally designed to meet the requirements of the well 

and the anticipated life cycle conditions? 
• Has the surface equipment been designed in accordance with API Specification 6A? 
• Has the abandonment programme addressed the long-term isolation of the porous and 

permeable formations (cement stability etc)? 
 
 

3.3.1 Primary Cementing 

• Cement is designed on a case-by-case basis according to subsurface conditions.  A 
good understanding of the aquifer flow is essential because cement decays rapidly with 
a dynamic CO2-rich environment, particularly at elevated temperatures.  Proprietary 
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brands have been developed for this environment but are not yet optimal.  In a static 
acid environment, very minor cement decay is seen in a CO2-rich environment, but this 
may not be an issue at low temperatures (<120°C) in the opinion of one operator. 

• Annular leakage is potentially a problem due to cement decay and casing corrosion 
(wormhole corrosion).  Good cementing practices are essential, such as good mud 
conditioning before displacement, effective centralisation, turbulent flow in spacers, 
maximum cement displacement rates and rotation of liners during cementation.  In 
particular, effective isolation of injection zone must be achieved.  Correct selection of 
production casing (or liner) and jewellery must be made to minimise the corrosion risk.  
Pressure monitoring of all annuli as part of the monitoring programme must be 
considered, even if these are cemented to surface.  
 
 

3.3.2 Corrosion 

• Reduction of corrosiveness of the injected gas or fluid should be considered (water 
scrubbing of gas, corrosion inhibitors or deoxygenation for liquids).  Good modelling 
of the behaviour of injection tubing and completion jewellery under CO2-rich 
conditions is essential to minimise the risk of corrosion.  API corrosion models and 
recommendations are over-conservative, so detailed work with the steel manufacturer 
should be considered. 

• Cheaper alternatives to CRA tubing can be considered, such as HDPE lining (eg, BP’s 
“Polybore” system) or fibreglass.  However, these may not be suitable for injection 
conditions.  Minor scaling can significantly reduce the corrosive effects of CO2 on steel 
tubulars. 

• Monitoring of integrity.  Solutions which may be considered are: a routine multi-finger 
caliper logging programme during the injection phase; gas treatment before injection 
(prevention rather than cure); annular pressure tests; tubing pressure tests as part of a 
regular routine preventative maintenance programme (this is a recommendation in US 
and Canadian Federal regulations), and; annular pressure monitoring during 
sequestration and after it has stopped.  Other wireline tools (temperature logs, PLT 
tools, noise logs) can detect cross-flow behind the annulus and help to identify 
corrosion problems. 
 
 

3.4 Reservoir Monitoring 

A 3D seismic baseline and sufficient geological study would be required before the project 
starts to form the basis of a successful monitoring programme.  This should include overlying 
layers and any fluids there present.  Non-invasive monitoring techniques would be preferred 
due to the potential leak path created by drilling observation wells. 
 
A reservoir model should be built to incorporate pressure monitoring from the wells and the 
model should be updated on a regular basis to ensure necessary changes are made. 
 
Technical work should be carried out to show the feasibility of monitoring gas “bubble” with 
the use of repeat seismic surveys (4D seismic).  Repeat surveys could be performed every 
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3 to 5 years to ensure repeatability of measurement during the lifetime of the project.  
Monitoring frequency depends on the rate of CO2 injection and the uptake (fast in saline and 
depleted hydrocarbon reservoirs, slow in coalbeds).  Consideration could be given to the use of 
permanent seismic monitoring. 
 
After injection is complete, an increasing timescale (ie, +10, +25, +50, +100 years) could be 
applied until such time as the gas “bubble” can be shown to be stable and unmoving. 
 
 
3.5 Abandonment  

Cement chemical and mechanical integrity must be addressed: 
 

• Understanding of the behaviour of cement under dynamic conditions (mobile aquifer 
fluids) and static conditions. 

• The cement must replicate the original cap-rock seal. 
• Current product focus must move away from stability in the (relatively) short-term 

(<100 years) to the long-term (>1000 years). 
• Look to use analogues from the nuclear waste disposal industry, where long-term 

stability and isolation is essential. 
 

The integrity of other mechanical barriers must be addressed: 
 

• Conventional bridge plugs will corrode with long-term exposure to CO2.  Consider 
using non-metallic alternatives (eg, Halliburton “Fasdrill™”). 

• Long term stability of production casing or liner at injection point must be understood. 
• Will the well be suspended or permanently abandoned?  This has a direct impact on the 

selection of Xmas tree materials, wellbore plugging, the well intervention and 
maintenance strategy and the well monitoring programme. 
 
 

3.6 Record Keeping 

Adequate record-keeping during and after sequestration is essential.  There are a number of 
ways this can be achieved: 
 

• Adequate knowledge of all old wells which penetrate the target aquifer, since failure of 
these has been demonstrated to be the primary cause of all aquifer breaches. 

• Wellhead metering (standard procedure for oil or gas wells). 
• Pressure monitoring of all annuli, and trend analysis to predict and identify problems. 
• Downhole monitoring using gauges or “smart completions” which can react to 

changing downhole conditions.  This downhole pressure monitoring can be linked with 
the routine non-invasive monitoring of the CO2 “bubble” to enhance the interpretations. 

• Information-sharing is recommended in order to overcome technical issues efficiently 
and cost-effectively. 
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3.7 Operational Risk Management 

The primary aims of risk management are: to minimise the impact of the operation on public 
health, public safety and the environment; to ensure compliance with local regulations, to 
ensure and maintain public acceptance of the operation, and; to promote the company’s image.   

 
Risk assessment is made during the design and construction stage, and encompasses both the 
geological and the engineering risks.  Engineering risks are discussed in Section 3.2 (above).  
Geological risks to be considered are those such as: 

 
• leaking cap rock (faults, or mechanical failure). 
• incompatibility with aquifer fluid. 
• uncertainties in the geological model (faults, reservoir compartmentalisation, poorer 

than expected reservoir properties). 
• stratigraphic uncertainties. 
• spill points. 

 
Risk management is a part of the process of managing the well under injection and storage 
conditions.  A framework for well risk assessment has been covered extensively in EPA Report 
816-R-01-007.  Although this report considers the USA exclusively, the scenarios and examples 
discussed are sufficient to be applied on a worldwide basis. 

 
Factors to be considered include: 

 
• The nature of the leak (ie, contained or uncontained to surface, cross-flow into another 

aquifer etc.). 
• The size of the leak. 
• The complexity of the leak path. 
• The complexity of the repair process (has the well been suspended or abandoned, is the 

well subsea or on land?). 
• The consequences of the leak (can the leak be tolerated?). 

 
Public perception also needs to be considered because CO2 will be classed as an industrial 
waste.  Openness in the planning and engineering approach should be encouraged, publication 
of plans, research and progress be made, and emphasis placed on safe and fully audited 
engineering.  Valuable lessons can be learned from the nuclear industry’s experience with 
public relations and the significant shift in major oil companies’ attitudes to “green issues” 
since the Brent Spar débacle. 
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4. CROSS REFERENCE OF ISSUES AGAINST STANDARDS, CODES AND 

REGULATIONS 

Overall the key findings comparing issues against standards codes and regulations are: 
 

• No international standard for reservoir selection. 
• No international standard for reservoir monitoring. 
• No international standard for material selection in a subsurface environment. 
• No international standard for well design and risk assessment. 

 
4.1 Commentary on Use of Standards 

The main available materials standards have been discussed in Section 2 of this Appendix.  
These are internationally accepted standards, although some regional variation exists, 
particularly in Russia and the Former Soviet Union where GOST standards are applied.  These 
standards generally have an ASTM equivalent. 
 
These material standards are used on a routine basis when designing a well.  They are also used 
by equipment manufacturers, who, for example, cannot legally manufacture materials which 
carry the API monogram without reference to the API standards. 
 
Design standards form the regulatory framework of any well, whether it is used for injection or 
extraction.  Their use is standard throughout the oil and gas industry.  Input into the preparation 
of Federal design standards is via the oil and gas companies themselves (ie, the end-users), 
hence there is a great similarity between the two. 
 
There are no standards for reservoir selection and reservoir engineering.  Many of the high-level 
aspects are covered in Federal Legislation (eg, US Safe Water Drinking Act).  However, more 
specific aspects relating to reservoir characterisation are covered by the experience of the 
reservoir engineers, company operating procedures and policies and industry best practices 
rather than government regulations. 
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4.2 Gaps in Current Codes and Standards 

Despite the fact that there is considerable regional variation in design and materials standards, 
significant gaps still exist. 
 

Standard  Issues Covered Gaps 
A.  Design 
US CFR Chapter 40, Parts 
144 - 148 

Design and implementation of 
underground waste injection 

Does not address materials 
selection, reservoir selection 
and modelling, risk 
assessment 

CAN/CSA-Z341-98 Storage of hydrocarbons in 
underground facilities 

As above 

EN1918-1,2 Overall subsurface facilities 
design and maintenance  

Only covers cyclic 
hydrocarbon gas storage ie, 
not permanent sequestration 
of gas; no recommendations 
on reservoir selection, 
material selection, well design 
or risk assessment. 

B.  Materials 
API spec 5CT Mechanical design and H2S 

service 
Does not cover CO2 service 

API spec 5D As above As above 
API spec 5L 
(equivalent to ASTM A106) 

Mechanical design of surface 
pipeline H2S & CO2 

Does not cover high pressure 
downhole service 

API spec 6A Wellhead and Christmas tree None 
API spec 14 SSSV  None 
NACE MR0175 H2S service of oilfield metals Does not cover CO2 
NACE RP0475 Material selection for water 

injectors 
Does not cover high pressure 
CO2 service 

NACE RP0186 Cathodic corrosion of oilfield 
tubulars 

Too general, does not address 
chemical control of corrosion 
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4.3 Regional Variations 

Country Subject Design Code Foreign Code 

Australia 
Oilfield materials 
selection None 

API (latest revision) 
where applicable 

 Well design 

None (state regulations 
currently being 
consolidated to Federal 
level) Not applicable 

 Subsurface injection None None 
United 
States of 
America 

Oilfield materials 
selection 

API (latest revision) where 
applicable None 

 Well design State regulations None 

 Subsurface injection 
Federal (Safe Drinking 
Water Act) None 

Canada 
Oilfield Materials 
Selection None 

API (latest revision) 
where applicable 

 Well design 
Alberta creates Federal 
precedence None 

 Subsurface injection 
Federal Standards and 
State Standards None 

United 
Kingdom 

Oilfield Materials 
Selection None 

API (latest revision) 
where applicable 

 Well design 
Design and Construction 
Regulations 

Safety Case Directive 
92/91/EEC 

 Subsurface injection National None 

Norway 
Oilfield Materials 
Selection None 

API (latest revision) 
where applicable 

 Well design 
Norwegian Petroleum 
Directorate (NPD) None 

 Subsurface injection NPD None 

Netherlands Oilfield Materials  None 
API (latest revision) 
where applicable 

 Well design State mining authority 
Safety Case Directive 
92/91/EEC 

 Subsurface injection State mining authority None 

Germany Oilfield materials None 
API (latest revision) 
where applicable 

 Well design State mining authority 
Safety Case Directive 
92/91/EEC 

 Subsurface injection State mining authority None 

France Oilfield materials None 
API (latest revision) 
where applicable 

 Well design Oil and Gas regulations 
Safety Case Directive 
92/91/EEC 

 Subsurface injection Unknown None 

Japan Oilfield materials None 
API (latest revision) 
where applicable 

 Well design Unknown ? 
 Subsurface injection None None 
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5. TECHNOLOGY ROADMAP 

Topic Specific Issues Resolution Outcome 
Depleted oil and gas reservoirs Economic conflict between additional 

infrastructure cost and trend towards OPEX 
reduction. 
 
 
Long-term behaviour of reservoir fluids 
interacting with CO2 may not be understood. 
 
Back-production of acidified fluids possible 
(cross-flow) but facilities design may not 
allow for this. 
 
Materials technology gaps (eg, cement 
stability, alternatives to cement). 
 
 
 
 
Technologies (well design, operations, 
monitoring) best practices not established. 

No economic incentives for CO2 sequestration; 
philosophy change needed in oil companies; 
political willingness to push change 
 
 
Detailed long-term, coordinated research 
programme needed. 
 
Case-by-case analysis; financial incentive to 
upgrade facilities may be required. 
 
 
Basic research already done and materials 
already available; long-term coordinated 
commitment to research needed by materials 
suppliers, academic institutes and oil 
companies. 
 
Industry consensus needed. 

Infrastructure already exists for 
huge volumes of CO2 to be 
sequestered at relatively low cost, 
but technology and best practices 
gaps must be overcome. 

Deep or unmineable coal seams CO2 / N2 adsorption and CH4 desorption not 
fully understood. 
 
Process is significantly slower than injection. 
 
 

Research needed to fully quantify the process. 
 
 
CO2 sequestration to be scaled to suit the 
process (ie, smaller-scale, local projects). 
 

Win-win benefits already 
established (CH4 production and 
CO2 disposal) 



IEA GREENHOUSE  GAS R&D PROGRAMME                      GUIDELINES 
TRANSMISSION AND STORAGE OF CO2             DISCUSSION   DOCUMENT                
 

 

2312ulG8201e.doc           5.2 
28 May 03     

Topic Specific Issues Resolution Outcome 
Produced CH4 must have end-user (cannot be 
vented). 
 
Public acceptance. 
 

Links to previous comment (closed-loop 
systems). 
 
CO2 removal should be highlighted as a “green 
issue” (coal mining areas are traditional and can 
have a resistance to change) and promoting new 
energy use. 

Saline aquifers 
 
 
 
 
 
 
 
 
 
 

 

Lack of detailed knowledge about reservoir 
behaviour and extent. 
 
 
Infrastructure cost. 
 
 
 
 
Materials technology gaps. 
 
Public opinion. 

Reservoir characterisation studies needed; 
financial incentives needed for expensive work. 
 
Deep injection requires expensive new wells; 
existing wells may present risk of leakage; 
financial incentives needed from governments 
to industry. 
 

See comments above. 
 
Public needs to be convinced that CO2 injection 
is not a risk to them or to drinking water 
(formal risk assessment procedures not 
standardised). 

Risks understood and 
infrastructure provided to enhance 
public confidence. 
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Organisation AFNOR

Association francaise de normalisation

Reference Title Type

Code for the Construction of Cylindrical Vertical Tanks for Storing Petroleum Products Code

NF A49 Series Piping, Pipelines and fittings Code

Organisation AGA

American Gas Association

Reference Title Type

A.G.A. Report No. 3 Orific metering of natural gas Guideline

A.G.A. Report No. 7 Measurement of gas by turbine meters Standard

PR-3-805 A modified criterion for evaluating the remaining strength of corroded pipe. Unsure

Organisation API

American Petroleum Institute

Reference Title Type

ANSI/API RP 17C-1991 TFL (Through Flowline) Systems Guideline

ANSI/API RP 521-1997 Guide for Pressure-relieving and Depressuring Systems Guideline

ANSI/API Std 1160-2001 Managing System Integrity for Hazardous Liquid Pipelines Standard

API 1115 Operation of Solution-mined Underground Storage Facilities Guideline
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API 510 Pressure vessel inspection code: maintenance inspection, rating, repair, and alteration. Code

API Bull E3 Well Abandonment and Inactive Well Practices for U.S. Exploration and
Production Operations, Environmental Guidance Document

Guideline

API G04400 Worldwide Cementing Practices Guideline

API Publ 1113 Developing a Pipeline Supervisory Control Center Paper

API Publ 1149 Pipeline Variable Uncertainties and Their Effects on Leak Detectability Paper

API Publ 3860 WODEX-Well-operating Data Exchange Implementation Guideline Guideline

API Publication 2026 Safe access/egress involving floating roofs of storage tanks in petroleum service Guideline

API Recommended Practice 1110 Pressure Testing of Liquid Petroleum Pipelines Standard

API Recommended Practice 2003 Protection against ignitions arising out of static, lightning and stray currents Standard

API Recommended Practice 500C Classification of areas for electrical installation at petroleum and gas pipeline 
transportation faciltiites

Standard

API Recommended Practice 652 Lining aboveground petroleum storage tank bottoms Standard

API RP 10A Testing Well Cements Guideline

API RP 10F Performance of Cementing Float Equipment Guideline

API RP 1102 Steel Pipelines Crossing Railroads and Highways Guideline

API RP 1114 Design of Solution-mined Underground Storage Facilities Guideline

API RP 1123 Development of Public Awareness Programs by Hazardous Liquid Pipeline Operators Guideline

API RP 13J Testing of Heavy Brines Guideline

API RP 14B Design, Installation, Repair and Operation of Subsurface Safety Valve Systems Guideline
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API RP 14H Installation, Maintenance and Repair of Surface Safety Valves and Underwater Safety 
Valves Offshore

Guideline

API RP 171 Design and Operation of Completion/Workover Riser Systems Guideline

API RP 171 Installation of Subsea Umbilicals Guideline

API RP 17A Design and Operation of Subsea Production Systems Guideline

API RP 49 Recommended Practice for Drilling and Well Service Operations
Involving Hydrogen Sulfide

Guideline

API RP 520 Sizing, Selection and Installation of Pressure-relieving Devices in Refineries, Part I-Sizing 
and Selection

Guideline

API RP 55 Conducting Oil and Gas Producing and Gas Processing Plant Operations Involving 
Hydrogen Sulfide

Guideline

API RP 68 Well Servicing and Workover Operations Involving Hydrogen Sulfide Guideline

API RP 80 Guidelines for the Defintion of Onshore Gas Gathering Lines Guideline

API RP 941 Steels for Hydrogen Service at Elevated Temperatures and Pressures in Petroleum 
Refineries and Petrochemical Plants,

Guideline

API Spec 10A Well Cements Standard

API Spec 10A-A2 Testing Well Cements Standard

API Spec 10D Bow-Spring Casing Centralizers Standard

API Spec 14A / ISO 10432:1999 Specification for Subsurface Safety Valve Equipment Standard

API Spec 14B Design, Installation, Repair and Operation of Subsurface Safety Valve Systems Code

API Spec 17D Subsea Wellhead and Christmas Tree Equipment Standard

API Spec 22IW Independent Wellhead Equipment Standard

API spec 5CT Specification for Casing and Tubing Code
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API Spec 6A Wellhead and Christmas Tree Equipment Standard

API Spec 6AV1 Verification Test of Wellhead Surface Safety Valves and Underwater
Safety Valves for Offshore Service

Standard

API Spec 6D Pipeline Valves (Gate, Plug, and Check Valves) Standard

API Specification 12F Specification for shop welded tanks for storage of production liquids Standard

API Specification 5L Line Pipe Standard

API Standard 1104 Welding pipelines and related facilites Standard

API Standard 2000 Venting atmospheric and low-pressure storage tanks Standard

API Standard 2510 Design and construction of liquified petroleum gas (LPG) installations Standard

API Standard 610 Centrifugal pumps for petroleum, heavy duty chemical, and gas industry Standard

API Standard 618 Reciprocating compressors for petroleum, chemical, and gas industry services. Standard

API Standard 620 Design and construction of large, welded, low-pressure storage tanks Standard

API Standard 650 Welded steel tanks for oil storage Standard

API Standard 653 Tank inspection, repair, alteration, and reconstruction Standard

API Std 1130 Computational Pipeline Monitoring Standard

API Std 526 Flanged Steel Pressure Relief Valves Standard

API Std 616 Gas Turbines for the Petroleum, Chemical and Gas Industry Services Standard

API Std 617 Centrifugal Compressors for Petroleum, Chemical and Gas Industry Services Standard

API Std 674 Positive Displacement Pumps-Reciprocating Standard

API Std 675 Positive Displacement Pumps-Controlled Volume Standard
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API Std 676 Postive Displacement Pumps-Rotary Standard

API TR 10TR1 Cement Sheath Evaluation Paper

API TR 10TR2 Shrinkage and Expansion in Oilwell Cements Paper

API TR 10TR3 Temperatures for API Cement Operating Thickening Time Tests Paper

Guidelines for the Definition of Onshore 
Gas Gathering Lines

Guidelines for the Definition of Onshore Gas Gathering Lines Guideline

Manual of Petroleum Measurement 
Standards, Chapter 6.6

Pipeline Metering Systems Guideline

Organisation ARC

Alberta Research Council

Reference Title Type

March 21, 2002. Sogapro Engineering 
Ltd.

Acid Gas Compression and Injection Facilities in Alberta Paper

Organisation ASCE

American Society of Civil Engineers

Reference Title Type

American Society of Civil Engineers. 
Committee on Gas and Liquid Fuel 
Lifelines,
publ New York. American Society of 
Civil Engineers. 1984

Guidelines for the seismic design of oil and gas pipeline systems, prepared by the 
Committee on Gas and Liquid Fuel Lifelines of the ASCE Technical Council on Lifeline 
Earthquake Engineering

Guideline
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Organisation ASME

American Society of Mechanical Engineers

Reference Title Type

ASME 31G Manual for determining the remaining strength of corroded pipelines Code

ASME B16.9 Factory-made wrought steel butt-welding fittings Code

ASME B31.4 Pipeline Transportation Systems for Liquid Hydrocarbons and Other Liquids Code

ASME B31.8-1995 Gas Transmission and Distribution Systems Code

ASME B31.8-2002 Gas transmission and distribution piping systems Code

ASME Boiler and Pressure Vessel 
Code, Section VIII

Pressure vessels - divisions 1 and 2 Code

B16.42 Ductile Iron Pipe Flanges And Flanged Fittings: Classes 150 And 300 Standard

B31.3 Process Piping with Addenda Code

B31.8S-2001 Managing System Integrity of Gas Pipelines Standard

B31G Manual: Determining Remaining Strength of Corroded Guideline

B73.1-2001 Specification for Horizontal End Suction Centrifugal Pumps for Chemical Process Standard

B73.2M Specification for Vertical In-Line Centrifugal Pumps for Chemical Process Standard

B73.3M Specification for Sealless Horizontal End Suction Centrifugal Pumps for Chemical Process Standard

HPS High Pressure Systems Code

INTERNATIONAL BOILER AND 
PRESSURE VESSEL CODE
2001 Edition. ASME

Boiler and pressure vessel code Code
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MFC.4M Measurement of Gas Flow by Turbine Meters Standard

MFC-11M Measurement of Fluid Flow by Means of Coriolis Mass Flowmeters Standard

MFC-3M Measurement Of Fluid Flow In Pipes Using Orifice,Nozzle & Venturi. Not An ANSI Standard Standard

MFC-6M Measurement Of Fluid Flow In Pipes Using Vortex Flowmeters Standard

PTC 25 Pressure Relief Devices Code

Welding and Brazing qualifications ASME Boiler and Pressure Vessel Code, Section IX Code

Organisation ASTM

American Society for Testing and Materials

Reference Title Type

ASTM A106 Standard specification for seamless carbon steel pipe for high-temperature service Standard

ASTM A333/M333 Standard specification for seamless and welded steel pipe for high-temperature service Standard

ASTM A381 Standard specification for electric-fusion-welded steel pipe for use with high-pressure 
transmission systems

Standard

ASTM A53 Standard specification for pipe, steel, black and hot-dipped, zinc-coated welded and 
seamless.

Standard

ASTM A671 Standard specification for electric-fusion-welded steel pipe for atmospheric and lower 
tempertures

Standard

ASTM A672 Standard specification for electric-fusion-welded steel pipe for high-pressure service at 
moderate temperatures

Standard

ASTM A691 Standard specification for carbon and alloy steeel pipe electric-fusion-welded for high-
pressure service at high-temperatures

Standard

ASTM A694 Standard specification for forging, carbon and alloy steel, for pipe flanges, fittings and 
valves, and parts for high-pressure transmission

Standard
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Organisation BSI

British Standards Institute

Reference Title Type

API 650 Welded Steel Tanks for Oil Storage; plus Addendum 1 (Mar-00) Standard

CP 2012 : 1974 Code of practice for Foundations for machinery. Part 1 Foundations for 
reciprocating machines

Standard

Specification for welding of steel pipelines on land and offshore - Part 1: Carbon and 
carbon manganese steel pipelines

Standard

00/402434 DC BS ISO 19011:2001. Guidelines on quality and environmental management systems 
auditing

Draft for comment

00/704782 DC Code of practice for measurement of carbon monoxide and carbon dioxide in buildings and 
from gas-fired appliances by use of electronic portable combustion gas analysers

Draft for comment

00/710338 DC ISO/DIS 14693. Petroleum and natural gas industries. Drilling equipment Draft for comment

00/712674 DC ISO/DIS 13631. Petroleum and natural gas industries. Packaged reciprocating gas 
compressors

Draft for comment

00/714102 DC prEN 13648-3. Cryogenic vessels. Safety devices for protection against excessive 
pressure. Part 3. Determination of required discharge. Capacity and sizing

Draft for comment

00/716712 DC BS EN ISO 13626. Drilling and production equipment. Specification for drilling and well 
servicing structure

Draft for comment

01/706620 DC prEN 14129. Pressure relief valves for LPG tanks Draft for comment

01/708298 DC ISO/DIS 13679.2. Petroleum and natural gas industries. Testing procedures for casing and 
tubing connections

Draft for comment

01/710062 DC BS ISO 10422. Petroleum and natural gas industries. Threading, gauging and thread 
inspection of casing, tubing and line pipe

Draft for comment
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01/710063 DC BS ISO 13625. Petroleum and natural gas industries. Drilling and production equipment. 
Design, rating and testing of marine drilling riser couplings

Draft for comment

01/713201 DC Onshore and offshore pipeline cathodic protection Draft for comment

01/713202 DC ISO/DIS 15589-2. Petroleum and natural gas industries. Cathodic protection for pipeline 
transportation systems. Part 2: Offshore pipelines

Draft for comment

01/714323 DC ISO/DIS 15156-2. Petroleum and natural gas industries. Materials for use in H2S-
containing environments in oil and gas production. Part 2: Cracking-resistant carbon and 
low alloy steels

Draft for comment

01/715005 DC BS EN 14276-1. Pressure equipment. Terminology. Part 1. Pressure, temperature, 
volume, nominal size

Draft for comment

01/715268 DC BS ISO 13628-7. Petroleum and natural gas industries. Design and operation of subsea 
production systems. Part 7: Completion/workover riser systems

Draft for comment

90/71245 DC Specification for cast iron globe and globe stop and check valves Draft for comment

91/54999 DC Guide for metering assemblies and pipeline metering systems for measuring crude 
petroleum and liquid petroleum products (ISO/DIS 9146)

Draft for comment

91/78636 DC ISO/DIS 10426. Oil and natural gas industries. Specification for materials and testing for 
well cements

Draft for comment

93/706071 DC ISO DIS 12241. Calculation rules for the thermal insulation of pipes, ducts and equipment Draft for comment

94/100793 DC prEN 1295. Structural design of buried pipelines under various conditions of loading Draft for comment

95/702085 DC Petroleum and natural gas industries. Bolted bonnet steel gate valves for refinery and 
related applications. Basic requirements (ISO/DIS 10434)

Draft for comment

95/706318 DC prEN 1918-3. Gas supply. Underground gas storage. Part 3. Functional requirements for 
underground gas storage in solution mined salt cavities

Draft for comment

95/715797 DC Petroleum and natural gas industries. Rotary type positive displacement compressors. 
Part 2. Packaged air compressors (Joint TC 118-TC 67/SC 6) (ISO/DIS 10440-2)

Draft for comment

95/716026 DC Petroleum and natural gas industries. Rotary type positive displacement compressors. 
Part 1. Process compressors (ISO/DIS 10440-1:1995)

Draft for comment
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95/717458 DC prEN 12261. Turbine gas meters Draft for comment

96/705696 DC Petroleum and natural gas industries. Ball, check, gate and plug valves. Specification 
(ISO/DIS 14313)

Draft for comment

96/706683 DC Reciprocating compressors for the petroleum and natural gas industries (ISO/DIS 13707) Draft for comment

96/708979 DC Centrifugal compressors for general refinery service in the petroleum and natural gas 
industries (ISO/DIS 10439)

Draft for comment

96/711573 DC Safety devices for protection against excessive pressure. Part 5. Controlled safety 
pressure relief systems (prEN 1268-5)

Draft for comment

98/563529 DC BS ISO 12039:199X. Stationary source emissions. Determination of carbon monoxide, 
carbon dioxide and oxygen. Automated methods [ISO/DIS 12039]

Draft for comment

98/700513 DC Petroleum and natural gas industries. Cements and materials for well cementing (prEN 
ISO 10426-1)

Draft for comment

98/704660 DC prEN 13160-2. Leak detection systems. Part 2. Pressure and vacuum systems Draft for comment

98/704661 DC prEN 13160-3. Leak detection systems. Part 3. Liquid systems Draft for comment

98/704664 DC prEN 13160-6. Leak detection systems. Part 6. Sensors in monitoring wells Draft for comment

98/711596 DC Steel tubes and fittings for onshore and offshore pipelines. External coatings by bitumen or 
coal tar derived materials (prEN 10300)

Draft for comment

98/711667 DC Steel tubes and fittings for onshore and offshore pipelines. Internal lining with cement 
mortar (prEN 10298)

Draft for comment

98/711668 DC Steel tubes and fittings for on and offshore pipelines. Internal coating for the reduction of 
friction for conveyance of non-corrosive gas (prEN 10301)

Draft for comment

98/711877 DC Centifugal pumps for petroleum, heavy-duty chemical and gas industries services 
(ISO/DIS 13709)

Draft for comment

98/713656 DC Petroleum and natural gas industries. Cements and materials for well cementing. Part 2. 
Recommended practice for testing of well cementing (ISO/DIS 10426-2)

Draft for comment
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98/713703 DC Pressure equipment. Safety devices for the prevention of excessive pressure. Terminology 
(prEN 13340)

Draft for comment

98/714280 DC Safety devices for protection against excessive pressure. Part 2. Bursting disc safety 
devices (ISO/DIS 4126-2:1998) (prEN ISO 4126-2)

Draft for comment

98/717482 DC Liquid pumps. Submersible pumps and pump units. Particular safety requirements (prEN 
13386)

Draft for comment

99/103828 DC Water quality. Determination of aggressive carbon dioxide content (prEN 13577) Draft for comment

99/121793 DC ISO 2714. Liquid hydrocarbons. Volumetric measurement by positive displacement meter 
(ISO/CD 2714)

Draft for comment

99/121794 DC ISO 2715. Liquid hydrocarbons. Volumetric measurement by turbine meter (ISO/CD 2715) Draft for comment

99/402042 DC Test pumping of water wells (ISO/CD 14686) Draft for comment

99/563634 DC ISO 11338-2. Stationary source emissions. Determination of gas and particle-phase 
polycyclic aromatic hydrocarbons from stationary sources. Part 2. Sample preparation, 
clean-up and determination

Draft for comment

99/701075 DC EN ISO 13847 (ISO 13847). Petroleum and natural gas industries. Pipeline transportation 
systems. Field and shop welding of pipelines

Draft for comment

99/706401 DC prEN 13445-1. Unfired pressure vessels. Part 1. General Draft for comment

99/706402 DC prEN 13445-2. Unfired pressure vessels. Part 2. Materials Draft for comment

99/706403 DC prEN 13445-3. Unfired pressure vessels. Part 3. Design Draft for comment

99/706404 DC prEN 13445-4. Unfired pressure vessels. Part 4. Manufacture Draft for comment

99/706406 DC prEN 13445-6. Unfired pressure vessels. Part 6. Safety systems Draft for comment

99/706407 DC prEN 13445-7. Unfired pressure vessels. Part 7. Additional requirements for design and 
fabrication of pressure vessels and vessel parts constructed of spheroidal graphite cast 
iron

Draft for comment

99/709737 DC EN 13648-1. Cryogenic vessels. Safety devices for protection against excessive pressure. 
Part 1. Safety valves for cryogenic service

Draft for comment
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99/709738 DC EN 13648-2. Cryogenic vessels. Safety devices for protection against excessive pressure. 
Part 2. Bursting disc safety devices for cryogenic service

Draft for comment

99/714367 DC ISO 15590-1. Petroleum and natural gas industries. Pipeline transportation systems. Part 
1. Induction bends

Draft for comment

99/714837 DC prEN 13709. Industrial valves. Steel globe and globe stop and check valves Draft for comment

99/715030 DC ISO 13679. Petroleum and natural gas industries. Testing procedures for casing and 
tubing connections

Draft for comment

99/716675 DC ISO/DIS 13628-5. Petroleum and natural gas industries. Design and operation of subsea 
production systems. Part 5. Subsea control umbilicals

Draft for comment

99/717344 DC prEN 13789. Industrial valves. Cast iron globe valves Draft for comment

BS 1042 Section 1.1 Specification for square edged orifice plates nozzles - superseded by ISO 5167 Standard

BS 1560-3.1:1989 Circular flanges for pipes, valves and fittings (Class designated). Steel, cast iron and 
copper alloy flanges. Specification for steel flanges

Standard

BS 1560-3.2:1989 Circular flanges for pipes, valves and fittings (Class designated). Steel, cast iron and 
copper alloy flanges. Specification for cast iron flanges

Standard

BS 1560-3.3:1989 Circular flanges for pipes, valves and fittings (Class designated). Steel, cast iron and 
copper alloy flanges. Specification for copper alloy and composite flanges

Standard

BS 1710:1984 Specification for identification of pipelines and services Standard

BS 4105:1990 Specification for liquid carbon dioxide, industrial Standard

BS 4449 : 1997 Specification for Carbon steel bars for the reinforcement of concrete Standard

BS 4483 : 1998 Steel fabric for the reinforcement of concrete Standard

BS 449 : 1969 The use of structural steel  in building,  Part 2 Metric Units Standard

BS 4504-3 Circular flanges for pipes, valves and fittings (PN designated). Steel, cast iron and copper 
alloy flanges

Standard
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BS 4504-3.3:1989 Circular flanges for pipes, valves and fittings (PN designated). Specification for copper 
alloy and composite flanges

Standard

BS 4508-1:1986 Thermally insulated underground pipelines. Specification for steel cased systems with air 
gap

Standard

BS 4508-4:1977 Thermally insulated underground pipelines. Specific testing and inspection requirements 
for cased systems without air gap

Standard

BS 4522:1988 Method for determination of absolute density at 20°C of liquid chemical products for 
industrial use

Standard

BS 5266 Part 1 : 1988 Emergency Lighting Code of practice for the emergency lighting of premises other than 
cinemas and certain other specified premises used for entertainment

Code

BS 5276-1:1984 Pressure vessel details (dimensions). Specification for davits for branch covers of steel 
vessels

Standard

BS 5276-2:1983 Pressure vessel details (dimensions). Specification for saddle supports for horizontal 
cylindrical pressure vessels

Standard

BS 5276-4:1977 Pressure vessel details (dimensions). Standardized pressure vessels Standard

BS 5422:2001 Method for specifying thermal insulating materials for pipes, tanks, vessels, ductwork and 
equipment operating within the temperature range -40°C to +700°C

Standard

BS 5429:1976 Code of practice for safe operation of small-scale storage facilities for cryogenic liquids Code

BS 5760 : 1991 Reliability of Systems, Equipment and Components Part 5. Guide to Failure Modes, 
Effects and Criticality Analysis (FMEA and FMECA)

Guideline

BS 5885 : 1987 Part 2: Automatic gas burners: Specification for packaged burners with input rating 7.5kW up to 
but excluding 60kW (Incorporating Amendment No.1)

Standard

BS 5885 : 1988 Part 1 Automatic gas burners: Specification for burners with input rating 60kW and above 
(Incorporating Amendments Nos. 1 & 2)

Standard

BS 6079 : 1996 Guide to Project Manager Standard

BS 6169-1:1981 Methods for volumetric measurement of liquid hydrocarbons. Displacement meter systems 
(other than dispensing pumps)

Standard
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BS 6169-2:1984 Methods for volumetric measurement of liquid hydrocarbons. Turbine meter systems Standard

BS 6316:1992 Code of Practice for test pumping of water wells Code

BS 6399 : 1997 Part 2: Loading for buildings: Code of practice for wind loads Standard

BS 6399 Loading for buildings Part 2. Code of Practice for wind loads - superceded Code

BS 6399-2:-997 Incorporating Amendment No. 1  Loading for buildings - Part 2: Code of practice for wind 
loads

Code

BS 6656 : 1991 Guide to Prevention of inadvertent ignition of flammable atmospheres by radio-frequency 
radiation

Guideline

BS 6759-3:1984 Safety valves. Specification for safety valves for process fluids Standard

BS 8010 : 1992 Section 2.8 Steel for oil and gas: Pipelines: Part 2 Pipelines on land: design, construction and 
installation

Standard

BS 8010 : 1993 Part 3 Pipelines subsea: design, construction and installation Standard

BS 8010-1:1989 Code of practice for pipelines. Pipelines on land: general Code

BS 8010-2.1:1987 Code of practice for pipelines. Pipelines on land: design, construction and installation. 
Ductile iron

Code

BS 8010-2.8:1992 Code of practice for pipelines. Pipelines on land: design, construction and installation. 
Steel for oil and gas

Code

BS 8010-3:1993 Code of practice for pipelines. Pipelines subsea: design, construction and installation Code

BS 8110 Part 1 : 1997 Structural use of concrete, Part 1. Code of practice for design and construction, plus 
Amendment No.1, issued 15-Sep-98

Standard

BS 8666:2000 Specification for scheduling, dimensioning, bending and curring of steel reinforcement for 
concrete Incorporating Amendment No. 1

Standard

BS 879-1:1985 Water well casing. Specification for steel tubes for casing Standard

BS 879-2:1988 Water well casing. Specification for thermoplastics tubes for casing and slotted casing Standard
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BS EN 10229:1998 Evaluation of resistance of steel products to hydrogen induced cracking (HIC) Standard

BS EN 1473:1997 Installation and equipment for liquefied natural gas. Design of onshore installations Standard

BS EN 1594:2000 Gas supply systems. Pipelines for maximum operating pressure over 16 bar. Functional 
requirements

Standard

BS EN 1626:1999 Cryogenic vessels. Valves for cryogenic service Standard

BS EN 1797:2001 Cryogenic vessels. Gas/material compatibility Standard

BS EN 1797-1:1998 Cryogenic vessels. Gas/material compatibility. Oxygen compatibility Standard

BS EN 1918-1:1998 Gas supply systems. Underground gas storage. Functional recommendations for storage 
in aquifers

Standard

BS EN 1918-2:1998 Gas supply systems. Underground gas storage. Functional recommendations for storage 
in oil and gas fields

Standard

BS EN 1918-3:1998 Gas supply systems. Underground gas storage. Functional recommendations for storage 
in solution-mined salt cavities

Standard

BS EN 1918-4:1998 Gas supply systems. Underground gas storage. Functional recommendations for storage 
in rock caverns

Standard

BS EN 1918-5:1998 Gas supply systems. Underground gas storage. Functional recommendations for surface 
facilities

Standard

BS EN 2831:1993 Hydrogen embrittlement of steels. Test by slow bending Standard

BS EN 2832:1993 Hydrogen embrittlement of steels. Notched specimen test Standard

BS EN 334:1999 Gas pressure regulators for inlet pressures up to 100 bar Standard

BS EN 60534-2-1:1999 Industrial-process control valves. Flow capacity. Sizing equations for fluid flow under 
installed conditions

Guideline

BS EN 676 : 1997 Automatic forced draught burners for gaseous fuels (Incorporating Amendment No.1) Standard

BS EN ISO 10423:2001 Petroleum and natural gas industries. Drilling and production equipment. Wellhead and 
christmas tree equipment

Standard
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BS EN ISO 10426-1:2000 Petroleum and natural gas industries. Cements and materials for well cementing. 
Specification

Standard

BS EN ISO 10427-1:2002 Petroleum and natural gas industries. Casing centralizers. Bow-spring casing centralizers Standard

BS EN ISO 10432:2000 Petroleum and natural gas industries. Downhole equipment. Subsurface safety valve 
equipment

Standard

BS EN ISO 10440-1:2001 Petroleum and natural gas industries. Rotary-type positive-displacement compressors. 
Process compressors (oil-free)

Standard

BS EN ISO 11960:2001 Petroleum and natural gas industries. Steel pipes for use as casing or tubing for wells Standard

BS EN ISO 13628-1:1999 Petroleum and natural gas industries. Design and operation of subsea production systems. 
General requirements and recommendations

Standard

BS EN ISO 13628-3:2001 Petroleum and natural gas industries. Design and operation of subsea production systems. 
Through flowline (TFL) systems

Standard

BS EN ISO 13628-4:1999 Petroleum and natural gas industries. Design and operation of subsea production systems. 
Subsea wellhead and tree equipment

Standard

BS EN ISO 13680:2002 Petroleum and natural gas industries. Corrosion-resistant alloy seamless tubes for use as 
casing, tubing and coupling stock. Technical delivery conditions

Standard

BS EN ISO 14001 Environmental management systems - Specification with guidance for use Guideline

BS EN ISO 14010: 1996 Guidelines for environmental auditing - General principles Guideline

BS EN ISO 14011: 1996 Guidelines for environmental auditing - Audit Procedures - Auditing of environmental 
management systems

Guideline

BS EN ISO 14012 : 1996 Guidelines for environmental auditing - Qualification criteria for environmental auditors Guideline

BS EN ISO 14031:2000 Environmental management. Environmental performance evaluation. Guidelines Guideline

BS EN ISO 14040:1997 Environmental management. Life cycle assessment. Principles and framework Standard

BS EN ISO 14041:1998 Environmental management. Life cycle assessment. Goal and scope definition and 
inventory analysis

Standard
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BS EN ISO 14042:2000 Environmental management. Life cycle management. Life cycle impact assessment Standard

BS EN ISO 14043:2000 Environmental management. Life cycle assessment. Life cycle interpretation Standard

BS EN ISO 14310:2002 Petroleum and natural gas industries. Downhole equipment. Packers and bridge plugs Standard

BS EN ISO 15136-1:2001 Downhole equipment for petroleum and natural gas industries. Progressing cavity pump 
systems for artificial lift. Pumps

Standard

BS EN ISO 15156-1:2002 Petroleum and natural gas industries. Materials for use in H2S-containing environments in 
oil and gas production. General principles for selection of cracking-resistant materials

Standard

BS EN ISO 16070:2002 Petroleum and natural gas industries. Downhole equipment. Lock mandrels and landing 
nipples

Standard

BS EN ISO 3171:1999 Petroleum liquids. Automatic pipeline sampling Standard

BS EN ISO 5167-1 Measurement of fluid flow by means of pressure differential devices.  Part 1.  Orifice 
plates, nozzles and Venturi tubes inserted in circular cross-section conduits running full

Standard

BS EN ISO 6326-3:1998 Natural gas. Determination of sulfur compounds. Determination of hydrogen sulfide, 
mercaptan sulfur, and carbonyl sulfide sulfur by potentiometry

Standard

BS EN ISO 6326-5:1998 Natural gas. Determination of sulfur compounds. Lingener combustion method Standard

BS EN ISO 6412-1:1995 Technical drawings. Simplified representation of pipelines. General rules and orthogonal 
representation

Standard

BS EN ISO 6412-2:1995 Technical drawings. Simplified representation of pipelines. Isometric projection Standard

BS EN ISO 6412-3:1996 Technical drawings. Simplified representation of pipelines. Terminal features of ventilation 
and drainage systems

Standard

BS ISO 10405:2000 Petroleum and natural gas industries. Care and use of casing and tubing Standard

BS ISO 13443:1996 Natural gas. Standard reference conditions Standard

BS ISO 14015:2001 Environmental management. Environmental assessment of sites and organizations (EASO) Standard

BS ISO 14050:1998 Environmental management. Vocabulary Guideline
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BS ISO 14224:1999 Petroleum and natural gas industries. Collection and exchange of reliability and 
maintenance data for equipment

Standard

BS ISO 14951-12:1999 Space systems. Fluid characteristics. Carbon dioxide Standard

BS ISO 15649:2001 Petroleum and natural gas industries. Piping Standard

BS ISO 18165:2001 Petroleum and natural gas industries. Performance testing of cementing float equipment Standard

BS ISO 5024:1999 Petroleum liquids and liquefied petroleum gases. Measurement. Standard reference 
conditions

Standard

BSI ISO 14004 : 1996 Environmental Management Systems - General guidelines on principles, systems and 
supporting techniques

Guideline

CP 2010-2:1970 Code of practice for pipelines. Design and construction of steel pipelines in land Code

EN ISO 14723:2002 ( Note CEN/ISO 
14723:2001 )

EN ISO 14723. Petroleum and natural gas industries. Pipeline transportation systems. 
Subsea pipeline valves

Standard

EP 202 BSI Electronic Book. Environmental Management Systems Guideline

PD 6525-1:1990 Elevated temperature properties for steels for pressure purposes. Stress rupture properties Standard

PD ISO/TR 13881:2001 Petroleum and natural gas industries. Classification and conformity assessment of 
products, processes and services

Standard

PD ISO/TR 14032:2000 Environmental management. Examples of environmental performance evaluation (EPE) Guideline

PD ISO/TR 14049:2000 Environmental management. Life cycle assessment. Examples of application of ISO 
14041 to goal and scope definition and inventory analysis

Guideline

TH 20344 Boilers and Pressure Vessels - International Guideline

TH 42069 Pressure Vessels - Germany Guideline

TH 42070 Pressure Vessels - France Guideline

TH 42077 Storage Tanks, Pipes and Pipelines - International Guideline
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TH 42093 Technical Regulations for Compressed Gases (TRGs). Germany Guideline

Organisation CSA

Canadian Standards Association

Reference Title Type

CAN/CSA-Z341-98 Storage of Hydrocarbons in Underground Formations Standard

CSA  Z662.1-01 Commentary on CSA Standard Z662-99, Oil and Gas Pipeline Systems Guideline

CSA Z662-96 Oil and Gas Pipeline Systems Standard

CSA Z662-99 Oil and Gas Pipeline Systems Standard

Organisation DIN

Deutsches Institut fur Normung

Reference Title Type

DIN 2470 Parts 1 - 2 Steel gas pipelines less and greater than 16 bar Code

DIN Handbook 141 Steel pipelines 2 Standards for use in the design and construction of pipework Code

DIN Handbook 15 Steel pipelines 1 Standards on dimensions and technical delivery Code

prEN 1594 Pipeline for gas transmission Code

Organisation DNV

Det Norske Veritas

Reference Title Type
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DN-OS-F101 Submarine pipeline systems Standard

DNV-RP-B401 Cathodic Protection Design Standard

Organisation DOT

Department of Transport (US)

Reference Title Type

Part 195 Title 49 Transportation, code 
of Federal Regulation

Transportation of hazardous materials by pipeline Regulation

Title 49 CFR 190 Enforcement procedures Regulation

Title 49 CFR 191 Natural gas reporting requirements Regulation

Title 49 CFR 192 Natural Gas Regulation

Title 49 CFR 193 Liquified natural gas Regulation

Title 49 CFR 194 Response plans for onshore pipelines Regulation

Title 49 CFR 195 Hazardous liquids Regulation

Organisation EPA

Environmental Protection Agency (US)

Reference Title Type

40 CFR Parts 144, 145, and 146. (Draft) Class V Injection Wells Underground injection Control Regulations, Revisions Proposal 
Rule. Part 2

Regulation

Underground Injection Control Program 
(UIC)

Federal Safe Drinking Water Act (SDWA) Regulation
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Organisation EUB (AL)

Energy and Utilities Board ( Alberta )

Reference Title Type

EUB IL 98-6 Stress Corrosion Cracking on Pipelines Regulation

Guide 51 Injection and Disposal Wells: Well Classification, Completion, Logging, and Testing 
Requirements. March 1994

Regulation

ID 99-7 Directive on CSA Standard CSA Z662-99 Oil and Gas Pipeline Systems Regulation

Organisation ISO

International Organization for Standardization

Reference Title Type

ISO 10062:1991 Corrosion tests in artificial atmosphere at very low concentrations of polluting gas(es) Standard

ISO 10101-1:1993 Natural gas -- Determination of water by the Karl Fischer method -- Part 1: Introduction Standard

ISO 10101-2:1993 Natural gas -- Determination of water by the Karl Fischer method -- Part 2: Titration 
procedure

Standard

ISO 10101-3:1993 Natural gas -- Determination of water by the Karl Fischer method -- Part 3: Coulometric 
procedure

Standard

ISO 10270:1995 Corrosion of metals and alloys -- Aqueous corrosion testing of zirconium alloys for use in 
nuclear power reactors

Standard

ISO 10270:1995/Cor 1:1997 ISO 10270:1995/Cor 1:1997 Standard

ISO 10400:1993 Petroleum and natural gas industries -- Formulae and calculation for casing, tubing, drill 
pipe and line pipe properties

Standard

ISO 10405:2000 Petroleum and natural gas industries -- Care and use of casing and tubing Standard
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ISO 10407:1993 Petroleum and natural gas industries -- Drilling and production equipment -- Drill stem 
design and operating limits

Standard

ISO 10409:1993 Petroleum and natural gas industries -- Application of cement lining to steel tubular goods, 
handling, installation and joining

Standard

ISO 10414-1:2001 Petroleum and natural gas industries -- Field testing of drilling fluids -- Part 1: Water-based 
fluids

Standard

ISO 10414-2:2002 Petroleum and natural gas industries -- Field testing of drilling fluids -- Part 2: Oil-based 
fluids

Standard

ISO 10417:1993 Petroleum and natural gas industries -- Subsurface safety valve systems -- Design, 
installation, operation and repair

Standard

ISO 10418:1993 Petroleum and natural gas industries -- Offshore production platforms -- Analysis, design, 
installation and testing of basic surface safety systems

Standard

ISO 10422:1993 Petroleum and natural gas industries -- Threading, gauging, and thread inspection of 
casing, tubing and line pipe threads -- Specification

Standard

ISO 10423:2001 Petroleum and natural gas industries -- Drilling and production equipment -- Wellhead and 
christmas tree equipment

Standard

ISO 10426-1:2000 Petroleum and natural gas industries -- Cements and materials for well cementing -- Part 
1: Specification

Standard

ISO 10427:1993 Petroleum and natural gas industries -- Bow-spring casing centralizers -- Specification Standard

ISO 10427-1:2001 Petroleum and natural gas industries -- Casing centralizers -- Part 1: Bow-spring casing 
centralizers

Standard

ISO 10431:1993 Petroleum and natural gas industries -- Pumping units -- Specification Standard

ISO 10432:1999 Petroleum and natural gas industries -- Downhole equipment -- Subsurface safety valve 
equipment

Standard

ISO 10434:1998 Bolted bonnet steel gate valves for petroleum and natural gas industries Standard

ISO 10440-1:2000 Petroleum and natural gas industries -- Rotary-type positive- displacement compressors -- 
Part 1: Process compressors (oil-free)

Standard
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ISO 10715:1997 Natural gas -- Sampling guidelines Guideline

ISO 10723:1995 Natural gas -- Performance evaluation for on-line analytical systems Standard

ISO 10723:1995/Cor 1:1998 ISO 10723:1995/Cor 1:1998 Standard

ISO 11782-1:1998 Corrosion of metals and alloys -- Corrosion fatigue testing -- Part 1: Cycles to failure testing Standard

ISO 11782-2:1998 Corrosion of metals and alloys -- Corrosion fatigue testing -- Part 2: Crack propagation 
testing using precracked specimens

Standard

ISO 11845:1995 Corrosion of metals and alloys -- General principles for corrosion testing Standard

ISO 11846:1995 Corrosion of metals and alloys -- Determination of resistance to intergranular corrosion of 
solution heat-treatable aluminium alloys

Standard

ISO 11881:1999/Cor 1:1999 ISO 11881:1999/Cor 1:1999 Standard

ISO 11960:2001 Petroleum and natural gas industries -- Steel pipes for use as casing or tubing for wells Standard

ISO 11961:1996 Petroleum and natural gas industries -- Steel pipes for use as drill pipe -- Specification Standard

ISO 12213-1:1997 Natural gas -- Calculation of compression factor -- Part 1: Introduction and guidelines Guideline

ISO 12213-2:1997 Natural gas -- Calculation of compression factor -- Part 2: Calculation using molar-
composition analysis

Standard

ISO 12213-3:1997 Natural gas -- Calculation of compression factor -- Part 3: Calculation using physical 
properties

Standard

ISO 13443:1996 Natural gas -- Standard reference conditions Standard

ISO 13443:1996/Cor 1:1997 ISO 13443:1996/Cor 1:1997 Standard

ISO 13500:1998 Petroleum and natural gas industries -- Drilling fluid materials -- Specifications and tests Standard

ISO 13533:2001 Petroleum and natural gas industries -- Drilling and production equipment -- Drill-through 
equipment

Standard
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ISO 13534:2000 Petroleum and natural gas industries -- Drilling and production equipment -- Inspection, 
maintenance, repair and remanufacture of hoisting equipment

Standard

ISO 13623:2000 Petroleum and natural gas industries -- Pipeline transportation systems Standard

ISO 13628-1:1999 Petroleum and natural gas industries -- Design and operation of subsea production 
systems -- Part 1: General requirements and recommendations

Standard

ISO 13628-2:2000 Petroleum and natural gas industries -- Design and operation of subsea production 
systems -- Part 2: Flexible pipe systems for subsea and marine applications

Standard

ISO 13628-3:2000 Petroleum and natural gas industries -- Design and operation of subsea production 
systems -- Part 3: Through flowline (TFL) systems

Standard

ISO 13628-4:1999 Petroleum and natural gas industries -- Design and operation of subsea production 
systems -- Part 4: Subsea wellhead and tree equipment

Standard

ISO 13628-6:2000 Petroleum and natural gas industries -- Design and operation of subsea production 
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Glossary of technical terms and abbreviations 

For the purposes of this report the following definitions apply. 

 

Abandoned well A well that has no longer been maintained.  Good practice would require 
plugging of this well to prevent fluid migration vertically. 

Aquifer A porous, permeable volume of rock, capped by a low-permeability 
caprock, that contains water under pressure. 

Caprock An impervious rock or substance forming a sealing function on top of a 
reservoir rock formation. 

Carbon dioxide 
bubble 

The distinct phase containing the injected carbon dioxide.  In the case of 
aquifer storage this will be a dense phase carbon dioxide fluid that will 
gradually disperse into the surrounding brine. 

Casing Thick metal pipe used to stabilize boreholes and to provide containment 
of pressure to allow control of a well. 

Cement integrity 
log 

A log run by wireline that identifies defects within the cement filling the 
annular gap between casing and well bore. 

Core A cylindrical sample of rock taken whole using specialist drilling 
equipment.  

Cuttings Rock partials produced during the well drilling process.  They are 
returned to surface via the drilling mud system and provide a record of 
the rock being drilled through. 

Downhole An industry term used to refer to anything below the surface of the 
ground down a drilled borehole. 

Enhanced Oil 
Recovery 

This is a process where hydrocarbons that would not otherwise be 
recovered are removed by injection of a fluid, typically either steam or 
carbon dioxide or a combination of the two. 

Geological storage Storage in geological formations, ie, rocks. 

Injection disposal 
zone 

The geological structure that fluid will be injected into. 

Injection fluid The fluid to be injected into the reservoir rock. For carbon dioxide 
storage this is likely to be dense phase carbon dioxide, with some 
impurities associated with the carbon dioxide source. 

Injection well A well used for injection into the storage structure. 

Lithography The study and description of rock formations. 

Observation well A well used to monitor formations and to provide access to those 
formations for monitoring purposes. 

Openhole Borehole that has not been stabilized by running casing and is thus open 
to the formations it passes through. 
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Permeability The degree of interconnection between the voidages of a rock that will 
allow a fluid to flow. 

Porosity The voidage of a rock available to be occupied by fluids. 

Potable water Water of a suitable quality for human or animal consumption. 

Remote sensing The use of sensing apparatus from a distance, eg, an aeroplane or 
satellite. 

Reservoir A rock formation that can hold fluids and allow them to flow through it. 
It therefore requires porosity and permeability and is usually a 
sedimentary rock. 

Reservoir fluid The fluid found in the void space of a reservoir rock. 

Seismic The technique of sending vibrations through the earth and monitoring 
their reflections to derive an understanding of hidden subsurface 
structures. 

Sequestration The inhibition or prevention of normal behaviour by combination with 
added materials.  In this particular case the removal of carbon dioxide 
from the atmosphere and fixing it underground. 

Spill point The point at which fluid will start to migrate away from the intended 
storage zone. This can occur when the trap structure is filled and any 
further injected fluid will spill over from the trap. 

SSSV Subsurface safety valve, A valve used to close production (injection) 
tubing to isolate the surface from the reservoir. 

Storage Structure A rock formation that provides a reservoir suitable for the storage of an 
injected fluid. 

Test well A well drilled to confirm or confound a prediction made about a 
subsurface structure. These wells may become injection or observation 
wells later. 

Tubing An inner pipe run inside the well and its casing that provides 
communication between the surface and target formation for injection or 
production of fluids. 

Well A borehole, cased or openhole through which drilling, production, 
monitoring or injection operations are conducted. 

Wireline A technique for instruments and tools to enter and travel within a Well 
suspended on a wire. 
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FOREWORD 

These guidelines have been formulated as part of a review of existing standards undertaken 
by Woodhill Engineering Consultants on behalf of the International Energy Authority’s 
Green House Gas R&D Programme.  They are intended to demonstrate how the gap 
identified during the review could be satisfied by the development of international 
guidelines. 

The status of this document is as a draft for discussion, and whilst it may be used to inform, 
it should not be used in isolation or as an authority on the geological storage of carbon 
dioxide until further development work has been undertaken and verified. 

One of the primary purposes of this document is to initiate and focus debate. 
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1. GENERAL 

1.1 Introduction 

This guideline is intended to outline the objectives for a geological (underground) carbon 
dioxide store and specify requirements and issues that need to be addressed.  The standard 
or prescription to which issues raised are addressed are left to subsequent standards, codes 
and regulations.  

It is intended that different approaches to solving the issues identified should be supported 
by use of this document.  The burden of proving the effectiveness and suitability of any 
particular approach is left to the operator and regulating authority, who may choose to 
develop approved practice guidelines, standards or regulations in support of this document. 

Each subsurface extraction or injection activity is characterised by a number of factors that 
are sufficient to make each case particular.  In addition, understanding of subsurface 
structures is often incomplete and knowledge of them subject to significant revision.  
Hence each storage case is unique and must be fully reviewed.  These guidelines do not 
relieve the operator or regulator of their obligations to give full and proper consideration to 
all issues related to the underground storage of CO2. 

1.2 Scope 

These guidelines refer to the geological storage of carbon dioxide for purposes of 
sequestration from the atmosphere.  They are limited to considering exhausted oil and gas 
reservoir structures, enhanced oil recovery projects that utilise carbon dioxide, injection 
into deep saline aquifers and injection into deep unmineable coal seams.  Excluded are 
solution mined caverns and mined caverns, which are commonly used for cyclical gas or 
chemical storage. 

1.3 Organization of technical content 

1.3.1 List of relevant standards 

That derive from these guidelines 

Currently None. 

Other documents 

EN 1918: Gas supply systems – Underground gas storage. 

CSA/Z 341-98: Storage of Hydrocarbons in Underground Formations. 
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2. SELECTION OF STORAGE LOCATIONS 

2.1 Objectives 

The objectives in the selection of storage locations are:  

• The identification and reasonable verification of potential geological storage 
structures that can ensure the storage of carbon dioxide for over 1000 years with 
only acceptable leakage back to the atmosphere. 

• To propose a storage scheme that will be effective, safe and minimise 
environmental impact. 

• To make appropriate use of data, information and experience from closely 
analogous storage facilities. 

• That the storage scheme should benefit fully from existing experience in analogous 
or related systems. 

2.2 Considerations 

To establish the suitability and capability of a potential storage structure, a technical view 
of that structure needs to be developed based on available data.  The key elements of this 
view should be the understanding of the geological, reservoir and geochemical elements of 
the storage structure, which may be presented as models in each case. 

These models may allow for the representation and expression of uncertainty and risk, 
linking knowledge of storage variables to the objectives of the storage system.  

Other petroleum engineering aspects of the proposed storage system may be presented, 
particularly those that directly impact on the overall system.  However, details of drilling 
operations are covered in other guidelines, standards and codes. 

2.2.1 Geological model 

The geological model may explain the deposition mechanism for the storage rock structure 
and nearby layers.  It may include the following elements: 

• Classify the type of structure that makes up the reservoir, identifying close 
analogous systems. 

• Characterise caprock, especially mechanical and sealing properties – which will 
need to be over a wide area for aquifer storage. 

• Minimum depth to the top of the reservoir. 

• Reservoir thickness. 

• Reservoir physical properties including overpressure and rock yield strengths. 

• Identify and characterise lithography and geological structure expected. 

• Identify any folding in the storage area. 

• Identify and characterise faulting in the storage area. 

• If faulting present, then an estimation of the sealing properties of those faults. 



IEA GREENHOUSE  GAS R&D PROGRAMME  GUIDELINES 
TRANSMISSION AND STORAGE OF CO2  DISCUSSION DOCUMENT 
 

2312uIG8501b.doc  9  
28-May-03 
   

 

• A statement on tectonic and seismic stability of the area. 

• A statement estimating the uncertainties in the model. 

• List and comment on the mechanisms by which storage integrity could reasonably 
be expected to be lost due to geological factors.  Attempt to quantify the risk 
involved, preferably from historical data of similar events on similar systems, and 
explain how that risk can be reduced or if it is acceptable. 

• Identification of any potable water aquifers that overly the storage area. 

• If a depleted oil or gas reservoir, then account may be taken of previous injection / 
production geology. 

Data sources that should be considered for this information include: 

• Surface outcrops of the extended geological structure. 

• Well cuttings and cores from wells in the nearby area. 

• Well logs. 

• Information from mining activity. 

• Data from analogous systems. 

2.2.2 Reservoir model 

The reservoir model should represent the understanding of the storage structure in terms of 
how it will react to the injection of carbon dioxide and any other associated activities, for 
example to removal of displaced methane for deep unmineable coal beds. 

Where a choice exists between types of models, preference should be given to models 
established and proven on similar structures elsewhere. 

The model may include the following aspects; 

• Prediction of the mechanisms that control reservoir behaviour. 

• Location, depth and extent of potential injection disposal zones. 

• A statement of assumed reservoir properties incorporated into the model, including 
permeability and porosity. 

• Location and extent of other bottom or lateral bounding formations. 

• Natural fluid flow rates and direction. 

• The impact of any density driven flow. 

• Phase behaviour of fluids and any long term mass transport phenomena. 

• Location of exiting or abandoned wells or mines in the area that can reasonably be 
expected to be impacted by the storage operation. 

• Identification of potential spill points. 

• State major uncertainties in the model(s) and also quantify their impact on the 
predictions of the model(s) . 
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• A statement of how and when the model(s) will be verified during the storage 
facility’s planned life. 

It should be noted that it may be worth creating more than one reservoir model depending 
on the purpose of that model.  For example, a fine mesh model may be appropriate for 
simulating injection characteristics near a well bore, but a coarser mesh may be more 
appropriate for predicting the long term behaviour of the injected fluid within the wider 
reservoir. 

The model should be represented in suitable software and run for the intended injection 
scenarios. 

2.2.3 Geochemical model 

Geochemistry can lead to changes in the storage lattice with deposition of minerals or 
demineralisation and partial collapse of the storage lattice.  Carbon dioxide will initially 
form carbonic acid on solution in water, and hence significant geochemical consequences 
may follow. 

The following issues may be considered; 

• Likely chemical and physical reactions between the storage formation and the  
injection fluid. 

• Likely or possible chemical or physical reactions with caprock or other confining 
formations. 

• Analysis of native reservoir fluids. 

• Analysis and specification of injection fluids. 

• Identification of any potential chemical hazards that may result from interaction 
between storage fluids and the reservoir structure1, eg, demineralisation. 

2.2.4 Other petroleum engineering issues 

The operation of the storage system needs to be reviewed at this stage also.  Issues that may 
be considered include: 

• Identify maximum well head injection pressure. 

• Cap threshold displacement pressure. 

• Seismic disturbances induced by injection. 

• Safety precautions – eg, downhole SSSV. 

• Impact on existing human activity and habitation, eg, consider the impact of loss of 
containment through a well. 

• Formation fracture pressure. 

• Formation dissolution weakening. 

• Ground water observation wells (perhaps much less costly than deeper wells). 

                                                           
1 Whilst this hazard may well be adequately contained away from potable water layers, it is good practice to 
identify it. 
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• Observation wells that penetrate the storage structure (see notes that follow).  

• Identify all known mining activity in immediate area, and consider the possible 
impacts on active and abandoned mines. 

• Consideration should be given to the installation of downhole sensors when wells 
are completed. 

• Consideration should be given to surface features that could be affected by the 
store, for example relatively stagnant fresh water lakes. 

• An integrated safety case for the facilities and storage reservoir. 

• An environmental impact assessment for establishing and decommissioning the 
storage facility. 

 

The risks to the objectives of the carbon dioxide store of drilling wells through the 
reservoir structure may be considered in detail.  Each well drilled introduces a significant 
threat to the integrity of the storage reservoir, as has been shown to be the case for cyclical 
gas storage reservoirs.  However, wells are required for injection.  Test and observation 
wells can reduce geological uncertainty and verify the geological and reservoir models.  A 
view needs to be taken on the trade off of the risks and benefits of such wells, when those 
factors have been properly identified and quantified as well as alternatives considered.  For 
example, could uncertainty be better constrained by spending the money on an observation 
well or on further seismic? 

At the development phase of the storage project it is important to consider possible 
heterogeneity in the reservoir structure and any likely channelling effects.  Hence a poorly 
placed observation well could easily miss important information, but still contribute to the 
risks of containment loss.  Hence to place an observation well properly, good indication is 
needed of possible leak paths. 
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3. MONITORING OF STORAGE LOCATIONS  

3.1 Objectives 

The objectives of monitoring storage locations are:  

• To safely and economically hold carbon dioxide away from the atmosphere for 
over one thousand years. 

• To validate that the used storage structure is performing as expected, and if this is 
not the case to explain, and reasonably verify, the departure from expectation. 

• To ensure the wells used for the storage are functioning as intended and do not 
compromise the integrity of the storage system. 

• To encourage the most effective use of economic resources in the verification of 
geological storage systems. 

3.2 Considerations 

The state of the storage reservoir can be measured directly by techniques such as shooting 
seismic, or inferred by utilising models where predictions are made using data on injection 
volumes and timing.  Given the required storage hold up time of over a thousand years, 
there is great value in verifying and refining the subsurface geological, reservoir and 
geochemical models as they provide the mechanism to predict storage behaviour.  Hence, 
whenever possible comparison should be made between model predictions and measured 
data to allow for verification of models. 

3.2.1 Well monitoring 

The storage facility’s wells represent the only direct contact with the storage formation, and 
as such can provide much localised detailed information, and provide information for 
calibrating other monitoring techniques such as surface seismic. 

The following issues should be considered: 

• Monitor pressures between casings. 

• Noise logs (listen for leaks). 

• Calliper logs of wells. 

• Neutron logs to detect gas behind casing. 

• Cement bond logs. 

• Casing inspection logs. 

• Running temperature logs of wells. 

• Closed-in temperature logs of wells. 

• Running pressure logs of wells. 

• Closed-in pressure logs of wells. 

• Horizontal wells in monitoring roles. 
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• Borehole seismic monitoring. 

• Use of Repeat Formation Tester (RFT) to gain samples of stored fluid. 

• Well head pressures, casing and flowing tubing head, closed-in tubing head. 

3.2.2 Surface monitoring 

Observation of the surface may provide indications of escaping gas, especially if a tracer 
has been added to the stored fluids.  The following issues can be considered. 

• Vegetation anomalies, eg, death of surface vegetation. 

• Monitor any local out-gassing. 

• Monitoring mineral water sources. 

• Soil gas analysis. 

• Remote sensing. 

3.2.3 Reservoir monitoring 

The reservoir can either be observed directly through physical techniques, or the status of 
the storage structure inferred from models and a knowledge of injection history.  Ideally 
the two approaches should be used to cross-check each other, as well as other available 
data. 

• Shot 2D Seismic. 

• Shot 3D Seismic and 3D time lapse seismic (4D). 

• Gravimetric surveys. 

• Magnetic surveys. 

• Reservoir injection records, volumes and flow rates. 

• Injection pressure and temperatures. 

• Injection composition record. 

• Surface tilt. 

• Monitoring of higher level aquifers and permeable layers. 

• Seismic monitoring – if a risk of seismic disturbance induced by injection activity 
is considered significant. 

For Aquifers 

• Assess temporal and spatial development of carbon dioxide bubble. 

• Assess any geochemical reactions – mineralisation / demineralisation. 

For Coal Beds 

• Unknown specific issues – monitor displaced gas. 
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3.3 Simulation 

When the geological, reservoir and geochemical models have been verified / updated for 
recorded data they can be rerrun to check that the long term outcomes are still acceptable to 
the project.  Uncertainties and risks can be revisited and if necessary reduced by further 
actions, eg the drilling of a test well or further 3D seismic. 

3.4 Monitoring frequency 

Different measurement techniques may lend themselves to particular frequencies for 
repetition, eg, daily for well head casing pressure.  However, as the storage project 
progresses, monitoring regimes may be relaxed if risk and uncertainties have been shown 
to be reduced below acceptable limits and that acceptable isolation between the storage 
formation and overlying/underlying formations has been demonstrated.  (Note, this does 
not preclude leaking, but that leaking should be at an acceptable rate and preferably shown 
to be stable, ie, not increasing). 
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4. ABANDONMENT OF WELLS 

4.1 Objectives 

The objectives of well abandonment are: 

• To maintain the integrity of the storage structure. 

• To ensure that wells do not become routes for communication between the storage 
zone and other permeable layers, especially protecting potable water supplies or 
other water supplies likely to be returned to the surface. 

4.2 Considerations 

Guides and advice on the abandonment of wells are already in existence from professional 
bodies and regulators and should be identified and considered.  One of the prime 
considerations is to protect the near-surface soil from contamination and also any potable 
drinking water aquifers from contamination.  In addition, cross flow between layers that 
would otherwise be isolated should be avoided. 

Key considerations, from the view point of the storage system, include: 

• records to be kept; 

• plugging being suitable for the life of the storage location, and; 

• possible need for re-entry to a well at some future point. 
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5. MAINTENANCE OF THE GUIDELINES 

These guidelines are constrained in their advice by current knowledge, understanding and 
technology.  Hence, as these factors change so the guidelines will need revision.  As the 
geological storage of carbon dioxide is just beginning to build up operating experience, 
then the need to incorporate newly learnt lessons will be acute. 

Therefore, if after attempting to apply these guidelines improvements are identified, they 
should be fed back.  The rapid feedback and dissemination of practical experience will help 
ensure high success rates and high degrees of public acceptance, as well as the ultimate aim 
of reducing the carbon dioxide content of the Earth’s atmosphere. 

5.1 Sharing of geological data 

Of particular importance is the build-up of experience for the reservoir types where 
extensive experience has not already been obtained – primarily through the hydrocarbon 
industry.  To this end operators should consider to whom, eg, professional or world bodies, 
they can disseminate data and operating experience on their storage facilities. 
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