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Summary
The British Geological Survey (BGS) is undertaking a project for the Health and Safety
Executive (HSE), to examine the potential for leakage of stored natural gas from
underground salt caverns and depleted oil/gas reservoirs. Quintessa has been subcontracted by BGS to support this project by developing leakage scenarios and carrying
out simple scoping calculations to evaluate the likely significance of leakage. The BGS
component of the work is reported in Evans (2007), which provides context,
background and data for the work reported here.
The approach followed was based on principles that are applied throughout the world
to evaluate the safety of underground repositories for radioactive wastes (e.g. IAEA,
1997) and are currently beginning to be applied to geological storage of CO2. Key
principles are as follows:


Evidence should be provided that all safety-relevant processes have been
considered by a safety assessment.



Assessment scenarios should be developed that encompass the range of processes
that might impact upon safety.



The number of assessment models should be as small as possible, while still
attaining this goal.



Robust simplified (and hence defensible) assessment models should be developed
from complex site descriptions based on actual data.



Conservative (worst-case) calculations should be carried out.

A database of Features, Events and Processes (FEPs) was used to audit the issues that
have been identified by BGS as potentially influencing whether or not gas leakage will
occur. The FEP database used in the work was developed previously by Quintessa for
application in the safety assessment of underground CO2 storage. It was concluded
from the audit that all the major issues that might affect gas transport through the
geosphere have been identified by the BGS work. However, the BGS report identifies
some issues that are specific to the cavern storage of methane that are not represented
in the existing FEP database targeted at CO2 storage.

It is suggested that a FEP

database appropriate for underground fuel gas storage could be created by adding
FEPs that are specific to cavern storage to the existing FEP database and deleting FEPs
from this database that are clearly irrelevant to underground fuel gas storage. It was
outside the scope of this work to generate such a database. However, a list of FEP titles
is suggested as a possible basis for such a database.
v

Three basic scenarios have been identified as relevant to existing or potential onshore
UGS facilities in the UK:


cavern storage in which the overlying geosphere is composed entirely of low-k
rock formations;



cavern storage in which the overlying geosphere contains varied low-k and high-k
formations;



depleted hydrocarbon reservoir storage in which the overlying geosphere contains
varied low-k and high-k formations.

In each case, scoping calculations were carried out to evaluate limiting gas fluxes and
surface emission areas for the following kinds of gas release:


rapid advective release through a failed or leaky borehole impacting on the area
immediately adjacent to the borehole headworks;



viscous dominated release via rock mass discontinuities and/or fault zones, which
covers cases where heterogeneities become routes for viscous migration of free gas
as a fluid or advection of dissolved gas through natural transmissive features;



diffusive release via dissolution of natural gas into brine surrounding the salt
cavern or the porewater in the caprock, diffusion within the brine / porewater,
and subsequent exsolution (as groundwater pressures drop closer to surface) and
hence release to near-surface.

Of these release mechanisms, only the first could potentially result in significant gas
emissions at the surface. However, this kind of release pathway would presumably be
very unlikely if the storage site is properly investigated prior to commissioning (to
identify existing boreholes) and adequately managed during operations. Experience to
date indicates that there are rarely problems with boreholes associated with UGS
facilities. Problems potentially leading to the release of stored product occur with an
extremely low frequency that is equivalent to approximately once per 20,000 to 50,000
years of well operation.
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1 Introduction
The British Geological Survey (BGS) and Health and Safety Laboratories (HSL) are
undertaking a project for the Health and Safety Executive (HSE), to examine the
potential for leakage of stored natural gas from underground salt caverns and depleted
oil/gas reservoirs and the associated risks to the public. Quintessa has been subcontracted by BGS to support this project by developing leakage scenarios and carrying
out simple scoping calculations to evaluate the likely significance of leakage in terms of
the flux of gas that might occur at the ground surface. The BGS component of the work
is reported in Evans (2007), which provides context, background and data for the work
reported here. The HSL component of the work, which uses the results of the scoping
calculations, is reported separately.
This report:


uses a database of relevant Features, Events and Processes (FEPs) to audit the
issues that have been identified by BGS as potentially influencing whether or not
leakage will occur;



describes how FEP analysis can aid scenario development;



uses the descriptions provided by Evans (2007) of actual and proposed UK storage
facilities to develop simple scenarios of releases from storage facilities; and



describes very simple scoping calculations to estimate the fluxes of gas that might
be seen at the surface for the geological scenarios that are most applicable to UK
storage.

The FEP database employed in this work has been developed previously by Quintessa
for application in safety assessments of underground carbon dioxide (CO2) storage
(Savage et al. 2004; Maul et al. 2005).
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2 General Approach to Safety Assessments
This section presents an overview of the general approach to safety assessment that is
typically followed during geological disposal projects, most notably those connected
with radioactive wastes. The relationship of the work presented in this report to an
overall safety assessment is then described.
The terms “safety assessment” and “Performance Assessment” (PA) are of particular
relevance to the present work. Various definitions of these terms have been given in
the literature, but for the purposes of this report it is sufficient to give those of the
IAEA (2003):


Safety assessment is an analysis to evaluate the performance of an overall system
and its impact, where the performance measure is radiological impact1 or some
other global measure of impact on safety.



Performance Assessment (PA) is an assessment of the performance of a system or
subsystem and its implications for protection and safety at a planned or an
authorised facility.

Thus, the term “safety assessment” implies an overall evaluation of impacts upon safety
(both qualitative and quantitative), whereas PA may be applied only to components or
sub-systems of a facility, and does not necessarily require that impacts on safety should
be assessed.

Instead, PA could (and often does) involve assessments of other

performance measures besides direct safety impacts. Examples of these performance
measures are the time span for which the integrity of an engineered barrier system will
be maintained and fluxes of contaminants that leave a disposal facility. Of course the
performance measures that are considered during a PA will inevitably be related to
impacts upon safety.

Therefore a PA can be linked to a safety assessment by

evaluating the implications of the chosen performance measures for overall safety but
it does not by itself constitute a safety case.
Sometimes, the term “Total System Performance Assessment” (TSPA) is also used,
particularly in the United States (e.g. OCRWM, 2000). This term covers the particular
case of PA that considers an entire disposal system. In practice, TSPA may amount to
the same thing as safety assessment. However, as in PA that considers one or more
sub-systems within an overall disposal system, the performance measures considered
during TSPA are not necessarily direct safety impacts.

1
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In the current context the impact would be the gas leakage flux.

An important aspect of PA is to simplify complex descriptions of geological
environments so as to produce simplified representations of the environments, which
nevertheless still capture the important features and processes that determine
performance, upon which numerical PA can be based (e.g. IAEA, 1997). Advantages of
such simplification are:


Simplified descriptions of a geological system represent robust arguments for the
behaviour of the system (it is generally easier to defend simple representations
against criticism than more complex arguments).



Only information that is particularly relevant to performance need be considered
in the development of the general generic models required at this stage of the HSE
safety assessment.



The simplified representations are more amenable to numerical analysis than more
complex models.

A general approach is illustrated schematically in Figure 1.

Figure 1: Schematic illustration of key stages involved in PA, indicating how data
are abstracted and simplified at each stage. Adapted from OCRWM (2000).
The present report considers possible scenarios for the release of gas from
underground storage facilities but not the impacts of such releases upon safety.
Therefore, the work can be considered as PA rather than safety assessment, though the
outputs are relevant for evaluating safety and are likely to be used for this purpose by
HSL.
Important requirements of the approach to PA that is outlined in Figure 1 are that:
3

1. The abstraction of information at each stage should be done in a transparent and
traceable fashion.
2. Systematic steps should be taken to ensure that the model development considers
all safety-relevant aspects of the disposal system.
To meet the first of these requirements, several complementary approaches are
typically followed, including:


documentation of all information sources and decision-making processes;



development of detailed numerical models for sub-systems of the overall disposal
system to:
-

promote system understanding; and

-

identify the sensitivity of sub-system performance to values of key parameters
and uncertainties in these parameters.



employing expert judgement, supported by decision analysis techniques such as:
-

Multi-attribute analysis (MAA; e.g. Keeney, 1992); and

-

Evidence Support Logic (ESL e.g. Bowden, 2004).

Important approaches that are used to meet the second requirement include:


evaluating site information to identify underlying Features, Events and Processes
(FEPs) that describe the physical characteristics of the disposal system (or subsystem of interest) and the processes that influence these characteristics (see
Section 3);



developing scenarios that describe the future behaviour of the disposal system (or
sub-system of interest) based upon these FEPs;



developing conceptual and numerical models to describe the behaviour of the
system as represented by the scenarios;



auditing the scenarios and models that are developed against standard lists of
FEPs (see Sections 3, 4 and 5).

In this context, following IAEA (2003), a “scenario” is a postulated or assumed set of
conditions and/or events, which is most commonly used in analysis or assessment to
represent possible future conditions and/or events to be modelled.
In practice, activities aimed at abstracting information are carried out in parallel with
those designed to ensure comprehensive consideration of safety-relevant phenomena.
The overall framework is illustrated in Figure 2.

4

Figure 2: Schematic illustration of the ISAM methodology for PA (after IAEA, 2004).
The work described in this report focuses on developing simple generic scenarios for
gas releases from Underground Gas Storage (UGS) facilities, based on actual site
information described in Evans (2007). These scenarios were designed to represent the
main gas storage concepts and the main processes that could potentially cause
unwanted releases of gas at the surface. Subsequently, scoping calculations were then
carried out to place worst-case bounds on the effects of these processes. Thus, the
information presented in Evans (2007) corresponds approximately to the “Assessment
Context” and “Describe System” steps in Figure 2. The present report concentrates on
work that corresponds approximately to the steps in this figure entitled “Develop and
Justify Scenarios”, “Formulate and Implement Models” and “Run Analyses”. HSL will
use the results of the scoping calculations in Section 7 to calculate the appropriate
safety indicators and assess whether or not system performance is likely to be
acceptable.
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3 Application of FEP Analysis to Gas Storage
3.1 The Nature of and Benefits of FEP analysis
The acronymn “FEP” refers to “Features”, “Events” and “Processes” that are relevant
to describing the state of a system of interest at any time and/or the temporal
evolution of that system. A “system of interest” could in principle refer to the object of
any investigation. In the context of the present project the “system” is a gas storage
facility (cavern or reservoir), the surrounding rock mass and any subsurface
engineered components (boreholes, well seals etc) that may potentially influence the
injection of gas to the facility and/or its future leakage from the facility.
There are many slightly different formal definitions of the term “FEP” (e.g. IAEA, 1997,
2004; Savage et al. 2004), but fundamentally:


A “Feature” is a physical component of a system (in the context of the present
project, “faults” or “reservoirs” would be features of the system), or a physical
entity that influences a system.



An “Event” is a process that influences the evolution of the system over a time
period that is very short compared to the time frame being considered (in the
context of the present project “cavern collapse” would normally be considered to
be an “event”).



A “Process” is a dynamic interaction between “Features”, which may operate over
any particular time interval of interest.

Thus, there is an overlap between the definition of “Events” and “Processes”. To a
large extent the time frame being considered will determine whether or not a
phenomenon is classified as an “Event” or a “Process”.
Additionally, in any given investigation of a system, a distinction is usually made
between FEPs that occur within the system’s boundaries (defined in both temporal and
physical terms) and those that occur beyond the system’s boundaries. These latter
FEPs are often termed “External FEPs” or “EFEPs”. They are essentially phenomena
that might determine the evolution of the system. A good example would be the
accidental intrusion of an underground gas storage facility by a borehole being drilled
for some other purpose. Typically, EFEPs are used to define scenarios, with a new
scenario being defined corresponding to each EFEP.
“FEP analysis” refers to the systematic, structured evaluation of which FEPs should be
included in the assessment of a system and the interactions between these FEPs. The
6

FEPs to be considered and the ways in which they are evaluated will depend upon the
nature of the assessment (what is being assessed and the purpose of the assessment).
The present project is concerned with assessing the likelihood of gas leakage from an
underground storage facility, the quantities of gas that might leak and any surface
expression of that leakage (i.e. the potential gas flux and the discharge area).
There are several important applications of FEP lists and related FEP analyses, but
major applications (based on NEA/OECD 2000) are:


to stimulate broad discussions amongst the project team and independent experts
during the identification of the relevant FEPs;



to provide a source of information that can be used during scenario or model
development activities;



to provide a framework to record information about a FEP and whether or not the
FEP is included in assessment models;



to act as a tool for auditing the models used in an assessment with a view to
ensuring that all important processes are included, or to assist in specifying further
model developments or data acquisition.

3.2 History of FEP Analysis
The application of FEPs to describe the evolution of underground systems has been
driven largely by organisations throughout the world that are concerned with the
geological disposal of radioactive wastes.
During the early 1980s, the International Atomic Energy Agency (IAEA) published a
list of about 60 phenomena potentially relevant to scenarios for radionuclide releases
from waste repositories (IAEA 1981, 1983). The aim was that this list could be used
during a safety assessment to check that relevant phenomena had been considered.
Also during the early 1980s, Sandia National Laboratories (SNL) in the U.S.A
developed a scenario development methodology on behalf of the US Nuclear
Regulatory Commission (Cranwell et al. 1982).

During this work a list of 30

“potentially disruptive events and processes” was produced as a basis for developing
preliminary scenarios for a geological repository for transuranic wastes. Similar lists
were also produced in Europe by many organisations involved in radioactive waste
management (e.g. d’Alessandro and Bonne 1981; Nagra 1985 a, b).
Since this early work, methodologies for analysing FEPs and developing scenarios
have continued to be developed. While the methodological details have differed in
different programmes, FEP analysis has become a standard activity during safety
assessments and performance assessments related to the geological disposal of
7

radioactive wastes (e.g. Chapman et al. 1995; Nirex, 1998; SKB, 2006). In recent years
there has been a move to develop standard lists of FEPs as a basis for these assessments
(e.g. NEA/OECD, 2000; Mazurek, 2003).
Independently of this work related to radioactive waste disposal, since the early 1990s
there has been much international research into the possibility of storing CO2
underground in order to mitigate climate change (IPCC, 2005). It is envisaged that CO2
produced by human activities at localised sources (principally fossil fuel power
stations) would be captured and pumped underground into suitable rock formations.
Various kinds of rock formation have been proposed, but depleted hydrocarbon
reservoirs and deep aquifers containing saline (and hence un-potable) water have
received most attention.
Recently attempts have been made to adapt the FEP analysis methodology developed
for radioactive waste disposal projects for use in CO2 storage projects and to develop
methodologies for safety assessments and performance assessments, although the
methodologies are still at an early stage of development compared with those that have
been developed for performance assessments targeted at radioactive waste disposal.
Inspired by the OECD/Nuclear Energy Agency FEP database (NEA/OECD, 2000)
developed for use in radioactive waste disposal projects, a generic FEP database has
been developed for application during performance assessments and safety
assessments related to CO2 storage (Savage et al. 2004; Maul et al. 2005; Stenhouse et al.
2005). There are clear similarities between the underground storage of CO2 that is
envisaged as a strategy for mitigating climate change and the underground storage of
gas that is the focus of the present project. Consequently, the present project applies
this CO2 FEP database, which is described in more detail in Section 4 below.

3.3 Application of FEP Analysis to Gas Storage
As in the safety assessments and performance assessments described in Section 3.2, it is
important that any assessment of the likelihood that gas might leak from an
underground storage facility should consider all relevant phenomena.

The major

difference between the assessments described in Section 3.2 and evaluations of whether
or not gas might leak from an underground storage facility is the time frame that must
be considered. Safety assessments for radioactive waste disposal typically consider
time frames of up to about a million years. Time frames that must be considered when
assessing the performance of CO2 storage to mitigate climate change have not been
defined, but are likely to be at least several thousand years. In contrast, evaluations of
natural gas storage reservoirs need to consider only the period of operation, which in
practice is likely to be less than a century and probably only a few tens of years.
Nevertheless, the general FEP analysis methodology that must be applied to gas

8

leakage from underground storage reservoirs is similar to that employed in these other
applications.
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4 Description of the Quintessa CO2 FEP
database
A generic database of FEPs that may be used in the context of the geological storage of
CO2 has been developed by Quintessa (Savage et al. 2004). This database may be
accessed freely via the web page of the International Energy Agency’s Greenhouse Gas
Programme, at the following URL:
http://www.co2captureandstorage.info/riskscenarios/riskscenarios.htm
The database is inspired by the OECD/Nuclear Energy Agency FEP database for
radioactive waste (NEA/OECD, 2000) and currently includes entries for 169 FEPs.
Each entry includes a description, together with a discussion of the FEP’s relevance to
the long-term safety and performance of the storage system. The database is internetenabled and incorporates hyperlinks to other relevant sources of information (reports,
websites, maps, photographs, videos, etc.), and is searchable in a variety of ways. It
was designed with to provide a “knowledge base” for the geological storage of CO2.
Figure 3 shows an example FEP entry. For each FEP entry there are fields for the FEP
name, its description, its relevance to performance and safety issues, and references
and links. To the right of the FEP name its categorisation as a Feature (F), Event (E) or
Process (P) is provided. The example FEP shown in Figure 3 is a Process (P), but some
FEPs can be defined as more than one type of factor.
The database has a hierarchical structure with FEPs being grouped into categories and
classes with an associated indexing system. Thus FEP 1.2.3 is the 3rd FEP in the second
class of category 1. If required, FEPs can be further disaggregated into a fourth tier of
sub-FEPs. The eight main categories of FEPs in the CO2 database are:


External Factors;



CO2 Storage;



CO2 Properties, Interactions & Transport;



Geosphere;



Boreholes;



Near-Surface Environment;



Impacts.

10

Figure 3: Example of an entry from Quintessa’s CO2 FEP database.
It should be noted that owing to the database being targeted at CO2 storage, the FEP
descriptions usually refer explicitly to CO2 . Further, it should be remembered that
there are notable differences between long-term storage of CO2 for the purposes of
climate change mitigation and underground gas storage as part of an energy supply
system. As a result, it is to be expected that there will be FEPs relevant to underground
gas storage that are not directly comparable to FEPs within the on-line FEP database
aimed at CO2 sequestration. An example would be processes or events associated with
the repeated injection and withdrawal of gas from the facility.

Further the CO2

database is unlikely to be comprehensive for FEPs related to cavern performance
11

although the underlying radioactive waste disposal FEP databases are likely to contain
many of the relevant FEPs because they consider the generation and release from the
disposal vaults of gas generated through degradation of the waste and packaging.
When applying the database to the present project it is therefore necessary to:


read “natural gas” in place of “CO2”;



make allowance for the different properties between CO2 and natural gas (notably
the greater chemical reactivity of CO2 with aqueous solutions);



consider the term “reservoir” to include “gas storage cavern”; and



disregard FEPs that refer specifically to “closure” and “post-closure” processes.

12

5 Audit of FEPs
5.1 Scope of the FEP Audit
The systematic auditing of FEPs is a complex process and to audit the FEPs
represented in Evans (2007) comprehensively would require significantly more
resources than were available to the present project. It is noted, for example, that in
order to document and display FEPs, Nirex expended significant resources to develop
a specialist software package, called “FANFARE” (Nirex, 1998).
FEP analysis and auditing is usually carried out by a large team of people and involves
iterative reviewing and refinement of the results. The audit carried out here should be
viewed as an initial checking of key issues identified in Evans (2007) against the
database, to determine any obvious omissions. It is not possible, within the available
resources, to systematically review the descriptions of FEPs or to arrange and/or
combine FEPs in ways that are optimal for scenario development.

5.2 Purposes of the FEP audit
A review of underground gas storage projects has been undertaken by BGS (Evans,
2007). This review has identified instances where gas leakage has occurred and has
highlighted the phenomena that have in the past led to the potential for leaks and
release of product at the surface. The work reported here aimed to:


evaluate whether or not this review has covered all relevant phenomena (i.e.
covers all FEPs);



identify FEPs which the review implies are potentially important;



identify FEPs which the review implies are unimportant.

It is envisaged that the FEPs that are highlighted to be important can be used as a basis
for scenario development.

5.3 Approach to the FEP audit
Appendix 6 of Evans (2007) contains lists of issues to be considered during risk
assessments. These issues correspond approximately to FEPs, although they are not
presented in the same format as FEPs would normally be listed. In addition, the layout
adopted by Evans (2007) arises from the fact that potential release mechanisms were
dealt with separately for salt caverns and depleted oil and gas fields. This approach
13

inevitably leads to some overlaps between the definitions of some of the issues
identified and some repetition of the issues. Therefore, the first step in the audit was to
recast the issue identified by Evans (2007) in a form that is more typical of a FEP list
and more suitable for direct comparison with the FEPs in Quintessa’s Online CO2 FEP
database.
The review asked the following questions:


Is a FEP in the list derived from the issues identified in Evans (2007) represented
directly in the CO2 FEP database?



Are all likely effects of each FEP in the CO2 FEP database represented by FEPs in
the list derived from the issues identified in Evans (2007)?

It should be noted that the reverse of the second question is not considered. Thus, the
approach serves to identify obvious omissions. However, it cannot be concluded that
the list of issues identified in Evans (2007) definitely includes all the relevant events
and processes. It remains possible that there are FEPs not contained in either the CO2
FEP database or Evans (2007), although in the view of the authors this possibility is
unlikely.
To reduce complexity without losing valuable information, it is appropriate to:


group together similar FEPs; and then to



represent several related FEPs by a single more general FEP (a process termed
“subsuming” in Nirex (1998)), where this process would not cause unacceptable
omissions in scenarios developed using the FEPs.

These activities are to some extent subjective.

The second activity in particular

depends upon an expert evaluation of the relevance of the FEPs for safety.
Generally, if the description of a FEP could be considered to be covered by the
description of a more general FEP, then it is deleted. For example, the FEP “Roof
Instability” is considered to be covered by the more general FEP “Cavern Instability”,
and therefore “Roof Instability” is not considered further.

In some cases there is

deemed to be some merit in distinguishing between the different sub-FEPs that could
be incorporated into an overall FEP. For example, “Working Well” and “Abandoned
Well” are very different and would be treated differently in a safety assessment.
However, if both “Working Well” and “Abandoned Well” are to be included in the
FEP list, then the FEP “Wells” becomes redundant and is removed.
This process resulted in a list of 150 FEPs being derived from the issues identified in
Evans (2007).

14

5.4 Results of the FEP Audit
The results of the FEP audit are given in detail in Appendix A. This section
summarizes the main findings.
The audit revealed three groups of FEPs:
1.

FEPs within the CO2 FEP database that correspond to FEPs within the list derived
from Appendix 6 of Evans (2007) as described in Section 5.3;

2.

FEPs that are within the CO2 FEP database that do not correspond to any FEPs in
the list derived from Evans (2007); and

3.

FEPs within the list derived from Evans (2007) that do not correspond to FEPs
within the CO2 FEP database.

Some of the FEPs in the second group can be screened from further consideration
because:


they are irrelevant to gas storage within the UK (e.g. 1.1.2, volcanic and magmatic
activity);



their likelihood of occurrence is extremely low and therefore does not to warrant
consideration (e.g. 1.1.7 bolide impact); and



their effects are the same as those of other FEPs or combinations of FEPs that are
not screened out.

These FEPs that appear in the CO2 FEP database, but not in Evans (2007) and which are
screened from further consideration are listed in Table 1.
Thus, a FEP database aimed specifically at the underground storage of gas could be
created by:


modifying the titles and descriptions of the FEPs in the CO2 FEP database, other
than those in Table 1 that have been screened out, so that references to CO2 are
replaced by “gas”; and



adding additional FEPs to this screened and modified CO2 FEP database to
represent the gas storage-specific FEPs.

It is beyond the scope of this project to create such a gas storage-specific FEP database.
However, a list of reasonable titles for FEPs that could be included in such a database is
suggested in Table 2, based on the comparison described in this report. This list could
be used as a “check-list” for evaluating scenarios that might be developed in future.
15

Table 1: FEPs within Quintessa’s CO2 FEP database that do not correspond to FEPs
derived from Evans (2007), but which need not be considered further in scenario
development connected with UGS.
Quintessa FEP
database
1.1.2 Volcanic and
magmatic activity
1.1.3 Seismicity
1.1.4 Hydrothermal
activity
1.1.6 Large scale erosion
1.1.7 Bolide impact
1.2.1 Global climate
change
1.2.4 Periglacial effects
1.2.5 Glacial and ice
sheet effects
1.2.6 Warm climate
effects
1.3.1 Human influences
on climate
2.1 Pre-closure
2.2 Post-closure
2.2.1 Post-closure
administrative control
2.2.2 Post-closure
monitoring of storage
2.2.3 Records and
markers
2.2.4 Reversibility
2.2.5 Remedial actions
4.1.1 Geographical
location
6.1.3 Erosion and
deposition
6.2.2 Local
oceanography

Reason for not considering in connection with UGS
Considered inapplicable to underground gas storage in the UK
Not considered likely to affect sub-surface storage (c.f. experience in Japan; JNC, 2000).
Considered inapplicable to underground gas storage in the UK
Considered inapplicable to underground gas storage in the UK (taking into account the
timescales of at most a few tens of years during which storage will occur)
Considered sufficiently unlikely that it does not warrant further consideration
Considered unnecessary to consider directly if local climate change are considered. Only
local climate change is relevant to a particular gas storage site. The causes of local
climate change (e.g. global climate change, this FEP, or human influences on climate,
FEP 1.3.1) need not be considered.
Considered inapplicable to underground gas storage in the UK (taking into account the
timescales of at most a few tens of years during which storage will occur)
Considered inapplicable to underground gas storage in the UK (taking into account the
timescales of at most a few tens of years during which storage will occur)
Considered inapplicable to underground gas storage in the UK (taking into account the
timescales of at most a few tens of years during which storage will occur)
Considered unnecessary to consider directly if local climate change are considered. Only
local climate change is relevant to a particular gas storage site. The causes of local
climate change (e.g. global climate change, FEP 1.2.1, or human influences on climate,
this FEP) need not be considered.
The term "Pre-closure" has no significance for underground gas storage
Post-closure FEPs in the CO2 FEP database are considered inapplicable to
underground gas storage
Post-closure FEPs in the CO2 FEP database are considered inapplicable to
underground gas storage
Post-closure FEPs in the CO2 FEP database are considered inapplicable to
underground gas storage
Post-closure FEPs in the CO2 FEP database are considered inapplicable to
underground gas storage
Post-closure FEPs in the CO2 FEP database are considered inapplicable to
underground gas storage
Post-closure FEPs in the CO2 FEP database are considered inapplicable to
underground gas storage
Considered unnecessary to consider directly if locations only within the UK are
considered since the effects of different geographical locations are taken into account by
other FEPs.
Considered unnecessary to consider directly if FEPs representing impacts on soils and
sediments and terrestrial fauna and flora are considered.
Considered unnecessary to consider directly if FEPs representing impacts on marine
sediments and marine fauna and flora are considered.

Table 2 shows FEPs that have not been identified explicitly in Evans (2007) in red text.
These FEPs can be divided into three main groups:

Table 2: List of FEP titles, modified from the list of FEP titles in the Quintessa online
CO2 FEP database, so as to include FEPs relevant specifically to UGS (brown entries)
and to remove FEPs that are irrelevant to UGS. FEP titles in the online database that
refer to CO2 have been modified to refer instead to gas (yellow entries). Red text
indicates FEPs that are not represented directly in Evans (2007).
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New FEP
No.

Quintessa
FEP
database
FEP No.

New FEP
No.

Quintessa
FEP
database
FEP No.

New FEP title list, modified
from Quintessa Online CO2
FEP database

New FEP title list, modified
from Quintessa Online CO2
FEP database

1

1

External Factors

3

3

Gas Properties,
Interactions & Transport

1.1
1.1.1

1.1
1.1.1

3.1
3.1.1

3.1
3.1.1

Gas properties
Physical properties of gas

1.1.5

1.1.2

Geological factors
Neotectonics
Hydrological and hydrogeological
response to geological changes

3.1.2

3.1.2

Gas phase behaviour

1.2

1.2

Climatic factors

3.1.3

3.1.3

1.2.2

1.2.1

Regional and local climate change

3.2

3.2

1.2.3

1.2.2

Sea level change

3.2.1

3.2.1

1.2.7

1.2.3

Hydrological and hydrogeological
response to climate change

1.2.8

1.2.4

Responses to climate change

1.3

1.3

Future human actions

1.3.2

1.3.1

3.2.5

1.3.2

Motivation and knowledge issues
Social
and
institutional
developments

3.2.3

1.3.3

3.2.4

3.2.6

1.3.4

1.3.3

Technological developments

3.2.5

3.2.7

1.3.5

1.3.4

3.2.6

3.2.8

1.3.6

1.3.5

3.2.7

3.2.9

Subsidence or uplift

1.3.7

1.3.6

3.2.8

3.2.10

1.3.8

1.3.7

3.2.9

3.2.11

1.3.9

1.3.8

3.2.10

3.2.12

1.3.10

1.3.9

Drilling activities
Mining and other underground
activities
Human activities in the surface
environment
Water management
Gas presence influencing future
operations
Explosions and crashes

Gas solubility and aqueous
speciation
Gas interactions
Effects of pressurisation on
surrounding rocks
Effects of depressurisation on
surrounding rocks
Effects of pressurisation on
formation fluids
Effects of depressurisation on
formation fluids
Interaction with hydrocarbons
Displacement of saline formation
fluids
Mechanical
processes
and
conditions
Induced seismicity

2

2

Gas Storage

2.1.1

2.1

Storage concept

3.2.11
3.2.12
3.2.13

2.1.1

Reservoir

3.2.13.1

2.1.2

Cavern storage

3.2.13.2

2.1.2.1

Cavern floor

3.2.13.3

2.1.2.2
2.1.2.3
2.1.2.4
2.1.2.5
2.1.3
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10

Cavern walls
Lack of roof salt
Leach zones in salt
Bench development
Old brine caverns
Gas quantities, injection rate
Gas composition
Microbiological contamination
Schedule and planning
Administrative control
Monitoring of storage
Quality control
Accidents and unplanned events
Overpressuring

3.2.14
3.2.15
3.2.16
3.2.17
3.2.18
3.2.19
3.3
3.3.1
3.3.1.1
3.3.2
3.3.3
3.3.4
3.3.5
3.3.6
3.3.6.1
3.3.7

3.2.13
3.2.14
3.2.15
3.2.15.
1
3.2.15.
2
3.2.15.
3
3.2.16
3.2.17
3.2.18
3.2.19
3.2.20
3.2.21
3.3
3.3.1
3.3.1.1
3.3.2
3.3.3
3.3.4
3.3.5
3.3.6
3.3.6.1
3.3.7

2.1.2
2.1.3
2.1.4
2.1.5
2.1.6
2.1.7
2.1.8
2.1.9
2.1.10

3.2.2
3.2.2

3.2.3
3.2.4

Thermal effects on the injection
point
Water chemistry
Interaction of gas with chemical
barriers
Sorption and desorption of gas
Heavy metal release
Mineral phase
Mineral
dissolution
and
precipitation
Ion exchange
Desiccation of clay
Gas chemistry
Gas stripping
Gas hydrates
Biogeochemistry
Microbial processes
Biomass uptake of gas
Gas transport
Advection of free gas
Fault valving
Buoyancy-driven flow
Displacement of formation fluids
Dissolution in formation fluids
Water mediated transport
Gas release processes
Limnic eruption
Co-migration of other gases

Table 2: Continued.
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New FEP
No.

Quintessa
FEP
database
FEP No.

New FEP
No.

Quintessa
FEP
database
FEP No.

New FEP title list, modified
from Quintessa Online CO2
FEP database

New FEP title list, modified
from Quintessa Online CO2
FEP database

4

4

Geosphere

6.1.4

6.1.3

4.1

4.1

Geology

6.1.5

6.1.4

4.1.2

4.1.1

Natural resources

6.1.6

6.1.5

4.1.3
4.1.4
4.1.5
4.1.6
4.1.7
4.1.8
4.1.8.1
4.1.8.2
4.1.9
4.1.10
4.1.11
4.1.12
4.1.13
4.1.14
4.1.15
4.1.16

4.1.2
4.1.3
4.1.4
4.1.5
4.1.6
4.1.7
4.1.7.1
4.1.7.2
4.1.8
4.1.9
4.1.10
4.1.11
4.1.12
4.1.13
4.1.14
4.1.15
4.1.16

Reservoir type
Reservoir geometry
Reservoir exploitation
Cap rock or sealing formation
Additional seals
Lithology
Lithification/diagenesis
Pore architecture
Natural cavern geometry
Unconformities
Heterogeneities
Fractures and faults
Undetected features
Vertical geothermal gradient
Formation pressure
Stress and mechanical properties
Petrophysical properties

6.1.7
6.1.8
6.2
6.2.1
6.2.3
6.2.4
6.2.5
6.3
6.3.1
6.3.2
6.3.3
6.3.4
6.3.5
6.3.6

6.1.6
6.1.7
6.2
6.2.1
6.2.2
6.2.3
6.2.4
6.3
6.3.1
6.3.2
6.3.3
6.3.4
6.3.5
6.3.6

Atmosphere and meteorology
Hydrological regime and water
balance
Near-surface
aquifers
and
surface water bodies
Terrestrial flora and fauna
Terrestrial ecological systems
Marine environment
Coastal features
Marine sediments
Marine flora and fauna
Marine ecological systems
Human behaviour
Human characteristics
Diet and food processing
Lifestyles
Land and water use
Community characteristics
Buildings

7

7

Impacts

7.1
7.1.1

7.1
7.1.1

4.2

4.2

Fluids

7.2

7.2

4.2.1
4.2.2
4.2.3

4.2.1
4.2.2
4.2.3

Fluid properties
Hydrogeology
Hydrocarbons

7.2.1
7.2.2
7.2.3

7.2.1
7.2.2
7.2.3

5

5

Boreholes

7.2.4

7.2.4

5.1

5.1

Drilling and completion

7.2.5

7.2.5

5.1.1
5.1.2
5.1.3
5.1.4
5.1.5
5.2
5.2.1
5.2.2
5.2.3

5.1.1
5.1.2
5.1.3
5.1.4
5.1.5
5.2
5.2.1
5.2.2
5.2.3

Formation damage
Well lining and completion
Workover
Monitoring wells
Well records
Borehole seals and abandonment
Closure and sealing of boreholes
Seal failure
Blowouts

7.2.6
7.2.7
7.2.8
7.2.8.1
7.3
7.3.1
7.3.2
7.3.3
7.3.4

7.2.6
7.2.7
7.2.8
7.2.8.1
7.3
7.3.1
7.3.2
7.3.3
7.3.4

5.2.4

5.2.4

Orphan wells

7.3.5

7.3.5

5.2.5

5.2.5

Soil creep around boreholes

6

6

Near-Surface Environment

6.1
6.1.1

6.1
6.1.1

Terrestrial environment
Topography and morphology

7.4
7.4.1
7.4.2
7.4.3

7.4
7.4.1
7.4.2
7.4.3

6.1.2

6.1.2

Soils and sediments

7.4.4

7.4.4

System performance
Loss of containment
Impacts
on
the
physical
environment
Contamination of groundwater
Impacts on soils and sediments
Release to the atmosphere
Impacts on exploitation of natural
resources
Modified
hydrology
and
hydrogeology
Modified geochemistry
Modified seismicity
Modified surface topography
Sinkhole formation
Impacts on flora and fauna
Asphyxiation effects
Effect of gas on plants and algae
Ecotoxicology of contaminants
Ecological effects
Modification of microbiological
systems
Impacts on humans
Health effects of gas
Toxicity of contaminants
Impacts from physical disruption
Impacts
from
ecological
modification



FEPs that represent possible “External Factors” that may impact upon a UGS
facility;
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FEPs describing the near-surface environment; and



FEPs describing impacts of gas leakage.

Exceptions are FEPs 4.1.1, “Natural resources”, 4.1.13, “Vertical geothermal gradient”
and 5.1.5 “Well records”.
The present work aims to scope the worst-case leakage from representative UGS
facilities according to different release mechanisms (see Sections 6 and 7).

It is

considered that the release mechanisms considered would result in leakage that is at
least as great as that which might be caused by the FEPs representing “External
Factors” that are not covered by Evans (2007). It is considered that the FEPs describing
the near-surface environment and the impacts of gas leakage need not be considered
by this work, which focuses instead upon:


the actual leakage mechanisms;



leakage pathways to the surface; and



bounding (worst-case) fluxes of gas to the surface.
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6 Assessment Scenarios for Potential Surface
Gas Releases from Underground Fuel
Storage Facilities
An important objective of the current study is to provide scoping estimates of:


the flux of gas to the surface from onshore UGS facilities in the UK; and



likely release areas.

It is also aimed to provide qualitative estimates of:


locations of the release relative to the UGS facility footprint; and



probabilities of releases occurring.

It is envisaged that the results will then be used by the Health and Safety Laboratory
(HSL) to estimate the resulting risk to the public in terms of the relevant UK legislation
(COMAH and others).

6.1 Assessment Methodology
Evans (2007) contains details of:


documented incidents at underground fuel storage (UGS) facilities worldwide
(main report plus Appendix 5);



an appraisal of the likely causes and consequences of the various incidents (main
report);



underground fuel storage facilities that are operating, under development and
currently planned in the UK (Appendix 3);



the geological settings of the various environments in which UGS facilities might
be developed onshore in the UK (Appendix 7); and



the numbers of casualties reported for UGS facilities and for other parts of the
energy chain (main report).

First, the material in Evans (2007) and the FEP review was used to identify features of
the geological environment and facility type that might result in release events and/or
lead to the development of pathways to the surface. The information about the various
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geological environments in which UGS facilities might operate onshore in the UK was
then used to:


develop four generic settings within which UGS facilities might be developed in
the UK;



identify the FEPs that might result in the release of gas from a storage facility and
the development of one or more pathways to the surface; and



from these calculate the potential fluxes of gas to the surface and estimate the
release areas.

Each combination of setting and release process constitutes a scenario (for example
release from a salt cavern via a poorly sealed borehole). Simple numerical models
were then constructed for each scenario and used to estimate the flux of gas to the
surface for typical UK UGS facilities.

6.2 Processes and Pathways
In the UK, UGS is being implemented or considered in two geological environments:


caverns excavated in bedded salt formations; and



depleted oil and gas reservoirs.

The review in Evans (2007) and the FEP analysis have been used to identify the FEPs
associated with the facility type and the geological setting that may occur in either or
both of these geological environments/facility types.
The following are examples of the general classes of FEPs that are important in
determining facility integrity.


FEPs associated with boreholes that penetrate the storage facility, both those
associated with the operation of the facility and those associated with earlier
activities. The locations and standards of completion and capping of boreholes
associated with the development of the facility, or previous exploitation in the case
of depleted oil and gas fields, (for example, exploration or redundant production
boreholes) should be well known so that a relatively well constrained (and low)
probability of failure can be assigned to them. The locations and condition of
boreholes that pre-date facility development may be less well defined.



FEPs associated with the integrity of the cap – either the roof of a salt cavern or the
cap structure or cap rock of a reservoir – and events or processes that might cause
it to fail.
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FEPs associated with communication between different parts of the facility – either
different parts of a reservoir or the various caverns that comprise a facility within a
bedded salt deposit - and the way in which it might evolve during facility
operation.



FEPs associated with operating procedures or operational incidents that might
threaten facility integrity.

The following features of the geological environment are important in either
promoting or retarding the migration to the surface of any gas that leaves the facility
and/or influence the release location and nature of the release (point source or diffuse
release over a significant area):


the presence of faults in the rocks overlying the facility that may or may not extend
over the full depth of the succession between the facility and the surface and may
or may not be transmissive to gas;



the presence of permeable formations between the facility and the surface that
might be able to store gas or might provide transmissive pathways;



the presence of potential cap rocks that could trap any gas that is released from a
facility and prevent it from reaching the surface;



the presence of very transmissive formations at surface (most likely glacial sands
and gravels) that could act to disperse gas; and



the groundwater composition.

6.3 Facility Settings
Appendix 3 of Evans (2007) describes a number of gas storage installations (termed
“scenarios” here) that are either currently operating in the UK or for which planning
permission is being sought. Parameters such as facility depth and dimensions, likely
operating pressures and the thickness, permeability and porosity of some of the key
geological units are also supplied in Appendix 7 of Evans. These descriptions are
supplemented by the illustrative cross sections included in Appendix 7 of Evans (2007).
These scenarios in Evans (2007) are complex. For the purposes of developing scenarios
for scoping estimates of gas flux to the surface, the approximately 14 “scenarios”
identified by Evans (2007) need to be simplified into a smaller number of generic
“assessment scenarios”.
In this section, the information in Evans (2007) is used to identify the key features of
the geological environments in each of the Evans “scenarios” that might influence the
migration and fate of gas released from a UGS facility. These features are then used to
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generate extremely simplified “cartoons” of the geological environments that capture
the key features of the geological setting that might be important for gas migration.
This analysis is carried out for the salt cavern facilities in Section 6.3.1 and for depleted
oil and gas reservoirs in Section 6.3.2.

6.3.1 Salt Caverns
Evans (2007) provides geological and geotechnical information for gas storage facilities
using salt caverns that might be developed in the Cheshire Basin, NW England, the
Wessex Basin and NE England. The relevant information is summarised below.

Cheshire Basin
The general geological sequence in the area of interest is:


Drift – variable in composition (alluvial, peat, boulder clay, glacial sands and
gravels) and thickness (<5 to >90m thick averaging 20-45m).



Jurassic – calcareous Liassic mudstones of up to 130m thickness may be present.



Mercia Mudstone Group – Wilkesley Halite (up to 100m thick and may be affected
by wet rockhead at depths of up to 180 2 mbgl, although 60-125m is more typical),
overlying up to 580m of Wych Byley mudstone, overlying up to 290m of
Northwich Halite, overlying 260-460m of Bollin Mudstone, overlying up to 250m
of Tarporley Siltstone.



Sherwood Sandstone Group – Helsby and Wilmslow Sandstone Formations.

The area is cut by large faults displacing several hundred metres that cut the entire
Permo-Triassic sequence and outcrop at the base of the drift. However, all of the
evidence to date indicates that these faults are indistinguishable from the country rock
and do not act as transmissive pathways.
Normal exploration and exploitation of water resources and exploration and
exploitation for brine have led to the drilling of a large number of boreholes in the area.
Some of these boreholes (notably the brine wells) may penetrate to significant depths.
However, the statistics given in Evans (2007) indicate that the vast majority of the
boreholes outside the brinefield area are <50m deep and are presumably water wells
into the drift deposits or site investigation boreholes.

2

mbgl : (metres below ground level) depth to base of borehole (or internal lining) recorded in

the borehole log
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The gas storage caverns will be developed in the Triassic Northwich Halite, which is
relatively flat lying in the area of interest. The Northwich Halite contains intermittent
mudstone and salt-bearing marl interbeds that may contain swelling clays. The most
significant interbed is probably the 30 foot Marl, which is about 2/3 of the way down
the sequence and within the target zone for many of the caverns.

These marly

interbeds are generally not soluble and should fall to the bottom of the cavern (the
“sump”) during solution mining. They are heterogeneities in the salt formation and
may have an influence on cavern shape and its maintenance. There may be fracturing
of the more competent interbeds that could provide pathways. This aspect of the
geological structure needs to be taken into account when developing the release
scenarios.

However, Evans (2007) suggests that most fractures would have been

infilled and hence would not provide transmissive pathways.
The depth of the proposed caverns and their dimensions/layout varies according to
the depth and thickness of the Northwich Halite.

The currently operating and

proposed developments are:


Byley - 8 caverns of up to 100m height and 90m diameter at about 630-730 metres
below ground level (mbgl) with about 150m between caverns. At least 180m salt
above the caverns and Bollin mudstone below. Base of caverns may be at level of
30 foot marl. Operating pressure of 35-105 bar.



Holford – One cavern (?) at 350-420 mgbl.



Hole House – 4 caverns at 300-400 mbgl.



Stublach – 28 caverns at 500-560 mbgl.



King Street – 9 caverns at approximately 400 mbgl.

A key feature of this geological setting is that the salt formation in which the caverns
are developed is overlain by a low permeability sequence, with the possible exception
of the drift deposits.

NW England
The geological sequence in the area of interest in NW England is largely the same as in
Cheshire, namely:


Variable thickness of glacial drift deposits.



Mercia Mudstone Group – Total thickness > 800m. Possible thin halite solution
breccia overlying Breckles and Coat Walls Mudstone Members (200-360m thick),
overlying Preesall Halite Member (100-500m thick thinning to east), overlying
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Thornton Mudstone (110m thick), overlying Singleton and Hambleton Mudstone
Formations (up to about 350m thick).


Sherwood Sandstone Group - > 500m thick.

The Preesall area is cut by two large bounding faults displacing several hundred
metres, which may in some cases fault halite against Sherwood Sandstone Group and a
number of smaller faults. Many of the faults cut the entire Permo-Triassic sequence
and outcrop at the base of the drift. Others cut only part of the sequence and anticlines
are developed above them.

Given the similarities in the geological settings, it is

assumed that the fault properties will be similar to those in the Cheshire Basin and
therefore are not transmissive. Fault properties in the Sherwood Sandstone Group
could be different.
Exploration and exploitation for brine have led to the drilling of a number of boreholes
in the area. Within the target area there is a significant number of brine wells that
penetrate the target Preesall Halite.

Within the wider area, the majority of the

boreholes appear to be <50m deep and presumably targeted on minor aquifers in the
drift deposits or were for the purposes of site investigation.
The gas storage caverns will be developed in the Triassic Preesall Halite, which is
equivalent to the Northwich Halite. The halite contains intermittent marl and saltbearing marl interbeds, which in a few cases may comprise zones of 5m or more in
thickness. The interbeds make up <10% of the thickness of the halite unit.
At Preesall it is proposed to develop up to 20 caverns at depths of with the top of the
caverns in the range 245-42 mbgl depending on the geometry of the salt. The caverns
will have at least 50m salt above the cavern roof and at least 20% of the cavern radius
thickness below the floor. The caverns will be between 55 and 290m high and be up to
100m in diameter, at least 150m apart and at least 150m from the nearest major fault.
The caverns will operate at pressures of between 30% and 83% of the vertical
overburden pressure.
As in the Cheshire Basin case, the key features of this setting are the marly interbeds in
the halite horizon and, apart from the glacial drift, the lack of any aquifer or reservoir
formation in the overlying sequence.

Wessex - Portland
The geological sequence in the area of interest is:


Jurassic – Approx 820m thick comprising at least 260m of Middle Jurassic (35-40m
Forest Marble, 210m From Clay and Fullers Earth, 5-10m Inferior Oolite) and 555-
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560m of Lower Jurassic (90-95m Bridport Sands – potential reservoir, 55m
Thornecombe Sands and Junction bed and extensive marls and clays.


Penarth Group – 50-55m thick with 25m limestone at the top.



Mercia Mudstone Group – Total thickness of about 1275m comprising mudstones
(upper unit 430m thick) overlying saliferous beds (top at about 2000 mbgl with top
of the main 135-140m thick unit at about 2360 mbgl).



Sherwood Sandstone Group – about 300m thickness

The target site is located on the southern flank of the Weymouth Anticline.

The

sequence is cut by faults but few if any of these penetrate the full succession. Evans
(2007) does not provide any information on the properties of the faults. However, the
majority of the faulting is not major and over at least some portion of the fault length
juxtaposes clay against clay. The faults are therefore likely to be sealing over at least
part of their length. Boreholes in the area are mostly shallow and targeted on the
Jurassic formations, presumably for water. There are also some deep hydrocarbon
exploration boreholes.
It is proposed to develop 14-18 caverns close to Portland within the main Triassic salt
beds at depths of about 2400m. The halite contains marl interbeds, the frequency of
which increase towards the base of the main salt horizon. The caverns will be about
100m high with a diameter of about 90m and about 35m of salt above the roof. They
will operate at 130-350 Bar and may operate in brine compensated mode. Each cavern
is

planned

to

have

one

gas

injection/withdrawal

well

and

one

brine

injection/withdrawal well.
A key feature of this geological setting when compared with the Cheshire and NW
England settings is the presence of aquifer and/or reservoir units in the overlying
formations. The possibility that faults may not seal as well as in the Cheshire and NW
England scenarios and the much deeper halite location may also be significant.

NE England
The geological sequence is:


Drift – 20-30m thick.



Chalk – approx 500m thick (Atwick only).



Lower Liassic clays and limestones – 40-45m thick at Atwick; outcrops at Wilton
(125-150m thick).
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Rhaetic hard shales – 20-25m thick at Atwick.



Mercia Mudstone Group – 285-295m thick with sandstone at base at Atwick; 250255m thick at Wilton; thin at outcrop at Saltholme.



Sherwood Sandstone Group – 545-550m thick with 75m Lower Bunter Shale at
base at Atwick; 205-210m thick at Wilton.



Zechstein – 530m thick comprising 100m anhydrites and shales overlying 70-75m
Upper Magnesian Limestone overlying up to 250m of evaporites (Fordon
Evaporites and Hayton Evaporite, separated by the Kirkham Abbey Formation oolite) overlying 85-90m Lower Magnesian Limestone.



Rotliegendes Sandstone – 25-30m thick.



Carboniferous.

The upper sequences are gently dipping and contain relatively few faults, which
generally don’t seem to penetrate the entire sequence. Faults within the mudstones
and evaporates would be expected to be sealing. Evans (2007) indicates that some
faults have been mapped within a few km of active or proposed facilities.
Exploration and exploitation of the salt has resulted in a number of relatively deep
boreholes that appear to reach the salt in the Wilton and Saltholme areas where there
are existing brine caverns that are now used for a variety of purposes including
underground fuel storage. The salt is presumably too deep the Atwick/Hornsea area
for brine exploitation. The majority of the boreholes are shallow and target the near
surface aquifers.
Gas storage caverns are constructed or proposed in the Permian evaporites. These
contain thin interbeds of anhydrite +/- mudstone that become thicker to the west
where they outcrop. Halite dominates in the east, especially to the east of the shelf
margin and in the underlying Z2 – Kirkham Abbey Formations.
The various schemes in operation or proposed comprise:


Hornsea / (Atwick) - top of caverns at 1730-1830m depth; 14-18 caverns; operating
pressures 120-270bar.



Aldborough – top of caverns at 1800-1900m.



Saltholme – top of caverns 340-420m depth; two sites of 18 (plus 9 redundant) and
4 caverns.



Wilton – top of caverns 650-680m depth; two sites with 5 and 2 caverns.

As with the Wessex setting, the presence of aquifer/reservoir units above the target
salt formation distinguishes this setting from the Cheshire Basin/NW England setting.
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Summary
For the purposes of making scoping-level estimates of the potential gas flux to the
surface, two geological settings for salt cavern storage can be defined:


A setting where the rocks overlying the salt formation in which the UGS facility is
developed contain only mudstones and other low permeability rocks.



A setting where the rocks overlying the salt formation in which the UGS facility is
developed include one or more transmissive (permeable) units that may have the
potential to act as one or more reservoirs for gas or provide one or more pathways
for the lateral and vertical movement of gas.

In both cases, the uppermost unit of the sequence comprises drift deposits which may
include glacial sands and gravels as well as tills and other low permeability units.

6.3.2 Depleted Oil and Gas Fields
Evans (2007) divides the UK onshore oil and gas fields into the following provinces:
East Midlands, NE England, Wessex-Weald and NW England.

East Midlands
The general geological sequence is:


Drift.



Chalk – up to 550m thick (only present in the east, e.g. at Saltfleetby).



Lower Cretaceous – 35-45m limestone, clay and sandstones (only present at
Saltfleetby).



Upper Jurassic – up to 245m thick Ancholme Clay Group and Cornbrash
Limestone.



Middle Jurassic – 48-58m thick, Redbourne Group (Great and Inferior Oolites,
Lincolnshire Limestone).



Lower Jurassic Lias – 130-215m thick mudstones and some ironstones, may have
transmissive limestone near base.
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Penarth Group – 12-15m thick mudstones and interbedded shales and limestones.



Mercia Mudstone Group – approx 250-300m thick mudstones, siltstones and some
evaporites (uppermost formation at Gainsborough Beckingham and Hatfield
Moors).



Sherwood Sandstone Group – approx 250-450m thick reddish brown sandstones.



Permian – approx 170-600m thick interbedded limestones, mudstone and
evaporates.



Carboniferous – approx 500-750m thick, Coal Measures (495-740m thick),
Millstone Grit (up to 247m), Dinantian limestone (>10m thick).

The target reservoir formation is the Carboniferous Westphalian and Namurian
channel sands. These were deposited in a major fluvio-deltaic system and comprise
channel sandstones and overbank deposits. The reservoir formations appear to be up
to a few tens of metres thick. Channel sandstone bodies may have long dimensions of
several kilometres but the channels may be poorly connected as a result of overbank
deposits that may form intraformational baffles of several hundred metres extent in the
channel sandstone reservoirs. Reservoir porosities are typically 10-20% and reservoir
permeabilities range from 1-1000mD3. The oil and gas was contained in both anticlinal
and faulted (tilted) traps.
There is some faulting of the reservoir and pre-Permian formations but none of this
faulting appears to penetrate the whole formation.
The proposed and operating facilities are:


Hatfield Moors at 427m in tilted anticlinal block – original pressure c. 650psi4.



Welton at 1360m – original pressure 2230psi.



Saltfleetby at 2234m top of anticline – 4 way dip closure, original pressure 3566psi.



Hatfield West at 396m – original pressure c.600psi.



Gainsborough/Beckingham at 1375m – original oil pressure of 1400psi.

NE England
The geological sequence is:

3

1 milldarcy (mD) = 9.869×10-16m2

4

14.5 pounds per square inch (psi) = 1 Bar
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Drift.



Cretaceous – up to 230m of Chalk.



Jurassic – up to about 950m thick comprising Kimmeridge Clay (310-415m thick),
Corallian (50-65m thick), Kellaway and Estuarine Sequence (275-285m thick), Lias
(120-205m thick).



Triassic – 485-700m thick comprising Penarth Group (6-7m thick), Mercia
Mudstone Group (30-280m thick), Sherwood Sandstone Group (145-324m thick).



Permian – 500-525m thick comprising marls, evaporates, magnesian limestones
and a basal sand unit (Rotliegendes).



Carboniferous - >150m with top unit the Westphalian A.

The reservoir (UGS) target is the Permian oolitic limestones and the basal Permian
sandstones (Kirkham Abbey and Rotliegendes Formations). These appear to be basin
margin deposits and dune sands and it appears that there are evaporites either
immediately or close above them in the sequence. Namurian sandstones (Follifoot
Grits) may represent a minor additional reservoir unit.

Hydrocarbons have been

trapped by Mesozoic folding. Reservoir porosities average 15% for the Kirkham Abbey
Formation and 18% for the Rotliegendes. The Kirkham Abbey formation is fractured
(no permeability given in Evans (2007)); the permeability of the Rotliegendes is 20mD
in the upper unit and 100mD in the lower unit. Initial reservoir pressures were 2835psi
in the Kirkham Abbey Formation and 2969psi in the Rotliegendes.
The currently proposed UGS developments are:


Caythorpe at 2090m and 2135m.



Kirby Misperton at 1556mbOD in dolomite.



Marishes at 1593mbOD in the basal Rotliegendes and Namurian Follifoot Grits.

The area appears to be cut by relatively large through-going faults with displacements
of tens to a hundred metres and a spacing of a few kilometres. The faults appear to cut
the entire sequence to at least the base of the Chalk.
Given that the area has been targeted for oil and gas exploration, it is reasonable to
assume that it has been penetrated by boreholes to the depth of the potential UGS
facility. Shallow boreholes appear to be relatively sparse compared with other parts of
the country.
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Weald
The general geological sequence is:


Drift (if present).



Upper Cretaceous – up to about 300m thick comprising Chalk overlying Upper
Greensand and Gault Clay (not present at Storrington).



Lower Cretaceous – approx 400m thick comprising Lower Greensand, Weald and
Purbeck.



Upper Jurassic – approx 400m thick comprising Portland Limestones and
Sandstones, Kimmeridge Clay, Corallian and Oxford Clay.



Middle Jurassic – approx 100m thick comprising oolitic limestones and claystones.



Lower Jurassic – approx 200m of Lias.



Carboniferous Limestone.

The main reservoir/UGS target formation is the Middle Jurassic Great Oolite
Limestone. The Lower Jurassic Bridport Sands may also be targeted. There is known
to be some compartmentalisation within the reservoir. The hydrocarbon traps are
generally fault bounded/closed anticlines.
The sequence is cut by faulting that affects both the reservoirs and the Jurassic caprock
sequences but do not penetrate the overlying Chalk (where present). Typical throws
appear to be a few tens to a hundred or so metres. The faults generally place clay
against clay over at least part of their length so would be expected to be at least partly
sealing.
Hydrocarbon exploration and exploitation mean that boreholes will be present that
penetrate the sequence to reservoir level. However, most boreholes are shallow.
The currently operating and proposed developments are:


Humbly Grove – Great Oolite at 982mbgl. Porosity 6-28% (average 18%) and two
zones with permeabilities of 20-2000mD and 0.5-2mD. Original reservoir pressure
1480psi.



Albury at 625m in the lower Purbeck, tilted fault blocks. Initial pressure 1100psi,
porosity 25.3%, permeability 1067mD.



Bletchingley at 930-1143m – Faulted dome, porosity 10%, permeability <1mD.
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Storrington at 1152m in the Great Oolite within tilted fault blocks, initial pressure
1758psi, porosity 6-26% (av 13%), permeability 0.1-2000mD (av 5mD).

NW England
The geological sequence is:


Drift



Triassic – Mercia Mudstone Group (320m thick), Sherwood Sandstone Group
(approx 520m thick)



Permian – Manchester Marls (190-195m thick) overlying 550-560m of Collyhurst
Sandstone



Carboniferous

The Collyhurst Sandstone forms the reservoir formation for the currently operating
Elswick gas field. Porosity averages 5.6% and the permeability of the formation is
<1mD.

Evans (2007) does not give the initial pressure in the gas reservoir. The

hydrocarbon trap appears to be a graben. Some of the faults that cut the crest of the
graben extend to the surface but are expected to be sealing over at least part of their
length.

Summary
In terms of the features that may be important for the scoping calculations of potential
release of gas at the surface, all of the depleted oil and gas settings are very similar. All
of them contain a mixture of low permeability formations and potential aquifers and
all are cut by faults. For the purposes of developing the assessment scenarios the
geological setting is the same as the second of the two salt cavern settings. The only
potentially significant difference is in the structure of the reservoirs. It therefore seems
sensible to define two settings with potentially different reservoir properties.

6.4 Assessment Scenarios
In developing the scenarios to be used in the scoping calculations presented in
Section 7 extensive use is made of the concept of subsuming FEPs. There are often
many FEPs that might lead to the same consequence for the purposes of the simple
scoping calculations. For example, the consequence “release of gas to the surface via a
borehole” could be the result of any one of a large number of FEPs that consider failure
of the borehole infrastructure or the presence of previously undetected and
inadequately sealed boreholes.
32

Evans (2007) gives the numbers of known boreholes deeper and shallower than 50m
and 100m at different distances from the operating or proposed UGS facilities. Areas
that have been explored and exploited for brine or hydrocarbons will contain boreholes
that penetrate to UGS depths, and, in particular in the case of brine fields, the locations
and completion/abandonment details may not be known. At some of the proposed
salt cavern facility locations it is understood that there could be up to the order of 100
boreholes in the area of interest, although only a small number of these would be
associated with the development and operation of the UGS facility. Current practice
appears to be to have a single injection/withdrawal well for each cavern, although it is
unclear whether this is the best solution in the case of a well problem requiring the
controlled emptying of the facility. The number of wells required to service a facility in
a depleted oil and gas reservoir depends on reservoir configuration and connectivity.
The analysis presented in Section 6.3 has identified two geological environments:


only low permeability rocks (mudstones, evaporates etc) between a UGS facility
and drift; and



a mixture of high and low permeability rocks in the sequence overlying the UGS
allowing the possibility for trapping, accumulation of gas above the UGS facility
and the lateral transmission of gas.

Three “source terms” have been identified:


salt caverns;



Permo-Triassic-Jurassic reservoirs that are relatively well connected; and



Carboniferous reservoirs that may be poorly connected.

Four combinations of source term and geosphere are feasible for the developments
either operating or proposed onshore in the UK.
Potential pathways through the low k geosphere are described below.


Boreholes are by far the most likely route to the surface from the facility, as a result
of:
-

poor sealing;

-

seal degradation/failure;

-

casing failure;

-

unidentified, possibly poorly sealed boreholes occurring within the area of the
facility;
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-

the fact that existing boreholes are likely to have been operating under a
declining pressure regime for a number of years and are then repressurised
and subject to cyclical loading.



Gas migrating up a borehole may either reach the surface as a point source or it
may enter the drift deposits and disperse within any transmissive formations that
are present. It could then appear as a diffuse soil gas type release or in a more
focussed way up a shallow fault etc. If migration occurs within the drift, the gas
could reach the surface outside the footprint of the UGS facility, defined here to be
the area of the facility at storage depth.



Faults are considered to be well sealed within a low-k geosphere. Thus even if gas
is able to migrate along bedding planes, the faults are unlikely to provide an easy
pathway to the surface.



Diffusion will act too slowly to be an effective means of transporting gas, as will
advection of dissolved gas.

Pathways through the “mixed” geosphere are described below.


The pathways are basically the same as those described for the low-k geosphere,
but faults may provide transmissive pathways for some or all of their length. As a
result, compared to faults in a low-k geosphere, those in a “mixed” geosphere may
play a larger role in controlling gas migration if they intersect a damaged borehole
or a transmissive gas-bearing layer.



Gas may reach transmissive formations either via faults or via boreholes. Once
there it could accumulate (i.e. be “stored” and released only very slowly) or it
could migrate up dip and appear at the surface either where the unit outcrops or
via further fault or borehole pathways. A key feature of this pathway is that the
release is unlikely to be directly above the facility footprint.



There may be inadvertent drilling into a “reservoir” formation into which gas has
migrated, perhaps for water resources, CO2 sequestration, mineral exploration etc.

All of the settings presented in Evans (2007) have a significant (50m or more) thickness
of low permeability rocks overlying the UGS host rock.
When developing an assessment scenario it is necessary to consider not only the nature
of the gas “source term”, the geological environment and the potential gas migration
pathways through the geological environment, but also the processes that might cause
gas to escape from the storage location (whether a man-made cavern or a natural
reservoir rock).
Escape from salt caverns may occur by the mechanisms described below:
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Boreholes that are drilled for gas injection or withdrawal, or for ”construction”
purposes may fail.



Inadvertent intrusion may occur as a result of drilling for other purposes.
Although current regulations would require rigs to be fitted with blowout
preventers, the drillers might not expect to encounter a pressurised gas cavern.



Failure of the cavern roof may occur, thereby effectively removing the
impermeable salt barrier or causing cavern instability and collapse. In practice, the
low-k formation above the salt is likely to provide at least as good a caprock as
would occur in a hydrocarbon reservoir.



The heterogeneities (marl beds) in the UK salt formations could conceivably lead
to pathways along the interfaces between marls etc and the salt or via fractured
competent mudstone/marl beds. However, it is hard to see how these pathways
could connect to any transmissive feature that could conduct gas to the surface
other than a fault, which in all likelihood would be sealed by the viscoplastic halite
beds. The most likely impact of these marl beds is to influence cavern shape in a
way that would damage the infrastructure (forming ledges that might collapse and
damage the well strings). This process is more likely to be an issue if the facility is
operated in a brine compensation mode, as appears to be proposed for some deep
facilities such as Portland.

Escape from depleted oil/gas reservoirs may occur as described below.


Re-pressurisation of the reservoir during gas injection may cause joints and/or
other discontinuities such as faults to dilate, thereby compromising the integrity of
the cap rock.



The seals in disused wells that intersect the reservoir may fail during cyclical
repressuring. The rate at which gas would be released via a damaged borehole
would by limited by the reservoir porosity and permeability.



There

may be

inadvertent

intrusion, for

example

when exploring for

hydrocarbons, exploiting an adjacent field etc. Such intrusion may be more of an
issue in cases where it is difficult to define the gas storage footprint.


Overfilling could potentially occur under some circumstances. Such a process
would be caused most probably by the gas not following the pathway within the
reservoir that was planned, so that a spill point is reached and the gas flows out of
the trap before the theoretical capacity is reached. This unpredictability may be
influenced by the ease with which water in the formation can be displaced and the
rate at which gas is introduced. Since it is proposed that the initial reservoir
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pressure will not be exceeded, displacement of water may not be achieved as
readily as might be required.
A further safety-relevant issue in the case of depleted oil/gas reservoirs is that
naturally occurring H2S and other toxic gases may be stripped from the reservoir. This
process is considered to be potentially important at Welton and outlined in Evans
(2007). It is beyond the scope of the present work to evaluate the consequences of this
process.
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7 Scoping Calculations to Estimate Limiting
Potential Gas Releases
7.1 Salt Cavern (low K geosphere) Escape Scenarios
7.1.1 Definition
A “base scenario” has been developed, which represents a simplified geological
environment derived from that of the proposed gas storage caverns at Byley (Evans,
2007; Figure 4). Variant scenarios, which consider the same basic geological
environment as this “base scenario” have also been evaluated and are distinguished by
different gas release pathways. The basic physical characteristics of the geosphere
considered are those of the proposed Byley facility (Evans, 2007). These characteristics
are assumed to be “typical” for this scenario.

Figure 4: Generalised geological structure for the salt cavern low K geosphere case
(not to scale).
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7.1.2 Pathways
The following mechanisms are considered for release of pressurised natural gas from a
salt cavern (simplified from Evans, 2007).


Failure of injection/withdrawal/”construction” boreholes.



Inadvertent intrusion as a result of drilling for other purposes.



Failure of the cavern roof meaning the impermeable barrier of the salt is no longer
present. In practice, the low k formation above the salt is likely to provide at least
as good a caprock as for a hydrocarbon reservoir. It is assumed that even if the
cavern collapses an appreciable thickness of the overlying low permeability
formation remains intact.



Changes to the cavern shape and size e.g. irregular cavern shapes making storage
volumes difficult to assess and also making it difficult to operate different areas of
caverns effectively, possibly leading to overpressuring and, for example, an
increased likelihood of borehole failure. Alternatively, an operating pressure that
is too low may lead to breakouts from the cavern walls and loss of cavern shape.



The heterogeneities (marl beds) in the UK salt formations and the possible
presence

of

more

competent

fractured

mudstone/marl

interbeds

could

conceivably lead to pathways that link the salt caverns to potentially transmissive
features such as vertical fault systems.
These five release mechanisms potentially lead to three distinct pathways for the
release of gas from the facility and its transport to the surface, each distinguished by
distinct area of influence and mechanism of release, hence covering the key FEPs for
this scenario. The pathways are:
1. Rapid advective release through an open hole (borehole) impacting on the area
immediately adjacent to the borehole headworks. This case includes borehole
valve failure and inadvertent intrusion via drilling into the gas cavern (see
Figure 5). Such a release may also be regarded as “low probability” as it largely
controlled by the working practices of the facility operator, which are highly
regulated, and adequate site characterisation etc should have ensured that all
pre-existing boreholes have been located and appropriately sealed. Any new
drilling should be protected by blowout prevention equipment. The failure rate
of wells associated with UGS facilities is approximately once per 20,000 to
50,000 years of well operation (Joffre and le Prince, 2002; Evans, 2007) and
decreased during the 1990s.
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2. Viscous dominated release via rock mass discontinuities and/or fault zones.
This release mechanism covers cases where heterogeneities or competent
fractured mudstone/marl interbeds become routes for viscous migration of free
gas or the advection of dissolved gas (see Figure 6). However, it is noted that
such fractures or bedding planes in the halite-dominated sequence are likely to
heal or be infilled and so unlikely to provide a viable pathway. Release rates
would be expected to be lower than the “rapid advective release” case, would
occur over a wider area, associated with the natural transmissive feature or
features, and would probably be associated with longer timescales; calculations
associated with release of gas from radioactive waste repositories located at
similar depths indicate that breakthrough of free gas at the surface could take
decades (e.g. Nirex, 1997).

Such a release may be regarded as having an

intermediate probability of occurrence as the physical features required to give
such a release are not be expected to be present or well developed in this type
of environment and caverns would be sited to avoid any potentially
transmissive features that were detected during the site characterisation.
3. Diffusive release via dissolution of natural gas in groundwaters, diffusion and
subsequent exsolution (as groundwater pressures drop closer to surface) and
hence release to near-surface (see Figure 7). Salt formations are for all practical
purposes impermeable, which is one of the reasons why they are selected for
gas storage. Groundwater flow into the caverns should be negligible (i.e. for
practical purposes the caverns will be “dry”) but there will be a gas-water
(brine) interface in the saturated salt of the cavern walls. At this interface, gas
will dissolve in the brine and the resulting concentration gradient will lead to
diffusion of dissolved gas away from the cavern. Micro-fracturing of the salt
may increase the efficiency of this transfer process. This release pathway has a
high probability of occurrence because the features and processes necessary to
allow such a pathway to operate are common to all rock-salt caverns.
However, the rate of release will be vanishingly small and the timescales
involved extremely long.

The pathway is included for completeness, not

because there is any expectation that it will lead to a surface flux of any
consequence on a timescale of interest.
For each pathway, an assessment is given above of the probability of the release
pathway existing.

This is based on the likelihood that the various features and

processes required for the particular pathway to become established exist. It is not an
assessment of the likelihood of gas reaching the surface via the pathway with sufficient
flux to potentially lead to a hazard on the timescales of interest (i.e. it is not an
assessment of the potential importance of the pathway).
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Figure 5: Schematic geometry for the rapid advective release (not to scale).
When considering these three key pathways, it is noted that roof collapse and similar
FEPs do not produce a new distinct pathway for gas escape. If the collapse is localised,
in the case of the borehole release it increases the probability of damage to the borehole
infrastructure; in the case of the viscous release, it simply raises the possibility that
such a pathway may be created by the roof collapse and as such, increases the
likelihood for this pathway to operate for the scenario as a whole; equally for the
diffusive release pathway, the effect of roof collapse will be to simply shorten the
effective pathway through the host-rock.
There is the remote possibility that a major cavern collapse could lead to collapse of the
overburden rocks to the surface (see Evans, 2007). In this case, the pathway between
the collapsed cavern and the surface is likely to have the characteristics of a permeable
fault zone. This case is covered by the bounding case of the viscous dominated release
scenario with a permeable fault zone that intersects the cavern. However, the release
area may be larger, perhaps equal to the cavern footprint and it is more likely to be
directly above the cavern. The flux of gas along any particularly transmissive parts of
the collapse structure will be bounded by the open borehole release scenario.
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Figure 6: Schematic geometry for the viscous dominated release case (not to scale).

Figure 7: Schematic geometry for the diffusive release case (not to scale).
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7.1.3 Release Calculations
Rapid advective release - estimated borehole gas discharge flux
The gas in the caverns will be held at a pressure that is typically between 30% and 83%
of lithostatic pressure. The larger of the maximum pressure quoted in Evans (2007)
and 83% of the estimated lithostatic pressure for the depth considered was used in the
borehole release calculations. Calculating the density, viscosity and adiabatic index
requires knowledge of the gas temperature. A temperature of 288K was assumed in
the calculations. In reality, the stored gas may be at a slightly higher temperature as a
result of the geothermal gradient but this will act to reduce density and increase
viscosity which will decrease gas fluxes.

Gas viscosity and adiabatic index were

interpolated/extrapolated from data given in Lide (2006). Gas density was interpolated
from Lide (2006) over the range for which data are available and calculated using the
Peng Robinson equation of state for higher pressures (> 100 bar).
Any installation will have

associated with it

a

wide

range

of

borehole

diameters/casing sizes (see Evans, 2007). For the calculations presented here it has
been assumed that the borehole in question has a diameter of 250mm and is in good
condition with a typical roughness of 45 microns. In practice, if an old borehole fails
the increased roughness compared with a ‘smooth’ pipe will decrease the flow as a
result of friction. Within the likely range of interest in these calculations the borehole
flux will scale with borehole area.
For the simple case of release through a straight pipe of uniform diameter, the gas
velocity in the borehole cannot exceed Mach 1, i.e. the speed of sound. It should be
noted that this is the speed of sound in the gas, which is assumed to be methane, not
air, and may be above atmospheric pressure as it exits the borehole. The standard
equations for compressible flow can be solved to give an estimate of the mass flux of
gas from the borehole. The details of the analysis are presented in Appendix B.
Evans (2007) gives the relevant operating depths and pressures for the Byley and
Preesall facilities, which were used to define the input parameters for the calculations
presented here. Table 3 gives the results of the calculations.
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Table 3: Releases from a 250mm diameter borehole
Scheme
Byley
Preesall

Depth
630m
730m
245m
300m
350m
425m

Cavern Pressure
105 bar
105 bar
50 bar
70 bar
75 bar
75 bar

Maximum Flux
280 kg/s
260 kg/s
230 kg/s
255 kg/s
255 kg/s
250 kg/s

The results show that the maximum flux from a smooth 250mm borehole is of the
order of 250kg/s for the types of developments currently in operation or planning in
this type of environment.

The values in Table 3 are maximum values; as gas is

released, the cavern pressure will fall and the borehole flux will decrease. There is
surprisingly little variation in the results as a result of the trade-off between increasing
pressure leading to higher gas density at greater depths and losses due to flow in a
longer borehole associated with increased depth.
The gas flux is dependent on the borehole area, cavern depth and operating pressure,
but not on the geology. As the borehole diameter increases the gas flux will increase.
This calculation can also be applied to the scenario where the caverns intercept a preexisting borehole that has not been sealed properly, although of course the borehole
may well have collapsed, or been sealed by creep at depth, depending on its original
diameter, the host geology and depth.
The jet of gas discharging at the ground surface will spread and mix with the
atmosphere forming a plume that can be described using a Gaussian plume model.

Viscous dominated release - estimated fracture gas flux
In this scenario it is assumed that methane is able to escape via a fracture zone that
intercepts the caverns. This fracture zone either represents a fault zone that is both
transmissive and was undetected during site characterisation (highly unlikely), or a
column of failed overburden resulting from large-scale cavern collapse. Alternatively,
gas could migrate laterally via marly interbeds to a transmissive fault (again highly
unlikely). The case in which a failed borehole connects to a fracture zone is bounded
by this case if the fracture zone dominates the pathway and by the borehole release
calculations above if the borehole dominates the pathway.
In the analysis, the fracture zone is assumed to extend vertically downwards from the
ground surface to the caverns. It is 100 m wide (i.e. about the width of a single cavern)
and 2 m across. It has been assumed that the gas pressure is 105 bar and the cavern is
at 630m depth (i.e. the case that gave the maximum flux for the borehole scenario
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above). The discharge of methane into the fracture zone is estimated using a simple
Darcy flow calculation (Fetter, 1994):
Q = KiA
where,
Q is the flow rate (m3/s)
K is the hydraulic conductivity (m/s)
i is the hydraulic gradient (-)
A is the flow area (m2)
The fracture zone, which penetrates the otherwise very low permeability sequence is
assumed to be relatively permeable, having a gas permeability of 1E-12 m2
(approximately 1 D).

The relationship between permeability and hydraulic

conductivity (Fetter, 1994) is as follows:
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Applying this equation to gas,

is the gas density (approximately 0.688 kg/m3 at STP),

g is the acceleration due to gravity and

is the fluid dynamic viscosity (approximately

1.0E-4 Pa s at STP), the effective gas conductivity for 100% free phase methane at
atmospheric pressure is equal to 6.7E-8 m/s. As pressure increases with depth the
fluid density increases, thereby increasing the effective conductivity with depth.
Hence at steady state (Q constant – assumed to be the fastest rate of discharge) the
pressure gradient will decrease with depth. If the variation of pressure with depth is
known, the Darcy flux and hence discharge can be calculated (see Appendix C).
However, the approximations in the analysis do assume that the gas pressure is of the
same order as the hydrostatic pressure. The results should be taken as indicative of the
order of magnitude of the flux rather than as precise predictions. For the following
assumptions:
Depth: 630 mbgl
Pressure in cavern: 105 bar
Bulk density of water column: 1000 kg/m3
g: 10 m/s2
the Darcy velocity is 1.7E-6 m/s giving a total volumetric discharge of 3.5E-4 m3/s.
At the ground surface the pressure and temperature are assumed to be 1E5 Pa and
288 K respectively. Using the ideal gas law (PV = nRT) and using a molecular weight of
1.6E-2kg for methane:
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The molar gas discharge = 1.5E-2 mol/s assuming uniform discharge via the
fracture zone.



The molar gas flux = 7.3E-5 mol/s/m2 of fracture zone.



For methane, the gas mass discharge = 2.3E-4 kg/s.



The gas mass flux = 1.2E-6 kg/s/m2 of fracture zone.

This calculation assumes that gas pressures are sufficiently high to displace the water
in the fracture zone and allow a pathway for transport of free gas to become
established, which will require the capillary entry pressure to be exceeded. This is
unlikely for rock types considered here where the capillary entry pressures are likely to
be very significantly above hydrostatic. Thus this pathway is most likely to operate via
the transport of dissolved gas that subsequently exsolves as the pressure drops, which
will lead to significantly lower fluxes than calculated here.

Diffusive release - estimated diffusive gas flux
An assessment of the release of gas from the caverns by diffusion is included for
completeness; this is a process that is certain to occur anywhere that a concentration
gradient is present.

However, diffusive transport will be extremely slow and the

corresponding fluxes of gas will be extremely small and reach surface at times far into
the future.
Gas is assumed to dissolve into the brine adjacent to the caverns. Dissolved gas is then
assumed to migrate away from the caverns through diffusion; it may also diffuse
through the salt but this process is likely to be even slower. As the system evolves to
steady state, the dissolved gas concentration profile will be such that with decreasing
depth (increasing distance above the cavern), the dissolved gas concentration will fall
more rapidly than the hydrostatic pressure, and the gas will not come out of solution if
diffusion remains the only transport mechanism. Therefore, only gas dissolved in
groundwater will ever reach the ground surface. However, for the purposes of this
illustrative calculation, it is assumed that all gas dissolved in groundwater is released
to the atmosphere at the water table, which is assumed to be very near to the ground
surface.
A simple Henry’s law calculation is used to estimate the dissolved gas concentration,
ignoring the fact that at depth the groundwater is likely to be saline, and hence the gas
significantly less soluble than considered here.
The Henry’s law constant for methane = 1.4E-3 M/atm (Sander, 1999).
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The caverns are assumed to be at a depth of ~700 m, and the gas pressure is
approximately 7E6 Pa, which approximately equals 70 atm.

The methane

concentration

is

in

the

groundwater

adjacent

to

the

cavern

equal

to

70 atm x 1.4E-3 M/atm = 0.098 M = 98 mol/m3 = 1.568 kg/m3.
The maximum possible concentration gradient is under initial conditions, when the
dissolved gas concentration at the ground surface is zero. Consistent with the
assumption that all dissolved gas comes out of solution at the water table, the
concentration gradient is therefore assumed to be at this maximum continuously.
The concentration gradient is therefore 1.568 kg/m3 / 700 m = 0.00224 kg/m4.
The effective diffusivity of methane in marl is taken to be 1E-12 m2 /s. The diffusive
flux is calculated using Fick’s first law (Fetter, 1993):

where,
J is the flux per unit area (kg/m2 /s)
D is the diffusivity (m2 /s) (N.B. since we are considering diffusion in the host
rock porewaters, we must use the effective diffusivity, which takes account of
the porosity, not the free water diffusivity)
dC/dx is the concentration gradient (kg/m4)
It is assumed that the gas flux is upwards in a vertical column from a cavern of 100 m
diameter. Therefore


The total diffusive gas discharge equals 1.76E-11 kg/s.



The diffusive gas flux = 2.2E-15 kg/s/m2 of the footprint of the cavern.



The total molar gas discharge is 1.10E-8 mol/s.



The molar gas flux is 1.4E-12 mol/s/m2 of the footprint of the cavern.

It is also worth considering the diffusive gas travel time. The distance to which a solute
will diffuse in time t is given by (Fetter, 1993):
Ldiff = (Deff t)0.5
where,
Ldiff is the distance diffused (m)
Deff is the effective diffusivity (m2 /s)
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t is the time (s).
The distance at which the concentration is 1% of the source concentration is
approximately 4 Ldiff (Drever, 1997).
It is assumed that the caverns are at a depth of 700 m, and advection is only important
in the top few tens of metres of the system, down to a maximum depth of ~200 m. The
thickness of rock in which the effective diffusivity is 1E-12 m2/s is therefore assumed
to be 500 m.

At shallower depths, advection/dispersion of dissolved gas may

dominate compared with diffusion.

However at depth the diffusivity will be the

dominant control on the gas flux. It should also be noted that advection of gas
dissolved in groundwater at shallow depths is one way in which degassing can occur,
because as the dissolved gas is advected upwards the rate of decrease in hydrostatic
pressure can exceed the rate of decrease in the dissolved gas concentration through
dilution and dispersion.
The time required for dissolved methane to migrate from the cavern to the extent that
the dissolved methane concentration reaches 1% of that in the groundwater
immediately adjacent to the caverns at a depth of 300 m below ground level is
calculated as follows:
(700 m - 200 m) / 4 = (1E-12 m2 /s x t)0.5
t = 1.5E16 s = 5E8 y.
The diffusive gas flux from a salt cavern will therefore be effectively zero.

7.1.4 Summary
The calculated gas flux rates are as follows:
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Table 4: Summary of methane leakage rates for different pathways (low K geosphere
salt cavern scenario)
Pathway

Mass discharge

Area of

Mass Flux

Time to empty

(kg/s)

discharge

(kg/s/m2)

100m diameter

(m2)

spherical
cavern

Rapid Advective

250

0.05

Release

N/A -

1.7 days

Effectively
point source

Viscous dominated

2.32E-4

200

1.16E-6

5000 years

1.76E-11

7854

2.2E-15

4.4E10 years

release
Diffusive release



The borehole pathway clearly dominates in terms of flux to the surface.



Fluxes associated with the viscous release pathway, which includes the
catastrophic cavern collapse to surface scenario are likely to be more than four
orders of magnitude smaller than releases from failed boreholes.



Releases due to diffusion are effectively zero.

The ideal gas law (PV=nRT) can be used to estimate the mass of gas in the cavern
assuming a spherical cavern with diameter of 100 m and a pressure of 105 bar:
(1.05E7 Pa x 4/3 x 3.14 x (100/2)3) / (8.314 x 288) = 1.53E9 mol = 3.67E7 kg.
The time to fully discharge the stored quantity of gas is calculated from the stored
mass of gas divided by the mass discharge flux (see Table 4). It can be seen that only
the borehole is capable of completely emptying a cavern on the timescale of operation
of a UGS facility. However, the possibility remains the rate of loss through the viscous
pathway is economically significant even if there are no safety implications associated
with the releases.

7.2 Salt Cavern (mixed K geosphere) Escape
Scenarios
7.2.1 Definition
This case is identical to the Salt Cavern with a low permeability geosphere, with the
exception that a significant thickness of Jurassic/Cretaceous sediments are present
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over the Mudstone that immediately overlies the salt. The geology is similar to that of
the Portland storage cavern example – see Figure 8 for a schematic illustration of the
system. Note, that only 8 caverns are represented in the figure rather than the 14-18
caverns currently proposed at Portland; however, this has no impact on the results as
the calculations are carried out on a per cavern basis.

Figure 8: Generalised geological structure for the salt cavern release case (mixed K
geosphere) - not to scale.

7.2.2 Pathways
The potential migration pathways that were considered in section 7.1 for the low K
geosphere are also relevant in this case, i.e.
1. Rapid advective release through an open hole (borehole).
2. Viscous dominated release via a fault or as a result of catastrophic cavern
collapse.
3. Diffusive release, which for the previous case has been demonstrated to lead to
negligible gas fluxes.
The presence of higher permeability materials in the cover sequence that might provide
transmissive pathways or act as reservoirs leads to the potential for a number of
additional situations of interest for the development of gas release pathways. These
include the development of gas pockets within the more permeable rocks, migration
along transmissive units, joints or karstic features and advection of dissolved gas in
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groundwater, especially where groundwater is deliberately abstracted for supply.
However, in general these scenarios would not lead to significantly different gas fluxes
compared to those situations considered in the low permeability case because the
limiting step for gas transport would still be release from the salt caverns. Barring a
major failure of some part of the system (cavern roof or borehole infrastructure) this
rate of release from the cavern will be extremely small.
The only significantly different pathway to those already discussed above is where a
pre-existing old borehole or a massive cavern collapse forms a pathway enabling gas to
migrate to a transmissive ‘aquifer’ unit. Once the gas has reached the aquifer there are
three possibilities:


The gas may migrate as a free phase up dip within the aquifer and be released at
the surface either where the aquifer outcrops, via a fault or other transmissive
feature that intersects it or via another borehole. These releases will be bounded
by the viscous-dominated release and borehole scenarios respectively, although it
should be noted that the release point may be further from the facility footprint
than in the ‘base cases’.



The gas may dissolve within the aquifer and be advected laterally towards the
surface and come out of solution, potentially over a wide geographical area that
may be remote from the facility footprint.



The gas may become trapped and form a gas pocket at shallow depth. This gas
will either be released via a shallow borehole that penetrates the ‘reservoir’, which
is bounded by the borehole scenario, or it will diffuse through the cap rock of the
trap and be released by advection.

The possibilities above indicate the need to consider an additional pathway in which a
significant quantity of gas that has dissolved in a near-surface aquifer comes out of
solution and migrates to the surface across a wide area. This pathway will be referred
to as the “near-surface exsolution” pathway.

7.2.3 Calculations
Many the existing and proposed schemes in the mixed geosphere are at significantly
greater depths than in the low permeability geosphere case. The caverns are located in
the same formations as in the low permeability salt cavern case, and generally overlain
by a similar thickness of lower permeability geosphere. However, an additional
thickness of mixed geosphere is then also present above the low permeability
geosphere.
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Calculations have been carried out for the Portland case given in Evans (2007). In this
case gas is stored at 350 bar in caverns at 2100m depth.
Releases from the shallowest existing or proposed facilities (e.g. Saltholme at 340420m) will be captured by the calculations carried out for the low-K geosphere. These
facilities have a couple of hundred metres of overlying Mercia Mudstone which would
likely give similar performance to the low permeability geosphere salt cavern case.
However, it should be noted that due to the shallower depth, and reduced overburden
the following impacts may be seen for the shallower sites:
1. Increased probability of the caverns intersecting one or more old boreholes, and
increased probability of borehole drilling.
2. Increased probability of intersecting one or more fractures / fault zones,
although the gas permeability is not likely to be significantly higher than the
very conservative value used above.
3. Increased effective diffusivity, perhaps by as much as an order of magnitude.
The net effect of reduced geosphere thickness (x0.5) and increased effective
diffusivity (x10) would be a 20 times increase in the diffusive flux calculated in
the low permeability geosphere salt cavern case. The travel time would be
significantly reduced, but would still be long (i.e. tens of thousands of years or
more).
Although the probability of release may be slightly increased for the shallow facilities,
the fluxes should be bounded by the calculations for a deep facility.

Rapid advective release - estimated borehole gas discharge flux
For the rapid advective release calculation, the calculations were run for a scenario
approximating the Portland scheme where gas is stored at 350 bars in a cavern at
2100m depth. In this case the mass flux is approximately 550 kg/s.

Viscous dominated release - estimated fracture gas flux
In this case the calculations discussed previously were performed again (see
Appendix C and Section 7.1.3) but this time with the following assumed parameters:
Depth: 2100 mbgl
Pressure in cavern/reservoir: 350 bar
Bulk density of water column: 1000 kg/m3
g: 10 m/s2
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This gives a Darcy velocity of 4.5E-6 m/s and hence a total volumetric discharge of
9.0E-4 m3 /s.
At the ground surface the pressure and temperature are assumed to be 1E5 Pa and 288
K respectively. Again using the ideal gas law,


The total molar gas discharge = 3.8E-2 mol/s.



The molar gas flux = 1.9E-4 mol/s/m2 of fracture zone.



For methane, the total gas mass discharge = 6.0E-4 kg/s.



The gas mass flux = 3.0E-6 kg/s/m2 of fracture zone.

Diffusive release - estimated diffusive gas flux
Having already demonstrated that this pathway gives rise to negligible releases for the
“low K geosphere” and noting that the mudstone still acts as a rate limiting step in the
calculations, it is clear that the fluxes for this pathway will also be negligible. Although
the increased gas pressures (to 350 bar) result in increased dissolved gas concentrations
and hence concentration gradients the diffusive flux only increases by about a factor of
three.

Near-surface exsolution release
This pathway considers the situation in which a borehole or major collapse forms a
pathway that enables gas to migrate and then form a gas pocket at shallow depth (see
Figure 9). The gas then dissolves into groundwater and is advected to the surface by
groundwater flow. As the gas is advected to the surface the hydrostatic pressure could
potentially drop faster than the decrease in concentration due to dilution and
dispersion, resulting in the gas coming out of solution and migrating to the surface
across a wide area. The gas flux can be estimated using a simple scoping calculation as
follows.
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Figure 9: Schematic geometry for the near-surface exsolution pathway
A gas pocket will only form where there is a lower permeability unit to trap the gas
overlying the high permeability “reservoir”. The gas will diffuse through the low
permeability material into overlying more permeable materials within which transport
is advection dominated. In the calculation it is assumed that a methane gas pocket
forms at a depth of 100 m, within which the pressure is 10 bar. The gas pocket forms
below a 0.3 m thick shale layer, through which the gas diffuses. Using the same
Henry’s law calculation as previously, the dissolved gas concentration in the
groundwater in the trapping layer is 1.4E-2 M = 14 mol/m3. Above the trapping layer
the dissolved gas is rapidly advected away by groundwater such that the dissolved
concentration is very low (assumed to be zero).
The concentration gradient driving diffusion is therefore 14 mol/m3 / 0.3 m =
46.67 mol/m4. The effective diffusivity of the trapping layer is assumed to be
1E-10 m2/s, and the gas pocket is assumed to be an ovoid of diameter 100 m. The
diffusive gas flux is therefore equal to 4.7E-9 mol/m2/s, with a total gas discharge of
3.7E-5 mol/s.
The methane in groundwater is assumed to degas close to the ground surface since the
groundwater concentrations are low; advection of dissolved gas away from the area
directly above the gas pocket occurs much more rapidly than diffusion through the
trapping layer. Taking into account some dispersion along the flow path, the ground
surface area over which gas discharges is assumed to be 120 m by 10 m.
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The discharge at the ground surface is 3.7E-5 mol/s = 5.9E-7 kg/s.



The flux at the ground surface is 3.1E-8 mol/m2 /s = 4.9E-10 kg/m2 /s.

It should be noted that a disused borehole intersecting a fault, would result in fluxes
equal to or lower than those associated with a fault intersecting the cavern. The impact
of a borehole intersecting a gas pocket would be similar to that of a borehole
interacting with the cavern, except that the probability of achieving the maximum
possible gas velocity is lower because the gas pressure would be lower in the gas
pocket than in the deeper caverns. Even if the maximum gas velocity and hence flux
was achieved, it would not be sustained for as long a time period.

7.2.4 Summary
The calculated gas flux rates for release from a salt cavern through a mixed geosphere
are given in Table 5.
Table 5: Summary of methane leakage rates for different scenarios (mixed K
geosphere salt cavern case)
Pathway

Rapid Advective

Mass

Area of

Mass Flux

Time to exhaust

discharge

discharge

(kg/s/m2)

source

(kg/s)

(m2)

550

0.05

N/A -

2.6 days

Release

Effectively point
source

Viscous dominated

3.44 E-4

200

1.72E-7

6400 years

release
Diffusive release
Near-surface

Negligible (see section 7.1.4)
5.9E-7

1200

4.9E-10

N/A

exsolution release



The ‘borehole’ pathway once again dominates the release fluxes.



Diffusive releases are negligible.



Potential releases via the near-surface exsolution pathway are significantly lower
than releases via the viscous pathway



The near-surface exsolution pathway may lead to very small releases that are a
significant distance from the facility footprint.
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Using the ideal gas law (PV=nRT) and assuming a cavern diameter of 100 m and a
temperature of 288 K, the total amount of gas in the caverns is calculated to be:
3.5E7 x (4/3) x 3.14 x (100/2)3 / (8.314 x 288) = 7.65E9 mol = 1.22E8 kg.
The time to fully discharge the stored quantity of gas is calculated from the stored
mass of gas divided by the mass discharge flux and given in Table 5.

7.3 Depleted Oil/Gas Fields (mixed K geosphere)
Escape Scenarios
7.3.1 Definition
Conceptually, these scenarios are extremely similar to the “Salt Cavern, mixed K
geosphere” scenarios. However, the geological bodies in which the gas is to be stored
are considerably larger than in the salt cavern cases, with reservoir units being of the
order of km in areal extent, while often being relatively thin in vertical extent (often
10’s of metres). The reservoirs that will comprise the UGS facilities may be divided
into two groups: Carboniferous reservoirs in which the channel sandstones that form
the reservoir may be relatively poorly connected; and Jurassic, Triassic and Permian
limestones and dune sandstones that form relatively well connected reservoirs. In all
cases the reservoirs are overlain by several hundred metres of mudstones and in most
cases evaporites.
A simple conceptual sketch of the geological scenario for the Carboniferous reservoirs
is shown in Figure 10 below based on the various examples from Evans (2007).
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Figure 10: Generalised geological structure for the depleted reservoir (Mixed K
geosphere case). Not to scale.

7.3.2 Pathways
The potential migration pathways that were considered in section 7.2 for the mixed k
salt cavern case are also relevant in this case, i.e.
1. Rapid advective release through an open hole (borehole).
2. Viscous dominated release via a fault or as a result of catastrophic cavern
collapse.
3. Diffusive release, which for the previous case has been demonstrated to lead to
negligible gas fluxes.
4. Near-surface Exsolution, in which gas reaches a transmissive formation within
the cover sequence, is advected along it and then degases at the water table.
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The key difference between the two reservoir types identified in Section 6.3.2 is in the
connectivity of the reservoir rocks.

The Carboniferous reservoirs are likely to be

significantly less well connected than the Permian-Triassic-Jurassic reservoirs. As a
result the probability of gas being released from the Carboniferous reservoirs may be
slightly higher as a result of:


There are likely to be a larger number of boreholes associated with the original
exploitation of the reservoir and associated with the operation of the storage
facility. The probability of leakage via the borehole pathway is proportional to the
number of boreholes;



The complexity and heterogeneity of the reservoir may make it more difficult to
predict the paths within the reservoir that will be followed by the gas as it is
injected into the formation. It is more likely that the reservoir is inadvertently
overfilled locally before it has reached its operating capacity with the result that
gas may either leak out of the trap or leak into adjacent areas not intended for use
as a storage facility in which, for example, there may be boreholes that have not
been sealed to the standards required for a UGS facility.

7.3.3 Calculations
Rapid advective release - estimated borehole gas discharge flux
Pressures in the depleted oil and gas fields will not exceed the pressures in the original
reservoirs. In relative terms the storage pressures proposed for depleted oil and gas
reservoirs are lower than those proposed for salt caverns at similar depths.

The

releases are therefore bounded by the calculations presented for the salt caverns. For
example, the rapid advective release calculation for Welton, which has a relatively
high pressure for its depth, indicates a maximum flux of 240 kg/s (based on 1360m
depth and a pressure of 154 bar (2230 psi)).

Viscous dominated release - estimated fracture gas flux
The information given in Evans (2007) indicates that gas pressures in the depleted oil
and gas reservoirs will be little more than hydrostatic. The calculations discussed
previously were performed again (see Appendix C and Section 7.1) but this time with
the following assumed parameters:
Depth: 400 and 1500 mbgl
Pressure in reservoir: 40 and 150 bar
Bulk density of water column: 1000 kg/m3
g: 10 m/s2
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This gives a Darcy velocity of 7.40E-7 m/s. Assuming a 200m2 discharge area this gives
a total volumetric discharge of 1.48E-4 m3/s for a 400m facility and a Darcy velocity of
2.05E-6 m/s with a total volumetric discharge of 4.09E-4 m3/s for a 1500m deep
facility.
At the ground surface the pressure and temperature are assumed to be 1E5 Pa and
288 K respectively. Again using the ideal gas law,


The molar gas discharge = 6.18E-3 mol/s for a 400m facility and 1.71E-2 mol/s
for a 1500m facility.



The molar gas flux = 3.09E-5 mol/s/m2 of fracture zone for a 400m facility and
8.55E-5 mol/s/m2 of fracture zone for a 1500m facility.



For methane, the gas mass discharge = 9.89E-5 kg/s for a 400m facility and
2.73E-4 kg/s for a 1500m facility.



The gas mass flux = 4.95E-7 kg/s/m2 of fracture zone for a 400m facility and
1.37E-6 kg/s/m2 of fracture zone for a 1500m facility.

Diffusive release - estimated diffusive gas flux
This pathway gave rise to negligible releases for the Salt Cavern cases. For the depleted
oil and gas reservoir the cap rock still acts as a rate limiting feature in the calculations
so it is clear that the fluxes per square metre for this pathway will be similar to those
calculated for the salt cavern cases. The only difference is the areal extent of the
reservoir body which will increase the total mass discharge, but will keep the mass flux
the same (again, assuming vertically upward diffusion only operates). It is assumed
that a single depleted reservoir will be of the order of 1km by 1km in areal extent, i.e.
1.0E6 m2. Hence, from Section 7.1 the mass flux is 2.2E-15 kg/s/m2 giving a total mass
discharge can be seen to be 2.2e-9 kg/s i.e. still effectively negligible.

Near-surface exsolution release
Any breach of the trapping layer by a failed borehole could result in gas release and
the formation of a gas pocket at shallower depths. A failure of the caprock, perhaps
through the opening up of fractures within it as the reservoir is repressurised could
also lead to the loss of gas from the reservoir and its accumulation at shallower depths.
The potential gas flux would be similar to that calculated in “Salt Cavern mixed K
geosphere” scenario for this situation (see Section 7.2).
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7.3.4 Summary
The calculated gas flux rates for the depleted oil and gas field scenarios are given in
Table 6 below.
Table 6: Summary of methane leakage rates for different scenarios (mixed K
geosphere depleted reservoir scenario)
Pathway

Mass

Area of

Mass Flux

Time to exhaust

discharge

discharge

(kg/s/m2)

source (y)

(kg/s)

(m2)

Rapid Advective

240 for

0.05

N/A -

1.4 years for

Release

Welton

Effectively point

Welton

source
Viscous dominated

9.89E-5 and

release for 400m and

2.73E-4

200

4.95E-7 and

9.9E+12 and

1.37E-6

3.7E13

1500m facilities
Diffusive release
Near-surface

1.125E-7

2.5E5

4.5E-13

1.2E+18

5.9E-7

1200

4.9E-10

N/A

exsolution release



Releases via failed boreholes dominate.



The likely large surface area of the facility results in a significant increase in the
overall diffusive flux compared with the salt cavern examples. However, the
flux per m2 remains negligible.

Using the ideal gas law (PV=nRT) and assuming a reservoir area of 1 km2, a reservoir
thickness of 100m, and a temperature of 288 K, the total amount of gas in the reservoir
is calculated to be:
4E6 Pa x 100 m x 1E6 m2 / (8.314 x 288) = 1.67E11 mol = 2.67E9 kg or
1.5E7 Pa x 100 m x 1E6 m2 / (8.314 x 288) = 6.26E11 mol = 1.00E10 kg.
The time to fully discharge the stored quantity of gas is calculated from the stored
mass of gas divided by the mass discharge flux.
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8 Summary/Conclusions
This report has applied principles and methodologies that are applied throughout the
world to evaluate the safety of underground repositories for radioactive wastes (e.g.
IAEA, 1997) to assess the potential for surface release of methane from UGS facilities
that sited onshore in the UK.


First, a database of Features, Events and Processes (FEPs) was used to audit the
issues that have been identified by BGS as potentially influencing whether or not
gas leakage will occur. It was concluded from the audit that all the major issues
that might affect gas transport through the geosphere have been identified by
the BGS work that underpins this report. However, the BGS report identifies
some issues that are specific to the cavern storage of methane that are not
represented in the existing FEP database targeted at CO2 storage. It is suggested
that a FEP database appropriate for underground fuel gas storage could be
created by adding FEPs that are specific to cavern storage to the existing FEP
database and deleting FEPs from this database that are clearly irrelevant to
underground fuel gas storage. A list of possible FEP titles is suggested as a
possible basis for such a database.

Three basic scenarios have been identified:


cavern storage in which the overlying geosphere is composed entirely of low-k
rock formations;



cavern storage in which the overlying geosphere contains varied low-k and high-k
formations;



depleted hydrocarbon reservoir storage in which the overlying geosphere contains
varied low-k and high-k formations.

In each case, scoping calculations were carried out to evaluate limiting gas fluxes and
surface emission areas for the following kinds of gas release:


rapid advective release through an open hole (borehole) impacting on the area
immediately adjacent to the borehole headworks;



viscous dominated release via rock mass discontinuities and/or fault zones, which
covers cases where heterogeneities become routes for viscous (diffusive) migration
of free gas as a fluid through natural transmissive features and the case of a major
cavern collapse;
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diffusive release via dissolution of natural gas into brine/groundwaters
surrounding the cavern/in the caprock and diffusion and subsequent exsolution
(as groundwater pressures drop closer to surface) and hence release to nearsurface.

The calculations indicate that only the first of these release mechanisms could result in
significant gas emissions at the surface. However, this kind of release pathway would
presumably be very unlikely if the storage site is properly investigated prior to
commissioning (to identify existing boreholes) and adequately managed during
operations. Experience to date with UGS facilities indicates that boreholes associated
with such facilities experience problems that could potentially lead to release of stored
product approximately once per 20,000 to 50,000 years of well operation.
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Appendix A

FEPs

The results of the FEP Audit are contained in the attached Excel Spreadsheet
QRS-1363A-1-AppA-v1.xls.
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Appendix B Calculation of Gas Flow Rates for
the Borehole Intrusion Scenario
For the scenario whereby a gas cavern is assumed to be inadvertently punctured by a
borehole, the gas mass flow rate out of the top of the borehole was calculated using
standard engineering equations for compressible flow. The equations were solved by
developing models using the general purpose code GoldSim (www.goldsim.com). This
Appendix describes the equations that were solved and the inputs and outputs for the
GoldSim model.
Flow is assumed to be compressible so adiabatic expansion is assumed. This implies
the following:

P
= constant
"!

(see Coulson and Richardson, page 34)

(1)

where:
P is the pressure of the fluid,
ρ is the density of the fluid,
γ is the adiabatic index of the fluid.
The energy equation is used to predict the flow rate:

udu
+ gdz + !dP + äWs + äF = 0
"

(see Coulson and Richardson, page 46)

(2)

where:

u is the mean speed of flow across the cross section of the pipe (m/s),

! is a dimensionless correction factor defined as the ratio of the mean square speed
across the cross-section, to the mean speed squared (for fully laminar flow, its value is
close to 0.5, for fully turbulent flow, it is close to 1),

g is the acceleration due to gravity, taken to be constant at 9.81m/s2,

z is the height of the section of pipe relative to an arbitrary baseline,

! is the specific volume of gas in the section of the pipe (m3/kg),
P is the pressure of the gas (Pa),
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Ws is the shaft work, defined as the net work done by the fluid on the surroundings,
ignoring work done in leaving or entering the section of pipe (J),

F is the total amount mechanical energy irreversibly converted into heat (J).
The borehole is assumed to be horizontal (in practice this makes little difference since
compressible fluids have low densities and so the effects of weight can be ignored)
since this removes the gdz term, allowing the energy equation to be solved
analytically.
The pipe is also assumed to be straight and to have a constant cross-section, so that

äWs = 0 (see Coulson and Richardson, page 159).
The term äF can be found using the D’Arcy-Weisbach equation:

äF = 4 fu 2

dl
d

(3)

(see Coulson and Richardson, page 159, as well as
http://www.engineeringtoolbox.com/darcy-weisbach-equation-d_646.html)
where:
f is a dimensionless quantity known as the friction factor, which takes into account the
magnitude of friction due to viscous forces and to the roughness of the walls of the
borehole
u is the mean speed of flow across a section of the pipe (m/s)
l is the length of the borehole (m)
d is the diameter of the borehole (m)
The friction factor is defined as follows:

f =

R
!u 2

(see Coulson and Richardson, page 65)

(4)

where:
R is the magnitude of the shear stress acting on the fluid at the walls of the borehole
(Pa)

! is the density of the fluid (kg/m3)
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u is the mean speed of flow across a section of the pipe (m/s)
The friction factor is calculated using the Colebrook equation, which only applies for
turbulent flow (where the Reynolds’ number is greater than approximately 3000-4000):

f = (!2.5 ln(0.27

e
+ 0.885 Re !1 f
d

! 0.5

)) ! 2

(5)

(see Coulson and Richardson, page 67, equation 3.13, also see
http://www.engineeringtoolbox.com/colebrook-equation-d_1031.html)
where:
e is the absolute roughness of the surface of the walls of the borehole (m)
d is the diameter of the borehole (m)
Re is the dimensionless Reynolds’ number, given by Re =
Richardson, page 64)

"du
(see Coulson and
!
(6)

! is the density of the fluid (kg/m3)
u is the mean speed of flow across a section of the pipe (m/s)

! is the viscosity of the fluid (Pa s)
Substituting equation (3) into equation (1), and using the above assumptions that
remove the äWs and gdz terms gives the following:

udu
dl
+ !dP + 4 fu 2
= 0.
"
d
Rearranging slightly:

1 du !dP
dl
+ 2 +4f
=0
" u
d
u

(7)

Rewriting equation (1) using the upstream conditions gives:

P" ! = P1, p" 1!, p
where:

P1, p is the pressure inside the upstream end of the pipe (Pa)
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(8)

! 1, p is the specific volume inside the upstream end of the pipe (kg/m3)
Differentiating equation (8) leads to:

!dP = #"P1, p! 1", p! #" d!

(9)

It is assumed that the mass rate of flow through the pipe is constant, leading to the
continuity equation:

G = !Au = !1, p Au1

(10)

where:
G is the mass rate of flow through the pipe

! (kg/m3) and u (m/s) are the density and speed of flow through a section of the
pipe
A is the cross-sectional area of the pipe

!1, p is the density inside the upstream end of the pipe (kg/m3)
u1 is the speed of flow through the upstream end of the pipe
Substituting equation (10) into (9):

"dP = #!P1, p" 1, p u1! #1 u #! du

(11)

Substituting this into (7) leads to an equation that can be integrated directly:

1 du
dl
! "P1, p# 1, p u1" !1 u !" ! 2 du + 4 f
=0
$ u
d

(12)

Integrating (12) along the length of the pipe:

1
%

u2

u

l

2
du
dl
# !1
!# ! 2
!
#
P
$
u
"u u 1, p 1, p 1 u" u du + 4"0 f d = 0
1
1

Combining equations (10) and (6) shows that the Reynolds’ number is constant along
the length of the pipe. From (5), this also implies that the friction factor f is constant
along its length:

1
%

u2

u

2
du
4f
# !1
!# ! 2
!
#
P
$
u
"u u 1, p 1, p 1 u" u du + d
1
1

l

" dl = 0
0
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Performing the integration:

1 u2
"
4 fl
ln +
P1, p# 1, p u1" !1 u 2!" !1 ! u1!" !1 +
=0
$ u1 " + 1
d

(

)

Substituting (10) and simplifying:

&& )
1 )1, p
(
' 2 $ $ 1, p
ln
+
P1, p* 1, p u1 $
$)
+ ) 2, p ( + 1
% % 2, p

#
!
!
"

'1'(

# 4 fl
' 1!! +
=0
d
"

Rearranging:

& & ( # '1'* #
1, p
!
!
*P1, p $$1 ' $
!
$( !
% % 2, p "
"
&
(
(* + 1)(1, p $$ 4 f l + 1 ln 1, p
d ) ( 2, p
%

u1 =

#
!
!
"

(13)

NB: subscript 1 denotes the conditions outside the upstream end of the pipe, 2 is for the
conditions outside the downstream end. An additional subscript p denotes conditions
inside the appropriate end of the pipe.
The pressure drops at the ends of the pipe are modelled as follows:

P1, p = P1 " 12 k1 !1u1

2

P2, p = P2 + 12 k 2 ! 2 u 2
(see

(14)
2

(15)

http://www.engineeringtoolbox.com/minor-pressure-loss-ducts-pipes-

d_624.html, as well as Coulson and Richardson, page 87-90)
Where k1 and k 2 are dimensionless constants obtained empirically; they can normally
be taken to be 0.5 and 1 respectively, or both taken to be zero to ignore the pressure
drops.
It should be noted that the gas velocity in the borehole cannot exceed the speed of
sound for the fluid in question at the relevant temperature and pressure. The speed of
sound in a gas is given by:

c=
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"P
!

(16)

This constraint forms an important check on the model results.
A GoldSim model, “Borehole”, has been created to calculate the rate at which a fluid
(any gas or Newtonian liquid – a liquid in which the viscosity depends only on
temperature and pressure, see Coulson and Richardson page 103) escapes from a
pressurised underground reservoir, through a borehole, into the atmosphere.
Borehole requires the conditions in the reservoir to be known at a specific point in time
and calculates the instantaneous rate of flow out of the borehole at that time. The data
it requires are as follows:


a dimensionless correction factor, α, which depends on the distribution of speeds
of the fluid molecules (can be taken to be exactly 1 for fully turbulent flow, see
Coulson and Richardson, page 46)



viscosity of fluid, η



adiabatic index of fluid, γ (if the fluid is compressible)



density of fluid inside reservoir, ρ1



pressure inside reservoir, P1



pressure outside the top end of the borehole, P2



length of borehole, l



diameter of borehole, d (or hydraulic mean diameter, 4 "

cross ! sec tional area
,
wetted perimeter

for non-circular shape – see Coulson and Richardson page 86-7)


cross-sectional area of borehole, A



roughness of the walls of the borehole, e (the mean height of ‘bumps’ on its
surface)



the coefficients of minor loss at the entrance and exit of the borehole, k1 and k2 (can
be

taken

to

be

0.5

and

1

respectively:

see

http://www.istec.com.uy/eng/calculations/MinorLossCoefficients.asp, or taken
to be zero to ignore these losses; they have little effect on the rate of flow)


acceleration due to gravity, g (if fluid is incompressible)



height drop along length of pipe, h (only taken into account for incompressible
flow, has little impact in the results for compressible flow)
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The following data are output:


mean velocity of the fluid as it enters the pipe, u1



mean velocity of the fluid as it exits the pipe, u2



pressure and density inside the upstream/bottom end of the pipe, P1,p and ρ1,p



pressure and density inside the downstream/top end of the pipe, P2,p and ρ2,p



the volume rate of flow of fluid into the borehole, Q1



the volume rate of flow out of the borehole, Q2



the mass rate of flow through the borehole, G (this is constant along its length).

References
Coulson and Richardson, 1999. Chemical Engineering 6th edition, volume 1 (ISBN 07506-4444-3).
Lide, 2006. CRC Handbook of Chemistry and Physics, 87 th edition, 2006).
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Appendix C Summary of calculation - density
dependent hydraulic conductivity
This appendix gives the derivation of the flux of a compressible fluid (a gas in this
case) from depth in a porous medium dominantly containing a second liquid phase
assuming that Darcy's law can be applied locally. The gas will flow up to surface by
some preferential pathway at a steady state condition from some large reservoir of gas.
We consider a fluid with a density of ρ0 at STP, where surface pressure is denoted by
P0. We assume that pressure at depth is controlled by a dominant fluid mass with a
bulk density of ρb. Hence fluid pressure at depth is given by:
Equation 1: Pdepth = ñb dg
where d is the depth of the top of the reservoir (m) and g is the acceleration due to
gravity (m/s2.).
Taking the standard relationship between hydraulic conductivity and intrinsic
permeability:

& ñg #

Equation 2: K = k $$
!!
% ì "
where K is the hydraulic conductivity (m/s), k is the intrinsic permeability (m2), ρ is the
local fluid density and µ is the dynamic viscosity (Pa s) the hydraulic conductivity can
be seen to vary with fluid density, assuming that viscosity is independent of pressure
(Tabor, 1993).
The variation of density of the flowing gas is calculated by taking the assumption that
the flow arising from any head gradient does not significantly disturb the hydrostatic
pressure for a column of the non-flowing fluid, i.e. the non-flowing fluid effectively
controls the local pressure in the gas phase.

This is a simplistic but necessary

assumption and is consistent with the generalised approach taken to the calculations
discussed in this document. Using the ideal gas law, the gas fluid density at a depth of
d (m) is given by:

&ñ #

Equation 3: ñ = ñ0 + $$ 0 !! ñ b dg
% P0 "
therefore the Darcy equation becomes:
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& äh #
!
% äx "

Equation 4: q = ' K $

Noting that x is the positive distance below ground (i.e. depth) where
Equation 5: K = a + bx
and

ñ0 g
ñ0 ñb g 2
Equation 6: a =
k and b =
k
ì
P0 ì
Rearranging Equation 4:

äh $
!q
Equation 7: '%
"=
& äx # a + bx
let
Equation 8: c = a + bx

' äh $' äc $ ! q
"% " =
& äc #& äx # c

Equation 9: %
hence

& äc #
!= b
% äx "

Equation 10: $

Substituting Equation 10 and Equation 8 into Equation 9 rearranging and integrating
for c and substituting back in Equation 8 gives:
Equation 11: h =

!q
ln(a + bx )+ d
b

where d is some constant of integration which can be calculated by establishing the
surface boundary condition of zero head at zero depth (x). Hence
Equation 12: h =

'q
q
q & a #
ln (a + bx )+ ln (a )= ln$
!
b
b
b % a + bx "

Equation 12 can then be rearranged for q, and evaluated given another known gas
fluid head at depth.
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