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Background

ia on September 15, 2004, a Task

At the meeting of the Technical Group in Melbourne, Au
' capacity estimation. This

Force was created to review and identify standards

Task Force presently consists of Canada (lead ropean Commission, France,
Norway, the United Kingdom, and the Unitec Task Force has issued a Phase I report
which served to document the nature of the p as the relationship between assessment
scale and the level of detail and reso e capacity. The Task Force’s Phase 11

activities are intended to summarize the findings and provide suggested methodologies
for the estimation of CO2 storage ca e types of geologic structures: uneconomic coal
beds, oil and gas re Oirs,

The Technical up is invited to note in the Minutes of its next meeting that:

“The Technical Group reviewed and considered the Phase II Final Report of the Task Force
for Review and Identification of Standards for CO2 Storage Capacity Estimation.”
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Executive Summary

Implementation of CO, capture and geological storage (CCGS) technology at the scale needed to
achieve a significant and meaningful reduction in CO, emissions requires knowledge of the
available CO, storage capacity. Previous attempts to assess CO, storage capacity used a variety
of approaches and methodologies, and data sets of variable size and quality, resulting in widely
varying estimates of inconsistent quality and reliability.

CO, storage capacity can be conceptualized as a resource pyramid, in which the degree of
geological and economic uncertainty associated with a capacity estimate is represented by its
place on the pyramid. In essence, the best-known and highest quality capacity i at the
apex of the pyramid and the poorly known and/or poor quality capacity is placed at its base
Theoretical storage capacity, which is defined as the physical limit o the geologic
can accept, is represented by the entire pyramid. The effective storag i
theoretical capacity and is obtained by applying a range geologlcal and e
to a storage capacity assessment. The practical storage capacity is S
capacity that is obtained by considering other technical, legal W :
106 ca

ystem
t of the
eering cut-off limits

practical capacity that is obtained by detailed matchi 2 ary CO, sources with

geological storage sites that are adequate in terms of cap injectivity and supply rate.

CO, storage capacity assessments may be cond f scales. The country-scale
assessment is a high level of assessment perfc ontiguous geographic area defined by
national jurisdiction. The basin-scale assess detailed level of assessment focusing
ona partlcular sedimentary basin. The ssment is performed at an increasing

portion of a sedimentary basin. The local-
ed at a pre-engineering level when one or

scale assessment is very detailed, u
S ined to determine site capacity, injectivity and

several candidate site

patially and in terms of reserves, and they are much better
ds and saline water-bearing aquifers. The storage capacity in each
e basis of its recoverable hydrocarbon reserves, its reservoir

field experience. Practical and matched storage capacities can be determined through the
application of various cutoffs and reservoir simulations. In the case of CO,-enhanced oil
recovery, once an oil reservoir has been identified as suitable for CO,-EOR, its CO, storage
capacity can be roughly evaluated on the basis of worldwide field experience or more accurately
through numerical simulations. The technical challenge in defining the storage capacity of oil
reservoirs undergoing CO,-EOR is co-optimizing oil recovery and CO, storage.

Determination of the theoretical CO, storage capacity in coal beds is based on coal thickness and
CO, adsorption isotherms. A major challenge is determining which coal beds might be suitable



for CO, storage, i.e. which coal beds are uneconomic. Evaluation of the effective storage
capacity depends on recovery and completion factors for which no numerical values are
available to date. Practical and matched storage capacities need to be evaluated on a case-by-case
basis using numerical and economic modeling.

Evaluation of the CO, storage capacity in deep saline aquifers is very complex because four
trapping mechanisms that act at different rates are involved and, at times, all mechanisms may be
operating simultaneously. This makes it very difficult to estimate theoretical, effective and
practical CO, storage capacities, either individually by process, or cumulatively, for a deep saline
aquifer. J—

At present, the level of detail and resolution required in the data make reliablMira\e
estimation of deep saline aquifer CO, storage capacity practical only nd site-specific
scales. This is a key issue. It is generally thought that saline aquifers rity of
the potential CO, storage capacity in a jurisdiction, and policymakers w know whether
there is sufficient practical CO, storage capacity in their jurisdi e an effective
greenhouse gas mitigation option. More assessments need to at rules of
thumb can be developed.

s for the assessment of
s to the need for future work,

The current review provides a clear set of definitions an

1) Coordination of
international Jax

2) mpilati tion of representative case-studies of CO, storage capacity estimation

are available.

3) Provision of support to the Task Force on Capacity Building in training and applying the
methodologies for estimating CO; storage capacity along the full chain from country-scale to
site-scale, and from theoretical to matched capacity, to one or more developing economies in
CSLF.
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1. Introduction

Three approaches can be taken to mitigating anthropogenic CO, emissions to the atmosphere in
response to climate change: 1) increasing energy efficiency and conservation, 2) switching to
less carbon-intensive fuels or to renewables, solar and nuclear energy, and 3) artificially
increasing the capacity and capture rate of CO, sinks. The latter could be achieved through
manipulating biological processes to capture and sequester CO, that has already been emitted
and dispersed in the atmosphere, and through the capture of CO, from large stationary sources
prior to potential release into the atmosphere, and storage in various media (this process is
known as Carbon Capture and Storage, or CCS). A significant reduction in global emissions can
be achieved only through the broad and deep application, in developed and de countries
alike, of a portfolio of measures that includes major technological breakthrou i creas\qg the
share of non-fossil forms of energy production, and carbon capture a
latter comprises the capture of CO, from large stationary sources, tra i ge site,

Three forms of CO; storage have been identified: in deep geol
mineral carbonation, and in oceans (IPCC, 2005). ization and storage of CO, in industrial

three forms of CO, storage, mineral carbonation is very ates a significant
environmental imprint, while ocean storage is an immature ology that will alter the local

production, deep waste disposal and
unevenly distributed around the glo ention times of centuries to millions of years
(IPCC, 2005). However, a series of in the way of immediate full-scale
implementation of ng them a general lack of knowledge about the location and
capacity of potential al stc SLF, 2005; IPCC, 2005; Bradshaw et al., 2006).

Previous attempts

: ave produced widely varying estimates of inconsistent quality and
’CC, 2005; Bradshaw et al., 2006). Geographically, storage capacity
ced for Australia, Canada, northern Europe, Japan, USA, and projects
e storage capacity in southern and eastern Europe. No storage capacity

in 2005 for AP
2006).

countries along the Pacific Rim (from Korea to Indonesia; Newlands et al.,

CSLF recognized the need to provide consistent and accepted methodologies for estimating CO,
storage capacity in developed and developing countries alike. In 2004 the Technical Group of
CSLF established a Taskforce for Review and Development of Standard Methodology for
Storage Capacity Estimation. In 2005, the Taskforce presented the results of Phase 1 of the
assignment in a Discussion Paper in which previous estimates were critically analyzed and gaps
in knowledge and/or methodology were identified (CSLF, 2005). This report presents the results



of Phase 2 of the Taskforce assignment, namely definitions, concepts and methodologies to be
used in estimating CO, storage capacity. The concepts, definitions and methodologies presented
in this report should serve as a basis in CSLF member countries for collecting the necessary data
and properly estimating the CO, storage capacity in geological media in their jurisdiction'.

2. Concepts and Definitions

A series of concepts and definitions are introduced here to clarify terminology and subsequently-
proposed approaches and methodology.

2.1 Relevant Geological and Hydrogeological Concepts

Sedimentary rocks are formed by the deposition, compression and ce ion of mi and
rock particles, but often including material of organic origin, and ma
1) terrigenous (i.e., derived from the breakdown of pre-existing roc on land, e.g.,
sandstones, conglomerate, shale),

2) organic (i.e., produced either directly or indirectly by o
some carbonates),

3) chemical (i.e., produced by precipitation from
evaporites such as salt), and

4) ic (i.e., - i fter a volcanic eruption; e.g.,

Metamorphic rocks are aggregate of minerals e recrystallization of pre-existing
rocks in response to changes in pressu e, or volatile content (e.g., slate, schist
gneiss). Igneous (magmatic) rocks ’ crystallized from magma and may be

classified as:
1) i i ic (i.€ ies, which have crystallized at great depth, e.g.,

fluids, found in lesser quantmes, are hydrocarbon oils and gases, and other gases that have a
deep-sourced origin such as CO, and H,S. The water in the subsurface may have a meteoric

"t is worth mentioning here that, as a result of similar inconsistencies in evaluating the CO, storage capacity across
the U.S., the U.S. Department of Energy (USDOE) Regional Carbon Sequestration Partnership Program has
established in 2006 a Geologic Working Group for developing standards to produce a National Capacity Assessment
of the amount of CO, that can be stored in subsurface environments in the U.S. The objectives and activities of this
Working Group are similar to those of the CSLF Task Force for Review and Development of Standard Methodology
for Storage Capacity estimation.



origin (i.e. rain and snowmelt that infiltrates into the ground in recharge areas such as porous and
permeable rock formations at high elevation), a connate origin (e.g., seawater in sediments at the
time of sediment deposition at the bottom of the sea), or may be even the result of deep
geochemical reactions that produce water. As a result of various flow and geochemical processes
that take place over geological timescales, the salinity of water in the ground commonly
increases with depth.

Before proceeding with providing methodology for estimating CO, storage capacity in deep
saline aquifers and in oil and gas reservoirs, a few definitions are needed to establish a common
understanding and terminology. In water resources engineering and hydrogeolog

p. 115). Aquitards are porous layers or beds from which water cann
wells, but where the vertical flow is significant enough over large are
and aquicludes are layers or beds that have generally extremely low,

are aquifers, shale and clay beds are aquitards (these generally. i 1gh porosity, but

have very low permeability), and salt and anhydrit i 1ey have very low if
any porosity, and extremely low permeability). Aqui r lithology, are
defined in terms of their hydraulic properties and are se ening aquitards or
aqulcludes (i.e., a porous and permeable sandstone bed an rous and permeable carbonate

definitions are that the pore space is saturated wi and that the geological units allow or
prevent its withdrawal (production), dependi on rock permeability. If an aqulfer allows water

aquifers is waste water, but acid gasfor dis atural gas for temporary (seasonal) storage,
and CO, for permanent storage are Water, natural gas, CO, and/or solvents are
injected in oil fields for press d/or enhanced oil recovery.

ew (flow of fluids), aquifers and reservoirs are equivalent, the

) categories being not in their porosity and permeability

pe of fluid that is present in the pore space (i.e., water in the former,
owever, an important distinction between reservoirs and aquifers is

latter. Another important feature is that, with very few exceptions, hydrocarbon reservoirs are
underlain by or contiguous with aquifers, hence in contact with them. Hydrocarbon reservoirs are
actually structural or stratigraphic traps at the top of aquifers that have been charged with oil
and/or gas during the process of hydrocarbon generation, migration and accumulation. Caprock
(or seal) is defined as the low-permeability rock that overlies a reservoir and retains the
hydrocarbons and/or other gases. Cap rocks are either aquitards or aquicludes. Low permeability
rocks (aquitards or aquicludes) also underlie aquifers and hydrocarbon reservoirs.



The term groundwater is usually applied to the water found in shallow aquifers that has
relatively low salinity and that is or can be used for human consumption or for agricultural and
industrial processes without necessitating any, or only minimal, treatment. Groundwater is
defined as water with salinity less than 4,000 or 5,000 ppm (mg/1) total dissolved solids (TDS),
depending on jurisdiction. For comparison, seawater has a salinity of approximately 33,000 ppm.
Groundwater is protected in most if not all jurisdictions. Some jurisdictions, where water supply
is already, or is becoming a problem, are contemplating increasing the salinity limit of protected
groundwater to 10,000 ppm because this slightly more saline water can be used after treatment.
The term formation water is applied here to water that has greater salinity and is commonly
deeper than groundwater as defined above. J—

Deep saline aquifers are those aquifers that, as the name implies, are deep, at@e saturated
with (saline) formation water. It is these aquifers that are being considered for CO, storage and
that are likely to have the largest storage capacity of all classes of pot rage
“deep saline
formatlons when referring to deep saline aquifers, but that ter ous because

the term “formation” is a geological term that applies to a stra

crust under the weight of sediments deposited on top of it. Coal has generally a brittle structure
and a system of micropores, which allow gas di fusmn and cleats (fractures) that allow the flow
of gas (methane, CO,) and/or water. C er decreases with depth and depends on
other coal characteristics, such that coal beds, or pa of coal beds, can be aquifers or aquitards,
thus allowing or impeding, respecti of water.

through a combination of physical and chemical trapping
anism is effective over different timeframes and these
consideration when estimating storage capacity. Physical

is immobilized as a free gas or supercritical fluid. There are two types
trapping” in stratigraphic and structural traps, or in man-made

then be involved in chemical reactions with the rock matrix (mineral trapping), or becomes
adsorbed onto mineral surfaces (adsorption trapping). In the context of CCGS, CO, migration is
defined as lateral flow within the targeted injection and storage unit (formation, reservoir, coal

* The term “static” was chosen here to describe the non-migrating nature of the stored CO, in such a closed trap, as
opposed to the migrating nature of mobile CO, in an open, hydrodynamic trap. Other terminology used in literature
to describe this trapping mechanism includes “permeability” trapping and “confinement” trapping, to indicate the
presence of a lateral permeability barrier that precludes lateral migration of CO,, and even just
“structural/stratigraphic” trapping.



bed), while upwards, cross-formational CO; flow out of the storage unit is defined as leakage,
which may be just to another overlying unit, to shallow groundwater or even to the surface.

Under favorable circumstances, injected CO, may migrate in the subsurface at extremely low
velocities such that it would take time on a geological scale (millions of years) to reach the
surface, before which it may become trapped by a combination of the mechanisms outlined
above. Very large masses of CO; potentially could be stored in this way, which is commonly
described as hydrodynamic trapping.

These mechanisms for CO; storage can occur in the following geological media m.se.dlmentary
basins (IPCC, 2005):

e oil and gas reservoirs;

e deep saline aquifers, saturated with brackish water or brine;
e coal seams (sorption is the only potentially practical techniqu coal
seams and is not a significant storage mechanism in the other cla f geological

media).

Storage capacity is intuitively a volumetric (spati e injectivity (ability to inject a
fluid) is a time-dependent (flow rate) concept; howev » storage capacity the
second affects the first by eliminating from consideratio edia that may posses
volumetric capacity but have no injectivity. For e hich may have porosity as

may actually be a barrier to CO, escape from
existence of injectivity has been identified as

e (i.e. form a caprock). Thus, the
site for CO, geological storage (IPCC,

Man-made undergro ities (i.e. s), have been also proposed for CO, storage
(IPCC, 2005), but ¢ arati all capacity and are limited geographically;
however, they may pla mportant role for temporary storage and/or as a buffer in collector

and distributo en CO, sources and storage sites, being basically part of the CO,

yromoted as a possible storage medium for CO, that would be suitable
nentary basins, such as the Pacific Northwest in the USA and the Deccan
rrently they appear unlikely to be suitable for CO, storage because of

basalts may be a candidate primarily for mineral storage, which generally operates on a very long
time scale but in the case of basalts may operate much more quickly. Organic-rich shales have
also been proposed for CO; storage because, in theory, they have storage potential due to their
CO, adsorption properties. However, the storage volumes may be limited, and the very low
permeability of shales precludes the injection of large volumes of CO, without jeopardizing
storage integrity and security (IPCC, 2005). Thus, the only geological media of any significant
capacity on a global scale are, in ascending order of their size: coal beds, oil reservoirs, gas
reservoirs and deep saline aquifers (IPCC, 2005). Consequently, this report focuses only on the
development of definitions and standards that could be used for estimating the CO, storage



capacity in unmineable coal beds, oil and gas reservoirs, and deep saline aquifers. The
storage capacity of man-made caverns can be calculated easily from cavern geometry (volume),
temperature and pressure. If CO, storage in other geological media proves technologically and
economically feasible in the future, and if these media prove to have sufficient storage capacity,
then the methodology needed to estimate their storage capacity will be determined at that time.

2.3 Operating Time Frames

The various CO; storage mechanisms listed above have different operating time frames (IPCC,
2005), as illustrated in Figure 1. The most important characteristic of dissolutionﬁ

particularly, mineral trapping mechanisms - readily apparent from this figure - i enerally
they operate slowly, over a very long time scale, measured in centuries to millennia, and that
their contribution to CO storage capacity is almost negligible during al ph e of
injection, which is in the order of decades. The same applies to resid

capacity during injection. From an operational point of view, it is i hat the mass of
CO; injected should at no time exceed the amount that will be ped during the injection period

CO; storage. Thus, the main focus
operational phase of CO; storage o

F' N W
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Structural and
Stratigraphic Trap Filling | —

Hydrodynamic Trapping |
Residual COp Trapping R

Dissolution

|
Mineralization -
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! I —
1 101 102 103 104 105 108
Time (years)

Figure 1. Operating time frame of various CO2 geological-storage mechanisms (modified from IPCC, 2005).
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3. Summary of Phase 1 Findings

In addition to documenting the main reasons for the wide range and discrepancy of various
estimates of CO, storage capacity performed with different methodologies and data, the Phase 1
analysis has preliminarily introduced several concepts and definitions, and has identified gaps
that are briefly reviewed here to provide the foundation for the methodologies that will be
subsequently presented.

3.1 Resource-Reserve Pyramid Concept

CO, storage capacity constitutes a geological resource (or commodity) whose mity can be
expressed using the concepts of resources and reserves, in the same way as other energy and
mineral commodities such as oil and gas, coal, uranium, iron, gold, e classified’. The need
for guidelines for estimating CO, storage capacity has recently been i i 05;
Fraﬂey et al., 2006a) driven by governments which need to assess a a1 ’, and by

attempt at such classification using concepts from
fully recognizing that it will evolve in time.

> known, being assessed on the basis of
yet but assumed to exist based on

yses).

Using this concept, the following Techno-Economic Resource-Reserve Pyramid for CO;
Storage Capacity (CSLF, 2005; Bradshaw et al., 2006) is introduced and illustrated in Figure 3.
Storage capacity in this pyramid is expressed in mass CO, (e.g., Mt or Gt CO5). The various
capacities described below are nested within the resource-reserves pyramid, and their size and
position varies in time as data, knowledge, technology, policy and regulatory framework, and

*http://www.spe.org/specma/binary/files/4675179GuidelinesEvaluationReservesResources05Nov. pdf#search=%22C
lassification%20and % 20Nomenclature %20Systems%20for %20Petroleum%20and %20Petroleum%20Reserves %22
http://www.cim.org/definitions/cimdef1.pdf

http://www.jorc.org/pdf/coalguidelines2001.pdf#search=%22guidelines %20coal %20resource %20reserve %22
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economics of CO, geological storage change. For this reason it is absolutely essential that, when
an estimate of storage capacity is performed, the type of the estimate and its position in the
resource pyramid are specified.

Theoretical Storage Capacity represents the physical limit of what the geological system can
accept and it occupies the whole of the resource pyramid. It assumes that the entire volume is
accessible and utilized to its full capacity to store CO, in the pore space, or dissolved at
maximum saturation in formation fluids, or adsorbed at 100% saturation in the entire coal mass.
This represents a maximum upper limit to a capacity estimate, however it is an unrealistic
number as in practice there always will be physical, technical, regulatory and economic
limitations that prevent full utilization of this storage capacity.

| V 4 ) |
il &
Increasing
certainty
of storage
potential
Increasing
cost of
storage

estimate usually changes with the acquisition of new data and/or knowledge.

Practical (or Viable) Storage Capacity is that subset of the effective capacity that is obtained
by considering technical, legal and regulatory, infrastructure and general economic barriers to
CO, geological storage. As such, it is prone to rapid changes as technology, policy, regulations
and/or economics change. The Practical Storage Capacity corresponds to the reserves used in the
energy and mining industries.

Matched Storage Capacity is that subset of the practical capacity that is obtained by detailed
matching of large stationary CO, sources with geological storage sites that are adequate in terms

13



of capacity, injectivity and supply rate. This capacity is at the top of the resource pyramid and
corresponds to the proved marketable reserves used by the mining industry. The difference
between matched and practical storage capacities represents stranded storage capacity that
cannot be realized because of lack of infrastructure and/or CO, sources within economic
distance.

3.2 Assessment Scale and Resolution

The methodology to be applied in CO, storage capacity estimation, and the types and level of
detail of the necessary data vary, depending on the scale and resolution of the assessment.

Country-Scale Assessment is a high level of assessment performed for a contiguous geographic
area defined by national jurisdiction (country) and usually encompas y
basins and/or parts thereof if a basin is shared between two or more j

the public domain. In
most cases the outcome of such an assessment is the 1dentifi edimentary basins within
that country that have high storage potential and that sh object of further studies.
Such studies have been performed or are in progress for co tal-size countries such as

Basin-Scale Assessment is a more
sedimentary basin to evaluate and q
prospective) regions.and/or sites fo

assessment focusing on a particular
rage potential and to identify the best (or more
and their type, often in relation to the major

y straddle countries or may be shared by several (e.g., the
he US, and the North Sea shared by Norway, UK,

2006), and in the Petrel Sub-basin in Australia (Gibson-Poole et al., 2002).

Regional-Scale Assessment is performed at an increasing level of detail for a large,
geographically-contiguous portion of a sedimentary basin, usually defined by the presence of
large CO,; sources and/or by its known large potential for CO, storage. Such assessments are
undertaken usually to identify sites for CO, storage (e.g., Gibson-Poole et al., 2004) and to
provide a framework for evaluating the long term fate of the injected CO; (e.g., a region of 200
km x 200 km was evaluated around the Weyburn project in the Williston basin in Canada).

14



Basin- and regional-scale CO, storage capacity assessments should exclude areas where risks of
leakage or negative impacts on the environment or existing resources are not known but
nevertheless are expected. The storage area(s) must be delineated using the available geological
and environmental data (data that are generally, but not exclusively, produced by governmental
organizations). More specifically, it is unwise to include in CO; storage capacity assessments
areas affected by major faults, or active faults or great dip. Areas where permits are allocated for
natural resource exploration, particularly for oil and gas, should be included in CO, storage
capacity evaluations, but then a proper resource management process should be used to
determine if that storage capacity should remain at the “effective” level or could be moved to the
“practical level”. J—

Local-Scale or (Prospect-Level) Assessment is very detailed, usually perforrrOapre—\
engineering level when one or several candidate sites for CO, storage are examined to
site capacity, injectivity and containment prior to site-selection decisi

rmine

assessment is based on public and proprietary data and information that y not exist at
the time of initiating the assessment. In the latter case data will d as part of the
assessment process. The assessment usually involves numeric ling of storage processes

the basis for the
permitting process for injection sites. In the case of si tion and permitting
process, the local (or prospect-level) assessment forms t i iled engineering design
d Australia (Brosse et al., 2006;

The level of detail ¢
area and sedimen study decreases. Country- and basin-scale assessments
are most like rme ernmental agencies to assess broadly the CO, storage

e selection, permitting, design and construction. Regional-scale
med by governmental agencies and/or industry depending on scope

The Phase 1 report (CSLF, 2005) has identified gaps that led to the confusion and wide
discrepancy in earlier CO, storage capacity estimates. Estimates to date, mostly done by
scientists as the field of CO, capture and storage advanced, are lacking:

- Clear and accepted definitions;

- Consistent methodologies and guidelines for capacity estimations;

- Proper documentation regarding data, constraints and methodologies used;

- Proper reporting procedures and practices;

15



- Recognition of the time factor and parallel, sometimes competitive, nature of various
trapping mechanisms;

- Recognition of the fact that, like with any earth commodity, storage capacity estimates
vary in time as new data become available and as technology and economic conditions
change;

- Recognition and proper use of different scales in assessments.

As a result of the analysis, the Phase 1 report made a series of recommendations to be
implemented in Phase 2 of this Taskforce assignment and to be used in future estimations of CO,

storage capacity, mainly: ‘.....__
- development and adoption of clear definitions;
- adoption or development of clear and consistent methodologies appro 0 ea&
assessment scale;

- provision of examples of proper application of recommended odolo
The following sections of this report will address the issues ide endations
made in the Phase 1 report.

The report is not about country-scale estimation, whe
capacity can be estimated, nor about local- and site-scal
detailed numerical models have to be used. It is focused m
capacity at the basin and regional scales using

or, but not the

, Where specific and
on estimating CO, storage
urce-reserve data.

4. Estimation of CO, Storage Capaci

Carbon dioxide storage in coal beds
contains a natural system of fractures called cleats, which imparts some permeability to the

, for which it has different affinities (Figure 4; Chikatamarla and
nce of multiple gases (e.g., CH4, CO,, N;) the amount of each in the

which natu s 1n coals, the volumetric ratio between the two ranging from as low as 1
for mature coals such as anthracite, to as high as 10 for younger, less altered coals. Thus, CO,
storage in coal beds is based on the concept that the injected CO, will replace the methane in
coal and stay adsorbed onto the coal surface as long as the coal is undisturbed (i.e., the pressure
doesn’t drop). The freed methane, which is also a greenhouse gas with a radiative effect 21 times
stronger by weight than that of CO,, has to be entirely captured and used as a source of energy
(cannot/should not be vented) to ensure a net greenhouse gas mitigation outcome, hence the
name of the whole process as enhanced coalbed methane recovery (ECBMR).
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Figure 4. Adsorption of various gases on coal (fr i stin, 2003).
Carbon dioxide storage in coal beds is a technology that i in‘the demonstration phase

capacity for CO; storage in coal beds. Beside imating storage capacity per se, a major issue is
the identification of coal beds suitable fi €

injection and/c albed methane (CBM) production. Coal permeability is affected by physical
(mechanical) and chemical factors. It varies widely and generally decreases with increasing depth
as a result of cleat closure with increasing effective stress. The permeability of shallow coals (a
few hundred metres deep) is on the order of millidarcies (mD) and higher, while the permeability
of deep coals is on the order of microdarcies (UD), which is too low to allow CO; injection and
flow without fracturing. Coalbed methane can not be produced if permeability is less than 1 md
(Zuber et al., 1996), and this is generally reached in the depth range of 1,300-1,500 m. It is for
this reason that most of the coalbed methane producing wells in the world are less than 1000 m
deep (IPCC, 2005) and that’s why the depth of 1,300-1,500 m is considered as the depth limit of
possible CO, storage in coals.
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Coal is a polymer-like substance that is often affected by the gas with which it is in contact. Coal
swells as CO; is adsorbed, which further reduces permeability and injectivity (IPCC, 2005). Coal
swelling generally increases with increasing gas affinity to coal (e.g., CO; versus methane), and
may reduce permeability by two orders of magnitude or more (Shi and Durucan, 2005). In
addition, the injected CO, may react with the coal and/or formation water, leading to solids
precipitation and further permeability reduction (Reeves and Schoeling, 2001; Zhang et al.,
1993). Carbon dioxide is a “plasticizer” for coal, lowering the temperature required to cause the
transition from a glassy, brittle structure to a rubbery, plastic structure (IPCC, 2005). Coal
plasticization, destroys the permeability that would allow CO; injection. Thus, these.combined
effects on permeability caused by the presence of CO, would reduce the depth r CO,
storage in coals to approximately 1,000 m. A

adsorption is replaced by absorption and the CO; diffuses in co he transition
from one process to the other is not sharp, but rather gradual

pressure conditions that correspond to supercritica ther CO; is adsorbed
by coal, occupies the pore space like a fluid with ver

matrix. Under these conditions coals are not a good stor i ause CO, might be highly
mobile and migrate out of the coals into the adjacent strata ithin the coals themselves, with

the basic s01ence of CO; storage in coal advar es to cla these points, it seems that it would be
eds that are at such temperature and

ikely won’t be economic under any circumstances and can be safely
As an example, coals in the Illinois Basin in the USA are not

et al., 2006 edlate depths (500-1000 ft, i.e.152-305m), only coals less than 3.5 ft
(1.1. m) and greater than 1.5 ft (0.52 m) were considered as potential targets for CO, storage.

Regulatory Limitations refer to coal beds that are unavailable for CO, storage because of
restrictions imposed by regulatory agencies to protect other resources or public safety. Many
shallow coals have sufficiently high permeability and connectivity that they either constitute by
themselves, or are in hydraulic communication with, shallow groundwater aquifers used for
water supply. In this case, only coals that are deeper than the depth of groundwater protection
could be considered for CO; storage. For example, in Alberta, Canada, coal beds shallower than
100 m have permeabilities greater than 50-70 mD and up to 100 D, water wells as deep as 300 m
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penetrate coal seams, and the depth of groundwater protection reaches down to 500 m depth and
more. The requirement to protect groundwater resources may impose very severe limitations on
CO, storage in coals, as some jurisdictions either have already changed or are currently
considering changing the definition of protected groundwater from 4,000 or 5,000 mg/I total
dissolved solids (TDS) to 10,000 mg/l TDS. This means greater depths of protected groundwater,
hence less coals potentially available for CO, storage.

This discussion on various limitations imposed on the coal beds that would be available for CO,
storage shows that, generally, only thin coals in a relatively narrow depth window should be
considered for CO, storage, but the specific outcome for any given coals is hiWﬂdent on

coal characteristics, economics and regulatory regime. These considerations s used in
basin and regional scale assessments of the potential and capacity for CO, storag coals.

-

N

4.2 Estimation of CO, Storage Capacity

Once the region of applicability has been established, the CO; ste the respective

region can be estimated. Two parameters are determinant in eva g a CBM prospect or a CO,
storage prospect: the total gas in place (capacity) ir deliverabi ty (Whlte et al., 2005).
In the case of a gas already adsorbed by the coal, like
(IGIP) is usually calculated with the relation (e.g., van ., 2001; White et al., 2005):

IGIP = Axhxii. XGp X (1= fa— fu) (1)

where A and / are the area and effective thick: oal zone, respectively, 7. is the bulk

coal density (generally 71,.~1.4 t/m’ content, and f, and f,, are the ash and

moisture weight fraction of the coal . The gas adsorption capacity of coal generally
depends on pressure, temperature and coal characteristics. For a given temperature, the relation

2)

ymuir volume and pressure, respectively. The Langmuir volume, V;,
represents the imum gas adsorption capacity of a particular coal at the given temperature,
and is usua cc/g, which is equivalent to m*/t. The Langmuir isotherm expressed by
eq. (2) displays an increase in adsorption capacity with increasing pressure as the gas content G¢
tends asymptotically towards V; with increasing pressure P (e.g., Figure 4). This behaviour
reflects mono-layer adsorption on a surface, where the maximum represents the state of a
completely covered surface that cannot adsorb any more gas molecules. On the other hand, the
gas adsorption capacity decreases with increasing temperature, and, since both pressure and
temperature increase with depth, after a certain depth the gas adsorption capacity decreases. Coal
composition, rank, ash content and moisture content affect the coal adsorption capacity in a
complex way that has not been quantified to date. The presence of non-organic material (ash)
and water in the coal reduces its adsorption capacity (White et al., 2005). Ideally, Langmuir
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isotherms should be known (measured) for various temperatures and coal characteristics for any
given coal bed considered for CO; storage.

In the case of CO,; storage in coal beds, the basic assumption is that CO, will replace methane
and other hydrocarbon gases present in the coal as a result of coal’s higher affinity for CO, than
for these gases (see Figure 4). Thus, eqs. (1) and (2) can be used in a reverse mode to estimate
the theoretical capacity for CO, storage of a coal bed if all the coal is accessed by CO, and will
adsorb CO; to 100% saturation. This capacity represents the ultimate storage limit that could be
attained. To express the CO, storage capacity in mass rather than volume of CO,, the results
have to be multiplied by CO, density at standard conditions of 1.873 kg/m”’. J—

to (van Bergen et al., 2001):

PGIP = R, xCx IGIP 3)

where Ryis the recovery factor and C is the completio r they express the
reservoir gas deliverability. The completion factor C repr s an estimate of that part of the net
cumulative coal thickness within the drilled coal zon ribute to gas production or
storage, it strongly depends on the individual ‘ arate coal seams and on the
distance between them, and is lower for thin ¢ an for thick ones. The recovery factor
Ryrepresents the fraction of gas that can be p m the coal seams. In conventional CBM

For CO; storage, its equivalent wou age factor R,. Given the higher affinity of coal
i e that the recovery factor R, for CBM and the

nhanced coalbed methane recovery operations,

date to allow quantification. Finally, the coal adsorption

using econo siderations, location of CO, sources, various regulatory requirements, and
numerical and economic modelling, keeping in mind that CO, storage and CBM production
require a high well density and it is uneconomic to develop the necessary infrastructure for areas
with low storage capacity.

To conclude, estimation of the CO, storage capacity in coal beds should follow the following
steps:
- Identification and delineation of the coal beds suitable for CO, storage on the basis of
depth, coal permeability, regulatory restrictions and economic limitations;
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- Evaluation of the theoretical CO, storage capacity on the basis of coal thickness, ash and
moisture content, and Langmuir adsorption isotherms for COy;

- Estimation of the practical CO, storage capacity on the basis of storage and completion
factors (for which there is no practical experience to date);

- Selection of prospective areas on the basis of estimated storage capacity;

- Selection of potential storage sites on the basis of CO; source location and supply rate;
and

- Numerical modeling of CO; injection and storage and of methane production.

For illustration, Figure 5 presents the successive evaluation of theoretical, effective and practical

CO, storage capacities for the Ardley Coal Zone in Alberta, Canada, and the 1 tion of
prospective areas for CO, storage in coal beds with an estimated storage capacity ~800 Mt
CO, over ~3300 km? (Bachu and Lytviak, 2005). Only coal deeper t as considered,

up to the depth where CO, would undergo a phase change from gase supe nly
areas with capacity greater than 200 kt CO,/km* were considered as pro ive.

21



4"

—

{52+

[ Reqion suitable
fnr%? storage

)5

[ IRegion suitable

for GO2 slorage

18"

L ‘\I‘\‘BJ

& Major COp
source

I Prospective
areas for
G0z storage

]
A T———
kilnmaines

Gy

& g

o]

Zong

l— —f 55"
Ardloy Coal
—— 54°
- s |
LK 1
\2: 15>
'y
~ g5
-l
-i.c-!li
(i (T

| I —
Figure 5. CM in the Ardley Coal Zone, Alberta, Canada: a) location, b) theoretical capacity in the

region of suitability, c) effective capacity, and d) practical, and possibly matched capacity (from Bachu and

Lytviak, 2005). Isolines are in kt CO2/km2.

22



5. Estimation of CO; Storage Capacity in Oil and Gas Reservoirs

Estimation of the CO, storage capacity in oil and gas reservoirs is the simplest, relatively
speaking, and most straightforward of the three media considered for CO, geological storage.
This is because, unlike coals and aquifers, oil and gas reservoirs are better known and
characterized than the other two as a result of exploration for and production of hydrocarbons.
Also unlike coal beds and deep saline aquifers, oil and gas reservoirs are discrete rather than
continuous, such that the capacity for CO, storage in hydrocarbon reservoirs in any particular
region at any scale is given by the sum of the capacities of all reservoirs in that area, calculated
on the basis of reservoir properties such as original oil or gas in place, recovery factor.
temperature, pressure, rock volume and porosity, as well as in situ CO, characW such as
phase behaviour and density.

The fundamental assumption that is made in storage capacity calculat i me

decrease in the pore space available for CO, storage, bu inj can partially reverse the
aquifer influx, thus making more pore space available for

may be trapped in the pore space due to capil
et al., 2001). Another important assumption ill be injected into depleted oil and gas
i e original, or virgin, reservoir
pressure. In some cases reservoir depletion age the integrity of the reservoir and/or
caprock, in which case the pressure ought back to the initial reservoir pressure and

the capacity would b vhile in other cases the pressure can be raised beyond the original

ed with oil and/or gas to the spill point. In such cases, the
to the spill point can also be used for CO, storage, but, to achieve
increased beyond the original reservoir pressure, as discussed

Both regional and basin scale assessments are based on reserves databases that list oil and gas
reserves and various reservoir characteristics. Solution gas should not be considered in storage
capacity calculations because it is implicitly taken into account in oil reservoirs through the oil
shrinkage factor. Since reserves databases indicate the volume of original gas and oil in place
(OGIP and OOIP) at surface conditions, the theoretical mass storage capacity for CO, storage in
a reservoir at in situ conditions, Moy, is given by:
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Mcoz = pcozr X Ry x (1 — Fig) X OGIPX [(Psx Z, x T,)/ (Pr x Zs x Ts)] 4)
for gas reservoirs, and by:

Mcoz = pcozr X[ Rf x OOIP / By - Vi, + Vyp] 5)
for oil reservoirs.

An alternate equation for calculating the CO, storage capacity in oil and gas reservoirs is based
on the geometry of the reservoir (areal extent and thickness) as given in reservﬁases:
| V 4 6)

\

Mcoz = pcoarX [Rrx A X hx ¢x (1—-S8,)—Viw+ Vyul 3

respectively. If gas or miscible solvent is injected in o
mass balance of these should be added to eq. (5) or (6).
denote reservoir and surface conditions, respective

y recovery, then the
and “s” in eq. (4)
ity at reservoir conditions

Pcoz 1s calculated from equations of state (e.g.; Span ¢ , 1996). The volumes of
injected and/or produced water, solvent or g lated from production records

As mentioned previously, the total st a region (defined on the basis of
geography, jurisdiction or sedimentary basin)is the sum of storage capacities in the individual
reservoirs, and is based on discover le oil and gas in place. A simple extrapolation
should be used to a ] i rage capacity in undiscovered oil and gas

reservoirs, produci

which in many jurisdictions around the world are of poor quality.

In the case of reservoirs underlain by aquifers, the reservoir fluid (oil and/or gas) was originally
in hydrodynamic equilibrium with the aquifer water. As hydrocarbons are produced and the
pressure in the reservoir declines, a pressure differential is created that drives aquifer water up
into the reservoir, invading the reservoir. If CO; is then injected into the reservoir, the pore space
invaded by water may not all become available for CO, storage, resulting in a net reduction of
reservoir capacity (Bachu and Shaw, 2003). The pore volume invaded by water from underlying
aquifers cannot be estimated without detailed monitoring of the oil-water interface and detailed

24



knowledge of reservoir characteristics. The reduced storage volume may eventually become
available if the reservoir pressure caused by CO; injection is allowed to increase beyond the
original reservoir pressure, which may or may not always be allowed or possible. Furthermore,
the hysteresis caused by relative permeability effects may also prevent complete withdrawal of
invaded water, leading to a permanent loss of storage space. Notwithstanding the effect of an
underlying aquifer, three other factors control the effectiveness of the CO, storage process: CO,
mobility with respect to oil and water; the density contrast between CO, and reservoir oil and
water, which leads to gravity segregation; and reservoir heterogeneity (Bondor, 1992; Doughty
and Preuss, 2004). All these processes and reservoir characteristics that reduce the actual volume
available for CO,; storage can be expressed by capacity coefficients (C < 1) in the form (Doughty
and Preuss, 2004):

M CioxCoxCpxCy,xCyxMcoy=C,xM, 4 }8)
C02e = Lm b h w a co2t = Lo COo2t

=2
where M o2, is the effective reservoir capacity for CO, storage, the , b, h,wand a
stand for mobility, buoyancy, heterogeneity, water saturation, and aq , respectively,
and refer to the phenomena discussed previously, ent C, is a single effective
capacity coefficient that incorporates the cumulati
coefficients likely vary widely, depending on reservoir
range of incremental oil recovery (7 to 23% of OOIP) an utilization (0.7 to
47 m’ CO,/ m° recovered oil at reservoir conditic 25 CO,-flood EOR
operations in Texas (Holt et al., 1995). Unfor ery few studies and
methodologies for estimating the values of thes ity coefficients, mostly on the basis of

storage in depleted hydrocarbon reservoi imating an ultimate effective storage capacity
could be done similarly to the ultima 1 storage capacity (eq. 7), but in this case the
extrapolation is mo
difficult to apply to

should be applied for the selection of the best oil and gas reservoirs for CO,
storage to determine the practical CO, storage capacity. An example of application is provided
for western Canada, where the theoretical storage capacity of ~12 Gt CO; in ~35,000 oil and gas
pools reduces to a practical storage capacity of ~4.1 Gt CO, in <1000 pools that have individual
storage capacity greater than 1 Mt CO, each (Bachu and Shaw, 2005).

A special case of CO; storage in oil reservoirs is CO, flood enhanced oil recovery (EOR).
Estimation of the storage capacity in CO, EOR is not based on the reservoir volume that will be
made available for storage at reservoir depletion, but on detailed, case-by-case numerical
reservoir simulations that predict reservoir behavior, the amount of additional recoverable oil and
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the amounts of CO, that need to be injected and are recovered as part of the EOR process. Due to
the very nature of the EOR process and of the numerical simulations, the obtained storage
capacity estimate for a reservoir is already at the level of an effective estimate. Furthermore, the
level of detail required in numerical simulations generally precludes regional and basin scale
estimations of CO; storage capacity in CO, EOR. However, based on experience to date,
screening and identification of oil reservoirs suitable for CO, EOR can be performed at the
regional and basin scales using various criteria such as reservoir depth, temperature and pressure,
minimum miscibility pressure (MMP) and oil gravity ((Taber et al., 1997; Kovscek, 2002; Shaw
and Bachu, 2002). An analytical method developed by Shaw and Bachu (2002) can be used then
for the oil reservoirs identified as suitable for CO, EOR to estimate at the regional and/or basin
scale the CO; storage capacity in EOR using information available in reserves es and
without the need of detailed knowledge of reservoir geometry and geolo gy,and o pecifi PVT
analyses and numerical simulations. Further application of screening oir
size and recoverable oil reduce the effective storage capacity to pract

capacity of 638 Mt CO, that reduces to 450 Mt CO
with individual capacity greater than 1 Mt CO, ea

complex, interdepende ependent ways, an attempt is then made to describe how they
ic trapping of CO».
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6.1 Storage Capacity in Structural and Stratigraphic Traps

Storing CO; in structural and stratigraphic traps, (static trapping, see Introduction), is similar to
storing CO, in depleted oil and gas reservoirs, the only difference being that the trap is saturated
with water instead of containing hydrocarbons. The location and geometry of these traps needs to
be known and determined using the standard techniques used in hydrocarbon exploration. If the
geometric volume V., of the structural or stratigraphic trap down to the spill point is known, as
well as its porosity ¢ and the irreducible water saturation S,,;, then the theoretical volume
available for CO; storage, Vo2, can be calculated with the formula:

Vecoz = Vtrap X ¢X (] - Swirr) =AXhx ¢ X (] - Swirr)

where A and h are the trap area and average thickness, respectively.

This volume is time-independent, and depends on trap characteristics alo elation (9) assumes

constant porosity and irreducible water saturation, and is applic en a or
characteristic values are used. If the spatial variability of ¢ a 1s known, then the
following relation should be used:

)

Veox = I”Wl -8, )dxdydz

The effective storage volume, Voy,, is given i similar to oil and gas reservoirs by:

Vcoze = Ce X Voo (10)

es the cumulative effects of trap heterogeneity,

where C. is a capacity coefficient t
i here are no values in the literature for this

it has to be lower than the maximum bottomhole injection pressure, P, that

ies usually impose in order to avoid rock fracturing. The maximum injection
pressure should also be less than the threshold entry pressure of the caprock (seal). Thus, the
mass of CO, that would be stored in a structural or stratigraphic trap would be between these two
limits:

minMcoz = Pco2(Pi, T) X Viragp < Mcoz <maxMcoz = Pco2(Prmav T) X Virap (11)
where T is temperature in the trap. The mass capacity of a trap may vary in time if pressure

varies because, although the volume of the trap remains constant, CO, density varies with
varying pressure. Thus, if the pressure in the trap decays after cessation of injection, the stored
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CO, will expand, and if the trap was originally filled to the spill point, then some CO, will
migrate past the spill point into the open system of the underlying aquifer.

Relations (9) — (11) can be applied to both theoretical and effective storage capacity estimates for
basin- and regional-scale assessments by applying them individually to all the structural and
stratigraphic traps identified as potential candidates for CO; storage and summing the resulting
individual capacities. In the case of local- and site-scale assessments, numerical modeling will
likely provide an estimate of the CO, pressure in the structural or stratigraphic trap, in which
case the mass of stored CO, can be calculated based on CO, density in a straightforward manner.

6.2 Storage Capacity in Residual-Gas Traps

The concept of residual-gas trapping is intrinsically linked with hydr
much as it applies only to a migrating plume of CO,. This trapping m

irreducible gas saturation left in the wake of a migrating stream or plum: hen water
(wetting phase) moves back into the pore space (during an imbib

expelled from the pore space (during a drainage cycle) by the 1grat1ng CO,
(non-wetting phase) and is due to the hysteretic pr ve pern eability®. During
injection, CO; saturation increases in a drainage-like and lateral flow paths

are created as CO, migrates laterally away from the inje d to the top of the aquifer
igrate upward and displace

(12)

The tra fion, Scoz, depends on the actual CO, saturation at flow reversal and on
ve permeability for CO,-brine systems for the respective aquifer rock

Unlike in the case of structural and stratigraphic traps, the storage volume in residual-gas
trapping is time-dependent, increasing through time as the plume of CO; first spreads and then

* When a non-wetting fluid, like oil or CO,, moves into, or invades a porous medium saturated with a wetting fluid
(most commonly water), the latter is displaced from some of the pore space (a process referred to as drainage, hence
the term “drainage cycle”), but it returns when the non-wetting fluid retreats or moves out (a process referred to as
imbibition, hence the term “imbibition cycle). Some residual, discontinuous water is left in the pore space when the
non-wetting phase attains maximum saturation during the drainage cycle, and vice-versa, some residual,
discontinuous and immobile non-wetting fluid remains in the pore space when the wetting fluid reaches maximum
saturation during the imbibition cycle. Hysteresis refers to irreversibility, or path-dependence of relative
permeabilities and capillary pressures on the saturation path and history.
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migrates. Consequently, the CO, storage capacity in residual-gas traps has to be evaluated at a
specific point in time, and will vary in time as long as the injected CO, continues to migrate.

The mass of stored CO; is obtained by multiplying the storage volume by the density of CO; at
in-situ conditions, but this density is both time- and position-dependent as pressure and
temperature vary along the flow path and as, for the same location, pressure builds up or decays,
depending on the stage of the storage operation.

While porosity ¢ and relative permeability characteristics can be determined through laboratory
measurements on core-scale rock samples, the trapped CO, saturation Scp,; and the-volume
AVyqp can be determined only through numerical simulations (e.g., Kumar et a Juanes et
al., 2006). Thus, estimation of the CO, storage capacity through residual- gas
achieved only in local- and site-scale assessments, but not in basin- and r

assessments. The value thus obtained can therefore be included in eff
capacities, depending on the estimation purpose and level of detail.

6.3 Storage Capacity in Solubility Traps

on dioxide solubility

ater salinity. Carbon

dioxide may mix with, and then dissolve in, formation wat ough the processes of diffusion
1V trapping is a continuous,

time-dependent process estimated to be most effective over time periods in the order of

bility trapping has to be evaluated for

a specified point in time.

The rate at which solubility trappm
coming into contact
stopped (effectively s
with CO,, and d1ffus1o
induced by a hydra

nds principally on the amount of free-phase CO,
rated with CO,. Once migration of the CO; has

ain mixing process, unless natural formation water flow
1 the aquifer or cellular convection within the pore system
ater and replaces it with unsaturated water. Modelling

an occur under favorable conditions. Because CO,-saturated water is
iginal formation water, if the rock permeability is sufficiently high,
ontinually remove the layer of CO,-saturated water that forms at the
e CO,, replacing it with unsaturated water, thus enhancing the

form naturally (Lindeberg and Wessel-Berg, 1997; Ennis-King and

process is much slower and the storage capacity through this trapping mechanism much lower
once the CO; has become immobilized in structural and stratigraphic traps, where CO, comes
into contact with formation water only at the base of the trap. When the CO, is migrating, lateral
contact occurs as well, bringing CO; into contact with a larger amount of unsaturated water.
Lately, some thought is being given to accelerating the dissolution process by artificially forcing
the removal of the CO;-saturated layer and its replacement by unsaturated water (Leonenko et
al., 2006). Regardless of the retarding or enhancing processes discussed above, CO; storage
through solubility trapping is a relatively slow, time-dependent process that is predicted to be
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mostly active after cessation of injection, and can be properly assessed only through numerical
simulations at the local- and site-scale. Furthermore, solubility trapping is less favorable in thin
aquifers, especially if the injected CO, comes into contact with the underlying aquitard or
aquiclude (bottom seal).

At the basin- and regional-scale, the theoretical CO, storage capacity in solution can be
estimated using the relation (after Bachu and Adams, 2003):

Mcox = [[[p(psX 5% = poX {° )dxdyde (13)

N

where @is porosity, p is the density of formation water, X “°? is the carbon dMntht
(mass fraction) in formation water and the subscripts 0 and S stand for initial on dioxide
content and carbon dioxide content at saturation, respectively. The ini Untent
and carbon dioxide content at saturation depend on the pressure, tem and salinity
distribution in the aquifer, and, because of their variation, a process ic integration
needs to be used. If average values are being used for aquifer tk ity, and for
carbon dioxide content in aquifer water (initial an aturation e following simpler
relation can be used:

Mcoz=A X hx ¢x(psX %% = poX ) (13)

e whole aquifer volume under consideration. Given the strong time-
dependence of CO, dissolution, the coefficient C should arguably be time-dependent. It may be
possible to evaluate through numerical simulations a functional expression for the coefficient C,
or even just a single value.

Solubility trapping is very dependent on the chemical characteristics of the host formation water
and on pressure and temperature (Gunter et al., 2004), hence estimation of the CO, storage
capacity in solution is very site specific. Considering also the time dependency of the processes
involved, basin- and regional-scale estimates of storage capacity cannot be calculated with any
meaningful reliability or accuracy, except by extrapolation of site-specific calculations.
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6.4 Storage Capacity in Mineral Traps

Like solubility trapping, mineral trapping is very dependent on the chemical composition of
formation waters and of the rock matrix, and on temperature and pressure. In addition, it depends
on the contact surface (interface) between the mineral grains and the formation water containing
dissolved CO,, and on the flow rate of fluids past the interface (Gunter et al., 2004). The size of
the interface depends on grain and pore size, and on grain contacts (i.e., the grain-to-grain
contact surface is not available for mineral reactions). The flow rate depends on rock
permeability, hydraulic gradients and water viscosity, which itself depends on water temperature
and salinity, and much less so on pressure. The complexity of the chemical an al
processes involved and the level of detailed knowledge and data needed to es the amount
of CO, that would be trapped through mineral precipitation preclude ful basin- and
regional-scale estimation of CO, storage capacity, notwithstanding th loIMe

take several thousand years for geochemical reactions to ant impact (Xu et al.,
2003; Perkins et al., 2005). Like residual-gas and solubilit ing, mineral trapping is a time-
dependent process operating on the scale of mi nce O, storage capacity needs to

be estimated for a particular point in time.

6.5 Storage Capacity in Hydrodynami

Unlike the other trapping mechanis
based ona smgle Spe

amic trapping of CO, (Bachu et al., 1994) is not
cific ph ica ical trapping mechanism, but is a combination of the

st important characteristics, as in structural and stratigraphic
bility of pore space and injectivity. Carbon dioxide will be stored in
g unmappable) structural and stratigraphic traps (“bumps”) along the

starts as soon as COz contacts formation water, and the storage capacity

depen s not only on the in-situ pressure, temperature and water salinity, but also on the

volume of water that is contacted by the injected CO, (however, the amount of CO,
stored through dissolution during the injection phase is likely negligible);

- Mineral precipitation of CO, may also occur almost from the beginning of injection, but
CO, dissolution has to occur first, and the storage capacity depends on in-situ conditions
and rock mineralogy, and also on the rock surface contacted by the CO,-saturated water.
It is an extremely slow process;

> The exception being residual saturation trapping, which does not start to operate until injection stops but thereafter
may proceed simultaneously with trapping by other mechanisms
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- Residual gas trapping occurs as the plume of CO, migrates through the aquifer after
injection has stopped. The injected CO, continues to migrate leaving in its wake
immobile, free-phase CO, trapped in the pore space at irreducible saturation. As this CO,
comes in contact with the invading water, it will dissolve over time.

Given the length of travel time through deep regional-scale flow systems, the injected CO, can
be retained in the subsurface for millennia to millions of years, during which CO; can be
completely trapped through residual gas trapping, dissolution and mineral precipitation such that
no mobile, free-phase CO, will exist in the system, as modeled in various numerical simulations
(e.g., McPherson and Cole, 2000; Ennis-King et al., 2003). o

Because hydrodynamic trapping is based on several CO; trapping mechanistgat times
simultaneously and sometimes being mutually exclusive, the CO; sto ap has to be
evaluated at a specific point in time as the sum of the storage capaciti i

of CO; injection in deep saline aqu1fers.

6.6 Summary

Evaluation of the CO, storage capacity in dee fers‘is very complex due to the various
trapping mechanisms involved that act at dif’ 1d, at times, simultaneously. Saline
aquifer CO; storage capacity evolves can best be estimated through numerical

modeling. This, and the level of det
CO, storage capacity practical only

in the required data make estimation of
nd site-specific scales. However, the storage

capacity that is relevant i apacity that can be accessed and achieved during the injection
stage of a CO, storag je d pping processes have a negligible contribution
during this stage, they d (this could most likely be the case of mineral trapping).
The same comple dependency makes it very difficult to estimate theoretical,

e overall CO, storage capacity, theoretical and effective, can
aximum volume of CO, that can be injected in a water-bearing

and stratigraphic traps, and

- any additional amount of CO, that will be stored by residual gas saturation, dissolution
and mineral precipitation along the CO, migration path from the injection point(s) to the
final trapping place.

Some of the methods presented previously for estimating CO, storage capacity in deep saline
aquifers are applicable only at the local and site specific scales due to the level of data resolution
and accuracy needed in the estimation and/or to the need of using numerical modelling.
However, if sufficient representative case studies are presented over time, it may be possible to
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build up enough knowledge and experience to allow some rules of thumb to develop for various
geological storage scenarios.

7. Conclusions

Carbon dioxide capture and geological storage (CCGS) is a means for reducing greenhouse gas
emissions into the atmosphere that, technologically, is immediately available, as demonstrated by
analogue commercial-scale operations in CO, enhanced oil recovery (EOR), natural gas storage
and acid gas disposal, including CO, injection at Sleipner and In Salah. However
implementation of this technology at the scale needed to achieve a significant ningful
reduction in CO, emissions, governments and industry need to know more about 2 stohge
capacity. More specifically, there is a need to know what storage medi a ble
(hydrocarbon reservoirs, coal beds or deep saline aquifers), what the trapp anisms
are (stratigraphic and structural traps, residual gas saturation, dissolution, mineral precipitation,
and/or adsorption), how much capacity there is, and where it is

and jurisdictions in assessing the CO, storage
approach is recommended, there are still gap
further studies and field experience.

Fundamental to the assessment of CO, stora pacity is the concept of the resource-reserves
modity that are estimated ata given time to

hange, and for this reason it is recommended that CO, storage
pdated periodically.

number as in practice there always will be physical, technical, regulatory and economic
limitations that prevent full utilization of this storage capacity. Many of the previous CO, storage
capacity estimates fit into this theoretical category. The effective storage capacity is a subset of
the theoretical capacity and is obtained by applying a range of technical (geological and
engineering) cut-off limits to a storage capacity assessment. The practical storage capacity is that
subset of the effective capacity that is obtained by considering other technical, legal and
regulatory, infrastructure and economic barriers to CO, geological storage. The matched storage
capacity is that subset of the practical capacity that is obtained by detailed matching of large
stationary CO, sources with geological storage sites that are adequate in terms of capacity,
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injectivity and supply rate. The difference between matched and practical storage capacities
represents stranded storage capacity that cannot be realized because of current lack of
infrastructure. The certainty of storage potential increases and the cost of storage decreases as
evaluation move from theoretical to matched storage capacity.

Another fundamental element to assessing CO, storage capacity is the assessment scale. The
country-scale assessment is a high level of assessment performed for a contiguous geographic
area defined by national jurisdiction (country) and usually encompasses several sedimentary
basins and/or parts thereof if a basin is shared between two or more jurisdictions. The basin-scale
assessment is a more detailed level of assessment focusing on a particular sedime basin to
evaluate and quantify its storage potential and to identify the best (or more pro regions
and/or sites for CO; storage and their type, often in relation to the major stationary CO, s\urces
in the basin or in its proximity. In most cases a basin is areally small

some cases it may straddle countries or may be shared by several. Th i ssment
is performed at an increasing level of detail for a large, geographically-conti

sedimentary basin, usually defined by the presence of large CO its known
large potential for CO, storage. Such assessments are underta ally to identify sites for CO,
storage. The local-scale assessment is very detaile pre-engineering level

when one or several candidate sites for CO, storage a i ine site capacity,

performed for the specific storage unit, usually to model th aviour of the injected CO,. The
level of detail and data accuracy increase as th i
under study decreases.

Estimation of the CO, storage capacit
unlike coal beds and deep saline aq
continuous and are much better cha ch that the capacity for CO; storage in any
particular region at is @ of the capacities in all the reservoirs in that
area. The storage cap n reservoir is calculated on the basis of reservoir
properties such as orig i place, recovery factor, temperature, pressure, rock
volume, poro : : uratlo , as well as 1n s1tu CO, characterlstlcs such as phase

rvoirs is straightforward because,
reservoirs are discrete rather than

ermined through numerical simulations and field experience.
age capacities can be determined through the application of various

the basis of worldwide field experience of more than 30 years of CO,-EOR, and through
numerical simulations. The challenging aspect is the identification of oil reservoirs that are
suitable for CO, EOR and co-optimization of oil recovery and CO, storage.

Determination of the theoretical CO, storage capacity in coal beds is relatively straightforward,
and is based on coal thickness and CO, adsorption isotherms. However, the major challenge is
determining suitable coal beds that can be used for CO, storage on the basis of various criteria
relating to coal properties such as permeability and seam thickness, CO, phase, regulatory
protection of other resources such as groundwater, and economics of coal mining. In other
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words, the challenge is in identifying those coal beds that are uneconomic and yet suitable for
CO, storage. Evaluation of the effective storage capacity depends on recovery and completion

factors for which no numerical values are available to date. Practical and matched storage

capacities need to be evaluated on a case-by-case basis using numerical and economic modeling.

Evaluation of the CO, storage capacity in deep saline aquifers is very complex due to the various

trapping mechanisms involved that act on different time scales, particularly dissolution and

mineral precipitation. Because of the time dependency, except for storage in stratigraphic and
structural traps, the CO; storage capacity has to be estimated at a specific point in time, and can
be achieved through numerical modeling. This aspect and the level of detail and resolution in the

required data make estimation of CO, storage capacity practical only at the loc
scales. However, the relevant storage capacity is that capacity that can be accessed‘and achieved
during the injection stage, and if some trapping processes have a neg
this stage, they may be neglected. The same complexity and time dep
difficult to estimate theoretlcal effective and pract1cal CO, storage c pa

coefficients when increasing the resolution and decreasing

moving up the resources-reserves pyramid.

Table 1: Applicability of current methodologies for esti

storage mechanisms.

cy m

butio

, both individually

1te-specific

ring

e need for “reduction”
cale of the assessment and

ge capacity to various assessment scales and

Storage Trapping Tempo Assessment Scale
Mechanism Mechanism Nature Country | Basin | Regional | Local | Site
Specific
Oil & Gas N N N N
Reservoirs
Yes - - - N N
Yes N \ N \ \
Yes N N N N N
? - - - \ N
Yes Yes - - - N N
Yes Yes - - - N N
| Hydrodynamic | Yes Yes - - - \ \

' _ A trapping mechanism has a temporal nature if the physical or chemical storage process continues after cessation
of injection

— Various coefficients need to be estimated to cascade the storage capacity estimate down from theoretical to

effective and to practical. These coefficients have to be determined based on field experience and/or numerical
simulations
Note: For trapping mechanisms that can be assessed only at local or site specific scales, it may be possible to be
assessed at higher scales once detailed experience and knowledge develop that allow extrapolation at regional
scales, and/or through probabilistic methods.
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The current review provides a clear set of definitions and methodologies needed for the
assessment of CO; storage capacity in geological media, however, it also points to the need for
future work for determination of the various reduction coefficients that are needed in estimations
of effective and practical storage capacities. These coefficients can be evaluated based on
laboratory experiments, numerical simulations and field experience and measurements.

N

&
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8. Recommendations

This report concludes Phase 2 of activities of the CSLF Task Force on CO, Storage Capacity
Estimation and provides a set of consistent definitions and recommended approaches and
methodologies for estimating CO; storage capacity in coal beds, oil and gas reservoirs, and deep
saline aquifers. However, given that CO, storage in geological media is still in its infancy and the
lack of agreed approaches and experience in storage capacity estimation, there are still gaps in
the methodology that need covering, in a continuing process, ideally under the CSLF
sponsorship.

Therefore, it is recommended that the Task Force on CO, Storage Capacity E ontlnues
its activities in a new Phase 3 to start at the time of adoption by the CSLF Te nical Gro

this recommendation.

the USDOE Regional Carbon Sequestration
guidelines in the fall of 2006 (see footnote on p. :
include further development and refinement of the conomic Resource-Reserve

ilar estimations within their jurisdiction.
n various coefficients that are used in CO,

Given the complexity and magnitude of these activities, not necessarily all of them will be
undertaken in the proposed Phase 3; the Task Force will decide which ones will be undertaken
depending on resources and member’s availability. These recommendations should be integrated
into the PIRT Technology Gaps Analysis for Storage.
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