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Preface

Underground geological storage of carbon dioxide (CO,) has a considerable potential for
mitigating climate change. CO, can be safely injected and stored at well characterized and
properly managed sites. Injecting carbon dioxide in deep geological formations can store it
underground for long periods of time. Depleted oil and gas reservoirs, saline aquifers and car-
boniferous formations can all be used for storage of CO,, as well as in abandoned coal mines.
At depths below about 800-1000m, CO, has a liquid-like density that permits the potential
for an efficient use of the underground reservoirs in porous and sedimentary rocks.

An International Workshop was held by the State Key Laboratory for GeoMechanics and
Deep Underground Engineering of the China University of Mining and Technology on CO,
Storage in Carboniferous Formations and Abandoned Coal Mines. The purpose of this work-
shop was to promote research activities in China and to strengthen international cooperation
among scientists and engineers from different countries.

The Workshop provided an excellent opportunity to hold high level discussions and to
define novel approaches for the solution of the problems involved with the injection and stor-
age in coal formations and in particular within abandoned coal mines, especially in China.
During the event several topics were addressed, namely the present situation of Carbon Cap-
ture and Storage (CCS) projects in the world and particularly in China, the complexity of
the coupling between physical processes in coal seams, considerations regarding numerical
simulation of injection and storage in coal formations, considerations related to CO, storage
in abandoned coal mines and finally methodologies for risk assessment of CO, storage in
carboniferous formations.

Chinese and foreigner researchers from Australia, Belgium, Brazil, Portugal and the USA,
participated actively in the event. The book contains ten Chapters summarizing research
activities sourced in five countries. The contents will be of use to researchers and engineers
involved in CCS.

Manchao He

L. Ribeiro e Sousa
Derek Elsworth
Euripedes Vargas Jr.
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Present day conditions in the world of Carbon Capture
and Storage (CCS) projects

L. Ribeiro e Sousa
State Key Laboratory for Geo Mechanics and Deep Underground Engineering, Beijing, China
University of Porto, Portugal

ABSTRACT: The special report on Carbon dioxide Capture and Storage (CCS) under the
auspices of the United Nations—Framework Convention on Climate Changes constitutes a
milestone in the world, which needs to urgently develop strategies that take into account the
control and reduce emissions of greenhouse gases (GHG). Among the various GHG, carbon
dioxide (CO,) is the most abundant component, whose underground storage has been proven
in low risk. This publication describe the present day conditions of CCS projects with partic-
ular emphasis in the description of the processes associate to the capture and transportation
of CO,; the different types of solutions of underground storage of carbon; and the existing
projects. Finally the storage in carboniferous formations is examined separately, since China
has the major resources in coal in the world, as well as a large number of abandoned coal
mines.

1 INTRODUCTION

There are several ways of mitigating GHG emissions to the atmosphere, however, the stor-
age of large quantities of carbon in geological formations is one of the most effective and
visible results today. Carbon dioxide Capture and Storage (CCS) is a process consisting in
the separation of CO, from industrial and energy-related sources. Figure 1 gives a schematic
diagram of possible CCS systems showing the sources, for which CCS might be relevant, and
the transport and storage of CO, options.

The CCS systems are considered as one of the options for reducing atmospheric emissions
of CO, from human activities and consequently permit the stabilization of greenhouse gas
concentrations in the atmosphere at a level that prevents dangerous interference with climate
system. Other technological options include:

— reducing energy demand

— decarbonizing energy supplies

— increasing of renewable energies and (or) use nuclear energy

- sequestering CO, by biological fixation reducing non-CO, greenhouse gases

Figure 2 illustrates the options for storing CO, in deep underground geological formations.
Geological storage of CO, can be undertaken in a variety of possibilities in sedimentary
basins. Sedimentary basins occur throughout the world, both onshore and on the continental
shelves (Figure 3). Other geological options which may serve as storage sites include caverns
in basalt, organic-rich shales and in rock salt.

In 2007 China became the largest emitter of CO, (He, 2011). In 2006 reached a peak of
1.6 GtCl/year (Zeng et al., 2008). In spite of this, China releases much less GHG per capita
than other countries (Figure 4).

Currently CO, capture is a costly and energy consuming. The costs obviously depend on
the dimension of the industrial unit and of the type of fuel used.
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Figure 1. Schematic diagram of possible CCS systems (CO,CRC).
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Figure 4. Emissions and carbon intensity in China between 1980 and 2006 (Adapted from Zeng et al.,
2008).

Large point sources of CO, include large fossil fuel or biomass energy facilities, major
CO,-emitting industries, natural gas production, synthetic fuel plants and fossil fuel-based
hydrogen production plants.

Potential technical storage methods are: geological storage (in geological formations, such
as oil and gas fields, unminable coal beds and deep saline formations), ocean storage (direct
release into the ocean water column or onto the deep seafloor) and industrial fixation of CO,
into inorganic carbonates.

Components of CCS are in various stages of development (see Figure 5). In the Figure,
X indicates the highest level of maturity for each component. Complete CCS systems can be

3
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Capture Post-combustion X
Pre-combustion X
Oxyfuel combustion X
Industrial separation X
Transportation Pipe line X
Shipping X
Geological storage Enhanced Oil Recovery (EOR) X
Gas or oil fields X
Saline formations X
Enhanced Coal Bed Methane recovery (ECBM) X
Ocean storage Direct injection (dissolution type) X
Direct injection (lake type) X
Mineral carbonation Natural silicate minerals X
Waste materials X
Figure 5. CCS system components (Adapted from IPCC, 2005).
Reservoir type Estimate storage capadty
(GICO,)
Lower estimate Upper estimate
QOil and gas field 675 900
Unminable coal seams (ECBM) 315 200
Deep saline formations 1000 Uncertain, but possible 10"

Figure 6. Estimate storage capacity for several geological storage options (IPPC, 2005).

assembled from existing technologies that are mature or economically feasible under specific
conditions, although the state of development of the overall system may be less than some of
its separate components.

There is relatively little experience in combining CO, capture, transport and storage into a
fully integrated CCS system. The utilization of CCS for large-scale power plants (the poten-
tial application of major interest) still remains to be implemented. The different estimate
solutions, as indicated in Figure 6, shown that the estimates of storage in unminable coal
seams are more reduced, but the possibility of using abandoned coal mines could be an
attractive possibility in countries with a considerable number of mines in this situation, like
in China (He, 2011).

Ocean storage can be also considered by two ways (Figure 7): by injecting and dissolving
CO, into the water column (typically below 1,000 meters) via a fixed pipeline or a moving
ship; or by depositing it via a fixed pipeline or an offshore platform onto the sea floor at
depths below 3,000 m, where CO, is denser than water and is expected to form a “lake” that
would delay dissolution of CO, into the surrounding environment (IPPC, 2005).

Ocean storage and its ecological impacts are still in the research phase. The dissolved and
dispersed CO, would become part of the global carbon cycle and eventually equilibrate with

4
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Figure 7. Overview of ocean storage concepts (CO,CRC).

the CO, in the atmosphere. In laboratory experiments, small-scale ocean experiments and
model simulations, the technologies and associated physical and chemical phenomena, which
include, notably, increases in acidity (lower pH) and their effect on marine ecosystems, have
been studied for a range of ocean storage options.

2 PROCESSES ASSOCIATED TO THE CAPTURE AND TRANSPORTATION

The purpose of capture of CO, is to produce a concentration stream and transport of CO,
to a storage site. Today, the capture of CO, is only technically possible and economically
profitable for emission sources of large industries, such as power plants and other industrial
plants (Figure 8).

Currently, the CO, capture technology is very expensive and energy consuming. Generally
speaking, capture systems are divided into three categories: capture the exhaust gases (post-
combustion), upstream of the combustion capture (pre-combustion) and combustion with
high oxygen content (combustion oxyfuel). In Figure 9, are schematically described the three
types of capture, as well as the typology of a traditional fossil fuel power plant. Diagrams of
fossil-fuel-based power generation and different capture systems are explicitly represented in
Figure 10 (IPCC, 2005).

In the combustion gases from industries and power plants there are in most cases, other
gases, such as oxygen, sulfur oxides, nitrogen and water vapor. For economic reasons and
risk (hazard levels and different interactions among the various gases), it is impossible to
compress and store all the exhaust gases from chimneys. CO, is a waste produced in large
quantities, which has significant implications for the environment with a capture process
more feasible (Gomes, 2010).

Some industrial solutions using different processes of capture are presented at Figures 11
and 12 (IPCC, 2005).

CO, is transported as a gas, liquid or solid and commercial transport uses tanks, pipe-
lines and shipping. Gas occupies less if compressed and is normally transported by pipelines

5
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Figure 11. CO, post-combustion capture at a plant in Malaysia (IPPC, 2005).
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Figure 13. Transportation by pipelines (Gomes, 2010).
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Figure 15. Transportation by shipping (Adapted from Gomes, 2010).
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Figure 16. Transport costs associated with pipelines or by shipping (source from Gomes, 2010).

(Figure 13). CO, pipelines provide direct route to harmful human exposure or to harmful
impacts on animals and plants by producing a local high concentration of CO, and generating
exposures sufficient to harm or kill people, plants and animals (IPPC, 2005). While an impor-
tant risk precautions can be taken to minimize the likelihood of a major pipeline rupture.

In the USA existed several long-distance CO, pipelines as illustrated in Figure 14, with spe-
cial emphasis to the Cortez pipeline with 808 km, to the Sheep Mountain pipeline (660 km)
and to the Weyburn pipeline with 330 km.

Sometimes shipping can be economically attractive, particularly if the transportation for
long distance (Figure 15). In these circumstances the transport of CO, is done similarly to
other products, such as propane or butane.

Figure 16 compares the costs associated with transport by pipeline and by shipping. It is
considered that mass flow of CO, is constant at 6 MtCO,/ano, and that the costs of transport
by shipping include temporary storage, taxes, fuel costs, and activities of loading and unload-
ing. The curves for the pipelines are actually straight, given the constant slope corresponding
to a constant cost, per unit length. It was verified that transport by shipping is an option, and
it is more viable for distances over 1,000 km.
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3 STORAGE OF CO, IN UNDERGROUND

The carbon dioxide captured in order to reduce GHG emissions to the atmosphere, must
be stored in proper sites. There are several reservoirs in the nature where the CO, is trapped
particularly in the pores of sedimentary rocks. Thus geological underground storage can be
considered a good option for storage of CO,.

It is necessary to take into account several aspects in underground storage of CO, (Gomes,
2010; Sousa and Sousa, 2011):

o The storage period should be long, preferably hundreds or thousands of years;

e The storage cost, including transportation from the place of capture, injection and moni-
toring, should be minimized;

e The methodologies used cannot violate any laws or regulations, at national or interna-
tional levels;

¢ Environmental impacts should be studied carefully, and should be evaluated ways to make
them as minimal as possible;

o The likelihood of accidents should be practically nonexistent.

As already referred before, the main possible types of reservoirs for storage are:

¢ Carboniferous formations (unminable coal seams or abandoned mines) where exploitation
of the coal has no economic benefits (for example, when the depths to which it is located
the coal are very high).

e Oil or gas fields already exploited to the maximum, or even still in use in special
situations.

o Saline formations, which are usually local underground filled with groundwater that can-
not be used for consumption.

e The ocean at the great depths.

The CO, injected into the porous and permeable fractures of geologic formations may
cause the displacement of the fluid initially present there, can dissolve in the same fluid, can
react with minerals in the formation, or may cause a combination of processes. The study of
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Figure 17. Location of sites where activities relevant to CO, storage are planned or under way
(IPPC, 2005).
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Figure 18. Storage in carboniferous formations with ECBMR (IEA, 2008).

Figure 19. CO, storage in oil field reservoir with EOR (CO,CRC).
11
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Figure 20. Storage in carboniferous formations with ECBMR (IEA, 2008).

these complex phenomena is presented at the Workshop on CO, Storage in Carboniferous
Formations and Abandoned Coal Mines at the publications of Elsworth et al. (2011), Qu
et al. (2011) and Wang and Liu (2011).

The methodologies for Risk Assessment and resolution of the problems in CCS projects
can be seen at the publications of Sousa (2011) and Sousa and Sousa (2011).

Numerical modeling for injection and storage of CO, is analyzed in the publication of
Vargas et al. (2011).

Figure 17 shows the location of sites where activities relevant to CO, storage are planned
or under way, according to IPPC (2005).

Figure 18 presents a schematic diagram for storage in carboniferous formations with
ECBMR, where the major risks associated is referred. Other schematic diagrams are illus-
trated in Figures 19 and 20. In Figure 19, EOR means Enhanced Oil Recovery, and, in
Figure 20, ECBMR means Enhanced Coal Bed Methane Recovery.

4 EXISTING PROJECTS

4.1 General

A great number of storage projects are under way or have been proposed. Figure 21 gives
a selection of several geological storage projects according to IPCC (2005). Others are now
being developed not yet included in the presented list particularly in China, Brazil and USA.
In the publication of Zhang and Sousa (2011) for the Workshop on on CO, Storage in Car-
boniferous Formations and Abandoned Coal Mines, CCS activities in China, including
research activities, are described in detail.

Most actual commercial projects are associated with gas production facilities, such as
Sleipner in North Sea, Norway, In Salah in Algeria and Weyburn project, Canada. In sec-
tions 4.2, 4.3 and 4.4 details are presented regarding these projects (Gomes, 2010).

4.2 Project Sleipner, Norway

The offshore gas field Sleipner Project, in the North Sea about 250 km off the coast of
Norway, is the first commercial scale project dedicated to geological storage of CO, in a
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) Scale Injection Approx. Total Storage Geol. Age X o
Project | Country project | startdate | daily rate | storage type formation formation Lithology Monitoring
Sleipner | Norway Commercial | 1996 3000t 20 Mt | Aquifer Utsira Tertiary Sandstone 4D seismic

day-1 planned Formation plus gravity
Weyburn | Canada Commercial | May 2000 | 3-5000 t 20Mt | CO,-EOR Midale Mississippian | Carbonate Comprehensive
day-1 planned Formation
Minami- | Japan Demo 2002 Max 40 10,000t | Aquifer (Sth. | Haizume Pleistocene Sandstone Crosswell seismic
Nagoaka tday-1 planned | Nagoaka Gas | Formation + well monitoring
field)
Yubari Japan Demo 2004 10 t day-1 200t CO,-ECBM | Yubari Tertiary Coal Comprehensive
Planned Formation
(Ishikari
Coal Basin)
In Salah | Algeria Commercial | 2004 3-4000 17 Mt Depleted Krechba Carboniferous | Sandstone Planned
tday-1 planned | Hydrocar. Formation comprehensive
reservoirs
Frio USA Pilot 4-13 Oct. | App. 177t 1600t | Saline Frio Tertiary Brine-bearing | Comprehensive
2004 day-1 for formation Formation sandstone
9 days shale
K12B Netherlands | Demo 2004 100-1000t | Approx | EGR Rotleigendes | Permian Sandstone Comprehensive
day-1 8 Mt
(2006+)
Fenn Big | Canada Pilot 1998 50 t day-1 200t CO,-ECBM | Mannville Cretaceous Coal P, T, flow
Valley Group
Recopol | Poland Pilot 2003 1tday-1 10t CO,-ECBM |Silesian Carboniferous | Coal -
Basin
Qinshui | China Pilot 2003 30 t day-1 150t CO,-ECBM | Shanxi Carboniferous | Coal P, T, flow
Basin Formation Permian
Salt USA Commercial | 2004 5-6000 27Mt | CO,-EOR Frontier Cretaceous Sandstone Under
Creek tday-1 development
Snghvit | Norway Decided 2006 2000 t - Saline Tubaen Lower Sandstone Under
Commercial day-1 formation Formation Jurassic development
Gorgon | Australia Planned Planned Approx. - Saline Dupuy Late Massive Under
Commercial | 2009 10,000 t formation Formation Jurassic sandstone development
day-1 with shale
seal
Ketzin Germany Demo 2006 100 tday-1 | 60 kt Saline Stuttgart Triassic Sandstone Comprehensive
formation Formation
Orway Australia Pilot Planned 160tday-1 | 0.1 Mt | Saline fmand | Waarre Cretaceous Sandstone Comprehensive
late 2005 | for 2 years depleted gas | Formation
field
Teapot USA Proposed Proposed | 170 tday-1 | 10 kt Saline fm and | Tensleep Permian Sandstone Comprehensive
Dome Demo 2006 for 3 months CO,-EOR and Red
Peak Fm
CSEMP | Canada Pilot 2005 50 t day-1 10 kt CO,-ECBM | Ardley Fm Tertiary Coal Comprehensive
Pembina | Canada Pilot 2005 50 t day-1 50 kt CO,-EOR Cardium Fm | Cretaceous Sandstone Comprehensive

Figure 21. A selection of geological storage projects according to IPCC (2005).

saline formation (Figure 22). CO, content in natural gas varies from 4 to 9.5% and the CO,
content has to be reduced below 2.5%. CO, is injected in salt water containing sand layer,
Utsira formation, which lies 1000 m below sea level (IPCC, 2005; Solomon, 2006; Gomes,
2010).

The CO, project storage in saline aquifers was established to monitor and research the
storage of CO,. About 1 MtCO, is removed annually from produced natural gas and then
injected into the formation. The CO, injection operation began in October 1996 and in early
2005, more than 7 MtCO, had been injected at a rate of about 2700 t/day. A simplified dia-
gram of the Sleipner system is given in Figure 23.

This project is being conducted in three phases. Phase-0 involved the collection and evalu-
ation of data, which was completed in November 1998. Phase-1 consisted in assessing the
status of the project after three years of CO, injection. In Phase-2, data interpretation and
verification of the model began in April 2000.

Characterization of the reservoir and caprock formations was carried out. The reservoir
was mapped and characterized by 2D seismic data set and by well data. In more detail the
injection set was characterized using 3D seismic dataset and more closely spaced well data.
The 2D and 3D seismic data were fundamental for defining the limits of the reservoir and
their structure, as shown in Figure 24.
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Utsira formation
(800 - 1000 m depth)

Sleipner East
- Production and injection wells

Sleipner East Field

Figure 23. Diagram of the Sleipner CO, storage project (IPCC, 2005).

During this project it has been shown that the Utsira formation has good storage quality
with respect to porosity and permeability, depth, bedding, pressure and temperature. The
formation is an elongated sand reservoir extending to more than 400 km with an area of
about 26,100 km?.
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Figure 24. a) Typical 2D seismic reflection profile across the Utsira reservoir; b) Regional depth map
to top of Utsira; ¢) Detailed depth map of Top Utsira sand (from Solomon, 2006).

The dissemination of CO, in the storage formation has been monitored successfully by
seismic tests (Figure 25). These tests also showed that the caprock is an effective and pre-
vents the migration of CO, out of the storage reservoir. Currently, CO, at Sleipner spans
an area of about 5 km?. Studies and simulations of reservoirs covering hundreds of thou-
sands of years have shown that the CO, will eventually dissolve into pore water, which will
become heavier and sink, thus minimizing the potential for long-term leakage (Solomon,
2006).

4.3 Project In Salah, Algeria

The In Salah project involves a consortium between Sonatrach, BP and Statoil, and is located
in the central Sahara, Algeria (Figure 26). The location of Salah gas project in Algeria is
shown in Figure 27.

It is the first project in the world dedicated to large-scale storage of CO, in a gas reservoir
(Riddiford et al., 2003). The exploration fields Krechba, Teguentour and Reg, in In Salah,
produce natural gas with CO, concentrations of about 10%, which is higher than the trans-
port specification. So, before delivery to markets in Europe, it is necessary for separation
of CO, from fuel, which is then re-injected into a sandstone reservoir containing water at a
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CO, injection in the Utsira formation| 1999

2001 | 1999

2001 perspective view of CO, accumulations indicate thin layers of CO,

Figure 25.  Seismic surveys and position of injected CO, (Torp and Gale, 2004).

Processing facilities

Sandstones & mudstones
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(regional aquifer)
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Sandstone reservoir
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M Gas
Water

Figure 26. In Salah gas project, Algeria (IPCC, 2005).

depth of 1800 m. It is intended to be injected into storage until MtCO,/year 1.2. The CO,
injection began in April 2004 and for the duration of the project; it is estimated to store about
17 MtCO,,.

The complex consists of four production wells and three injection wells (Figure 26). Hori-
zontal wells at long range (up to 1.5 km) are used to inject CO, in the areas of the reservoir
with high permeability.

The Krechba field is a relatively simple anticline. The injected CO, is expected to migrate
into the area of the current gas field after depletion of the gas zone. The area was mapped
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Figure 28. Location of the Weyburn CO,-EOR and storage reservoir at Canada.

with three-dimensional seismic analysis and surveys. Were located deeply flawed, but the
most superficial levels in the rock matrix is presented intact (IPCC, 2005).

4.4 Project Weyburn, Canada

The Weyburn Project, located at Canada (Figure 28), is an enhanced oil recovery (EOR)
project located at Williston Basin, a geological structure that extends from south-central
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Figure 29. Block diagram of the geological model for the Weyburn project (Chalaturnyk and Whit-
taker, 2006).

Canada to the north-central United States. The project aims to permanently store almost all
of the injected CO,, eliminating the CO, that would normally be released during the end of
the field life.

The source of CO, for this project is the installation of Dakota Gasification Company
facility, located approximately 325 km south of Weyburn, in North Dakota, USA. At the
plant, coal is gasified to make syngas (methane), with a relatively pure stream of CO, as a
byproduct. This flow of CO, is dried, compressed and piped to Weyburn.

The Weyburn field covers an area of 180 km? with an initial volume of oil of about
222 million m? (1,396 million barrels). It is expected that over the life of the project (20 to
25 years) about 20 MtCO, being stored in the field, according to current economic conditions
and technology of oil recovery.

The oil reservoir is a fractured carbonate, with 20-27 m thick. A plan and expressed it
above the reservoir bed is a good barrier to leakage of CO,.

Since the CO, injection began in late 2000, the EOR project has been implemented as
planned. Currently, about 1,600 m*day (10,063 bpd) of oil is being produced from the field.
All the CO, produced is captured and recompressed for reinjection in the production area.
About 1,000 tCO,/day are now reinjected, which grows as the project matures. Monitoring is
extensive, with high resolution seismic and surface monitoring to determine potential leaks.
The monitoring includes surface sampling and analysis of potable groundwater, and the col-
lection and analysis of soil gases (Moberg et al., 2003).
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The geological characterization was one of the largest and most diverse aspects of the
project. The Weyburn reservoir is at an average depth of 1.5 km and includes a upper dolos-
tone unit, with an average thickness of about 6 m, and a lower limestone unit that averages
around 15 m in thickness. More details about the geological aspects can be described in paper
to International Symposium on Site Characterization for CO, Geological Storage presented
by Chalaturnyk and Whittaker (2006). A block diagram of the geological model for the Wey-
burn project is presented in Figure 29.

5 STORAGE IN CARBONIFEROUS FORMATIONS

The CO, injection and sequestration in carboniferous reservoirs can be performed either in
deep unminable coal seams or abandoned coal mines. Coal formations contain cleats that
impart some permeability to the system. Between cleats coal has a large number of micro-
pores into which gas molecules can diffuse and be tightly absorbed. Gaseous CO, injected
through wells will flow through the cleat system, diffuse the coal matrix and be absorbed onto
the coal micropore surfaces (Figure 30). The cleat spacing is very uniform and ranges from
the order of millimeters to centimeters (Shi and Durucan, 2005). If CO, is injected into coal
seams it can display gas methane enhancing coal bed methane recovery.

The coals can be classified according to their content of fixed carbon, whose proportion
increases as the ore is formed. In ascending percentage of carbon, the main coal types are
peat, lignite, bituminous coal and anthracite. In Figure 31, there are photographs of various
types of coal followed by a sketch of its stratigraphic position.

The gas storage mechanism in coal seams is distinctively different from that in oil and gas
reservoirs and aquifers, where injected CO, occupies the pore space as a separate phase or
is dissolved in water or oil. Over the last two decades coalbed methane (CBM) has become
an important source of (unconventional) natural gas supply in the United States. Car-
bon dioxide enhanced coalbed methane recovery (CO,-ECBM) is an emerging technology,
which has the potential to store large volumes of CO, in deep unminable coal formations
(coalbeds).

Face cleat

Matrix blocks containing pores

Figure 30. A schematic of coal structure (Shi and Durucan, 2005).
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Figure 31. Several types of coal (Coal, 2010).
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Figure 32. Coal bed methane test well at Sealand, Chester, UK (Evergreen Resources).

When listing coal seams also contain gases such as methane. The gas is held in pores on the
surface of the coal and in fractures in the seams. If CO, could be injected into a coal seam,
then the methane could be replaced and in turn be recovered. The CO, will remain stored
within the seam, providing the coal is never disturbed. In addition, the sale of the methane
produced could help to offset the cost of injecting the CO,.
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Figure 33. Schematic diagram of the CO,-ECBM process (Adapted Gomes, 2010).
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Figure 34. Coal mine in China.

In the most favorable coal basins it is estimated that 15 Gtonnes of CO, could be stored in
unminable coal seams. In the best sites, the operating income from increased methane pro-
duction would compensate for the additional costs associated with CO, injection. The more
CO, (perhaps 20 to 50 times as much) could be stored in less favorable coal basins, the higher
cost would be. A key factor determining the attractiveness of a particular site is the perme-
ability of the coal.
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Figure 35. Schematic representation of pressure evolution in an abandoned mine (Piessens and Dusar,
2003).

One pilot project has been underway for the past three years. Burlington Resources,
together with BP, is operating a 13-well CO,-ECBM pilot unit in the San Juan Basin in
southwestern USA. Initial results show that increased methane production can be achieved
by CO, injection. Also, no CO, has been found in the produced gas indicating that the CO,
is being stored in the coal seam as predicted. Figure 32 presents a coal bed methane test at
Sealand, UK.

A schematic diagram of the CO,-ECBM process is presented at Figure 33.

CO, can be stored in abandoned coal mines. Figure 34 gives an idea of the complexity of
these reservoirs. The mine can be represented as a long gallery as shown in Figure 35. An
explanation of the problems and constrains associated to these type of reservoirs can be
obtained in the publication of Piessens (2011).

6 CONCLUSION

Underground geological storage of carbon dioxide has a considerable potential for mitigat-
ing global climate changes. CO, can be safely injected and stored at well characterized and
properly managed sites, where the deeply geological formations could be stored for a long-
term. Depleted oil and gas reservoirs, saline aquifers and carboniferous formations can be
used for storage of CO,. Particularly, the abandoned coal mines can be a good option for
China due to the existence of a large number of existing mines in this situation.

This chapter is an introductory work and intends to present the present day conditions of
CCS projects in the world describing with more detail the processes associated to capture and
transportation of CO,, the different options for the storage of CO, in underground geologi-
cal formations, the existing commercial projects and the possibilities and problems associated
to the storage in carboniferous formations, including abandoned coal mines.
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Considerations on CO, storage in abandoned coal mines in China
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ABSTRACT: Due to economic development, China has surpassed the U.S. as the world’s
largest emitter of greenhouse gases. Underground geological storage of carbon dioxide has
great potential for the mitigation of climate change. Carboniferous formations and under-
ground abandoned coal mines can be used to store carbon dioxide. CO, storage in aban-
doned underground coal mines (CSAC), especially, provides a new way for the realization of
China’s CO, emission reduction targets. Three types of underground space are defined for
underground coal mines in China. As an example, abandoned coal mines from Xuzhou Min-
ing Group were analyzed with respect to the available underground space for CO, storage.
Taking Qingshanquan coal mine as a potential CO, storage site, ideas about in-situ tests are
proposed according to its specific geological conditions. Key issues related to CO, injection
and storage process are discussed. Although there is still some scientific issues to be studied
in depth, the geological conditions and the technology are available on a feasibility basis.

1 INTRODUCTION

With the increasing economic development, China has surpassed the U.S. as the world’s larg-
est emitter of greenhouse gases. In the context of global warming, China faces increasing
challenges in the international climate negotiations.

The Chinese government has been devoting itself to promoting energy conservation and
emissions reduction to address global climate change. The Chinese President announced
that China wants to cut 1.5 billion tons of CO, emissions in the future 5 years. Also it was
announced a significant reduce of carbon emission intensity per unit of GDP on the basis of
2005 by 2020, at the Summit on Climate Change held in New York, September 23, 2009.

During the past decades, China has carried out several activities to promote carbon cap-
ture and storage (CCS) development. A detailed description of these activities is presented in
the Chapter of Zhang and Sousa (2011). In this Chapter emphasis is given to the possibilities
of CO, Storage in Abandoned underground Coal mines (CSAC) in China.

Abandoned coal mines from Xuzhou Mining Group, located at Jiangsu province, are ana-
lyzed with respect to the available underground space for CO, storage. The Qingshanquan
coal mine was selected as a potential CO, storage site, and some ideas are proposed for in-situ
pilot tests according to the specific geological conditions of the mine.

2 MAIJOR SOURCES AND REDUCTION PATHWAYS

Long-term development of China’s economy mainly depends on coal-based fossil fuels,
among which coal accounts for about 70% of China’s total primary energy consumption
(Figure 1).

Compared with U.S., CO, emission in China has been increasing very quickly since 2004
(Figure 2). By 2009, it reached to 1.86 billion ton, accounting for a quarter of global fossil
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Figure 1. China’s primary energy composition in 2004 (a) and 2008 (b) (National Development and

Reform Commission, 2004 & 2008).
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Figure 2. Carbon dioxide emissions from coal-fired power (CDIAC and BP).
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fuel combustion emissions, and this part of the carbon dioxide emissions are mainly from
coal-fired generation.

CCS has become the primary approaches to reduce carbon dioxide emissions. A lot of
research work has been carried out around the world and some pilot explorations were per-
formed (Sousa, 2011; Shenhua, 2011; Peng, 2010; Climit, 2010; NZEC, 2007; Petrochina,
2007).

Geological sites for carbon dioxide storage include the depleted oil and gas reservoirs,
deep saline aquifers, deep unmineable or abandoned coal seams and ocean (Sousa, 2011).
However, this CCS technology is difficult to apply in China for two main reasons: (1) high
energy consumption—the CO, capture process will consume a large amount of energy;
(2) high cost—CCS project commercial operation costs is about $ 70/t.

Underground storage of CO, in abandoned mines is a new technology proposed in recent
years (Paria et al., 2011; Shi and Durucan, 2005; Piessens and Dusar, 2004; Piessens, 2011)
and has a promising application prospect in China. Analysis of China’s carbon dioxide emis-
sions from major industrial point source (Figures 3 and 4) showed that China has more than
1620 large stationary sources for carbon dioxide emissions, which include coal-fired power
plants, cement production, iron and steel industry, oil refineries and other industrial facilities.

Figure 3. Distributions of CO, point sources and coal resources in China (Li, 2009).

Figure 4. Distribution of CO, industrial point sources in China (Li, 2009).
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Of these, about 50 large power plants located near coal mines and some abandoned mine,
which provide adequate underground space for storage of CO, emitted from coal-fired power
generation. China has a total of 15,000 coal mines and the number of abandoned mines
continue to increase. Meanwhile, a large amount of underground space is being produced
everyday due to coal mining. Therefore, CSAC is an important technical means of carbon
storage, which is more economical and feasible to China.

3 UNDERGROUND SPACE IN COAL MINES

3.1 Introduction

Underground space in coal mines is produced by four general developing approaches, i.e.
vertical shaft development, inclined shaft development, adit development and mining excava-
tion development.

The access to the mines can be provided by vertical shafts (Figure 5) that are widely used in
China. This approach can be divided into single level and multi-level developments. Inclined
shaft development is another option to the access, as shown in Figure 6.

Adit development as shown in Figure 7 is another type of coalfield development for the
underground space. In general, a main adit is built for transportation of coal, materials and
gangue, drainage, ventilation and the laying of pipelines and other tasks.

Base on above approaches of minefield development, the integrated development of
underground space is shown in Figure 8, which is the combination of them.

3.2 Types of underground space in coal mines

According to the different approaches, underground space can be divided into three types:
SCP space, GR space and WP space.

SCP space includes the space of shafts, underground chambers and the permanent road-
ways. Those spaces are not affected by coal mining activities and should remain stable after
mining. GR space includes the space of Gate Roadways of the working face in coal mines,
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Figure 5. Vertical shaft development.
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Figure 6. Inclined shaft development.

Figure 7. Adit development.

partly affected by coal mining, and remains stable after mining in the working face, but some
relevant deformations can happen. WP space includes the space of Working Face of Panel,
strongly affected by coal mining and collapse of overlying strata could happen after mining,
depending on the excavation mining techniques.
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Figure 8. Mining excavation development.

3.3 Underground space quantity

The volume of underground space can be roughly estimated for a medium-sized mine of
2 million tons annual output which has been abandoned after 30-year mining.

According to the experience in China, SCP space can be estimated as 0.4 million m?* for
underground chambers and a permanent roadway of 20 km with average cross-section area
of 20 m?. GR space can be estimated as 0.6 million m? for a roadway of 40 km with an aver-
age cross-section area of 15 m?. Finally, WP space can be estimated as 15 million m? accord-
ing to a total amount of mined coal of 60 million tons, with a rock sedimentation coefficient
of 0.7, and an average coal density of 1200 kg/m3. Therefore, the total estimated volume for
the underground space of an abandoned coal mine with an annual output of 2 million tons
is roughly for 16 million m?.

The Xuzhou Mining Group was selected in order to quantify the underground space of
abandoned coal mines (Figure 9). The Group has 120 years of coal mining history and is an
important coal producer for Jiangsu Province in East China region. By 2008, the Group has
closed eight mines, including Dongzhuang, Hanqgiao, Mapo, Yian, Qingshanquan, Xinhe,
Woniu and Dahuangshan. In these abandoned mines, the shafts were intact, and a total of
46.53 million m* of underground space can be used for CO, storage according to above cal-
culation (Table 1).

China currently has more than 2000 medium-large scale coal mines with annual output of
400,000 tons. The number of abandoned coal mines is increasing fast. In our opinion, there
is adequate underground space which can be used for CSAC in China.

4 IDEAS FOR AN IN-SITU TESTS FOR CSAC

4.1 Introduction

The feasibility of CO, injection into underground space of coal mines, the CO, sealing per-
formance and long-term stability of CO, geological sequestration are key issues related to
CSAC.
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Figure 9. Distribution of underground coal mines of Xuzhou Mining Group.

Table 1. Estimated underground space of abandoned coal mines of Xuzhou Mining Group.

Underground

Depth Output Production space
Coal mine (m) (kt/a) period (10° m?)
Dongzhuang 100~650 600 1958-2000 7300
Hangiao 100~450 500 1950-2007 8100
Mapo 200~400 200 1972-1999 2350
Yian 100~700 450 1963-2007 5950
Qingshanquan 200~1121 300 1950-2000 4750
Xinhe 300~1100 450 1960-2007 6280
Woniu 100~300 300 1960-2007 4500
Dahuangshan 100~600 600 1958-2000 7300
Total 46530

The above key issues can be overcome by the special features of abandoned coal mines.
The Qingshanquan coal mine was selected as a potential CO, storage site and the design
ideas for in-situ tests for CSAC is proposed according to the specific geological conditions
of this mine.

Key issues with respect to CO, injection and storage process are discussed below.

4.2 CO, injection

Coal-bearing strata of Qingshanquan mine has two main coal seams, at depths of 800 and
1120 m. Seam roofs are respectively mudstone and sandstone, and floors are sandstones
(Figure 10).
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Figure 10. Rock profile.
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Figure 11.  Underground water pumping processes: a) After mining; b) Filling concrete; ¢) Pumping
underground water; and d) Water pipeline sealing.
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Pipelines constructed in the mining process to ensure underground production were kept
after abandonment of the mine. Therefore, these pipelines after treatment can be used to
pump water and new pipelines should be designed for the injection of CO,.

1. Underground water extraction

After coal mining activities, mined-out area is filled with water (Figure 11a), so underground
water needs to be pumped in order to inject CO,,. Firstly, the main and auxiliary shafts should
be closed by grouting as illustrated in Figure 11b. Secondly, the auxiliary shaft will be used
for pumping underground water in order to create the WP space (Figure 11c¢). Finally, water
pumping pipes should be closed by grouting (Figure 11d).

2. CO, injection

CO, can be injected to the deep underground space using another set of pipelines, and
then when the injection process ends, the injection pipelines should be closed by grouting
(Figure 12).

4.3 Prevention of shaft leakage

The closure of the shafts and the pipelines used for water pumping and CO, injection
by means of grouting can effectively prevent leakage problems during CO, injection and
follow-up processes of CSAC. According to the depth of underground spaces of the mine,

€O, Injection CO, Injection

800 m
800 m

1120 m
1120 m

800 m

1120 m

Figure 12. CO, injection processes: (a) Lower underground space injection; (b) Gas pipeline sealing
and upper underground space injection; and (c) Gas pipeline sealing.
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Figure 14. The shear strength properties of mudstone.

the grouting body can support 8 MPa pressure, so it is capable of withstanding the pressure
of gas after CO, injection, which can prevent CO, leakage.

4.4  Prevention of fault leakage

During underground mining, when a fault is detected, the common countermeasure used in
the mining activities is to keep the fault in the protection of the pillar (Figure 13) in order to
prevent fault instability which will affect the advance of the work face and can cause water
inrush, coal and gas outburst and other engineering disasters. According to practical experi-
ence, the protection by the pillar can sustain the rock strata stability, and also prevent fault
leakage problem during CO, storage in underground space.

4.5  Prevention of roof leakage

Coal strata in Qinshanquan mine have mudstone and sandstone layers at the roofs with dense
structure. The geological characteristics of the roof formations meet the sealing requirements of
regional cap rocks for CO, storage. The mining depths of these abandoned mines are relatively
deep, around 800 and 1120 m, which determines a sufficient thickness for regional sealing.
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After coal mining, the residual tectonic stresses in the rock geological structures will
release during the process of overlying rock breaking and settlement. With the stabilization
of overlying rock, the entire rock structure tends to stabilize and can maintain stabilization
for a long period of time. In addition, the overlying sedimentary strata in the coal seams,
contains layers of mudstone and sandstone rocks with impervious characteristics. Another
important aspect to be considered is the fact that the mudstone recovers strength properties
after damaging as shown by laboratory tests (Figure 14). Therefore, after stable settlement of
the overlying rocks, cracks can be filled, which can prevent the leakage of CO, and meet the
long-term stability requirements for CO, geological sequestration.

5 ADVANTAGES OF CSAC

CO, storage needs to take full account of the geographical matching between CO, emission
sources and geological storage sites, in order to reduce carbon transport costs and environ-
mental risks.

According to CEC’s 2009 Annual Report of China Electric Power Industry statistics data,
in 2009 the national power generation capacity was 3.6812 trillion kwh, of which thermal
power generation accounts for more than 81.8%, and 60,000 kilowatts and above the national
coal (including coal gangue) unit power generation accounts for 95.2% of thermal power
generation capacity. Electricity supply dependence on coal in China has been as high as 70%
(Figure 1). On this basis, CO, emissions of thermal power generation reached to 3 billion ton
(calculated by 0.997 kg CO, emissions per kWh).

Distribution of large-scale thermal power plants is concentrated at regions including the
Pearl River Delta, Yangtze River Delta region, eastern North China Plain, the Yellow River
region, the Northeast region, the Yunnan-Guizhou Plateau and Sichuan-Chongqing region.
Among them, the eastern North China Plain, the middle reaches of Yellow River region and
northeast China’s are major coal production bases and there are a large number of aban-
doned coal mines, which can provide favorable conditions for the storage of CO, emissions
from thermal power generation.

In addition, conventional thermal coal transport has many disadvantages, such as huge
scale, long distance, and overburden. These unfavorable elements caused a series of problems
including environmental pollution, rising prices and other social issues. Thus, construction of
coal mine pit power plants has become an economical and secure measure to improve energy
transmission. At present, China has built about 50 large-scale pit power plants with generat-
ing capacity of 300 million kWh/a. Total generating could be 150 million kwh per year. CO,
emissions can be reduced by 150 million t/year if CO, emissions from these pit power plants
are stored in underground space of coal mine directly after they were emitted. The benefits
of CSAC can be significant.

6 CONCLUSIONS

Underground geological storage of carbon dioxide for the mitigation of climate change has
great potential. Carboniferous formations and abandoned mines can be used to store carbon
dioxide in underground space.

CO, storage in abandoned underground coal mines, especially, provides a new way for the
realization of China’s CO, emission reduction targets. Although this technology has some
key scientific issues to be studied, the geological conditions and the technology are available
on a feasibility basis.

In particular, with national plans of increasing pit coal-fired power generation up to 40%,
conditions can be created for storing CO, in underground space of abandoned coal mines.
Therefore, CSAC technology research and application will have broad prospects for China to
achieve emission reduction targets.
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ABSTRACT: Carbon Capture and Storage (CCS) is an effective way to mitigate the poten-
tially harmful effects caused by global warming. During the past decades, China has carried
out a series of activities to promote CCS development. This paper provides a comprehensive
description of CCS activities in China based on the documents collected from a variety of
credible resources. A summary of CCS projects undertaken by Chinese organizations of sci-
ence and technology is presented, as well as actions developed by Chinese enterprises. An
outline of international science and technology cooperation on CCS is included. Particular
emphasis is made to the EU projects and to the pilot tests conducted to Qinshui mine under
the China—Canada projects. Finally, reference is made to laboratory experiments and numeri-
cal modeling studies performed or ongoing in China.

1 INTRODUCTION

Carbon capture and storage (CCS) is a very important and potentially effective approach
to mitigate climate change caused by the emission of greenhouse gas CO, (Glessner and
Young, 2008; IPCC, 2005; Su and Fletcher, 2010). CCS has started to develop in China
mainly in the last decade with the increasing concern on the threat of climate change under
the global circumstances. China has become the largest emitter of CO, in 2007 (He, 2011;
He et al., 2011). Therefore, “CCS, as an option in the portfolio of mitigation actions to
combat climate change, is expected to have far-reaching implications for China” (Climit,
2010).

In order to better identify the status quo of CCS activities in China, existing publica-
tions were collected and stored in a database. This permits one to improve the knowledge
on existing CCS activities in China. Around 90 pieces of information including papers,
publications and website information were collected. The topics cover CO, Enhanced
Coal Bed Methane (ECBM), numerical modeling, capture technology, transportation,
risk assessment, capacity estimation, and status quo of CCS in China. The distribu-
tion of documents by topics is illustrated in Figure 1 and distribution by sources in
Figure 2.

In this chapter, we are intended to summarize the overall CCS activities in China with
reference to several aspects as following: CCS projects supported by Chinese government
(or institutions) and enterprises; international collaboration projects; typical demonstration
project—ECBM Project at Qinshui; activities under development at State Key Laboratory
for GeoMechanics and Deep Underground Engineering in Beijing; and numerical modeling
and other theoretical studies.
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Figure 2. Distribution of collected documents by sources.

2 CCS ACTIVITIES IN CHINA

2.1 Activities by Chinese institutions

Chinese government has made great efforts to combat climate change. Strong support on
technology research and development programs on climate change, in particular on mitiga-
tion technologies was initiated by governmental organizations and ministries headed by the
Ministry of Science and Technology of the People’s Republic of China (MOST).

2.1.1 National Key Technology R&D program (KTRD)

KTRD is one of the four Programs funded by MOST. During the 10th and 11th five-year
periods, the KTRD program has supported strategic studies on CCS by Chinese research
institutions. In particular, studies have addressed the applicability of CCS in China and its
potential impacts on the energy system and Greenhouse Gas (GHG) emissions reduction.

2.1.2  National Basic Research Program (NBRP, 973 program)

NBRP program is the second key program supported by MOST. There are at least four
CCS related projects supported by this program. One of the most important projects started
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in 2006 is Utilizing Greenhouse Gas as Resources in Enhanced Oil Recovery (EOR) and
Geological Storage, which was led by Professor Shen Pinpin (Chief Scientist). This project
addresses four key scientific issues: Geological issues associated with CO, storage; Physical
and chemical issues during CO, injection and storage; Nonlinear flow mechanics during the
CO, injection process; Issues of CO, capture and corrosion prevention. PetroChina, Institute
of Geology and Geophysics Chinese Academy of Sciences, Peking University, China Uni-
versity of Petroleum (Beijing), Huazhong University of Science and Technology, Tsinghua
University and the Jilin oilfield are jointly responsible for subtopics attached to this project.
The overall 8 topics are as follows (NZEC, 2007):

¢ Topic 1—Standard setting and evaluation of the potential for CO, storage to fit China’s
geological characteristics (PetroChina).

¢ Topic 2—Geological theory of CO, subsurface storage, Institute of Geology and Geo-
physics (Chinese Academy of Sciences).

e Topic 3—Theory and technology of monitoring and predicting CO, storage processes
(Peking University).

¢ Topic 4— Research on multiphase and multicomponent phase theory during CO, injec-
tion with EOR (PetroChina).

e Topic 5—Research on non-linear flow mechanisms and principles of multiphase and
multicomponent flow during the CO, injection process (China University of Petroleum,
Beijing).

¢ Topic 6—Principles of O,/CO, circulating combustion for coal and the mechanism of syn-
ergetic removal of pollutants (Huazhong University of Science and Technology).

e Topic 7—Theory and technology of CO, separation and concentration from coal combus-
tion (Tsinghua University).

¢ Topic 8—Theory and method of preventing CO, corrosion (Jilin Oilfield).

The second project is Fundamental Research on Syngas Production through Coal Gasifica-
tion and Pyrolysis. Research into syngas production based on coal gasification and pyrolysis
has been proposed in connection to the problem of gas emission and pollution in China’s
coal industry. The following key technology problems are addressed: Fundamentals of the
large-scale gasification and syngas production based on coal gasification and pyrolysis; Fun-
damentals of catalyst synthesis for the fuel slurry reactor, of engineering of the reactor and
of combustion of relief gas and crude gas; Special conditions of dual gas multi-generation
systems and design and optimization theory for complex systems. Several participants were
included in the project (NZEC, 2007).

The third project Fundamental Research on the High Efficiency Transfer of Natural Gas and
Syngas aims to develop dynamic research on catalyst theory and concepts, and research into
optimum catalyst reaction conditions, starting with the development of a new catalytic reac-
tion and new catalytic materials followed by in-depth study of the optimum micro-structure
and macro-structure for natural gas and syngas; and to extend the results to relevant coal
conversion processes by catalyst-centered science and technology innovation. The project
comprises eight research subtopics as follows (NZEC, 2007):

e Topic |—Key problems of syngas production from natural gas, large scale hydrogen pro-

duction and CO, handling.

Topic 2—Obtaining high quality liquid fuels from syngas.

Topic 3—Oxygen containing compound production from syngas.

Topic 4—High temperature fuel cells based on syngas and natural gas.

Topic 5—Direct conversion of methane into methanol.

Topic 6—Novel processes for direct conversion of methane into methanol.

Topic 7—The relationship between structure and activity and dynamic properties of cata-

lysts and catalyst systems.

e Topic 8—Micro-mechanisms and the identification of intermediates during the catalytic
process.
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The fourth project A Study of High Efficiency Heat Transfer in Gas Turbines researches
the energy transmission, conversion and utilization and CO, removal process of the system.
Eight subjects were incorporated in the project (NZEC, 2007):

e Topic 1—Research on the macromolecular structure of biomass and response mechanisms

under thermo-chemical circumstances.

Topic 2—Fundamental research on the biomass gasification.

Topic 3—Fundamental research on biomass selective pyrolysis.

Topic 4—Research on the selective control law of the complex bio-oil catalytic process.

Topic 5—Research on the characteristic molecular properties and separation of bio-oils.

Topic 6—Study of reaction mechanisms and fundamental laws of hydrogen production by

reformation of bio-oil.

¢ Topic 7—Research on the mechanisms involved in the catalytic synthesis of liquid fuel by
rich-CO, biomass.

¢ Topic 8—Optimization theory and modeling of biomass liquefaction processes.

These subjects are jointly undertaken by ten Chinese organizations (NZEC, 2007).

2.1.3  National High-Tech Program (NHTP, 863 program)
The third key program is NHTP. The project Development of CCS has been supported by this
program. Three major topics under this project include:

e Topic 1—CO, capture technologies based on absorption.
¢ Topic 2—CO, capture technologies based on adsorption.
¢ Topic 3—CO, geological storage.

2.1.4  Other programs
Special reference is made to the following projects:

a. Risk Assessment of CO, Injection Processes and Storage in Carboniferous Formations

The project consists of risk assessment of CO, injection and sequestration in carboniferous
reservoirs, either in abandoned mines or deep unminable coal seams. The importance of the
project is based on the fact that China is the major producer of coal in the world. Therefore,
there are several possibilities for selecting appropriate sites for the reservoirs, and in aban-
doned coal mines.

The project is funded by the State Administration of Foreign Experts Affairs and is being
conducted by the State Key Laboratory for GeoMechanics and Deep Underground Engi-
neering of China University of Mining and Technology, Beijing (GDUE). Five technical
tasks are planned in the project, namely:

Regional characterization and determination of relevant formation rocks properties.
Creation of a 3D geological-transport-geomechanical model of proposed CO, reservoirs.
Numerical simulation of the injection processes.

Risk Assessment of different escape scenarios.

Pilot tests.

An International Workshop on CO, Storage in Carboniferous Formations and Abandoned
Coal Mines was held in January 8-9, 2011, Beijing. Several publications were included in the
Proceedings of the Workshop, as referred in Table 1.

b. Experiments on CO, and CH  Sorption

Besides the Risk Assessment of CO, Storage in Carboniferous Formations, GDUE is also
carrying out another research program about gas sorption of soft rock. The purposes of the
studies are as following:

¢ Conduct CO, and CH, sorption experiments of different types of soft rock under different
temperature and humidity conditions

e Summarize CO, and CH, sorption characteristics of various soft rocks

¢ Explore CO, and CH, sorption mechanisms and affecting factors of various soft rocks.
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Table 1. List of publications of the workshop.

Title Authors Reference

Present day conditions in the world of CCS L. Sousa Sousa (2011a)
projects

Considerations on CO, storage in M.C. He He (2011)

abandoned coal mines in China

Carbon capture and storage (CCS) activities
in China

Complex process couplings in systems pushed
far-from-equilibrium: Applications to CO,
sequestration in carboniferous formations

A fully coupled gas flow, coal deformation
and thermal transport model for the injection
of carbon dioxide into coal seams

Micro-scale modeling of gas-coal interaction
in coalbed seam—Heterogeneity

Considerations on the numerical modeling of
injection processes of CO, in geological
formations with emphasis on carboniferous
formations and abandoned coal mines

Methodologies for risk analysis and decision
making

Risk associated to storage of CO, in
carboniferous formations. Application
of Bayesian Networks

The concetula model for an abandoned
coal mine reservoir

N. Zhang & L. Sousa

D. Ellsworth, S. Wang,
G. Izadi, H. Kumar,
J. liu, D. Lee,
J. Mathews & D. Pone
Hongyn Qu, Jishan Liu,
Zhongwei, Zhejun Pan &
Luke Connell
Wang G. & Jishan L.

E.A. Vargas Jr., R.Q. Velloso,
W.N. Ribeiro, A.L. Muller &
L.E. Vaz

R. Sousa

L. Sousa & R. Sousa

K. Piessens

Present paper
Ellsworth et al.
(2011)

Quetal. (2011)

Wang and Liu
(2011)

Vargas et al.
(2011)

Sousa (2011b)

Sousa and Sousa
(2011)

Piessen (2011)

c. Integrated Research on CO, Emission Reduction, and its Resource Recycling, Low NOx
Combustion, SOx Control and Multi-pollutants Removal

The project funded by MOST is an application study on integrated control of multiple
pollutants in coal-fired power plants. The project comprises three parts: research on coal
combustion, control and analysis of CO, emissions reduction and multiple pollutants. An
integrated system for eliminating flue gas, CO, and multiple pollutants had been designed,
manufactured and installed. The system has reached the design requirements after successful
adjustment and tests (NZEC, 2007).

2.2 Activities by Chinese enterprises

2.2.1 Programs by PetroChina
PetroChina, China’s largest oil and gas producer, has performed several basic research
projects funded by MOST, which include the following programs:

e Standard stipulation and potential evaluation for CO, storage that meets China geologic
characteristic.

e Research on phase theory of multiphase and multicomponent during CO, flooding
process.

e Theory and method of engineering for CO, corrosion prevention and antiscale, Jilin
Oilfield.

In addition to the theoretical researches mentioned above, PetroChina conducted a CO,-
EOR pilot test in Jilin Oilfield (Peng, 2010). Jilin Oilfield is located in the southern Songliao
basin of Songyuan district, Jilin province (Figure 3) and its exploration began in 1955. In 2007,
a project Exploitation of CO,-containing Natural Gas, CO, storage and Ultilization in Jilin Oil
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Figure 3. Location of Jilin Oilfield (Peng, 2010).

Field was established by PetroChina. The duration of the project is from April, 2007 to 2009.
The primary goal of the project was to develop the bottleneck technology of the exploitation
of CO, containing natural gas and to provide technical support for CO, storage (PetroChina,
2007). Natural source of CO, is from natural gas (about 22.5%) and reserve of CO, for Jilin
Oilfield is 12.5 Gm®. CO,-EOR pilot tests of block Hei79, Hei59, Hong87-2, Qian’an and
other 6 blocks had been accomplished by the end of 2009. Figure 4 shows the distribution
of test regions in Jilin Oilfield. Test results indicated that recovery rate can be enhanced by
10~20% for miscible flooding and by 5~10% for immiscible flooding (Peng, 2010).

2.2.2  Programs by Huaneng Group

a. Grengen project
China Huaneng Group (CHNG) is China’s largest power generation company. GreenGen
project was initiated by CHNG in 2004 based on the support of National Development and
Reform Commission (NDRC). The Greengen Corporation is a joint venture with 8 share-
holders which are the largest power and coal companies in China (NZEC, 2007; Su, 2009).

Greengen project aims at the development, demonstration and popularization of hydrogen
production by coal gasification, hydrogen gas turbine combined power generation, fuel cell
power generation and coal based energy system with CCS in order to elevate coal generation
efficiency and realize near zero emissions of pollutant and CO,, and to prepare technology
for addressing climate change to realize the sustainable development of coal-based power
generation (NZEC, 2007).

The project was designated for three stages (Figure 5).The first stage was to construct an
Integrated Gasification Combined Cycle (IGCC) power plant (Figure 6). In this stage, a
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Distribution of CO, resources and test regions
in Jilin Oil Field

Figure 4. Distribution of test regions in Jilin Oilfield (Peng, 2010).
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Figure 5. Profile of Greengen project (Su, 2009).

Figure 6. Design sketch of Greengen IGCC plant to be finished in 2011 in Tianjing (Su, 2009).
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250 MW IGCC power plant was planned to be built in Tianjin with gasifier (2000 tpd) sup-
plied by Xi’an Thermal Power Research Institute (TPRI) and E-class gas turbine between
2006 and 2011. Greengen Technology Lab will be built at the IGCC plant in parallel. The
IGCC project will be put into operation by the end of 2011. The second stage includes opti-
mization of a TPRI gasifier and development of the main technologies. The third stage is the
implementation of the 400MW Greengen near-zero emissions demonstration power plant in
which hydrogen gas turbine power generation and other CCS technologies will be verified.

b. Post-combustion CO, Capture (PCC) demonstration project

Huaneng Group and Australia’s Commonwealth Scientific and Industrial Research Organi-
zation (CSIRO) started cooperation on a PCC pilot plant deployed in Huaneng’s Beijing
thermal power plant in 2008 (NZEC, 2007; SciDev, 2008). The post-combustion CO, capture
demonstration project (Figure 7) with capacity of 3000 t/a located in Beijing Gaobeidian
Power Plant has been successfully put into operation since June, 2008. A post-combustion
CO, capture project with capacity of 100,000 t/a will be built in Shanghai (Su, 2009).

2.2.3  Shenhua Group

Shenhua Group as China’s largest coal producer launched a CCS project at its 1-million-
ton direct coal-to-liquids plant in Ordos, Inner Mongolia autonomous region in 2004. This
project intended to build China’s first commercial CCS facility. Estimated investment of the
project is about 210 million RMB. Shenhua completed a first commissioning with 303 hours
of successful operations at the end of 2008. Geologic storage site selection and characteriza-
tion efforts have been made during the past years. The geology in the region looks promising,
with an estimated 4.4 billion tons of CO, storage capacity in saline formations in the Ordos
basin (NZEC, 2007; Reuters, 2009; Su and Fletcher, 2010). Liquefaction and Purification
Equipment of the CCS demonstration has successfully produced a purity of 99.2% liquid
CO, which meets the requirement of underground storage on December 30, 2010 (Shenhua,
2011). The CCS demonstration injecting 100,000 tons per year started commissioning in the
early of 2011. On the basis of the demonstration project, projects with CO, collection and
storage capacity of 1 million tons and 3 million tons will be built in the future in 2 steps, of
which 1 million tons CCS project feasibility study is being done, but there is no clear time-
table for its full-scale implementation.

Figure 7. Demonstration project of post-combustion CO, capture in Beijing Gaobeidian power plant
(Su, 2009).
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2.2.4 ENN Group

ENN, China’s big global clean energy company, is working on capturing carbon emissions
based on algae, a tiny plant organism, and a process called bio-absorption (ENN, 2010).
The algae can turn CO, into oil product that is a clean burning fuel by utilizing solar energy.
This biological technology prevents carbon from escaping into the atmosphere. ENN’s work
in this area is being conducted at its experimental center in Langfang, Hebei Province near
Beijing and supported by China’s national high-tech development program known as Pro-
gram 863, which is designed to stimulate development of advanced technologies in China.

3 INTERNATIONAL COLLABORATION PROJECTS

In addition to the projects committed by the Chinese government, institutions and enter-
prises, China has taken active part in a number of international CCS projects and programs
during past decade. Table 2 lists the projects jointly undertaken by China and other countries.
The topics cover a wide range in CCS research field (Table 3).

3.1 China—EU cooperation projects

3.1.1 Cooperation action within CCS China-EU (COACH)

The China-EU COACH project was launched in November 2006 as a project under the
theme Sustainable Energy Systems and ended in December 2009. Major activities of the
project include application of carbon capture technology to coal-fired power plants, evalu-
ation of China’s CO, storage potential and the study of relevant regulations and financing

Table 2. International projects with China’s involvement.

Planning Major topics®

Project Origin Beg. End T1 T T3 T4
MOVECBM EU 2006 2008 1 2 3 4
COACH EU 2006 2009 5 6 7 -
STRACO, EU 2008 2009 7 8 - -
CACHET (I (11) EU* ? ? 11 8 5 -
CAPRICE EU 2007 2008 5 11 8 -
GeoCapacity EU? 2006 2008 8 11 - -
China-UK Near Zero Emissions UK? 2010 2015

Coal (NZEC)
China—Australia CAGS Project Australia 2009  ?
China—Canada ECBM Project01 Canada 2002 2006 9 10 1 -
China—Canada ECBM Project02 Canada 2008 2013 9 10 1 -
Tianjin Dagang CCS Project USA? 2008  ? 11 3 8 -
Sino-Japan CCS Cooperation Japan 2008 2011 11 9 5 8
Chinese Advanced Power Plant Carbon UK ? ? 11 5 8 7

Capture Options (CAPPCCO)
Developing CCS Guidelines for China USA ? ? 7 8 11 -
US-China Study on Regional Opportunities ~ USA ? ? 11 8 6 -

for CCS
APP (Asia-Pacific Partnership on Clean Several' ? ? 8 11 3 -

Development and Climate

! Australia, Canada, China, India, Japan, Korea and USA.

2With China, India and Russia (Assessing European Capacity for Geological Storage of Carbon
Dioxide).

3 Also with EU.

4Cachet II started in 2010.

>See Table 3.
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Table 3. Designation of the research topics of international CCS projects.
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Migration of methane

Long-term reliable and safe storage

Modeling and laboratory work

Application of carbon capture technology in coal-fired power plants
Evaluation of China CO, storage potential

Study of relevant regulations and financing mechanisms
Facilitate and increase S&T cooperation

Coal bed methane technology

In situ pilot tests

CCS technologies

— = 0 0 IO kW=
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mechanisms. Activities were also be carried out to improve public awareness and to build
CCS capacity. 8 Chinese organizations including Tsing Hua University, Zhejiang University,
Institute of Geochemistry, Chinese Academy of Sciences (IGC/CAS), The Administrative
Centre for China’s Agenda 21 (ACCAZ21), Research Institute of Petroleum Exploration and
Development, PetroChina (RIPED), TPRI, GREENGEN were involved in the project.
Details about COACH, please see http://www.co2-coach.com/.

3.1.2 China-UK Near Zero Emissions Coal (NZEC)

The Joint China-UK initiative addresses the challenge of rising CO, emissions through joint
research, development and demonstration of near zero emissions coal technology. UK envis-
ages an ambitious three-phase approach to achieve NZEC demonstration objective. Phase 1
has explored options for demonstration and builds capacity for CCS in China. Phase 2 will
carry out further development work on storage and capture options leading to Phase 3,
which will construct a demonstration plant by 2015. NZEC is funded by the UK’s Depart-
ment of Energy and Climate Change (DECC), and is being taken forward in partnership with
MOST. 19 Chinese partners were included in the project. Progress of the project can be seen
at http://www.nzec.info/en/.

3.1.3  Monitoring and Verification of CO, Storage and ECBM in Poland ( MOVECBM)
The MOVECBM project started in November 2006 and has a duration of 2 years. The objec-
tive of MOVECBM project was to improve understanding on CO, injection into coal seams
and the migration of methane, ensuring long-term reliable and safe storage. In the project,
modeling and laboratory work will be based on the parameters of the test site in Kanidw,
Poland (previously investigated by EU RECOPOL project). Chinese Organizations includ-
ing State Key Laboratory of Coal Conversion (SKLCC), RIPED and China United Coalbed
Methane Company (CUCBM) were involved in this project. Details about MOVECBM can
be found at its official website http://www.movecbm.eu/.

3.1.4 Assessing European Capacity for Geological Storage
of Carbon Dioxide ( GeoCapacity)

The GeoCapacity project is a 3 year project and started on January 2006 and ended on
December 2008. The main objective of the project was to assess the European Capacity
for Geological Storage of Carbon Dioxide (EU GeoCapacity). The project included full
assessments of a number hitherto not covered countries, and updates of previously covered
territory. Also a priority was the further development of innovative methods for capacity
assessment, economic modelling and site selection criteria. Finally, an important mission was
to initiate scientific collaboration with China, a member of the CSLF and Tsinghua Univer-
sity is the only one partner from China of the total 26 partners from 21 countries. A website
has been established that contains available public information (www.geocapacity.eu).
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3.1.5 Support to Regulatory Activities for Carbon Capture and Storage (STRACO,)

The STRACO, program started in January 2008 and ran for 18 months. The major objective
of the project is to support the ongoing development of the comprehensive regulatory of
China framework of EU for CCS technologies for zero emissions applications. Its specific
objectives were: Identify science and technology development priorities in multiple aspects
of technical applications and regulations for specific themes; Facilitate and increase S&T
cooperation at the EU level; Identify through research, pivotal issues for regulatory develop-
ment; Establish the EU regulatory framework as the basis for dialogue and priority setting
with regulatory authorities in China with a view to further joint activities; Facilitate and
increase S&T cooperation at the international level with China. The STRACO, Project work
plan is divided into eight Work Packages (WP) to ensure that all partners work in their area
of expertise. 3 Chinese organizations including ACCAZ21, Institute of Engineering Thermo-
physics, CAS (IET/CAS), and the Institute of Policy and Management of the Chinese Acad-
emy of Sciences (IPM) were involved in the project. Progress of STRACO, can be obtained
at http://www.euchina-ccs.org/index.php.

3.1.6 Other EU projects

Some Chinese organizations also participated in some funded EU projects such as CACHET
and CAPRICE. These projects mainly focus on research areas of interest in Europe, and only
1 or 2 Chinese organizations have joined each project.

3.2 China Australia Geological Storage (CAGS) project

The China—Australia Geological Storage of CO, (CAGS) project is a collaborative, bilat-
eral project between Australia and China. The CAGS project started in 2009 after meetings
including China, Australia and EU/UK and will be ended in 2011. The GACS project aims to
deliver the technology transfer to facilitate China’s own assessment of sites for geological stor-
age of CO, across different regions. The work program is divided into the following areas:

o Capacity building events, including a series of technical workshops, a summer school, and
a technical symposium towards the end of the project;

e Building awareness of CCS in China through a study tour for policymakers and business
leaders;

¢ Research into geological storage in saline formations, oil and gas fields, and CO,-enhanced
oil recovery, as well as research into environmental impacts and risk assessment;

e Researcher and student exchanges between China and Australia, and support for Chinese
researchers and professionals working in CCS to attend international CCS conferences.

More details about this project are located at http://www.cagsinfo.net/.

3.3 China—Canada ECBM projects

A project agreement on coal bed methane technology development and CO, storage was
signed between China and Canada on 2002 until 2006. CUCBM and Canada Alberta
Research Council finished a micro-pilot field test at Qinshui Basin, Shanxi province. The
details about this micro-pilot test at Qinshui are given in the following chapter. In 2008,
a project focuses on the development of EOR technology through a multi-well pilot CO,
injection in deep unmineable coal seams and geological storage has been launched as a con-
tinuation of the micro-pilot test in Qinshui Basin. The north block of Shizhuang at Qinshui
Basin was selected as the pilot site (NZEC, 2007).

3.4 Tianjin Dagang CCS project

In 2008 EESTech and Tianjin Dagang Huashi Power Generation signed a memorandum of
understanding. Dagang plans to use one of its two 330 MW power units to demonstrate the cap-
ture of CO, from its flue stream and then transport the CO, for geo-sequestration and EOR.
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3.5 Sino-Japan CCS Cooperation

In May 2008, Japan and China announced their intention to jointly develop a CCS and EOR
project that aims to recover 3-4 million tonnes of CO, per annum from two coal-fired power
plants in China. For China, the NDRC is the lead government department with input from:
CNPC-PetroChina, Daqing Oil Field Ltd. (local oil field partner), Harbin district govern-
ment, Harbin Utilities Company and China Huadian Corporation.

3.6  Chinese Advanced Power Plant Carbon Capture Options (CAPPCCO)

The CAPPCCO project aims to produce a carbon capture characteristics database for existing
and planned plants; to develop and assess capture options for planned new pulverized coal (PC)
plants and existing PC plants. CAPPCCO is sponsored by the UK Department of Energy &
Climate Change (DECC) and China’s Ministry of Science and Technology (MOST).

3.7 Developing CCS guidelines for China

This is a collaborative project by Tsinghua University and the World Resources Institute
(WRI), funded by the US Department of State and the Asia Pacific Partnership on Clean
Development and Climate. The main outcomes will be: 1) a publication of a set of guidelines
for safe and effective CCS (including capture, transport, and sequestration) and 2) a frame-
work for the post-closure stewardship.

3.8 US-China study on regional opportunities for CCS

The US Department of Energy and MOST are funding a joint study examining Regional
Opportunities for Carbon Dioxide Capture and Storage in China. Partners include the U.S./
China Energy and Environmental Technology Center, Tsinghua University, Institute of Rock
and Soil Mechanics: Chinese Academy of Sciences, Leonardo Technologies, Inc., Battelle
Pacific Northwest National Laboratory and Montana State University.

4 MICRO-PILOT TEST AT QINSHUI BASIN

The ECBM Micro-pilot Field Test at Qinshui Basin was one of the largest cooperation pro-
grams between China and Canada (Figure 8). The objective of the micro-pilot test deployed
at Qinshui was to measure and evaluate data to obtain estimates of reservoir properties and
sorption behavior and to calibrate a simulation model for estimation of the enhancement of
CBM recovery in a larger-scale pilot or full field development (Gunter et al., 2005).

Location of demonstration site at Qinshui Basin is shown in Figure 9. The attractive char-
acteristics of the Qinshui Basin includes: 1) large areal extent—24,000 km? 2) abundant
CBM resource—3.5 trillion m3; 3) high rank semi-anthracite and anthracite coal; 4) later-
ally thick continuous coal seams; 5) relatively shallow depths of coal seams; 6) reasonable
access to local and distant markets (west to east pipeline is 30-90 km from south Qinhsui at
Jincheng); 7) relatively more explored than other basins (Gunter et al., 2005).

Major tasks of the micro-test at Qinshui included: 1) potential pilot site selection; 2)
geological-engineering-environmental characterization and ranking of selected 3 pilot sites;
3) design of micro-pilot field test to evaluate CBM reservoir properties; 4) carry out a single
well micro-pilot field test at the best suitable site: selecting of existing wells or drilling new
wells and up to 3 micro-pilot tests will be performed if first 2 tests do not show commercial
potential; 5) micro-pilot test evaluation and numerical model calibration and fine tuning;
6) large-scale pilot design leading to commercial production; 7) training and technology
transfer to be conducted in Canada and China.

Figure 10 shows the operation scene of liquid CO, injection at the project site. Goal of
CO, injection was to inject 200 tons into reservoir over a 12 day period. Injection rate was
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Figure 8. China—Canada ECBM project (NZEC, 2007).
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Figure 9. Location of demonstration site at Qinshui Basin (Gunter et al., 2005).

Figure 10. Injection of liquid CO, at the project site of micro-pilot test at Qinshui (Gunter et al., 2005).
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Figure 11.  Adsorption isotherms for CO, and CH, of test at Qinshui basin (Gunter et al., 2005).

maintained below reservoir fracture pressure (7.5 MPa). Estimate average injection rate of
30 L/min over 8-10 hour period.

The adsorption isotherms for CO, and CH, of test at Qinshui basin is presented in
Figure 11. Bottom-hole pressure during final production test and gas composition during
final production test is shown in Figure 12.

Final conclusions as following were achieved when the injection test was finished:

e Pilot test was conducted in South Qinshui TL-003 well with success.

e The matching of dataset from the pilot test and the simulation prediction for the multi-
well pilot indicated a significant production enhancement compared to primary produc-
tion and that substantial CO, storage in the coal seam is feasible in a multi-well-project.

e 192 metric tones of CO, was injected.

o Infectivity decreased during injection but permeability rebounded after an extended pro-
duction period of 1 month.

The micro-pilot test as conducted in the South Qinshui TL-003 well has been completed
successfully and has met all the technical objectives of the micropilot test. The history match-
ing of the dataset from the micro-pilot and the simulation prediction for the multi-well pilot
indicated a significant production enhancement compared to primary production, and that
substantial CO, storage in the coal seam is feasible in a multi-well project.

5 LABORATORY EXPERIMENTS AND NUMERICAL MODELING

In addition to the demonstration tests that have been jointly carried out by Chinese organiza-
tions and foreign institutions, a number of fundamental researches have also been addressed
by Chinese scientists and engineers with or without the cooperation of foreign experts
through numerical simulation methods and laboratory experiments. Only the following pub-
lications are referred: Only the following publications are referred: Hu et al. (2010); Wu et al.
(2010); Yu et al. (2008); and Zhu et al. (2009).

Based on the configuration of one-injection well/one-production well under ideal con-
ditions, Yu and his colleagues (2008) constructed an innovative experimental apparatus
(Figure 13) for CH, displacement with CO, injection to investigate the basic procedure of
coalbed methane (CBM), ECBM, and CO, sequestration at driven-conditions. The results
of their laboratory experiments were successfully implemented in a small scale experiment of
CH, displacement with CO, injection. Furthermore, on the basis of this primary apparatus,
a new experimental setup developed to simulate ECBM and CO, sequestration on field scale
based on the ideal apparatus was under consideration of Yu’s research team.
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Figure 12. Bottom-hole pressure during final production test

production test (bottom) (Gunter et al., 2005).

(top); gas composition during final

Figure 13.  Schematic diagram of experimental apparatus used in Wu’s study. A1, A2, A3 or A4: CH,,
CO,, He or H, cylinder; B: manometer and regulator on gas cylinder; C: switch valve; D1, D2: shut-off
valve of front-column and back-column; D3, D4: shut-off valve used to detect leak; E1, E2: regulator of
front-column and back-column; F1, F2: manometer of front-column and back-column; G: coal sample
column; H: thermostatic chamber; I: needle valve; J: flowmeter; K: six-port valve; L: GC; M: vacuum
pump; N1, N2: moisture absorbent; O1, O2: CO, absorbent; P: protective tube; Q: lower-opening bottle;

R: graduated cylinder (Yu et al., 2008).
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Figure 14. Representation of coal as a dual-porosity fractured medium (Wu et al., 2010).

Besides laboratory studies, numerical simulations also have been done by Chinese research-
ers. A new set of constitutive equations for the saturate mixtures of gas-filled coal was devel-
oped by Zhu et al. (2008). The proposed constitutive equations indicated that mechanical
response of coal is determined by stress condition, mechanical properties of solid phase, gas
pressure, gas adsorption, pore structure and its evolution.

In a recent study, the permeability model based on the traditional general porosity and
permeability dual-porosity model (Bai et al., 1993; Elsworth et al., 1992), was extended to
define the evolution of gas sorption-induced permeability anisotropy by Wu et al. (2010).
The model incorporates a heterogeneous distribution of fractures in coal. In their derivation
of the model, the coal was conceptualized as in Figure 14. It was found that under the condi-
tion of constant reservoir volume the interaction between fracture and matrix is controlled
by the sorption-induced strain only, while under stress controlled conditions, the differential
stress may elevate the gas sorption-induced coal permeability anisotropy.

In another recent work (Hu et al., 2010), based on molecular simulation, Hu et al. inves-
tigated and compared the diffusion and sorption behavior of CH, and CO, in coal. It was
indicated that coal tended to adsorb more CO, than CH, at a given temperature and pres-
sure. Moreover, it was considered that CH, adsorbed in the coal seam could be replaced by
CO, because the sorption heat of CO, was larger than that of CH,. Hu’s work proposed an
alternative method for directly studying the interactions between coal macromolecule and
small-molecule gases under various external environments.

6 SUMMARY

Climate change is a major threat to global environment and sustainable development. China is
carrying out a series of activities to promote CCS (Carbon Capture and Storage) development.
A summary of CCS projects funded through the national science and technology programs is
presented, as well as the actions by Chinese enterprises. Emphasis is made to the risk assess-
ment and CO, & CH, adsorption programs conducted at GDUE. An outline of international
science and technology cooperation on CCS is included. Particular emphasis is made to the
EU projects and to the pilot tests conducted to Qinshui mine under the China-Canada ECBM
projects. Finally, reference to laboratory experiments and numerical modeling studies newly
performed in China. In summary, China has been making great efforts in developing CCS
technologies and promoting CCS technology implantations in industry home and abroad.
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ABSTRACT: We explore important couplings between the infiltration of CO, into frac-
tured coals and into shale caprocks to examine changes in the storage and transport prop-
erties that may be helpful in ensuring long term sequestration. These effects include the
potential sorption of gas into organic matter in both the coals and shales with the effect
of long term fixation and also the swelling-induced reduction in permeability in shales that
may create a self-sealing capability in caprocks. We show how changes in permeability in
both coals and shales are indexed to sorption-induced swelling, even for conditions of zero
mechanical restraint. A model of a discretely-fractured medium is used to identify modes
and magnitudes of permeability change, as a function of gas pressure and effective stress and
related gas content. This model is used to explain observations of non-monotonic changes in
permeability of both coal and shales infiltrated with CO,.

1 INTRODUCTION

Gas transport in coal seams is significantly different from that of other rock types because of
the phenomena of gas sorption and coal swelling. The relative roles of stress level, gas pres-
sure, gas composition, fracture geometry of coal, and water content are intimately connected
to the processes of gas sorption, diffusion, transport, and coal swelling. Scientific research
on coal-gas interactions has been conducted for more than a century, but the physicochemi-
cal and hydro-thermodynamic phenomena are still not fully understood. Understanding and
quantifying these interactions is essential in developing the best possible process-based mod-
els of behavior that incorporate key parameters observed in response. This characterization
is important in preventing gas outbursts in coal mines, in predicting CO, injectability into
coal seams and in estimating the long-term stability of CO, sequestered in coal beds.
Significant experimental effort has been applied to investigate gas permeability and its
evolution in coal. Laboratory measured permeabilities of coal to sorbing gases such as CH,
and CO, are known to be lower than permeabilities to nonsorbing or lightly sorbing gases
such as argon and nitrogen (N,) (Somerton et al., 1975; Siriwardane et al., 2009). Permeabili-
ties may decrease by as much as five orders of magnitude for confining pressures increasing
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from 0.1 to 70 MPa (Somerton et al., 1975; Durucan and Edwards, 1986). Under constant
total stress, sorbing gas permeability decreases with increasing pore pressure due to coal
swelling (Robertson and Christiansen, 2005; Mazumder and Wolf, 2008; Pan et al., 2010;
Wang et al., 2010, 2011), and increases with decreasing pore pressure due to matrix shrink-
age (Harpalani and Schraufnagel, 1990; Seidle and Huitt, 1995; Harpalani and Chen, 1997,
Cui and Bustin, 2005). Rebound pressure, which corresponds to the minimum permeability,
has been observed for CO, injection at 1.7 MPa (Pini et al., 2009), and at 7 MPa (Palmer and
Mansoori, 1996; Shi and Durucan, 2004). Permeability of sorbing gas in coal is found to be
a function of gas exposure time (Siriwardane et al., 2009). Pemeability is also influenced by
both the presence of water and the magnitude of water saturation (Han et al., 2010). Based
on field and laboratory experimental results, several permeability models have been devel-
oped for coal seams (Seidle and Huitt, 1995; Palmer and Mansoori, 1998; Pekot and Reeves,
2002; Shi and Durucan, 2005; Cui and Bustin, 2005; Zhang et al., 2008; Wang et al., 2009;
Liu and Rutqvist, 2010; Izadi et al., 2010).

The sorption capacities of coal to N,, CH, and CO, have been explored using a variety
of measurement methods. Experiments have shown that CO, is adsorbed preferentially rela-
tive to CH, in most instances, and the ratios of the sorption capacities (in molar units) are
between 1.15 and 3.16 (Clarkson and Bustin, 1999; Busch et al., 2003; Mastalerz et al., 2004;
Harpalani et al., 2006; Bae and Bhatia, 2006; Ottiger et al., 2008; Battistutta et al., 2010;
Li et al., 2010; Wang et al., 2011). This ratio decreases with increasing temperature (Bae
and Bhatia, 2006; Li et al., 2010). The sorption capacity ratios of CO, to N, are found to
be between 2:1 and 8.5:1 (Shimada et al., 2005; Saghafi et al., 2007; Battistutta et al., 2010).
However, some coals under certain conditions show a larger sorption capacity to CH, than
to CO, (Busch et al, 2003; Busch et al., 2006; Majewska et al., 2009). The presence of water
reduces the sorption capacity to gases by around 30% (Siemons and Busch, 2007; Gruszk-
iewicz et al., 2009; Kelemen and Kwiatek, 2009; Wang et al., 2011), due to the competition
between water molecules and the sorbing gas for sorption sites on the coal surface (Busch
et al., 2007; van Bergen et al., 2009). Applied stress can reduce the sorption capacity of coal
by 5%-50% (Hol et al., 2010). Sorption and swelling processes have been shown to be het-
erogeneous in coal (Karacan and Okandan, 2001; Karacan, 2003; Karacan, 2007; Day et al.,
2008) as apparent from quantitative X-ray CT imaging and from optical methods.

Previous studies have shown that coal swells when exposed to N,, CH,, and CO,, with
volumetric strain ranging from 0.1% to 15%, under pressures up to 20 MPa and tem-
peratures up to 55°C (Harpalani and Schraufnagel, 1990; Seidle and Huitt, 1995; Levine,
1996; Robertson and Christiansen, 2005; Cui et al., 2007; Karacan, 2007; Day et al., 2008;
Mazumder and Wolf, 2008; Kiyama et al., 2010; Wang et al., 2010, 2011). Coal swelling strain
increases with increasing pore pressure and strain induced by CO, is commonly larger than
that induced by CH,. The swelling strain is either reversible (Levine, 1996; Day et al., 2008;
Battistutta et al., 2010) or irreversible (Czerw, 2010; Majewska et al., 2010; Wang et al., 2011).
The relation between swelling strain and the amount or volume of gas sorbed is found to be
either linear (Levine, 1996; Chikatamarla et al., 2004; Robertson and Christiansen, 2005;
Cui et al., 2007; Czerw, 2010) or non-linear (Day et al., 2008; Kelemen and Kwiatek, 2009;
Majewska et al., 2010; Wang et al., 2011). Coal swelling strain of wet coals is less than that
of dry coals (Mazumder and Wolf, 2008; van Bergen et al., 2009; Kiyama et al., 2010; Wang
et al., 2011), illustrating the effect of water on the swelling strain.

The effect of sorption on the mechanical strength and structure of coal has also been pre-
viously investigated. Weakening due to the introduction of CO, to a coal is found in uniaxial
compression tests (Viete and Ranjith, 2006; Ranjith et al., 2010) and in triaxial compression
tests (Wang et al., 2011). In some cases, no evidence of coal weakening is found to result fol-
lowing gas sorption (Ates and Barron, 1988; Day et al., 2008; Pan et al., 2010) even though
the sorption process may alter the pore structure of the coal (Larsen, 2004; Goodman et al.,
2005; Liu et al., 2010).

Gas transport in coal seams is commonly represented as a dual porosity system accom-
modating two serial transport mechanisms: diffusion through the coal matrix then laminar
flow through the cleat system (Elsworth and Bai, 1992; Bai and Elsworth, 2000). The perme-
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ability is primarily determined by the cleat aperture (Zhang et al., 2008; Wu et al., 2010a, b).
The change in cleat aperture is a function of effective stress through poroelasticity (Izadi
et al., 2010; Wu et al., 2010a, b). Meanwhile, coal swelling and shrinkage under a confining
stress may also change the cleat aperture (Izadi et al., 2010; Wu et al., 2010a, b). Thus, the net
change in coal permeability is a function of both the poroelastic response and the coal swell-
ing or shrinkage. To explore the evolution of permeability due to coal swelling we evaluate
rates and magnitudes of expected swelling and how these effects translate into mechanisms
of permeability evolution. We then compare these predictions with observed magnitudes of
permeability change in both coal and in shales, with application to CO, storage in Carbon-
iferous formations.

2 ANALYSIS

Experimental observations have shown that swelling response to the infiltration of CO, exhib-
its two key features. As CO, infiltrates the rock, potentially at the expense of CH,, the matrix
material will swell and permeability will reduce if the gas pressure is below the Langmuir
pressure. This occurs regardless of the mechanical constraint applied to the cracked sam-
ple. Once the Langmuir pressure is exceeded, the permeability will recover as effective stress
effects dominate in the absence of swelling-induced closure. A homogeneous continuum with
non-interacting flaws (Figure 1) can be shown incapable of replicating this observed response
(Izadi et al., 2011). We have shown that permeability decreasing with an increase in swelling
may be accommodated (Izadi et al., 2011) either for a cracked continuum containing a zone
of damage around the crack (Figure 1 (right)) or for multiple interacting cracks (Figure 2).
We choose the geometry of an interacting elliptical fractures within a swelling medium as the
intrinsic mechanistic component to describe permeability response, as shown in Figure 1.

2.1 Response of a cracked continuum with interacting flaws

The selected geometry is for a regular array of interacting cracks. We examine the influ-
ence of effective stress and swelling response for an elliptical crack where the deformation
modulus and swelling coefficient are constant with radius. We consider two models to rep-
resent this behavior. The first is a single component part removed from the array where the
appropriate boundary conditions are for uniform displacement along the boundaries. This
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Figure 1. A homogeneous aggregate with pore. The line S represents the surface of the pore that is
subject to a pore pressure that is equal to the confining pressure.
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Figure 2. Simulation model.

represents the symmetry of the displacement boundary condition mid-way between flaws
as shown in Figure 2(A). An alternative method to represent this geometry is an equivalent
model that incorporates multiple flaws and automatically accommodates the appropriate dis-
placement boundary condition as shown in Figure 2(B). We examine the change in aperture
due to the combined influence of swelling and effective stress. For each of the two represen-
tations of an interacting network of flaws the evolution of aperture is identical as apparent
in Figure 3(A) and Figure 3(B) and conforms to the anticipated behavior where swelling
effects are staunched at higher gas pressures. Similarly, where these changes in apertures are
converted to permeabilities, identical permeability evolution trends result for the two models.
These responses are represented in Figure 3(C) and Figure 3(D) for initial permeabilities of
107 to 1075 m2.

2.2 Generalized response

We generalize our understanding of the reduction of permeability due to unconstrained swell-
ing and the subsequent influence of effective stresses alone as swelling effects halt at higher
pressures. We generalize changes in porosity and permeability that accompany gas sorption
under conditions of constant applied stress and for increments of applied gas pressure for
fractures. Specifically we explore the relation between the reduction of permeability by apply-
ing swelling-induced sorption of a sorbing gas and the increase of permeability due to the
influence of effective stress for a generalized geometry. We describe the response of a cracked
continuum with various fracture sizes for idealized fracture widths. We consider different
ratios of the fracture length to matrix block size, defined as the fracture spacing. As this
ratio changes from 0.025 to 1 the normalized magnitude of closure is shown in Figure 4(A)
for a dimensionless pressure of (P/E)g, . The initial reduction in permeability caused by
swelling of the unconstrained block and ultimate increase in permeability under the influ-
ence of effective stress is shown in Figure 4(B), where initial permeability is 10* m? The
response may be further generalized by considering an approximation of the true mechanical
behavior. This is to accommodate the swelling of a soft medium (vanishing modulus) that is
constrained within a rigid outer shell. This geometry contains a fracture of width, a, spacing
between fractures, s, and initial aperture, b.
Total volume V for a rectangular crack is defined as (Figure 1)

V=s. 1
58



Downloaded by [Visvesvaraya Technological University (VTU Consortium)] at 01:18 29 February 2016

A

B)

5 xl0? x102

a k=101 [m)
-

I(=1€£“lm']

Normalized Aperture Ab/a(m)
Normalized Aperture Ab/a(m)

o 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9

Matrix Pore Pressure P{MPa) z
C} D] Matrix Pore Pressure P(MPa)

1.2 1.2
k=100 [m] k=105 [m?)
e

10
0.8 0.8

10w

Qo L=] -
i‘_ 0.6 § 0.6
0.4 0.4
0.2 . : 0.2
1] 0
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 [3 7 8 9
Matrix Pore Pressure P(MPa) Matrix Pore Pressure P{MPa)

Figure 3. A) The relation between ratio of aperture change to initial aperture and pressure for one
fracture. B) The relation between ratio of aperture change to initial aperture and pressure for multiple
fractures. C) The relation between matrix permeability ratio and matrix pore pressure for one fracture.
D) The relation between matrix permeability ratio and matrix pore pressure.

The corresponding change in volume, AV is defined in terms of the swelling strain &, as
AV =5, 2)

The change in volume of the fracture, AV, depends on the length, @, and width, b, of the
fracture and also the size of the matrix when the external displacement of the body is null.
Thus the volumetric change in the fracture is defined as

AVy=a-s-Ab. 3)
Substituting equation (1) into (2) and equating the result with equation (3) yields
Ve, =a-s-Ab. 4)

where the external boundary has zero displacement, the swelling strain is defined as

&= ©)

And also the resulting change in aperture may be recovered by substituting the strain of
equation (5) into the volume constraint relationship of equation (4) as
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2

Ab=5 (©)
a
Finally, from equation (6) we can determine
2
Ab _ &5 . (7
by ab,

Where initial aperture size is evaluated from b, = 3/12k,s we can determine the change in

permeability as
k (. AbY Y £ !
L 1+—] =(1+‘9xs ] = 1+(L—S]L . ®)
kO k bO abO abO D + Pr

Thus, permeability scales according to the physical parameters controlling response as

k 2
—= (ZLS ;p;pL} (©))
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This enables the evolution of relative permeabilities to be determined as a function of the
non-dimensional parameter s, incorporating initial permeability, swelling strain and geo-
metric constraints, alone as

2
, &
s =—— (10)
af12kgs

This relation is used to represent the families of permeability evolution for constant mag-
nitudes of s,,. The resulting permeability evolution for different initial permeabilities of 107!
to 10> m? is shown as a function of dimensionless pressure (p/p;) in Figure 5.

3 PERMEABILITY EVOLUTION IN COAL

To evaluate the utility of such a model, we compare laboratory measurements of permeabil-
ity at different gas saturations on a sample of fractured anthracite. Details of the experimen-
tal method are documented elsewhere (Wang et al., 2011). The standard cylindrical sample
is confined under invariant total stress and the gas pressure to different permeants is aug-
mented for different water contents. Results for the evolution of permeability of a ubiqui-
tously fractured sample under dry and water-saturated conditions at a total stress 6 MPa is
shown in Figure 6(A). Under water-saturated conditions, He has the largest permeability,
and is followed progressively by CH, and CO,. This progression of permeability magnitudes
is the same as in tests under dry conditions. However, the initial permeabilities of wet samples
are uniformly reduced by two orders of magnitude over the dry samples—indicating the role
of water in occluding microfractures (Han et al., 2010).

Measured permeability with He increases with a higher rate with pore pressure compared
with the results under dry condition. However, different from the results from dry samples,
no permeability reduction is seen for CH, and CO, with increasing pore pressure. The pres-
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Figure 6. (A) Comparison of the evolution of permeability as a function of applied pore pressure
for coal with embedded fractures under dry and water-saturated conditions for constant applied total
stress at 6 MPa. (B) Comparison of the sorbed mass as a function of applied pore pressure for coal with
embedded fractures under dry and water-saturated conditions for constant applied total stress at 6 MPa.
(C) Comparison of the swelling strain as a function of applied pore pressure for coal with embedded
fractures under dry and water-saturated conditions for constant applied total stress at 6 MPa.
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ence of water reduces the permeability significantly so the sample begins with an extremely
low permeability. As pore pressure increases, the amount of water in the sample is gradu-
ally displaced by the injected gas, which leads to an increase in permeability. An increment
in pore pressure also enhances the permeability due to the influence of decreased effective
stresses. At the same time, swelling induced by adsorption with increasing pore pressure low-
ers the permeability. However, the amount of gas adsorbed and induced swelling are greatly
reduced by the presence of water. So the net change in permeability for wet samples depends
on the overall effect of these three competitive components. In this case, the permeability
enhancement due to effective stress and water displacement dominates the reduction due
to coal swelling, showing that permeabilities always increase with pore pressure. This is also
consistent with the observation that the rate of change in permeability to He is greater under
wet conditions.

The comparison of the sorbed mass as a function of pore pressure of the ubiquitously
fractured coal under dry and water-saturated conditions at 6 MPa total stress is shown in
Figure 6(B). Sorbed mass is consistently higher for CO, versus CH, and is reduced by a
factor of 3 to 4 when wet versus dry. The isotherms can be approximated by Langmuir-like
behavior. At final pressures, the amount of gas adsorbed in the wet sample is reduced by
69% for CO, (0.45 mmol/g coal, dry sample; 0.14 mmol/g coal, wet sample) and 69% for CH,
(0.26 mmol/g coal, dry sample; 0.08 mmol/g coal, wet sample). Figure 6(C) compares swell-
ing strain as a function of pore pressure for the coal containing embedded fractures under
dry and water-saturated conditions at a 6 MPa total stress. As shown before, the measured
swelling under dry conditions can be reasonably described by a Langmuir type relationship.
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Figure 7. Variation in permeability in shale infiltrated with He then swept with CO, and then reswept
with He. Data represent two experiments at total confining stresses of 10 MPa (filled triangles and
squares) and 12 MPa (circles, diamonds and half-filled squares).
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The presence of water also reduces the swelling strain by 62% for CO, and by 58% for CH,
at final pressures. The presence of water also makes the initial portion of the curves largely
linear and less similar to Langmuir-like behavior. However, at pore pressure above 3 MPa
a significant amount of water is displaced by the injected gas and above this stress the swell-
ing strain follows a Langmuir-like relation with pore pressure.

4 PERMEABILITY EVOLUTION IN SHALE

The observed response in coals is also apparent in shales. Figure 7 shows the evolution of
permeability in a sample of porous shale where it is first infiltrated with He. As pressure
is increased, the permeability increases as the effective stress concomitantly decreases.
As CO, is introduced, the shale swells (not shown) and the reduction in permeability is
proportional to the increment of gas pressure. In this particular case, the Langmuir pres-
sure is not exceeded, and there is no turnaround in permeability evolution due to effective
stress. Once the sample is reswept with He, the former response returns with an increase
in permeability with incremented pressure. Apparent, however, is that the permeability
is not returned to the pre-swept magnitude. In this manner, the observed response is
intrinsically similar to that for coal—with the swelling of organic material dominating
the response.

5 CONCLUSIONS

We explore the similarity between permeability evolution in fractured coals and in shales—
the common link appears to be the influence of swelling-induced strains in sorbing media.
Observed changes in permeability respond directly to swelling and are arrested when the
Langmuir pressure is exceeded. In a homogeneous porous medium, swelling that accompa-
nies gas injection should not result in pore volume reduction. However, where the medium
is cracked, the presence of adjacent fissures exerts an effective confinement to swelling pores
ore morel likely high aspect-ratio cracks and results in porosity reduction and a loss of per-
meability. This change in permeability may be indexed to the fracture geometry and mag-
nitude of Langmuir strain to determine the response. Measured changes in permeability in
samples of coal and shale conform to these general precepts.

Where the sample is ubiquitously fractured, permeation by a non-sorbing gas results in per-
meability changes that increase with decreases in effective stress corresponding to increases
in gas pressure. Where a sorbing gas is introduced the permeability first reduces up until
the Langmuir pressure and then switches as the Langmuir pressure is exceeded and swelling
effectively halts. This is apparent most obviously in the coal samples but is also present in
the shales. This behavior is especially important in shales where it could hint of a self-healing
capability in shale caprocks.

This common response in coals and shale is surprising, as there are very large differences
in the swelling potential of the two materials—coals will swell much more than shales.
This can be explained by considering the key similarities and differences in the responses
of these two contrasting materials. In coals, the fracture network is relatively open but
induced strains are large and the resulting change in permeability, sensitive to changes
in fracture aperture, is both significant and measurable. Conversely, in shales where the
organic content is relatively low, the resulting strains are small. Resulting changes in per-
meability should be small, but the very low initial permeability suggests that initial frac-
ture apertures are small and that even small changes in aperture induced by swelling can
result in significant loss in permeability. It is this observable change that is apparent in the
laboratory response.

These evaluations note the very significant changes in permeability that result in cracked
media infiltrated by sorbing gases, that in turn have important ramifications for gas produc-
tion from coal and shales and of storage of CO, in coals and beneath shale caprocks.

64



Downloaded by [Visvesvaraya Technological University (VTU Consortium)] at 01:18 29 February 2016

ACKNOWLEDGMENTS

This work is a partial result of support from NIOSH under contract 200-2008-25702, from
ConocoPhillips and from KIGAM. This support is gratefully acknowledged.

REFERENCES

Ates, Y. & Barron, K., 1988. The effect of gas sorption on the strength of coal. Mining Science and
Technology 6, 291-300.

Bae, J.-S. & Bhatia, S.K., 2006. High-Pressure Adsorption of Methane and Carbon Dioxide on Coal.
Energy & Fuels 20, 2599-2607.

Bai, M. & Elsworth, D., 2000. Coupled Processes in Subsurface Deformation, Flow and Transport.
ASCE Press. 336 pp.

Battistutta, E., van Hemert, P., Lutynski, M., Bruining, H. & Wolf, K.-H., 2010. Swelling and sorption
experiments on methane, nitrogen and carbon dioxide on dry Selar Cornish coal. International Jour-
nal of Coal Geology 84, 39-48.

Busch, A., Gensterblum, Y. & Krooss, B.M., 2003. Methane and CO, sorption and desorption measure-
ments on dry Argonne premium coals: pure components and mixtures. International Journal of Coal
Geology 55, 205-224.

Busch, A., Gensterblum, Y. & Krooss, B.M., 2007. High-Pressure Sorption of Nitrogen, Carbon Diox-
ide, and their Mixtures on Argonne Premium Coals. Energy & Fuels 21, 1640-1645.

Busch, A., Gensterblum, Y., Krooss, B.M. & Siemons, N., 2006. Investigation of high-pressure selective
adsorption/desorption behaviour of CO, and CH, on coals: An experimental study. International
Journal of Coal Geology 66, 53-68.

Chikatamarla, L., Cui, X. & Bustin, R.M., 2004. Implications of volumetric swelling/shrinkage of coal
in sequestration of acid gases 2004 International Coalbed Methane Symposium Proceedings, Tusca-
loosa, Alabama (2004) paper 0435.

Clarkson, C.R. & Bustin, R.M., 1999. The effect of pore structure and gas pressure upon the transport
properties of coal: a laboratory and modeling study. 1. Isotherms and pore volume distributions. Fuel
78, 1333-1344.

Cui, X., Bustin, R.M. & Chikatamarla, L., 2007. Adsorption-induced coal swelling and stress: Impli-
cations for methane production and acid gas sequestration into coal seams. J. Geophys. Res. 112,
B10202.

Cui, X.J. & Bustin, R.M., 2005. Volumetric strain associated with methane desorption and its impact on
coalbed gas production from deep coal seams. A4 PG Bulletin 89(9), 1181-1202.

Czerw, K., 2011 Methane and carbon dioxide sorption/desorption on bituminous coal--Experiments on
cubicoid sample cut from the primal coal lump. International Journal of Coal Geology, 85(1) 72-77.

Day, S., Fry, R. & Sakurovs, R., 2008. Swelling of Australian coals in supercritical CO,. International
Journal of Coal Geology 74, 41-52. )

Durucan, S. & Edwards, J.S., 1986. The effects of stress and fracturing on permeability of coal. Mining
Science and Technology 3, 205-216.

Elsworth, D. & Bai, M., 1992. Flow-deformation response of dual porosity media. Journal of Geotechni-
cal Engineering 118, 107-124.

Goodman, A.L., Favors, R.N., Hill, M.M. & Larsen, J.W., 2005. Structure Changes in Pittsburgh No. 8
Coal Caused by Sorption of CO, Gas. Energy & Fuels 19, 1759-1760.

Gruszkiewicz, M.S., Naney, M. T., Blencoe, J.G., Cole, D.R., Pashin, J.C. & Carroll, R.E., 2009. Adsorp-
tion kinetics of CO,, CH,, and their equimolar mixture on coal from the Black Warrior Basin, West-
Central Alabama. International Journal of Coal Geology 77, 23-33.

Han, F.,, Busch, A., van Wageningen, N., Yang, J., Liu, Z. & Krooss, B.M., 2010 Experimental study of
gas and water transport processes in the inter-cleat (matrix) system of coal: Anthracite from Qinshui
Basin, China. International Journal of Coal Geology 81, 128-138.

Harpalani, S. & Chen, G., 1997. Influence of gas production induced volumetric strain on permeability
of coal. Geotechnical and Geological Engineering 15, 303-325.

Harpalani, S., Prusty, B.K. & Dutta, P., 2006. Methane/CO, Sorption Modeling for Coalbed Methane
Production and CO, Sequestration. Energy & Fuels 20, 1591-1599.

Harpalani, S. & Schraufnagel, R.A., 1990. Shrinkage of coal matrix with release of gas and its impact
on permeability of coal. Fuel 69, 551-556.

Hol, S., Peach C. & Spiers, C., 2011. Applied stress reduces the CO, sorption capacity of coal, Interna-
tional Journal of Coal Geology, 85(1) 128-142.

65



Downloaded by [Visvesvaraya Technological University (VTU Consortium)] at 01:18 29 February 2016

Izadi, G., Wang, S., Elsworth, D., Liu, J., Wu, Y. & Pone, D., 2011. Permeability evolution of fluid-
infiltrated coal containing discrete fractures. International Journal of Coal Geology, 85(2), 202-211.

Karacan, C.O., 2003. Heterogeneous sorption and swelling in a confined and stressed coal during CO,
injection. Energy and Fuels 17(6), 1595-1608.

Karacan, C.O., 2007. Swelling-induced volumetric strains internal to a stressed coal associated with CO,
sorption. International Journal of Coal Geology 72, 209-220.

Karacan, C.O. & Okandan, E., 2001. Adsorption and gas transport in coal microstructure: investigation
and evaluation by quantitative X-ray CT imaging. Fuel 80, 509-520.

Kelemen, S.R. & Kwiatek, L.M., 2009. Physical properties of selected block Argonne Premium bitumi-
nous coal related to CO,, CH,, and N, adsorption. International Journal of Coal Geology 77, 2-9.
Kiyama, T., Nishimoto, S., Fujioka, M., Xue, Z., Ishijima, Y., Pan, Z. & Connell, L.D., 2011. Coal
swelling strain and permeability change with injecting liquid/supercritical CO, and N, at stress-con-

strained conditions. International Journal of Coal Geology, 85(1) 56-64.

Larsen, J.W., 2004. The effects of dissolved CO, on coal structure and properties. International Journal
of Coal Geology 57, 63-70.

Levine, J.R., 1996. Model study of the influence of matrix shrinkage on absolute permeability of coalbed
reservoirs. Geological Society Special Publication 109, 197-212.

Li, D, Liu, Q., Weniger, P, Gensterblum, Y., Busch, A. & Krooss, B.M., 2010. High-pressure sorption
isotherms and sorption kinetics of CH, and CO, on coals. Fuel 89, 569-580.

Liu, C.J., Wang, G.X., Sang, S.X. & Rudolph, V., 2010. Changes in pore structure of anthracite coal
associated with CO, sequestration process. Fuel 89, 2665-2672.

Liu, H.H. and Rutqvist, J., 2010. A New Coal-Permeability Model: Internal Swelling Stress and Frac-
ture-Matrix Interaction. Transport in Porous Media, 82(1): 157-171.

Majewska, Z., Ceglarska-Stefanska, G., Majewski, S. & Zietek, J., 2009. Binary gas sorption/desorp-
tion experiments on a bituminous coal: Simultaneous measurements on sorption kinetics, volumetric
strain and acoustic emission. International Journal of Coal Geology 77, 90-102.

Majewska, Z., Majewski, S. & Zietek, J., 2010. Swelling of coal induced by cyclic sorption/desorption of
gas: Experimental observations indicating changes in coal structure due to sorption of CO, and CH,.
International Journal of Coal Geology 83, 475-483.

Mastalerz, M., Gluskoter, H. & Rupp, J., 2004. Carbon dioxide and methane sorption in high volatile
bituminous coals from Indiana, USA. International Journal of Coal Geology 60, 43-55.

Mazumder, S. & Wolf, K.H., 2008. Differential swelling and permeability change of coal in response to
CO, injection for ECBM. International Journal of Coal Geology 74, 123-138.

Ottiger, S., Pini, R., Storti, G. & Mazzotti, M., 2008. Competitive adsorption equilibria of CO,and CH,
on a dry coal. Adsorption 14, 539-556.

Palmer, I. & Mansoori, J., 1998. How permeability depends on stress and pore pressure in coalbeds: a
new model, SPE Reservoir Evaluation and Engineering, SPE 52607, pp. 539-544.

Palmer, 1. & Mansoori, J., 1996. How permeability depends on stress and pore pressure in coalbeds: a
new model. SPE-52607.

Pan, Z., Connell, L.D. & Camilleri, M., 2010. Laboratory characterisation of coal reservoir perme-
ability for primary and enhanced coalbed methane recovery. International Journal of Coal Geology
82, 252-261.

Pekot, L.J. & Reeves, S.R., 2002. Modeling the effects of matrix shrinkage and differential swell-
ing on coalbed methane recovery and carbon sequestration. U.S. Department of Energy
DE-FC26-00 NT40924.

Pini, R., Ottiger, S., Burlini, L., Storti, G. & Mazzotti, M., 2009. Role of adsorption and swelling on the
dynamics of gas injection in coal. J. Geophys. Res. 114, B04203.

Ranjith, P.G., Jasinge, D., Choi, S.K., Mehic, M. & Shannon, B., 2010. The effect of CO, saturation on
mechanical properties of Australian black coal using acoustic emission. Fuel 89, 2110-2117.

Robertson, E.P. & Christiansen, R.L., 2005. Measurement of sorption induced strain, Paper 0532, Pro-
ceedings of the 2005 International Coalbed Methane Symposium, Tuscaloosa, AL.

Saghafi, A., Faiz, M. & Roberts, D., 2007. CO, storage and gas diffusivity properties of coals from
Sydney Basin, Australia. International Journal of Coal Geology 70, 240-254.

Seidle, J.P. & Huitt, L.G., 1995. Experimental measurements of coal matrix shrinkage due to gas desorp-
tion and implications for cleat permeability increases. SPE-30010-MS.

Shi, J.-Q. & Durucan, S., 2004. A numerical simulation study of the Allison unit CO,—ECBM pilot: the
impact of matrix shrinkage and swelling on ECBM production and CO, injectivity. Proceedings of
7th International Conference on Greenhouse Gas Control Technologies.

Shi, J.-Q. & Durucan, S., 2005. A model for changes in coalbed permeability during primary and
enhanced methane recovery. SPE Reservoir Evaluation and Engineering 8(4), 291-299.

66



Downloaded by [Visvesvaraya Technological University (VTU Consortium)] at 01:18 29 February 2016

Shimada, S., Li, H., Oshima, Y., & Adachi, K., 2005. Displacement behavior of CH, adsorbed on coals
by injecting pure CO,, N,, and CO,-N, mixture. Environmental Geology 49, 44-52.

Siemons, N. & Busch, A., 2007. Measurement and interpretation of supercritical CO, sorption on vari-
ous coals. International Journal of Coal Geology 69, 229-242.

Siriwardane, H., Haljasmaa, I., McLendon, R., Irdi, G., Soong, Y. & Bromhal, G., 2009. Influence of
carbon dioxide on coal permeability determined by pressure transient methods. International Journal
of Coal Geology 77, 109-118.

Somerton, W.H., Soylemezoglu, .M. & Dudley, R.C., 1975. Effect of stress on permeability of
coal. International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts 12,
129-145.

van Bergen, F., Spiers, C., Floor, G. & Bots, P., 2009. Strain development in unconfined coals exposed to
CO,, CH, and Ar: Effect of moisture. International Journal of Coal Geology 77, 43-53.

Viete, D.R. & Ranjith, P.G., 2006. The effect of CO, on the geomechanical and permeability behaviour
of brown coal: Implications for coal seam CO, sequestration. International Journal of Coal Geology
66, 204-216.

Wang, G.X., Massarotto, P. & Rudolph, V., 2009. An improved permeability model of coal for coalbed
methane recovery and CO, geosequestration. International Journal of Coal Geology 77, 127-136.
Wang, G.X., Wei, X.R., Wang, K., Massarotto, P. & Rudolph, V., 2010. Sorption-induced swelling/
shrinkage and permeability of coal under stressed adsorption/desorption conditions. International

Journal of Coal Geology 83, 46-54.

Wang, S., Elsworth, D. & Liu, J., 2010. Evolution of Permeability in Coal to Sorbing Gases — A Pre-
liminary Study. 44th U.S. Rock Mechanics Symposium. July 2010, Salt Lake City, Utah, 209.

Wang, S., Elsworth, D., & Liu, J., 2011. Permeability evolution in fractured coal: the roles of fracture
geometry and water-content. International Journal of Coal Geology, submitted for publication, 46 pp.

Wu, Y., Liu, J., Elsworth, D., Chen, Z., Connell, L. & Pan, Z., 2010. Dual poroelastic response of a coal
seam to CO, injection. International Journal of Greenhouse Gas Control 4, 668-678.

Wu, Y., Liu, J., Elsworth, D., Miao, X. & Mao, X., 2010. Development of anisotropic permeability dur-
ing coalbed methane production. Journal of Natural Gas Science and Engineering 2, 197-210.

Zhang, H.B., Liu, J. & Elsworth, D., 2008. How sorption-induced matrix deformation affects gas flow
in coal seams: a new FE model. International Journal of Rock Mechanics and Mining Sciences 45(8),
1226-1236.

67



CO, Storage in Carboniferous Formations and Abandoned Coal Mines —
He, Ribeiro E Sousa, Elsworth & Vargas Jr. (eds)
© 2012 Taylor & Francis Group, London, ISBN 978-0-415-62079-6

A fully coupled gas flow, coal deformation and thermal transport
model for the injection of carbon dioxide into coal seams

Hongyan Qu, J.S. Liu & Zhongwei Chen
School of Mechanical and Chemical Engineering, The University of Western Australia, Australia

Zhejun Pan & Luke Connell
CSIRO Earth Science and Resource Engineering, Clayton South, Australia

ABSTRACT: This paper presents solutions for non-isothermal gas flow coupled with
mechanical deformation to evaluate the coupled thermo-hydro-mechanical (THM) processes
in coal seams. A non-isothermal case of high temperature CO, injection is simulated to char-
acterise the complex responses of coal to the injection. The results are compared with those
under the isothermal conditions, indicating that temperature has complicated effect on coal
properties during the CO, sequestration process. In particular, high temperature CO, injec-
tion into coal seams reduces adsorption capacity, and the coal matrix swelling caused by gas
sorption enhances permeability. The main contribution of this paper lies in providing numer-
ical solutions of challenging flow problems coupled to thermal and geo-mechanical effects
in coal seams. Since this model involves the balance of thermal energy and heat transfer, it is
applicable of investigating the effects of temperature variation on each term of the effective
strain, which helps better understand the CO, injection processes.

1 INTRODUCTION

There Geological CO, sequestration in coal seams is one of the promising ways to reduce
anthropogenic greenhouse gas emissions due to the relatively high excess sorption capacity
coal exhibits and the simultaneous recovery of coal bed methane (CBM). Of all the aspects
related to this problem, temperature variation in the coal seams and its effect on gas flow and
coal properties during the injection and sequestration process are not well studied. However,
the temperature of injected gas is often different from that of the formation, yielding sig-
nificant temperature discrepancy between them, and perturbing the physical, chemical and
thermal state of the subsurface formation.

Several thermal processes are involved in the temperature disequilibrium throughout
the CO, injection. The temperature evolution starts from the vicinity of the injection well,
where temperature soon reaches the same as that of the injection fluid, leading to a ther-
mal gradient from the injection well to the formation boundary. In the meanwhile, sub-
stantial temperature drop is induced near the injection well due to the gas expansion from
higher pressure to lower pressure. Furthermore, slight temperature increase is caused by
the exothermic adsorption process. In consequence, heat conduction and convection are
essential ways of heat transfer in balancing these temperature variations, and the heat
transfer rate depends on several factors including the enthalpy of the injected CO,, specific
heat capacity and conductivity of the formation as well as the expansion of the fluid and
formation.

Most early studies on the thermal effect are analytics. Elsworth (1989) presented a con-
ceptual model describing permeability enhancement subjected to temperature change. He
found that thermal diffusion between solid and fluid phases is an important phenomenon
and changes in permeability induced by relatively modest temperature modifications appear
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significant. However, the application of this model was only limited to competent block rock.
Later, a thermo-poroelastic model was developed by Zhou (1998), in which the coupled ther-
mo-hydro-mechanical effects and material property changes were taken into account. The
study demonstrated that changes in stresses, hydraulic gradient, and temperature gradient
can cause permeability to decrease. Similarly, this model could be only applied to rock since
no adsorption effect was considered.

Recently, a few experiments have been carried out to investigate the temperature variation
in the vicinity of the injection well. The most remarkable one is the classical Joule-Thomson
experiment, focusing on the cooling effect. Over 20°C temperature drop was observed due to
gas expansion, which has negative effect on permeability and injectivity (Oldenburg 2007).
Another experimental study was focused on coal permeability conducted under various tem-
peratures using three different gases (Long et al., 2009). Adsorption was found to have major
impacts on coal permeability. In addition, permeability decreases with the increase of tem-
perature and stress. However, no numerical relationship between permeability and tempera-
ture was obtained.

Noticeably, the focus of most previous CO, sequestration study is on the development of
the gas plume and the migration path of the fluid in the formation, particularly in the brine
aquifers or other rocks. However, coal has different characteristics from the other formations
with respect to the trapping mechanism. Coal is described as a discontinuous medium con-
sisting of coal matrix and cleats. Gas predominantly adsorbs in the mircopores of the coal
matrix, while cleats are the main pathway for gas flow. Therefore, the highlight of the effect
of temperature in this paper lies in the effect on coal permeability and adsorption capacity.
The variation of temperature has considerable effect on coal permeability, which decreases
with thermal expansion and increases with the shrinkage of the coal matrix simultaneously
as temperature rises. Consequently, the net change of permeability is uncertain due to the
varying temperature during the CO, sequestration.

Although the effect of temperature on gas sorption and coal deformation has been widely
realized, its potential impact on permeability change in coal seams has not been well under-
stood. Especially, the numerical relationship between coal permeability and temperature has
not been established. The objective of this work is to develop a non-isothermal THM model
for CO, sequestration in coal seams, fully coupled with heat transfer, gas flow and solid
deformation. To accomplish that, three steps are conducted including modeling the relation-
ship between temperature and sorption capacity, investigating the effect of adsorption on
coal permeability and the effect of thermal expansion on coal deformation.

In the following, the general conservation laws are introduced and the governing THM
equations are developed, followed by the simulation of a numerical example. In the example,
the simulation scenario is simplified as non-isothermal single phase flow. The main aspect of
the post processing is the temperature evolution in the coal seams and the variation of coal
properties with the change of temperature.

2 THERMAL-HYDRAULIC-MECHANICAL SIMULATION MODELLING

Non-isothermal consolidation of deformable porous media is the basis of modern coupled
THM models. The couplings between the processes of heat transfer, fluid flow and stress/
deformation in fractured rocks has become an increasingly important subject in rock mechan-
ics and engineering design since the early 1980s (Tsang, 1987; 1991), mainly due to the mod-
elling requirements for the design and performance assessment of underground radioactive
waste repositories, and other application areas, such as reservoir simulations (Gutierrez and
Makurat, 1997; Zhao et al., 1999; Yang, 2001; Sasaki and Morikawa, 1996); partially satu-
rated porous materials (Gawin and Schrefler, 1996); advanced numerical solution techniques
for coupled THM models (Wang and Schrefler, 1998; Cervera et al., 1996; Thomas et al.,
1999); soil mechanics (Thomas and Missoum, 1999); simulation of expansive clays (Thomoas
and Cleall, 1999); flow and mechanics of fractures (Selvadurai and Nguyen, 1999); non-
Darcy flow in coupled THM processes (Nithiarasu et al., 2000); double-porosity model of
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porous media (Masters et al., 2000); parallel formulations of coupled hydro-mechanical and
thermo-mechanical models for porous media (Zimmerman, 2000); and tunnelling in cold
regions (Lai et al., 1998).

The interactions and integration of the THM processes are shown in Table 1. The three
processes have large differences in characteristic time and spatial scales. The thermal proc-
ess has a relatively larger time and spatial scale due to the long heating cycle, besides, ther-
mal dispersivity smoothes out the effects of local spatial property variations. Conversely, the
mechanical deformation propagates rapidly and is commonly affected by faults and frac-
tures, although much less so by medium property variations. Finally, the hydrologic flow
and transport are sensitive to the small-scale medium heterogeneity, but with a timescale
corresponding to the solute transport times. These processes are generally solved numerically
through methods like finite difference methods, finite element methods and discrete element
methods.

CO, sequestration in coal seams is nothing like that in other porous medium with respect
to the trapping mechanism. Unfortunately, most of previous THM models were only applied
to rocks and the phenomenon of sorption was not rigorously considered. Another problem is
that the current simulators like TOUGH II can simulate multiphase flow in various medium
coupled with mechanical response, but thermal effect on the fluid flow and mechanical defor-
mation was not well described and even often ignored which makes it impossible to simulate
the fully coupled THM process in the coal seams. In fact, the variation of sorption capacity
with changing temperature in the coal seams has significant effect on the sorption-induced
coal matrix swelling/shrinkage. Furthermore, the porosity of the formation and other proper-
ties are often assumed as a constant or simply a function of pressure to reduce the number of
variables. Even though this simplifies the governing equations, but may not completely reflect
the specific effect of temperature and reduce the stability and efficiency of the numerical
simulation since most of the fluid properties are temperature dependent. Therefore, only if a
comprehensive modeling strategy for coupling the THM processes in coal seams is presented,
can the effects in all aspects are better interpreted.

Figure 1 demonstrates the coupled THM processes in the coal seams. The hydro-mechanical
processes are coupled via cleat aperture, coal porosity/permeability, fluid pressure and
mechanical stress. The link for thermo-mechanical processes is volume expansion and ther-
mal stress increment of the coal matrix, as well as the matrix swelling/shrinkage (indirectly
the cleat aperture change) induced by adsorption/desorption due to temperature variations.
The coupling in the thermo-hydraulic processes are more complex, involving variations in
volume (density), viscosity and phase changes (gas, liquid and supercritical) of the fluid var-

Table 1. Interactions among the THM processes (Stephansson et al., 2004).

Rock inhomogeneity and
anisotropy, & fractures
(geometry, etc.) affects
rock properties/stresses

Rock porosity, rock Mineralogical

mass permeability, and composition, porosity,
water-rock interaction textural and structural
affects water flow anisotropy effects

Geology

Rock & fracture zones
subjected to higher

Stress data affecting
the geo-interpretation

Spatial distribution
of in situ stress and

of fracture systems and Rock Mechanics EDZ influences the  stresses may be more
rock mass hydro-geological thermally conductive
regime

The flow pattern will
affect the temperature
due to convection effects

Hydro-geological tests Water pressure changes
and measures can affect the effective stress

the geo-interpretation

of permeable features

Hydro-Geology

Thermal anisotropy
and measurement
affecting the geo-
interpretation

Change in temperature
can change the local
stress, possibly leading
to failure

Temperature gradients
and thermal expansion
in rock/fractures affect
the water flow

Thermal Properties
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Figure 1. Coupled THM processes of fractured coal seams.

ied with temperature, as well as the conductive-convective thermal transfer through fractured
coal seams by the flow of the fluids.

Three conventional individual physics (fluid flow, energy conservation and mechani-
cal deformation) are incorporated into a multiphysics model to solve the coupled physics
phenomena in coal seams simultaneously in this section, and a complete set of governing
equations (a large system of nonlinear coupled partial differential equations) are derived.
The main difference between this model and other ones is that the adsorption/desorption
process is involved and the sorption-induced strain plays the predominant role in perme-
ability change during the whole process. Another difference is that the properties of both
coal and injected fluid are treated as functions of temperature, and heat transfer is explicitly
described with energy conservation law, so that the thermal effect on gas flow and coal
deformation can be well understood. The equation derivations are based on the following
assumptions:

1. The target coal is linear elastic porous medium with small cleats and statistically
isotropic

Small displacement and infinitesimal strains are assumed

Gas flow through the coal follows Darcy’s Law

The medium is fully saturated and the dissolution of CO, is ignored

The fluid is supercritical and does not undergo a phase transformation.

sk

2.1 Coal deformation equation

In this section, stress—strain relationship for a linear elastic porous medium are derived.
The derivation makes use of an analogue between thermal expansion and matrix swelling/
shrinkage associated with gas adsorption/desorption in coalbeds. Stress-strain relationships
for a thermoelastic porous medium can be readily found in the literature (Nowacki, 1975;
Bear and Corapcioglu, 1981).

The strain-displacement relation is expressed as

1y
& :EW,/“‘./J) @

where €, is the component of total strain tensor and 4, is the component of displacement.
The equilibrium equation for mechanical deformation is defined as

o+ 1,=0 (2

where o, ; denotes the component of the total stress tensor and f; denotes the component of
the body force.
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According to the elasticity law, the constitutive relations of an isotropic linear poroelastic
continuum representation of the coal can be expressed in the terms of the effective stress,
compressive strain, sorption-induced strain and thermal strain.

1 1 1 o 1 1
=0 | o, 8+ L pS t -8, + =5,
7 2G”(6G 91<J""’f31<p’f3-"f3” 3
E E K
E=R, -E, G= , K=———, a=1-—, 0,=0,,+09+0
m m 2(1+V) 3(1—21/) KS kk 11 22 33

K represents the bulk modulus of coal and K represents the bulk modulus of coal grains.
G is the shear modulus of coal, €, is the sorption-induced strain, &, is the thermal strain, E
is the Young’s modulus of the matrix, R, is the modulus reduction ratio, E is the equivalent
Young’s modulus of coal-fracture assemblage and v is the Poisson’s ratio of coal-fracture
assemblage. o represents the Biot coefficient, «, is the coefficient of volumetric thermal
expansion of coal, p is the gas pressure in pores and 5[1. is the Kronecker delta; 1 for i =j and
0fori#j.

In a non-isothermal body, the swelling of coal matrix with the increase of temperature
due to thermal expansion leads to a decrease in the porous medium porosity. This is directly
analogous to matrix swelling in coalbeds, where cleat porosity decreases as gas adsorbs dur-
ing injection (Palmer and Mansoori, 1996). By combining thermal expansion/contraction
and matrix swelling/shrinkage, stress—strain relationships for a non-isothermal coalbed may
be written as (negative in compression).

1 11
Ag,=—A0,;, —| ——— |A0y,. 0
[ANDYe (6G 91() L

174 A& 197
+3—KAp§,.j + 3S J; +TTATc)}j

4

Combining the equations above, the following governing equation for displacement of
coal under a combination of applied stress, strain, gas pressure and temperature can be
obtained.

G e+ tei—op,—Ké ;- Kéep;+ ;=0 ©)

1-2v

From Equation (10), we obtain

1 _ .
Ag, = ——(Ao— aAp)+ A&, + o AT
K ’ 6)
§=8tEnT &y 0=—0y /3
where ¢, is the volumetric strain of coal matrix and o'is the mean compressive stress.
Considering a porous medium containing solid volume of V, and pore volume of V.,
we assume the bulk volume and the porosity

V=V, +Vs ¢=V,IV

According to Eq. (2), the volumetric evolution of the porous medium with the load of
o and p can be described in terms of AV/V and AV /V , the volumetric strain of coal and
volumetric strain of pore space, respectively. The relations are

AV _ —L(AB'— alAp)+ Ae, + o AT
14 K (7
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AV 1
L — —— (Ao— AP+ As. + o, AT
% K( ﬁl’) s T

p P (8)
B=1-K K,

We assume that the sorption-induced strain for the coal is the same as for the pore space.
Without the gas sorption effect, the volumetric variation of the porous medium satisfies the
Betti-Maxwell reciprocal theorem, (Hudson et al., 1993):

vy _9v,
|, do )
and we obtain
K, =2k )
a

Using the definition of porosity, the following expressions can be deduced as

AV _AV, AP

10
=g (10)
AV
r o AV + A¢ (11)
V, Vi ¢(-9)
Solving Egs. (13)—(17), we obtain the relationship as
ro=d L Naz- (12
Kt e
Substituting Equations (12), (15) into Equation (18) yields
Ao— A
o=y = ~a- 92T (13)
K
Rearranging the above equation gives
PR S S—C (14)
| _Ao-Ap a AO'—ApJ K
K K
Because generally (AG — Ap) /K << 1, the above equation can be simplified into
O abohr_ @), (15)

¢O ¢0 K ¢0

where Ag, = —(A - Ap)/K is defined as the total effective volumetric strain.
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Eq. (12) can be written as

A
Ae=Ag, -2+ Ae, + ap AT (16)

m

The gas sorption-induced normal strain g, and the gas pressure-induced strain p/K
produce no shear strain. Its effects on all three normal components of strain are equal
(Robertson, 2005). By these definitions, £ and p/K are the free-swelling volumetric strain
and the coal grain compressive volumetric strain. The total effective volumetric strain is
calculated by

Ae,=Ae+2P _Ae — AT (17)

m

Only Ag, is responsible for the coal permeability change.

2.2 Permeability model

Changes in coal permeability are determined by the redistribution of effective stresses or
strains due to changed conditions such as gas injection, as shown in Figure 2. Coal fracture
porosity can be determined by fracture spacing and aperture (Liu, Elsworth et al., 1999). For
the two-dimensional case, the initial areal porosity for x or y directions is defined as

3.b,
¢ﬁo=—S’°~i¢j (18)

where D is the porosity, and b, is the fracture aperture for i direction.

It is assumed that fracture and matrix deformation are both linear and fully recoverable,
and deformations in normal closure and opening are the predominant permeability altera-
tion mode. Therefore, coal permeability changes can be defined as a function of the variation
aperture in corresponding directions, where the aperture variation is realized through the
elastic modulus reduction ratio, R .

r - E (19)

Eand E_ are Young’s modulus of skeleton and modulus of matrixes, respectively.

The principle of modulus reduction ratio is shown in Figure 3. U and U, are the dis-
placements of coal matrix and fracture. When the coal modulus reduction ratio is unity,
i.e, R =1 then the equivalent modulus of the fractured medium is equal to that of the coal
matrix. In other words the coal mass may be considered as unfractured or the fractures are
infinitely small. Conversely, in the limit as R = 0 then the coal matrix is infinitely stiff and

Butt claat Stress, Oy, l

|/
L

Mairix blocks containing pores

Face cleal

|

Fluid pressure, P

Figure 2. Micro structure of coal.
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Figure 3. Schematic diagram for modulus reduction ratio.

the observed deformational response is equivalent to that of the fractures alone. Therefore
the parameter 1 — R represents the ratio of the partitioned strain for the fracture system to
the total equivalent strain. If R = 1, zero percent of the equivalent strain is due to coal frac-
tures, therefore the coal permeability change is due to the deformation of the matrix only. If
R =0, 100% of the equivalent strain is due to coal fractures, the coal permeability change is
due to fractures only.

Results from field and laboratory experiments indicate that coal permeability can change
significantly during absorbable gas injection (e.g. CH, and CO,). The injection gas pressure
tends to mechanically open coal cleats and thus enhance the permeability as the initial gas
pressure resides only in the fractures and any constrained change in total stress compresses
the matrix blocks. If expansion of the cleat-matrix assemblage is constrained then fracture
permeability reduces by narrowing and even closing cleat apertures. When the coal swelling is
taken into consideration, the total effective strains in the equation (17) can be replaced by the
differences between the total strain change, Ag , in the i direction and the free swelling strain
change, Ag, as follows

—he,—ine Lo ar e B2 (20)

Ag, vi
3 3 3K,

el

Under the 2D case with two orthogonal sets of fractures, coal directional permeability for
different directions are defined as following (Liu, Elsworth et al., 1999):

3
k. 2{1-R
k._ﬁ:(l-'_M.Agei]
£i0 & @)

s (22)
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where &, is permeability of coal in i direction, &, is the initial permeability for i direction,
Ag, is the directional effective strain change. s is the fracture spacing.
From Eq. (13) we can see the effective strain change for the matrix system can be expressed as

Ao — A Ao — A
T . o (23)

m

Then the matrix porosity change regarding effective stress variation can be given as

AG— A
q)m ¢m0 + Rm u (24)
From Eq. (15) we can know that fracture porosity change can be given as
Ap
¢f:¢f0+(1—Rm)(Agv+K—‘—a’TAT—A.5‘S) (25)

m

For the 2D case with two orthogonal sets of fractures, coal directional permeability, &k and
k, were defined as

3

K | 20R) |3 gt p potps (26)

k .
o P _%Q/T '(Tg _T0)+

L
37\Pg—l’o)

2.3 Flow and transport analysis

The mass balance equation for a single component gas is defined as

a
LAV (p,0)=0, 27)

where yA is the gas density, v is the Darcy velocity vector and Q. is the gas source or sink.
Assumlng the effect of gravity is relatively small and can be neglected, the Darcy’s velocity
may be defined as

k
u=-L v, (28)

where v is the viscosity, Vp, is the pressure gradients, m is the gas content including both free-
phase and adsorbed components w

m=p,- g+ (1-gw (29)

As discussed above in introduction, the modified Langmuir adsorption equation is applied
here.
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W=L~wazi- W - ) Y e +k, P, 1L (30)
1000 1000 o) \ o+ o1 € 2,

where w, is the maximum adsorption capacity, p, is the density of the adsorbed phase, p, is
the characteristic Langmuir density, represents the gas density at which the adsorption is half
the maximum. & is the error collection.

2.4 Heat conduction and convection modelling

Energy conservation equation can be obtained on the basis of the first and second laws
of thermo-dynamics, which analyze the transformations affecting all the forms of energy
involved in the evolution of a system.

If the dissipation of mechanical energy is neglected, under the assumption of small pertur-
bations, thermal equation can be written with substitution of Fourier’s Law as:

aS om
_s, My, 31
T(a[ y az) V-(AVT) (3D

where S stands for the overall density of entropy per unit of initial volume; s, is the fluid-
specific entropy, m is the unit mass, A is the thermal conductivity, and 7 is the absolute
temperature.

Through substituting the expression of m and the porosity ¢, by some simple manipula-
tions, the Energy conservation equation can be written as:

d¢, o oT
cla—;—c2%+c3§=V~(JVT) (32)

in which, ¢, ¢, and c, are the coefficients for the change rate of total volume strain, pressure
and temperature respectively.

Among all thermal processes, heat conduction and convection are dominant. Conduction
is heat transfer by diffusion in a stationary medium, due to a temperature gradient.

The heat conductivity equation can be written as:

¢, T _ wor (33)
ot

In coal seams, heat conduction happens in both coal and CO, fluid. An equivalent heat
capacity and equivalent thermal conductivity are applied here.

j’:(}_ﬁ)'j(y+¢'/zg (34)

cp:(1_¢)~ps‘cs+¢'/og'cg (35)

where A is the equivalent thermal conductivity, ¢, is the heat capacity at constant pressure.
/lg, A, are the thermal conductivity, and ¢, €, are specific heat constant for gas and coal,
respectively.

This model also implements a weak coupling between the flow and thermal steps. Heat con-
vection is the way of heat transfer when heat is transported by a fluid motion, i.e., between a
cold surface and a hot moving fluid.
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The governing heat conduction and convection equation is defined as:

oT
€yt oVT = AV’T (36)

where v is the flow velocity of the fluid, and ¢, is the equivalent heat capacity.

2.5 Impact of thermal and pore pressure on adsorption and induced strain behavior

This section is to investigate the effect of temperature on sorption by establishing the rela-
tionship between sorption-induced strain and temperature.

An approximately linear relationship was observed between sorption capacity and recip-
rocal temperature for Nitrogen (Zhou et al., 2001). Analogously, a temperature dependence
of adsorption is reported with a linear curve for methane within the range of experimental
temperature (Li et al., 2003; Pini et al., 2010; Bae and Bhatia, 2006), as shown in Figure 2.
Consequently, a modified Langmuir volume equation is established in this paper as following
to describe this relationship for CO,.

P Pg
V.=V, (T, £ Vie+ AXAT, 37
K L( g)PL +pg ( L0 )P +pg

where V_ is the adsorbed volume. V,  is the maximum sorption capacity of coal to a gas

component at the initial reference temperature of 7). V, is the maximum sorption capacity
of coal to a gas component at temperature of T Ai 1s the sorptlon capacity change rate with
temperature, which is negative as temperature 1ncreases P, is the Langmuir sorption pres-
sure constant. Volumetric strain associated with gas sorptlon can be measured in terms of the
adsorbed gas volume at standard pressure and temperature. Experiments on the volumetric
strain associated with methane and carbon dioxide adsorption has shown that the sorption-
induced volumetric strain is approximately proportional to the volume of adsorbed gas (Cui
and Bustin, 2005; Clarkson and Bustin, 2010), which also has been confirmed by Day et al.
(2010), as shown in Figure 3. The relationship between is described as

=gy, (38)

where & is the sorption-induced strain, and ¢, is the proportional ratio of sorption-induced
volumetric strain to sorption volume.

Substituting Eq. (29) into the above one, the effect of temperature on sorption-induced
strain can be obtained,

& =&, (Vio+AXAT) (39)

P +p

2.6 Coupling governing equations

According to the real gas law, gas density is proportional to the gas pore pressure and can be
described as

I

. (40)

M, p,
R T,

Pe=7

where M is the molecular mass of gas, R is the universal gas constant, T is the gas tem-
perature, z is the correction factor that accounts for the non-ideal behavior of the gas which
changes with R and T,
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Substitute all the equations above to Equation (27), and the governing gas flow equation
with thermal gradients can be obtained.

=

(,og—w)~ _(1_Rm).€L'7PL2_
(pg+pL) m

>~

(_w_o][ Pe , Pl
2 + wRIE
ML orpog |V I\ o) ) e
8 Pr Pe !
twy ———— k[ 1-2-—=
(/ag+pL) pa
p
+ —w|-(1-R. )| - A4 g — 41
{(pg w) (1 ,,,)( £, B ar) (41)
(_ﬂ]_ y Py Pr
N 2
T, 1000 P 2, ot
iy —L L vk, [1-2.2%
pg+pL) Pa
k d¢,
+V(_/_1'pg'vp]:Qs_(pg_w)'(l_Rm)‘al

If the process is isothermal, the governing gas flow equation is described as

(_m]. Pe , Pl
2
+
+ML o+ (1-9) P Pu) \ PetPL (/Jg+/)L) % (42)
RT, 1000 p) Yy, ot
+1, L 2+ka~(1—2-—gJ
pg+,aL) P
0&,
+V(__ /Og Vp]:Q\_(pg_W) (1_-R-m)' a;

Substituting Eq. (39) of sorption induced strain into Eq. (5), the governing mechanical
deformation equation is obtained

GV2u,-+1 > ei—K~(aT+ggAPp )T,.
-2V’ 1tp)

43
[ Ke(Vi+AxAT)P, “3)
1 (p+P) 5=
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3 NUMERICAL SIMULATION MODEL

In this section, a 2D numerical model was implemented to simulate the permeability and gas
adsorption response to the injection pressure and temperature variation.

3.1 The FEM model geometry

The model is solved with finite element method. The two-dimensional geometry domain with
an area of 200 m x 200 m is shown in Figure 4. A CO, injection well is located in the center
with a diameter of 0.1 m. Directional permeability was used in this comparison for fractured
porous media case. Homogeneous properties of the coal seams in horizontal direction are
assumed. Therefore, the CO, plume will develop radially symmetrically around the injection
well and it is sufficient to model only a sector of the domain.

3.2 Initial and boundary conditions

An increasing pressure from the initial pressure of 0.5 MPa to the injection value pin of
15 MPa and an increasing temperature from initial 298.15 K to 7; of 323.15 K are specified
on the injection well boundaries.

145
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140
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< 130 + Experimental data
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(a) Temperature dependence of coal adsorption capacity
to CH, by charcoal (data from Li et al., 2003)
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(b) Temperature dependence of coal adsorption capacity
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and Bhatia, 2006)

Figure 4. Temperature dependence of coal adsorption capacity to adsorbing gas.
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Figure 6. Geometry of the simulation model (one quarter of the model is simulated).
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(a) Constant Volume Condition (b) Free Expansion (c) Push-Back Force

Figure 7. [Illustration of free expansion plus push-back process.

Table 2. Parameters for permeability model.

Parameters Definition Value [units]

Dy Initial pressure 0.5 [MPa]

P, Injected pressure 7 [MPa]

T, Initial temperature 298.15 [K]

T, Injected temperature 323.15[K]

P, Adsorped phase density 1000 [kg/m*3]
P, Langmuir density 50 [kg/m”3]

W, Maximum adsorption 80.9 [kg/t]

K, Correction constant 0.023 [m”3/1]
M, Molar mass of CO, 44¢-3 [kg/mol]
R Gas constant 8.314472 [JK~! mol™]
vis Viscosity 1.48¢-5 [Pa s]

P, Coal density 1.25¢3 [kg/m*"3]
a, Thermal expansion constant Se-5[K™']

R, Elastic modulus reduction ratio 0.5

C, Specific heat constant of coal 2300 [J/(kg K)]
C, Specific heat constant of CO, 847 [J/(kg K)]

A, Thermal conductivity of coal 0.33 [w/(m k)]

A Thermal conductivity of CO, 0.0246 [w/(m k)]

S

For the gas and heat flow models, no gas or heat flow conditions are specified on bounda-
ries. For the coal deformation model, four boundaries are constrained to keep the whole
volume constant. The free expansion that coal sample experiences is illustrated in Figure 7.

In this case, four boundaries are no lateral deformations are allowed. The total strain incre-
ments are given as follows,

Ag, =Ag, =0 (44)
All permeability ratios are determined by the effective strain. Substituting equation (2) or
(3) into (21) gives

3

. g‘_lgL.(Pig_L]
. — v
fi _ 1+2(1 R,). 3 PetPL PotPr (45)

k 74 1 1
fi0 x0 T _T
3.3 The main materialparameters

Detailed parameters are listed in Table 2.

83



Downloaded by [Visvesvaraya Technological University (VTU Consortium)] at 01:19 29 February 2016

4 RESULTS AND DISCUSSION

In this section, temperature evolution and distribution at grid (100,100) are displayed in the
first few graphs to illustrate the temperature variation during the CO, injection and gas flow
in the coal seams. Then permeability evolution under non-isothermal condition is compared
with that under isothermal condition by analysing the thermal effect on each component
of effective strain respectively. Finally, adsorption capacity and permeability isotherms
are studied over a range of temperatures to demonstrate dependence of coal properties on
temperature.

Temperature in the vicinity of the injection well instantly increases from the initial value
of 298.15 K to the same value as that of the injected fluid. The propagation of the heat
head leads to large temperature gradients from the injection well to the far away boundaries,
as shown in Figure 8. However, it is noticeable that the temperature varies slightly after it
reaches the equilibrium due to the heat transfer between the high temperature fluid and
unheated solid surface.

The temperature evolution at the point of (60,60), (90,90) and (100,100) in 3 years are illus-
trated in Figure 9. The heat head reaches the point (60,60) on the 200th day, and gets equi-
librium around the 250th day. However, it takes double time for the temperature to increase
from the initial value to the injection value at the point (90,90), while as long as 400 days
with respect to the point (100,100). Therefore, the further the area is away from the injection
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Figure 8. Comparison of temperature distribution along line AB in coal seams from 1 month to
3 years.
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Figure 9. Comparison of temperature evolution along line AB in coal seams at points (60,60) (90,90)
(100,100).
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well, the longer it takes for the temperature to get equilibrium. In addition, the temperature
increase rate decreases with time at each point. As the injection rate is constant, the larger
area that the injected fluid passes the less heat is distributed to each area and the longer time
it takes for the heating process.

The temperature distribution and evolution during the whole injection period, as shown
in Figures 8 and 9, demonstrates that temperature varies considerably between the injec-
tion point and the boundary. This is due to the temperature difference between that of the
injected fluid and the coal reservoir, and the role of the heat conduction and convection is to
reduce the temperature gradients. Heat conduction happens within the solid medium from
the higher temperature part to the lower temperature part, and the conductive speed is con-
trolled by the thermal conductivity. Heat convection occurs between the solid phase and fluid
phase through the flow of fluid and associated with flow velocity. The relationship between
heat and flow is demonstrated in the thermal conservation equation and Darcy’s Law.

oT
Cog 5 c,oVT = AV T (46)
v= —ﬁvpg (47)
U
e Ky aver (48)
ot u

The increase of temperature mainly relies on the heat convective term associated with flow
velocity since the thermal conductivity of coal matrix is quite small and it takes much longer
time for temperature to get equilibrium, as shown in Figure 10. Temperature changes faster
with the increase of flow velocity, as shown in the Eq. (46), and slows down as the flow veloc-
ity begins to decrease. As shown in Figure 11, velocity increases rapidly from 0 to 2.4 m/s in
the first 400 days, then declines sharply to 0 till the 10000th day. As a consequence, tempera-
ture increases with a larger rate as velocity rises then with a smaller rate after the velocity
begins to decrease.

However, the temperature head is always behind the pressure head, as shown in Figure 12.
Pressure at the point of (100,100) starts to increase from 200 days after the injection begins,
about 2000 days earlier than the increase of temperature, which remains on the initial value
and does not change in the first 3000 days. This retardation of temperature increase is deter-
mined by the velocity of the fluid phase, which is calculated through Darcy’s Law and pro-
portion to the pressure gradients, as shown in Eq. (47). Furthermore, the discrepancy of
pressure and temperature evolution has an impact on the evolution of effective strain, affect-
ing the permeability as well.
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Figure 10. Temperature evolutions under heat conduction and convection.
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Permeability is the other factor besides the pressure gradients that controls the rate of
fluid flux and hence affects the heat convection term, which can be seen in Eq. (47) and (48).
As shown in Figure 13, permeability ratio decreases consistently over 90% in the coal seams
in 100000 days under both isothermal condition and non-isothermal condition.
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The permeability ratio difference between the isothermal and non-isothermal conditions is
only 1% in the first 100 days, but the ratio decreases steeply to 0.3 on the 1000th day, as much
as 10% more than the permeability decrease under the isothermal condition. Then it keeps
declining with almost the same rate for both cases until the 2000th day when the permeability
difference reduces to 5%. After 3000 days, permeability ratio keeps decreasing and stables
under 0.1 for both cases.

Permeability distributions on the 1000th day for both isothermal and non-isothermal
cases are compared in Figure 14. The lowest permeability ratio on these two lines lies near
the injection well, which is under 0.05 for both cases, suggesting that permeability starts to
decrease from this area. The permeability difference begins to increase about 10 m away from
the injection well. The permeability at the point (100,100) under non-isothermal condition is
0.37, 7% higher than that under isothermal condition. Similarly, permeability on the bound-
ary under non-isothermal condition is about 0.45, 10% higher than that under isothermal
condition. The permeability on the boundary is about 30% to 40% higher than that in the
vicinity of the injection well under both cases, indicating that permeability near the boundary
decreases much slower than the other part of the other area.

The decrease of permeability and the difference between the isothermal and non-isother-
mal conditions are caused by effective strain, as suggested in Eq. (27), combined the effect
of total volume strain, sorption-induced strain and thermal strain. Sorption-induced strain
is determined by both pressure and temperature. Thermal strain is caused by thermal expan-
sion and controlled by thermal expansion coefficient and temperature difference. Permeabil-
ity is determined by pressure and temperature with different weight factors at different stages
according to the discrepancy of their evolution time.

The components of the effective strain under two thermal cases are compared in Figure 15.
Sorption-induced strain increases substantially from 0 to 0.5% in the first 6000 days. Thus
the decrease of the permeability in the first 6000 days is mainly caused by the sorption-in-
duced strain due to the increase of pressure. However, the sorption-induced strain under the
non-isothermal condition is smaller compared with that under the isothermal case since the
sorption capacity decreases with increasing temperature, leading to a less decrease of perme-
ability. After 6000 days, sorption-induced strain keeps increasing with a smaller rate to 0.7%,
and thermal strain begins to increase and rises to 0.05%, as shown in Figure 15, increasing the
effective strain and causing permeability to decrease more under non-isothermal condition.

The effect of temperature on permeability for fully constrained model can be better under-
stood by analyzing the displacement evolution since permeability is determined by volumet-
ric strain via displacement. As shown in Figure 16, the displacement increases steeply from
0 to 0.075 m in the first 3000 days for the isothermal case, then decreases consistently to
0 again. The displacement evolution for the non-isothermal case shows similar trend in the
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Figure 14. Comparison of permeability ratio distribution along line AB in coal seams for isothermal
and non-isothermal cases on the 1000th day.
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Figure 15. Comparison of strain evolution at point (100,100) for isothermal and non-isothermal cases.

first period, but the maximum value reaches 0.068 m 200 days later than that of the iso-
thermal case. In addition, the decrease is not consistent but with different decreasing rate at
different time period. The displacement stables at 0.032 for 2000 days after the first sharp
decrease, and then declines again slowly with a smaller rate. The decrease of the displacement
is retarded because the sorption-induced strain decreases with the increasing temperature
and then reaches the steady state, as shown in Figure 15.

The last 2 graphs compare the adsorption capacity and permeability distribution under
the isothermal conditions over a range temperature of 298.15 K, 328.15 K and 358.15 K on
the 1000th day. The adsorption capacity at the point of (100,100) under 3 temperatures are
37 kg/m?, 34 kg/m?® and 32 kg/m’ respectively, as shown in Figure 17, suggesting a 2.5 kg/m?
decrease of adsorption amount for every 30 K increase of temperature. The results validate
the theory that adsorption capacity decreases with increasing temperature.

Permeability ratio decreases gradually from 0.34 to 0.325 and 0.30 respectively, as tem-
perature decreases from 358.15 to 298.15 on the 1000th day, as shown in Figure 18, suggest-
ing an average 2% more decrease of permeability for every 30 K decrease of temperature,
which demonstrates that permeability decreases less as temperature increases. This is because
sorption-induced strain is the predominant reason for permeability change for isothermal
cases. Even though permeability decreases with the increase of pressure, adsorption capacity
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Figure 16. Comparison of displacement evolution in coal seams at point (100,100) for isothermal and
non-isothermal cases.
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Figure 17. Comparison of adsorption capacity along line AB in coal seams under isothermal condi-
tion over a range of temperature of 298.15 K, 323.15 K and 358.15 K.
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decreases with increasing temperature, which causes less gas to adsorb on the coal surface,
and coal matrix to shrink, enhancing the permeability. Consequently, permeability at higher
temperature decreases less.

5 CONCLUSIONS

A fully coupled gas flow, heat transfer and mechanical deformation model applied to
CO, sequestration in coal seams is presented in this paper. The case of high tempera-
ture CO, injection is simulated to characterise the temperature evolution and investigate
the thermal effect on coal properties. The temperature variation in coal seams due to
the temperature difference between the injected fluid and the formation leads to a sig-
nificant change of effective strain and decrease of permeability. Specific conclusions
include:

1. Temperature in the vicinity of the injection well reaches the injected gas temperature
instantly. The further the area away from the injection well, the smaller rate temperature
increases with and the longer time it takes for temperature to get equilibrium.

2. Temperature difference between the high temperature injected gas and the colder solid
surface as well as the heat release from the adsorption process is the main reason for heat
transfer. The heat transfer rate highly depends on the fluid velocity and coal permeability
that controls the heat convective term.

3. Permeability is well described by the effective strain, which is affected by pressure and tem-
perature simultaneously. However, their weight factors on the effective strain are different
in different period due to the discrepancy of pressure and temperature evolution time.
Sorption-induced strain increases with increasing pressure and decreases with increasing
temperature, while thermal expansion only causes the coal matrix to swell and decreases
permeability.

4. Adsorption capacity decreases with increasing temperature, causing coal matrix to shrink
and enhances permeability.

5. Permeability near the injection point decreases faster than the other areas, leading to the
lowest permeability in the coal seams.
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ABSTRACT: Carbon-dioxide geological storage has an important issue—the interaction
of gas-coal interaction in micro-scale. In this report, micro-scaling modeling is implemented
for the gas-coal interaction in coalbed seam. First, the mathematical model for the gas-coal
interaction is formulated. This model considers the interaction of gas flow, density change of
gas due to pressure and deformation of coalbed seam. The absorption /desorption of gas on
coal matrix is also incorporated into the framework. Then, the evolution of porosity is devel-
oped based on the gas absorption and compaction of coal skeleton. Third, an input method
is developed to describe the local heterogeneity through local porosity. Fourth, two examples
are numerically simulated to investigate the effect of fracture-induced heterogeneity on gas
flow in coalbed seam. Finally, an idealized micro-structure model is investigated to consider
the swelling-induced permeability change in coalbed seam.

1 INTRODUCTION

Coal is generally characterized as a heterogeneous material such as a dual porosity system
model (Wu et al., 2010). The micro-pores in coal serve as storage spaces for over 95% of the
gas in absorption form and have very low permeability. However, macro-fracture network
isolates the matrix into individual blocks. How such a heterogeneous system affects the meth-
ane production as well as the underground storage of carbon dioxide (CO,) is an interesting
and important issue for carbon capture and storage scheme.

Heterogeneity of coal seam and other stones has been investigated by many researchers.
For example, Zhang et al. (2007) investigated the geological CO, storage in gas reservoirs
through a system-level modeling for economic evaluation. Perrin and Benson (2010) experi-
mentally studied the influence of sub-core scale heterogeneity on CO, distribution in reservoir
rocks. The CO, saturation in steady flow is measured by X-ray CT image techniques. During
transient flow such as methane displacing carbon dioxide process, the saturation evolution
is measured by Seo (2004) through porosity distribution and fluid density contrast. Wang
et al. (2010) numerically simulated the impact of rock microstructures on the supercritical
CO, enhanced gas recovery for both Weibull heterogeneity and potential preferential paths
input by X-Ray CT images. All of these experimental observations can directly measure the
heterogeneity of porosity. Recently, the heterogeneity distribution of permeability was exper-
imentally measured if the Darcy’s law is true locally (Uh and Watson, 2010). How the hetero-
geneity of porous medium affect the storage and flow rate of CO, in coalbed seam has not
been investigated from micro-scale experimental observations and numerical simulations.

In this report, the interaction of gas and coal in micro-scale is numerically investigated.
Particularly, the fracture network effect on the flow patterns is investigated. The fracture
opening/closing under coal matrix shrinkage/swelling is studied through a simple micro-scale
fracture model. Some understandings may be helpful for the carbon dioxide geological stor-
age, particularly in the coalbed seam.
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2 MATHEMATICAL MODEL

2.1 Basic assumptions

In this research, the coal as porous medium is treated based on the following assumptions:
(1) the porous medium is continuous, homogeneous, isotropic and elastic. (2) The deforma-
tion and gas flow processes are all pseudo-static. (3) The deformation is infinitesimal. (4) The
system is isothermal. Temperature does not change in temporal and spatial domains. (5) Real
gases are stored in pore spaces and absorbed on the surface of coal particles. The gas viscos-
ity is constant under isothermal conditions. (6) The gas flow follows the Darcy’s law. (7) Gas
absorption/adsorption is described by Langmuir law.

2.2 Deformation of coal porous medium

Because the deformation is pseudo-static, the inertial force is ignorable. For a gas-saturated
coal element, its stress state satisfies the equilibrium equation as

2%\ =0 1
o, i (M

J

where g;; = total stress components of coal elements; f; = body force in the ith direction; x; =
the jth coordinates.

The total stress is shared by both skeleton stress or effective stress (o) and pore fluid pres-
sure (p). This effective stress principle can be expressed as

0, = of apd; @

Where 0, is the Kronecker delta which is 1 for i = j and 0 for other cases. « is called as
Biot’s coefficient which is related to the bulk modulus of the porous skeleton K and the bulk
modulus K of individual grain as

K
a=l-—- (3)

N
Combining Eq. (1) and (2) gets the following form of equilibrium equation:

00
O-U +a((lp)+fi=0 (4)
ox; ox;

J 1

For linear elasticity, the constitutive model is expressed by the Hooke’s law as

0y =Gu, ; +u; )+ Auy 1 6; — Ke,oy (5)

where G = shear modulus; 4 = Lame constant; u = displacement of skeleton; &, = gas absorp-
tion/adsorption induced volumetric strain (swelling-induced strain). Further, u; ; = du;/dx;
and &, = u ;. = duy/dx; + uy / 9x, + duz 1 0x;.

Combining all above equation gets the Navier equation as

G
Gu; j; + T3,k = Ke—ap,; - f; (6)

This equation shows that the body forces have three sources: gravity-induced body force,
pore fluid flow induced friction force (drag force) and swelling induced body forces. It is
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noted that the drag force depends on the Biot’s coefficient and the swelling-induced body
force is related to the bulk modulus of skeleton.

2.3 Gas absorption/adsorption on coal
The gas absorption is assumed to observe the Langmuir law as
£
£ = P 7
pLtp

Where £,= Langmuir strain of gas; p,= Langmuir pressure.

2.4  Gas flow equation

The mass conservation law for each gas component can be expressed as

om
om = )= 8
5 +Vg (pgvg )— 0, (®)

The gas mass content m contains free-phase gas and absorbed gas; p,= gas density at the
in-situ conditions; v,= Darcy’s velocity vector; Q= gas source; 7 = time. For coal, the mass
content is expressed by

.
m=ped+ pp,—LL ©)
Pt pr

where p,,= gas density at the standard atmospheric conditions. g, = density of rock; V, =
Langmuir volume constant.
If the gas is ideal gas, its density can be calculated by

M

Pe=ip (10)

where M ,=molecular weight of gas; R = universal gas constant; 7' = temperature.
The Darcy’s law can be expressed as follows if the gravity effect is ignorable:

7, =—%Vp (11)

where k = coal permeability; # = dynamic viscosity of free gas.

3 EVOLUTION OF COAL POROSITY AND PERMEABILITY

3.1 Evolution of coal porosity
A general porosity model was proposed by Zhang et al. (2008) as

p= A0+ S, b + (S-S (12)

where the variables are defined as

P Po
S=g+—-¢&, Sy=&y+—-& 13
v KS s 0 v0 KS s0 ( )
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Figure 1. Interactions among multi-physical processes in coalbed seam.

Where &= the current volumetric strain; &, = the initial volumetric strain; &,

; o = the initial
absorption volumetric strain.

3.2 Cubic relationship between porosity and permeability

The evolutions of porosity and permeability is described by a cubic law as

kﬁoz(fj:{ﬁ[(l+so)+%(5—so)]}3 (14)

Where k, = initial permeability; ¢, = initial porosity.
The final form of gas flow equation is then obtained as

¢+ a- ¢i+/ocpaVLPL _a_¢ ELPLPZ‘|a—p—V (EPVPJ:QA (all-_i_?paai;/ (15)

1+S K, (p+p )} 1+S (p+p,) |01 -

This equation and Eq. (6) together describe the interactions among the deformation proc-
ess of coal, the free gas flow in coalbed and the gas absorption/desorption from coalbed.
Figure 1 shows the details of their couplings.

4 LOCAL POROSITY AND HETEOGENEITY INPUT

4.1 Concept of local porosity

Porous medium has three fundamental parameters: porosity, percolation, and anisotropy
of permeability. The porosity is defined as the ratio of the volume of pore space to the total
volume of the porous medium. For diffusion and convection of fluids in porous medium,
local porosity proposed by Hilfer (1992) is a good index for the presentation of the pore
microstructure. Local porosity is a comprehensive index for the spatial distributions of both
pore space and solid particles. On computational efficiency, the local porosity is still within
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the framework of continuum and thus be easily incorporated into the mathematical formula-
tion stated above through the initial local porosity and the initial permeability.

4.2  Input of heterogeneity through images

Usually, the pore microstructures of coal can be obtained through a series of images such
as X-ray CT images and other images. These XY images can be arranged according to the
z coordinates in increase or decrease order. For each pixel in an image, a digital number is
assigned through its gray scale:

D(i,j)= (image(n, 0,1)+image(n, 0,2)+image(n, o, 3))/(3 *256) (16)

where image (:,:,1), image (:,:,2), image (:,:,3) refer to the values of R,G, B colors, respectively.
Such a color is taken a value between 0 and 255, thus the length is 256. Through the above
conversion, each pixel in the X-Y image has only one value between 0 and 1.0. This value is
called as pixel label. All pixel labels in the X-Y images form a pixel label database.

Another important step is to transform this pixel label database into porosity/permeability
database or distribution. This transformation can be completed through some conversion
techniques such as widely used image threshold method in image processing (Holden et al.,
2009). That is,

glij)={% TPl a7)
4y T, <D(i,j)<T,

where the threshold values 7;, T5, ..., T, are prescribed for different applications. ¢(i, ;) =
local porosity at the point (Z, j).

5 NUMERICAL EXAMPLES

5.1 Effect of image-based heterogeneity on flow patterns

Example 1: Multi-fracture flow model

The model is shown in Figure 2 and the details of fractured zone are shown in Figure 3. This
model has two zones: matrix zone (zone 1) and fractured zone (zone 2). The matrix zone has
only coal matrix but the fractured zone has both fracture and matrix. The fracture networks
are input through a photo of fractures. In the matrix, the permeability is 0.1 mD and the
porosity is 1.0%. In the fractured zone, the matrix has the same properties as zone 1 but frac-
tures have the permeability of 10 mD and porosity of 15%.

The pressure history curves at points P1 and P2 are shown in Figure 4. These two points
are all in the matrix but P1 is in the fractured zone and near the wellbore. The point P2 is
in the zone 1 (matrix) but far away from the wellbore. This figure shows that the pressure at
point P1 dissipates faster. Further, Figure 4 shows the pressure dissipation profiles (differ-
ent times) along a horizontal section from the wellbore. This section intercrosses two main
fractures. Their effect on pressure dissipation profile is observed and indicated with two
vertical lines.

Example 2: Single-fracture flow model

Only one fracture is in the zone 2. The pressure history curves at four points are compared in
Figure 5. The points P1 and P3 are geometrically symmetric on wellbore and point pair P2
and P4 are also symmetric if there is no fracture. Due to existence of one fracture at the right
hand side, the pressure history is different.
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Figure 2. Computational model for fractured microstructures.
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Figure 3. Microstructures in zone 2.

5.2 A micro-scale fracture model

Conceptually, the gas flow in coal seam are mainly in fracture and the matrix supplies and store
gas through absorption/desorption. On this sense, the absorption induced matrix swelling may
change the opening/closing of the fracture on micro-scale. In this section, a micro-scale fracture
model is shown in Figure 7. In this model, the fracture is assumed to be empty (no filling) and
the matrix is still porous medium. The fracture permeability is usually calculated by

a3

P 18
I 12s (18)

where a = fracture opening or aperture; s = fracture spacing.
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Figure 7. Micro-scale model for swelling-induced fracture opening study.

For the deformation process, the boundary 1 is completely fixed and the boundary 2 is
free. This sample has constant volumetric strain. However, the deformation within the model
is not homogeneous due to the fracture.

Two cases are numerically simulated.

Case 1: The fracture pressure at boundary 2 is 500 psi but the initial pressure is 700 psi. When
the matrix pressure at boundary 1 gradually reduces to 500 psi, the matrix will shrink. This
may induce the opening of fracture. Figure 8 shows the simulation for this case. The increase
of fracture opening is observed.

Case 2: The fracture pressure at boundary 2 and initial matrix pressure are all 500 psi but
the external pressure at boundary 1 gradually increases to 700 psi. This will produce a flow
from matrix to the fracture. In the matrix, the pressure is finally higher than 500 psi. Thus,
swelling-induced strain will be produced. This strain will narrow the opening as shown in
Figure 9, thus reducing the permeability of the fracture.
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Figure 8. Fracture opening due to matrix shrinkage.

6 CONCLUSIONS

These simulations observed the following phenomena: First, gas flow has different sources
and flow channels at different flow stages. The gas flow is mainly in fractures particularly at
the initial stage. The coal matrix supplies gas for fracture channel flow at the later stages. This
supply determines the flow rate at the steady-state flow rate. Second, the gas flow is generally
heterogeneous on micro-scale observation. This heterogeneity depends on the fracture den-
sity and orientation. The gas-coal interaction induced swelling may significantly change the
permeability of fractures. This change is determined by both swelling properties of coal and
external conditions such as constraint responses to the swelling strain.
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ABSTRACT: Injection of anthropogenic CO, in geological formations is now considered
to be a promising proposition in order to diminish the effects of global warming. However,
this proposition is not without risks. In order to ascertain and to study alternatives in order
to diminish these risks, it is necessary to predict the short and long term behaviour of the
created CO, reservoirs. Numerical techniques are the obvious choices for these purposes.
However, complex processes are to be simulated both in the large scale and on the micro-
scale. The present paper makes considerations on the available techniques. In particular the
paper concentrates on the possible alternative of injecting CO, in carboniferous formations
and abandoned coal mines

1 INTRODUCTION

The long and short term predictions of injection of CO, in geological formations require
careful and detailed analysis of the created reservoirs. A number of escape routes may exist
(IPCC, 2005) and should be analyzed. These escape routes depend on the chosen geological
formation for those purposes, existing/abandoned wells and injection procedures adopted.
The CO, injected must remain in the geological formations for hundreds of years and there-
fore predictive tools should be able to simulate these processes both for short and long term
situations. CO, reservoirs occupy large areas, similarly to oil and gas reservoirs. Analytical
tools should therefore be able to model these large areas/volumes. Furthermore, one would
need to study in detail CO, interactions with geological media at the microstructure. This type
of study is very important in order to derive constitutive relationships which could be used in
larger scale simulations. Numerical techniques today (finite differences, finite volumes, finite
elements, boundary elements, etc) are of common use today for the prediction of behaviour
of engineering structures as CO, reservoirs could be classified. However, injection of CO,
in geological formations present some challenging and not completely resolved questions at
both large and micro-scale. This paper raises some of these questions and presents some of
the available and presently under development techniques. The paper considers separately
modelling at the large and at the small scale.

One of the great challenges related to the geological disposal of carbon dioxide is the
identification of possible sites that present the necessary safety requirements. Decision taking
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in relation to the definition of possible storage sites requires detailed analysis of the risks
involved. On the other hand, in order to carry out risk analysis studies it is mandatory that
realistic predictions of the reservoir behaviour along its life time. Numerical analysis is the
usual tool used for carrying out these predictive studies. Establishment of related costs can
benefit from the use of predictive capabilities. Flow conditions in the reservoirs and the
injection depths may increase considerably the injection costs. In particular, the evaluation
of risks in the disposal of CO, in geological media concerns possible leakages reaching the
atmosphere, which may pose threats to human and animal life. Besides, eventual leakages
may cause substantial modifications of the water chemistry, impact on ecosystems and modi-
fications in the chemical equilibrium of soils (changes in vegetables and the microbial ecol-
ogy). Risk analyses may be carried out based on the effects over humans and the biosphere.
There may be risks in the CO, injection at the well scale and at the reservoir scale. External
factors such as seismic activities, well perforations, mining activities, terrorism, which may
pose threats to the long term performance of the created reservoirs. According to Hepple and
Benson (2003), one should consider the time span of 10000 years as the duration of the CO,
storage in the geological reservoirs.

According to IPCC (2005), risks related to reservoir fracturing and CO, leakages to
the surface should be carried out in different time scales, short, medium and long term pre-
dictions. For short term predictions, analyses should be carried out for periods just before
the injection operations, for medium term predictions, analyses should be carried out for the
injection operations. Finally, for the long term predictions, analyses must be carried out after
injection activities stopped. These analyses should be carried out at the well (small) scale and
at the reservoir (large) scale.

Numerical analysis is generally the preferred tool able to simulate (predict) the varied sce-
narios related to the geological disposal of CO,. Is is also able to perform the execution of
parametric and sensitivity analyses. For those purposes, commercial programs and in-house
developed codes are used. Commercial software is in constant development and upgrade and
is today able to simulate most of the physical, chemical and biological processes involved in
the CO, injection in geological media. There are frequently however situations or processes,
sometimes coupled processes that require the development of special, in-house developed
computer codes. In-house developed codes are in general more flexible and can be modified
in order to contemplate additional processes or conditions.

Independent from the type of numerical analysis code used, it is fundamental to identify
and to describe the various involved processes. These comprise physical, chemical and bio-
logical processes with the addition of their coupling processes. The above mentioned proc-
esses may have strong and/or weak couplings which have to be identified. Furthermore these
couplings can go in one way or two ways. Some of them are described below:

¢ Fluid-mechanical coupling: flow processes may influence geomechanical processes through
the dependency of the former regarding fluid pressure/saturation changes. Geomechanical
processes may influence flow processes through the dependency of the former in relation
to porosity/permeability changes.

o Fluid-thermal coupling: flow processes influence thermal processes through the depend-
ency of heat/energy transfer in the fluid velocities field. Thermal processes influence flow
processes through density (convection) driven flows.

¢ Fluid-biogeochemical coupling: flow processes cause changes in biogeochemical processes
through the dependency of the former in fluid velocities.

o Transport-thermal coupling: transport processes influence thermal processes through pos-
sibilities of volatilization and dissolution. Thermal processes influence transport indirectly
through density driven density.

o Transport-biogeochemical coupling: transport processes influence biogeochemical proc-
esses through their dependency on solute concentrations. Biogeochemical processes influ-
ence transport processes through speciation/degradation mechanisms.

e Thermo-biogeochemical coupling: thermal processes influence biogeochemical processes
through the temperature dependency of chemical reactions. Bio-geochemical processes
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influence thermal processes through the eventual type of chemical reactions involved (exo-
thermic, endothermic).

¢ Thermo-mechanical coupling: thermal processes influence geomechanical processes through
the influence of temperature in deformations arising from thermal gradients. Geomechani-
cal processes influence thermal processes through the changes in thermal properties arising
from mechanical effects.

The above list mentions two by two coupled processes. It may be that more than two proc-
esses may be coupled. In the more general case of CO, injection in geological media, TFMBC
(thermal, fluid, mechanical, chemical/biogeochemical) couplings can occur but until this
moment the most relevant processes have not yet been fully established.

An important question to be evaluated in the geological disposal of CO, concerns the risk
of leakages reaching the atmosphere, a fact that can affect human and animal health. Besides,
eventual leakages may cause the dissolution of CO, in the groundwater, chemically modify-
ing it, making considerable impacts in the ecosystems and modifications of the chemical
equilibrium of soils producing changes in the vegetal physiology and microbiological activi-
ties. Therefore, numerical modelling is an important component of risk analysis activities
(Manchao et al., 2011).

Amongst the candidate geological formations for CO, injection, three have been the main
focus of attention for this purpose: saline aquifers (in this case salt content is equal or greater
to levels found in oceans), coal seams at depth (unfeasible for commercial exploration) and
already explored oil and gas fields. However other possibilities have been proposed such as
evaporitic deposits, pelitic rocks and storage in spaces left underground by already explored
mines, coal in particular. In general, risks in the geological disposal of CO, may be related
to the following: (i) cap (sealing) rock heterogeneity (continuity of the sealing formation,
connectivity between formations, stratigraphical heterogeneities, existing faults and fracture
systems); (ii) biochemical alterations (mineral dissolution through acidification of the water,
dissolution through microbiological activity, among others); (iii) geomechanical effects
through the generation of new fractures and opening of existing fractures/faults and (iv)
hydrogeological effects (diffusion of CO, due to special differences in concentration, capilar
breaches in pores and fractures and advection through faults and fractures which are pref-
erential pathways). One may state that the possible of CO, is very fast through (conducting)
faults, fast in fractures and slow through the intact cap rock.

Each material has its own, particular response to the injection of CO,. In the case of stor-
age of CO, in coal seams some additional effects come into play and should be considered.
The so-called macerals, basic constituents of coal are responsible for its expansion as CO, is
injected. Coal has a particular double porosity structure composed of a porous matrix sur-
rounded by regular fractures/fissures, the so-called cleats. Therefore, the injection of CO, can
be considered one of advection through cleats and diffusion through the porous matrix. Con-
siderable changes in the cleat system permeability may occur due to the expansion properties
mentioned above. Concerning the use of space existing in abandoned coal mines (Piessens
and Dusar, 2003a, Piessens and Dusar, 2003b) for CO, injection, one could state that numeri-
cal modelling has an important place in feasibility studies and risk analyses. In this case
besides the processes mentioned above one would have to consider as well the interaction
between water flowing into the excavations and the pressurization of CO, remaining inside.
The coupling of these processes will pose additional challenges in the modelling stages.

The present Chapter focuses on the modelling of pertinent processes in two scales. Initially,
an advanced numerical formulation is presented for two-phase flow coupled with geomechan-
ics. As presented above this just a part of the possible coupling processes involved in CO,
injection in geological media. However it is believed that amongst the coupled processes, the
fluid-geomechanical coupling is a basic and crucial one. The presented formulation is per-
tinent to simulation of problems at the meso and macro scale. In practical terms, it may be
used for modelling of problems at the scale of a well and the reservoir scale. Subsequently,
a numerical formulation is described for the simulation of problems at the micro-scale. In this
case, the numerical simulations will provide a phenomenological understanding of processes
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at the micro-scale which in turn contributes for the establishment of constitutive relationships
to be used at the macro-scale. A final word should be said in relation of parameters. Although
numerical modelling has advanced considerably, gaps remais regarding the definition of
appropriate/realistic models and respective parameters for the representation of the coupling
processes described above (Gomes, 2010). These activities will most certainly be the focus of
attention in the years to come if CO, injection in geological media will indeed take place.

2 CONTINUUM BASED NUMERICAL METHODS

The present section presents a formulation for accurate consideration of the numerical anal-
ysis of fluid-mechanical coupling which as mentioned in the previous section constitutes
a backbone of the various coupling processes occurring when injecting CO, in geological
media. Main ingredients of the formulation are: use of finite elements, considerations of
elastic and elasto-plastic media and two-phase flow (Muller et al., 2009; Ribeiro, 2011).
Examples are presented at the end of the section to demonstrate the applicability of the
developed codes to simulation of CO, injection in geological media.

2.1 Processes and equations

The mechanical problem can be represented mathematically by the equilibrium statement:

| o€ 642 [ su"bdQ - [ su"tar =0 (1)
Q Q r

Equation 1 relates the rates of the static real quantities, as the total stress rate vector 6, the
body forces rate vector b and the surface forces rate vector t to virtual kinematic quantities
as virtual strains d€ and virtual displacements ou.

Applying the effective stress principle and considering small strains relationships, the rela-
tions 2, and 3 may be applied in equation 1.

6= D&+ DTmL+ (3’0 -mp 2)
3K,

&= l(“i,j + ;) 3)
2

In the above equations, j are the pore pressure rates, € the skeleton total strain rates, D the
tangent constitutive tensor, &, the effective initial stress rates, mp/3K the volumetric strain
rates caused by uniform compression of the grains, K the bulk modulus of solid grains and
m={111000}.

The two-phase flow problem must have equations for each phase separately and various
forms can be used for that purpose (Aziz and Settari, 1959). For the present work, two equa-
tions considering respectively the averaged pressure p and the saturation of the wetting phase
S, as primary variables are considered (Ribeiro, 2011):

0 \Y} v +4 0 )+
¢([ a}t) =V. (kl, P) + kg : (iwpw ﬂn n) Qf ( )
8.5“, - A0 +
E)t’ ==V (fu (Vl + kg(inwpnn‘ iw W ))) Q“,- (5)

In these equations, the subscripts w and nw represents respectively wetting and non wet-
ting fluid type, p represents the density of the fluid, V the differentiation operator, ¢ the
porosity of the medium. k the absolute permeability of the porous medium, g the gravity,
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Q, is the total fluid volume source or sink given by Q = Q_+ Q_, f represents the wetting
fractional flow function, f = A /A, the total moblllty A, and the Wettmg and non-wetting
phase mobilities A_ and A_ are glven by A=A, +A A =k M, A =k /u k andk
the relative permeablhty of the wetting and non- wettmg phases, the total velocity is given by
v,=v_+v_. wherev andv_ are wetting and non-wetting velocities.

¢, in Equation 4 is the total compressibility of the fluids and the porous media, it is a rela-

tionship ¢ =(1\¢) - d¢/dp, where d¢ can be given by (Pao et al., 2001):

dp=m"g —mTDTi—mTDTmig+@ ©6)
3K, 9k? " K,

Note that in equations 4 and 5, capillary pressures are not taken into account. This situation
constitutes an extreme case from the numerical point of view as the corresponding equations
are hyperbolic and requires appropriate numerical procedures for their solution. Two impor-
tant ingredients, as proposed by Hoteit et al. (2008), Raviart-Thomas elements have been used
for accurate determination and continuity of normal velocities across element boundaries.
This is essential for the numerical simulation of problems in heterogeneous media as it will
probably be the case when injecting CO, in geological formations. Also, discontinuous Galer-
kin formulations (Hoteit et al., 2008) were used for solution of the (hyperbolic) saturation
equations. The pressure equations are solved using standard finite elements techniques.

The corresponding finite element equations are:

dp
[aeNIN, 9= [N 4, (VN )pdQ+ [K( Ay 0, + 4,0,)8N pdQ — [N]qdQ = 0
Q Q Q Q

(M
A residual vector from Equation 7 at an iteration i can be represented by:
"M N2 GdQ [ k(2 + A, )EN A2
t+ArF; _ Q Q @)

~ [ peNINd 2+ [ WN )T 2,0N, )0
Q At Q

These equations can be represented, using incremental pressures, in a compact form as:

[awH+ G]{ 54 p*' b= ArAF] (p.1)] ©)
where
H=[(VN,)'4VN,dQ (10)
G=Qj N7 [c,IN,dQ (11)
o

H and G are the permeability and compressibility matrix, respectively.

_[(j)NTN AQ = f, o[ (N)'v,.ON,)dQ- f, Jf NNy, ndg+j N7q,dQ=0 (12)
Q
dSW —
7 - L(Sw) (13)

where L(S,,,) represents the RHS of the equation 12 multiplied by the inverted mass matrix.
In these formulations, an IMPES temporal discretization is used for the description of the
above equations in finite elements, N, being the nodal interpolation of pressure.
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2.2 Examples

2.2.1.1 The Buckley Leverett Problem

In this problem we consider the classical Buckley-Leverett problem, it is a 1-D dimensional
case of two-phase flow. It consists of a horizontal column initially filled by oil and a water
injection boundary.

The relevant parameters are presented in table 1, this data was also used by Durlorsfy
(1993). The total velocity is equal to one, v, = 1, the boundary condition at x=0,is S =1 and
the domain is considered homogeneous and initially oil saturated, the units are introduced in
a consistent system of units.

The analyzed domain is rectangular, 2D domain with dimension (4,1), and discretized
using a structured mesh with 320 quadrilaterals elements.

Figure 1 shows the results by the DFEM and analytical solutions at step times, t = 0.1s,
0.2s, 0.3s, 0.4s e 0.5s, there is good capture of saturation front by the DFEM.

2.2.2 Two-phase flow—ifive spot problem in a heterogeneous media

Another classical problem analyzed in petroleum industry is the five spot problems. In this
example, a random heterogeneous media to the intrinsic permeabilities, K e K is taken into
account. Figure 2 shows a schematic representation of the problem and the intrinsic perme-
ability field employed for K . This problem is similar to the Buckley-Leverett problem, the
media is initially oil saturated and there is a water injection well and four oil production wells.
At the water injection well, the boundary conditions are S =1 and Q_= 1, at the oil produc-
tion well, are S =1 and Q_ =-1.

This problem is analyzed considering bi-axial symmetry and the employed parameters are
presented in table 2. A structured mesh with 32 x 32 quadrilateral elements is used to model
the domain (1,1).

The results found by DFEM are presented in Figure 3, it shows the wetting-phase satura-
tion field at several time steps.

2.2.3  Two-phase flow in a layered reservoir
In this example, extracted from Hoteit et al. (2008), is studied a two-phase flow condition in a
two-dimensional layered reservoir. The domain is constituted by heterogeneous permeabilities

Table 1. Relevant parameters employed in Buckley-Leverett problem.

Pow =Py, K K 0 S =S Mo =M, K

nw W mw ™w X

0.0 (S, (1-S )y 02 0.0 1.0 1.0

where: p = fluid density; K = intrinsic permeability; ¢ = porosity; Sr = residual
saturation; \ = fluid viscosity.
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Figure 1. Results of the Buckley-Leverett problem at t = 0.1s, 0.2s, 0.3s, 0.4s ¢ 0.5s and dimensionless
length x by DFEM, grey, and analytical solution, black.
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Table 2. Parameters used for the five spot problem.

QW QO I<W an q) S = S lJ.IIW = lJ’W

mw ™w

10 -10  (S)*  (d-s)r 02 00 1.0

where Q_ and Q_ are the injection water and extraction oil flow rates, respectively,
the others parameters were defined in before sections.
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Figure 2. Representation of the five spot problem and random permeability field for Kx.

f)

Figure 3. Wetting-phase saturation field for the five spot problem in a random permeability case.
a)t=0.7s,b)t=4.2s,¢c)t=7.7s,d)t=11.2s,e) t =14.7s, f) t = 19.6s.

layers, the figure 4 presents the representation of the problem. The domain is initially oil
saturation and a water injection boundary is applied at x = 0. The parameters used in this
analysis are presented in table 3.

The structured mesh employed is showed in Figure 5, the domain is rectangular (500, 270)
and the mesh has 4500 quadrilateral elements with 4641 nodes.
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Table 3. Parameters to the layered reservoir problem.

Qw pnw: pw I<w an q) Smw = Srw Mnw = l‘Lw Kl KZ
10 1.0 S (1-S.¢ 02 00 1.0 10 10°

7

Figure 5. Finite element mesh used in the layered reservoir problem.

Figures 6a to 6e represent the wetting-phase saturation profiles for a few time steps, show-
ing the saturation front in the layer with permeability K. These results are similar to the ones
presented by Hoteit et al. (2008).

2.2.4  Two-phase flow in faults

To exemplify the application of the DFEM to faulted media, a simplified problem is elabo-
rated considering a horizontal fault in a reservoir. In this example the fault is modeled by
quadrilaterals elements with different intrinsic permeability with a width equal to 6. The
same data, domain and mesh of the layered reservoir problem are applied in this case, except
the fault and the reservoir media have different intrinsic permeability, the data are presented
in table 3. The Figure 7 presents a homogeneous reservoir containing a horizontal fault.
Figures 7a to 7e present the wetting-phase saturation profiles to some time steps, the results
are similar to the layered reservoir problem, this faulted reservoir is a particular case of the
layered problem presented in before section.

3 PORE SCALE MODELLING

In this section, the basics of LBM (Lattice-Boltzmann methods) are presented (Velloso,
2010). This method is suited for the simulation of flow and transport phenomena at the
micro-scale (porous/fissure) as shown subsequently through the examples.
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Figure 6. Wetting-phase saturation fields for a layered reservoir problem. a) t =0s, b) t = 1s, ¢) t = 2s,
d)t=3s,e)t=4s.
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Figure 7. Representation of the faulted reservoir problem.

3.1 One phase flow

One phase flow occurring in the pores of a porous medium can be described by Navier-
Stokes equations which represent momentum conservation of a fluid. LBM is a technique
for the solution of these equations. In the present work the formulation proposed by He &
Luo (1997) is used. This formulation reduces considerably the errors due to compressibility
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d) ©)

Figure 8. Wetting-phase saturation fields for the faulted reservoir problem. a) t=0s, b) t =1s, ¢) t =25,
d)t=3s,e)t=4s.

in relation to the conventional formulation of LBM, allowing application of larger pressure
gradients.

In the LBM, the problem domain is discretized by a lattice where an evolution equation
is given by:

Fx+ AL+ 0= fx0) - (%0~ (1) (14)

where 7 is the collision relaxation time, At is time interval, fi is the local pressure distribution
function, ei represents the lattice where lattice velocity directions andi=1, ..., b, b being the
number of discrete velocities of the lattice. In the present work, D2Q9 (two dimensional,
9 velocities) and D3Q19 (three dimensional, 19 velocities) lattices are used. The equilibrium
distribution function is given by (He & Luo, 1997):

. B 2 2
ﬁ‘f(x.r):w,{pwo {3(""' 2“)+9(e’4")—3"}} (15)

c 2 ¢ 2 ¢?
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where p, is the initial (constant) pressure and p = p, + dp, 8p being the pressure fluctuation,
u is the fluid velocity, wi are coefficients that depend on the lattice and c is magnitude of the
lattice velocity given by:

Ax
c=— 16
At (16)
Ax being the lattice spacing. After imposing initial and boundary conditions, LBM equa-
tions are solved and the macroscopic variables of flow can be obtained through the following
expressions:

b
px,1) =, fi(x.1) )
i=1
b
u(x,t) = Lz e, 1,(x,t) (18)
Po =1

Viscosity and fluid density are given by:

2
VZC—AZ(—T—l) (19)
3 At 2

A1) = 2%D (20)

2

S

where c_is the sound velocity in the fluid and for D2Q9 and D3Q19 lattices is given by:

(S5

¢ =5 (1)

3.2 Fluid-mechanical coupling

Coupling of flow processes simulated with LBM and particle movement was initially pro-
posed by Ladd (1994) with the objective of the simulating the particular case of suspended
particles. Contact between particles was not modeled in that work. Cook & Noble (2004)
implemented the coupling between DEM and LBM for the solution of 2D fluidmechanical
problems using the immersed moving boundary scheme as proposed by Noble & Torczynsky
(1998).

Coupling between fluid flow and particle movement involves two stages:

1. Definition of the boundary condition imposed to the fluid by the solid particles in
motion.
2. Calculation and transfer of the drag forces from the fluid flow to the solid particles.

In order to simulate the fluid-mechanical interactions between solid particles and fluid
flow, LBM must be modified in order to incorporate the boundary condition of the solids
in motion. The boundary condition at the solid surface is one of no slip, that is, the solid is
impermeable and the fluid adjacent to the solid surface moves with the same velocity of the
solid. The immersed moving boundary condition, proposed by Noble & Torczynsky (1998),
the one adopted in the present work, modifies LB equation (Eq. (14)) in order to impose the
no-slip condition in the nodes of the lattice covered by the particles. The modified LB equa-
tion is then given by:

[i(x+eAnt+At)= fi(x,1)— A—;(1 — B, ) fi(x,1) — [7(x,1)) + B(x,1)€ (x,1) (22)
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where B is a weighing function given by:

e(x,t)(t/At-0.5)

B(x,t)=
(- e(x,))+ (t/At-0.5)

(23)

and € is the solid fraction at the site, defined by fraction of the volume at the lattice site
occupied by the solid particle. In Eq. (22), Qs is the additional collision term that modifies
pressure distribution functions at the lattice nodes covered by solid particles in a way that the
no-slip condition is imposed. This term is given by:

Qi (x,0)= fL(x.0) = fi(x.0)+ [ (pu) - f5(x.0) 24

where u_is particle velocity at position X, in time t and —i represents opposite direction to
direction i.

In LBM, forces that are transferred to the solid particles can be determined directly
from the summation of momentum transfer from the fluid sites to the solid surface. In the
immersed moving boundary scheme, the fluid force in a particle is given by:

2&29 (25)

n being the sites covered by the particle. Torque regarding the center of mass of the particle,
X, Is given by:

zAz

_ Ax

(B,IZQfeiJ (26)

3.3 Two-phase flow

The formulation for LBM used in the present work for the case of two phase fluid flow fol-
lows the work of Gunstensen & Rothman (1991) and Rothman & Zaleski (2004). In that
formulation, at each lattice site, two types of fluid particles can coexist, the red (white grey in
print version) and blue (white grey in print version) particles. One defines Ri (x,t) as the red
population at site x, and time t, velocity in direction i. Bi(x,t) can be defined likewise for the
blue fluid in a way that Ni(x,t) = Ri(x,t) + Bi(x,t). The main idea is to separate the evolution
of the population in four stages:

i. Collision

N (x,1)= N;(‘m’,l)—%[‘“f;(‘n’,l)— N (x,0)] 27
being:
e (e; u) L9 u)? 30’
N q(X t) WN(X t) 1+3—— C 56—4—56—2 (28)
b
N(x,1)= N(x,1) (29)

i=1

ii. Generation of surface tension
Initially, the color gradient is determined:

g(x, )= Z eiz LRJ(X+ e,ALl)— B;(x+ eiAt,t)J (30)
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and with this value a perturbation is added to the populations which create a surface

tension:
2
N (x,0)= N, (x,0)+ Alg(x,1) {%—l} 31)

2

A is a parameter chosen to set the magnitude of the surface tension.

iii. Color redistribution in order to minimize the diffusion from one color to the other
At this stage, the method proposed by Latva-Kokko & Rothman (2004) was adopted:

R (x,1)= %N:(X,Z) +A, (32a)
R(x,2)+ B(x,?)
. B(x) TN
B; (x,t)= 7]2(3(,[) B N, (x,1)=A,; (32b)
A= Rex.1)BAx,1) N cosg; (32¢)

(R(x.0)+ Bx,1))"

being R and B the total number of red and blue particles at one specific site, p is the param-
eter that provides the tendency of the two fluids to separate, ¢, is the angle between the color
gradient g and direction e, and N;? is given by Eq. (28) assuming that velocity u is zero.

iv. Propagation of populations to adjacent sites

Ri(x+eiAt,t+At)=R,«”(x,l) (33)
B(x+e,At,1+ A1) = B, (x,1)

Wettability of a fluid in the solid phase is controlled by only one parameter p = 0, one that
measures the red color fraction at the solid sites. At the beginning of the simulation, color at
the solid sites is attributed with the objective of calculating color gradients. If the red fluid is
totally wetting then p = 1, if it is partially wetting then 1 < p <0, and if both fluids have the
same wettability then p=0.

3.4 Examples

This section presents a few examples of applications of LBM to flow problems in geometries
pertinent to CO, injection in geological media.

3.5 Verification

Two examples are initially shown in order to demonstrate the ability of the incompressible
formulation of LBM in order to correctly determine the force transferred from the fluid to
the solid particle. A 2D situation simulates a still particle while a 3D situation simulates a
moving particle.

The first example consists of a fixed disk located between two parallel walls where one
phase flow is imposed as shown in Figure 9. This verification is particularly relevant as it is
representative of drag forces transmitted to a particle is high solids concentrations (in this
case the walls located near to the particle). The parameters used in the simulations are: Rey-
nolds number = 0.0002; Ax = 5.0E-5 m; At = 1.0E-4 s; v = 2.0E-6 m?/s; p = 1000 kg/m?; disk
radius, a = 10Ax; domain length, L = 20a. The purpose of the exercise was to calculate the
force transmitted by the fluid to the particle.

The results obtained with LBM were compared with the results obtained by Richou et al.
(2004) who simulated the same flow problem using finite differences. Figure 10 shows a com-
parison between the two procedures and a good agreement was obtained.
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Figure 9. Geometry and boundary conditions of 2D example for the verification of the drag force
determination.
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Figure 10. Comparison of the results obtained with incompressible LBM and results obtained by
Richou et al. (2004).

In order to evaluate the motion of solid particles in the lattice and the evaluation of forces
transferred from the fluid to the particles, a sphere immersed into an initially still fluid is
considered. A constant velocity is imposed for the particle and a periodical flow condition is
imposed. For the case of a sphere moving with constant velocity in a fluid, considering low
Reynolds numbers, Stokes law provides the drag force:

F, = 6npuR(-u,) (34

where R is the sphere radius and up is the sphere velocity. Simulation data, in non dimensional
values are: up = 0.005; R = 5Ax; v =1/6; p = 1.0; Ax = 1.0; At = 1.0. For these values Reynolds
number is 0.15 and the drag force is 0.0785. The lattice dimension is 60 x 60 x60. An evolu-
tion of the drag force is presented in Figure 11 where a satisfactory agreement is obtained
between LBM and the analytical solution, an error of approximately 5% was found.

A further verification example involves the determination of capillary forces. The results
try to demonstrate the ability of LBM in simulating correctly the capillary force that appears
in a meniscus between solid particles. The example consists in two fixed solid spheres sur-
rounded by a non-wetting fluid and having an amount of a wetting fluid at their contact.
Simulation using LBM proceeds until a permanent and stable condition is reached (Fig-
ure 12). The capillary forces determined with two phase LBM were compared with an ana-
lytical solution presented by Gili and Alonso (2002) for the capillary force generated by the
meniscus between the two spheres (Figure 13). One notices that the analytical solution is
valid for wetting angles up to approximately 50°. Figure 14 shows meniscus evolution when
a constant force is applied upwards on the upper sphere. This force has a magnitude larger
than the capillary force generated at the meniscus shown.

3.5.1 LBM simulation of injection processes of CO, in coal formation cleats
The simulation of CO, into the complex cleat structure of coal can be carried out through con-
tinuum based, homegeneized models (Wang & Liu, 2011) or through discrete models that focus
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Figure 11. Comparison between the analytical solution (black line) and the numerical solution
(grey line) for the drag force. The figure on the side shows the velocities and flow lines obtained in the

numerical simulation.

Figure 12. LBM simulation results for equilibrium configurations of meniscus between two spheres.
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Figure 13. Comparison between the results obtained with two phase flow LBM simulations and the
solution presented in Gili & Alonso (2002).

s

Figure 14. Meniscus evolution with particle motion.

on details of the microstructure. The former is the focus of the present section using LBM
method. An example is presented related to injection of a non-wetting fluid into a fissured geom-
etry representative of a coal micro-structure. Figure 15 shows the geometry used in the analysis.
The example consists in simulating the displacement at the micro-structural level, of an existing
phase, in this case water, by a non-wetting phase representing CO,. The considered geometry is
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Figure 15. Injection process of CO, in coal formation cleats.

representative of actual geometries of cleats in coal formations. In the present work, the diffu-
sion of CO, into the porous matrix of coal (and consequent displacement of methane) is not
being considered but these processes can be represented by LBM as well.

4 CONCLUSIONS

The paper analyzed issues concerning the numerical modelling of injection processes of CO,
in geological fomations with emphasis in carboniferous rocks. It was shown that a number
of coupled processes should be considered in the analysis although it is possible to state that
fluid-mechanical coupling is the essential one to be taken into consideration. The paper pre-
sented examples of two types of implementation. The first concerns simulations to be carried
out at the meso and macro scale where continuum based techniques such as finite elements,
finite differences, finite volumes can be used. In this case, it was shown that for analysis of
heterogeneous formations care should be taken in the solution of two-phase flow equations
as they may become hyperbolic and appropriate numerical procedures should be used. In
the present work, successful use was made of Discontinuous Galerkin (DG) techniques in
association with finite elements and Raviart-Thomas elements for accurate pot processing
of velocities. Subsequently, the use if a technique (lattice Boltzmann methods) was demon-
strated in order to simulate processes occurring at the micro-scale of the rock formations
involved. It was shown that this technique is very powerful for the simulation of complex
geometries as are the ones existing in pores and fissures/fractures. A connection between
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micro and macro-scale is envisaged as well as the implementation of additional modules to
simulate other coupled processes.
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Methodologies for risk analysis and decision making
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ABSTRACT: There are a number of models available for data analysis and representation,
including event trees, rule-based systems, fuzzy-rule based systems, artificial neural networks,
and Bayesian networks. In this paper several models for data analysis and representation are
described, and common techniques for risk assessment are presented. The fundamentals of
Bayesian Networks and Decision graphs are introduced, since these will be used in following
chapters. Applications of Bayesian Networks and decision graphs to risk analysis problems
are presented.

1 INTRODUCTION

There are a number of models available for data analysis and representation, including event
trees, rule-based systems, fuzzy-rule based systems, artificial neural networks, and Bayesian
networks. There are also several techniques for data analysis such as classification, density
estimation, regression and clustering.

Knowledge representation systems (or knowledge based systems) and decision analysis tech-
niques were both developed to facilitate and improve the decision making process. Knowledge
representation systems use various computational techniques of Al (artificial intelligence) for
representation of human knowledge and inference. Decision Analysis uses decision theory prin-
ciples supplemented by judgment psychology (Henrion, 1991). Both emerged from research
done in the 1940’s regarding development of techniques for problem solving and decision mak-
ing. John von Neumann and Oscar Morgensten, who introduced game theory in “Games and
Economic Behavior” (1944), had a tremendous impact on research in decision theory.

Although the two fields have common roots, since then they have taken different paths.
More recently there as been a resurgence of interest by many Al researchers in the applica-
tion of probability theory, decision theory and analysis to several problems in Al, resulting
in the development of Bayesian Networks and Influence diagrams, an extension of Bayesian
Networks designed to include decision variables and utilities.

There are several advantages that Bayesian Networks have over other methods. In this paper
some of the most common methods available for knowledge representation, risk and decision
making are briefly presented. Their main advantages and shortcomings are discussed.

2 RISK RELATED DEFINITIONS

In this section some of the most important risk related definitions are introduced. They are
Definitions are based on Technical Committee on Risk Assessment and Management: Glos-
sary of Risk Assessment Terms from ISSMGE (International Society for Soil mechanics and
Geotechnical Engineering), and are presented below:

Hazard: Probability that a particular danger (threat) occurs within a given period of time.
Risk: Measure of the probability and severity of an adverse effect to life, health, property,
or the environment.
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Risk = Hazard x Potential Worth of Loss.

Consequence: Result of a hazard being realized.

Damage: Another way of expressing detrimental consequences.

Vulnerability:

e Degree of loss to a given element or set of elements within the area affected by a
hazard.

o Expresses the fact that even if a threat materializes, it is not necessarily 100% certain
that the consequences materialize.

e Can be formulated as a conditional probability.

3 METHODOLOGTIES FOR RISK ANALYSIS AND DECISION MAKING

3.1 Rule based systems

Ruled Based Systems are computer models of experts of a certain domain. The building
blocks for modeling the experts are called production rules. A production rule is of the
form:

If A then B

Where A (premise) is an assertion, and B (conclusion) can be either an action or another
assertion. A rule based system consists of a library of such rules. These rules reflect essential
relationships within the domain, or rather: they reflect ways to reason about the domain.
When specific information about the domain comes in, the rules are used to draw conclusions
and to point out appropriate actions.

A rule based system (or expert system) consists of a knowledge base and an inference
engine. The knowledge base is the set of production rules and the inference engine combines
rules and observations to come up with conclusions on the state of the world and on what
actions to take.

One of the major problems of rule based systems is how to treat uncertainty. A way to
incorporate uncertainty in rule based systems is to have production rules of this type:

If condition with certainty x
then fact with certainty f (x)

where f is a function.

There are many schemes for treating uncertainty in rule based systems. The most common
are fuzzy logic, certainty factors and (adaptations of) Dempster—Shafer belief functions
(Dempster, 1968; Russell and Norvig, 2004). However, it is not easy to capture reasoning
under uncertainty with inference rules for production rules. The reason for this is that in
all the schemes for treating uncertainty, mentioned above, the uncertainty is treated locally.
More specifically, it is difficult to combine (un)certainties from different rules.

Despite their shortcomings, Rule Based Systems have been used in many applications in differ-
ent domains, such as Medicine, for diagnosis and assisting in the selection of antibiotics (MYCIN,
Stanford University, in 1976 see Shortliffe, 1976 and Melle et al., 1981); Banking, to detect fraud
in use of credit cards (FRAUDWATCH, Touche Ross, UK, 1992); Aerospace Engineering for
scheduling operations for the recycling Space Shuttle flights (GPSS, NASA, USA, 1993) and
Civil Engineering for recommendation system in the maintenance and repairing of tunnels
(MATUEF, Silva, C, 2001) and a recommendation systems for repairing bridges (Sousa, R. 2000),
among others (Darlington, 2000). More recently, these types of systems have been substituted by
other techniques that allow one to better and more efficiently incorporate uncertainty.

3.2 Fuzzy-rule approach

As mentioned previously there are many schemes for treating uncertainty in rule based
systems. Fuzzy logic is one way of introducing uncertainty into rule based systems. It is
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a superset of conventional logic that has been extended to handle the concept of “partial
truth”, i.e. a value between (completely) true and (completely) false (Zadeh, 1965 and 1999).
Based on fuzzy logic, fuzzy rule expert systems were created. They use a collection of fuzzy
membership functions and rules drawn-out from the experts (Figure 1). The rules to evaluate
the fuzzy “truth” T of a sentence are presented in (Equation 1):

T(A A BY=min(T(A),T(B))
T(Av B)=max{(T(A),T(B)) 1
T(=A)=1-T(A)

where T'is the fuzzy “truth” and 4 and B are variables or complex sentences. The AND (n),
OR (v), and NOT (—) operators of Boolean logic exist in fuzzy logic; usually define the
minimum, maximum, and complement. For example if A represents Low Pressure of the
value p* then T (4) = u . Imagine that B represents High Temperature, of the value /* and
T(B) = u,. The result of Low Pressure (p*) and High Temperature (t*), i.e. 7(A A B)would be
the min(7'(A4),7(B)) = min(,,, 4 ). The way this process of fuzzification and defuzzification
works will be demonstrated through an example, presented next:

Imagine the rule about deciding whether or not a liquid is potable. The factors to consider
are toxicity, measured in parts per million, and the alcohol content, measured in percent
(Figure 2).

The rule is

IF nontoxic
AND  low alcohol 2)
THEN potable

Imagine that we have a situation in which the toxicity of a liquid Z is equal to 210 ppm
and the fuzzy membership function is presented in Figure 3. The liquid Z is nontoxic with
membership 0.6.
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Figure 1. Fuzzy membership function (for low pressure).
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Figure 2. Factors in deciding whether a liquid is potable or not.
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Figure 3. Membership function for toxicity.

The alcohol content of the liquid is 20%, resulting in low alcohol content with membership
0.75 (see Figure 4)

Applying the rule in Equation 2, one will obtain that the truth value of the sentence liquid
Z is potable is 0.6 (Equation 3):

IF nontoxic (Z)
AND  low alcohol (Z) 3)
THEN potable (Z) (=0.75)

Min (0.6, 0.75) = 0.6

The inference mechanisms of these rules have some weaknesses; they have a weak theoreti-
cal foundation, inconsistency and sometimes oversimplification of the real world. Despite
their shortcomings, fuzzy logic has been applied to several domains. In geotechnical engi-
neering an application of fuzzy logic is use of Fuzzy set rules in rock mass characterization
(Sonmez et al., 2003).

3.3 Artificial neural networks

An artificial neural network (ANN) or commonly just neural network (NN) is an intercon-
nected group of artificial neurons (Figure 5), similar to the network of neurons in the human
brain, that uses a mathematical model or computational model for information processing
based on a connectionist approach to computation (Russell and Norvig, 2003; Mehrotra, K.
et al., 1997).

An ANN consists of multiple layers of single processing elements called neurons and of
their connections. Each Neuron is linked to some of its neighbors with a varying coefficient
of connectivity (weight) that represent the strength of these connections. This is stored as a
weight value on each connection. The ANN learns new knowledge by adjusting these weights
and the connections between neurons. Figure 5 shows an example of a neural network with
one hidden layer.

The ANN rely on data to be trained, adjusting their weights and connections to optimize
their behavior as pattern recognizers, decision makers, system controllers, predictors, etc.

The strength of these models is their adaptiveness, without requiring a deep knowledge about
the complex relationships of the domain of application. This adaptiveness allows the system to
perform well even when the system that is being modeled, or controlled, changes over time.

The objective of using an ANN is to make predictions in the future. Although, an ANN
network could provide almost perfect answers to the set of data with which it was trained, it
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Figure 4. Membership function for alcohol content.
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Figure 5. Neural network with one hidden layer.

may fail to produce an adequate answer when “new’’ data surfaces. This is a result of “over-
fitting” (Suwansawat, 2002; Suwansawat and Einstein, 2006). In order to perform adequately
and produce good results, these systems require a large number of sample data in order to
be trained. Also, since there is not a complete understanding of the learning process, the
analysis of the results may be difficult. Thus, this is not the right approach in cases in which
one needs to have a complete understanding of the problem domain and relationship among
variables of the domain.

3.4  Classical decision analysis

Decision Analysis is a logical procedure for the balancing of the factors that influence a
decision. The procedure incorporates uncertainty, values, and preferences in a structure that
models decision (Howard, 1966 and 1984). A classical tool used to model decisions and incor-
porate in a formal manner the relevant components of decision analysis is the decision tree.
Prior to decision analysis, Fault trees and event trees can be used to model on one hand the
different ways an event can occur (fault tree) and on the other hand, systematically identify
the possible sequence of events and their consequences (event tree).
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3.5 Fault trees

Fault tree analysis is a technique used to analyze an undesirable event and the different ways
that the undesirable event can be caused. A typical fault tree is composed of several different
symbols, which will be described next.

Events
The commonly used symbols for events are represented in Figure 7.

A top event (or also sometimes called intermediate event) is an event that occurs because
of one or more antecedent causes.

A basic event is an initiating event requiring no further development.

An undeveloped event is an event that is not further developed either because of lack of
information or because it is of little consequence.

A trigger event (also called external event) is an event that is expected to occur but is not
itself a fault of the system, although it could trigger one.

Gates
There are two basic types of fault tree gates, the OR-gate and the AND-gate. The symbols
are shown in Figure 6.

The OR- gate is used to show that the output event occurs only if one or more of the input
events occur. In the example the “Failure of the sub-sea tunnel project” can occur only if a
“technical failure” or an “economical failure”, or both occur. Note that the inputs to an OR-
gate are restatements of the output but are more specific as to what causes them, i.e. in the
case of Figure 6 Technical failure is a restatement of “failure of the sub-sea tunnel project”, but
it is more specific to what is the cause of failure. This is also true for “economical failure”.

The AND-gate is used when the output event occurs only if all the input events occur.
Unlike the OR-gate, causes can be direct inputs of AND-gates. In the example of Figure 6 a
“total collapse, seawater fills tunnel” occurs only if the “rock cover is too small” AND “inves-
tigations are insufficient”.

A fault tree can be evaluated quantitatively and often is, but this is not necessary. Based on
the rules of probability theory the probability of an AND gate is evaluated by

P=I1n @
i=1

Failure of sub-sea
tunnel project

Or gate /\ 6.64x10™
[ fy ]

Economical fallure

Technicad fallure

Or gate /_l\ 6.5x10™ /\ 6x10°
v .

Emvalonm Income > ﬁ
too small . e rugh

And gate g 1.5x10™ IW 5.x107 a 3
)i W g0 5.x10
Rock cover b‘§> lrock < /\\
2> <> > <>
-2
ax10? 5x10° 1.x10° 5x10

Figure 6. Example of a fault tree for evaluation of failure on sub-sea tunnel project (Eskesen, 2004).
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Figure 7. Symbols commonly used for events in fault tree.

And an OR-gate by
P=1-TTa-p) (5)
i=1

Where nis the number of ingoing events to the gate. p. are the probabilities of failure of the
ingoing events and it is assumed that the ingoing events are independent.

In Figure 6 the undesirable event being analyzed is the Failure of a sub-sea tunnel. Accord-
ing to the model failure can occur only if a Technical Failure OR an Economical Failure (or
both) occur. A Technical Failure can occur if a total collapse occurs OR excavation construc-
tion does not work (or both). According to the model a total collapse can only occur if the
rock cover of the tunnel is insufficient AND the geotechnical investigations are insufficient. On
the other hand, the Excavation may not work if both difficult rock conditions are encountered
AND geotechnical investigations are insufficient.

3.5.1 Event trees

An event tree is a representation of the logical order of events leading to consequences. In
contrast to the fault tree it starts from a basic initiating event and develops from there in
time until all possible states with consequences (adverse or not) have been reached. A typical
graphical representation of an event tree is shown in Figure 8. This is an example regarding
the non-destructive testing of a reinforced concrete structure for corrosion. The inspection
may or not detect the corrosion. The event CI denotes that corrosion is present, and the
event I that the corrosion is found by the inspection. The bars over the events represent the
complementary events. Based on this tree, one can evaluate the probability that corrosion is
in fact present given that the inspection says so.

Event trees can become very complex to analyze rather quickly. For a tree with n two-state
components the total number of paths is 2". If each component has m states the total number
of branches is m".

Fault trees and event trees (or decision trees) can be combined. The top event of a fault
tree, in example of Figure 6, Failure of the tunnel, can be used as an initiating event for an
event tree to assess the risk associated with that particular event. The combined fault tree and
event tree is illustrated in Figure 9, which shows how fault trees can model an initiating event
for the event tree. Note that the same fault tree can be combined with a decision where one
can assess whether or not it would be worth taking measures to avoid or mitigate damage.

3.5.2  Decision trees

A decision tree is a formal representation of the various components of a decision problem.
It consists of a sequence of decisions, namely a list of possible alternatives; the possible out-
comes associated with each alternative; the corresponding probability assigments; monetary
consequences and utilities (Ang and Tang, 1975). The typical configuration of a simple deci-
sion tree is shown in Figure 10. There are three types of nodes in a decision tree. The decision
nodes, which are squared, represent different decisions or actions. The chance nodes, which
are circular, are nodes that identify an event in a decision tree where a degree of uncertainty
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Figure 9. Combination of a fault tree and an event tree.

Action / Choice State of Nature Consequences

B

Figure 10. Typical decision tree (Faber, 2005).

exists. The utility nodes, which are triangular, are nodes that terminate a branch path and
represent the utilities associated with the path.

Figure 10 models a case where the decision maker is faced with two decisions/actions,
a, and a,. The consequence of action a, is with certainty B. However the consequence of deci-
sion a, depends on the state of nature. Before the true state of nature is known the optimal
decision depends upon the likelihood of the various states of nature 6, and of the conse-
quences A, Band C.

The decision maker will choose action a, over a, if the expected utility associated with
action a, is greater than that of a,.

Efu(a;)] > E[u(a, )]
u(B)>pu(A) +(1-p)u(C)
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where

u (A), u (B)—utility of consequence A and B, respectively
p—probability of state 6,

(1 - p)—probability of state 6,

The valuation of an outcome, or the utility of an outcome, translates the relative prefer-
ence of the decision maker towards different outcomes. The utilities are commonly based
on monetary values, but they can also be based on other dimensions such as time or envi-
ronmental effects. Multiattribute theory provides a way to combine all different measures of
preference to come out with one single scalar utility to represent the relative preference of
any outcome.

4 BAYESIAN NETWORKS

4.1 Background and probability theory

A Bayesian network, also known as belief network, is a graphical representation of
knowledge for reasoning under uncertainty. Over the last decade, Bayesian networks
have become a popular model for encoding uncertain expert knowledge in expert systems
(Heckerman et al., 1995). Bayesian networks can be used at any stage of a risk analysis,
and may substitute both fault trees and event trees in logical tree analysis. While common
cause or more general dependency phenomena pose significant complications in classical
fault tree analysis, this is not the case with Bayesian networks. They are in fact designed
to facilitate the modeling of such dependencies. Because of what has been stated, Baye-
sian networks provide a good tool for decision analysis, including prior analysis, poste-
rior analysis and pre-posterior analysis. Furthermore, they can be extended to influence
diagrams, including decision and utility nodes in order to explicitly model a decision
problem.

The concepts of Bayes’ theorem, essential for Bayesian networks is presented below. For
the basic concepts of probability theory (such as event, random variable, probability func-
tion, among others) necessary to understand the methodology of Bayesian networks, please
refer to Ang & Tang, 1975.

Bayes’ Theorem

PBIAP(A)

P(A|B)= B)

(6)

where the P(B)=X! | P(A4,)P(B| 4,)

Bayes Theorem has a many uses. Many times it is much easier to estimate the probabilities
on the right side of Equation 6 than the one on the left side. A good example is the case where
one want to estimate the probability of the disease given a certain symptom, P (A|B), being
A = disease and B = symptom.

In order to estimate P (A|B) one would have to go through the population and then find
people that had the symptom (B) and from these find out how many of these had the disease
(A). Counting these cases maybe very hard especially if the disease is very rare; one may have
to look at millions and millions of people. However, finding the probability of the symptom
given the disease, P (B|A) is much easier. One just has to check hospital records and find
people that had the disease and count how many of them had the symptom. Then one will
also have to find the probability of the symptom and the probability of the disease, these also
easier to get than P (A|B).

For random variables the Bayes’ theorem can be written as follows:

_BOlX= x)PX(X), where P (y)= 3 Pr(y| X = x)Py(x)

Py(x|Y =Xx) 0
Y xey

133



Downloaded by [Visvesvaraya Technological University (VTU Consortium)] at 01:32 29 February 2016
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Figure 11. Bayesian network example.

4.2  Definition of bayesian network

A Bayesian Network is a concise graphical representation of the joint probability of the domain
that is being represented by the random variables, consisting of (Russell & Norvig, 1995):

— A set of random variables that make up the nodes of the network.

A set of directed links between nodes. (These links reflect cause-effect relations within the

domain.)

— Each variable has a finite set of mutually exclusive states.

— The variables together with the directed links form a directed acyclic graph (DAG).

— Attached to each random variable A with parents B, . . ., B there is a conditional prob-
ability table P(4=a|B, = b,...,B,=b,), except for the variables in the root nodes. The
root nodes have prior probabilities.

Figure 11 is an illustration of a simple Bayesian network. The arrows going from one vari-
able to another reflect the relations between variables. In this example the arrow from C to B,
means that C has a direct influence on B,.

A Bayesian Network (BN) is a graphical and concise representation of a joint probability
distribution of all the variables, taking into account that some variables are conditionally
independent. The simplest conditional independence relationship encoded in BN is that a
node is independent of any ancestor' nodes given its parents, i.e. that a node only depends
on its direct parents. Thus, the joint probability of a Bayesian network over the variables
U={A, ..., A}, can be represented by the chain rule:

PU)= ﬁ P(A; = a;| parents (A;)) (7

where “parents (A,)” is the parent set of A..

The difference between the general chain rule and Equation 7, chain rule applied to
Bayesian networks is that in Bayesian Networks a variable is conditionally independent
of their non-descendents, given the values of their parent variables, e.g. in the network
of Figure 11 the variable A is conditionally independent of C given BI. It is this prop-
erty that makes Bayesian Networks a very powerful tool for representing domains under
uncertainty.

4.3  Inference

Since a Bayesian Network defines a model for variables in a domain and their relationships,
it can be used to answer probabilistic queries about them. This is called inference.

1. Ancestor nodes of a node are all nodes that come prior to that node in topologic order, e.g. the ances-
tors of A are B1 and C.
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The most common types of queries are the following:

— A priori probability distribution of a variable.

P(A=a) = Y...Y P(x.....x;, A=a)

X4 Xy

Where A is the query-variable and X, to X, are the remaining variables of the network.
This type of query can be used during the design phase of a tunnel for example to assess
its probability of failure for the design conditions (geology, hydrology, etc).

— Posterior distribution of variables given evidence (observations). This query consists
of updating the state of a variable (or subset of variables) given the observations (new
information).

P(A=a.e)

le'"z sz 4P(xp,...x,A=a.e)

Where e is the vector of all the evidence, and A is the query variable and X, to X, are the
remaining variables of the network. This type of query is used to update the knowledge of the
state of a variable (or variables) when other variables (the evidence variables) are observed. It
could be used, for example, to update the probability of failure of a tunnel, after construction
has started and new information regarding the geology crossed becomes known.

The most straightforward way to make inference in a Bayesian Network, if efficiency were
not an issue, would be to use the equations above to compute the probability of every com-
bination of values and then marginalize out the ones one needed to get a result. This is the
simplest but the least efficient way to do inference. There are several algorithms for effi-
cient inference in Bayesian Networks, and they can be grouped as follows: Exact inference
methods and approximate inference methods. The most common exact inference method is
the Variable Elimination algorithm that consists of eliminating (by integration or summa-
tion) the non-query, non-observed variables one by one by summing over their product. This
approach takes into account and exploits the independence relationships between variables
of the network.

Approximate inference algorithms are used when exact inference may be computationally
expensive, such as in temporal models, where the structure of the network is very repetitive,
or in highly connected networks.

P(A=ale)=

4.4  Learning algorithms

Humans are normally better at providing structure than probabilities. Therefore, when pos-
sible, it is good to use data to obtain the conditional probability tables.

The structure is normally given by experts and the conditional probability tables can be
estimated through available data. When there is a good amount of data available and not
enough domain knowledge it is also possible to learn the network structure from data.

Learning is basically to search over a space of models to find the one that suits best. For
this one has to define:

¢ The space of models
o Criteria or an objective function on models (i.e. What is the meaning of a model that suits
one better).

One of the most common problems that one tries to solve in applying learning to BN is:

Density estimation. The idea is that the data were presumably generated according to some
probability distribution Py{(x). There is some process out in the world that is generating
these data that are observed, and there is a joint probability distribution (of the data)
Py(x). The goal is to estimate that probability distribution as well as one can, Py{x), i.e.
as close to the reality as possible.
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There are different versions of the problem of density estimation, which have to do with
what is given. This can be:

1. Parameter estimation. One is given the variables and the structure of the model. The only
thing left to do is parameter estimation, i.e. what are the probabilities that go into the
probability tables.

2. Structure learning. One is given the variables only. In this case one will have to search over
the space of possible structures as well as estimate the parameters.

The next sections will discuss these two types of learning. For more information on the other
subjects see Pearl, J.,1988; Jordan, M., 1998; Jensen, F.V., 2001 and Cowell., R.G. et al., 2003.

A. Parameter estimation

Parameter estimation in a Bayesian Network is the task of estimating the values of the
parameters of the conditional distributions for each node X, given X’s parents, from a data
set (Jensen, 2001). The methods of parameter estimation can be grouped into main groups:
maximum likelihood and Bayesian estimation.

A.1 Maximum likelihood

Maximum likelihood estimation (MLE) is statistical method used for fitting a statistical model
to data, and provide estimates for the model’s parameters. The principle of MLE is to find
parameter values that make the observed data most likely (Kjaerulff, 2008; Jensen, 2001).

In order to illustrate the method of Maximum Likelihood in Bayesian Networks, consider
the simple experiment of flipping a thumbtack. The outcomes of the experiment are heads
or tails (see Figure 12). Let’s say that one is ignorant about what one will get when flipping
a thumbtack.

The simplest Bayesian network possible to illustrate this situation corresponds to a bino-
mial variable, X where the values are either heads or tails, presented in Figure 13.

This BN has a probability table associated to it and it has only one parameter 6, the
P (Heads). What would be a good way to estimate parameter 0, given some data D and some
assumptions?

Imagine that the outcomes of the experiment are D = {x [1]=H, x [2] =T, x [3] = H,
x[4]=H, x[5]=T}.

Assume that the elements of D are independent, i.e. that x [i] is independent of x [j] given
6 and that 6 does not change over time.

Unscientifically looking at the data one would say that a good estimator for 6 could be as
follows:

62062 numl?er of heads ®)
number of tails + number of heads

Heads Tails

N

Figure 12. Thumbtack.

Figure 13. BN for thumbtack flipping.
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This intuition of what 8 should be is correct and it is possible to prove it mathematically,
as will be shown next.

As mentioned before, the learning process is about defining a space of answers (models)
and then deciding what makes an answer good, i.e. apply a criterion in order to determine
which answer (model) is best. So the hypothesis space in this case is 6, a probability and there-
fore is going to be in the range [0, 1]. The criterion is to maximize the likelihood of the data
given 6, i.e. find the model (6) which makes the data as likely as possible.

Hypothesis space: 6 € [0, 1].

Criterion: Maximize likelihood of D. This is called the maximum likelihood criterion.

The likelihood of the data is the probability of getting the data assuming a value of 6.
L(D:6)= P(D:6).

Now applying this to the data D = {H T H H T}, what is the probability of getting that
particular set of data (or the likelihood of the data)? It will be:

P(D:6)=0°(1-0)*
More generally if M, and M, are the number of heads and the number of tails observed:
P(D:0)= 0" (1-9)"

Now what one needs to do is to find the 6 that maximizes the Likelihood function. It is
easier to take the log of the function before maximizing it:

Log(P(D:8)=1(D:8)=M,logé+ M, log(1-6)

The next step is to find the maximizing value of 6, by taking the derivative of /(D : ) with
respect to 6 and setting it equal to zero.

a(D:6)
0
Mh Mt _

0 1-6

& M,(1-6)- Mo=0 ©)

& M,— M,6— Mo=0
Mh

M, + M,

0

S 0=

The intuitive result of Equation 8 has been mathematically proved to be correct by
Equation 9.

The example considered is too simple with only one variable. In real problems, however,
one is typically interested in looking for relationships among a large number of variables.
In order to illustrate how this method can be applied to a case of more than one variable,
consider the BN with known structure and 2 nodes presented in Figure 14, and assume the
following:

— The existence of adataset D={<v ', v,> .., <vk vj>}
Value of nodes in sample 1 ~ Value of nodes in sample k
— The elements of D are independent given Model (M), i.e. x[i] is independent of x[j] given 0

and that 6 does not change over time.

2. The reason for having P (D : 0) instead of P (D | 6) is that 6 in this model is not a random variable
but a parameter.
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Figure 14. Bayesian network with two binary nodes.

The goal is to find the model M (in this case Conditional Probability tables) that maxi-
mizes the P (D|M), i.e. the probability of data occurring given the Model. This is known as
the maximum likelihood model.

The parameters that one wants to determine are the probabilities in the probability tables
associated with each node of the Bayesian network presented in Figure 14. The vector of
parameters is the following:

6=<0.,0 ,60 .6

x1? Ux0% Ty0[x0> “yl[x0° ey(]\xl’ eyl\x1>

Where,

0,=PX=1)
0,=P(X=0)
9y0|x0=P(Y=0|X=O)
ey”xo:P(Y:HX:O)
9y0|xl=P(Y=0|X=1)
0,,=P(Y=1|X=1)

ylx1

The maximum likelihood function for these parameters given data set D is
L(D: 6) =[] P(X[m],Y[m]: &)= [ P(X[m]: &) P(Y[m]| X[m]: 6) (10

P (X [i]) only depends on 6, and P(Y [i] | X [i]) only depends on 6, Equation 10 can be
simplified as follows:

L(D:6) =[] P(X[m]: 6x) P(Ym]| X[m]: 6,y)

=[1P(X(m]: 6) [T P [m]| X[m]: &x)

m

This way one can choose 0, to maximize [I,, P(X[m]:#&y) and Gle to maximize
I1,, P(Y[m]| X[m]: &y ), independently. Note that the latter can be further decomposed as
below:

[ Piml X(m): Gy)= [1  PYIm]I X[m]: 6 x0)
m m:X[m]=X0
X H P(Y[m]| X[m]: Hym)

m:X[m]=X1

The final expression is:

LD:O=[]PX[m]:6y) [ POImIX[m]:Oyye) [  POm]|X[m]: Oyy)
m m:X[m]=X0 m:X[m]=X1
(11

Since it is a product of positive expressions, it can be maximized for each parameter sepa-
rately and we do not need to make a joint optimization through all parameters. To make the
maximization easier, normally one maximizes the log of the likelihood function.
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0 logH P(X[m]:0y)= log(eXlM[Xl] x (1 QXI)M[XO])

=0
X
MIX1]x log(By)+ M[X0]X log(1- 6y)) 0
X -
A M[X1] (12)
= 6}(1 = T T T s
M[X1]+ M[X0]
s M[X0]
= Opg=1-Oy=————————
M[X1]+ M[X0]
Where M [Xi] are the counts of X =1 (in this case i= 1 or 0)
The same way other parameters can be calculated:
Aog([ ], yp,ervo PO T X2 0y1x0)) 0 o b _MIXOYD
= 14 1F (e ———
X M[X0]

Note that this calculation is basically the same done to obtain Equation 12. So in a similar
manner one will get the following results:

A M[XLYI]

YixX1 = M[XT] (13)
A M[X0,Y0
9Y0|X0 = W (14)
~ M[XLY1
YIX1 = W (15)

Based on Equation 10 to Equation 15 it is possible to conclude that the problem of learn-
ing in the case of several variables that are related, i.e. BN can be reduced mainly to the
problem of learning one single variable. It is also possible to observe that the ML estima-
tor is no more than the counts of the specific occurrence and dividing it by the number of
all occurrences. Although very simple, this method has some shortcomings. A method that
avoids some of the shortcomings of ML, and that enables one to include prior beliefs, is the
Bayesian Estimation.

A.2 Bayesian estimation

In the Bayesian view, 0 is the unknown value of a random variable 6, not a parameter like
in ML. P (© = 0) is the prior probability distribution. If the parameter 6 can be any value in
the interval [0, 1], then P (© = 6) must be a continuous distribution between 0 and 1 and must
integrate to 1. The beta distribution is a good candidate. This distribution is defined by two
parameters o, B, such that:

P(0)= Beta(@|o,B)= %9 a1(1_ g)b-! 16

where o, B > 0 are parameters of the beta distribution and I'(*) is the Gamma function.

The beta distribution is convenient for several reasons. If ® has a prior Beta (&, 8) then
after a data point is observed the posterior distribution of @ is also a beta distribution. Imag-
ine a random variable X that can take values 0 or 1. Suppose a data sample D is composed of
only one observation, X = 0. © is a random variable that stands for the probability of X =0
and its distribution varies between 0 and 1. Now assume that this prior distribution of © is a
beta distribution with parameters o and £, Beta (o, ).
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Figure 15. Shows how the beta distribution for different values of o and B.

The distribution a posteriori of ©, after observing X = 0, will be equal to (applying Bayes’
rule):
P(X=0|8)P(6)

P(O) X =0)= PO =0)

0]
P(X =01]0), which is equal to 6 stands for the probability of X =0 given the assumed model.
P (0) is Beta (o, B) distribution. Substituting P (6) and P (X =0 | 6), in Equation 17:

T(a+1+ ) 06%" (1— )5
T (x+ DT (B) (18)
(1- )P 1= Beta (a+1,B)

P(0| X =0)= 08 Beta(o,3)(0)=

I'la+1+ B) 0

PO|X=0)=
I'(o+ DI (B)

The resulting probability distribution, i.e the posteriori distribution of P (0) is also a Beta
distribution with parameters (o0 + 1, B). So after observing X = 0 we have increased the
parameter o by one. If X = 1 had been observed then the parameter 3 would have been
increased by one (Remember that P (X =1) =1 — 0). Also the expectation of ® with respect
to the Beta distribution has a simple form:

[0Beta(6) @ prao=—"— (19)
o+ f

The problem one is interested in is to know what is the probability of X = 0 and/or
X =1 given the available data. To illustrate this problem imagine one is flipping some kind of
biased coin and that one has a certain amount of observations. What one wants to know now
is the probability of getting heads or tails the next time the coin is tossed. This is a problem
of Bayesian updating that can be represented in a Bayesian Network (Figure 16).

One would like to estimate the probability that the next toss is heads, given what has been
observed (given available data), i.e. P(X[m+1]| D), where D = X[1],X[2]....... X[m], are the
available data.

To determine the probability that the next toss of the coin is heads, one averages over the
possible values of 0 (using the expansion rule of probability):

1
P(X[m+1]| D)= [ P(X[m+1]| 6.D)P(8| D). d&
0

140



Downloaded by [Visvesvaraya Technological University (VTU Consortium)] at 01:32 29 February 2016

X[

Figure 16. Bayesian Network model for estimating the parameter 6 given the observed data.

since the elements of D are independent given 6:
1
P(X[m+1]| D)= j P(X[m+1]|0) P(6|D)- do
0
since the P(X[m +1]| &) = &, one will have:
1
P(X[m+1]| D)= | 6 P(0| D) dO = E,q)(0)
0

Where E, 44)(8) is the expectation of ¢ with respect to the distribution P(&| D). Applying
Equation 19 one will get:

My+o
My+ M, +(a+p)

1
P(X[m+1]| D)= [ #°(1- )" 9d o= P(X[m+1]| D) =
0

(20)

where M, is the counts of X =0and M, is the counts of X =1.

This is also called the Bayesian (or Laplace) correction. When using this correction, in the
case M, and M, are equal to zero, i.e. if there are no observations the probability of the next
toss given the available data (in this case none), and given a prior Beta (1,1) will be:

My+1  0+1

P(X|D)= = =0.5.
(X1D) My+M +2 0+0+42

A prior of Beta (1, 1), i.e. uniform distribution, is called the “uninformed” prior, meaning
that one believes that all values of 6 between 0 and 1 have the same probability. As seen before
the Beta distribution family provides a great range of priors.

The parameters o and B in the beta distribution can be seen has virtual counts. According
to this idea, when the prior is equal to the uniform, Beta (1, 1), one is saying that our initial
virtual count is one of each possible values. Basically one does not have strong beliefs and
is saying the probabilities are P(X = 0) = P(X = 1) = 0.5. However it is possible that one has
strong believes that the probabilities are P(X = 0) = P(X = 1) = 0.5, for example the prob-
ability that one get heads or tails when tossing a coin. In this case a probability distribution
such as Beta (100, 100) is more adequate. In this case the “virtual counts” are 100 for each
state, and what one is saying is that one has a strong belief that P(X =0)=P(X=1)=0.5
(because one “virtually” observed 100 tails and 100 heads). For Networks like the one in
Figure 20, the Bayesian prior must cover all parameters 61, 62, 83, i.e. P(X), P (Y|X =0),
P (Y|X = 1), respectively. However P (61, 62, 63) = P (61) x P (62) x P (82), since we have
assumed that the parameters are independent from each other. Based on this assumption,
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each parameter can be represented by one random variable. For more details please refer
to Heckermen, 1997.

B. Structure learning

In recent years, Al researchers and statisticians have started to investigate methods for
learning Bayesian Networks (Heckermen, 1997; Russel and Norvig, 2003). These meth-
ods range from Bayesian Methods, quasi-Bayesian Methods and non Bayesian methods.
This section will focus on the Bayesian methods. The methods combine prior knowledge
with data in order to learn a Bayesian Network. In order to use this method the user
constructs a Bayesian Network that reflects his or her prior knowledge on the problem.
This is called the prior network. The user will also need to assess her/his confidence on the
prior network. Once the prior network has been determined, a structure learning algorithm
will search for the “best” structure (including the respective conditional probability tables,
which can be estimated using one of methods described in section A), i.e. the one that best
fits the data.

Given a set of random variables the number of possible networks is well defined and finite.
Unfortunately it grows exponentially with the number of variables. Although Structure Learn-
ing in Bayesian Networks is still a topic of research, there are several algorithms that have been
developed and can be applied (Heckermen, 1997; Jensen, 2001, Russel and Norvig, 2003).

To specify a structure learning algorithm one must choose the following elements (the state
space is known, i.e. the random variables are known):

— scoring function
— state transition operators
— search algorithm (for example A*, greedy hill-climbing, etc.).

Scoring functin (selection criterion)
The score of the network is used for model selection (i.e. some criterion is used to measure
the degree to which a network structure fits the prior knowledge (if any) and the data. One
of the most common criteria is the maximum likelihood (or log-likelihood). A penalty is nor-
mally introduced in order to account for overfitting (the most complex model is not always
the most adequate). Figure 17 shows an example where using the most complex function is
not the most adequate, i.e. one can use the higher polynomial curve to fit almost exactly the
data points however this is clearly overfitting the data and will not fit correctly new data. In
this case the 2nd order polynomial is the most adequate solution and not a more complex
model.

There are different possible scoring criteria. A good scoring criterion is the so-called Baye-
sian score.

When trying to find the best graph, the probability of a certain graph structure given the
data is what one wants to calculate. This is given by Bayes’ Rule.

y 2" order polynomial
Overfitting the data

Figure 17. Example of overfitting.

142



Downloaded by [Visvesvaraya Technological University (VTU Consortium)] at 01:32 29 February 2016

P(G,D) _ P(D|G) P(G)

P(G|D)==
(D) P(D)

Since P (D) is just a normalizer and only depends on the data it can be ignored when com-
paring possible different graph structures. This way the numerator can be defined as the score
for the graphs one wants to compare as follow:

Sq(G,D)= LogP(G,D)= LogP(D|G)+ LogP(G) #3))

where,

P(G) is the prior distribution on the graph structures, G, normally assumed to be a Dirichlet
prior, and more specifically a uniform Dirichlet prior.

P(D| G)'is the marginal likelihood of the data given the structure which is equal to
P(D|G)= JP(D|85,G)P(65|G)d -

The log marginal likelihood has the following interesting interpretation described by
Dawid (1984). From the chain rule of probability,

P(D|G)=P(X[1)) P(X[2]| X[1])...P(X[m]| X1]...X[m—1])

Which looks like making successive predictions, i.e. approximately equal to the expected
value of the P (X| G, D).
Imagine we have a Dirichlet prior, P (8) ~ Dirichlet (o, o), o+ ¢, = o and the data are

D={HTTHT} P(X[m]| X[1],.. X[m-1])= %;{””’,whereM}j1 is the number of heads up to
element m in our data sequence.

P(D|G)= [ P(D|8;.G) P(6;|G)dd,
e

@, o o+l +lo+2
aa+l o+ a+3 a+4

=0.017

P(D|G)=

For a P (8) ~ Dirichlet (o, o) and D = {X [1]....X [M]}

(o (g + D). (o + M, -D) (- (e, +])..(a, + M, ~1))
- a-(a+l)...(a+M-1)

__ @ T(y+M,)T(a+M,)

CT(e+M) T(a,) T(a)

P(D)= P(X[1],..X[m))

Where I'(x) = (x—1)! for x integer and T'(x)= J:t:e"dt =(z—DI'(z-1) for x real.
For a prior P (8) ~ Dirichlet (¢, ... o) and D = {X [1]... X [M]}

T, @) T(a+M,)T(e,+M,) (2, +M,)
F(Ek(alk + M/c) r(&“/h) 1—‘(0“,/) k 1—‘(a/k)

P(D)= (22)

One cannot assume that the data are independent because we do not know the parameters
of the model that generated the data, because different network structures will entail differ-
ent parameters. What one can say however is for a determined structure G, the data are inde-
pendent given the parameters. This is the same case as the Bayesian parameter estimation
described previously. Figure 17 illustrates this independence between data given the structure
G and the parameters 0 in the form of a Bayesian network.

3. The logs are just used to simplify the math.
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As M goes to infinity (for Dirichlet priors) the log of margin likelihood can be approxi-
mated to the following equation:

log P(D|G)=log P(D|8,G) —%logM, (23)

where d is the number of parameters in G, and 0 the estimator of &.

This approximation is called Bayes Information Criterion (BIC) and was first derived by
Schwarz (1978). In particular; Schwarz shows that Equation 4.42 for curved exponential
models can be approximated using Laplace’s method for integrals, yielding Equation 4.43.

The BIC approximation is interesting in several respects. First, it does not depend on the
prior. Consequently, we can use the approximation without assessing a prior. Second, the
approximation is very intuitive. It contains a term that measures how well the model predicts
the data, log P(D]6,() and a term that penalizes the complexity of the model, — ¢ log M.

Priors

To compute the relative posterior probability of a network structure, we must assess the
structure prior P (G) and the parameter priors P (8,|G), unless we are using large-sample
approximations such as BIC.

It has been assumed previously that the prior distributions on the parameters are Dirichlet
distributions. A special case is assuming a uninformative prior with (o ....c) = (1,....,1).
This is called the K2 metric. However this metric can lead sometimes to inconsistent results
(Heckerman, 94).

In order to avoid inconsistencies one can use the so-called BDe prior. In this metric the
user assigns a prior sample size M’ and a prior distribution p’ to the whole space. Then
a, =M'p’(X;| Pa(X;)). A very common choice for p’ is the uniform distribution over

XjlPa(X;)
the whole space. This particular case of the BDe metric is called the BDeu.

State transition operators

These are transition functions applied to the network structures to go between states (net-
work structures) until reaching the final network structure, such as adding an arc, deleting an
arc, or reversing the direction of an arc. They are basically used to transition from network
to network during the search for the network with the best score.

For each state (each network structure), one takes the best guess regarding the parameters
of that specific network structure given the data (for example using the maximum likelihood
method) and determines the score of the network through a scoring function.

Figure 18 shows the typical transition operations (add, delete and reverse).

Search

Based on a defined scoring function that evaluates the “performance” of a certain Bayesian
Network structure, the search is going to be reduced to a search for one or more structures
that have high score. There are several search algorithms to perform the search. The most

common are:

2\

P %
XL1] Xtel . XIM]

Figure 18. Bayesian Network describing the independence between data points given the structure and
the parameters (G = BN structure; 6 = conditional probability table parameters).
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e Greedy Hill Climbing, which consists of considering every legal move (transition between
network structures) and takes the one that yields the highest score.

¢ Random Hill Climbing, which consists of considering moves (transition between network
structures) drawn at random and takes the one that yields the highest score.

e Thick-Thin Greedy Search, which consists of greedily* add single arcs until reaching a
local maximum and then Prune back edges which don’t contribute to the score.

These algorithms can be “stuck” in a local maximum and not return the optimal structure.
There are several ways one can do to avoid this situation, such as random re-starts and simu-
lating annealing, which consists of allowing the algorithm some “bad” moves but gradually
decrease their size and frequency, in order to escape local maximum.

4.5 Influence diagrams

Bayesian networks can serve as a model of a part of the world, and the relations in the
model reflect causal impact between events. However the reason we are building models is
to use them when making decisions (i.e. the probabilities provided by the network are used
to support some kind of decision making). Decision graphs or influence diagrams are an
“extension” of Bayesian Networks. In addition to nodes for representing random variables,
influence diagrams also provide node types for modeling alternatives and utilities. Besides
chance nodes that denote random variables, and correspond to the only node type available
in Bayesian networks, decision nodes are also modeled. A decision node indicates a decision
facing the decision maker (similar to decision nodes in decision trees) and contains all alter-
natives available to the decision maker at that point. The third node type provided by these
diagrams is the utility node. These nodes represent the utility function of the decision maker.
In utility nodes, utilities are associated with each of the possible outcomes of the decision
problem modeled by the influence diagram.

Directed links between nodes represent influences. Links between two chance nodes have
the same semantics as in Bayesian networks. Other links in an influence diagram may also
represent a temporal relation between the nodes involved. For example, a link from a decision
node to a utility node not only indicates that the choice of action influences the utility, but
also that the decision precedes the outcome in time.

Influence diagrams are useful in structuring a decision problem. While, for example, deci-
sion trees are more effective at presenting the details of a decision problem, influence dia-
grams more clearly show factors that influence a decision. Figure 19 illustrates a simplified
scheme of an Influence Diagram. It is composed of two chance nodes (“Threat” and “Warn-
ing Device”), one decision node (“Decision”) and a utility node (“Consequence”). In this
specific example, the chance node “Threat” can represent the occurrence or not of a natural
threat (for example a tsumani or a hurricane). The “warning device” chance node represents
the fact that a warning alarm maybe issued or not. The decision node represents the deci-
sion between evacuation a population or do not evacuate. The utility node (“consequences”)
represents the consequences (expressed in utilities of the decision) in combination with the
occurrence or not of the threat. The warning device issuing an alarm depends directly of the
possibility of occurrence of the threat. The decision of evacuating or not evacuating the pop-
ulation will depend directly on the warning device issuing an alarm. Finally the consequences
will depend on the decision taken and on whether or not the threat actually happens.

There are mainly four types of connections for structural influence in a decision graph.
They are represented in Figure 20.

The first one (Figure 20a) is used when a Decision 1 affects the probabilities of event 1,
i.e. Decision 1 is relevant for event 1. In Figure 20b the outcome of event 1 affects the prob-
abilities of event 2, i.e. Event 1 is relevant for Event 2. This a typical Bayesian Network with
no decision included. The type of connection in Figure 20c is used when Decision 1 occurs

4. Consider all the possible addition of arcs and choose the one that yields the best score.
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Add arc C =2 l l

Delete
arcC 2> E

Reverse o o

arcC > E

Figure 19. Typical transition operators (add, delete, reverse in white arrows) (Friedman and
Goldszmidt, 1998)

Warning Device

Consequences

Decision (Utilities)

Figure 20. Influence diagram.

before Decision 2, i.e. Decisions 1 and 2 are sequential. Finally, Figure 20d represents a con-
nection used when Decision 1 occurs after event 1. In this case the outcome of Event 1 is
known when making Decision 1.

Besides the structural influences described in Figure 20, there are also value (utilities) influ-
ences such as the ones illustrated in Figure 21.

In Figure 21a) the value (or utility) depends on the (uncertain) event, for example a manu-
facturing cost depends on the (uncertain) availability of a certain input. In the second value
influence (Figure 21b), a decision influences the value (or utility). For example a manager’s
decision influences the profit of a plant.

4.5.1 Inference for influence diagrams

The process of inference in an influence diagram consists of computing the expected utility
associated with the different decisions or strategies. As in Bayesian networks there are two
groups of algorithms that can be used to make inference in an influence diagram: exact and
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Evacuate Decision 1
Does not evacuate = [F
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b)
Decision1 |--------- = Decision 2
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c)
--------- = Decision 1
=] =
d)

Figure 21. Influence diagram connections.

approximate. The most basic of way to solve an influence diagram is to unfold it into a deci-
sion tree and solve it. However if one wants to take advantage of the structure of an influence
diagram and encoded conditional independences, one of the most common is the Variable
Elimination algorithm for influence diagrams which has many similarities to the Variable
Elimination technique described for Bayesian Networks. For more details reference is made
to Jordan, M., 1998; Jensen, 2001.

4.5.2  Examples

4.5.2.1 Bayesian network example ( Faber, 2005 )

Figure 22 presents an example by Faber, 2005, regarding a problem related with the failure
of a power supply system. The system is composed of an engine, a main fuel supply for the
engine and electrical cables distributing the power to the consumers. In addition a backup
fuel support a reserve fuel support with limited capacity was installed. The power supply
system fails if the consumer is cut off from the power supply. This will happen if either the
power supply cables fail or the engine stops, which is assumed to occur only if the fuel sup-
ply to the engine fails. All probabilities given in the network are for simplicity assumed to be
annual probabilities.

Executing the Bayesian network will provide the probability structure for the different
states of the system as illustrated in Figure 22.

One of the advantages of Bayesian Networks is to the ability to provide diagnostics sup-
port. By entering evidence into the Bayesian Network that the power supply has failed one,
by conditioning the state of power supply on Fail we can back propagate (explaining away)
this information in the BN and assess the most probable cause of the failure. The result is
illustrated in Figure 24. It can be seen that the most probable cause of power supply failure
is failure of the power distribution cables.

4.5.2.2  Decision graph example ( Einstein and Sousa, 2006 )

In this example a decision analysis problem with Bayesian network extended to decision
graphs to include decision nodes and utilities will be illustrated in this example. Imagine a
threat, such as natural hazard for example (landslide, hurricane, etc). For this example three
different actions are considered: Passive countermeasure, Active countermeasure, No action.
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Figure 22. Value influence.
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Fail] 0.01}
Safel 0.99]
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MainFuel | Fail Safe
Fail | safe Fail
Fail 0 0
Safe 1 1
[Powersupply =] [@wosmu =]
Cables | Faill Safe
Fail | Safe Fail | Safe
% 1] 1 1 Ei
Safe| 0 0 0 1]
Figure 23. BN example from Faber, 2005.
© Back up Fuel [©  Main Fuel
Fail 2% Fail 2%]
Safe 98%|[ ] Safe 98% [0
|O Engine O Cables
Fail 1% i
Safe 99% |10 Safe 1%]|

Figure 24. BN from Figure 23 executed.

148



Downloaded by [Visvesvaraya Technological University (VTU Consortium)] at 01:32 29 February 2016

If the threat materializes Damage may occur with different levels, which will depend on the
weather passive, active countermeasure or no action are chosen. Associated to the dam-
age levels are utilities and associated to the different measures are different costs. Figure 25
presents the decision graph that illustrates the problem.

The network has two chance nodes, one decision node and two utility nodes. The chance
node Threat represents the probability of the threat happening. The chance node Damage
represents the vulnerability, i.e. the fact that even if the threat materializes the consequences
(Damage Levels) are uncertain. The Decision node represents the different options available:
No Action, Passive countermeasure and Active countermeasure. The utility node Utilities
represents the utilities associated with the different damage levels. The utility node Cost rep-
resents the costs associated with the different decisions.

A passive countermeasure will reduce the risk by reducing the vulnerability, meaning it
the will reduce the probably that damage occur given the occurrence of the threat. A passive
countermeasure is for example an evacuation during hurricane threat, as can be seen here in
the figure. Countermeasure can be successful or not. An active countermeasure will reduce
the risk by reducing probability of the threat. An example of active countermeasures are
slope stability methods.

Solving the BN one will get that the active countermeasures are the preferred option in
this case (Figure 26).

O Back up Fuel Main Fuel
Fail Fail
Safe%% | Safem E
®] Engine @] Cables

Fail 1% | [Fail 99%
Safe%ﬂ-f\ Safe 1%

O Power Supply
Fail 100%
Safe 0% =

Figure 25. BN from Figure 23 executed after introducing evidence that power supply has failed.

Decision Action

Figure 26. Decision graph (Influence diagram) for threat (Einstein and Sousa, 2006).
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Figure 27. BN of Figure 26 executed (Einstein and Sousa, 2006).
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Figure 28. Sensitivity analysis on the probability of occurrence of the threat, P (Threat).

It is always beneficial to conduct sensitivity analysis to investigate the effect of different
variables against the different actions. In this case the graph of Figure 27 shows the effect
of the Probability of the occurrence of the threat against the different actions. As expected
for low values failure probability of the threat No action is preferred, otherwise is the Active
Countermeasure.

5 CONCLUSIONS

There are a number of models available for data representation and decision making, which
include rule based—systems, artificial neural networks, Fuzzy-rules, fault and event trees and
decision trees. Among these, the Bayesian networks and Influence diagrams are considered
to be the most suitable for the problem of accidents during tunnel construction. The main
reasons for choosing BN representation over the others are as follows:

— They handle incomplete data sets without difficulty because they discover dependen-
cies among all variables. When one of the inputs is not observed, most models will end
up with an inaccurate prediction. That is because they do not calculate the correlation
between the input variables. Bayesian networks suggest a natural way to encode these
dependencies.

— One can learn about causal relationships by using Bayesian networks. There are two impor-
tant reasons to learn about causal relationships. This is worthwhile when one would like
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to understand the problem domain, for instance, during exploratory data analysis. Addi-
tionally, in the presence of intervention, one can make predictions with the knowledge of
causal relationships.

— Bayesian networks facilitate the combination of domain knowledge and data. Prior or
domain knowledge is crucially important if one performs a real-world analysis; in par-
ticular, when data are inadequate or expensive. The encoding of causal prior knowledge
is straightforward because Bayesian networks have causal semantics. Additionally, Baye-
sian networks encode the strength of causal relationships with probabilities. Therefore,
prior knowledge and data can be put together with well-studied techniques from Bayesian
statistics.

— Bayesian methods provide an efficient approach to avoid the over-fitting of data. Models
can be “smoothed” in such a way that all available data can be used for training by using
Bayesian approach.

In spite their potential to address inferential processes, there are however some limitations
to Bayesian Networks:

— Depending on their size they may require initial knowledge of many probabilities. The
results are very sensitive to the quality and extent of the prior knowledge, i.e. a Bayesian
network is only as useful as this prior knowledge is reliable.

— Performing exact inference on a Bayesian network, as well as learning Bayesian networks
from large amounts of data, can have a significant computational cost, since they are a NP
hard tasks®. Approximate algorithms can be used in these situations.

— The restriction of the Bayesian Network to be acyclic can be an issue when modeling prob-
lems where feedback loops are common features.

Despite their limitations, from all methods, BN is the one with the ability to best represent
problems in a complex domain of inherent probability and to provide project managers/
designers/contractor with good understanding of the problem.
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ABSTRACT: In this publication risk assessment involved in storage of CO, is presented, with
a particular focus on cases where the injection is made into unminable coal seams and in aban-
doned coal mines. The risks associate with earlier stages of storage and during storage is analyzed
in detail and different types of hazard scenarios are described. The importance of monitoring is
emphasized in order to prevent risks. Some applications concerning the Risk Assessment of CO,
injection processes and storage in carboniferous formations and contamination of aquifers by
CO, are presented and analyzed using Bayesian Networks for different hazard scenarios. Finally,
based on the applications of Bayesian Networks several conclusions were made.

1 GENERAL

Storage of CO, in deep, onshore and offshore geological formations, uses many of the tech-
nologies developed by oil and gas industry and has been proved to be economically feasible
under specific conditions in oil and gas fields and saline formations (IPCC, 2005). CO, can
also be stored in carboniferous formations, either in unminable coal seams or in abandoned
coal mines. CO, should be safely injected and stored at well characterized and properly man-
aged sites. Injecting carbon dioxide in deeply geological formations can be stored in under-
ground for long periods of time. At depths below about 800-1000 m, CO, has a liquid-like
density that permits the potential for an efficient use of the underground reservoirs in porous
of sedimentary rocks.

Figure 1 illustrates the options for storing CO, in deep underground geological formations.
Other geological options which may serve as storage sites include caverns in basalt, organic-
rich shales and in salt.

Geological storage requires constructing facilities to capture large emission sources of CO,
such as power plants for electricity production or cement, steel, ethanol, among others. It is
also possible to act on fuel, that is, instead of proceeding to the capture of CO, after com-
bustion of coal or natural gas can be drawn primarily engaged in industrial units, the carbon
present in them. The captured CO, is then transported by pipelines or in ships, for under-
ground storage sites. Most of the mechanisms related to this technology are not new, since
they are already employed by the oil industry by contracting for management and distribu-
tion of natural gas, for some industries in the food sector, among others.

The environments impacts from geological storage of CO, can be integrated into two types
of categories, i.e. local environmental effects and global effects from the release of stored CO,
to the atmosphere. Global effects may be viewed as the uncertainty in the effectiveness of CO,
storage. Local hazards arise from causes like direct effects of elevated gas-phase CO, concen-
trations in the shallow surface or near surface, effects of dissolved CO, on groundwater and
effects caused by displacement of fluids by the injected CO,.
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Figure 1. Options for storing CO, in deep underground geological formations (Adapt. from IPCC
2005).

There are different potential escape routes for CO, injected into geological formations
exist. Risk assessment should be an integral element of risk management activities, like
site selection, site characterization, storage system, design, monitoring and if necessary
remediation. The methodology to be developed for Risk Assessment will be developed
using Bayesian Networks (BN). BN are a graphical representation of knowledge for rea-
soning under uncertainty and they have become a popular representation for encoding
uncertain expert knowledge in expert system. BN can be used at any stage of a Risk
Analysis, and provide a good tool for decision analysis, including prior analysis, posterior
analysis and pre-posterior analysis. Furthermore, they can be extended to influence dia-
grams, including decision and utility nodes in order to explicitly model a decision problem
(Sousa, 2011a).

In 2010 the State Key Laboratory of GeoMechanics and Deep Underground Engineer-
ing from China University of Mining and Technology, Beijing, was awarded by a project on
the field of Risk Assessment of CO, injection and sequestration in carboniferous reservoirs
by the State Administration of Foreign Experts Affairs, from China. The importance of the
project is based on the fact that China is the major producer of coal in the world. There-
fore, there are several possibilities for selecting appropriate sites for the reservoirs, even in
abandoned coal mines. Coal formations contain cleats that impart some permeability to the
system. Between cleats, coal has a large number of micropores into which gas molecules can
diffuse and be tightly absorbed. Gaseous CO, injected through wells will flow through the
cleat system, diffuse in the coal matrix and be absorbed onto the coal micropore surfaces.
If CO, is injected into coal seams it can displace gas methane enhancing coal bed methane
recovery.

This chapter was developed in the framework of the referred project. It presents in sec-
tion 2 technical aspects of injection and safety storage. In section 3 the Risk Assessment and
Risk concepts are referred. After reviewing and discussing known hazards for carbon seques-
tration, section 4 analyze preventing risks by monitoring. Applications of BN are outlined
for different hazard scenarios in section 5. Finally, some conclusions are drawn and presented
in Section 6.
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2 INJECTION AND SAFETY STORAGE

2.1 Introduction

CO, is a common constituent of the atmosphere, non-toxic. However, high concentrations
can be dangerous (IEA, 2002). An uncontrolled release of CO, from an underground reser-
voir will not have long term effects, as can happen in cases of highly toxic or nuclear waste,
once the CO, is diluted in air or water. Thus, slow migration of gas toward the surface, are
not a direct threat to humans. However, high concentrations can be attained by a sudden
release or by other process. Due to the higher density of CO, compared to air in case of
leakage of large volumes can be created depressions or enclosures near the earth’s surface,
causing loss of consciousness or asphyxiation to humans who are in the vicinity (Piessens
and Dusar, 2003).

The main risks of geological storage of CO, vary from place to place, given the heavy
dependence on such factors as (IPCC, 2005; IEA, 2008; Vargas et al., 2011):

— the configuration of the storage facility, including the geological characteristics of the
stratum selected;

— the heterogeneity of the sealing cap-rock;

— the heterogeneity of the mass taken as a whole (stratigraphic heterogeneity, existence of
discontinuities, etc.);

— knowledge of the existence of injection/pumping wells abandoned nearby;

— the adequacy of the injection system;

— changing biogeochemistry;

— geomechanics weathering (generation of cracks and fractures);

— methods of abandonment of the wells when the reservoir reached the limit.

Duguid et al. (2007) suggest as one of the first requirements to be met by a site candidate
for the reservoir, is to have several layers of sealing, so that the system is redundant and it
is possible to can make early detection of potential problems. The latter argument is easily
understood by observing Figure 2, which shows a measuring instrument in a layer above the
first level of protection. If CO, escape, the system gives an indication to the authorities, and
while the problem is not resolved the secondary layers of protection are in charge of retain-
ing leakage.

In accordance to the publication of IPCC (2005), commercial projects of CO, storage in
large scale should be adopted if it is assumed that the location is well chosen, designed, oper-
ated and monitored properly. The data available from existing projects suggest that is very
likely that the fraction of stored CO, that is trapped in the first 100 years, is over 99%; and it
is likely that the fraction of stored CO, that is trapped in the first 1000 years is over 99%.

2.2 Risks associated with earlier stages to storage

In this section the factors that should be taken into account in assessing the risks in CO, stor-
age projects in coal formations are presented and evaluated.

The various stages leading up to the store itself, cause changes in the state of stress and
strain, which, in turn, may generate flow paths through which the CO, can escape due to the
discontinuities (pre-existing or not), such as faults or other fractures. Associated with the
existence of faults may occur seismic episodes, which can also bring more risk to the CCS
project.

To be able to understand the influence that the entire storage system has in the rock mass,
it is necessary to study each phase separately. If there is sequestration of CO, in a given
formation and with methane gas production, distinct phases may be considered (Myer,
2003):

e drilling and completion of wells;
o formation dewatering and methane production;
e CO, injection with or without secondary production of methane.
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Figure 2. Reservoir with multiple layers of sealing (Adapted from Duguid et al., 2007).

If the storage of CO, is expected to be held in unminable coal seams, never considered by
the mining industry (due to great depths, the lack of profitability of the project, or to poor
safety conditions for workers), it is necessary to carry out wells with withdrawal of water, and
possibly advantageous to the extraction of methane adsorbed on coal if intended to store
CO, during drilling. In abandoned coal mines, the production wells may no longer be a cru-
cial stage of analysis. The water withdrawal in principle also no longer decisive in the analysis,
once the mass has been disturbed and it will be a new balance with all the galleries inside.

Wellbore stability is a geomechanical problem which can be encountered during drilling.
Rock failure and the displacements associated with wellbore instability generate potential
leakage paths. These drilling issues and the main causes of instabilities are analyzed in detail
in the publication of Myer (2003). The risk of leakage will be minimized by cementing the
case. Two constructive methods are conventionally used in the execution of wells: Cased hole
wells and openhole cavity wells. Figure 3 illustrates schematic diagrams for the coalbed meth-
ane wells. The risks associated to the two methods are analyzed in detail in the publications
of Myer (2003) and Gomes (2010).

Injection of CO, for enhanced methane production and sequestration will increase pore
pressures in the coal seam. If pore pressures exceeded pre-development levels there is a risk
that slips will occur. This is conceptually illustrated in Figure 4.

The causes for geomechanical problems, their consequences, the risks and their factors
are summarized in the Figures 5 to 8, respectively for wells totally cemented, wells partially
cemented with cavities, formation dewatering and methane production and for CO, injection
with or without methane production.

2.3 Risks associated to the storage

The geological storage of CO, means that the CO, will be retained for hundreds or thousands
of years. Therefore, it is necessary to carefully evaluate all potential escape mechanisms.
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Figure 3. Schematic diagrams of core hole and cavity completions for coalbed methane wells (Myer,
2003).

The mechanisms that may occur in unminable coal seams and takes place in abandoned
mines are presented. In terms of risk, abandoned mines require major rehabilitation work,
checking the conditions for sealing of wells and shafts, and the removal of all materials that
might react with carbon dioxide. The existence of wells abandoned or not, in the vicinity of
the reservoir is an important issue to be analyzed in terms of safety. Figures 9 and 10 make a
summary of some possible leakage of CO,.

In general, the CO, retained by adsorption on the surface of coal remain in the deposit,
even without caprocks, unless the pressure in the coal mine is reduced through mining. If
the pressure drops suddenly, any excess of CO, from coal can flow freely through one of the
mechanisms described previously in the Figures. Therefore it is necessary to ensure that after
storing CO, the coal is never mined (Gomes, 2010).

In Figure 11 a scheme of storing CO, in carboniferous formations with Enhanced Coal-
Bed Methane Recovery (ECBMR) is presented.

An abandoned coal mine when used as a reservoir can be seen as a very long gallery, with
curves, as shown in Figure 12 (Piessens and Dusar, 2003). The storage capacity is much
greater than in the case of unminable coal seams. This is due partly to the large area of
contact between coal and CO, which enhances the adsorption phenomenon, but mainly also
because of large void volume constituted by the massive volume mined. The use of aban-
doned coal mines for CO, storage is consequently a good option, particularly in China (He,
2011), where the number of abandoned mines is relatively large.

Moreover, the complex geometry of a coal mine can also be translated by a sealed container
vertical upwards, according to an idealization of Piessens and Dusar (2003), (Figure 13). Ina
coal mine CO, can be stored in the voids, in dissolution in water at the mine, or adsorbed on
the coal matrix. However, coal mines suitable for CO, sequestration should not be flooded.
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Figure 4. Displacements in the fault of a reservoir (Adapted from Desroches et al., 2006).
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Potencial escape mechanisms (Benson, 2005).
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Figure 11. Storing in carboniferous formations with ECBMR (IEA, 2008).

So either it is a mine in which there is not entrance of water (good sealing strata) or, what is
the most likely case, you have to put the CO, under high pressure. Note that in the first situ-
ation, the initial pressure of such reservoirs will be low (near atmospheric pressure), which
means that the initial state of pressure is in great unbalance with the hydrostatic gradient.
In the second situation, it is necessary to ensure that the sealing caprocks, despite being
deformed due to the pressurization of the cavity should be able to resist this action, without
open cracks or there are sliding along existing faults (Piessens, 2011).
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Figure 12. Simplified representation of the geometry of an abandoned mine (Piessens and Dusar,
2003).
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Figure 13. Schematic representation of the geometry of a mine: Model vs. reality (Piessens e Dusar,
2003).

The existence of pumping wells or injection of fluids is a major source of potential escape
problems of CO,. The wells are linear infrastructure that make the connection between sur-
face and underground reservoirs, crossing all rock mass strata, even the most impervious. An
eventual path to the leakage of CO, is then created. The sealing caprock of the well, the walls
of well, and the annular area of interface with the walls, the first layer of cement case and the
involved rock mass are the main elements that should be studied.

In the presence of water, CO, becomes carbonic acid, which can affect the integrity of the
casing cement, or even the first cement layer that lies between the walls and the rock mass.
Figure 13 shows the appearance of an intact specimen of cement and another in which the
acid reacted with the cement. Then the resistance of the cement can be affected. Should be
considered an extra thick wall, and the introduction of additives to the cement should be
considered (IEA, 2008).

Figure 14 shows potential escape paths of CO, along injecting or pumping wells. In aban-
doned wells the type of escape mechanisms along the walls is similar to the wells still in opera-
tion. In (a) focuses on the flow through the interface of the well casing and cement layer on

162



Downloaded by [Visvesvaraya Technological University (VTU Consortium)] at 01:33 29 February 2016

Unreacted - Smm

Unreacted Reacted
Zone e ) Zone

R

Figure 14.  Effect of CO, in the cement (Celia et al., 2006).

Well Casing
Cement Fill

Figure 15. Potential escape pathways along wells (Celia et al., 2006).
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the inside face of the coating. Since both materials are very permeable, runoff is very focused
in the vertical direction. In (b), there is an escape mechanism similar to (a), but between the
casing and cement element that makes the closing hole. In detail (¢) you can view the mecha-
nism of percolation of CO, through the cement seal. In (d) and (e) flow crossing the finish
layer of concrete and masonry is represented. Finally, in (f), is represented another way of
leakage, this time between the cement and the strata surrounding the well.

3 RISKS ASSOCIATED

3.1 General

Risk Assessment and mitigation strategies are developed with the goal of avoiding major
problems described before. There are many definitions for risk. More generally for an unde-
sirable event E with different consequences, vulnerability levels are associated and the risk
can be defined as (Einstein, 1997):

= PE}X P[C| E] x u[(] (M

where
R is the Risk
P[E] is the hazard, i.e. the probability of the event
P[C| E] is vulnerability of event E
u[C] is the utility of consequences C.

More generally, for different failure modes E,, with which different consequences and hence
vulnerability levels are associated, expected r1sk can be defined as (Sousa, 2010):

= ZZP[Ej] X Plu(C,):E,]x u(C,) )

where
P[u(C ) | £]is the vulnerability to the failure mode /,
P[E] s the probability of failure mode j and
u(C) is the utility of consequence i.

For risk evaluation it is necessary to identify the tools or models to be used to represent
this existing knowledge and perform a decision analysis.

Risk Assessment and Risk Management for CCS systems requires an evaluation of what
hazard is possible and of the assessment of the likelihood of the harmful effects. Risk Assess-
ment starts with the hazard identification which refers to identifying the major possible haz-
ards with focusing on the likelihood of extent of damage. After the hazard identification,
Risk Characterization is followed that involves a detailed assessment of each hazard in order
to evaluate the risk associated to each hazard (Price et al., 2008).

Based on studies presented in several publications (Myer, 2003; IPCC, 2005; Price et al.,
2008; Sousa, 2010), nine hazard identification scenarios were characterized (Table 1). Once
the risks associated with a hazard have been identified the decision maker develops a basis
for their evaluation and when necessary to develop and to carry actions to reduce the risks
(Price et al., 2008).

3.2 Leakage of CO, from pipelines or pumping stations and from shipping

CO, from power plants or other industrial facilities can be transported to storage sites by pipe-
lines. For any transportation option there are calculable and perceivable risks (Sousa, 2011b).

CO, pipelines provide direct route to harmful human exposure or to harmful impacts on
animals and plants by producing a local high concentration of CO, and generating exposures
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Table 1. Hazard identification scenarios.

Hazard Description

Leakage of CO, from pipelines or pumping stations

Leakage of CO, from shipping

Slow and steady leakage of CO, from geological storage

Fast and large discharge of CO, from geological storage

Leakage from geological storage to groundwater

Leakage of CO, from geological storage to fossil fuel assets

Leakage of CO, that eliminates the benefits of geological
storage

Induced fracturing or seismicity

Leakage from abandoned coal mines
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sufficient to harm or kill people, plants and animals (IPCC, 2005). While an important risk
precautions can be taken to minimize the likelihood of a major pipeline rupture.

In the USA exist several long-distance CO, pipelines, with special emphasis to the Cortez
pipeline with 808 km, to the Sheep Mountain pipeline (660 km) and to the Weyburn pipeline
with 330 km. Measures to be taken in order to minimize the risks from CO, pipelines include
(IPCC, 2005: Price et al., 2008):

To localize pipelines away from populous areas

— To avoid pipelines near populated valleys where leaking CO, could accumulate to danger-
ous levels

To monitor pipelines against corrosion and to monitor regularly for leaks

— To install safety valves to shut off the pipeline in the case of a large leak

To consider adding odorant to CO, to allow people to notice small leaks.

Leakage of CO, from shipping they can occur from different ways, namely through colli-
sion, foundering, stranding and fire (IPCC, 2005). The accidents can occur to badly mainte-
nance of the ships and to crew by inadequately trained people, as well as by system failures
and human errors.

Carbon dioxide tankers and terminals are clearly much less at risk from fire, but there is
an asphyxiation risk if collision should rupture a tank. The risk can be minimized by making
certain that high standards of construction are applied. An accident to a liquid CO, tanker
might release liquefied gas to the surface of the sea. CO, would behave differently from
LNG because liquid CO, in a tanker is not so cold as LNG. Its interaction with sea could
be complex. Some of the gas would dissolve in the sea, but some would be released to the
atmosphere. With little wind and temperature inversion CO, gas might lead to asphyxiation
and might stop the engines.

The risk can be minimized by careful planning of routes and by high standards of training
and management (IPCC, 2005).

3.3 Slow and fast leakage of CO, from geological storage

Leakage of CO, from the geological reservoir can produce two types of hazard depending
how low or fast is the leakage (Price et al., 2008).

For slow and steady leakage of CO, from geological storage, the releases are too small to
cause significant deaths or injuries. However the leakage can cause local problems including
human fatalities.

For fast and large discharge of CO, from geological storage, as occurred in 1986 at Lake
Nyos in Cameroon, where about 1700 persons and 3500 cattle were killed when the lake
release a large amount of CO,, can cause a large scale of fatalities, although it is rare the
occurrence.
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Possible actions and measures for these hazards are referred in detail in Price et al.
(2008).

3.4 Leakage from geological storage to groundwater

CO, migration from a storage reservoir to the surface potentially affects shallow groundwater
used for potable water and industrial and agricultural needs. Dissolved CO, forms carbonic
acid, altering the pH of the solution and potentially causing indirect effects, including mobi-
lization of (toxic) metals, sulphate or chloride; and possibly giving the water an odd odor,
color or taste. In the worst case, contamination might reach dangerous levels, excluding the
use of groundwater for drinking or irrigation (IPCC, 2005).

Among other measures referred in Price et al. (2008), it is relevant to develop appropri-
ate inspection methodologies coupled with the use of dynamic BN for risk analysis (Sousa,
2010).

3.5 Leakage of CO, from geological storage to fossil fuel assets

Underground injection of CO, at high pressures can lead to seepage of fossil deposits through
faults and other discontinuities or through not well sealed wells. The contamination of the
fossil reservoir induces a severe economic risk since the contamination decrease the value of
the fossil fuel. The probability of occurrence of this hazard is similar to the probability of
leakage to the groundwater.

Actions to reduce risks from leakage to fossil fuels can be:

— To select reservoir sites that are likely to retain their CO, for at least thousands of years
and
— To select sites that are not near fossil fuel assets.

3.6 Leakage of CO, eliminating the benefits of geological storage and induced seismicity

Leakage from a reservoir returns CO, into the atmosphere. The sequestration of CO, is for
a long period of time, then when a leakage with a faster rate eliminates the benefits of the
geological storage, inducing additional costs.

Some actions can be performed in the case of inadequately sealed wells, namely finding
and plugging such wells. Wells can be monitored in order to ensure that they are adequately
sealed and additional activities can be performed to better seal the wells.

Geological carbon sequestration into porous rock masses at high pressure can also induce
fracturing and movements along faults. The resulting stresses can fracture the surrounding
rock. They may pose two types of risks, brittle failure and associated microseismicity thus
providing pathways for CO, migration; and fault activation that can induce earthquakes large
enough to cause damage (IPPC, 2005). So far, only moderate earthquakes have occurred due
to injection.

Eventual actions to reduce risks from induced fracturing or seismicity are referred in Price
et al. (2008).

3.7 Leakage from abandoned coal mines

In coal mines slow migration towards the surface are not a direct threat to humans and
nature. However high concentrations can be reached by a sudden and temporary release of
CO,. Because is more denser than air it could be up high concentrations in depressions and
confined areas near the surface and cause problems to humans, which is a known risk that
happened in volcanic lakes. Leakage may also occur along infrastructure, case of wells, and
faults. The effect of active faults on sealing properties of the overburden is a important issue
to be considered in terms of safety.

166



Downloaded by [Visvesvaraya Technological University (VTU Consortium)] at 01:33 29 February 2016

A technical obstacle for injection of CO, in abandoned coal mines is the low initial reser-
VOIr pressure.

The feasibility of CO, sequestration in coal mines and eventual actions to be considered in
order to reduce the risk are presented in the publication of Piessens (2011).

4 PREVENTING RISKS BY MONITORING

In order to prevent risks monitoring is needed. Measurements of certain parameters should
be made in order to assess the behavior of the CO, system. The results of the monitor-
ing must compared with ones predicted by modeling and risk analysis. The models can be
updated after careful interpretation of a set of observed results.

Monitoring is performed for various purposes, such as (IPCC, 2005):

— to ensure and to document the volume injected into wells, specifically to monitor the con-
ditions of the injection well and measuring the rates of injection, as well as the pressures
on the top of the well and in the formation;

— to verify the amount of injected CO, that was stored by different mechanisms;

— to optimize the efficiency of the storage project, through the knowledge of the volume
storage, the most appropriate injection pressures and the need for drilling new wells;

- to demonstrate, with appropriate monitoring techniques, that CO, is still contained in the
intended storage formations;

— to detect leaks and to provide an early warning of any occurrence, so that the situation can
be remedied by appropriate mitigation measures;

— to know the integrity of wells that are being used or are abandoned;

— to calibrate and verify models for determining the performance;

— to detect microsismicity associated to storage projects.

Before storage is necessary to make measurements of the most relevant parameters to
be controlled and to characterize the site, in order to know the initial situation (baseline)
which will be used in future comparisons. It is convenient to perform several in situ testing
campaigns over different seasons, since some properties have a natural variability. This need
is particularly felt when remote sensors are used, for example seismic sensors. This is par-
ticularly true of seismic and other remote-sensing technologies, where the identification of
saturation of fluids with CO, is based on comparative analysis. Monitoring the initial situa-
tion is also a prerequisite for geochemical analysis, where anomalies are identified relative to
background concentrations (Solomon, 2006; Gomes, 2010).

Measurements of CO, injection is a common practice in oil and gas fields, and the instru-
ments for this purpose are available in the market. Measurements are made by gauges at the
wellhead injection or in the vicinity of the injection tube. The accuracy of measurements
depends on a number of factors described by IPCC (2005). For CO,, accurate estimation of
the density is very important for improving measurement accuracy. Small changes in tem-
perature, pressure and composition can have large effects on the density.

Measurements of injection pressure at the surface and in the rock formations are also
usually performed. Gauges are installed in most injection wells through holes on the surface
piping near the wellhead. Measurements of pressure in the well are routine. A wide variety of
pressure sensors are available and are adequate to monitor pressures at the wellhead or in the
rock formations. The data are continuously available. The surface pressure gauges are often
linked to shut-off valves that will stop or reduce the injection pressure to a certain limit if the
pressure exceeds a predeterminated safe value or if there is a drop in pressure as a result of a
leak (IPCC, 2005). The relatively recent fibre-optic pressure sensors and temperature sensors
are available. These new systems should provide more reliable results, as well as better control
of the well.

The current state of technology is more than sufficient to meet the needs of monitoring
rates of injection, and the pressures of training and the top of the hole. Combined with
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temperature measurements, the data provide information on the state of CO, (supercritical,
liquid or gaseous) and precise values of the quantity of CO, injected. This information may
be used for verification and possible updating of the model adopted.

Figure 16 presents a methodology that can be used by monitoring for the long term integ-
rity analysis of a well in terms of risk evaluation.

The way the CO, is distributed and moves underground can be monitored in several
ways. Table 2 summarizes various techniques and how each can be applied to CO, storage
projects. The applicability and sensitivity are different from place to place, from reservoir to

reservoir.

Risk Analysis &
Risk Management

10

Measurements for
Characterization

Modeling

Risk Mitigation

11

Monitoring
Measurements

Design, Construction
& Interventions

Figure 16. General methodology for integrity analysis of a well.

Table 2. Summary of direct and indirect techniques that can be used to monitor CO, storage projects

(Adapted from IPCC, 2005).

Measurement
parameters

Measurement
technique

Example
applications

— Travel time

— Partitioning of CO, into
brine or oil

— Identification of sources
of CO,

-CO,, HCO,, CO»

— Major ions

— Trace elements

— Salinity

Introduced and
natural tracers

Water composition

Subsurface pressure  — Formation pressure
— Annulus pressure
— Groundwater aquifer

pressure

Well logs — Brine salinity
— Sonic velocity

— CO, saturation

— Tracing movement of CO, in the storage
formation

— Quantifying solubility trapping

— Tracing leakage

— Quantifying solubility and mineral
trapping

— Quantifying CO,-water-rock interactions

— Detecting leakage into shallow
groundwater aquifers

— Control of formation pressure below
fracture gradient

— Wellbore and injection tube condition

— Leakage out of the storage formation

— Tracing CO, movement in and above
storage formation

— Tracking migration of brine into shallow
aquifers

— Calibrating seismic velocities for 3D
seismic surveys
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Table 2. (Continued).

Time-lapse 3D — P and S wave velocity — Tracing CO, movement in and above
seismic imaging — Reflection horizons storage formation
— Seismic amplitude attenuation
Vertical seismic — P and S wave velocity — Detecting detailed distribution of CO, in
profiling and — Reflection horizons the storage formation
crosswell seismic — Seismic amplitude attenuation =~ — Detecting leakage through faults and
imaging fractures
Passive seismic — Location, magnitude and source — Development of microfractures in
monitoring characteristics of seismic events ~ formation or caprock
— CO, migration paths
Electrical and — Formation conductivity — Tracking movement of CO, in and above
electromagnetic — Electromagnetic induction the storage formation
techniques — Detecting migration of brine into
shallow aquifers
Time-lapse gravity — Density changes caused — Detect CO, movement in or above
measurements by fluid displacements storage formation
— CO, mass balance in the subsurface
Land surface — Tilt — Detect geomechanical effects on storage
deformation — Vertical and horizontal formation and caprock
displacements using — Locate CO, migration pathways
interferometry and GPS
Visible and infrared ~ — Hyperspectral imaging of land  — Detect vegetative stress
imaging from surface
satellite or planes
CO, land surface - CO, fluxes between the land — Detect, locate and quantify CO, releases
flux monitoring surface and atmosphere

using flux chambers
or eddycovariance

Soil gas sampling — Soil gas composition — Detect elevated levels of CO,
— Isotopic analysis of CO, — Identify source of elevated soil gas CO,
— Evaluate ecosystems impacts

Figure 17. Location map showing the Utsira formation at Sleipner licence (Solomon, 2006).
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A monitoring case study is the Sleipner Gas field, in the middle of the North Sea. It is
referred as a reservoir where has been injected 1 Mt CO, per year since September 1996
(IPCC, 2005, Solomon, 2006), (Figure 17). The CO, is injected into salt water containing
sand layer, called Utsira formation, 1000 m below sea bottom.

In 1999 the project started monitoring CO, behavior and established a baseline for a first
seismic survey. The project is being carried out in three phases (Phases 0, 1 and 2). Last
phase involved data interpretation including monitoring and model verification. The fate
and transport of the CO, plume in the storage formation has been monitored successfully
by seismic time-lapse surveys. Work at Sleipner demonstrated that conventional, time-lapse,
p-wave seismic data can be a successful monitoring tool for CO, injected into a saline aquifer
with CO, accumulation (Eiken et al., 2000; Sousa, 2011b).

2

5 APPLICATION OF BAYESIAN NETWORKS (AND DECISION GRAPHS)

5.1 General

In this section examples of BN and DBN (Dynamic Bayesian Networks) are presented
to illustrate their potential use for risk analysis in CO, Injection Processes. The first
example was developed for a situation where one wants to determine whether or not is
beneficial to Inject CO, carboniferous formations at a certain location (section 5.2). The
example presented on Section 5.2, CO, is based on hazards H, and H, defined previ-
ously. In this example the decision maker is looking at different mitigation measures (for
reducing the leakage of CO,), assessing the risk of each option and choosing the one that
minimizes it. Finally in section 5.3 an example of a DBN is presented to illustrate the
use of DBN couple with results of a monitoring system. This section follows an article
published in the Journal of Rock Mechanics and Geotechnical Engineering (He et al.,
2011).

5.2 Risk analysis for storage of CO,

For the Risk Analysis due to CO, injection in carboniferous formations a BN was develop as
presented in Figure 18. The involved variables are associated to:

— Sedimentary strata conditions over the carboniferous formations. 3 values were adopted
for the formations: Good, Bad and Very Bad.

— Coal seams characteristics. 3 distinct values were taken: Good, Bad and Very Bad.

— Combined characteristics due to the association of sedimentary strata and coal seams. The
values were attributed in function of the properties defined to both formations.

— Geomechanical characteristics of the wells. Two values were adopted for the shaft: Good
State and Bad State in function of the existing corrosion.

— Corrosion of the well. Two levels were considered: Level 1 (reasonable) and Level 2 (bad).

— Existence of faults. Two hypotheses were considered: Yes and No.

— Escape of CO,. For this situation the value to be considered of the combined characteris-
tics of both formations involved (coal seams and sedimentary strata), of the existence of
wells and faults, and of course if CO, is injected or not.

— Injection of CO,. For this situation two distinct values (Yes or No) were considered.

— Utilities (Consequences). For the utilities the calculated result permits to conclude if the
rehabilitation measures should be adopted or not.

— The calculated Risk depends of the existence or not of CO, escape and of the existence of
faults. The following three values were adopted: High, Average and Low.

In Tables 3 to 10 the local and conditional probabilities associated to each variable of the
BN are represented.

Applications were performed through the software Genie (http://genie.sis.pitt.edu/down-
loads.html). Two hypotheses (A and B) were considered as assigned in Table 11.
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Characteristics of the
sedimentary strata

Characteristics of
the coal seams

Corrosion
of well

Combined
Characteristics

Well
Characteristics

Inject CO2 ?

Leakage of CO2

Existence
of faults

Figure 18. BN for risk analysis of storage of CO,.

Table 3. Sedimentary strata characteristics.

Good 0.333
Bad 0.333
Very Bad 0.333

Table 4. Coal seam characteristics.

Good 0.333
Bad 0.333
Very Bad 0.333

Table 5. Combined characteristics of the sedimentary strata and coal seam.

Sedimentary cap char.  Good Bad Very bad

Coal seams char. Good Bad Verybad Good Bad Verybad Good Bad Verybad
Good 1 0 0 0 0 0 0 0 0

Bad 0 1 0.7 1 1 0.3 0.3 03 0

Very Bad 0 0 0.3 0 0 0.7 0.7 07 1

Table 6. Characteristics of the wells.

Corrosion Level 1 Level 2
Bad 0.7 0.4
Good 0.3 0.6
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Table 7. Corrosion of wells.

Corrosion  Level 1 Level 2
Bad 0.7 0.4
Good 0.3 0.6

Table 8. Escape of CO,.

Leakage CO, Yes No

Faults Yes No Yes No
High 0.7 0.5 0.05 0.01
Medium 0.3 0.4 0.05 0.03
Low 0 0.1 0.9 0.96

Table 9. Damage.

Inject CO,?  Yes No
Damage High Medium Low High Medium Low
Utilities -40 -20 20 0 0 0

Table 10. Utilities.

Inject CO,? Yes

Comb. char Average Bad Very bad

Well char. Good Bad Good Bad Good Bad
Faults Yes No Yes No Yes No Yes No Yes Yes Yes No
Yes 0.1 0.01 0.6 02 03 02 07 06 06 05 08 0.7
No 0.9 099 04 08 0.7 08 03 04 04 05 02 03

Table 11. Different hypothesis considered in the BN.

Hypothesis Sedimentary strata Coal seams Wells Corrosion Existence of faults
A Good Good Good - -
B Good Bad - Level 2 -

For hypothesis A, Figure 19 shows the resulting diagram with probabilities calculations.
The results demonstrate clearly that is beneficial to inject CO, in the coal seams. For the
hypothesis B, Figure 20 shows that resulting BN diagram recommended not inject CO, in
the coal seams.

Another BN is presented in Figure 21 when active faults are considered. The consequences
in this situation can imply the existence of induced earthquakes.

5.3 Contamination of aquifers by CO,

Contamination of aquifers corresponds to the hazard H,—Leakage from geological storage
to groundwater, accordingly to the different hazards defined in Table 1. CO, injected into the
ground will be dissolved into water including pore water between grains or minerals in the
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Characteristics of the Characteristics of the
sedimentary strata coal seams

Corrosion
of well

Combined o Well_ )
Characteristics Characteristics
Good 100%
Bad 0% =

Inject CO2 ?

Leakage of CO2

Existence
of faults

Figure 19. Diagram for hypothesis A.

Characteristics of the

o Characteristics of the
sedimentary strata

coal seams

iGood
ey Bad-
ery Bad

©  Corrosion of well
Level 1 0%
100%

0%

00% |
0% 03]

Inject CO2 ?

Leakage of CO2

Figure 20. Diagram for hypothesis B.

geologic formations. Dissolution into water can be problematic. The water will be acidified
which allow it to degrade geological formations and the water saturated with CO, is not use-
ful for drinking water.

In order to deal with this situation BN were developed in order to analyzing the situation.
DBN were adopted in order to evaluate the situation of contamination of aquifers due to
the leakage of CO,.
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Figure 21. BN for risk analysis of storage of CO, with the existence of active faults.
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Figure 22. Modeling the contamination of the aquifer by leakage of CO,.

Two different models were built. One for the modeling the CO, leakage and the influ-
ence in the contamination of the aquifer taking into account water quality measurements,
as described in Figure 22 for different instants of time (Slice00 until slice n). The other for
the Bayesian Decision model as indicated in Figure 23. The decision is made on the optimal
remedial measures solution for the problem that can pass through the decision of no more
injecting CO,,.

The way the model works is as follows:

— Step 1: Observation (Water quality measurement) is made at time t, and entered into the
network.

— Step 2: The evidence is propagated through the network at time t, and the Probability of
Leakage is determined.

— Step 3: The evidence is propagated through into the future, and the Probability of Leakage
in the next slices of time is determine.
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Leakage
rate of
Cco2 (t)

Remedial
Measures

Contamination Level
of Aquifer (t)

Water Quality
Measurement (t)

N

Figure 23. Bayesian Decision model based on the water quality measurements.

Figure 24. Step 1. Evidence: Water measurement = Good.

Figure 25.  Step 2. DBN results: P (Cont. Level = high) = 0.09; P (C0, Leakage rate = high) = 0.10.

Figure 26. Step 3. Results shown in Figure 28.
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Figure 27. Results of the execution of BN of Figure 25 with one observation at time t,
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Figure 28. The results of the prediction model are entered into the Decision model as evidence.
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Figure 29. Execution of the Decision model of Figure 24.
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Once the prediction model has been executed, one uses its results to determine the optimal
remedial measure (which can be to do nothing, i.e. no remedial measure), by minimizing
the risk. Figure 28 shows the decision model with evidence (coming from the prediction
model) entered into the network. The results of the execution of this model are presented in
Figure 29. The results show that the best decision given the water measurement at time t0 is
not to apply a remedial measure.

These steps are then repeated for each slice of time.

6 CONCLUSION

This article describes briefly the most effective technologies for CCS projects. Geologic car-
bon sequestration presents the possibility to reduce emissions of CO, into the atmosphere
at low cost compared to many other options. China became the largest emitter of CO, and
has exceptional conditions to storage CO, in carboniferous formations, particularly in aban-
doned coal mines.

Geologic carbon sequestration entails risk that may be large and significant. However
risks can be limited or reduced. Development of methodologies for risk evaluation based
in BN were made and some relevant applications were performed with particular emphasis
to the development of DBN for the hazard related to the leakage from geological storage to
groundwater.

Based on the applications of BN several conclusions can be made:

— In the Risk Management, BN are a powerful tool in the Decision Analysis including priori
and posteriori analyses.

— BN presented the extension of influence diagrams including the use of decision nodes and
also utilities nodes.

— BN allow to combine the knowledge of experts and available data through statistical
methods.

— The beneficial use of DBN in decision processes involving time is very relevant as the
application made demonstrated.
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The conceptual model for an abandoned coal mine reservoir

K. Piessens
Royal Belgian Institute of Natural Sciences, Geological Survey of Belgium, Brussels, Belgium

ABSTRACT: The concept of storing CO, in abandoned coal mines formed the subject of
studies already about 10 years ago, but the work mainly remained at the conceptual level and
was detailed for only a few actual case studies. This is partly because optimal storage con-
straints for coal mines require deep and well sealed mines. The jar pot model provides a clear
outline of these constraints, is an important aid to qualitatively projecting the pressure evolu-
tion in a coal mine after injection has stopped, and provides the backbone for general, but
reliable calculations of the storage potential of generic or case-specific coal mines. Particular
attention is given in this paper to evaluating the sensitivity of capacity estimates in function
of the depth of a coal mine reservoir, and variations in reservoir pressure and temperature.
Shallow to intermediate coal mines will usually have a storage capacity that is too low to be
of economic interest. Deep mines, sealed at depths of 500 m or more, may be of interest if
their top seal can withstand a sufficient amount of overpressure (up to 30% above hydrostatic
pressures). Small differences in the pressure and temperature conditions in such mines may
result in shifts between gaseous and liquid like CO,, and as such have large effects on the
estimated storage capacity. Capacity estimates for ultra-deep mines, sealed at depths below
800 m, are more stable, although errors due to uncertainties on pressure and temperature
gradients are significant.

1 INTRODUCTION

Coal mines are only rarely discussed as potential reservoirs in Carbon Capture and Storage
(CCS) schemes. The IPCC Special Report on Carbon Capture and Storage (Metz et al.,
2005), for example, a document of 431 pages, only spends 16 lines on this type of reservoir. It
is also not a reservoir that is appearing in any of the current pilot or demonstration projects
on CO, Geological Storage (CGS). An important element for the lack of attention is that the
geological and mining context needs to be correct to make storage in coal mines feasible.

A second reason is that the concept of coal mine storage was never sufficiently developed.
When given superficial attention, several arguments can easily be given for or against coal
mine storage. Advocates may point out the geographic coincidence of CO, intensive industry
with coal mine basins, a situation that may persist decades after closure of the coal mines,
and consequently the very short transport distances when coal mines would be used for CO,
storage. Putting an abandoned mine to use is also valorization of underground infrastructure.
Opponents are likely to point out that coal mines are relatively small compared to other geo-
logical storage options, such as aquifers, and that they are further complex, difficult, relatively
shallow and pose additional safety issues due to e.g. subsidence induced fracture patterns.

A proper judgment of coal mines as potential reservoirs should be based on a proper
understanding of these particular reservoirs. The foundation for such an advanced under-
standing is given in this publication by presenting the conceptual model for abandoned coal
mine reservoirs. The conceptual model allows making early quantifications of the storage
capacity, identifying risks, knowledge gaps and other points of concern and defining the
optimal geological and mining generic context. As such it should also provide a proper basis
for reservoir simulations of detailed case studies.
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2 PROPOSED CONCEPTS

The amount of peer review literature that deals with CO, storage in coal mines is very limited
and has been covered by a few authors only (Piessens and Michiel Dusar 2004a; Piessens
and Michiel Dusar 2004b). Nevertheless, the option of using abandoned coal mines for CO,
storage is not new, and was discussed in first assessment studies such as the GESTCO project
(Christenson and Sam Holloway 2003; May et al., 2003), that evaluated the overall storage
potential in Europe. These first assessments have in common that the coal mine option was
discussed based on analogies with aquifer storage concepts. There are however fundamen-
tal differences that have lead to incorrect assumptions, as will be shown in the subsequent
paragraph. A second comparison could be based on the practical experiences that exist with
storing natural gas (CH,) in coal mines, and we will consequently discuss this approach and
again highlight the major differences.

2.1 Agquifer storage concept applied to coal mines

First assessments of geological reservoirs are often based on a rules-of-thumb approach,
some of which have become so well embedded that they tend to be applied without careful
evaluation. One such rule with quite some reputation is the 800 m cut-off depth for CO, stor-
age. The rule is based on the critical point of CO, which is situated at 7.6 MPa and 31.1°C.
Below the critical pressures, CO, will be gaseous or gas like and more difficult to store in
terms of the required space (low density) and higher mobility (e.g. larger density contrast
with formation water). 7.6 MPa corresponds approximately to the hydrostatic pressure com-
monly found at depths of 800 m and hence the rule to consider only reservoirs at depths
below this limit. This rule is commonly taken one step further by assuming that the density of
CO, can be approximated by some average value below the 800 m line. An additional, implicit
element in this reasoning is accepting that the pressure in the reservoir is approximately in
equilibrium with the hydrostatic pressure of the formation water at that depth.

The 800 m rule determines to a large part the estimated capacity of a geological reser-
voir, since the latter depends, like the capacity of any volume, on two basic parameters: the
volume that is available, and the density of the fluid to store. The volume is estimated from
parameters such as thickness and extent of the aquifer, effective porosity, compressibility
factors, and accessibility factors. Aspects such as solubility are usually out of scope of the
first assessments.

The 800 m rule is known to be inaccurate due to its sensitivity to the geothermal gradient,
and is claimed to have resulted in overestimates in e.g. the Australian storage atlas (Spencer
et al., 2010). This can also be seen in figure 1, where the isochors of pure CO, are shown as a
function of pressure and temperature. It can easily be seen that the density of CO, can vary
significantly at depths of 800 m, but also 1000 m and deeper due to a different geothermal
gradient.

The first studies that have evaluated coal mines (e.g. May et al., 2003), realized that the coal
mine reservoirs under consideration were only partly deeper than 800 m. In their conceptual
approach, they divided the coal mine into two parts: one deeper and one shallower than
800 m. For the deeper ones a constant, liquid like density was assumed, and for the shal-
lower one a more gaseous density. The important erroneous assumption is that the boundary
between high and low density CO, is placed at a fixed, a-priori defined depth. It is important
to realize here that the pressure inside a coal mine filled with CO, is not identical to that of
hydrostatic pressure, because hydrostatic pressure requires a continuous column of water
(such as is present for example in the pores of geological formations). If a coal mine is filled
with CO,, then the pressure is determined by CO, and should hence be called a CO, static
gradient (cf. Lu 2010). The density of CO, is in geologic pressure and temperature conditions
lower than that of water, and the pressure increase will therefore be lower. The transition
between low and high density CO, will therefore occur at a different, usually deeper level.
The exact position is however more difficult to calculate due to the sensitivity of the density
of CO, for temperature.
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Figure 1. Density of pure CO, in function of pressure and temperature. Approximate depths cor-
responding to the pressures are indicated for reference, as well as the 800 m ‘rule of thumb’ boundary
between high and low density of CO,. Although widely spread, this rule should be used with extreme
care. Temperatures at 800 m are generally between 30 and 50°C, allowing for density variations at this
depth between 250 and 700 kg/m3, meaning that depth alone is not sufficient to even approximately
determine the density of CO,. Thermodynamic data based on Span and Wagner (1996).

2.2 Natural gas storage concept applied to CO, storage in coal mines

The storage of natural gas is practiced worldwide in order to compensate for seasonal or
shorter incompatibilities in supply and demand. The large number of projects, over 400 in
the USA alone, results in a significant amount of expertise. Different types of reservoirs are
and have been used. This includes coal mines, although the experience is limited to only three
projects (Peila and Pelissa 1995; Shi and Durucan 2005; D.J. Evans 2008; Lord 2009; Lu 2010)
which are currently all abandoned. The longest one in operation was the Leyden coal mine
in Colorado (USA) which has been in operation from 1961 to 2001 (D.J. Evans 2008). Two
other projects are located in Belgium, the Anderlues and Péronnes coal mines, which were
respectively operated between 1980 and 2000, and 1982 and 1996. The Leyden project was
abandoned after leakage of methane into the surrounding aquifer was confirmed. Contrary
to what is stated in literature (D.J. Evans 2008; D.J. Evans 2009a; D.J. Evans 2009b; D.J. Evans
and Chadwick 2009) based on inaccurate referencing to (Piessens and Michiel Dusar 2004a),
the Anderlues and Péronnes storage sites were closed due to purely economic reasons.

The storage of natural gas in coal mines shares several aspects with that of storing CO, in
mines. The effect of adsorption of the stored gas onto the coal still in place plays for example
in an analogue way. We will further use this to demonstrate that such effects can be expected
to attribute to the storage capacity of a coal mine in real time. It should however be presump-
tuous to conclude from successful natural gas storage projects that CO, can be safely stored.
The essential difference between natural gas storage projects and CO, storage projects is the
dimension of time. Natural gas is normally not stored longer than a season, or in the extreme
case of strategic reserves, not for longer than a few decades. It is therefore possible to control
the reservoir conditions by human intervention. For all three coal mine storage projects, this
meant that a safety rule could be adopted to keep the reservoir pressure at all times below
hydrostatic pressure. The goal of such rule is to provide additional certainty because the
escaping gas would have to migrate from a low pressure reservoir to the higher pressured host
formations, which is called hydrodynamic trapping (Lu 2010). The operators of the Leyden
coal mine have been accused of violating this rule, thus breaching the hydrodynamic trap.
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The pressure gradient has however a side effect, in the way that formation water will be
encouraged to flow towards and into the mine, which therefore needs to be kept dry by pump-
ing activities. CO, should, from a human point of view, be stored permanently. Assuming that
the pressure in a reservoir is kept below hydrostatic is therefore an unrealistic assumption.
Pumping activity cannot be guaranteed for the duration of a storage project that should be
‘permanently’, as it is termed e.g. in the CCS Directive of the EU (European Parliament and
Council of the European Union 2009). Without pumping, the mine will gradually become
filled with water, compressing the free CO, in an increasingly small volume at the top of the
reservoir. This will lead to the increase of reservoir pressure until it exceeds the limit which
is considered as safe (e.g. hydrostatic pressure). An underpressured reservoir will therefore
always lead to an unsafe situation.

3 JAR POT CONCEPT

The jar pot concept was developed to visualize and hence better understand the different
storage modes and their interactions in a coal mine reservoir (Piessens and Michiel Dusar
2003a; Piessens and Michiel Dusar 2003b; Piessens and Michiel Dusar 2003c). It is especially
useful at visualizing how the reservoir will evolve through time, and hence what the most crit-
ical points will be. Based on this qualitative understanding, the jar pot model is a useful guide
for making quantitative calculations, which can be used as generic estimates or first estimates
of actual coal mines (Piessens and Michiel Dusar 2002; Piessens and Michiel Dusar 2004a)
and integration in geothermal schemes (Piessens and Michiel Dusar 2004b) which will not be
further discussed in this paper. These quantification is embedded in the simulator CO,-VR.

3.1 The residual volume

The jar pot model is a static model that simplifies a coal mine reservoir into a 6 containers
or sub-reservoirs. It is conceptual in the sense that these containers bear similarities with a
geotechnical reality, also in their interaction with each other, but are sufficiently simplified
to avoid detailed calculations. It is therefore most useful for assessing the viability of using
coal mines for storage purposes in general, and for making first evaluations of actual case
studies.

The different containers and other elements are visualized in figure 2. The central element
in the model is the residual space of the abandoned coal mine, which is the sum of the voids
produced by mining, minus the volume lost by backfilling techniques, collapse, subsidence
and other anthropogenic and natural processes. In the model, this volume is visualized as the
jar’ which will usually be or may become partly flooded. The complex design of a coal mine,
basically consisting of mined panels connected by sub horizontal galleries and vertical shafts,
is not an element of the model, because it is assumed that due to the high conductivity of the
main galleries, the different lateral parts of the mine are sufficiently connected to be in pres-
sure equilibrium. The vertical extension, between the deepest mined levels and upper levels or
shaft filling (whichever is shallowest) will play an important role. Both elements, horizontal
equilibrium and a large vertical extent, are visualized by the jar pot.

Part of the residual space may be dry, in which case it will dominantly be filled by meth-
ane, especially for well sealed mines that have been abandoned for some time. In most cases
the mine will at least be partly flooded by formation water originating from the surrounding
host-rock. This is integrated in the jar pot model, where the lower part can be filled with
water, while the upper part remains dry.

The jar in figure 2 is sealed. This sealing corresponds to both the geological seal overlying
the coal sequence, potentially disturbed by faults related to subsidence over the mined area,
and the man-made plugs of the shaft. In the model, the potentially complex behavior of the
seal is strongly simplified into two basic parameters: the minimum depth of the seal (where
the reservoir pressure will be highest, as will be shown further) and a maximum pressure at
which CO, can be stored safely. In the real world, this pressure constraint could determined
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_ flooded residua

Figure 2. The different elements of the jar pot model, with the partially flooded residual space cor-
responding to the jar. Coal-in-place is adjacent to the jar. The natural and man-made sealing of the
reservoir is represented by the seal of the jar, which can move in respect to the reservoir pressure to
simulate the effects of absidence.

by e.g. the critical pressure for fault-valve behavior, the break-though pressure of the sealing
formation for CO,, etc.

When the pressure in a reservoir is restored, the area which was earlier subject to subsid-
ence will partly recover (absidence). This is e.g. commonly observed in (overexploited) aqui-
fers in which the pressure head is allowed to recover, but it may also occur over areas which
have suffered from subsidence due to deep mining activities (Pottgens and van Herk 2000;
Devleeschouwer et al., 2008). The observation that the area over which absidence occurs cor-
responds neatly to the former area of subsidence demonstrates that the origin of absidence is
primordially one of decompaction by restoration of the hydrostatic pressure of the collapsed
mine panels and of the permeable rocks in connection to the mine. The pressure increases
following storage of CO, will lead to pressures above the initial hydrostatic pressure, and
hence enhance absidence. The related volumetric changes of the residual volume are taken
into account in the model by allowing for a vertical movement of the jar seal in function
of the reservoir pressure. The volume increase visualized by pushing the jar seal upward
corresponds in terms of capacity to an increase in the volume of both the flooded and non-
flooded parts of the residual volume. The movement shown in animations is not to scale, and
will normally be in the centimeter to lower decimeter range.

3.2 Coalin place

When a coal mine is closed, coal reserves remain in place. These may be actual reserves that
were not accessed for economic or due to the not optimal planning of the mining activities.
Reserves may also occur at depth levels that are out of reach for commercial mine operations
or in coal seams that are too thin to allow viable exploitation. Also coal close to shafts or gal-
leries, or in pillars will not be mined. Finally also the separation of coal from the host rock is
not a perfect process, leading to a certain percentage of coal in e.g. back-filled panels.

The presence of coal will add to the storage capacity of a coal mine by the adsorption
of CO,. The model simplifies the real-world situation by distinguishes only two groups of
coal in place. The first group is coal in or close to the mined area, which can with some cer-
tainty be expected to take active part in the storage process. The capacity of this group will
further be referred to as ‘adsorption capacity’. The second group is coal that is found at a
larger lateral distance or deeper level, or in compartments that do not readily communicate
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hydrodynamically with the coal mine, e.g. due to impermeable faults. The storage potential of
this group is termed ‘additional storage capacity’. This storage capacity will only be consid-
ered to attribute only partially to the storage potential and on a longer time frame than that
of the injection activities. These are included because the line between accessible and non-
accessible coal will be difficult to draw, even in detailed studies. Introduction of the concepts
of adsorption capacity and additional adsorption capacity encourages making conservative
calculations based on the former, while at the same time demonstrating that the capacity may
be larger if CO, migrates further or faster than initially assumed.

3.3 Storage modes

The jar pot model identifies three storage modes for CO,: free-space (CO, dominated gas
mixture in the residual space), solution (CO, into solution in formation water in the residual
space) and adsorption (CO, adsorption onto coal in place).

The model does not take into account mineralization of CO, (e.g. due to carbonation)
because it will normally at best only on very long term add to the storage potential in sedi-
mentary settings.

Fine grained rocks such as silt or shale constitute large volumes in many coal sequences,
and these rocks are known to possess a potentially significant adsorption potential as well.
This adsorption potential is not explicitly taken into account in the jar pot model because
reliable data on their adsorption potential is usually lacking. It is also not clear, in terms of
volumes or time, to what degree they will add to the overall storage capacity of a coal mine.
If such data becomes available, then it can easily be accommodated for in the model.

3.4 Hosting parameters

The capacity calculations of the different storage containers will rely on a correct estimation
of the volume of these sub-reservoirs and a proper equation-of-state (EOS) for a CO, domi-
nated gas mixture, solution of CO, in formation water, or adsorption of CO, onto coal. Any
of these EOS requires an accurate estimation of the pressure and temperature.

The temperature in the reservoir is considered to be in equilibrium with the regional geo-
thermal gradient. This is usually a fair assumption even when mines have been cooled for
decades passively by ventilation or with more active techniques. The geothermal temperature
is calculated in CO,-VR from a temperature at a known depth (usually the average surface
temperature at depth 0) and a fixed geothermal gradient. CO,-VR is very flexible, and stand-
ard equations can readily be modified where required in function of the available data.

The jar pot model assumes that the hydrostatic pressure governs outside of the residual
volume and the coal in place (for calculation of the adsorption isotherms) and in the overbur-
den and seal of the mine. Regarding coal, it makes abstraction of the reserves that are present
in close contact with the residual volume, e.g. in gob in the mined panels, and they are drawn
outside of the jar. However, the pressure conditions and the water level for the coal in place
are assumed to be identical as those calculated for the residual space.

Assuming a hydrostatic gradient in the formations overlying the mined area is a logical
consequence of assuming the presence of a sealing formation. Keeping the mine dry during
mining activities should not have affected the overlying water tables.

3.5 Jar pot pressure

The pressure gradient in the residual space is a more complex issue, and should, as has been
mentioned earlier, not be considered to be in equilibrium with the hydrostatic pressure in the
surrounding hosting formations. Instead it is dictated in the non-flooding part by the density
of the CO,-mixture, which vertically integrates to a pressure gradient. The density of CO, is
at geologic temperature conditions always higher than that of water. The resulting pressure
gradient will therefore be less steep (the pressure will increase less with depth) than that of
the hydrostatic pressure that governs in the hosting formations (Piessens and Michiel Dusar
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2002). Similar differences between pressure gradients in and outside of the reservoir are seen
in reservoirs for natural gas (Lu 2010).

CO,-VR calculates the CO_-pressure gradient in a discrete, recursive approach using pres-
sure at a certain depth to calculate density, and density to estimate the pressure at the levels
above or below this depth (see Piessens and Michiel Dusar 2003a for details). It thus avoids
the mathematically complex operation of integrating the equations of state for gas mixtures,
and at the same time gives the flexibility to interchange between different equations of state
for calculating the density of CO,.

The CO, pressure gradient can in principle be calculated if the volume of the container
and the amount of CO, present is known, but given the uncertainties on these values more
reliable gradients are obtained by assuming a known pressure at a certain depth. In principle
any combination can be given, but there are a few boundary conditions that are particularly
useful because they correspond to real-world equilibrium conditions. The most obvious one
is assuming the maximum pressure allowed by the seal at the top of the coal mine, which
corresponds to the calculation of the maximum capacity of the coal mine. Another is defin-
ing the level of flooding of the coal mine to determine the corresponding total capacity and
maximum reservoir pressure. This second approach not only makes use of the CO, pres-
sure gradient in the non-flooded part, but also of the hydrostatic pressure gradient in the
flooded part of the mine. Indeed, where the pressure gradient in the non-flooded part is low
compared to the hydrostatic pressure increase, the pressure gradient in the flooded part will
(nearly) be parallel to that in the host rock, but not necessarily at the same level. The effect of
this will be discussed in chapter 6.

3.6 Container boundary conditions

The jar pot model implicitly assumes some basic rules by which the different reservoir ele-
ments interact, more specifically how CO, and formation water can flow between the differ-
ent containers.

CO, is assumed to be injected in the residual space. This may be a gallery or a collapsed
panel. From here, it is assumed to migrate immediately through the whole residual space (the
jar), where it will occupy the free space or move into solution. It will also without time delay
occupy the coal in place. Such an assumption is corroborated by the pressure evolution in coal
mines used for methane storage, which will be discussed in the next chapter. The assumption of
immediate migration and equilibration is important because of the static nature of the model.

The walls of the jar therefore form no boundary for CO,, but they are assumed to slow
down the infiltration of formation water into the mine. Again there is physical evidence for
such an assumption in the sense that especially deep coal mines may take several decades to
become completely flooded again, which is relatively long compared to the anticipated dura-
tion of CO, injection in coal mine reservoirs.

Migration of CO, and formation water is lateral, or potentially allow for migration between
the residual space and deeper, unmined reserves. The seal is assumed to be perfect, therefore
excluding vertical migration towards the overlying strata and the surface.

4 CAPACITY ESTIMATIONS

The jar pot model identifies two main containers: the residual space (jar) and the surround-
ing coal in place. The volume calculation of the residual space is split in that of the actual
and the additional residual space, because they are based on completely different estimation
techniques.

4.1 Residual space volume

Residual space volume is relatively easily defined by the net amount of rock volume extracted,
corrected by the amount of volume that is lost due to subsidence.
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The accuracy of the estimation of the residual space of an abandoned coal mine will
depend on the data that was collected during its operation. The record of the amount of
coal excavated is usually quite accurate, including the quantities of other rocks brought to
the surface. The amount of material used for backfilling, and details on the backfilling tech-
niques, can also be taken into account when they are available. For a few existing mines
in-situ measurements of residual space volumes fractions have been derived. It is clear that
these parameters vary for different parts of the mine, and the calculation can detailed for well
documented mines.

In most cases the extracted volume will be known in sufficient detail for the whole of
a mine. It is the estimation of the correct residual volume fraction that is more difficult,
as these may vary significantly in function of the coal basin and the mining techniques.
Most of these values, of which an overview is given in table 1, originate from grey literature
and the underlying methodology, data and accuracy is not always well defined. Errors or

Table 1. Overview of different residual volume fractions found in or derived from literature (Berding
1952; Kunz 2000; Labasse 1965; Peele 1952; Malolepszy and Ostaficzuk 1999; Schultz 1998; van

Tongeren and Laenen 2001).

Residual volume fraction (%) Remarks Author
Limburg-Campine- 5-10% Ruhr basin. Kunz, 2000
Ruhr coal mines Collapsed panels and infrastructure.
(7£3)% Depth > 800 m.
5% (Campine) Belgian coal mines. Labasse, 1965
Back-filled areas.
4.5% The Netherlands, Limburg, abandoned panel ~ Berding, 1952
from Maurits mine.
40% back-filled, 60% collapsed. Depth ~500 m.
Value recalculated from original data.
8% Campine coal mines. van Tongeren &
Collapsed panels. Laenen, 2001
5.5% Campine coal mines. van Tongeren &
Back-filled panels. Laenen, 2001
Other European coal — 20% Southern Belgian coal mines of Anderlues van Tongeren &
mines (20 £ 5)% and Peronnes. Laenen, 2001
18% Nord-Pas-de-Calais basin. van Tongeren &
Laenen, 2001
20% Silesian coal mines (Poland). 50% back-filling, Malolepszy &
50% collapsed. Water saturated. Possible Ostaficzuk,
contact with porous sandstones. 1999
Non-European 12% American coal mines in Carboniferous. Pecle, 1952
coal mines Depth ~400 m.
75-90% Leyden mine, Colorado, Denver. Schultz, 1998

Room-and-pillar, completely collapsed,
15 m of roof rocks affected, no evidence
of subsidence. Depth 250 m.
Value calculated from original data.
Overestimation because no data on
rock extraction.
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uncertainties in the residual volume fraction will have large effects on the total estimated
capacities.

An alternative approach is to calculate the residual volume from the mined volume and the
total subsidence. In principle, the collapse of mined voids will eventually result in subsidence
at the surface. As such, the residual volume can be calculated as:

I/:‘esidual = I/exrmctetl = 7 subsided
With:
V_. . volume of subsidence (area times average subsidence)
subsided’

This approach of course requires an accurate topographic survey before and after mining
activities. These can be accurately and relatively easily be performed to date with satellite
measurements (e.g. PS-InSAR techniques). Such data sets however do not date back suf-
ficiently, and also show that subsidence may persist in some mining regions for decades after
closure, further hampering its use to obtain accurate estimates.

In a few cases, the effective porosity of back-filled or collapsed panels may have been
determined. This is very useful data, but one should not make the mistake to equivilate effec-
tive porosity with the residual volume fraction. It is in principle possible to calculate the
residual volume from effective porosity, but it requires that the corresponding volume of rock
affected by subsidence of a certain panel can be determined and that the effective porosity
of the original rocks is low. This is visualized in figure 3, together with the corresponding
formulas.

4.2 Additional space volume

Although the largest part of the subsidence over a mined area can be explained from collapse
of the underground space that was mined out, part of it is also due to the pressure decrease
resulting the dewatering of the mine and the surrounding formations during the mining
activities. This secondary subsidence is an elastic phenomenon and will result in absidence
or ground-level recovery in the area that was formerly subjected to subsidence. This behavior
is rarely monitored because it rarely or never causes damage. The ground level movement is
around an order of magnitude smaller than subsidence related phenomena, not differential
and more gradual.

The few studies that have looked into it have demonstrated a clear coincidence with the
former area of subsidence and the recovering groundwater level (figure 4; Pottgens and
van Herk 2000), and the observations are well explained by the theory of poro-elasticity
(Pottgens and van Herk 2000; e.g. Sroka, Tajdus, and Preusse 2011). Central in this theory is
that the observed absidence is a direct effect of the increased volume of the (collapsed) mine
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Figure 3. Tllustration of the difference between residual volume fraction and effective porosity (n ).
(a) shows the initial void created by mining, which due to subsidence is decreased to the residual volume
in (b) by a factor that is equal to the residual volume fraction. Effective porosity is not a parameter of
the mined volume, but describes the effective porosity of the tock volume that was affected in a brit-
tle way (fractured) by subsidence, such as is shown in (c). If this volume can be determined, and if the
effective porosity of the initial rock is low, then the residual volume can also be calculated from this
parameter. This has e.g. been done on the basis of the data in Labasse (1965).
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Figure4. Data from topographic leveling at the Oranje-Nassau mine. (a) shows that subsidence due to
mining activities was over 6 m. After closure of this mine, ground level uplift up to 22 cm was recorded.
Note that the areas of subsidence and groundlevel uplift form a perfect match. (b) shows the relation
between the ground level recovery (dotted line) measured at one location, with the registered ground
level rise in the coal mine. (after Pottgens and van Herk 2000).

workings at depth due to the increasing pore water pressure. The concept of additional space
volume uses these properties to estimate the volume increase in function of the pressure in
the residual space of the mine reservoir. This may potentially exceed the original hydrostatic
pressure, as will be shown further.

The poro-elastic theorem can be applied directly and in detail, but a more direct calcula-
tion is possible for areas for which subsidence and (expected) absidence are known. In those
instances the linear relation between pressure and volume increase, which is a central element
of the theory of poro-elasticity, can be used directly to estimate the effect of pressure in terms
of volume increase using the following formula:

P

reservoir

Vv =V . habxidence
additional — 7 residual

Phydrosmtic hsubsidence

With:
: additional volume created by increase of reservoir pressure

I/zvzdditioml/ "

: pressure in the mine when filled with CO,
: normal hydrostatic pressure in the mine reservoir

hydrostatic® ; X X X
: ground level recovery after restoration of the hydrostatic pressure
: observed subsidence over the mined area

subsidence

reservoir

o
absidence

The ground level recovery 2, ., is not known for the mine under evaluation, but a reliable
estimate can be made from earlier abandoned mines in the same basin and with comparable
configuration. In CO,-VR the additional volume is calculated for different depth levels, tak-
ing into account the pressure increase at the corresponding depth.

4.3  Amount of coal-in-place

The amount in coal that remains after the mining activities have ceased is also a value that
can be calculated in detail if sufficient information is available. There will at least be estimates
on the reserves of coal that were not mined. Other data, such as on thin coal seams or coal
not mined for technical reasons, will add to this number. More difficult is to judge how much
of this coal will be accessible for the CO, injected in the residual volume of the coal mine. It is
for this reason that a difference is made between readily accessible and additional adsorption
capacity, as has been mentioned earlier.
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5 EQUATIONS OF STATE

Three storage modes are discriminated in the jar pot model, each to be described by a proper
equation of state: CO, in free space, in solution and adsorption onto coal.

5.1 Free space

CO, in free space will occur as a gas, a liquid or in supercritical state. For correctly estimat-
ing the capacity, it is important to reliably calculate the density of CO, which is a function
of temperature, pressure and the composition of the gas mixture. The conditions in a coal
mine will often approach critical conditions and the EOS therefore needs to be accurate for
densities close to that of the critical point and the saturation line. This requirement rules out
the use of the ideal gas law, but also of many of the enhanced forms of this law, using for
example empirical cubic corrections.

The most accurate EOS are those formulated for pure substances. CO, in coal mines is
therefore currently considered to be pure, although it can be expected that even when pure
CO, is injected it will become contaminated in the reservoir with non-negligible amounts of
CH,, N,, Ar, O,, CO, light hydrocarbons and other gasses. CO,-VR uses by default the EOS
of Span and Wagner (1996), although Duan and Sun (2003) can alternatively be selected.

5.2 Solution

CO, is relatively well soluble in water due to the hydration of CO, to form bicarbonate,
although the storage potential is usually about an order of magnitude smaller than in free
space. The quantity of CO, in solution is calculated as a function of pressure, temperature
and salinity. The equation of state used is Henry’s law, which is corrected for non-ideal
behavior and non-standard conditions with activity coefficients to account for the effects of
temperature and salinity. Also the vapor pressure of water is taken into account to correct
total pressure into partial CO, pressure. Piessens and Dusar (2002) have compared data and
equations from several authors (Takenouchi and Kennedy 1965; Barta and Bradley 1985;
Enick and Klara 1990; Rumpf and Maurer 1993; S. Holloway 1996) to optimize the equation
and the activity coefficients. Reliable predictions are obtained between 25 and 200°C below
10 MPa for salt-free systems, and between 50 and 200°C below 10 MPa at all salinities. Error
analysis indicates an accuracy better than 10% or 2 g/kg. The reliability of this interval is
about 95% for salt-containing systems, and better for salt-free systems. Details on the com-
plete set of equations as it is implemented in CO,-VR can be found in (p. 18 in Piessens and
Michiel Dusar 2002).

5.3 Adsorption

The adsorption behavior of CO, onto coal can in general be reliably described using Lang-
muir based equations. CO,-VR uses dual-site Langmuir equations that are more accurate
over larger pressure ranges. The adsorption behavior however also depends on temperature,
the presence of water and the presence of other gases, potentially already adsorbed onto
coal. Also the coal properties strongly affect the adsorption behavior. This range of proper-
ties makes it difficult to predict (or even describe) the adsorption behavior in well controlled
experiments on finely grinded coal samples. Adsorption on in-situ coal will additionally be
influenced by the swelling behavior of coal which may dramatically reduce the permeability
in confined conditions and as such effect the migration of CO, into the coal.

The magnitude of these effects is difficult to estimate, and the model assumes that due to
the complex structure of a mine the contact with the coal-in-place is sufficiently large that
CO, will readily migrate into coal in spite of swelling and other effects. The adsorption behav-
ior of coal can then be expected to be similar to that of small-scaled experiments on grinded
samples. This hypothesis is supported by the observed pressure behavior of mines that have
been used for CH, storage. Those showed a pressure pattern that can only be explained by
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the adsorption and desorption of CH, (figure 5). These pressure cycles also show that equi-
librium conditions can be approached within months after seasonal production of injection
of CH,.

Predicting the adsorption behavior of CO, onto coal accurately is currently not possible
without empirical work on relevant coal samples taken from different seams from the coal
basin under consideration. This data is however not readily available for all case studies or in
generic studies. Therefore a different technique is used to estimate the adsorption behavior
of coal based on experiments on active coal, with correction factors derived from basic prop-
erties of natural coal. Active coal is used as a reference because different experiments have
demonstrated the reproducibility of the isotherms, even when performed on different sam-
ples with different experimental set-ups (Coppens 1967; Dreisbach F., Staudt R., and Keller
J.U.; Van Der Vaart et al., 2000), and because the isotherms can be accurately described using
Langmuir coefficients. Also the effect of temperature on adsorption is sufficiently studied,
and the Langmuir coefficients can be reliably corrected to predict the effect of temperature
on the overall adsorption behavior in a pressure range relevant for CO, storage in coal mines.
A best fit of the isotherms in function of pressure and temperature, together with the experi-
mental data, is shown in figure 5.

These isotherms form the basis for estimating the adsorption potential with CO,-VR, but
need to be corrected (reduced) for natural coal. This is done using the semi-empirical rela-
tion shown in figure 6, which shows a decrease of the adsorptive properties of natural coal
in function of an increase in volatile matter. The quantity of volatile matter is corrected for
ash-content and water. The equation assumes that even the theoretical situation of natural
coal free of volatile matter will absorb only approximately one third of the CH, that would
be absorbed on active coal. This fraction corresponds to the ratio of the internal surface of
an average natural coal versus active coal (Van Krevelen 1993; Van Krevelen; Haan 1998 and
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Figure 5. Reservoir pressure of the Anderlues storage facilities (Belgium) from 1987 to 1999. The
inset shows the relation of the reservoir pressure to injection-production. (a) Injection resulting in a
steep increase of pressure. (b) After injection has stopped, the reservoir pressure decreases gradually as
CH, becomes adsorbed to coal. (c) Extraction results in a sharp decrease of reservoir pressure. (d) After
extraction, the reservoir pressure increases again as CH, becomes desorbed from coal.
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Figure 6. Data on adsorption of CO, on active coal from different authors (Coppens 1967; Dreisbach
F., Staudt R., and Keller J.U.; Van Der Vaart et al., 2000) at different pressures and temperatures, plot-
ted on the best fit dual-site Langmuir isotherms as used in CO,-VR.
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Figure 7. Data on CH, adsorption on natural coals corrected to standard conditions from Coppens
(1967) plotted on a semi-empirical curve that is used to correct the adsorption behavior on active coal to
natural coal. This relation is used in case no accurate experimental data is available.

product information on www.norit.com). The relation is not linear because overlap of vola-
tile matter is assumed in the equation, and adsorption of CO, on volatile matter is assumed,
leading to an upward bend in the curve towards the theoretical end member of a coal consist-
ing of 100% of volatile matter.

Figure 8 shows how the estimated adsorption behavior compares to that of three experi-
mentally determined isotherms (Busch et al., 2003). The predictions are in range of the
observed curves, and can be used for first order evaluations. It is however clear that experi-
mental data is required for more detailed evaluations.
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Figure 8. Experimentally determined adsorption curves on coal samples from The Netherlands (Busch
et al., 2003) in dashed lines, compared the calculated estimates based on active coal corrected for the
volatile matter content and internal surface of natural coal.

6 PRESSURE EVOLUTION AND LEAKAGE SCENARIOS

The pressure evolution in a coal mine reservoir is different from e.g. an aquifer that is used for
CO, storage, but can be easily appreciated from the jar pot model. Figure 9 shows a generic,
but typical pressure evolution of a mine that is used for CO, storage immediately after aban-
donment. At that moment, the pressure in the reservoir is nearly 0 (close to the atmospheric
pressure of 0.1 MPa) an increases more or less linearly in function of the amount of CO, that
is injected. Injection will typically take years to maybe two decades until the mine is considered
to be full. At this moment, the mine will still be largely dry, and injection is stopped well before
the maximum pressure allowed by the top seal is reached. If leakage is unexpectedly detected
during injection, then remediating measures will probably start with the stopping of injection
and reducing the reservoir pressure. If leakage is localized, e.g. along a shaft or drilling that
was not properly sealed, then the leakage may be successfully plugged and injection resume.

Injection is halted before the maximum reservoir pressure is reached because pressure will
increase further during the following decades due to the (slow) inflow of water into the mine.
Water will continue to flow into the mine as long as the pressure in the lower parts of the
reservoir are lower than the hydrostatic pressure. The CO, remaining in residual space of
the mine will be increasingly compressed at the top of the reservoir until the pressure at the
interface with the mine water will equal that of the hydrostatic pressure in the host rocks.
The pressure conditions at this moment are schematically illustrated in figure 10. The pres-
sure in the flooded part of the mine (level B to C) is equal to that of the hydrostatic pressure
in the host rocks. The pressure gradient in the non-flooded part is different because of the
lower density of CO,. The reservoir pressure in the dry part is equal to hydrostatic pressure
at point B, and increase to pressures above hydrostatic in the shallower levels. The inflow of
formation water, which was driven by lower than hydrostatic pressures in the reservoir, will
therefore come to an end. At this point, the maximum pressure condition is reached because
the free CO, will no longer be compressed by the inflow of water. Instead, CO, will now
start to migrate laterally out of the reservoir thereby reducing the vertical column of CO,
and hence the pressure at the top seal. It is an essential element of coal mine storage that the
pressure will typically reach a maximum only decades after the injection of CO, has stopped.
If the pressure evolution is misjudged and increases during this time above the maximum
allowed pressure, then leakage of CO, can be expected. Monitoring of the mine reservoir
therefore needs to be continued until the reservoir pressure reaches its maximum.
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Figure 9. The pressure evolution of a typical coal mine, with an approximately linear increase of pres-
sure during injection (black arrow), a further increase of the reservoir pressure due on the inflow of
formation water until the maximum reservoir pressure is reached (P =P _ ), after which the reservoir
pressure will slowly decrease due to the migration of CO, from the reservoir into the host rock. The up
grey arrows indicate that leakage will most probably occur from the reservoir, except when CO, starts
moving out and away from the reservoir.
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Figure 10. Schematic presentation of the effect of the different slopes of the hydrostatic and the CO,-
static pressure gradient at the maximum pressure situation. At this moment, the pressure in the reservoir
will be equal to hydrostatic in the flooded part of the residual space, and above hydrostatic in the dry
part. The pressure difference between the reservoir and the hydrostatic pressure will be highest in the
shallowest part of the reservoir, this is at the top seal, which makes this the most vulnerable part in terms
of potential leakage.
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In a following phase, the slower migration of CO, from the reservoir into the host rock will
become the dominant process. This will coincide with a slow migration of formation water
into the reservoir which may take centuries. Until all free CO, has migrated out of the reser-
voir to become dissolved in formation water or adsorbed on adjacent coal. During this lateral
migration, free CO, or CO, rich brines may potentially escape if suitable migration routes are
encountered, but this is in general less likely than direct escape from the mine reservoir at ear-
lier stages. Eventually a stable pressure situation will be reached with equal, near hydrostatic
pressures in the mine reservoir and the host rock.

7 INDICATIVE CAPACITY ESTIMATES FOR DEEP
AND ULTRA DEEP COAL MINES

The jar pot model, embedded in CO,-VR, was used to generate generic results for coal mines
with different depth ranges in function of one variable parameter. These results give an indi-
cation of the sensitivity of capacity estimates in function of different parameter values, but
they do not replace dedicated calculations in actual case studies. Important parameters such
as reservoir volume and amounts of coal in place are not varied between the different cal-
culations, but of course have a large effect on the total capacity. The focus in the following
comparison is on the effect of less obvious parameters.

Calculations were made for a mine with a vertical extent of 200 m between the lower level
and the shaft seal, although the depth of the mined levels is a variable with the depth in the
graphs referring to the shallowest point of the reservoir (e.g. a depth of 800 m corresponds
to a mine between 800 and 1000 m deep). Further default values are a mined volume of
10 million m3, a residual volume fraction of 10%, the area affected by subsidence/absidence
of 50 million m? and an expected absidence of 3 cm after restoration of hydrostatic pressure.
The maximum allowed overpressure above hydrostatic on the top seal is 30%. Adsorption
on coal is not taken into account in these comparative calculations to facilitate interpreta-
tion of the differences in the results. The geothermal gradient is set at 0.03 K/m starting at
10°C at surface level. The salinity of the formation water is set at 5 wt% total dissolved solids
(TDS). The hydrostatic gradient is calculated assuming a free water table at a depth of 10 m,
with density starting from pure water and increasing with 0.0437 kg/m? every meter due to
increasing salinity. The calculations are made with a vertical resolution of 10 m. The default
parameters are not necessarily typical for a coal mine reservoir. It is in fact a rather small
reservoir with a moderate ground level recovery.

Most of the results show the variation of capacity in function of the depth of the mine
reservoir and the variation of an additional parameter. The discussion will focus on the com-
parison of a deep mine sealed at a depth of 500 m, and an ultra deep mine sealed at a depth
of 800 m. Capacity is always expressed in Mt of CO, and depth in meters.

The residual volume fraction can be difficult to estimate, and can vary according to the
situation and the authors between 5 and 90%. Uncertainties on this parameter can have a
considerable effect on the calculated storage capacity, as can be seen in figure 11. The effect
is especially large for the ultra deep coal mines, although the factor by which the capacity
increases is identical (e.g. capacity increases by a factor 5 for an increase of 5 to 25%). The
effect that dominates these results is the depth of the coal mine. This results in a non-linear
increase of the storage capacity with a magnitude of 3 to 4 between a deep and an ultra deep
mine. This immediately shows that shallow mines will only in rare cases be interesting for
CO, storage because of their intrinsically low capacity even when their volume would be very
large. Deeper mines on the other hand are most favorable.

An even more explicit effect of pressure on capacity is shown in figure 12 where the toler-
able amount of overpressure is varied between 0 (only solution storage) and 50% (a probably
unrealistic high value). The lines of equal capacities are closely spaced in a certain area of
the graph. This corresponds to the pressures conditions at which the CO, in the reservoir
changes from a gaseous (or low-density supercritical) state to liquid (or high-density super-
critical). A deep mine at 30% of overpressure will only be in the transition between gaseous
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Figure 11. The capacity of a coal mine in function of its depth and the residual volume fraction. As can
be seen from table 1, the estimates on residual volume fractions vary between 5 and 90%. Calculations
for this generic mine were made assuming a default value of 10%, which may be rather conservative. This
graph particularly shows the benefits of using deep and ultra deep mines for the storage of CO,.
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Figure 12. The capacity of a coal mine in function of its depth and the maximum overpressure at the
top seal. Especially the capacity of deep mines is sensitive to changes in the maximum reservoir pressure
because small changes may induce phase transitions between liquid and gaseous CO,.
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and liquid-like CO,, and in fact contain both (see e.g. Piessens and Michiel Dusar 2004a for a
discussion on the depth distribution of the different phases). At lower pressures, the reservoir
will only contain gaseous CO, and its capacity will correspondingly be relatively low. Pressure
conditions at which CO, will be present in a liquid, high density form are much more readily
achieved in ultra deep mines, where overpressures of 10% above hydrostatic can be sufficient.
This element is not only favorable for the storage capacity, but also for the safety considera-
tions in view of the pressure evolution outlined in the previous chapter.

Since pressure is expressed in function of hydrostatic pressure, the regional level of ground
water is also important. In arid regions, the ground water table may be deeper than 100 m
below surface. As is shown in figure 13, a difference of 50 m is sufficient to significantly
reduce the capacity of a deep coal mine, whereas the capacity of ultra deep mines would nor-
mally not be affected to a large extent. Also other parameters, such as the salinity of ground
water or the presence of confined aquifers and discontinuities in the regional hydrostatic
gradient, can all have similar effects.

The effects of relatively minor changes in the storage capacity of CO, is due to the sensi-
tivity of density of CO, at conditions close to the saturation line, which may be expected to
occur in a typical coal mine reservoir. Density in such conditions is equally sensitive to vari-
ations in temperature. This is demonstrated in figures 14 and 15 by modifying the reservoir
temperature by respectively varying the surface temperature and the geothermal gradient.
It is in both situations again the deep reservoir which is most affected by these variations
because its conditions balance that for liquid and gaseous CO,. A shift of 5°C in the tem-
perature gradient (which corresponds to a 5°C difference of the average surface temperature)
can indeed have a significant effect, as well as the slope of the geothermal gradient. These
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Figure 13. The capacity of a coal mine in function of its depth and the depth of the groundwater
table, which also results in differences in the reservoir pressure. This graph demonstrates that the system
is sensitive to even minor pressure changes in the reservoir, especially for deep mines, and that pressure
gradients should be considered in detail.

196



Downloaded by [Visvesvaraya Technological University (VTU Consortium)] at 01:33 29 February 2016

25

(°C)

20

age surface temp

15

default
value

10

doop
lomau;
500

Figure 14. The capacity of a coal mine in function of its depth and the average surface temperature,
which is a boundary condition for the calculation of the reservoir temperature. This graph shows that
the capacity of deep mines is also sensitive to parameters affecting the reservoir temperature.
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Figure 15. The capacity of a coal mine in function of its depth and the geothermal gradient. Even minor
errors in the estimated geothermal gradient can lead to significant errors of the reservoir capacity.
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changes also impact the ultra deep mines, be it in a less profound way. An uncertainty of
only 0.005°C/m in the geothermal gradient may nevertheless result in errors on the estimated
capacities of up to 20%.

8 CONCLUSIONS

Coal mines used for CO, storage will show particular behavior that is different from e.g. aqui-
fer storage sites. This behavior can best understood by considering that the reservoir consists
of different sub-reservoirs or containers that form the main elements of the jar pot model.
In this model, abstraction is made of the complex design of a real-world coal mine, and par-
ticular focus is given on the three main storage modes for CO,: in free space, in solution in
formation water, and adsorbed on coal-in-place. The effects of advanced processes, such as
the CO, pressure gradient and ground-level recovery, on the storage capacity are important
and should be taken into account, also in early assessment studies. Essential to the concept
of coal mine storage is that the combined top seal, consisting of the natural seal overlying the
coal bearing sequence and the sealed shafts, is able to withstand a certain amount of over-
pressure with respect to the hydrostatic pressure.

This is essential because the pressure in a coal mine reservoir will continue to increase pos-
sibly decades after the injection of CO, was terminated before a stable pressure situation is
reached, in which the pressure exerted on the top seal is always higher than hydrostatic. This
calls for a reliable forward simulation of the pressure evolution in a mine reservoir. Monitor-
ing needs to be continued at least until the maximum pressure situation is reached, because
the risk of unexpected leakage remains as long as the reservoir pressure increases. It is only
after the maximum pressure situation is reached than the mine will start evolving to a final
and safe equilibrium situation.

Contrary to what can be expected, it are not the size of the residual space and the amount
of coal-in-place that determine in the first place the capacity of a coal mine. The depth of
the coal mine is more important. The difference in capacity between two identical mines, but
where one is a deep mine sealed at a depth of 500 m and the other an ultra deep one sealed
at a depth of 800 m can be up to fourfold. Mines at shallow to intermediate depths (sealed
above 500 m) will only be interesting in particular circumstances.

The capacity of coal mines is sensitive to parameters that determine the reservoir tem-
perature and pressure. The reason for this is that geological temperature and pressure condi-
tions are relatively close to the saturation line or its subcritical extension where relative small
changes result in relative important differences in CO, density. This is particularly true for
deep mines where both liquid and gaseous like CO, may be present at different depth levels in
the same reservoir. Small changes towards higher pressure and lower temperature conditions
will result in a higher fraction of high-density CO,, thus sharply increasing the total capacity,
and vice versa. Also deep coal mines are still quite sensitive, and standard uncertainties on
geothermal gradients alone correspond e.g. to uncertainties of up to 20% in the estimated
storage capacity.
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