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Abstract

This paper presents a numerical model to studyc#nbon dioxide (C§ sequestration process in deep coal
seams and to investigate the factors that afféstpttocess. A coal seam lying 1000 m below the mlcsurface
was considered for the simulation. One injectindl weas first inserted at the middle of the area emd
consideration and CQOwas injected for a 10 year period. With one ing@ttwell, the storage capacity was
calculated as 2&0’ m®. The number of injecting wells was then increased. It was found that the maximum
storage capacity was observed at two well conditian increment of 130% of the single well condt}io
However, further increasing the number of wells (op4) reduced the storage capacity to %2 m’.
According to the model results, it is clear that,Gfrage capacity in deep unmineable coal seanepisndent
on the number of injecting wells and their locatemmd porosity, the permeability of the coal seatosl bed
moisture content and temperature.
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1. Introduction
The world is currently facing the problem of glob@hrming, the main cause of which has been
identified as the release of green house gasesasuchrbon dioxide (Cfinto the atmosphere. GO
sequestration in deep coal seams has been recdgmssa potential method of atmospheric,CO
mitigation. In addition, it could produce large amts of value-added energy products such as
methane (Cl) as an outcome. According to Stevens et al.(2@B6)coal mass can store a substantial
amount of gases due to its large surface area @ndytporous structure. For instance, it has been
estimated that the combined Bowen and Sydney basieastern Australia can store 11.2 Gt of,CO
(White et al. 2005).

Coal mass can be defined as a naturally-fractueservoir for gas movement. The movement
of gases through this highly complex coal massaire depends on the permeability of the coal mass
itself, which may be governed by Darcian Law/or 4toear laminar flow and the intrinsic
permeability of the coal matrix, which is governeg Fickain FICKIAN? diffusion. Therefore, the
amount of CQ that can be stored in the coal mass is highly céget on coal's physical and
chemical properties, the arrangement of injectiredlsvand their number. However, the process of
CO, sequestration in deep coal seams remains in fheriexental stage as many aspects need to be
studied before it can be put into practice. Follogva detailed review of the available studies eglat
to CQ sequestration, White et al. (2005, p.?) explaiat ttthere is a fundamental lack of
understanding concerning the physical, chemical #mmodynamic phenomena that occur when
CQO, is injected into a coal seafn

Normally coal mass has "dual" porosities. It hdasritaggregate fractures (secondary porosity
system) and intra-aggregate pores (primary porasisgem). The interaction of these porosities can
be complex and renders simple models inaccuratd €€@l. 1994). Experimental and numerical
modelling studies can help to provide a better wstdading of the flow phenomenon in coal. To date,
many field-scale models have been developed fow fio porous rock masses using different
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computer codes, such as TOUGH 2 (Carneiro, 200OMEO0L (Liu and Smirnov, 2009; Perera et
al., 2010(a)) FEMLAB (Holzbecher, 2005) and COMET 3 (Pekot ancke®ss, 2002; Perera et al.,
2010(b)) which can be used to simulate gas andrlate in coal.

The main objective of this study is to develop ® 3wmerical model using COMET3 to
simulate the C@sequestration process in a deep unmineable caal. <@OMET 3 is a conventional
and coal bed methane reservoir simulator, which siamulate single or two phase flow through
single, dual or triple porosity reservoirs, suchcasl or shale as well as conventional reservoirs
(Pekot and Reeves, 2002).

1.1 Governing Equations Used in the Model

In COMET 3, fluid flow in the rock mass is modelldny using the mass conservation
equations for water and gas as given in Eq.[1] 2lndgspectively (Sawyer et al. 1990).

D'[bg M, (ng ¥y DZ)+ RawbwM w(D pw T VwDZ) ¢ TOm*0g = (%)(@g Sy + RSV‘AA)Wé"})f

d
|j'[bWM W(DpW + yWDZ) ]f + Qw = (E)(@WSW)f (2]

whereb, (n=g or w) is the gas or water bulking factgr(n=g or w) is the gas or water gradient,
Rsw is the gas solubility in waterg is the fracture porosity, Z is the elevationgy is the gas flow
rate,qy is the water flow rateg,is the matrix gas flow rateM, (n=g (gas) or w(water)) kk./ i, is
the phase mobility,képermeability, k-matrix permeability 4, -phase viscosily S, (n=g or w) is
the gas or water saturation, aRg (n=g or w) is the gas or water pressure. Gas ptlearis
calculated using the extended Langmuir model.

VLi I:)i

s( P
P,. |1 LI
LI[ +12_1(PLJJ]

where,V; is the Langmuir volumeR,; is the Langmuir Pressure; is the partial pressure of the
gas componenG;(P;) is the adsorbed gas concentratioR;atandP is the total pressure.
Gas flow through the matrix is modelled using Ficldw of diffusion.

c,(p)= i=1,2 3]

dmi = Vi /z)lci-ci(P)] .i=12 4]

where,gniis the gas component flow,, is the bulk volume of the matrix elemenmtis the sorption
time, andC; is the average matrix gas concentration of gaspomenti . Permeability is determined
by the ARI (Advanced Resources International) model

¢:¢i[1+cp(P_Pi)]_cm(l_q”i{%](c_Ci) [5]
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n (6]

where, c, is the pore volume compressibilityc, is the matrix shrinkage compressibilitg is the
coal mass porosity, ¢ is the initial coal mass porosityR is the reservoir pressurd; is the initial
reservoir pressuré; is the reservoir concentratio® is the initial reservoir concentrationP, is the
reservoir permeability, ané is the initial reservoir permeability.

2. Model Development

For the purpose of modeling, a 54¢600mx20 m size coal seam, lying 1000 m below the
ground surface, was considered. The location otdat layer is shown in Fig. 1. G&as injected at
14 MPa for 10 years from the bottom of the welshswn in the figure.
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Figure 1.Location of the coal layer.

The model parameters used are shown in Table.I{Baid Gumrah 2009).

Table.1.Model parameters

Model Parametel Value

Coal seam moisture conte 0.5 (cn’/cm)

Coal seam initial permeabili 20 mc

Coal seam puosity 0.1

Pore volume compressibili 6.9¢° (1/kPa)

Matrix shrinkage compressibilit 6.9¢’ (1/kPa)

Exponent of pressure depend 3

Relative permeability variatic Cooray formule(Akin 2001, residual water an
gas contents are 0.05 and 0.01 Ycn’)

Temperature 30°C

Langmuir volume for C, adsorptiol 16 (m/m°)

Langmuir pressure for C, adsorptiol 1.56 MP:
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After developing the model, the effect of mesh gpestorage capacity was examined by changing
the width of the smallest grid block from 2 m to d¥at 2 m intervals. The obtained CO2 storage
capacity for 10 years and for 14 MPa gas injecpiressure is shown in Fig.2. According to the figure
when the grid width reduces from 14 m to 10 m, egponding gas CO2 storage capacity increases
from 10108 m3 to 1.32108 m3 and thereafter reduction of grid size dasschange the storage.
This is due to the fact that, when analysing trefigav rate through a coal layer and it is a funictof
pressure gradient calculated using the mesh s@zilting a mesh size dependant outcome. This
problem can be minimised by selecting smaller gizk, which gives more consistent results.
However, a reduction of grid size causes an inergashe time required for the calculation (Nam et
al. 2008). Therefore, the selection of optimum meigie is important in any kind of finite element
analysis. Considering all these factors, the sizéh@ smallest grid block was taken as 10 m for the
model. The final grid system selected for the ¢agtr is shown in Fig.2 (b).
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Figure 2 (a) Effects of grid size on storage, and (b) atele¢ model grid blocks for the coal seam.

3. Model Simulation

After developing the model, the G@igration rate along the horizontal distance wagstigated for
the bottom coal layer (Fig.3).
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Figure 3.Variation of CQ migration percentage with time.
According to the above figure, after the first y&€&, has spread through only around 65% of

the coal layer and by the eighth year ®@s spread through the whole coal layer. It caao hé seen
that at the beginning the G@pread at a fast rate. This is because at thentiegi there are more
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pores available and the pore pressure in the reisdsviower. Therefore, the advective flux rate is
higher. However, as the pore pressure increases tove, the pressure difference between the
injecting CQ and pores reduces, resulting in lower gas flow.rat

The effect of the injecting well operation on £6&torage capacity was investigated. The
number of injecting wells was changed from 1 tavilich changed the distance among the injecting
wells. The variation of C@Ostorage capacity for 10 years of injection timéhwiumber of injecting
wells is shown in Fig.4.
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Figure 4.Variation CG storage capacity with number of injecting wells.

According to Fig.4, the maximum storage capacitghtained by having two injection wells
and the addition of further injecting wells intoetltoal seam does not increase the, Gtdrage
capacity by a significant amount. This may be du¢he fact that further increasing the number of
injecting wells after the two injecting well conidibt causes pressure contours to coincide, reguitin
increased pore pressure and consequently reduoehstcapacity. This arises because, when the
number of injecting wells is increased from 1 tothe distance among the injecting wells reduces,
such that for 2, 3 and 4 injecting well conditiahe distances among the wells are 680m, 528m and
500 m respectively. In order to check this, theeag of CQ concentration contours was checked
after 10 years of CQOinjection for two and three injecting well conditis. The results are shown in
Fig.5.

(a) ) two injecting well (b) three injecting isel
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Figure 5.CO, concentration contour cutting patterns

According to Fig.5 (a), under the two injecting Ileondition, concentration has spread
throughout the coal layer. However, as shown in.5i¢p), for more than two wells, GO
concentration is mainly limited to the surroundemgas of the injecting wells. This is because, with
increased numbers of injecting wells, the distamatsveen the injecting points is reduced, resuliing
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the pressure contours produced by each i@f@cting well meeting each other within a shotiare.
This causes the pore pressure to increase andqrargy the injecting capacity to reduce.

After checking the injecting well effect, the effeaf coal mass physical properties on £LO
storage capacity was investigated. The effect el bed moisture content on GGtorage capacity
was investigated by changing the coal-bed moistorgent from 0.1 to 0.5 (cliem®). The variation
of CO, storage capacity with the bed moisture conteshmwyn in Fig.6 (a). Here, the gas injecting
pressure and the coal mass temperature were nmedtat 14 MPa and 3C, respectively. Next, the
coal bed temperature on storage was changed frdi@ #060°C to investigate the temperature effect
on total amount of C@that can be injected into the coal m@sg.6(b)). According to Fig.6(a), up to
around 0.45(crificn®) moisture content the storage capacity signifiyanéduces with moisture
content and hereafter moisture content does nettafie CQ storage capacity. The reduction of £O
storage is 99% when moisture content changes frdntd@0.45. The amount of GQ@hat can be
stored in the coal mass is highly dependent omatlalable pore space, and the presence of water
causes the coal mass pore space available for@aen@vement to largely reduce (Skawinski et al.
1991). However, according to Anderson et al. (3956fore reaching the critical moisture content
(around 0.45(criicm®) in this study), the water molecules adsorb irfte toal pore surface and
obstruct the gas molecules adsorbtion into théaser After the saturation point, the excess water
(more than 0.45(cffcnt) in this study) in the coal mass moves into thévilrophase and therefore
does not affect the gas sorption. If the effectcoél bed temperature on ¢Gtorage capacity is
considered, according to Fig.6 (b), it can be shanhthe increase of temperature causes the armbunt
CO,, that can be injected into the coal mass to sigguifily reduce. This may be due to the fact that,
when the coal mass temperature increases, the glasutes start to be released from the coal mass
surface by the breakage of the bond between theaulels and the coal surfaces. As the temperature
increases, this causes the kinetic energy of tkengaecules to increase and accordingly the rate of
diffusion also to increase, resulting in reductmfnthe adsorption capacity (Levy et al. 1997). This
may reduce the C{storage capacity as the amount of,@aat can be captured inside the coal mass
is totally dependent on its adsorption capacity.
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Figure 6.Variation of CQ storage capacity of coal mass for 10 years ofcitige with the (a) coal
bed moisture content and (b) coal bed temperature.

4. Conclusions

The carbon dioxide (C£ sequestration process in deep unmineable coaissean be successfully
modelled using the COMET 3 numerical simulator. éxcling tothe results of this study, the number
of injecting wells is a critical parameter, whichosild be investigated using an appropriate model
before any field investigation. The reason is thatording to the model results, £€orage capacity

in the coal seam cannot be increased by simpleasing the number of injecting wells. In fact, #or
500x540x20m coal seam, the two injecting well operatingditton provides the optimum storage
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capacity and any further increase in injecting svsignificantly reduces the storage capacity. When
more than one injecting well is present in the azalm, the COstorage capacity is controlled by the
pressure contours induced by all the availablectitjg wells. Coal mass temperature and the moisture
content significantly control coal's GGstorage capacity. According to the developed mothe
amount of CQthat can be injected into the coal mass reductsbwith coal bed temperature and the
moisture content, whereas the reduction of theagicapacity with moisture content occurs only up
to the critical moisture content of the coal mass.
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