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Abstract

Biogenic coalbed methane (BCBM) reservoirs aim to produce methane from in situ coal deposits following microbial con-
version of coal. Success of BCBM reservoirs requires economic methane production within an acceptable timeframe. The
work reported here quantifies the findings of previously published qualitative work, where it was found that bioconversion
induces strains in the pore, matrix and bulk scales. Using imaging and dynamic strain monitoring techniques, the bioconver-
sion induced strain is quantified here. To understand the effect of these strains from a reservoir geomechanics perspective,
a corresponding poromechanical model is developed. Furthermore, findings of imaging experiments are validated using
core-flooding flow experiments. Finally, expected field-scale behavior of the permeability response of a BCBM operation
is modeled and analyzed. The results of the study indicated that, for Illinois coals, bioconversion induced strains result in
a decrease in fracture porosity, resulting in a detrimental permeability drop in excess of 60% during bioconversion, which
festers itself exponentially throughout its producing life. Results indicate that reservoirs with high initial permeability that
will support higher Darcian flowrates, would be better suited for coal bioconversion, thereby providing a site-selection

criteria for BCBM operations.
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1 Introduction and background

Methane, naturally occurring in coal seams due to ther-
mogenic (high temperature and pressure) and biogenic
(microbial) effects, has been extracted economically in the
US since the late eighties. Microbially enhanced coalbed
methane (MECBM), first introduced by Andrew Scott in
1999 (Scott 1999), aims to replicate the natural process of
biogenic methane formation in situ. Given the environmen-
tal benefits of burning natural gas for electricity generation,
microbial conversion of coal to methane has attracted signifi-
cant attention in the recent past (Fallgren et al. 2013; Opara
et al. 2012; Strapoc et al. 2007, 2008; Wei et al. 2014; Zhang
et al. 2016a, b). A MECBM reservoir requires treating in situ
coal with nutritionally-amended microbial solutions, and
allowing it to produce biogenic methane over the treatment
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duration. Post-treatment, the MECBM reservoir behavior is
expected to be similar to traditional CBM reservoirs. The
producing life of a traditional CBM reservoir is typically
between ten to twenty years, although few CBM wells have
been producing for close to three decades. Thus, there are
currently several depleted/near-depletion CBM wells in the
mature basins, such as, San Juan and Black Warrior, with
surface infrastructure in place that can be used for microbial
re-charge and production (Wawrik et al. 2012).

Since its inception, the major research focus towards
bioconversion of coal has been from a microbial perspec-
tive. Experimental studies presented by multiple researchers
(Opara et al. 2012; Strapoc et al. 2007; Zhang & Liang 2017)
have reported biogenic methane generation rates, often in
excess of 500 standard cubic feet per ton of coal (scft), from
different coal types. A few studies have also reported gen-
eration rates in excess of 2000 scft (Zhang et al. 2018a, b).
Subsequent insight into the economics of biogenic methane
production has been reported as well (Zhang et al. 2016a,
b). However, production from a biogenically recharged CBM
reservoir, referred to as a BCBM reservoir, requires charac-
terization of fluid transport behavior of treated coals. Given
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that coal serves the role of the source as well as reservoir
rock for the produced methane, reservoir implications of
bioconversion are important from a feasibility perspective.
The reservoir response, particularly for coal reservoirs, is
multi-faceted, requiring extensive characterization, which
will be one of the focus areas of the work presented here.
Flow in a traditional CBM reservoir is governed by the
physical structure of coal, characterized as a dual-porosity
rock, where the micro- and macro- porosities affect the trans-
port of fluids through it. Micropores occur as a part of the
coal matrix and serve as a storehouse for over 95% of the
gas in adsorbed form (Gray 1987). The macropore system
consists of a network of closely placed natural fractures sur-
rounding the matrix blocks, known as the cleat system. The
dual-porosity structure of coal dictates the transport of fluids
in the reservoir. Over the course of CBM production, say in
the San Juan basin, where coal is completely water saturated,
pumping out water reduces the pore pressure, resulting in
desorption of methane from the microporous matrix sur-
face, contributing to the first stage of fluid transport in coal.
Once desorbed, methane diffuses across the complex pore
geometry of coal in accordance with Fick’s second law of
diffusion. Methane then reaches the cleat system, where the
transport mechanism becomes Darcian, characterized by its
permeability. The cleat permeability is dependent on cleat
parameters, like aperture, continuity and spacing. Character-
izing the fluid-flow behavior and related reservoir characteri-
zation are, therefore, critical to assess the economic viability
of CBM and potential BCBM reservoirs. However, there is
a dearth of studies on evaluation of the impact of bioconver-
sion induced changes on reservoir characteristics. Experi-
mental work conducted on powdered coal to characterize
changes in sorption properties as a result of bioconversion

was first reported by Pandey et al. (2016), and then by Zhang
et al. (2017). It was reported that increase in microporous
surface area post-bioconversion results in increased sorption
capacity of coal. Bioconversion also resulted in increased
diffusion rates for methane and carbon dioxide (Pandey et al.
2016). Such variations translate to increased microporous
surface area available for sorption and altered pore geom-
etry, resulting in increased flowrates (diffusive) at the micro-
scopic scale. Increased porosity of coal post-bioconversion
was also evident in the images presented by Zhang et al.
(2018a, b), where ~ 5000 scft of methane was produced over
the year-long treatment duration. Figure 1, adapted from the
aforementioned study, presents an image showing increased
matrix porosity and polymer deposition post-bioconversion.
Alteration in microporosity has also been recently reported
for the Jurassic Yanan formation (Li et al. 2023), where
the connecting bonds of coal aromatic layers are destroyed
and the distance between the aromatic layers reportedly get
larger.

Another distinctive feature of CBM reservoirs, setting it
apart from traditional natural gas reservoirs, is the compet-
ing mechanisms of poromechanical cleat compression and
desorption-induced matrix shrinkage. Removal of water to
initiate gas production results in reduction in pore pressure,
thereby increasing the horizontal effective stress (defined
as the difference between the in situ horizontal stress and
pore pressure). The existing pore pressure that keeps the
cleat apertures open starts to decrease, thus closing the cleats
and decreasing the permeability and flowrates. On the other
hand, as methane desorbs from the microporous coal sur-
face, it results in shrinkage of the coal matrix which, in turn,
widens the cleat/fracture apertures in coal, thereby boost-
ing gas production. The shrinkage effect competes with the

Before

Fig. 1 Illinois coal before and after year-long microbial treatment. (adapted from Zhang et al 2018a, b, 2018a)
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mechanical effect of the change in effective horizontal stress,
thereby dictating the permeability variation with depletion
in CBM reservoirs. Several stress and permeability models,
which capture these two effects and describe the flow behav-
ior in CBM reservoirs, have been presented over the years.
Gray (1987) proposed the first model using a stress-based
approach in 1987. Following this, multiple models (Connell
et al. 2010; Cui and Bustin 2005; Harpalani and Chen 1997,
Palmer and Mansoori 1998; R 1996; Sawyer et al. 1990; Shi
and Durucan 2004) were presented for various boundary
conditions governing the flow in CBM reservoirs. All mod-
els primarily capture the changes in fracture geometry over
the life of a producing reservoir which, in turn, dictates the
reservoir flow behavior.

Previously reported work (Pandey and Harpalani 2018)
captured the effect of bioconversion on the fracture geom-
etry of coal. The results indicated that, post-bioconversion,
there is a considerable change in the fracture/cleat aperture
size of coal. They further pointed out that bioconversion
generally resulted in reduction of the cleat aperture by ~95%
of the observed instances for fractures <5 pm in aperture.
However, the aperture size increased post-bioconversion for
fractures with apertures larger than~5 pm in width. Such
varied effects of bioconversion on cleat apertures would
result in a variation in the expected flowrates from the reser-
voir. However, only a qualitative description of this effect on
reservoir properties was provided in the previously reported
work (Pandey and Harpalani 2018), necessitating the need
for quantitative understanding of the strains developed in the
coal fracture, matrix and bulk due to bioconversion.

Quantification of both matrix and fracture-pore strains
is critical to understand the effect of bioconversion on the
flow-governing structural properties of coal. In the work pre-
sented here, we first quantify the fracture-pore strains devel-
oped in coal due to bioconversion, using images obtained
and reported previously (Pandey and Harpalani 2018). The
fracture-pore strains referred here onwards refer to the cleat/
fracture porosity, and not microporosity. However, imaging
techniques do not allow accurate measurement of matrix
strain developed as a result of bioconversion. Hence, in a
novel experiment designed, coal matrix strain was measured
continuously while samples were undergoing bioconver-
sion. In a parallel effort, a poroelastic model was developed
which modifies the existing governing equation for flow-
coupled-geomechanics of CBM reservoirs to account for the
bioconversion induced strains. The modified equation was
then used to understand the variation in the state of effective
stress and pressure-dependent-permeability (pdk) response
of a BCBM reservoir. The trends predicted by imaging
results were correlated with variations in laboratory meas-
ured permeability due to bioconversion, as reported in two
separate studies (Pandey and Harpalani 2019c; Stephen et al.

2014). Finally, field-scale modeling of a BCBM operation
from a permeability perspective was carried out to improve
our understanding of the expected reservoir response to bio-
genic recharge and production.

2 Model development

In this section, an effective stress model describing flow-
coupled geomechanical behavior of BCBM reservoirs is
derived from the constitutive poroelastic equations for a
homogenous, isotropic, thermoelastic porous medium. The
expression is given as (Bear and Corapcioglu 1981; Nowacki
1970):

&, = 2G&; + Ag5, + Ka;T6; (1)

where, 5,»] is the Kronecker delta, o is the effective stress,e is
the volumetric strain, G is the shear modulus, A is the Lame’s
constant, K is the bulk modulus of the porous media, a; is
the coefficient of volumetric thermal expansion and T is the
temperature of the media. The ~ sign indicates incremental
values of these parameters. Also, the volumetric strain € can
be represented by the sum of the strains in the X (e,,), Y (eyy)

and Z (e,,) directions where, € = €,, + €, + €_, and effective

stress increment (Eij) is expressed as ?ij = ;i/‘ +1~76ij, where
T’ij is the total stress increment and p is the pore pressure.

The coal fabric is known to shrink/swell with methane
desorption/adsorption. The sorption-induced matrix strains
are assumed to be directly analogous to thermal strains
developed in the fabric due to changes in temperature. The
most widely used models characterizing effective stress and
pdk response of CBM reservoir depletion have successfully
modeled laboratory and field scale observations using this
assumption (Palmer and Mansoori 1998; Shi and Durucan
2005). Equation (1) is thus rewritten as:

Eij = 2Gaj + /135,-]- + Ke~s6ij )

The sorptive strain, eg at any pore pressure p, is described
using the Langmuir-type model, characterized using the
Langmuir-type parameters, maximum strain (¢;) and pres-
sure (p,):

€p

€c =
ST p+p.

(3)

The strain developed due to bioconversion, expressed
by €7, is the primary focus of the work presented, is also
assumed to be analogous to thermal strains. Hence, the con-
stitutive expression describing the effective stress for biocon-
verted coalbed methane reservoirs is written as:

Eij = ZGEij + /155,-1- + Ke}éi]» + ;{GNT(SU )
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where, x is the modulus of the reservoir undergoing bio-
conversion. Such a distinction from the value of K is neces-
sary since the intact coal seam is not completely saturated
with the microbial media during bioconversion and only a
fraction of the reservoir is actually bioconverted. However,
the extent of bioconversion under in situ conditions is not
known, thereby warranting the need for introduction of the
variable x. The value of x is arrived at using stress—strain
inter-relationships, which will be detailed here. It should
also be pointed out that a BCBM reservoir, while undergo-
ing bioconversion, is not expected to be in production mode.
The effect of the fourth term in Eq. (4), }feNTSU-, comes into
effect only after the reservoir starts producing. The strains
developed due to bioconversion will primarily affect the ini-
tial effective stress of the BCBM reservoir when production
starts. This effect is captured in the model derived.

Equation (4) is the governing equation for effective stress
of a BCBM reservoir undergoing depletion, that is, production
of bio-generated methane. It can be modified for any bound-
ary condition existing in the reservoir. Connell et al. (2010)
presented a concise paper based on similar governing equa-
tion, where the pdk model for different boundary conditions
of triaxial stress and strain was developed. In this paper, we
consider a BCBM reservoir producing under uniaxial strain,
where the reservoir is allowed displacement only in the Z
direction but not in the X and Y directions, a condition most
commonly believed to exist in CBM reservoirs. The deriva-
tion follows the model presented by Shi and Durucan (2004),
but can be similarly applied to any other stress or strain based
models, and any governing boundary conditions.

The stress—strain components for the three normal stresses,
as derived from Eq. (4), can be presented as:

6., =2Ge, + A€+ Kég + xér (5a)
0,, = 2G€,, + A€ + Kég + xér (5b)
6, =2Ge,, + A6 + Kég + xép (5¢)

The in situ condition during CBM production is known
to be under uniaxial strain, where the vertical stress resulting
from the weight of the overburden rock remains constant and
the coal is free to compress in the vertical (Z) direction. How-
ever, since the horizontal extent of the reservoir is confined,
there is no lateral movement, thus €,, = €, = 0. Using this
boundary conditions and following Shi and Durucan’s (2004)
derivation, the effective horizontal stress is expressed as:

o —0p= _ITVV(P - po) + 3(1E_ V)€1<prg - pOI-):P€> +xér
(6)

The subscript 0 refers to the initial values of the corre-
sponding parameters. Equation (6) describes the variation
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in effective stress with continued reduction in reservoir
pore-pressure of a producing BCBM reservoir. The param-
eter E is the Young’s modulus and v is the Poisson’s ratio.
In order to understand the variation of effective stress as
a function of pore pressure, a function f(p) = (6, — o) is
defined which represents the reduction in the effective
horizontal stress (Shi and Durucan 2004). Going forward,
the function f(p) will be referred to as the effective stress
state. Formulation of f(p) ensures that the cleat perme-
ability varies positively with the effective stress state,
expressed as (Shi and Durucan 2004):

f®) =@ = (o, —04)
=7 (P —Po)
1 -V (7)
E € P

_E(P*'Pe)(po"'Pe)

Since one of the goals of BCBM technology is to recharge
depleted CBM reservoirs and economically produce microbi-
ally generated methane, we use the subscript ‘b’ (for before)
to denote the effective stress state during primary depletion.
This is termed the primary depletion stage. Equation (7) is
applicable to production from the CBM reservoir prior to
bioconversion and does not have the x€é; term as there is no
bioconversion involved. It is to be noted that the expression
for f,(p) at p = p,, expressed as f, (Po) reduces to 0, since
(py — o) = 0. This boundary conditions will be used later
to derive the expression for the modulus ». Similarly, post-
treatment, subscript ‘a’ (for after) is used to describe what the
stress state of the reservoir would be. Thus, the expression
describing the stress state of the producing BCBM reservoir
is given by Eq. (8). The post-treatment analysis is however
done in comparison to the initial stress state of the reservoir
before bioconversion. It is also important to mention that we
assume that bioconversion will recharge the reservoir until
it reaches the same initial pore-pressure that existed pre-bio-
conversion. Thus, py = p, = py, -

fa(p) = Gbo - O-a
= (P—Po)
1-v 8)
E S| Pe

= —)(E~
3V(p+PE)(p0+P€) !

which can also be expressed as:f,(p) = fi,(p) — x€7. Please
note that the change in stress state during the life of a pro-
ducing BCBM reservoir is evaluated in comparison to the
initial stress state pre-bioconversion, i.e., Ob, and not oy Itis
to be noted that the expression for f,(p) at p = p,,, expressed
as f, (py ) reduces to —xéz, since (py — py) = 0. This bound-
ary condition will also be used later to derive the expression
for the modulus x.
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Assuming a bundle of matchstick geometry, most com-
monly used to model flow in coal (Seidle 2011), the pdk
response of a coalbed methane reservoir to primary deple-
tion is typically expressed as:

k
_b = e3ctfb(p) (9)

kbO

where, ki, is the initial permeability of the (virgin) reservoir,
¢ 1s the cleat compressibility, and k, is the reservoir perme-
ability undergoing depletion. It is to be noted that the expres-
sion for Eq. (9), at initial condition, i.e., ky/k,, reduces to
a value of 1, as the exponent to the exponential equates to
0. This boundary condition will be used to help derive an
expression for the modulus x. Bioconversion induces frac-
ture and matrix strains during treatment, which is expected
to significantly affect the initial permeability of a BCBM
reservoir compared to an untreated (virgin) CBM reservoir.
The pdk response of a BCBM reservoir is now expressed
using Eq. (10), where k, is the permeability of the biogenic
reservoir undergoing depletion.

k. — SUP) = P3h) 5 p=3exér (10)

kb()

It should be pointed out that Eq. (10) describes the pdk
response of a coal reservoir post- bioconversion with respect
to the initial permeability of the original reservoir (k).
Given that biogenic methane production from coal can
exceed the sorptive (storage) capacity of the coal type (Pan-
dey 2015; Pandey et al. 2016), it is expected that coal will
be saturated with the produced biogenic methane given
enough time for bioconversion. This will reverse the pdk
effect of the depleted reservoir prior to commencement of

. . . k k .
bioconversion. Effectively, k—" and —= of the reservoir would
b0

a0
be the same unless there are changes in the sorptive and

geomechanical behavior due to bioconversion. These
changes have been studied and reported in the past (Pandey
and Harpalani 2019b). However, given the importance of
sorptive effects on the pressure-dependent permeability
response of coal reservoirs, the combined effect of biocon-
version induced strains and changes in sorptive behavior has
also been analyzed in this work, detailed in Sect. 4.

Before we can effectively analyze the effective stress and
pdk, as modeled by Egs. (8) and (10) respectively, we need to
derive an expression for x. The permeability-fracture porosity
relationship, derived for the bundle of matchsticks geometry
is cubic, where the variation in the reservoir permeability is
directly proportional to the cube of its variation in cleat poros-
ity (Cui and Bustin 2005; Palmer and Mansoori 1998; Seidle
et al. 1992; Shi and Durucan 2005). The following derivation
from Eq. (10) would then provide an expression for .

<@> . /e3t'ffh(P0) (1)
kaO

The cubic permeability-fracture porosity relationship,
where ¢ is fracture porosity, can be written as:

3
ko > P,
)= = 12
<ka() <¢a0 > ( )

Combining Eqgs. (11) and (12) gives the following:

d)b(l CXET 13
— ) = Cr¥ér
. (13)

xé; —lln % 14
T u (14)

Images obtained pre- and post- bioconversion enable
estimating ky, and k,, along with values for ¢, and ¢, .
Section 3.1 provides a detailed overview of how images
obtained before and after bioconversion were processed
and analyzed to obtain the required data.

Equation (4), describing the stress state for a BCBM
reservoir, can now be re-written as:

~ ~ ~ ~ 1 ¢b0
o; = 2Ge; + Aed; + Kego,; + C—fln ¢— (15)
a,

Given that the focus of the work presented here is on
effective stress state and pdk, pore volume referred here
is the cleat/fracture pore volume. The porosity is thereby
given as follows, where V5 is the fracture pore volume and
Vz is the bulk volume:

¢=— (16)

It can be shown from Eq. (16) that (Connell et al. 2010;
Cui and Bustin 2005):

4
¢

Where,etT’ is the bulk strain and e‘; is the fracture pore strain
induced by bioconversion. The imaging results (discussed
later) reveal that the matrix strain (ef), along with the frac-
ture pore strain, make up the bulk strain and this is negligi-
ble. The inter-relationship between the three strains along
with the fracture porosity is given as follows (Liu and Har-
palani 2014a):

= dej — dep amn

@ Springer



31 Page 6 of 19

R. Pandey, S. Harpalani

eb = el + (1 — el (18)

Integrating Eq. (17) gives the following:

Post Post Post
d — —
/f = /de‘;—/deg (19)
Pre Pre Pre
d) — —
= h(ﬁ =eb e (20)
re

We can now rewrite Egs. (15), (8) and (10) as Egs. (21),
(22) and (23) a, b respectively which, for a BCBM reser-
voir, define the poromechanical governing equation, and the
effective stress state and pdk response under uniaxial strain
respectively:

~ - - - 1 - =
L) =0y, — 0,
_L(p_p) 1_£ € P
= 0
I-v 3v(p+Pe)(po+Pe)| (22
1/ & 5
- (=€)

(23a)

v _ _E € Pe _a(b_ P
ﬁ = 63”[:(‘” po){l S GO0 }] 3ep—ep) (23b)

3 Strain quantification

Characterizing bioconversion induced strains requires quanti-
fication of fracture-pore and matrix strains. The two strains are
estimated using two different approaches: image analysis for
fracture strains, and continuous strain monitoring for matrix
strains. In order to quantify the fracture strains resulting from
bioconversion, we analyzed the images presented in a prior
publication (Pandey and Harpalani 2018), a part of the same
broader study. However, the imaging approach does not pro-
vide reliable estimates of matrix strains. In order to character-
ize this, matrix strain was recorded on a coal sample under-
going bioconversion. The experimental setup and results are
presented in the following section, including analysis of the
results. The measured strain was then used as a model input
parameter to analyze a BCBM reservoir response.

@ Springer

3.1 Fracture pore strain

Pandey and Harpalani (2018) presented the changes in coal
structure due to bioconversion, based on results obtained
from scanning microscopy imaging. Images captured before
and after bioconversion provided quantifiable details of the
variation in the pore structure of coal. Work presented here
is based on two sets of representative images reported by
previously (Pandey and Harpalani 2018), where the samples
showed decrease in fracture width post-bioconversion. Using
the standard level adjustment and segmentation techniques,
we quantified the cleat/fracture porosity of the samples
using publicly available software called ImageJ. Decrease
in fracture width is expected to lower Darcian flow through
the sample, an observation that is consistent with reported
experimental data (Pandey and Harpalani 2019a; Stephen
et al. 2014). Although limited instances of increase in frac-
ture width were also reported by Pandey and Harpalani
(2018), it is not considered for detailed analysis given that
there is no apparent experimental correlation of increase in
permeability of the sample post-bioconversion. However, the
methods presented here are universally applicable for any
measured changes in pore strain, and this aspect is further
discussed in the appendix section. Figure 2 presents the frac-
tures in two samples 1 and 2, before and after bioconversion.
The porosity of the two samples was calculated by analyz-
ing the ratio of black pixels to the total pixels in an image,
post segmentation of the fractures from the coal matrix. The
processed images for samples 1 and 2 are presented in Fig. 3.
Results from image processing, along with the calculated
fracture porosity values are presented in Table 1. The values
for e? were then calculated from the data shown in Table 1
and used as input to evaluate its effect on the response of a
BCBM reservoir. As seen from Figs. 2 and 3, bioconversion
resulted in swelling of the coal matrix, thereby reducing the
fracture porosity. With the matrix swelling into open frac-
tures, the fracture connectivity is expected to reduce, thereby
blocking the path allowing for gas flow/seepage within the
coal, effectively reducing permeability.

3.2 Matrix strain

Swelling strain due to bioconversion was measured experi-
mentally during the process of bioconversion, and the results
obtained were used to quantify e?. This value of e? along
with e? were used in Eq. (18) to quantify etT’. The fracture
pore strain measurements were conducted on two different
samples, and matrix strain measurement was conducted on a
third sample sourced from the same source of coal. Evalua-
tion of e? and the subsequent analysis of permeability behav-
ior assumed that e’ is the same for samples imaged given
that they were sourced from the same block of coal during
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BEFOR

Fig.2 SEM mages obtained from samples 1 and 2. (Pre (i)—and post (ii) -bioconversion)

sample preparation. Details of the experimental design and
the results are discussed in this section.

3.2.1 Experimental design

The work reported here was a part of a broader study aimed
at investigating the bioconversion potential of Illinois coals
(Pandey 2015; Pandey and Harpalani 2018, 2019b, c; Sau-
rabh and Harpalani 2018; Zhang et al. 2018a, b, 2015a,
2015a; Zhang and Liang 2017).

The experimental work was conducted on the same coal
type, retrieved from Illinois 6 seam in Southern Illinois,
weighing 36 g, using the same media engineered for bio-
conversion, used in the work cited above. The microbial
media was engineered from produced water collected from
a CBM wellhead and preserved under anaerobic condi-
tions, as reported previously (Zhang et al. 2015a, b). Large
coal blocks were sourced from an underground mine and

preserved in a humid environment prior to sub-sampling for
the experiment.

Experiments designed to capture the strain response of
coal under different conditions have been reported exten-
sively (Liu and Harpalani 2013, 2014a, b; Pandey and
Harpalani 2019b). Sample preparation procedure for the
experimental work was similar to that reported in Liu and
Harpalani (2013). A smaller coal sample was retrieved from
the larger block that was preserved under humid conditions.
Three strain gages, attached orthogonally, captured the strain
behavior in the X, Y and Z directions, with the Z direction
being perpendicular to the bedding plane. The sample was
then placed in a humidity and temperature environmental
chamber to achieve moisture equilibrium. Following this, the
sample was placed in a high-pressure vessel, which facili-
tated connection of the strain gages and pressure transducer
to the data acquisition system designed to monitor pressure
and sample strain response. This constituted the strain aspect
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BEFORE

AFTER

— 100 pym ————

— 1 mm ——

Fig.3 Processed images from samples 1 and 2, where the fracture porosity decreased post treatment. (Pre (i)—and post (ii) -bioconversion)

Table 1 Image properties

Sample No.  Condition (Image) Total pixels Black pixels Fracture poros- Fracture
ity (%) pore strain
&P
T
1 Before (1-i) 908,010 9310 1.025 0.492
After (1-ii) 901,404 4699 0.521
2 Before (2-i) 890,618 4207 0.47 0.255
After (2-ii) 889,974 3105 0.35

of the experiment. The sample was submerged in~400 ml of
the nutritionally amended microbial solution. The headspace
in the pressure vessel was huffed-and-puffed with helium,
and the pore-pressure was increased to ~30 psi, to ensure
the headspace was completely lacking in oxygen. The entire
experimental setup was placed in a water bath, capable of

@ Springer

maintaining a constant temperature of 32 °C. The sample
and pressure container used is shown in Fig. 4.

Pore pressure was also monitored along with the strains.
Intermittent gas sampling was not conducted since the
experiment was designed to replicate the practical applica-
tion, where production would commence only after coal was
bioconverted over a specific duration, 30 days in our case,
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Gas Inlet
3-way Valve
2-way Valve

T

T «—Excess Gas Outlet

Pressure Transducer

[

Fusite Connector

Strin Gauge —1 Microbial Media

Sample Container

(C) Setup Pre-Bioconversion

(A) Coal Sample

(D) Setup Post-Bioconversion

Fig.4 Schematic of the experimental setup is shown on the left. The
setup is maintained at a constant temperature water bath. a Coal sam-
ple used for bioconversion, with strain gages attached orthogonally b

after which the headspace was depressurized. Post-treatment
period, the gas content was measured using a gas chromato-
graph. The strain response was also monitored post depletion
in order to obtain the irreversible residual swelling induced
due to bioconversion.

3.2.2 Experimental results

The coal tested produced equivalent of 472 scft of methane
over the thirty-day treatment period. Figure 4 shows the open
container before (Fig. 4c) and after (Fig. 4d) bioconversion.
Methane production over the treatment period resulted in the
frothy media, as seen in the image. The goal of this setup was
to capture the strain behavior of the sample. Strains in the X,
Y and Z directions, represented as €, Eyy and €, were meas-
ured continuously, every 60 s over the treatment period. The
total swelling (bulk) strain (€;,), which is the sum of strains

in the three orthogonal directions is represented by Eq. (24):
&, =€r=(E,+&,+€&,) 4)

The strain response resulting from bioconversion is
presented in Fig. 5. During the initial treatment period,
the sample shrank with bioconversion. The maximum
shrinkage was measured to be —0.0007 at the 5-day
mark. The sample then started to swell, and the volumet-
ric strain attained a positive value just before the 10th day
of treatment. Swelling continued for the following thir-
teen days, and the maximum measured volumetric strain

Sealed sample vessel ¢ Pressure reactor before bioconversion d Pres-
sure reactor after bioconversion

was ~0.0057. Post 23-day mark, the volumetric strain
in the sample levelled off. The final volumetric strain
observed at the end of 30 days was ~0.005. The headspace
pressure was then relieved, and the system was brought to
atmospheric pressure. The strains were continually moni-
tored during and post-depletion until the strains normal-
ized. The final residual matrix strain (e?) measured in the
sample was ~0.0038.

The gas pressure in the headspace of the setup was moni-
tored continuously over the duration of treatment. The sam-
ple was initially subjected to a pore pressure of ~30 psi. The
variation of the headspace pressure is shown in Fig. 5. The
pore pressure remained constant over the first twelve days.
Past this, there was an exponential increase in the moni-
tored headspace pressure, reaching ~ 63 psi in nine days. The
pore pressure then levelled off and remained constant for the
remaining treatment period.

The variation in headspace pressure correlates perfectly
(R*>0.96) with the observed volumetric strain induced
in the sample, as shown in Fig. 5. The coal sample exhib-
ited shrinkage over the initial five days of treatment. Such
behavior is likely in response to the applied pore pressure.
Following the five-day mark, the sample swelled con-
tinuously for 20 days. Such behavior can be explained by
adsorption of produced methane in the coal matrix (along
with bioconversion induced swelling) resulting in matrix
swelling since methane in sorbed state does not contribute
to measurable pressure. The increase in headspace pore
pressure was observed only after twelve days. As methane
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sorption continued over time, the rate and volume of sorp-
tion decreased, resulting in the produced methane bubbling
out of the media and increasing the headspace pressure.

4 Insights into the reservoir behavior

The measured fracture-pore and matrix strains developed
in coal due to bioconversion (at the laboratory scale) were
used to evaluate their impact on the response of a BCBM
reservoir. These were incorporated in the model presented
in Sect. 2 in order to evaluate the effective stress state and
pressure dependent permeability response of a BCBM res-
ervoir with depletion. The model requires additional param-
eters, Langmuir’s strain constants, Poisson’s ratio, Young’s
modulus and cleat compressibility. Values of these input
parameters were taken from previously published work for
samples from the same block of coal (¢ = 0.0145, P, =
1200 psi, v = 0.4, E=307,000 psi, ¢;=0.003 psi~') (Mitra
2010; Pandey and Harpalani 2019b). However as previ-
ously reported, the process of bioconversion suppresses
the sorptive strain response (Pandey and Harpalani 2019b).
The sorption-induced strains arise from the response of
the organic fraction (maceral) of the coal fabric to sorptive
gases since microbial treatment converts this to biogenic
methane. Loss of organic component results in suppres-
sion of the sorptive strain response (Meng et al. 2018) of
coal and its impact on the reservoir response is important
in the overall evaluation of the BCBM reservoir behavior.
Hence, in Sects. 4.1.1 (effective stress state) and 4.1.2 (pdk
response), the effects of bioconversion induced strains on
reservoir parameters are first discussed in isolation, assum-
ing no change in the other parameters. The effect of variation
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in sorptive-strain response is then included along with the
effects of bioconversion induced strains. The relevant param-
eters reflecting pre- and post- bioconversion are presented in
Table 2, where the subscripts ‘b’ and ‘a’ refer to the values
‘before’ and ‘after’ bioconversion. This necessitated modify-
ing the expressions for effective stress state (f{p)) (Eqs. (25),
(26)) and pdk response (Egs. (27), (28)) of the reservoirs
pre- and post- bioconversion as:

Vv E elbpeb
=7_. WP~ -5 2
fp) === =po) [1- 3> TP e s P (25)
E Ela Pea
L) =——(p-py)|1-+—
! I—v 0 3v (p+Pea)(p0+Pea) (26)
1 N_ N_
L(g-)
/f_b = e3cf[ﬁ(p—po){ 1_3% (F+”e?))g:t;f’eb) }] 27)
b0
K _ palH 015 gt e (28)

Table 2 Sorption-induced strain behavior for samples pre- and post-
bioconversion

Sample € P, (psi)
Before e, =0.0145 P, =1200
After €, =0.0055 P, =600
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4.1 Effective stress

In this section, we model the effective stress state response
(to depletion) of the two samples before and after bioconver-
sion. The results are then interpreted in order to understand
the effect of bioconversion on the effective stress-state (f{p)).
The microbial treatment introduces two distinct effects on
coal, the bioconversion induced strains and suppression of
the sorptive strain behavior. The individual impact of the
two effects on the modeled stress state was considered.
The effective stress state (f(p)) was initially modeled for
during primary depletion using Eq. (7). Since all samples
were sourced from the same block, the primary depletion
trend was the same, which is represented by the blue plot in
Figs. 6a and b. With reduction in pore pressure, the value of
f(p) increases. An increase in the value of f{p) is better from
areservoir’s flow perspective. Contrary to conventional nat-
ural gas reservoirs, due to the unique property of desorption
induced matrix shrinkage in CBM reservoirs, the effective
stress state often improves with continued depletion (reduc-
tion in pore pressure), making the reservoir more conducive
to Darcian flow.

Hence, an increase/decrease in the value of f{p) is indica-
tive of an improvement/deterioration of the effective stress
state respectively. When considering only the effect of bio-
strains, as modeled by Eq. (22), both samples (red plots in
Fig. 6) show a significant deterioration in the stress state.
This is proportional to the decrease in cleat/fracture porosity
due to bioconversion, as reported in Table 1. This indicates
that the effective stress state deteriorates, thereby hindering
fluid flow in the reservoir.

We now consider the effect of bioconversion-induced-
strain and the suppression of sorption induced strain due
to bioconversion on the effective stress state. It is assumed

1000
—=—Pre Bioconversion
—— Bio-Strains
750 F ——Bio- and Sorptive-Strains
500 |
A
&
-~
250 k
0 \\\
A) Sample 1
250 (A) Samp
0 100 200 300 400 500 600

Pressure, psi

that both samples had an equal decrease in sorptive-strain
response post-treatment, as indicated in Table 2. The effec-
tive stress state for samples 1 and 2 deteriorated significantly,
as presented by the black plots in Figs. 6a and b respectively.
This is due to the dual-negative effect of reduced porosity
and suppressed sorptive strain response post-bioconversion.
Thus, the effective stress state represented by these two sam-
ples continued to be negative throughout depletion. This
implies that the reservoirs represented by the samples post-
bioconversion will never revert back to the initial stress state
(flp) at 500 psi) of the original CBM reservoir.

4.2 Permeability

Bioconversion induced strains

The pressure dependent permeability (pdk) response of a
BCBM reservoir represented by the samples was modeled
using Eq. (23). Similar to the analysis for effective stress,
changes in permeability during primary depletion were car-
ried out using Eq. (9). Figures 7a and b present the pdk
response of the two samples. In both figures, the blue plots
show the pdk response during primary depletion. As seen
in Sect. 4.1.1, since the effective stress state improved with
depletion, given the combined effects of depletion induced
increase in effective stress and matrix shrinkage, the per-
meability increased continuously with primary depletion.
The permeability after primary depletion was ~ 34 times k.
Given that the modeled loss of effective stress state for reser-
voirs represented by samples 1 and 2, as seen in Fig. 7a and
b, the modeled permeability values for the two cases also
decreased. The initial permeability (k,,) for bioconverted
samples 1 and 2 was~0.23 and 0.46 times &, correspond-
ing to the fracture-pore strains for the two samples, as seen
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Fig. 6 Variation in effective stress state of reservoirs represented by a sample 1 and b sample 2 accounting for bioconversion induced and sup-

pressed sorptive strains
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Fig.7 Variation in permeability of reservoirs represented by a sample 1 and b sample 2 accounting for bioconversion induced and suppressed

sorptive strains

in Table 1. The decrease in porosity post-bioconversion also
suppressed the permeability increase observed during the
primary depletion stage. The modeled permeability of the
BCBM reservoir at complete depletion was ~ 8 and 16 times
ky for samples 1 and 2 respectively.

Bioconversion induced and suppressed sorptive strains
The pdk response of the BCBM reservoirs was modeled
using Eq. (28), considering the combined effect of bioconver-
sion induced strains and suppression of sorptive strains. The
pdk response during primary depletion (blue plot) however
remained the same. Since (de)sorption induced (shrinkage)
strains widens the cleat apertures, resulting in increased flow
rates, the suppression of this behavior would hinder the flow
rates. The pdk response, considering the combined effects
of bioconversion induced strain and suppression of sorptive
strains is shown in the black plots of Figs. 7a and b for sam-
ples 1 and 2 respectively. The pdk response, considering the
combined effects, was almost flat with a near constant value
of 0.2 and 0.5 times k;, for samples 1 and 2 respectively.

5 Experimental correlation

The permeability results modeled above do not provide the
measured flow rates through the coal sample, rather an inter-
pretation of the expected reservoir behavior. Estimating the
actual effect of bioconversion on the flow-coupled geome-
chanical response of the reservoir requires experimental
validation. Limited studies have been reported that meas-
ured the variation in coal permeability due to bioconversion
under stressed conditions. One reported study, conducted
at the University of Alberta (Stephen et al. 2014) on a pack
of crushed coal fines (sized at —70 4+ 100 mesh), reported
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results for bioconversion for a period of 90 days. The perme-
ability of the coal pack (Alberta 1) was estimated at different
times during flooding with the microbial media. The Alberta
1 results, shown in Fig. 8, indicated a continuous decrease in
permeability with continued bioconversion. The final perme-
ability (k,, = 5.2 mD) post-bioconversion was ~60% lower
compared to pre-treatment permeability (ky, = 13.3 mD).
Since the sample was crushed and packed, the physical
characteristics of the coal structure was lost. To overcome
this, two intact whole coal cores from the Illinois basin were
bioconverted for a period of 60 days (Pandey and Harpalani
2019c¢). The permeability of the samples was estimated pre-
and post- bioconversion. The results, presented in Table 2,
revealed a decrease in the permeability of coal cores, similar
to the tests conducted at University of Alberta. The final
permeability (k,,) of the two samples tested, SIU 1 and SIU

12 F

°

Permeability, mD
o

40 60

Treatment Time, Days

80 100

Fig.8 Permeability variation of a coal-fine pack over 90 days of bio-
conversion. (adapted from Stephen et al. 2014)
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Table 3 Permeability (mD) of two samples pre- and post- 60 days of
replicated in situ bioconversion

Condition Sample SIU 1 Sample SIU 2
Before 1.09 0.32
After 0.33 0.18
30
= Alberta 1
+—SIU 1
s b *—SIU 2
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Fig. 9 Modeled decrease in pdk behavior due to bioconversion

2, was 0.30 and 0.56 times its initial permeability (k) prior
to bioconversion.

The permeability values obtained from the three (Alberta
1, SIU 1, SIU 2) samples were then used along with previ-
ously reported data (Bustin and Clarkson 1998; Clarkson
and Bustin 1996; Pandey and Harpalani 2019b; Sabir and
Chalaturnyk 2009) of E,v, €, and P, for the two coal-types
(Alberta and Illinois) to obtain the pdk behavior of the coal
reservoirs pre-bioconversion (]:—"0) and post-bioconversion

(:—"‘). It was assumed that the parameters, cleat compressibil-
b0

ity and sorption induced shrinkage, remained unchanged

during bioconversion. Additionally, characterizing the .
b0

behavior requires estimation of bioconversion induced
strains. However, the permeability results obtained for
Alberta-1, SIU-1 and SIU-2 samples do not directly provide
values for bioconversion induced strains. Simple mathemati-
cal operations on Egs. (9), (10), (12) and (14) made it pos-
sible to estimate the bioconversion induced strains from the
reported permeability data in Table 3.

Since the experimental results indicate a reduction in coal

. . . k k,
permeability post-bioconversion, the k—" and i are not pre-
b0 b0

sented. Instead, we report the decrease in the pdk ratio post-
bioconversion. In doing so, we use the following expression

(decrease in pdk ratio): k‘}:k“‘, which is plotted against pore
1]0
pressure. Figure 9 presents the ‘decrease in pdk ratio’ of the

reservoir post-bioconversion for the experimental samples
(Alberta 1, SIU 1 and SIU 2) and also for Samples 1 and 2
from the imaging experiment.

Figure 9 shows that the permeability of the BCBM res-
ervoir post-bioconversion (represented by Alberta-1, SIU-1,
SIU-2, Samples 1 and 2) will assume a lower value, com-
pared to permeability of the original CBM reservoir pre-
treatment, thereby a positive decrease. This effect is magni-
fied exponentially as the reservoir is depleted further, with
the lowest value at the start of depletion (pore pressure of p,
= 500 psi). The unique characteristic of CBM reservoirs is
that, as the pore pressure decreases with depletion, the res-
ervoir permeability increases due to the dominating effect of
desorption-induced shrinkage. Suppression of the modeled
permeability rebound of BCBM reservoirs would serve to
hinder the production rates, especially in reservoirs where
low-permeability is already a bottleneck to production. Fig-
ure 9 further shows that the decrease in initial permeability
(kyg—k,) and the modeled ‘decrease in pdk ratio’, predicted
by imaging sample 2, were similar to the experimental
results obtained for sample SIU 1. In comparison, imaged
sample 1 over-predicts the decrease when compared to the
three sets of experimental results. The absence of confining
stresses and pore pressures during imaging and treating the
samples can be attributed to the over-estimation. This aspect
needs to be investigated further and is beyond the scope of
the work presented here.

6 Modeling of expected field scale behavior

The work presented allows predicting the reservoir response
of a BCBM operation. A BCBM operation is expected to
have three stages where, in the first stage, the original CBM
reservoir is depleted of its methane content, following
which, the reservoir is recharged using microbial methods
(stage 2). In the third stage, the biogenic methane produced
is extracted. Since experimental investigations and imaging
insights primarily revealed decrease in the fracture porosity
of coal post-bioconversion, we consider the case where a
reservoir is represented by sample 1. However, for the sake
of completion, results from modeling efforts, where the sam-
ple exhibited increase in fracture porosity is discussed in the
Appendix section. Figure 10 presents the modeling (perme-
ability response) results for samples 1. The pdk response
(k/ky) is plotted using logarithmic scale on Y axis as a
function of pore pressure. During the first stage permeability
of the original CBM reservoir increased with depletion. At
the end of stage 1, reservoir permeability was ~ 34 times the
initial permeability (k). This is followed by the recharge
stage. During this period, the produced biogenic methane
is stored in the reservoir, resulting in swelling of the coal
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Fig. 10 Modeled pdk response of a BCBM reservoir represented by
sample 1

matrix and a permeability decrease. However, since bio-
conversion suppresses the sorption-induced-strain behavior
of coal, the permeability of the treated reservoir would be
higher than ky,, which in our case was ~ 15 times k. In the
third stage, when the biogenic methane is extracted, biocon-
version induced strains plays a vital role in determining the
reservoir’s permeability response. For sample 1, as seen in
Fig. 10, the decrease in porosity will result in a drop in the
permeability. Modeling the results indicate that, at the start
of stage 3, the reservoir permeability is ~3.3 times k. It
needs to be pointed out that bioconversion induced strains
are developed continuously during the period of bioconver-
sion (stage 2). Imaging approach only captures the ‘before
and after snapshot’ and that for free standing sample. Thus,
the reservoir permeability most likely deteriorated through-
out the second stage, as indicated by the gray-highlighted
region in Fig. 10. However, the exact path resulting in this
deterioration is not known and requires measurement of
porosity throughout the treatment duration, which is beyond
the scope of the work presented here. The negative effect
of lower cleat/fracture porosity post-bioconversion and sup-
pressed sorptive strains, as seen in sample 1, festers itself
throughout the third stage where, at complete depletion, the
reservoir permeability was ~ 8 times k.

The modeling results indicate that the low-permeability
coal, containing narrow fractures, do not provide an ideal site
for in situ BCBM production. Thus, coal deposits, such as
in the Illinois Basin, do not provide suitable sites for in situ
BCBM production. Operators are encouraged to target coal
seams with higher initial permeability, such as in the Powder
River or San Juan basins. This will ensure that, even with dete-
rioration of effective stress state and reduced pdk response, the
flowrates will be sufficiently high to justify economic biogenic
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methane production rates. This is especially true for depleted
CBM reservoirs in such formations as, during depletion of a
virgin CBM reservoir, there is significant loss of stress state,
and the coal is even suspected to rubblize during depletion,
thus increasing its fracture porosity/permeability significantly.
Application of bioconversion to such deposits can increase
flow rates exponentially, thus providing a site selection crite-
rion for potential BCBM reservoirs.

7 Summary and conclusions

Work presented in this paper quantifies the matrix, pore and
bulk strains developed in coal due to bioconversion. Fracture-
pore strain data was obtained from imaging experiments. For
the first time in reported literature, experiments developed
to monitor matrix bio-strain during bioconversion were car-
ried out and the resulting strain data presented. Addition-
ally, in order to understand the effect of bioconversion on the
geomechanics-coupled-flow response of a BCBM reservoir, a
poromechanical model was developed. The developed model
was then used to understand the effect of bioconversion on
the effective stress state and pressure-dependent-permeability
response of a BCBM reservoir during depletion.

Estimation of pressure dependent permeability response
due to bioconversion, as estimated using imaging approaches
was validated by experimental measurements of flow. The
results revealed a significant loss in reservoir permeability
post bioconversion. The loss in reservoir permeability will
be a bottleneck to successful BCBM production from low
permeability coals, like the Illinois basin. This aspect was
further highlighted in the field-scale modeling results, where
bioconversion-induced-strains along with suppressed sorp-
tive strain response of coal severely restricted the perme-
ability rebound in BCBM reservoirs, an aspect critical to
successful BCBM operation.

However, the results also revealed that reservoirs with
high initial permeability, prior to bioconversion will be bet-
ter suited for in situ bioconversion. This will ensure that the
reservoir will retain sufficient fracture porosity at the end of
bioconversion to ensure economic BCBM production. Any
prospective reservoir can now be analyzed based on the work
presented here to assess suitability from a reservoir perspec-
tive, thus providing a preliminary sife selection criterion for
identifying potential coal deposits for BCBM production.

The heterogenous nature of coal, and the metabolic
uncertainty associated with highly saturated in situ microbial
environments presents a complex scientific problem when
trying to understand BCBM reservoirs. In doing so, the work
presented here captures some unique behaviors of coal sam-
ples when subjected to microbial conversion. Nevertheless,
attaining a thorough comprehension of the procedure will
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necessitate an in-depth examination, extending beyond the
confines of the following:

(1) Understanding the effect of the organic (ex. macerals)
and inorganic fractions (ex. metals and non-metals) in
coal to the potential of bioconversion, and its subse-
quent effect on bioconversion induced swelling.

(2) Developing experiments in a highly controlled in situ
environment, where microbial contamination during
sampling, aerobic degradation of coal and produced
water are minimized to provide the best representation
of in situ environments. Additionally, conducting con-
trolled bioconversion of coal under replicated in situ
stress is also required to understand the expected res-
ervoir-scale response of BCBM reservoirs.

(3) The effect of bioconversion on flow-coupled-geome-
chanical properties of coal, such as fracture compress-
ibility, modulus of elasticity, strength, etc. need to be
understood in more detail. In doing such experiments,
given the destructive nature of the tests and the het-
erogenous nature of coal, samples should be selected
based on a unified stress—strain pretest (under elastic
deformation) approach to ensure selection of samples
with similar mechanical characteristics.

Appendix

The appendix section highlights the effect of increase in
cleat porosity, on the effective stress state and the pressure
dependent permeability response of the reservoir when
subject to bioconversion and depletion. Images reported

VMIAGE Center

in previously reported work (Pandey and Harpalani 2018),
which showed an increase in cleat/fracture porosity post bio-
conversion have been used for the analysis in this section.

Figure 11 presents the SEM image of the sample Al,
pre- and post-bioconversion. Figure 12 presents the pro-
cessed image used to obtain pore-strain data. Table 4 com-
putes the fracture-pore strain, where in this instance a eg of
—1.619 is reported. The negative fracture-pore strain value
is indicative of the increase in total fracture-porosity post-
bioconversion. This is clearly evident in the images as the
horizontal fracture shows an increase in fracture aperture
after bioconversion. Using the approach presented in the
work reported here, the effect of increased fracture porosity
on the reservoir is quantified from an effective stress and
pressure dependent permeability perspective. The matrix
strain value, e? has been assumed to be 0.0038, as obtained
from the experiments reported in Sect. 3.4.2.

In Fig. 13, the baseline blue plot presents how the effec-
tive stress state (f{p)) evolves with continued depletion for a
CBM reservoir subject to initial depletion, prior to biocon-
version. Since microbial treatment results in bioconversion
induced strains, which in this case resulted in an increase in
cleat porosity, the modeled effective stress state improves
significantly compared to the baseline, as seen in the red plot
of Fig. 13. The value of f{p) at the reservoir pressure of 500
psi when considering the effect bioconversion induced strain
is 540 times higher than the pre-bioconversion baseline
value at 500 psi. As previously mentioned, an increase in
the effective stress state is indicative of improved conditions
promoting higher rates and volumes of fluid flow through
the reservoir. At reservoir depletion (pore pressure ~0 psi),
the modeled effective stress state for the reservoir when

S . L e S o
HV | —"L0 L0 111}

0.00 KV SIU IMAGE Center

Fig. 11 SEM mages obtained from sample A1, pre (i)—and post (ii) -bioconversion
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Fig. 12 Processed images from sample A1, where the fracture porosity increased post treatment. (pre (i)—and post (ii) -bioconversion)

Table 4 Image properties

Sample No.  Condition (Image) Total Pixels Black Pixels Porosity (%) Pore strain,e)
Al Before (Al-i) 909,036 4083 0.449 -1.619
After (Al-ii) 901,263 10,602 1.176

considering bioconversion induced strain is at 914 psi, which
is 2.4 times the pre-bioconversion baseline value (of 380
psi).

Coal bioconversion also results in the suppression of the
sorption induced strain response of the coal reservoir, which
is detrimental from a reservoir perspective. The combined
effect of bioconversion induced strain, and the suppression
of sorptive strain is modeled and presented as the black plot
in Fig. 13. It is evident that the suppression of the sorptive
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Fig. 13 Variation in effective stress state of samples Al considering
both bioconversion induced strain and suppressed sorptive strains
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strain response limits the extent to which the reservoir’s
effective stress state improves. However, for sample Al,
since the bioconversion induced strains improved the stress
state significantly, the negative effect of suppressed sorptive
strain was minimized. At reservoir depletion, considering
the effect of both bioconversion induced strain and sup-
pressed sorptive strain, the modeled value for f{p) was 618
psi, about 1.6 times the value at depletion for the pre-treated
CBM reservoir.

Figure 14 plots the pressure dependent permeability (pdk)
of a BCBM reservoir represented by sample Al. Here, the
blue plot shows the baseline pdk response during primary
depletion, prior to bioconversion. As seen in Fig. 13, since
the effective stress state improved with depletion, given the
combined effects of depletion induced increase in effective
stress and matrix shrinkage, the permeability also increased
continuously with depletion. The permeability after primary
depletion was ~ 34 times k.

As sample Al reported having an increase in fracture
porosity, the bioconversion induced strain improved the
reservoir permeability significantly compared to the base-
line. This is evident in the red plot in Fig. 14, where perme-
ability at depletion was ~4200 times k,,. However, given
the suppressed sorption-induced strain behavior of biocon-
verted coal, this exponential rise in reservoir permeability
due to bioconversion induced strain was curtailed, where
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Fig. 14 Variation in permeability response of reservoir represented
by sample Al, accounting for bioconversion induced and suppressed
sorptive strains
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Fig. 15 Modeled pdk response of a BCBM reservoir represented by
sample Al

the permeability at depletion was ~280 times ki, as seen
in the black plot in Fig. 14. This observation highlights the
sensitivity of a BCBM reservoir to pore strains.

Finally, Fig. 15 presents the modeling (permeability
response) for sample Al. Similar to the result presented
in Fig. 10, at the end of stage 1, reservoir permeability
was ~ 34 times the initial permeability (k). At the end of
stage 2, the permeability of the reservoir was ~ 15 times
kyo- However, in the third stage, the bioconversion induced
permeability played a vital role in determining the reser-
voir’s permeability response. As seen in Fig. 15, at the
start of stage 3, the reservoir permeability will be ~ 1800
times k. It is pointed out again that the bioconversion

induced strains are developed continuously throughout the
period of bioconversion (stage 2), and the exact path of
permeability increase is not known. The positive effect
of higher fracture porosity post-bioconversion, as seen
in sample Al festers itself throughout the third stage,
where at complete depletion, the reservoir permeability
was ~4200 times k. The modeling results thereby sug-
gests that high-permeability reservoirs, containing wider
fractures are better suited for BCBM production. This is
especially true if the cleat/fracture porosity increases post-
bioconversion, a possibility yet to be validated by in situ
experimental results.
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