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ABSTRACT  
 
Since the gas content of Illinois coals is relatively low, application of enhanced coalbed 
methane recovery (ECBM) techniques can increase the production of coalbed methane 
(CBM) significantly. Technically proven, ECBM involves injecting either nitrogen (N2-
ECBM), or CO2 (CO2-ECBM), into coal. However, either gas has a large impact on coal 
permeability.  In the case of CO2-ECBM, temporary permeability loss of up to 100 times 
has been observed in the field.  Therefore, the objective of this study is to determine the 
variation in coal permeability when exposed to these two gases under controlled 
experimental conditions that best replicate the conditions in situ. The study is currently 
underway and this report summarizes the progress made to date. 
 
The overall plan of the research study was to measure the permeability of coal cores, 
taken from the Illinois Basin, and subsequently estimate the variation in its value when 
flooded with CO2/N2. The unique feature of the work is that the experiments are 
performed under uniaxial strain conditions, that is, the sample is not allowed to swell/ 
shrink with continued injection, thus replicating the conditions in situ, where coal is 
constrained laterally.  Hence, the plan was to measure the permeability of coal to methane 
first, by applying appropriate stresses and pressure, followed by injection of CO2 and 
measuring the permeability again, and finally, repeating the procedure with N2.  
 
The findings of the work completed indicate that swelling of coal matrix associated with 
CO2 injection results in a large increase in stresses which, in turn, result in decreased 
permeability. Similarly, with N2 injection, there is a significant negative strain, resulting 
in decreased stresses and increased permeability. The “excess” and “reduced” stresses 
associated with CO2/N2 injection are so significant that the uniaxial strain condition is 
difficult to maintain over the duration of the experiment. In the case of nitrogen injection, 
however, it is estimated that the permeability can increase by more than 100 times. 
 
Under a separate effort, the impact of displacing methane with CO2/N2 on the matrix 
structure of coal was measured in the laboratory. The results indicate that the matrix 
swelling with CO2 flooding is more than three times that induced by methane, and 
approximately one-third with N2 injection. Furthermore, the experimental data fitted a 
mathematical model, similar to the Langmuir model, extremely well. Finally, the relative 
strain measurements, that is, when methane is displaced by CO2/N2, showed that the 
strain induced is not just dependent on the volumes of gas sorbed but also the gas type. 



EXECUTIVE SUMMARY 
 
This research study, currently underway, is a collaborative effort between the US 
Department of Energy (DOE), Advanced Resources International (ARI), Illinois Clean 
Coal Institute (ICCI), Southern Illinois University (SIU), University of Oklahoma, Oak 
Ridge National Laboratory (ORNL), and a consortium of nine organizations currently 
considering CO2 sequestration in deep coals, while enhancing the production of coalbed 
methane (CBM). An important DOE program goal for CO2 sequestration in unmineable 
coals is to perform enhanced coalbed methane recovery (ECBM) field demonstration 
whereby injectivity is maintained at 90% (or greater) of its initial value. Since strategies 
to accomplish this objective are strongly dependent on how coal permeability reacts to 
CO2 injection, it is an obvious issue to address.  
 
The overall objective of this joint research project is to develop an integrated framework 
to accurately predict how coal permeability and injectivity change with CO2 (or any other 
gas) injection, and that correctly accounts for multi-component (CH4-CO2-N2) matrix 
shrinkage/swelling, competitive adsorption, bi-direction diffusion, and system pressure-
volume-temperature (PVT) behavior. As a part of this overall project, SIU has been 
performing methane production and CO2/N2 flood experiments in the laboratory, using 
Illinois coal samples, to observe the matrix strain behavior and permeability changes that 
would be useful to the understanding of the process. The results will be further used to 
test and calibrate the simulator, which will then be used to investigate best strategies for 
mitigating the effects of coal swelling and permeability reduction, and recommend the 
best potential location(s) to conduct the field demonstration of CO2 injection in Illinois. 
 
This research study, in its entirety, is aimed at determining the physical properties of coal 
significant to ECBM and CO2 sequestration. The objective of the part of the study being 
carried out at SIU is to determine the permeability of coal, its variation as a function of 
gas composition, and its matrix swelling/shrinkage characteristics when exposed to CO2/ 
N2. Therefore, the study targeted two tasks, first a set of laboratory experiments by 
flooding methane saturated coal cores with CO2/N2 in order to determine the variation in 
coal permeability, and second,  determining the matrix shrinkage/swelling characteristics 
in order to establish a correlation between the matrix behavior and resultant permeability 
decay/enhancement. 
 
For the permeability task, a flow measurement experimental setup was designed in the 
laboratory with capability of independent control of stress conditions, gas pressure, strain, 
and simultaneous measurement of gas flowrate. The unique feature of this setup is its 
ability to measure and control the horizontal strain caused due to mechanical stresses and 
swelling/shrinkage of the coal due to injection of different gases. To replicate the 
conditions in situ, the experiments are conducted under uniaxial strain condition, that is, 
horizontal strain is maintained constant throughout the experiment; instead, the confining 
stress is adjusted to ensure zero horizontal strain. For this purpose, a circumferential 
extensometer is used, which is able to monitor the horizontal strain. At constant 
conditions of strain, pressure and temperature, permeability enhancement, or damage, is 
estimated by subsequently switching the gas from methane to CO2 for ECBM, coupled 



with sequestration, and N2 for ECBM option alone.  
 
Several test runs were performed on sandstone and Illinois coals to ensure that the 
experimental setup and procedure achieved the desired experimental conditions 
satisfactorily. The first test runs were unsuccessful due to failure of the test samples prior 
to completing the experimental cycle. This was attributed to the fact that automated 
controls were being used to adjust the horizontal stress required to ensure zero horizontal 
strain, and this was resulting in stresses that were in excess of the sample strength. The 
testing procedure was, therefore, changed to using manual controls for application of the 
loads, instead of automated controls, thus ensuring that the horizontal stress was not 
increased excessively. 
 
Using the modified procedure, a core of coal was stressed vertically and horizontally, and 
the horizontal strain was set to zero after achieving stress and strain equilibrium.  CO2 
was then injected gradually and equilibrium was attained. As expected, the combined 
effect of “ballooning” the sample, and matrix “swelling” due to adsorption of CO2, 
resulted in a positive horizontal strain. Effort was made to increase the horizontal stress 
to achieve the desired zero strain condition, but this could not be done successfully due to 
the high stress necessary to do so. The “excess” stress required to maintain the uniaxial 
strain condition can, therefore, be very high, estimated to be as much as five times the gas 
pressure. Such a large increase in the horizontal stress was simply not possible without 
sample failure.  Hence, without bringing the strain down to zero, nitrogen was injected to 
replace CO2. As expected, this resulted in a negative strain after equilibrium. The results 
clearly suggested that nitrogen, if injected into coal, reduces the stresses thus increasing 
the permeability.  
 
The second experiment was carried out using the same stress conditions as before, using 
methane as the flowing gas. The behavior of the sample was exactly as expected, that is, 
the sample swelled with methane injection at 500 psi. The average permeability to 
methane was then measured.  This was followed by injecting CO2 at 500 psi. Shortly after 
starting the injection, there was a positive strain due to swelling of the sample, 
confirming the behavior observed in the last experiment. The strain was negated by 
increasing the horizontal stress gradually. Unfortunately, the experiment had to be 
discontinued.  A third experiment is currently underway using the same experimental 
condition. Methane permeability was measured at 500 psi and termed the “base” 
permeability. The gas was then switched to nitrogen. Again, it was difficult to maintain 
the desired uniaxial strain condition because the “reduced” stress, that is, the stress 
reduction required to maintain these conditions, was so large that is was resulting in a 
complete loss of horizontal stress. Using the theoretical stress dependent permeability 
relationships established in the past, the permeability of the sample to coal was estimated 
to be in excess of 100 times the base methane permeability. The last phase of the 
experiment, using CO2 flooding, is currently underway. 
 
The second task of the study involving measurement of the matrix shrinkage/swelling 
characteristics of coal was initiated using core taken from Herrin seam, provided by the 
Illinois State Geological Survey. The matrix, or grain, compressibility was first measured 



using helium.  The samples were then subjected to increasing gas pressures, in steps of 
200 psi, up to 800 psi. Two samples were flooded with methane, one with nitrogen, and 
one with CO2. Matrix swelling coefficients for these gases were determined at 800 psi. 
The swelling was found to be highest in the case of CO2, followed by methane, and 
lowest for nitrogen, which is expected. The two strain ratios at 800 psi, one for 
CO2/methane and the other for nitrogen/methane, were calculated to be ~3.56 and 0.32 
respectively. Furthermore, the measured volumetric strains were fitted to a model similar 
to the Langmuir sorption model, thus allowing calculation of the sorption-induced 
volumetric strain at any gas pressure. The modeled volumetric strain matched very well 
with the measured values, suggesting that the sorption-induced strain is proportional to 
the amount of gas sorbed. However, the results also showed that the sorption-induced 
strain is dependent not only on the volume of gas adsorbed but the gas type as well. In the 
case of CO2, after a certain amount of sorption, the induced strain is significantly higher 
than that the extrapolated value using a linear dependence. 
 
Following the adsorption part of the experiment, one of the methane saturated sample 
was subjected to CO2 flooding, and the other to N2 flooding, replicating the two ECBM 
alternatives. The results showed that the volumetric strain in the sample subjected to 
increasing N2 concentration decreases, whereas the sample subjected to CO2 flooding 
exhibits a positive strain. Once again, this is expected due to the higher sorptive affinity 
of CO2 for coal, compared to nitrogen.  
 
This work will continue under the auspices of the DOE and consortium for some time in 
the future. It is anticipated that two critical pieces of information will certainly become 
available at the end of the study. First, the “differential swelling”, a term that refers to the 
fact that different gases have different swelling characteristics, with important 
implications for the ECBM options, will become available for CO2/methane and 
N2/methane. Second, the degree of permeability damage with CO2 injection, as well as 
enhancement with nitrogen injection, will become known although the experimental 
conditions might have to be modified. Some information about the “excess” and 
“reduced” stresses associated with injection of CO2/N2 will also become available. The 
ARI personnel will use the results to model the field data from the ongoing pilot in North 
America and Poland. The modified model will then be used by SIU researchers to 
optimize and project the performance of the ECBM/sequestration demonstration project 
in Illinois, currently in the planning stage.  Depending on the results obtained, and DOE’s 
commitment to further support the work, a request will be made for additional support.  
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OBJECTIVES 
 
Overall Project Objective: The overall objective of this project was to develop an 
integrated framework to accurately predict how coal permeability and injectivity change 
with CO2 (or any other gas) injection, correctly accounting for flow behavior in a multi-
gas environment, and make a recommendation regarding the best strategy and potential 
location to conduct the field demonstration of CO2 injection in Illinois. 
 
Specific Objectives of this Study: In order to achieve the overall objective, the 
following specific objectives were pursued at SIU during the project period: 

 
I. Estimate the permeability of coal and its variation as a function of gas composition 

(CH4/CO2/N2) during enhanced coalbed methane recovery (ECBM) using inert gas 
stripping, or CO2 injection/sequestration. 

II. Determine the effect of individual gases (CH4/CO2/N2) on the physical structure of 
coal. 

 
The work was divided into the following different tasks/sub-tasks: 
  
TASK I: Coal Permeability Measurement:  This task included developing a new type 
of experiment involving flooding partially and fully methane-saturated coal cores with 
CO2, N2 and their mixtures, while simultaneously monitoring and controlling shrinkage/ 
swelling behavior and coal permeability. Importantly, ideal in situ conditions were 
replicated, where experiments were performed under uniaxial strain conditions, that is, 
the core was not permitted to physically expand/shrink, just like the conditions are in situ 
due to lateral confinement. Rather, the stresses on the coal were allowed to rise/drop as it 
tried to swell/shrink, thus causing permeability changes. As a sub-task, basic coal 
characterization experiments were performed to support these tests (coal composition, 
isotherms, etc).  
 
TASK II: Coal Matrix Swelling/Shrinkage Compressibility Measurement:  The 
purpose of these tests was to determine the “swelling” of coal with CO2/ N2 injection and 
estimate the relative swelling when methane is displaced by these gases. Again, two 
different ECBM alternatives (CO2/N2 injection) were tested. The sorption-induced 
volumetric strain was measured to determine the effect of gas injection on coal, and using 
these strains, the swelling coefficients for Illinois coals were determined.  
 
TASK III: Reporting and Communication: Since this project involved a consortium of 
the US Department of Energy (DOE), three sub-contractors, and nine partners, a 
significant amount of time was devoted to communicating the results to the partners, and 
attending meetings of the entire consortium.   
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INTRODUCTION AND BACKGROUND 
 

Economical viability of a coalbed methane  (CBM) reservoir depends primarily on the 
gas content of coal and permeability of the reservoir. Furthermore, coal permeability, 
being dynamic in nature, requires that a good knowledge about its variation over the life 
of a reservoir be acquired prior to making any long-term gas production projections. This 
is even more critical in situations where a second gas is injected to enhance the 
production of gas, further affecting the permeability of coal. Enhanced Coalbed Methane 
(ECBM) techniques can have a significant economic impact on commercial CBM 
production, and these must be considered when planning CBM, or CO2 sequestration, 
operations. With enormous coal reserves in the Illinois Basin, ECBM, apart from 
providing excellent potential to increase the recovery of available methane, also presents 
a vast potential to sequester large quantities of CO2. However, prior to any full-scale 
commercial ECBM operation, it is critical to carry out elaborate testing of coal in order to 
obtain accurate assessment of flow characteristics of the coal.  
 
The ECBM technique involves injecting a second gas into a coal reservoir in order to 
improve the recovery of methane over the primary pressure depletion method. Two 
techniques have been tried to achieve the enhancement of CBM recovery. The first 
technique involves injecting nitrogen into a CBM reservoir. Nitrogen flushes the gaseous 
methane from the cleats, thus creating a disequilibrium condition in a system containing 
both methane and nitrogen. As a result, methane desorbs and is drawn into the gaseous 
phase to achieve equilibrium partial pressure [1, 2]. The second technique involves 
injection of CO2, which gets preferentially adsorbed onto coal, thus displacing methane 
[3]. Injection of either gas improves the production rate and ultimate recovery of methane 
substantially. However, it is also well accepted that gas flow behavior of coal varies 
significantly when the flowing gas ad/de sorbs on coal due to changes in its 
microstructure. It is, therefore, important that the flow assessment be performed at in situ 
conditions, where coal can not swell or shrink due to adsorption of gases, or desorption 
of methane. 
 
This study, in its entirety, is based primarily on the finding at the four pilots, one each in 
US, Canada, Poland and Japan, where CO2 has been, or is being, injected in coals. A 
significant loss of initial permeability has been observed at all sites.  The DOE has, 
therefore, focused its research at maintaining CO2 injectivity, as coal adsorbs CO2 and 
swells, at 90% of its initial value. Hence, this ongoing joint research project is aimed at 
developing an integrated framework to accurately predict how coal permeability and 
injectivity change with CO2 (or any other gas) injection, and that correctly accounts for 
multi-component (CH4-CO2-N2) matrix shrinkage/swelling, competitive adsorption, bi-
direction diffusion, and system pressure-volume-temperature (PVT) behavior. Given the 
complexity of the overall project, this research study is a collaborative effort between the 
US Department of Energy (DOE), Advanced Resources International (ARI), Illinois 
Clean Coal Institute (ICCI), University of Oklahoma, Oak Ridge National Laboratory 
(ORNL), and a consortium of organizations currently considering CO2 sequestration in 
deep coals, while enhancing the production of coalbed methane (CBM).  
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The part of the project assigned to SIU was aimed at developing a good understanding of 
the changes in the physical structure of coal associated with release of methane, retention 
of CO2 and N2, and the impact of coal matrix volumetric change on coal permeability. 
Hence, this report is limited to the study initiated at SIU in order to: 1) determine the 
permeability of coal, and its variation as a function of gas composition (CH4-CO2-N2) 
under constant strain conditions, 2) estimate the “excess” stress developed due to 
injection of different gases in coal held under uniaxial strain conditions, and 3) estimate 
the volumetric strain associated with CO2 and N2 injection. 
 
 

EXPERIMENTAL PROCEDURES 
 
Sample Procurement and Preparation  
 
For permeability experiments, blocks of coal were obtained from the Herrin seam in 
Illinois Basin. Cylindrical cores, two inches in diameter and three to four inches in 
length, were prepared using standard rock mechanics specimen preparation techniques. 
The two end surfaces of the specimen were polished to enable proper placement in the 
triaxial cell. For shrinkage/swelling experiments, split cores, prepared from cores 
provided by the Illinois State Geological Survey (ISGS), were used for measurement of 
volumetric strain. Cores and samples were preserved in their native state to prevent any 
damage due to weathering by storing them in an environmental chamber, with no source 
of light and under controlled conditions of temperature and humidity.  
 
Coal Permeability Measurement 
 
Experimental Setup and Procedure: In order to replicate the conditions in situ, 
controlling and monitoring of the external stress conditions and gas pressure are very 
important. The experimental setup for permeability measurement, therefore, included 
independent control of stress and strain conditions, gas pressure (upstream and 
downstream), and measurement of gas flowrate. The unique feature of the experimental 
setup was that it replicated the best in situ conditions under constant strain conditions, 
that is, the core was not permitted to physically expand/shrink, just like it cannot in situ, 
due to lateral confinement. The setup consisted of a triaxial cell, a circumferential 
extensometer to monitor and control shrinkage and swelling of the core, a loading 
system, and a means to monitor and measure flowrate. A schematic of the experimental 
setup is shown in Figure 1. The setup enabled applying both confining and axial stresses 
initially to simulate the conditions in situ. The axial stress was applied by placing the cell 
in a universal testing machine (UTM). The triaxial cell was connected to the hydraulic 
system of the UTM to provide the confining stress. The perforated steel disks and porous 
metal plates were placed at both ends of the sample to distribute (and collect) the gas and 
prevent small particles from entering the tubing. The temperature of the triaxial cell was 
kept constant using a heating tape and temperature controller. The gas containers at the 
inlet and outlet were placed in a water bath, set at the same temperature as that of the 
triaxial cell. The gases entering and coming out of the triaxial cell were, therefore, at the 
same temperature. To keep the downstream pressure constant, a relief valve was used. 
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Experimental Conditions: Cores used for the permeability experiments were taken from 
a depth of 880 feet, with the gas pressure estimated to be ~500 psi. The reservoir 
temperature at the depth was estimated to be 72oF. Hence, all tests were carried out at 
these conditions of temperature, maximum gas pressure, and levels of external stresses. 
Prior to testing, the core, along with the perforated steel disks and porous metal plate, was 
sealed using PVC shrinkage tubing in order to avoid seepage of oil into the core during 
application of stress. The circumferential extensometer was then placed around the core 
and the PVC shrinkage tubing. The step-wise procedure is shown pictorially in Figure 2. 
The core setup was then placed in the triaxial cell, which in turn, was placed in the load 
frame. The sample was then stressed triaxially. 
 
 

 

 
 
 

Figure 1: Schematic of the permeability setup. 
 

After attaining stress equilibrium, the core sample was saturated with methane, at the 
desired pressure, by injecting gas through the inlet and keeping the outlet closed. The 
circumferential strain was set to zero when the pressure and strain equilibrium were 
attained. The strain, from this point on, was not allowed to change during the experiment. 
Swelling/shrinkage due to switching of gases was prevented by varying the confining 
stress appropriately. For each gas, when equilibrium was attained, a pressure gradient of 
40-60 psi was applied across the sample using the relief valve. The pressure, temperature, 
and flowrate at both ends (upstream and downstream) were monitored continuously. 
Using the measured flowrate, permeability of the sample for the gas was calculated. The 
testing procedure was the same for CO2 and N2. Since it took several days to attain 

 1 – Shrinkage Tubing           2 – Triaxial Cell 
 3 – Heating Tape              4 – Insulation Pad 
 5 – Pressure Transducer      6 – Relief Valve 
 7 – Constant Temperature   8 – Humidifier 
       Water bath                  10 – Regulator 
 9 – Gas Cylinder              12 – Perforated Disc 
 11 – Hydraulic System         14 – Circumferential 
13 – Porous Metal Plate                Extensometer    

Gas  

Axial 

Confining 
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equilibrium for each pressure step, a complete permeability test required between one and 
two months. 
 
 
 

 

 
 

 
Figure 2: Sealing of core, perforated steel disks, porous metal plate with shrinkage 

tubing, extensometer attachment and placement in triaxial cell. 
 

 
Coal Matrix Swelling/Shrinkage Compressibility Measurement 
 
This part of the study followed the same experimental procedure described in the final 
report for the ICCI Project 02-1/6.1A-4 [4]. For the sake of completeness, the 
experimental setup, which included a large constant temperature bath and four high 
pressure vessels, is shown in Figure 3. One of the high pressure vessels is shown in 
Figure 4. 
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Figure 3: Constant temperature water bath with four pressure vessels for volumetric 
   strain measurement. 

 

 

 
Figure 4: High pressure vessel with attachments: (1) pressure vessel containing the coal 

sample; (2) fusites for gage connections to data acquisition system; (3) pressure 
transducer outlet; (4) outlet for bleeding gas; and (5) inlet for gas injection.  
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Sample Preparation 
 
Four samples were prepared for a complete set of shrinkage/swelling experiments using 
core retrieved from the Herrin seam in Illinois Basin.  The core was split in to four 
quadrants and all four were used simultaneously in the four high pressure vessels. Figure 
5 shows a typical sample schematically and pictorially. 
 
 

 
 
 

 
Figure 5: Schematic and pictorial diagrams of the sample for volumetric strain. 

  
Experimental Procedure 
 
The samples were first subjected to increasing helium pressure of 1000 psi. Helium being 
non-adsorptive, the volumetric strain was purely due to mechanical compression of solid 
coal, resulting from changes in the external pressure. The measured volumetric strain was 
used to calculate the matrix, or grain, compressibility of the samples. Helium was bled 
out from the sample containers. Two samples were then subjected to step-wise flooding 
with methane, one with nitrogen, and one with CO2. Gas pressure in all four sample 
containers was increased in steps of ~200 psi to a final pressure of 800 psi. Using the 
measured matrix strain, the swelling coefficients for methane, N2 and CO2 were 
calculated. At the end of this part of the experiment, two samples were saturated with 
methane, one with nitrogen and one with CO2.  
 
Following the adsorption part of the experiment, the two methane saturated samples were 
selected to replicate the two ECBM alternatives, that is, inert gas (N2) stripping and CO2 
sequestration.  In the first sample, methane was gradually replaced by N2 keeping the 
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total gas pressure constant, while in the second sample, methane was replaced by CO2. 
The decrease in methane concentration, and simultaneous increase in N2/CO2 
concentration, was performed in four steps. At the end of each step, a sample of gas 
mixture was taken from each vessel and analyzed using a Gas Chromatograph (GC) to 
determine the concentrations of methane and N2/CO2, and calculate the partial pressure of 
the components. The procedure was continued until the gas within, and surrounding the 
sample was pure N2 and CO2. 
 
 

RESULTS AND DISCUSSION 
 

TASK I: Coal Permeability Measurement 
 
This part of the project was unique since, to the best knowledge of the project 
participants, similar work has not been reported prior to this investigation.  Following the 
procedure described, a stainless steel cylinder was first used in place of the actual core to 
calibrate the experimental setup and understand the behavior of the hydraulic, mechanical 
and electronic components of the entire system. The data acquisition system was 
calibrated simultaneously.  Trial tests were then carried out using sandstone samples due 
to their simple, well understood, and documented behavior. Calibration of the triaxial 
testing setup for its use in the permeability experiment was carried out by the MTS 
(manufacturer of the load frame and circumferential extensometer) personnel. The 
purpose of this entire exercise was to understand and fine-tune the procedure and ensure 
proper working of the entire setup. Based on these tests, several modifications were made 
to improve the setup. To confirm proper working of the setup with coal, and gain some 
experience with operation of the setup prior to using valuable cores, four samples from 
the Herrin seam were used for permeability tests. 
 
Permeability Calculation: Darcy’s Law, modified for compressible fluids, was used to 
calculate the permeability of coal. The equation is given as:  
 

o o

m

μ Q L Pk
A ΔP P

=           (1) 

 
where, μ is the viscosity of the gas, Q0 is the volumetric flow rate at the outlet, A is the 
cross sectional area of the sample, L is the length of the sample, P0 is the gas pressure at 
the outlet, ΔP is the pressure difference between upstream and downstream (P0 - Pi ), and 
Pm is the mean gas pressure [(P0 + Pi )/2]. 
 
Permeability Results: In the first trial test using coal, the sample was subjected to axial 
and confining stresses of 800 and 400 psi respectively. After achieving the desired stress 
level, the extensometer was set to zero in order to prevent any further strain in the 
sample.  The sample was then flooded with CO2 at ~300 psi. This test run was 
unsuccessful due to breakage of the coal sample being tested. This was attributed to the 
automated controls being used to adjust the horizontal stress to ensure that there was no 
horizontal strain induced in the sample. The horizontal stress probably became excessive. 
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It was, therefore, decided that manual controls will be used to maintain the uniaxial strain 
conditions. 
 
A second test run was started to monitor the strains induced with injection of CO2 and 
nitrogen.  The core was subjected to axial and horizontal stresses of 1000 psi and 650 psi 
respectively. The circumferential extensometer was set to zero for these conditions of 
stress.  CO2 was then injected gradually to prevent a sudden build-up of pressure in the 
sample, a possible rupture of the shrinkage tubing, or breakage of the sample. The CO2 
pressure was allowed to reach equilibrium at ~120 psi. This resulted in a positive 
circumferential strain (ΔC/C, where C is the circumference of the sample) of 0.072%. 
This strain was the combined result of the effect of physical “ballooning” of cleats, and 
“swelling” of the coal matrix due to adsorption. Keeping the axial stress constant, the 
horizontal stress was increased gradually in an effort to bring the strain to its initial value 
(zero-value), that is, bring the sample back to its original diameter, and simultaneously, 
measure the amount of “excess stress” required to do so. However, after increasing the 
horizontal stress by 330 psi, only 50% of the induced strain was recovered. The excess 
stress is, therefore, significantly greater than the CO2 pressure responsible for the strain, 
and estimated to be as much as five times the gas pressure. Also, at this stage, the axial 
and horizontal stresses were almost equal (~1000 psi).  Hence, any further increase in the 
horizontal stress was not possible without increasing the axial stress as well. This rather 
unexpected finding confirmed that the experimental conditions of uniaxial strain cannot 
be maintained precisely by the automated system since this might result in horizontal 
stresses exceeding the axial stress when bringing the strain back to its initial value, and 
thus sample failure.  
 
Without bringing the sample back to its original dimension, nitrogen was injected in 
order to determine the sample response.  The downstream end was first opened to flush 
out the CO2 and facilitate the injection of nitrogen. The flushing out of CO2 resulted in a 
negative strain of 0.035%, which can be attributed to desorption of CO2 and mechanical 
“de-ballooning” of the sample. Nitrogen was then injected at 150 psi, and the horizontal 
strain was monitored continuously. There was a negative strain of 0.0035% immediately 
after injection of nitrogen. After achieving nitrogen pressure equilibrium at 120 psi, an 
additional negative strain of 0.013% was measured, totaling to a negative strain of 
0.0165%. The downstream end of the sample was then opened to atmosphere, resulting in 
a through-flow of nitrogen through the sample, and this resulted in a further decline of 
0.049% in the strain, bringing the total strain due to nitrogen injection down to 0.0655%. 
At the end of the experiment, there was an overall negative strain of -0.0545%. This is 
expected since the horizontal stress at the end of the experiment was 330 psi higher than 
the starting stress of 650 psi. The measured strain over the duration of the experiment is 
shown in Figure 6. The strain behavior with injection of CO2/N2 is as expected but the 
stresses required maintaining uniaxial strain conditions are not. 
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Figure 6: Variation in circumferential strain. 

 
A third experiment was started with similar experimental conditions, that is, with a 
vertical stress of ~1000 psi and horizontal stress of ~650 psi. The strain equilibrium due 
to these stresses was achieved in approximately 55 hours, after which methane was 
injected at a pressure of 500 psi in gradual steps to avoid subjecting the sample to any 
shock. Methane equilibrium was achieved at this pressure in about 130 hours. After 
attainment of methane equilibrium, a pressure gradient of ~50 psi was applied across the 
sample in order to measure the permeability. Three values of permeability, 0.8, 0.9 and 
1.0 md were measured for methane over a period of 24 hours. Gas was then switched, 
and CO2 was injected at the same pressure. Within fifteen minutes of injection, swelling 
of the sample was observed resulting in a positive circumferential strain. Horizontal 
stress was increased to bring the sample back to its original dimension. The stress 
required to doing so, or the “excess stress”, was so high that that only 30% of the strain 
was recovered with an increase of 330 psi in a horizontal stress. Unfortunately, at this 
stage, the experiment failed and was discontinued. Analysis of the experimental results 
suggested that the gas pressure should be lower than the horizontal and the vertical 
stresses at all times.  
 
Since the concept of “excess” stress is relatively new, it was decided that the permeability 
changes with nitrogen injection will be evaluated first. Nitrogen, being less sorptive than 
methane, would require “reduced” stress to maintain the uniaxial strain conditions, and 
this would be easier to achieve experimentally.  
 
For the last test, the initial experimental conditions were similar except for the stress 
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conditions, which were changed to ensure that the experiment could be performed 
successfully. A vertical stress of ~1400 psi and horizontal stress of ~800 psi were applied 
to the sample. After achieving the strain equilibrium due to mechanical stressing, 
methane was injected at a pressure of ~400 psi and a pressure gradient of 50 psi across 
the sample was applied. The strain induced due to methane injection is shown in Figure 
7. The observed trend is very similar to that measured during previous experiments. 
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    Figure 7: Circumferential strain with methane injection at 400 psi 

            (σv ~ 1400 psi and σh ~ 800 psi). 
 

After achieving methane equilibrium, permeability of coal to methane was measured at a 
mean pressure of ~390 psi, and a pressure gradient of ~50 psi. Three permeability values 
were measured and averaged. This was considered the base permeability. Methane was 
then replaced with N2, all other experimental conditions remaining unchanged, thus 
replicating the N2-ECBM conditions. Displacement of methane by N2 resulted in 
desorption of methane, and thus a significant decrease in the horizontal strain, clearly 
indicating “shrinking” of the sample. The sample was allowed to shrink.  After achieving 
equilibrium, N2 permeability was measured and, once again, three different 
measurements were made and averaged. The permeability to nitrogen was twice that to 
methane. After permeability measurement, the horizontal stress was reduced to bring 
back the strain to its initial value. However, with a reduction in horizontal stress by 300 
psi, only 35% of the strain was recovered. The horizontal stress could not be reduced any 
further as it would have resulted in gas pressure becoming larger than the horizontal 
stress, a condition when the measurements become unreliable, since shrinkage tubing can 
easily burst due to the pressure differential. Three permeability measurements for N2 to 
coal were made and averaged. The permeability was 11 times higher than the methane 
permeability measured at initial conditions, suggesting that with decrease in horizontal 
stress, the permeability increases by an order of magnitude even though the desired 
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uniaxial strain conditions were not maintained. Figure 8 shows the strain for the entire 
duration of the experiment. The experiment is currently underway. 
 
Prior to terminating this part of the experiment, the gas pressure was reduced to zero and 
the horizontal stress was decreased to estimate the magnitude of “reduced stress” 
necessary to recover the induced strain with nitrogen injection. Surprisingly, the stress 
had to be reduced to almost zero. Although permeability measurement at zero stress is 
not possible due to lack of lateral confinement, effort was made to estimate its value 
using theoretical stress-permeability relationship, which is fairly well understood and 
accepted.  
 
The relationship between stress and permeability has been reported by several researchers 
[5, 6, 7, 8] to be of exponential in nature, given as: 
 

k = koeBσ         (2) 
 
where, ko is the permeability at zero stress, σ is the applied stress, and B is a constant 
depending on coal type. A typical relationship is shown in Figure 9.  Since two measured 
permeability values were available, one at 800 and the other at 500 psi, permeability at 
zero stress was calculated using eq (2). This was found to be ~200 times the methane, or 
“base” permeability value under initial stress conditions. Although an interesting finding, 
it is based on one set of experimental results, two measured permeability values, and an 
empirical relationship established in the past. 
 
Based on the experience of the last experiment, it was decided that nitrogen would be 
injected first to ensure that there is no “excess stress” induced as a result of swelling. 
Only after measurement of nitrogen permeability is completed, the CO2 phase of the 
experiment would be started. Also, the fact that the experimental conditions are no longer 
representative of the in situ conditions was discussed with consortium members. At the 
time of preparation of this report, the issue remained unresolved. The consortium has 
hired a consultant to conduct a detailed analysis of the geomechanical behavior of the test 
sample during testing. 
 
The experimental work will continue for some time. Based on the results obtained to 
date, there are several interesting findings. First, “excess stress” induced when gas is 
switched from methane to CO2 would at least be twice the gas pressure. For the test 
completed, increase in horizontal stress of 330 psi recovered 30% of the strain induced by 
switching the gas at a pressure of 500 psi. Extrapolating this suggests that ~1000 psi 
increase would be required to maintain the uniaxial strain conditions. Similarly, when 
nitrogen was injected, decreasing the stress by 300 psi recovered 35% of the induced 
strain, suggesting that it would require ~1000 psi reduction in stress to maintain the 
uniaxial strain conditions. This was further shown by reducing the stress and pressure 
down to zero. Hence, there appears to be no question that nitrogen injection would 
increase the permeability of coal significantly, and CO2 injection reduces the 
permeability.  It is not very clear at this time whether CO2 reduces the permeability 
permanently, or it is a temporary effect. 
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Figure 8: Strain in the coal sample with mechanical stressing, methane injection and methane-N2 exchange.
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Figure 9: Typical stress-permeability relationship for coals. 
 
 
TASK II: Coal Matrix Swelling/Shrinkage Measurement 
 
Helium Injection Results: The first part of the experimental work involved dosing all 
four samples with helium to a pressure of ~1000 psi while monitoring the strain 
continuously. As expected, the volume of coal matrix decreased with helium injection 
due to compression of the coal grains. The results for three samples are shown in Figure 
10. The matrix, or grain, compressibility, defined as the fractional change in the volume 
of solid coal per unit change in pressure is given as:  
 

  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

dP
mdV

.
mV
1

mC                                                                        (3)    

 
where, dP is the change in applied pressure of a non-sorbing gas at both the external and 
internal surfaces of coal matrix. The average strain was measured and Cm was calculated 
to be 8.03E-07 psi-1.  
 
Injection of Second Gas N2/CO2: In sorptive environment, there is an additional 
sorption-induced matrix shrinkage/swelling phenomenon accompanying the flow of gas. 
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Hence, an additional term, matrix shrinkage coefficient ( *
mC ), is defined as follows:  

 

  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

dP
mdV

.
mV
1*

mC                                                                                   (4)  

 
where, dP is the change in pressure of the sorbing gas. 
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           Figure 10: Volumetric strain resulting from helium injection. 
 

 
Adsorption Results: Following helium flooding, the samples were subjected to a 
gradually increasing gas pressure, in steps of 200 psi, up to a final pressure of 800 psi. 
Strain measurements were monitored continuously until equilibrium was achieved at each 
step. After attaining equilibrium, the procedure was repeated for the subsequent step. 
Two samples were flooded with methane, one with nitrogen and one with CO2.  Figure 
11 shows the data recorded for the four steps. The strain induced due to adsorption of the 
three gases is shown in Figure 12.  
 
For pressure up to 800 psi, the volume of coal matrix increased by ~0.18% with N2 
flooding, ~0.58% with methane, and ~2.0% with CO2 flooding.  Using the measured 
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strain for the three gases, matrix swelling coefficients for these gases were determined 

using equation (4). As expected, the value of *
mC was the highest for CO2 (26.1E-06    

psi-1), followed by methane (7.3E-06 psi-1) and then N2 (2.3E-06 psi-1). Hence, the 
swelling coefficient for methane injection was ~10 times the calculated grain 
compressibility, suggesting that grain expansion with methane depletion or CO2 injection 
cannot have any significant impact on the overall strain. The two differential swelling 
coefficients at 800 psi, one for CO2/methane and the other for N2/methane, were 
calculated to be 3.56 and 0.32 respectively. It should be noted that these values are based 
on the assumption that the strain is linearly dependent on gas pressure, and it is apparent 
from the results that this is not the case. However, since this is how this parameter is used 
in the simulator, it was calculated as a first step. For the sake of completeness, more 
precise calculation of the pressure-strain dependence was also carried out although, at 
this time, this has no practical application. 
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Figure 11: Strain induced data with injection of methane, nitrogen and CO2. 
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Figure 12: Volumetric strain for coal samples with increasing gas pressure. 
 
An interesting observation about the results is the difference in the swelling coefficient 
values for the unconfined and confined conditions. For the unconfined sample, the 
methane swelling coefficient is 7.3E-6 psi-1 for pressures up to 800 psi. For confined 
conditions (axial stress of 1400 and horizontal stress of 800 psi), the value calculated 
from Figure 8 is 0.96E-6 psi-1 for pressures up to 425 psi, a difference of almost seven 
times. Typically, swelling and shrinkage are measured for unconfined conditions due to 
ease of experimentation. However, to replicate the conditions in situ, it would be more 
appropriate to measure swelling under confined conditions, or use a factor to adjust its 
value prior to using it since stresses conditions are a reality in the field. 
 
The strain results shown in Figure 12 clearly exhibit a strong similarity with typical 
sorption isotherms. Hence, the measured volumetric strains were fitted to a model similar 
to the Langmuir sorption model, given as: 
 

 
cPP

Pc
+
ε

=ε                                                                                                    (4) 

 
where, ε is induced volumetric strain at gas pressure P, and εc and Pc are the two 
Langmuir-type constants. This equation allows calculation of the sorption-induced 
volumetric strain at any gas pressure. The experimental data, along with that obtained 
using equation (4), is shown in Figure 13. The figure shows that the modeled volumetric 



 18

strains match well with the measured values, suggesting that the sorption-induced strain 
is proportional to the amount of gas sorbed. If this is, in fact, the swelling trend, then the 
swelling coefficient, which is a measure of change in strain with change in pressure, is 
given as: 
 

2
o

oo
)PP(

Pε
dP
εd

+
=         (5) 
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Figure 13: Experimental strain results along with Langmuir-type model. 
 

 
Methane/N2 and Methane/CO2 Exchange Results: The two samples saturated with 
methane (sample nos. 2 and 4) were used for the second part of the experiment, where N2 
and CO2 were injected to displace methane, keeping the total pressure inside and outside 
the sample constant. This was achieved by injecting N2/CO2, while simultaneously 
bleeding appropriate amounts of methane/(methane + N2/CO2) out ensuring constant total 
pressure. With each N2/CO2 injection step, the volumetric strain resulting from gas 
exchange was measured. The resulting variation in volumetric strain is shown in Figure 
14. As expected, the sample subjected to N2 injection showed a negative strain. It 
undergoes less shrinkage than the swelling induced during adsorption of methane. This is 
not hysteresis, but rather the result of adsorption of small quantity of N2, which causes 
incremental swelling. It can also be seen that, at higher pressure, the difference between 
resulting matrix volume produced due to methane adsorption and that due to methane/N2 
exchange is less, while the difference is significant at lower pressure. 
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The sample subjected to CO2 injection exhibited a significant increase in strain, almost 
2.5 times that induced by methane adsorption at 800 psi. This is in agreement with the 
calculated differential swelling coefficient for CO2/methane of 3.56. Again, for nitrogen, 
the relative shrinkage is in agreement with the calculated relative shrinkage with N2 
injection.  
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Figure 14. Volumetric strain as a function of methane pressure. 
 
 

Sorption/Volumetric Strain Relationship: Since the results shown in Figure 12 and 13 
clearly indicate a similarity with the sorption isotherm, sorption isotherms for the coal 
type were established for methane, N2 and CO2. Figure 15 shows the three isotherms.  
Using these isotherms and measured volumetric strain, the strain and sorbed gas volume 
were plotted. This is shown in Figure 16. Excellent correlation was found between the 
volume sorbed and resulting volumetric strain for methane. But when the exercise was 
repeated for CO2, it was found that, for higher absorbed volume, sorption-induced strain 
attains values higher than the correlated values. This is in agreement with the findings 
reported by another researcher [9], suggesting that the strain is not dependent only on the 
volume of sorbed gas but on gas type as well. 
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Figure 15: Methane, nitrogen and carbon dioxide sorption isotherms for coal from Herrin 

seam. 
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Figure 16: Variation of volumetric strain with sorbed volume. 
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TASK III: Reporting and Communication      
  
Since this project involved a consortium of the US DOE, three sub-contractors, and nine 
partners, a significant amount of effort was devoted to communicating the results to the 
partners, and attending meetings of the entire consortium.  Informal presentations of the 
work and discussion about the progress were made at the Coal-Seq IV Forum in 2005, 
ECBM-CO2 Workshop, held at Delft University of Technology (DUT) in 2005, Fifth 
Carbon Capture and Sequestration Conference, held in 2006, and Coal-Seq V Forum in 
2006. Several meetings were also held with ARI and DOE personnel. 
 
One area of research that has emerged from the effort to date, that warrants further 
investigation, is the concept of “excess” stress, that is, the stress induced as a result of 
CO2 injection, and “reduced” stress with nitrogen injection. This can be an extremely 
important phenomenon due to the well known dependence of permeability on stress 
conditions.  
        
 

CONCLUSIONS AND RECOMMENDATIONS 
 

This is an ongoing project and the effort will continue in the future. The current funding 
by the US DOE will continue until June 2007, even if future funding is not approved. A 
major part of the effort during the reporting period was devoted to development of the 
experimental work. Since this was the first ever experience with carrying out 
permeability characterization under uniaxial strain conditions, designing and modifying 
the experimental setup and developing a suitable procedure was a challenge. The 
conclusions are, therefore, based on the work completed to date and somewhat pre-
mature at this time.  
 
Two categories of conclusions can be made, some that are specific to Illinois and others 
that are general.  The general conclusions are as follows: 
 
• At this time, there is no certainty that flow experiments that involve switching of gas 

from methane to CO2 can actually be carried out accurately replicating in situ 
conditions. The “excess” stresses required to maintain uniaxial strain condition might 
be too high to conduct these experiments. One way of getting around this complexity 
would be to use higher applied stresses but this would mean moving away from the 
desired and appropriate conditions. 

• Injection of CO2 results in “excess” stresses that are significant and this can reduce 
the permeability significantly.  It is not clear if the increased stresses will be large 
enough to cause failure of coal. If this is the case, then there might be a significant 
increase in permeability due to the newly formed fractures.  

• Nitrogen injection can result in large increases in permeability, estimated to be more 
than 100 times the methane permeability.  This can have a significant impact on 
recovering gas from very deep, highly stressed, and low permeability coal basins 
worldwide.  
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• CO2-ECBM is a promising technique in terms of the methane recovery fraction as 
well as total CO2 sequestered if it can be further shown that permeability can increase 
with continued injection. 

• The swelling of coal with injection of a second gas is significantly reduced under 
confined conditions. Hence, measurements obtained using unconfined samples should 
be adjusted appropriately prior to use. Similarly, shrinkage of coal with release of gas, 
and injection of a non-adsorbing gas (N2), is significantly higher that that measured 
under unconfined conditions. 

• The sorption-induced volumetric strain follows the sorption isotherm trend. It would, 
therefore, be more appropriate to determine the strain using a Langmuir-type model 
rather than a single coefficient assuming a linear dependence of strain on pressure. 
This would require changing the way this parameter is used when conducting 
simulation using commercial CBM simulators.  

 
Preliminary conclusions specific to Illinois Basin, particularly the Herrin seam, are as 
follows: 
 
• Swelling of coal matrix with injection of CO2 is more than three times greater than 

that caused with sorption of methane. Similarly, shrinkage with N2 injection is one-
third of that with methane. 

• CO2 will cause a permeability reduction initially. But it is possible that, with 
continued injection, the permeability would increase. This would make CO2-ECBM a 
very attractive option, particularly if carbon credits became a reality in the US.  

• N2-ECBM as a technique has technical promise although the incentive to sequester 
CO2 is not there. In Illinois, this would improve the recovery and production rates 
although the overall recovery would not be as good as with CO2 injection. 
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