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Experiment Setup

When CO2 is injected into unmineable coal beds it has the potential to enhance 
the amount of methane produced (ECBM) and to geologically sequester CO2 as 
an adsorbed phase. Previous research in our lab has investigated the effects of 
CO2 and helium adsorption on the mechanical and flow properties of sub-bitumi-
nous coals from the Powder River Basin (PRB), including the impact of gas adsor-
pion on bulk modulus, permeability and volumetric strain (Hagin and Zoback, 
2009). This work indicates a factor of ~2 reduction in the bulk modulus of the coal 
in the presence of CO2, which suggests that CO2 should be easily detected in 
time-lapse seismic images. Our previous studies also showed a significant 
amount of viscoplastic creep in the coal samples in the presence of CO2 which  will 
affect the feasibility of long-term CO2 injection. Laboratory work is getting under-
way to study the changes of physical and transport properties associated with 
methane adsorption of coal. These data will be incorporated in numerical reservoir 
simulation studies of ECBM and CO2 sequestration in unmineable coal beds.
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Motivation

 Sample Location and Description

Powder River Basin, Wyoming
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Location map of the Powder River Basin (modified 
from Colmenares and Zoback, 2007).  The red box 
shows the approximate location of our study area. 

Sensitivity of Permeability

Adsorption

Future Work

Our goals in these experiments are to measure 
the physical and flow properties of coal, with a 
focus on collecting data relevant to current CBM 
fluid flow simulators. 

We measured adsorption, deformation, ultrasonic 
velocities, and gas permeability as a function of 
effective stress, pore pressure, and CO2 
saturation, using helium as an inert reference gas.

Powdered samples were crushed and sieved 
through a size 60 mesh. All samples were dried 
under vacuum for 24 hours prior to testing. All 
measurements were conducted at room 
temperature, ~22 C. 

The apparatus is configured for maximum flexibility. Stress
and pore pressure can be controlled independently. Defor-
mation, ultrasonic velocities, and permeability can all be 
measured simultaneously. 
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Adsorption and desorption isotherms specific to 
PRB coals have previously been reported by 
Tang et al. (2005) and Stricker et al. (2006). 
Stricker et al. investigated the stratigraphic and 
areal variability of CH4 adsorption isotherms, and 
found that adsorption and gas content increased 
with depth. 

We modified our laboratory equipment in order to 
measure adsorption (using the volumetric 
method) as a function of pore pressure and 
effective stress. 

We verified our modified equipment by 
comparing our results against those provided by 
Tang et al. (2005), who used a different 
apparatus and the gravimetric method. Results 
are shown in the figure to the right. Note that 
samples from the same interval were tested, but 
due to differences in the equipment design, the 
same sample could not be used. 

Adsorption of CO2 as a function of pore pressure for both intact and 
powdered coal samples. Effective stress was held constant at 150 
psi for all tests. Measurements made in our apparatus (blue lines) 
reasonably match those of the control apparatus (black lines). Note 
that different samples were used in each apparatus.

CO2 Sequestration and ECBM Recovery

Bulk modulus of intact PRB coal samples as a function
of effective pressure. Pore pressure is constant and 
equal to 1 MPa. Interestingly, static bulk modulus 
decreases by a factor of 2 after the coal is saturated 
with CO2.
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To investigate the effect of CO2 adsorption on the mechanical properties 
of PRB coal, we measured bulk modulus using both static and dynamic 
techniques. Static bulk modulus is determined by measuring changes in 
volumetric strain in response to changes in effective pressure. Dynamic 
bulk modulus is calculated from ultrasonic P and S wave velocities and 
the sample density. 

To investigate the effect of CO2 adsorption on the flow properties of PRB coal, 
we measured gas permeability as a function of effective pressure (hydrostatic 
stress). When saturated with helium, both powdered and intact samples show 
a decrease in permeability with effective pressure. However, we also observe 
a sharp decrease in permeability when the samples are saturated with CO2. 
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Gas permeability as a function of effective pressure for both 
powdered and intact coal samples. Pore pressure is constant
and equal to 1 MPa. Adsorption of CO2 causes an order of 
magnitude decrease in permeability, independet of any decrease
due to effective stress.  
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Abstract

Effect of CO2 and CH4 on the P-wave Velocity* of Coal

*As determined from Hagin and Zoback static measurements
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Future Research:
Phase 1: Study the effects of adsorption of methane on physical behabior of 
coal, using:
 Samples:                   Powder River Basin, Wyoming & Powdered Samples
 Adsorbed Gas:          Methane
 Physical Properties:  Permeability, Static & Dynamic bulk moduli, 
                                       Volumetric Strain
Phase 2: Repeat the experitments with CO2 at increased stresses, pore pres-
sures and temperatures
Phase 3: Mixed gases - Lin et.al. showed approximately 10 to 20% by mole of 
N2 will limit permeability reduction when injecting N2 and CO2 mixtures. How this 
will affect mechanical properties will be investigated.

Results Current Work
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Creep Strain Experiments 
PRB Coal Samples 
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To investigate the effect of CO2 on the constitutive behavior of coal, we 
conducted creep strain experiments at room temperature. Interestingly, 
we observe significant creep and viscoplastic deformation in samples that 
are saturated with CO2. 

Volumetric strain as a function of time for both intact and powdered
coal samples. Initially, the samples are saturated with helium. At ~3
hours, the samples are flooded with CO2. Swelling begins as soon 
as the samples are exposed to CO2, and approaches a maximum of 
~1% at a pore pressure of 1 MPa.
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CO2 Swelling Experiments 
PRB Coal Samples 

Intact (Pp = 1 MPa) 

Powdered (Pp = 1 MPa) 

In order to quantify the swelling associated with adsorption of CO2, we mea-
sured volumetric strain as a function of time. Both pore pressure and effective 
pressure were held constant at 1 MPa. In the figure below, negative volumetric 
strain indicates an expansion (swelling) of the sample. 

Conclusion
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Feasibility of ECBM and CO2 seques-
tration at a given site largely depends 
on the predictions from numerical 
models and fluid flow simulations, 
which requires input parameters includ-
ing permeability, volumetric strain,etc

The accuracy of these models depends 
on constraining key input parameters .

A better understanding of the effects of 
adsorption and desorption on the 
physical and flow properties of coal is 
required before advanced models can 
be constructed.
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One-inch cylindrical cores of coal can be mounted in this
set of coreholders. Deformation and stress gauges are 
attached directly to the coreholders. Gas flows through the
sample via the pore pressure inlet/outlet ports.
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Fluid flow maps reveal that the injected CO2 migrates upwards at 
first and then along the top of the coal (figures above).  The 
upward migration of gas is caused by buoyancy forces, owing to 
the density difference between injected CO2 and resident water - 
the gas is less dense than the water, so the gas rises relative to 
the water (Ross et al., 2009).

The PRB contains the fastest growing coalbed 
methane (CBM) play in the United States, with 
approximately 18,000 CBM wells currently in 
place.

Infrastructure for Carbon Capture and Storage 
exists: Wyoming has a number of point 
sources for CO2 capture, as well as  a CO2 
pipeline network, with a proposed extension to 
the PRB.

We focused our study on the Wyodak-Ander-
son coal zone of the Paleocene aged Fort 
Union Formation.

The depth to this coal unit is ~1300 feet and 
coalbed thickness varies from 20 to 100 feet. 
Matrix porosity is ~10%, and cleat permeability 
is 1-10 millidarcies.
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Total volume of CO2 injected and total volume of CH4 produced after 13 years of 
CO2 injection.  Hydraulically fracturing the coal at the base of the injection well in-
creased the total volume of injected CO2 by ~40%.  With ECBM there was a ~5-8 
fold increase in CH4 production. Hydrofrac stands for hydraulic fracture and S&S 
stands for matrix shrinkage and swelling.

Ross et al presented the findings of a CO2 storage feasibility study on 
coalbeds of Powder River Basin, Wyoming,using reservoir character-
ization and fluid flow simulations. (Ross et al., 2009)

The adsorption maps illustrate the area at the top of the coalbed 
where CH4 has desorbed and CO2  has adsorbed after 13 years of 
CO2  injection. The adsorption units are gmoles of CO2  and CH4 ad-
sorbed in the matrix per cubic meter of coal. Where CO2  has been ad-
sorbed the CH4  in place has desorbed, which is expected ECBM 
recovery.(Ross et al., 2009).

CO2 Sequestration Potential of Coalbeds

Simulation results show that if a ho-
mogenous cleat permeability is used, 
the amount of CO2 that be injected 
would increase by ~35% and the 
amount of CH4 that produced would 
increase by ~60% compared to results 
from heterogeneous permeability.

Laboratory measurements of coal samples from the PRB show that 
the physical properties of this coal change significantly when ex-
posed to CO2.
Static bulk modulus was observed to decrease with adsorption of 
CO2 at a given effective stress. Saturating samples with CO2 pres-
surized to 1 MPa caused the static bulk modulus to decrease by a 
factor of 2.
Dynamic bulk modulus was observed to increase with adsorption of 
CO2 at a given effective stress. Increasing the CO2 pore pressure 
from 1 - 4 MPa resulted in a 10% increase in modulus.
Permeability decreases due to changes in effective stress were ap-
proximately equal to decreases caused by coal swelling in re-
sponse to adsorption of CO2.
Significant viscoplastic deformation was observed in samples satu-
rated with CO2. Samples saturated with helium simply deformed 
elastically. 

Volumetric creep strain as a function of time for both powdered and intact
coal samples. For these tests, pore pressure was held constant at 1 MPa, 
and the effective pressure was held constant at 5 MPa. For reference, the
intact, helium saturated sample exhibits elastic behavior (no creep strain).
In contrast, adsorption of CO2 causes intact samples to creep and deform 
as a function of time.


