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ABSTRACT

Determination of In-Situ Properties of Deep Seam Coal Bed Methane for Use in
Permeability Modeling

Corey Ray

Production of natural gas from coal bed methane accounts for 10% of all natural gas produced
in the United States and estimated coal bed methane in place represents a potential doubling
of the country’s natural gas reserves. Deep seam coal, coal beds 4000 feet or more beneath the
earth’s surface, contains as much as three-quarters of current CBM gas in-place, however these
seams have been largely ignored as they are the most difficult from which to produce gas. Deep
seams are generally under higher in-situ stresses and have permeability orders of magnitude
lower than seams closer to the surface.

Currently, deep seam coal reservoir properties are estimated or extrapolated based on
mathematical models. These models, which generally predict permeability orders of magnitude
lower than what is seen in traditional reservoirs, have been shown to be inaccurate by current
deep seam CBM production in the San Juan Basin. Mathematical extrapolation and models
have also used to predict diffusivity changes and gas content isotherms in deep seam coal.

This work seeks to explain the need for better permeability modeling in order to fully explore
the untapped potential of deep seam coal bed methane reservoirs by explaining the vast
potential of this source, examining the key effects of permeability on methane production from
deep seam coal, and evaluating the limitations and inaccuracies affecting the current state of
permeability modeling.



ACKNOWLEDGEMENTS

| would like to express my deepest gratitude to my research advisor and department graduate
coordinator, Dr. Kashy Aminian, for his support and guidance throughout my research and the
construction of this problem report. | understand Dr. Aminian’s busy schedule and his
availability and encouragement have been a huge help in the completion of this project.

Equally, | would like to thank Petroleum and Natural Gas Engineering Chairperson, Professor
Sam Ameri. Professor Ameri’s constant reassuring presence was graciously appreciated during
the more difficult times of this project. His broad knowledge of petroleum engineering helped
to improve the quality of my work and added to my learning experience.

| would additionally like to express gratitude to third member of my committee, Dr. Alan
Brannon, for whom | have had the pleasure of working for in the capacity of a teaching assistant
over the past year, as well as Dr. Pramod Thakur who initially attracted me to the field of coal
bed methane study. The field experience brought by these two men has helped to add real-
world understanding to the academic nature of the information contained in this report.

Dr. llkin Bilgesu, Dr. Shahab Mohaghegh, and Dr. Ali Takbiri also deserve a mention for their
help and insight during my two vyears studying at West Virginia University.



CONTENTS

ADSEIACE ..t et e e i
Yol Lo XY L= F={=T o =T o USSR iii
INEFOAUCTION ..t s e e s e e e s e e e sabe e s ssneesnnee e 4
Problem StatemeNnt ... e e 4
LIterature REVIEW ......iiiiiiiiiiiiiii e 4
(0] o] 1= o oI AY=T o Yo T A @ o 1=Yox i 1V U 6
(0T o] 1= o g 3Y=T o To Tt A @ LU [ o= 6
Fundamentals Of Coal Bed Methane.........coouiiiiiiiiiiieeeee e 7
Rock Properties and Gas Storage MechaniSm ........c.eviiiiiiiie i e e 7
Gas Composition, Content, anNd FIOW........oooviiiiiiiiiic e 9
Production and DeClINE CUIMVES .....c..eiiiiiiiiie ittt 11
Permeability Prediction MOAEIS .......ccoi e e e e e rae e e e e 12
Permeability and ProdUCLION ........coeiiiiieeiiiiec ettt e e e e e e rer e e e e 12
Initial Permeability MOAEIING .......cvivi i e e ee e 12
CUITENT IMIOAEIS e s s e s e s e e e 15
Palmer and Mansoori Permeability Model .........coooeimiiiiieiii e 15

CuUi and BUSEIN IMOE ....c..eeiiiiiiiiiiie e s s 16
Shiand DUrUCan MOdEl .......cooiiiiiiii e e s s 16

Y ToTo 1=Y @] g Yo T= T o) o ISR 17
Tonnsen and Miskimins WOTK ........c.ceiiiiiiiiiiiiiieeeee e e e 18
Experimental Design and IMPact......cciie i e e e et e e e e e s e e aaaraeeeeeeas 19
EXPEIIMENTAl DESIZN wreveeieeiieiiiiieeeeee ettt e e e eeserrr e et e e e e e s e etrbeeeeeeeeeessastsaaeeeeeeeessannrraneeeeens 19
RESUILS ..ttt et r e st e nn e e e n e nneas 20
00T o - Tt RSN 20
(60] 3T [V 1Y [ o I PP P PR UPRTRORRRPRN 22
2 F=T =T o Tol =TSPTSRO PR 23
Appendix A: Major Coal Bed Methane Basins in The United States .......ccccceeeeeeieiiciiiveeeeeeeeeeennns 25

Appendix B: Permeability MOEIS........cuvveeiiiiiiiciieeeeee ettt e e e e e b aee e e e e e e eenans 26



Palmer and Mansoori Permeability MOl ..........ooocuuriieiiiiiiiiiieeeec e 26

Cui and BUSTIN MOEl ..o e e e 26
Shiand DUNCAN MOAEl .......oiiiiiiiii e e s e 26
1Y/ FoT 1Y I @] o Y o Y- Y ] o 1 SRR 27
Appendix C: Pressure TranSient TESTING ....cuieeiii e e ce st e e e ecrerre e e e e e e e senerereeeeeeeenanns 28



TABLE OF FIGURES

Figure 1: Reservoir Spectrum showing the approximate Organic Content of rocks that comprise
natural gas reservoirs (PetroWiki, 2013).......cuciriieeiieiece e ce ettt e e e e e s e s s eraene e e e s 7

Figure 2: Generic Langmuir Isotherm For Natural Gas adsorption in Coal (Halliburton, 2007)......9

Figure 3: Results of simulations showing the effect seam permeability has on gas production for
fracture half lengths from 100 to 600 feet (Spafford and Schraufnagel, 1992)........ccccceveveevenenne. 13



INTRODUCTION

PROBLEM STATEMENT

Currently, three modern modeling approaches exist for the purpose of determining deep coal
seam permeability relative to the producibility methane gas from the seam (Tonnsen and
Miskins, 2010). Relying on extrapolated values of these coal beds for prediction, limited
production data from deep seam coal beds have shown that these models are not as accurate
as originally believed, and their accuracy varies from seam to seam and from Basin to Basin.
Inaccuracies in the models can also be attributed to use of these models in beds that are not
horizontal (in the case of the Shi and Durucan model) or overly pessimistic in their prediction
(as shown by the Cui and Bustin model in the San Juan Basin coals at depths greater than 7000
feet). The underlying assumptions made in the development of these models (such as the effect
of initial porosity on the Palmer and Mansoori model) may also attribute to the inaccuracy seen
in the applications of these models when compared to production data(Cui and Bustin, 2005,
Palmer, and Mansoori, 1998, Shi and Durucan. 2005, Tonnsen 2010).

As a result of the outlined shortcomings, there currently does not exist a model that can
successfully predict permeability and permeability changes in deep seam coal under all
circumstances encountered when dealing with coal seams (Tonnsen and Miskins, 2010). This
primarily results from a lack of available in-situ data. Deep seam coal is not typically mined for
economic reasons, and, as a result, the necessary data that could be used to predict
permeability and production is not as abundant as in conventional reservoirs or in shallow
seams (Halliburton, 2007). Collection of data from various coal seams regarding permeability,
gas content (and the associated Langmuir properties), diffusivity, and other in-situ properties is
the initial step necessary for the development of permeability models that can accurately and
reliably  predict changes in  permeability based on seam  properties.

LITERATURE REVIEW

Of all readily available fossil fuels, the cheapest and cleanest is methane gas, CHs. Methane is a
significant source of energy for use throughout the world, and is readily used throughout the
United States. Coal bed methane (CBM) is a significant source of natural gas methane that
accounts for nearly 10 percent of the United States’ natural gas production. Coal bed methane
is especially attractive because it contains very little by volumetric percent of heavier
hydrocarbons (propane, butane, and other higher order paraffins). This higher percentage of
pure methane, combined with the lack of hydrogen sulfide and the absence of natural gas
condensate, means that CBM requires less processing in order to get gas to market
(Halliburton, 2007, Wyman and Kuuskraa, 1995). CBM, therefore, incurs less processing cost
and can be more quickly moved from wellhead to burner tip.



Extraction of methane from coal seams began as a way to vent methane from coal mines due to
safety concerns. Methane is, by nature, highly flammable and equipment used in coal mines
could ignite the gas and cause massive, deadly explosions. In fact, methane has a very low
explosive limit in air (5-15% by volume) and mines containing gassy coals (coal rock which is
saturated with adsorbed methane molecules) must have methane removed before mining can
begin (Halliburton, 2007).

Within coal beds, methane molecules get adsorbed into the matrix of the solid organic
compounds that comprise coal. This process involves methane in a near-liquid state lining the
pores of coal and adhering to the coal molecules within micropores found in the rock. The
adsorption process separates coal bed methane reservoirs from typical reservoirs which trap
gas using local geological properties such as cap rock. The adsorption process is positively
affected by the pressure increases. This contrasts the behavior of conventional reservoirs in
which gas storage capacity is a function of gas compressibility. The mechanism also allows high
storage capacities in situations which would normally be seen as non-porous; high gas contents
(>300 scf/ton) have been seen in coal with porosity less than 2% (Diamond and Schatzel, 1998,
Halliburton, 2007).

It is currently estimated that % of a Quadrillion (0.75 Qcf or 750 Tcf) of natural gas is in-place in
coal seams in the United States'. Of this, less than 15% is currently recoverable (less than 100
Tcf), however, it is believed that deep seam coal bed methane, methane in coal beds deeper
than 4,000 feet, contains between one-half to three-quarters of the estimated gas in place
(Diamond and Schatzel, 1998). Coal bed methane from deep seam coals has enormous
potential to increases the natural gas reserves of the United States; the most optimistic
estimates have deep seam coal bed methane representing a potential doubling of US gas
reserves. While deep seam CBM has much potential as a source of our nation’s energy, the
resource has been largely ignored due to current limitations and recovery methods.

The primary hindrance to recovery from deep seam coal is the perceived lack of formation
permeability. Permeability is considered to be the most crucial factor when determining the
viability of a coal seam as a gas producer and current mathematical models estimate in situ
permeabilities of deep seam coal bed reservoirs on the order of micro- and nanodarcies, orders
of magnitude below conventional reservoirs and beneath the acceptable limits of hydraulic
fracturing(Allred 1980, Halliburton, 2007). This leads to many operating companies ignoring
deep seam coal bed methane as an economically viable source of natural gas.

Initial permeability models suggested that permeability decreased by as much as 20% per 1000
feet of depth below 4000 feet and anything below 7000 feet was unproducible (McKee, Bumb,

!See Appendix A



and Bell, 1984). More recent models have refuted these findings as overly pessimistic and
suggest that geological conditions can serve to overcome permeability, but still predict
permeability to be on the order of microdarcies. The production predicted by these more
recent models have shown to be inaccurate when compared to actual production data. In the
San Juan Basin, production at depths of 7,000 feet and greater have produced between 3.8 and
14 MMcfd of sustained flow and with permeabilities twice to eight times greater than predicted
(Tonnsen and Miskimins, 2010).

The discrepancies between models and actual production highlight the need for in-situ data
that can accurately describe the permeability conditions in deep seam coal. This data will
further be supplemented by data on diffusivity and gas content in deep seam coal. By collecting
this in situ data, it is believed that production can be better predicted and hydraulic fracturing
programs could be designed that allow for efficient recovery of natural gas from deep seam
coal.

PROBLEM REPORT OBJECTIVES

The objectives of this report are two-fold. First, an understanding of coal bed methane,
including fundamental differences between this source of natural gas and conventional gas
reservoirs, will be developed that allows for a better awareness of the potential for coal bed
methane production and the importance of increased recovery from deep seams. Secondly, this
report will explain why current permeability prediction models associated with performance
prediction are insufficient and inaccurate compared to actual production data. The report will
also offer potential solutions which could be used in further research to develop more accurate
prediction models.

PROBLEM REPORT OUTLINE

The report is broken down into three sections. The first section on coal bed methane
fundamentals outlines the basic concepts of coal bed methane production, compares coal bed
methane reservoirs to their conventional counterparts, discusses the role that deep seam coal
bed methane plays in the overall field of natural gas production, and introduces the critical role
that formation permeability plays on the recoverability of natural gas from a coal seam. The
second section of this report focuses on current permeability prediction models used in deep
seam coal. This section also explains the limitations faced by each of these current models and
discusses inaccuracies seen when these models are applied to production data from the San
Juan Basin. The final section of this report contains a brief blueprint for a method to collect data
from deep seam coal beds in order to create more accurate models that can more accurately
indicate permeability for all deep coal seams.



FUNDAMENTALS OF COAL BED METHANE

ROCK PROPERTIES AND GAS STORAGE MECHANISM

The composition of coal is highly organic in nature and rarely contains greater than 20%
inorganic ash in terms of weight composition. In the United States, the basin producing the
greatest amount of coal bed methane in terms of volume, the San Juan Basin in Colorado, has
inorganic content compositions of between 7 and 19% while the first basin to commercially
produce CBM, the Black Warrior Basin in Alabama, has lesser amounts of inorganic ash, 3 to
14% (Halliburton, 2007).

As shown below in figure 1, coal is, in terms of organic content, vastly different than the rocks
which compose conventional and unconventional shale reservoirs. On one end of the spectrum,
tight sands contain essentially no organic material. Sandstones and limestones, which comprise
the majority of conventional reservoirs, contain 15-35% organic material, and fractured shales,
such as those encountered in the Marcellus and Utica Shales, have organic contents of 45-60%.
Coal, as previously detailed, contains 80-100% organic content by weight (Halliburton, 2007).

Reservoir Spectrum
“Tight Sand” «—————— Fractured “Shale”

50 -——> 75 €<—> 100

Organic Content, wt. %

Gas Filled Porosity

(Compression)
Gas Filled Micropores

(Adsorption)

Water Filled Porosity

FIGURE 1: RESERVOIR SPECTRUM SHOWING THE APPROXIMATE ORGANIC CONTENT OF
ROCKS THAT COMPRISE NATURAL GAS RESERVOIRS (PETROWIKI, 2013).

Higher rank coals used to produce methane are also more elastic than conventional reservoir
rock and are brittle and easily crushed. Coal is characterized by a lower Young’s modulus and
high Poisson’s ratio when compared to conventional reservoir rock. The Young’s Modulus of
coal is typically between 4 and 7 GPa, a value that is much less the typical Young’s Modulus
value of 80-100 GPa for sandstone and 20-80 Gpa for limestone (Halliburton, 2007).



Experimentally, coal has also been shown to have a Poisson’s ratio of approximately 0.4, which
is slightly higher than the Poisson’s ratio of sandstone (0.2 to 0.33) and limestone (0.2 to 0.3)
indicating coal is more likely to deform under higher in-situ pressure than conventional
reservoir rock (Halliburton, 2007).

Because of the elastic properties of coal, the rock is pseudoelastic under normal pressure
conditions and exhibit almost fully elastic characteristics under high pressures. Deep seam coal
at extremely high pressures has exhibited a phenomenon in which the coal seemingly flows a
result of the elastic properties at these in-situ stresses and pressures (Cui and Bustin, 2005).

The viscoelastic properties of coal result in coal having a relatively low permeability when
compared to sandstone or limestone with permeability decreasing with the seam depth. In
deep seam coal, permeability values are believed to be 10 microdarcy (0.01 millidarcy) or lower
in coal deeper than 4,000 feet; values which can be orders of magnitude lower than shallow
coals. Current recovery and hydraulic fracturing techniques are inefficient at such low values of
permeability and, as a result, seams with such low permeabilities cannot sustain economically
feasible flow rates (Mavor and Gunter, 2004, McKee, Bumb, and Bell, 1984, Palmer and
Mansoori, 1998).

The method of gas storage mechanism in coal also shows marked differences than the storage
method of conventional natural gas reservoirs. In coal, the process of adsorption, the
intermolecular forces causing adhesion, in micropores is responsible for holding methane
molecules to the surface of the solid coal. In conventional natural gas reservoirs, natural gas
occupies the void spaces between grains of rock and sand and is considered “free gas “ and is
free to move around the pore space instead of adhering to the walls of the cap rock. The
natural gas can be associated with petroleum (oil) reservoirs or can exist as a true gas reservoir,
being held in place only by the existence of a cap rock that acts as a trap (or seal) and keeps the
natural gas from further migration (Gray, 1992).

Natural gas can also be stored in the natural fractures of coal, and some methane may also be
found dissolved in water stored in these fissures, but the majority of methane is held to the
walls of the rock by the intramolecular forces causing adsorption. The adsorption mechanism
allows for gas storage to be high even in reservoir rock with a porosity of less than 5%. Once a
coal seam is dewatered, gas can be desorbed from the coal as a result of lower coal matrix
pressure brought about by hydraulic fracturing (Gray, 1992).



GAs ComMPOSITION, CONTENT, AND FLOW

Natural gas stored in coal seams is typically higher in methane content than natural gas coming
from conventional reservoirs with methane (and well as carbon dioxide and nitrogen) content
varying depending on the age of the biogenic sources of the coal. The reason for the high
methane content is selective adsorption (and, conversely, selective desorption) by the
molecules comprising coal. Ethane and more heavily saturated hydrocarbons are adsorbed
more strongly to the coal and as a result are not as readily desorbed. As a result, when seam
dewatering and fracturing occur, the methane molecules are more easily produced from the
seam (Halliburton, 2007). All told, the natural gas produced from coal seams typically contains
greater than 90% methane with contents as high as 96-98% methane in older seams (Gray
1992).

The micropores in coal contain one billion square feet of surface area per ton of coal which
allows for coal to hold two to three times the natural gas in the same volume as a sandstone
reservoir at the same depth with a porosity that is ten times greater. Gas in place in coal seams
increases with depth, similar to conventional reservoirs, but the increase in pore pressure with
depth positively affects the adsorption capacity of the rock allowing for more methane to be
adsorbed (Halliburton, 2007). This increase in adsorption capacity is different than the increase
in gas compressibility seen in conventional reservoirs, and the volume in place can be described
by Langmuir isotherms relating pressure and volume for different coal seams as seen in figure
2.

Langmuir Isotherm

Gas Content
V(P)

Pressure

FIGURE 2: GENERIC LANGMUIR ISOTHERM FOR NATURAL GAS ADSORPTION IN COAL
(HALLIBURTON, 2007)



Gas content can also be affected by other variables such as the ash content of the coal, the rank
of the coal, the formation temperature, and the chemical makeup of the coal as a result of
geological time”.

In coal, the mass transport driving desorption and production is initially dependent on the
methane concentration gradient across the micropores of the coal. This law, called Fick’s law,
relates the diffusive flux of the media to the diffusivity, concentration, and position and
describes how flow changes with concentration differences (Halliburton, 2007, Gray, 1992).

d¢
= —D—-
/ dx
Equation 1 - Fick’s Law: Diffusive flux (J) is proportional to the diffusivity of the media (D), the

change in concentration (d¢) and the change in position in which diffusion is looked at (dx).

This relationship changes, however, once the desorbed gas reaches a fracture or cleat in the
seam. At the point of reaching a fracture, the gas flows in the same manner as it does in a
conventional reservoir by moving down a concentration gradient from areas of high pressure in
the formation to areas of lower pressure in the wellbore. This flow follows Darcy’s law
(equation 2) in which fluid flow is directly proportional to the formation permeability, cross-
sectional area of the flow, and pressure difference, and inversely proportional to the length
over which the pressure drop occurs and the viscosity of the fluid (Gray, 1992).

_ —kA AP

u L

Equation 2 — Darcy’s Law: Fluid flow rate (Q) is related to the permeability of the medium (k),
the cross-sectional area (A), pressure drop (AP), length over which the pressure drops (I), and
fluid viscosity ().

? These variables can greatly affect the amount of gas that is adsorbed in a seam. For depth comparison, shallow
coals in the United States (less than 2,000 feet) hold between 23 and 200 square feet of methane per ton while
deep seam coals have been shown to hold between 500 scf/ton to 600 scf/ton (3,500+ ft). Age also plays a role as
the older coal seams in the Appalachian basin show 700 scf/ton at relatively shallow depths of 1,500 — 2,000 feet.
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Overall, coal is capable of storing a higher volume of natural gas, which is a greater percent of
methane by weight, in the same conditions as conventional reservoirs. The production of coal
bed methane occurs through two mechanisms and both of these must be considered when
determining the feasibility of completing a well in a given seam.

PRODUCTION AND DECLINE CURVES

Production curves from coal bed methane have been shown to increase during the initial
phases of production (6 months to 2 years) and then slowly decline over extended periods of
time. The widely held belief is that this behavior is due to coal seam dewatering in which seam
pressure is slowly lowered over time. Using well-decline behavior, gas coefficients and drainage
areas were calculated and advanced computer models have indicated that coal reservoirs are
capable of producing methane for 20-30 years (Halliburton, 2007). Comparing these predictions
with production data from coal basins across the country has confirmed the accuracy of these
models. This characteristic of an extended life is conducive to long-term contracts that are
desired by utility companies.

The production curves of coal bed methane reservoirs differ slightly from those seen in
conventional reservoirs which may decline markedly due to pressure drops or over production
or which need enhanced stimulation techniques to extend ultimate economic recovery. This is
also markedly different from the decline curves of other unconventional sources, such as tight
sands and shale, for which production based decline curves are not readily available or are
incomplete.

11



PERMEABILITY PREDICTION MODELS

PERMEABILITY AND PRODUCTION

Permeability is widely accepted as the most crucial factor when determining the economic
feasibility of completing and producing from a coal deposit. In order for natural gas production
from coal seams to be economically viable, the combination of fractures from formation
geology and those created by hydraulic means must provide sufficient permeability.
Permeability is ultimately a function of fracture interconnections, fissure openings (and degree
of openings), direction of cleats within the coal seam, the water saturation and depth of the
formation, and the in-situ stresses acting on the seam (Halliburton, 2007).

The determination of effective permeability of the reservoir to methane at all stages of
production is necessary for the development of an accurate picture of potential producibility of
a CBM formation. During the initial stages of production, the fractures and cleats of the seam
are fully saturated by formation waters, but the water content declines to an irreducible
amount as peak production is reached. This results in water production approaching zero. It is
at this point in the life of the well that the flow regime of the gas approaches single phase. A
single phase regime continues throughout the rest of the life of the well and is favorable to
performance prediction because effective permeability is generally an easy variable to estimate
(Mavor and Gunter 2004).

INITIAL PERMEABILITY MODELING

In 1992, researchers Spafford and Schraufnagel used a series of computer simulations to
estimate the effect of changes in coal seam permeability on production on the Black Warrior
Basin in Alabama while varying fracture half-lengths between 100 and 600 feet. The results of
this study can be seen in figure 3 on the next page. From these studies, the following
conclusions were reached:

e Permeability greater than 10.0 md does not require fracturing as fracturing does
not greatly improve the production of these wells

e Permeability between 1.0 md and 10.0 md will have production greatly
increased by hydraulic fracturing

e Permeability of 0.1 md to 1.0 md can have production increased by fracturing,
but the increase is minimal when compared to 1.0 md to 10.0 md wells.

e Permeability below 0.1 md is unaffected by hydraulic fracturing. Fracturing can
result in a brief increase in production, but the rates are unsustainable.

Further research and simulations have indicated that these results are applicable to other
methane producing basins.

12
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FIGURE 3: RESULTS OF SIMULATIONS SHOWING THE EFFECT SEAM PERMEABILITY HAS ON
GAS PRODUCTION FOR FRACTURE HALF LENGTHS FROM 100 TO 600 FEET
(SPAFFORD AND SCHRAUFNAGEL, 1992).

The result of this research is selective discrimination of coal seams depending on predicted
seam permeability (Spafford and Schraufnagel, 1992). Formation permeability is, however,
difficult to accurately predict as core tests may not be able to accurately simulate in-situ
stresses and sample sizes may be inaccurate concerning representations of natural fracture
systems. In addition, results are often extrapolated mathematically across ranges of depth
resulting in the compounding of these errors.

Pressure transient tests® provide another option for permeability prediction, but these tests are
extremely costly for deep seams and operators are hesitant to spend the money to perform
such tests as wells may be dry or unable to be fractured. As a result, the development of
models capable of predicting seam permeability has become necessary (Lee, Rollins, and Spivey
2003, PetroWiki, 2013).

Permeability modeling for deep seam coal has two major shortcomings. The first is a lack of
reliable data. Seams deeper than 4,000 feet are not mined, and, as a result, degasification of
these mines is solely done for commercial purposes. Samples from these depths are not readily
available, so the small amount of available data must be extrapolated, and assumptions must
be made, in order to develop models applicable to the seam. Also, the Langmuir isotherms of
coal indicate that more gas can be adsorbed with pressure (and associatively depth) increases.

3 Particularly Pressure Buildup, Slug Tests, and Drill Stem Tests
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These deeper coals are also more mature than shallow coals because of higher temperature
and pressure and the higher pressure provides an additional driving force for production once
the gas reaches Darcy flow (Allred, 1980, Gray, 1992). As a result, models must take into
account the changes in coal rank and viscoelastic properties as well as formation pressure and
gas content with changes in depth in order to develop a realistic model.

The first attempt at modeling permeability came from McKee, Bumb, and Bell in 1988. These
researchers collected permeability data and used the Carman-Kozeny equation (equation 3) to
develop a relationship between permeability and depth for three major coal basins in the
United States.

¢3
(1- 2

Equation 3 — Carman-Kozeny Equation: describes permeability (k) as a function of porosity

($).

k= f(

The results of the work, show that in coal seams deeper than 4,000 feet, permeability
decreases sharply at a rate of approximately 20% per 1,000 feet of depth. If we correlate the
work of McKee, Bumb, and Bell with that of Spafford and Schraufnagel, the model predicts that
any deep seam well in the formations under investigation located at a depth of 7,000 feet or
greater will be unrecoverable due to a permeability of less than 0.1 md (McKee, Bumb, and Bell,
1984).

This model is overly pessimistic when determining permeability. argue Kuuskraa and Wyman,
because of three major flaws. The first issue is an assumption that the minimum horizontal
stress gradient is equivalent to the vertical stress gradient. This assumption is not always true in
situ as values of horizontal stress have been reported that are much lower than vertical stress.
As a result of these low horizontal stress values, permeability values may be 100 times greater
than those predicted in the model. Secondly, formation damage near the wellbore, which
created a skin factor, was unaccounted for in the slug tests performed in data collection. As a
result of ignoring this skin factor, recorded skin factor values may have been artificially low.
Finally, Kuuskraa and Wyman argue that the use of the Carman-Kozeny equation is improper in
coal as the equation was developed only for sand and limestone formation and has not been
verified for unconventional formations (Kuuskraa and Wyman, 1993).

As shown by an analysis of the previous method, the need for further development of
permeability prediction equations is necessary for performance prediction of deep seam CBM
wells.

14



CURRENT MODELS

Over the past twenty years, three models have arisen that look to more accurately predict
permeability and deep seam production as a function of stress, porosity, matrix shrinkage,
diffusivity, and other factors. These three models, the Palmer and Mansoori Model, the Cui and
Bustin Model, and the Shi and Durucan model are detailed in this section.

PALMER AND MIANSOORI PERMEABILITY MODEL

The most common model in use is the Palmer and Mansoori Model, developed in 1998, which
considers formation changes in matrix shrinkage and stress effects to predict permeability. The
method combines the use of four equations to calculate normalized porosity:

(0] Bp Bpo

_ Cm & (K
=1t e (1) G T

)

1 (K
=i (s )y
_ E(1-9)

T (1+9)(1-29)

E

K=3a=29

Equations 4-7: Palmer and Mansoori Permeability Model

Using these equations, changes in porosity are calculated from elastic moduli, initial porosity,
sorption isother parameters, compressibility, and pressure drawdown. (K=bulk modulus,
M=constrained axial modulus, E=Young’s modulus, 9=Poisson’s ratio, e;=maximum shrinkage
strain, B=1/P, = Langmuir pressure constant, f = a fraction, and y = grain compressibility). The
changes in porosity are then inputted into a modified Carmen-Kozeny below equation to

o3

Equation 8 — Carman-Kozeny Equation modified for the Palmer and Mansoori Model

determine the normalized permeability.

3

Despite its popularity in shallow coal seams for permeability calculations, this model has been
shown to be highly inaccurate for deep seam coal as the initial porosity of the system will
greatly affect the results, and cleat porosity, which varies greatly in deep seams and with
location must be derived from simulation or, more ideally, calculated from experimentation.
The model also is plagued by the fact that large pressure gradients seen during production can
cause the model to generate highly inaccurate results. The use of the Carmen-Kozeny model, as
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previously discussed, can also predict incorrect values as the equation is only proven for
conventional formation and not verified for use in coal or other unconventional reservoirs
(Palmer and Mansoori, 1998).

Cul AND BUSTIN MODEL

In 2005, Cui and Bustin adapted the Palmer and Mansoori model to correct for some of the
aforementioned issues. More specifically, the Cui and Bustin model assumed that strain on the
coal was directly related to the amount of gas desorbed (produced from the coal) during the
period of pressure drawdown. This assumption is used for simplicity and applies, albeit
generically, to different coals. The correction, known as the combined effective stress, is due to
changes in pore pressure and matrix shrinkage and is shown below:

k = kye 3(=%)

_ Co _ _
— 1 — e—al0—00)
v a(a—ao)[ ¢ ]
_2(1-29) : e B )
b
o=,

Equation 9-12 - Cui and Bustin Permeability Model

The Cui and Bustin model uses strain and compressibility to define permeability, but it also
looks at Langmuir pressure and volume (p. and V|) as well as coefficient of sorption induced
strain (gg). This model gives similar results for permeability as Palmer and Mansoori, but the
strain correction eliminates the effect of initial porosity on the final value. It has been shown,
however, that this model tends to give more conservative (pessimistic) results than other more
recent models because of the multipliers used. This model also contains simplifications about
gas desorption that may skew results (Cui and Bustin 2005).

SHI AND DURUCAN MODEL

The Shi and Durucan Model, developed from 2004-05, varies fundamentally from the Palmer
and Mansoori and Cui and Bustin models in that it relates permeability changes to variations in
the effective horizontal stress as opposed to linking these changes to overburden stress
changes:

k = ke 3% (@0%)

Co

Cp [1— e=@(0=00)]

" a(o—a,)
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EegV, ( Bp _ Bpo
31—=9) " 1+pBp 1+ PBp,

Equation 13-15 — Shi and Durucan Permeability Model

0 — 0, = (p_po)+ )

T1-9

The Shi and Durucan model is similar to the previous models in that it considers matrix
shrinkage to be analogous to thermal contraction and that shrinkage is related to the volume of
gas that is adsorbed or desorbed within the rock. Due to its use of horizontal stress, however,
the model is limited in its application; it may only be applied to situations in which coalbeds are
primarily horizontal AND where the natural fractures or cleat system is situated perpendicular
to the bedding planes and overburden stress. In other words, the Shi and Durucan model only
applies to straight coal beds and any variations in bed orientation can cause gross inaccuracies
in the model (Shi and Durucan, 2005).

MoDEL COMPARISON

While the Palmer and Mansoori and Cui and Bustin models are similar in approach and give
results that are fairly similar, the Shi and Durucan model gives different results. Overall, the Shi
and Durucan is the most optimistic permeability model; it predicts greater permeability due to
matrix shrinkage as well as a smaller permeability gradient in regards to changes in pore
pressure. During production, the Shi and Durucan model will predict greater permeability and
present a more optimistic profile of permeability throughout the production process.

Despite their pessimism, the Palmer and Mansoori and Cui and Bustin models are more
applicable in simulation environments due to the restraint on orientation build in to the Shi and
Durucan model.

Both of these models have been applied successfully to cases from the San Juan Basin in
Colorado, however recent production from seams below 7,000 feet have shown permeability
nearly twice to eight times what was predicted by the Cui and Bustin model. Kuuskraa and
Wyman have shown that this variance in permeability is due to favorable geological conditions,
which allow for highly sustainable rates of 4 to 14 MMcfd, as well as an overpressurized seam,
which is not accounted for by any of the prediction methods. The Shi and Durucan model could
not be applied to these deep seams because they are not truly horizontal as required by the
model* (Tonnsen and Miskimins, 2010).

* More on these model in Appendix B
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TONNSEN AND MISKIMINS WORK

In 2010, researchers Tonnsen and Miskimins at the Colorado School of Mines developed a
permeability production model using the Cui and Bustin model modified for pore volume
compressibility that varied during dewatering. This model contradicted the assertion that
permeability decreased to insignificant values during the dewatering process of deep CBM
production, and showed that permeability values remained nearly the same during phases of
declining compressibility.

The researchers concluded that permeability may be a higher value than initially believed
leading to more efficient dewatering of deep coal and quicker time to peak production. This
model, however, does not ultimately increase the recovery to economic production volumes
under wet conditions, but the model shows that deep dry coals (such as those seen in the San
Juan Basin) can sustain economic production and are viable exploration targets (Tonnsen and
Miskimins, 2010).
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EXPERIMENTAL DESIGN AND IMPACT

EXPERIMENTAL DESIGN

The goal of this problem statement is to provide sufficient evidence of a problem facing the
production of natural gas from deep seam coal and offer a solution to the identified problem.
As previously stated, the need for raw, in-situ data based on deep seam coal to predict
permeability is evidenced by models whose accuracy can vary based on properties of the coal,
seam orientation, and other factors. As a result, this proposal will offer a strategy for collecting
this data and outline how it will address the need for accurate permeability prediction.

The overarching objective of this experiment will be to collect data from different deep coal
seams regarding permeability, gas content, and diffusivity. For each formation, we will seek to
determine how these properties change with depth. We will study these parameters at 1,000
feet intervals from 4,000 feet to 10,000 feet.

Permeability experimentation will be the focal point of the research for the sole reason that
permeability of coal seams is the most important factor when determining producibility and
prediction performance. The permeability of deep seam coals at 1000 foot intervals will be
experimentally determined. Pressure Transient methods” can be used to test the coal samples
at a wide variation of depths up to 10,000 feet. These tests will give a permeability profile for
each coal seam tested in which permeability is plotted against depth and the permeability of
the seam at pay zone depths can be determined from the experimental results(Lee, Rollins, and
Spivey, 2003, McLendon, 2004, PetroWiki, 2013). When pressure transient methods cannot be
performed due to cost or other reasons, core samples can be collected and tested. The core
samples, as previously discussed, must be undamaged and accurate in-situ stresses must be
determined when testing these samples in order to get accurate results (Mavor and Gunter,
2004).

Gas content of coal will allow for the determination of the gasiness of a particular seem. This
information can also be used to generate Langmuir isotherms for deep seams and, from this
information, the previously discussed models can be adapter to yield more accurate results.
Pressure coring can be used as a direct measurement technique to obtain the gas content and
develop Langmuir isotherms for the seams in question. From these isotherms and the gas
content profiles as a function of depth, we can potentially modify existing equations to increase
their accuracy in the coal seams of investigation (Gray, 1992).

While not directly related to permeability calculations, diffusivity can be used to predict
production and economic recovery which can be used to determine the feasibility of a seam for
completion. Using the simple volumetric diffusivity experiments the diffusivity of the different

> See Appendix C
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coals will be calculated with changes in depth and the results will be plotted to determine
diffusivity changes with changes in seam depths for the different seams under investigation
(Pillalamarry, Harpalani, and Liu, 2011).

Ideally, samples from multiple deep seams would be collected and the above experiments
repeated several times in order to get accurate and repeatable results. This may prove difficult,
however, as the samples would need to be destroyed to get all the necessary data and deep
seam coal samples are difficult to obtain due to the fact that deep seam coal is not readily
mined. Cost may also play an issue in the viability of this series of experiments as collecting in
situ data may require the drilling of exploratory wells and the collecting of multiple, expensive
core samples.

RESULTS

At the completion of experimentation, we will have collected experimental permeability, gas
content, and diffusivity data for the coal seams of interest at varying depths from 4,000 feet to
10,000 feet. This will allow for the development of profiles for these parameters versus depth
as well as allow us to propose modifications to present models which would be more accurate
and applicable to individual seams.

IMPACT

As previously discussed, permeability is the driving factor when deciding the prospects of a
deep seam coal reservoir. Current mathematical models used to predict permeability at depths
greater than 4,000 feet are based on mathematical extrapolation or make broad
oversimplifying assumptions, and, as a result, can be inaccurate and vary widely across different
coal seams and depths. As a result, the collection of permeability data for deep seam coal
through experimentation gives us the opportunity to develop permeability profiles for the
seams under investigation. This allows for a better understanding of the potential producibility
of a seam as well as how any natural fractures may increase the seam’s production.

Along these same lines, determining the gas content as a function for depth will allow for the
development of Langmuir isotherms for deep seam coal. These isotherms provide information
about the amount of gas present at different pressure and are used in some mathematical
models to predict permeability. The development of these isotherms will allow for more
accurate models that can predict seam permeability for individual seams based on the
Langmuir pressure and volume from the experimental results and the corresponding isotherms.

Diffusivity, the final parameter to be determined through experimentation, will be used for
productivity production and as a measure of how producible a well is. As diffusivity increases, it
is more likely that gas will leave a fractured rock and enter the wellbore. The determination of
diffusivity as a function of depth for coal seams will allow a determination of producibility and a
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way to compare seemingly similar deep coal seams which may be candidates for completion. By
obtaining real results for a seam’s diffusivity, we will be able to demonstrate which seams are
more likely to flow gas and at what depths.

Overall, completion of the research outlined here will contribute to the field of deep seam coal
bed methane production and help clarify some of the issues that stand in the way of making
deep seam coal bed methane a viable source of natural gas.
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CONCLUSION

Coal bed methane has to potential to become a major supplementary natural gas source for
energy in the United States, and seams located deeper than 4,000 feet contain anywhere from
375 to 600 trillion cubic feet of trapped natural gas. A major deterrent, however, to production
from these deep seams is a lack of accurate models to predict permeability and, subsequently,
production. Current models based on extrapolation and oversimplifying assumptions have
shown to be overly pessimistic when applied to the small amount of production data available
from deep seam coal production. To remedy this issue, it was proposed that coal samples from
deep seams coal beds in several basins be tested in order to obtain permeability, diffusivity,
and gas content values. From these tests, profiles for each seam can be generated that show
changes in these values per 1,000 feet of depth from 4,000 to 10,000 feet. This data collection
has the potential to provide accurate permeability predictions for deep seam coal beds which,
in turn, would allow operating companies to be more confident in their ability to predict
performance for deep seam reservoirs. In the end, the collection of this data may allow for
more companies to produce from deep seams in order to supplement our nation’s natural gas
reserves.
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APPENDIX A: MAJOR COAL BED METHANE BASINS IN THE UNITED STATES6

40102
JOLIBM 401 ¢
¥oelg ULy

r SVl
401 €
spp!4 [e0D
BS007) pUB BqRYR) E

S3IAN00S 00 00 002 00F O

4018l (esjousiy) 401 ¥€
uoley  (puepinid) 401 0S
uenp ueg

401 v8

‘ eoueedld
ODIXFN MmN

401¢€
lan1y daaq

(paynuenb 10N) e o
SPjold [20D) — i ¥
Aajlen tlvx nOSSI SYSNVH
4016 )
ueiyoejeddy /A@m“
[enue) "0 ) b 2 VHSYHEIN
N
"NNOD,
N ’\ yE VLOXYO HINOS

euenpfsuueg  WOUHON

A VAOSANNIY YNVINGyy
VLOXYO HLUON
payiuend JoN)
! _%_mm V' aolie . g / ¢
eyomipuy  UEMOERRddy L 40108 4012

JOAlY 18pmod

401 v2
18AH PUIM uojbuiysem

useISap

Figure A-1: Map of Major US Coal Basins

® Taken from Coalbed Methane: Principles and Practices. Halliburton. June 2007. Pp 1-47, 193-220.
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APPENDIX B: PERMEABILITY |\/|ODELS7

PALMER AND MANSOORI PERMEABILITY MODEL
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Nomalized porosity is first calculated from Eq. 4, and then the valuc s incorporated mto Eq. 3 in order to calculate the
normalized permeability. The changes in porosity are calculated from the elastic moduli (K = bulk modulus, M
modulus, E = Young's modulus, v = Poisson’s ratio), mitial porosity (), sorption 1sotherm parameters (¢, = maximum shnnkage
strin, § = 1Py = Langmuir pressure constant), compressibility (/= a fraction, and 7 = gram compressibihity), and pressure

drawdown

Cul AND BUSTIN MODEL
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” Taken from Tonnsen, R.R. and J.L. Miskimins. “Simulation of Deep Coalbed Methane Permeability and
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Production Assuming Variable Pore Volume Compressibility.” Canadian Unconventional Resources and

International Petroleum Conference. 19-21 October 2010. Calgary, Alberta, Canada.
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MoDEeL COMPARISON

hqﬂabk’nm@gmﬂd\iha\i&p 1" Term 2™ Term
reorganize the varables into a similar structure as shown in e T3
Figuee 6. The 1 Term reprosents the change in wres dc o g, o~ (p, - plb ——— (65, - %
the change in pore pressure. During production, the combined ’ 3"-0)(,’ ! Nl-UD“" "| C&B model
cffective stress mcreases with o decrease in pore pressure., ) 3E
The 2™ Term represents desorption-induced strain changes: ”"n'ili_v’(l'o‘}" 9“__0.‘6-"‘1) S&D model
the combined effective stress decreases m accordance with the
decrease i strain related 0 methane desorption and matrix

Figure 6. Comparison of the two stress models

With the combined cffects, the S&D model will always
predict greater permeability rebound due to matrix shrinkage (multiphier of 3 instead of 2. results 1 50% greater rebound for the
S&D model, Figure 6) as well as less permeability decrease due 1o changes m pore pressure [forv <05, v < (1 = v) 3] This leads
10 2 more optimistic estimation for the evolution of reservoir permeability during production.  Each permeability model has been
apphied successfully to CBM ficld cases from the San Juan Basin.
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APPENDIX C: PRESSURE TRANSIENT TESTING8

Applications of pressure transient tests
Proguctsaty tests are conductsd to-

= Determine well deverability
= Charactenze formation damage and other sowrces of skin efect
s ideniify produced fluids and determine their respective volume ratics
= Measurs resenor pressurs and tamperaturs
= Obtain regresentatie fluid samples sutalie for PVT analysis
= Saluate completion elciency
= Evaluate workower or stmuiation treatments.
Descrptwe resenvor tests are conducied to-

= Assess resenor axient and geometry

s Jefermine hydraufic commumication between wells
= Charactenize resemvor heterogeneies

= Svaluzie resenoir parameters.

Pressure flow convolution and deconvolution

The pressure-flow comvoiution mveives simuitanscus bottombole Sow rate and pressure measurements to comect fiv the vanations o bottombole
pressure caused by Sow ratz fuctuations during dramdown fests I

The botiomhole pressurs and fiow rats are mathematically comoved {coupied) as fullows:

D
pyltp)= f agfipply—dde —{1)
0

where g the pressure funchion equnalent to 2 constant flow rate siuabon, is obtaned by mathematical decomvolubon of the pressure fom the fowrate
fuctuztions. When software deconvoiution operators &re used. tnial and emor is reguired o comobe 3 Jowrats scheduls with 2 pressure function that
spormamates the tree constant rate-squaient pressure nction. thus reproducng the measwred pressures. The process can be made to comverge
rather rapidly for 3 pressurs measwrement of 2 given resolution. s long as the results slow for an acceptable margin of emor

Fig. 1 shows an exampiz m whach the transient consists o 2 stepyate changes Fom 2 high walue with 2 downhole spmner flowmeter rotafion rate of
approximately 17 revolutions per second (rps] to 3 lower value with 3 Sowmeter respanse of appraximatsly 7 rps. Cleariy. the pressure and flowate
data maror each ofher, which is precisely the efect of the comolubos A constant Sow-rate funcion was sought to interpret this test. The techmgue
used here makes use of semiog analysis. in winch rate-normalized pressures are potted vs. the “sandface comvolubon me” (2 ime finction slon to 2
generalized superposiion function). The result (Fig. 2} is 2 straight fine on the semilog plot. which in tum can be interpreted to yield the test objectwes

® Taken from SPE PetroWiki article “Pressure Transient Testing”. PetroWiki. SPE International. 2013.
http://petrowiki.org/Pressure_transient_testing
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of the permeability and skin effect.
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Fig. 1 — Pressure and spinner data in a step-rate change  Fig. 2 — Interpretation of test data in Fig. 1.
test.

Benefits of downhole shut-in

Fig. 3 shows superimposed log-log plots for two buildup tests run on the same well. The surface shut-in test barely reaches radial flow after 200 hours.
However, a large fraction of the wellbore volume is eliminated in the downhole shut-in test, and consequently radial flow is detected almost as early as
the first minute after shut-in, and confirmed after 1 hour. This test, which lasts 100 hours, could well have been aborted after a maximum of 5 hours
without any loss of information.
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Fig. 3 — Compared pressures of a surface shut-in and
downhole shut-in test.
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