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EXECUTIVE SUMMARY

An immense gas resource is being vented to atmosphére from coal mines throughout
the world which is a waste of an energy supply and may be deleterious to the environment.
Resource Enterprises, Inc. (REI) has identified potential commercial applications for utilization
of the "waste" gas, the obvious of which involved direct combustion processes. The Public
Utility Regulatory Policies Act of 1978 created a favorable environment in the U.S. to develop
independent electric power generation propcts This directed REl's initial focus toward power
production. However, depressed economic conditions in industrialized areas (especially coal
producing regions) caused a surplus of generating capacity and ultimately resulted in REl's
investigation of non-electric alternatives for commercializing methane produced in conjunction
with coal mining operations. This led to the subject project, co-sponsored by the U.S.
Department of Energy, Morgantown Energy Technology Center (DOE) and REI.

. REI was the project manager and prime contractor for the project. REl subcontracted
the University of Utah Chemical and Fuels Engineering Departn.ent and other specialists to -
assist REI in its evaluation of various gas conversion and enrichment technology options. The
primary objectives of the project were to identify and evaluate existing processes for: (i) using
gas as a feedstock for production of marketable, value-added commaodities, and (ji) enriching
contaminated gas to pipeline quality. The technology alternatives considered under both the
conversion and enrichment scenarios were required to accommodate relatively low volumes of
gas flow (e.g., 1-5 MMscfd) and varying gas quality (e.g., 50-90% methane).

The following gas conversion technologies were evaluated: (i) transformation to liquid
fuels, (i) manufacture of methanol, (iii) synthesis of mixed alcohols, and (iv) conversion to
ammonia and urea. All of these involved synthesis gas production prior to conversion to the
desired end products. Most of the conversion technologies evaluated were found to be mature
processes operating at a large scale. A drawback in all of the processes was the need to have
a relatively pure feedstock, thereby requiring gas clean-up prior to conversion. Despite this
requirement, the conversion technologies were preliminarily found to be marginally economic.
However, the prohibitively high investment for a combined gas clean-up/conversion facility
required that REI refocus the project to investigation of gas enrichment alternatives.

Enrichment of a gas stream with only one contaminant is a relatively straightforward
process (depending on the contaminant) using available technology. However, gob gas has a
unique nature, being typically composed of five constituents. These components are: methane,
nitrogen, oxygen, carbon dioxide and water vapor. Each of the four contaminants may be
separated from the methane using existing technologies that have varying degrees of
- complexity and compatibility. However, the operating and cost effectiveness of the combined
system is dependent on careful integration of the clean-up processes.

The nitrogen rejection unit was determined to be the most critical and costly component
of the system. Three technologies were identified as potentially being suitable: (i) cryogenics,
(ii) selective absorption, and (jii) pressure swing adsorption (PSA). The cryogenic process is
very sensitive to the presence of impurities and, therefore, was considered to be inappropriate.
Both the selective absorptlon and PSA processes were assessed to be acceptable. The overall
hydrocarbon recoveries in both processes ‘are similar, and the capital and operating costs are
also comparable. A primary difference between the selective absorption and PSA processes is

" their ability to handle oxygen. The selective absorption process requires oxygen removal prior



to nitrogen rejection, whereas PSA rerioves most of the oxygen during the separation process.
Therefore, the process involving PSA is less complex. However, caution must be exercised in
designing a PSA nitrogen rejection system to ensure that gas mixtures passing through the
exploswe range are handled properly. ,

The oxygen separation component added complexity to the integrated gas enrichment
concept. Catalytic combustion was the process determined to be the best suited for the gob
- gas application and could be performed adiabatically or at lower temperatures using hydrogen
.as additional fuel. The adiabatic approach was favered due to safety and cost considerations.
Technologies for carbon dioxide and water removal are well established. If required, carbon
dioxide rejection may be accomplished using an amine absorption process, membrane
separation or PSA process. Both the amine and membrane processes were determined to be
suitable. The PSA process was anticipated to still be experimental in nature and not as mature
as the other altematives. Therefore, PSA _is initially not recommended for carbon dioxide
rejection. Conventional water removal techniques (e.g., glycol dehydratlon membrane
separation, etc.) were considered to be adequate.

In summary, the gas enrichment system design that is expected to be the most
favorable from both technical and economic viewpoints is an integrated facility consisting of: (i)
a PSA or solvent absorption nitrogen rejection unit (with the PSA system having some
advantage over the solvent extraction process), (i) a catalytic combustion deoxygenation
process, (iii) an amine or membrane carbon dioxide removal system, and (iv) a conventional
~ dehydration unit. An economic evaluation of a PSA-based gas enrichment system indicated
favorable results. Using conservative model input parameters, an after-tax intemal rate of
return exceeding 20% was projected (assuming 100% equity financing). REI is pursuing Phase
2 of this project for demonstration of a waste gas enrichment facility using the approach
described above. This is expected to result in the validation of the commercial and technical
viability of the facility, and the refinement of design parameters. .

vil



.1 .0 INTRODUCTION AND BACKGROUND

Methane contained in coal seams has plagued coal producers for centuries due to
safety problems caused by gas emissions into underground workings. To cope with this
problem, mine operators dilute methane concentrations by circulating large volumes of air
through ventilation systems and vent gas to atmosphere through gob ventilation boreholes and
other methane drainage systems. Unfortunately, most of this gas is contaminated with air
and/or is inaccessible to pipelines. As a result, the resource has generally been regardad as
unsuitable or uneconomic for use as a primary energy source.

A vast resource is presently being vented to atmosphere from coal mines throughout
the world. For example, in 1988 an estimated 183 to 282 billion cubic feet (Bcf) of methane
was liberated from U.S. coal mining operations (representing 10-15% of woridwide methane
emissions from mlning) 1 Of this amount, 172 to 271 Bcf was vented to atmosphere and only
13 Bef was utilized. This is a waste of a valuable energy resource and may be deleterious to
the environment. Methane is deemed to be a large contributor to global warming since it is
twenty times more effective at trapping heat in the atmosphere than carbon dioxide (over a
one hundred year time frame).!. Furthermore, methane concentrations in the tmosphere have
more than doubled during the past two centuries. Therefore, the economic. potential and
environmental benefits that would be realized through the capture and use of methane
produced in conjunction with coal mining activities are vast.

Recognizing an opportunity to exploit this gas resource, Resource Enterprises, Inc.
(RE!) set out to identify potential commercial applications. The obvious utilization options
involved use of the gas in direct combustion processes such as electric power generation and
coal drying.2 REl's objective was to identify an alternative through which the value added to
the gas resource could be maximized, thereby enhancing the economics of methane
commercialization. The Public Utility Regulatory Policies Act (PURPA), enacted by the U.S.
Congress in 1978, created a favorable environment to develop independent electric power
generation projects in the U.S. This situation influenced REl's focus on using waste gas
produced from coal mines for electric power production, and ultimately resulted in REl's
formation of a venture with a gas turbine manufacturer to develop power projects at coal mine
sites.3 ,

However, economic conditions were very depressed throughout the industrialized areas
of the U.S. during the 1980's and into the 1990's. This was especially pronounced in coal
producing regions and caused a surplus of power generation capacity that discouraged electric
utilities from acquiring additional supply. Although PURPA required the utilities to purchase
power at their "avoided cost" of producing electricity, REI quickly discovered that perspectives
on the value of avoided cost varied widely. Despite support from various sources to develop
electric power generation projects using the waste resource, acceptable power sale
agreements (or back-up power purchase agreements for on-site use of produced electricity)
could not be secured. This situation is believed to be peculiar to conditions that existed in the
U.S. at that time; power generation projects in'other countries (and in the U.S. under different
circumstances) may be conducive to this miethane tommercialization option. As a
consequence of the power generation experience gained by REI|, RE| began investigating non-
electric alternatives for commercializing methane produced in conjunction with mining.



The targeted resources were gob gas (contaminated gas produced from mined-out
areas), and pipeline quality methane produced in advance of mining. Methane contained in
ventilation air was only expected to have some application for use as combustion air,4 and was
disregarded due to its limited overall potential for commercialization using current gas
conversion and separation technology. This pursuit resulted in a project co-sponsored by the -
U.S. Department of Energy, Morgantown Energy .Technology Center (DOE) and RE! to
evaluate gas conversion and enrichment technology options.

REI was the project ,manger and prime contractor for the project that was initiated in
late 1992. REIl subcontracted the University of Utah Chemical and Fuels Engineering
Department, Dr. Laszlo Heredy and other specialists to assist RE! in its evaluation of gas
conversion and enrichment technology options. The primary gas utilization objectives of the
project were to identify and evaluate existing processes for: (i) using gas as a feedstock for
production of marketable' commaodities, and (ii) enriching contaminated gas to pipeline quality.
Satisfying the first objective was a priority since the technology would have broader application
(e.g., pipeline access would not be required). The project was divided into two phases. The
purpose of Phase 1 (the subject of this report) was to evaluate the gas resource associated
with mining, and identify and evaluate various gas utilization technologies. Phase 2 would
consist of a pilot demonstration of the technology deemed to have the most promise for
commercialization of this substantial gas resource.



2.0 GAS RESOURCE ASSOCIATED WITH MINING

2.1. GASEOUS MINES IN THE U.S.

Methane plagues mine operators by adversely affecting coal mine safety and causing
delays in production. Ventilation is the primary method used by operators to dilute methane
-concentrations in underground workings. When the capability of a ventilation system is not
adequate for diluting gas concentrations to safe, mandatory levels, methane drainage
techniques are employed.

Coal mining productivity continues to increase each year, primarily due to increased
longwall mining and the mining of larger panels (e.g., up to 1,000 feet wide and 10,000 feet
long). Increasing the dimensions of the longwall panel significantly increases the area of the
affected overburden and underburden. If the disturbed strata contains coal seams or other gas
bearing strata, the volume of gas migrating to the mine ventilation significantly increases. U.S.
coal mines venting 5-15 MMcfd accounted for 34% of the 300 MMcfd of methane produced in
1988.5 Coincident with the mining of larger dimension longwall panels, mines producing 5-15
MMcfd contributed to an increased 49% of the total daily methane emissions from U.S. ‘coal
mines. :

Table 1 presents an estimate of U.S. coal mines implementing degasification systems.
The use of surface-drilled vertical gob wells is the most commonly implemented degasification
technique in the U.S. (e.g., 31 of ‘33 mines). Twenty of these mines also utilize in-seam
methane drainage techniques, primarily consisting of cross-panel boreholes.

Table 1. Survey Estimate of U.S. Coal Mines
Employing Degasification Systems

COMPANY MINE / COALBED BASIN {E:T“ﬁzb Do 1N
1. Jim Walter Resources Blue Creek #4 / Blue Creek Bl;iick Warior | LW, CM | Vertical, GOB, X-Panel
2. Jim Walter Resources Blue Creek #5 / Blue Creek | Black Warmior | LW, CM_| Vertical, GOB, X-Panel
3._Jim Walter Resources Blue Creek #7 / Blue Creek | Black Warmior | LW, CM | Vertical, GOB, X-Panel-
4. Jim Walter Resources | Biue Creek #3 / Blue Creek | Black Warrior | LW, CM | Vertical, GOB, X-Panel
5. U.S. Steel Mining Oak Grove Mine / Blue Creek | Black Warmior | LW, CM | Vertical, GOB, X-Panel
6. BethEnergy Mines Cambria #33 /L & M Kittanning | North Appal. | LW, CM | GOB, Horizontal Gob
7. BethEnergy Mines Eighty Four Mine / Pittsburgh | North Appal. | LW, CM | Horizontal
8. Consolidation Coal Bailey / Pittsburgh_ North Appal. | LW.CM | GOB
9. Consolidation Coal Loveridge #22 / Pittsburgh North Appal. | LW, CM | GOB
10. Consolidation Coal Arkwright / Pittsburgh _ North Appal. | LW, CM | GOB, Horizontal




Source - EPA, MSHA and Personal Communication.

1 Surface Vertical GobWell = GOB
Vertical Pre-Mining Well = Vertical
in-Seam Boreholes = Horizontal
Cross-Pane! Boreholes = X-Panel
in-Mine Horizontal Gob Well = Horizontal Gob

11. Consolidation Coal Humphrey #7 / Pitisburgh | North Appal. | LW, CM | GOB, Horizontal
12. Consolidation Coal Osage #3/ Pitsburgh North Appal. | LW, cM_| GOB
13. Consolidation Coal Blacksville #2 / Pittsburgh North Appal. | LW, CM_| GOB, Horizontal
14, Consolidation Coal Robinson Run / Pittsburgh North Appal. | LW,CM |GOB
15. Consolidation Coal Amonate / Pocahontas #4 Central Appal. | LW,CM_| GOB
- |16. Cyprus Emeraid Resources | Emerald #1 / Pittsburgh North Appal. | LW, CM | GOB
17. Cyprus Cumberland Res. __| Cumberland Mine / Pittsburgh | North Appal. | LW, CM | GOB
18. Eastem Associated Coal | Federal #2 / Pittsburgh North Appal. | LW, CM .| GOB, Horizontal
19. U.S. Steel Mining _ Pinnacle #50 / Pocahontas # 3| Centra! Appal. | LW, CM | GOB, X-Panel
20. U.S. Steel Mining Shawnes / Pocshontas #3 | Central Appal. | LW, CM_| GOB, X-Panel
21. Costain Coal Wheatoroft #9 / Hemrin #6 | llinois LW,CM_|GOB
22. Old Ben Coal Old Ben #25 / Herrin #6 Hinois LW,CM | GOB
23, 0ld Ben Coal Old Ben #26 / Herin #6 Hinols Lw,cM | OB
24. Consolidation Coal (Consol) | Buchanan #1/ Pocahontas #3 | Central Appal. | LW, CM_| Vertical, GOB, X-Panel
25. Consolfisland Creek | V.P. #1/ Pocahontas #3 Central Appal. | LW, CM_| Vertical, GOB, X-Panel
26. Consolfisland Craek V.P. #3 / Pocahontas #3 Central Appal. | LW, CM_| Vertical, GOB, X-Panel
27. Consol/isiand Creek V.P. #5 / Pocahontas #3 Central Appal. | LW, CM_| Vertical, GOB, X-Panél
28, Consollsland Creek V.P. #5 / Pocahontas #3 Central Appal. | LW, CM_| Vertical, GOB, X-Panel
29. Garden Creek Cosl V.P. #5 | Pocahontas #3 Central Appal. | LW, CM_| Vertical, GOB, X-Panel
30, Basin Resources Golden Eagle / Maxwell Raton _ LW, cM_| GOB, Horizontal
31. Cyprus Empire Coel Eagle #5 / F Seam Piceance LW,CM_|GOB
32. Soldier Creek Cosl S. Can. / Rek.Can., Sunnyside _| Uinta cM___| Horizontal
33. Westem Asociated Coal | Deserado / B Seam Piceance LW,CM | GOB

2.2. DEGASIFICATION METHODS

The following text overviews various degasification techniques including: (i) gob wells,
(i) in-seam horizontal boreholes, (iii) vertical wells installed in advance of mining, and (iv) gas
injection. The first three methods are practiced in the U.S. to varying degrees. Gas injection is
an innovative technique in the early stages of development for enhancement of gas recovery
from vertical coalbed methane wells. It may also have potential for application to in-seam
 horizontal boreholes drilled from within underground coal mines.



2.2.1. Gob Wells

The use of gob wells is the most commonly practiced degasification technique in the
U.S. Three to six gob wells are typically installed per longwall panel to capture and prevent gas
liberated from overlying strata from migrating into the mine ventilation. Gob ‘vells are drilled
- from the surface over the longwall panel initially to within about 200 feet above the mined
~oalbed, at which point casing is installed. The gob well is then drilled to a few feet above the
mined coalbed and cased with slotted casing or left openhole. Figure 1 depicts a typical gob
well installation at a northern Appalachian coal mine.

TO GOB VENTILAVION
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Figure 1. Typical Gob Well



As the longwall face advances and the coal is extracted, the overlying strata collapses
as the coal is no longer present for support. Fractures are created as the overlying and
underlying strata are disturbed, allowing gas to migrate to.the gob well from adjacent coalbeds
and other gas bearing strata (reference Figure 2).

Longwall Gob Fracture Zone

Coalbed

Coalbed

120 to
140 m

Coalbed

T Coalbed [
20t040m

Coalbed

50m -
1om > 120 to 200 m >

Figure 2. Longwall Mining Effects on Adjacent Strata

The fractured strata is referred to as the gob (or goaf). The gob gas flows to the surface
by natural convection; however, most coal mine operators install vacuum pumps or
blower/exhausters on each gob well to increase gas flow. Gob gas quality may range from
nearly 100% methane to as low as 25% methane, at which time federal statutes require a gob
well to be shut-in. Gob gas flows vary greatly from less than 100 Mcfd to over 8 MMcfd. Peak
gas production and the highest quality gas generally occur when the gob well is initially
undermined or intercepted by mining, and then decrease as the longwall face advances
beyond the gob well. Variations in gas flow and quality are dictated by the reservoir
characteristics of the fractured gob, the dynamic creation of the gob, and the design of the gob
wells. This design is usuaﬂy determined through site specific experimentation by mine
operators. :



In addition to vertical gob wells, alternative methods for extracting gob gas include the
underground drilling and production of short cross-measure boreholes or long in-mine
directional gob boreholes.® These may be used when there are surface access problems, the
cost of drilling vertical gob wells is excessive, or for other reasons. Each gob gas removal
technique has its own advantages and disadvantages relative to gas extraction effectiveness,
cost, operation, etc. Figure 3 depicts each of the primary gob gas recovery techmques
presently bemg used by U.S. mine operators

Vertical Gob Wells —_

in-Mine Horizontal
Gob Boreholes

-
« e e Cross-Measure Boreholes

— ‘ \Longwall Panél

Figure 3. Comparison of Gob Gas Recovery Methods

2;2.2. In-Seam Boreholes

In-seam, small diameter horizontal boreholes are drilled from underground mine
workings using permissible drilling equipment to: (i) provide degasification of longwall panels
using short cross-panel boreholes (less than 1,000 feet long), (ii) shield methane emissions
from development of longwall gateroad entries with long boreholes (greater than 1,000 feet),
and (jii) degasify large blocks of virgin coal in advance of mining with long boreholes. In-seam
horizontal boreholes have proven to be an effective method for significantly reducing methane
liberations into mine workings.”® Horizontal boreholes have also been shown to be capable of
producing large quantities (as much as 450 cfd per foot of borehole) of pipeline quality (> 950
Btu's/scf) gas.810.11 -

Rotary drilling tecnniques are typicaily used to drili cross-panel boreholes. Directionai
drilling techniques may be used to effectively .drill long horizontal boreholes, utilizing a



downhole motor equipped with a steering device. Downhole motors in conjunction with survey
tools have been used to navigate boreholes to horizontal depths exceeding 4,000 feet, while
maintaining the desired vertical and lateral borehole trajectory.1213 |n low permeability coal
seams, these in-seam boreholes may also be hydraulically fractured to enhance gas
productlon

In an effort to design and implement an effective in-seam methane drainage strategy,
-production estimates of horizontal boreholes have been made using computer based three-
.dimensional coalbed gas simulators, provided that accurate coal reservoir parameters are
known. These parameters include cleat permeability, reservoir pressure, gas content, sorption
time, etc. Confirmation of model simulations predicting degasiﬁcation production and
effectiveness (e.g., determination of residual gas in-place) in relation to mine ventilation
requirements have been verified by matching projections with actual horizontal borehole flow
measurements.'4 Simulations have also been performed to desngn degasification strategies
(type of methane drainage approach, borehole design, spacing, etc.), and determine their
impact on reducing ventilation requirements.'415 Horizontal drilling field experience and model
simulations indicate that in-seam degasification can be effective even in short-term
applications (e.g., < five years prior to mining).

2.2.3. Vertical Wells

Vertical wells may be used to remove methane in advance of mining to exploit the gas
resource and reduce the in-place gas content and mine ventilation requirements.!6 After
. approximately ten years of production, a substantial reduction of ‘gas in-place was experienced
at the Oak Grove mine in the vicinity of a pattern of vertical wells, significantly reducing mine
ventilation capacity requirements. To maximize effectiveness, vertical wells are typically drilled
as far in- advance of mining as possible and are hydraulically fractured using a variety of
“fracturing fluids -(e.g., water, gels, foam, etc.), proppants and treatment approaches.!”
Fracture stimulation is conducted to enhance gas flow by increasing wellbore communication
with the reservoir and its existing natural fracture (cleat) system. To address the cor.cem of
some mine operators, the fracturing effects on the coal, roof and floor conditions (after
stimulation treatments were conducted), have been investigated and found to not adversely
affect mining conditions or roof stability.18 :

‘2.2.4 Gas Iniectlon

An experimental technique that may enhance methane recovery through the use of gas
injection is being pursued by Amoco Production Company and others. This innovative method
of producing coalbed methane consists of injecting inert gas, such as nitrogen or carbon
dioxide, through a vertical injection well(s) into the coalbed and recovering methane from
vertical production wells. The process has been laboratory tested, and is currently undergoing
field testing.1920.2! The process involves: (i) injecting inert gas into the coalbed, (i) maintaining
total pressure high, (jii) reducing the partial pressure of methane, (iv) desorbing methane from
the coal matrix and diffusing the methane to the cleats, and (v) producing the methane, inert
gas and water from the production wells. .

In comparison to the typical preésure dep!etion strategy for coalbed methane wells, an
increase in gas recovery at an accelerated rate is anticipated. Recently, Amococ has been
injecting nitrogen into four wells surrounding one producing_ well in La Plata County, Colorado.



According to Amoco, the injection results are encouraging (e.g., increases in gas production -
have occurred and production has closely matched model predictions). anure 4 is a theoretical
flow diagram of the gas injection process. Gas injection applied to vertical wells in advance of
mining, or in-seam horizontal boreholes, may have potential for enhancing gas recovery and
reducing mine ventilation requirements.
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Figure 4. Gas Injection Flow Diagram

2.2.5. Summary of Degasification Methods

: Considerable efforts have been expended by the U.S. Bureau of Mines, coal operators,
‘REl and others to develop improved methods for extracting gas in advance of, and in
conjunction with coal mining operatlons These generally include: (i) vertical wells and in-seam
horizontal boreholes drilled in advance of mining, and (i) vertical gob wells, cross-measure
boreholes and directionally-drilied horizontal gob boreholes installed in conjunction with mining.
The selection and design of an appropriate mine degasification method have historically been
based on an experimental approach. Coal reservoir simulators may now be used as a basis to
provide engineering rationale to optimize the methane drainage system. Each method has its
advantages and limitations with respect to cost, gas extraction effectiveness, impact on mining
operations, etc. .

The impetus for mine operators to perform degasification is usually out of necessity

(e.g., improved underground safety and maintenance of mining productivity). Therefore, the
- cost of methane drainage operations is generally assumed to be part of the cost of mining. In
some gassy mines, this degasification cost may be significant (e.g.; in excess of $1.00'per ton
of coal mined). In order to improve the competitiveness of coal production from deep, gaseous



coal mines, operators must pursue means to reduce the cost of methane extraction. One way
is to commercialize the gas resource through the appllcatlon of advanced degasification
methods and gas utilization technologies.

2.3. METHANE OWNERSHIP

The ownership of gas contained in coalbeds is a complex issue that must be addressed
“prior to development of any. gas commerciglization project. In the U.S., and in other countries
throughout the world, the right to devaiop and commercialize coalbed methane resources has
been a debated issue with contrasting outcomes. The conflict generally arises when there are
severed oil, gas, coal (and possibly surface) ownerghip and:ar development rights. The U.S.
. government, in Memorandum M-36935, dated May 12, 1981, stated that coalbed gas in federal
coal deposits is not included in a coal lease under the Mineral Leasing Act%2 However, on
private lands, in certain cases the courts have decided in favor of the coal owners.2
Generally, ownership of coalbed methane in these cases has been determined on the basis of
the intent of the parties and circumstances exustmg at the time the mineral deeds were
granted. -

In Virginia and certain other states, legislation has been enacted to facilitate the
developiment of coalbed methane resources.2¢ For example, when there are conflicting claims
to cwnership of the gas, a forced pooling arrangement is provided for to facilitate pooling of
the interests and estates relevant to the applicable drilling application. In those instances
where distribution of the proceeds derived from the sale of the gas is unclear due to such
conflicting ownership claims, a 12.5% royalty is escrowed pending resolution of such conflicts.
In an attempt to remove the ownership barrier hindering the deve'opment of coal gas
resources, the U.S. Congress incorporated coalbed methane development provisions in the
Energy Policy Act of 1992. Among other things, the Act provides for the resolution of coalbed
methane exploitation rights by the federal govemment for those states that do not enact their
own legislation to facilitate the development of such resources.

Despite these gas ownership uncertainties and complexities, projects have been -
developed through cooperation between the coalbed methane developer and various mineral
and other rights owners (or lessees). Under circumstances where gas i¢ continuously being
vented to atmosphere from coal mining operations, no party will receive benefits unless such
cooperation occurs.

2.4. METHANE RESOURCE

The targeted methane resource associated with coal mining operations typically
originates from the mine operators' degasification practices, as summarized in Section 2.2.
The relatively low gas volume and varying quality of the resource were significant
considerations in this investigation since economies of scale would not be realized for existing
gas processing technologies. Although specific gas flow/quality cases were utilized in the -
various technology and economic evaluations performed, gas flows for representative mines in
the U.S. are typically expected to be in the range of 1-5 MMscfd, with gas quality ranging from
50-90% methane and the balance consisting primarily of air (smce a subsiantial portion of the
exploitable resource is gob gas).
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'3.0 EVALUATION OF GAS UTILIZATION ALTERNATIVES

Power generation usmg low-quality gob gas has been investigated in other DOE
projects. Despite the technical feasibility of low-quality gas combustion to generate power, it
was not considered in the curient evaluations for the reasons previously cited. The choice of a
technology for gob gas. utilization has to consider the two primary characteristics of the
resource: (i) small scale gas production, and (i) variability in production rates and quality of
gas. It was also determined that the location of the gas source would have a vital impact on
the selection of an appropriate technology. If the gob gas source was inaccessible to a
pipeline, gas conversion to transportation fuels (such as gasoline or diesel), or to high-value
hydrocarbons (such as specialty waxes), or to useful chemicals (such as methanol, acetic acid
or urea), must be considered. On the other hand, if the gas source was in the vicinity of a
pipeline, gas enrichment through removal of impurities and subsequent direct sale, would be
feasible. The following evaluation resuits are organized into gas conversion and enrichment
tuchnology altematives.

3.1. CONVERSION TECHNOLOGIES

The Shell Middle Distillate synthesis process is an example of a commercial technology
for the production of diesel from natural gas. Mobil's gasoline synthesis converts natural gas to
gasoline using methanol as the intermediate chemical. Cyclar process developed by British
Petroleum converts LPG to aromatics’ at high selectivity. The aromatics are later used as
gasoline blends or for petrochemical manufacture. The processes to produce methanol,
ammonia and urea from natural gas are well known. Most of the above processes operate on
scales much larger than any conversion process envisaged for gob gas (the scales of
operation are well over 100 MMscfd of natural gas compared to 1-5 MMscfd of gob gas
considered for this project). On a smaller scale, a process to convert landfill gas to
. hydrocarbon fuels has been designed and built. However, the plant experienced operational
problems due to feed gas unavailability. Most of the above processes are based on
conventional synthesis gas to chemicals technologies. Unconventipnal biological processes for
_ the conversion of methane to methanol have also appeared in the literature. In this section,

these technologies are briefly reviewed and their applications to gob gas conversion are
examined. v

3.1.1. Hydrocarbon Synthesis

A number of technologies are available for natural gas conversuon to transportation
fuels.?> At the present time, hydrocarbons can only be produced from methane by first
_ converting the methane into hydrogen (H,) and carbon monoxide (CO), a mixture referred to
as synthesis gas. The technologies to convert methane to higher hydrocarbons (or chemicals
. such as methanol or ammonia) include two steps: (i) synthesis gas conversion, - and (i) -
production of chemicals from synthesis gas. Considerable research is presently being
conducted to develop catalysts to convert methane into higher hydrocarbons in a one-step
process. However, the technology has not yet developed to the point of commercialization.2¢
The Fischer-Tropsch process consists of synthesis gas conversion to hydrocarbons. it can be
modified to produce a wide variety of products, including light olefins, diesel fuel, wax and
alcohols. Synthesis gas can be produced from a wide range of feedstocks (e.g., natural gas,
petroleum and coal).
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A generalized schematic for the prodiction of chemlcals from natural gas is shown in
Figure 5. Synthesis gas can be produced from methane by two processes: (i) partlal oxidation
- (POXx), or (i) steam reforming of methane.?”.25 Both processes are widely used in refineries to
produce the hydrogen required for various refinery operations. Ideally, synthesis gas for diesel
production must ‘contain an approximate 2:1 H,/CO ratio. If the H,/CO feed ratio differs
substantially from the H,/CO consumption ratio, then provisions must be employed to remove

the excess component that may contribute substantially to the plaint capital and operating
-costs. )
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Figure 5. General Diagram for Production of Hydrocarbons/Chemicals from Gas

in partial oxidation, methane is combusted with limited oxygen to convert the methane
to carbon monoxide and hydrogen.2” This process should theoretically produce a 2:1 H,/CO
ratio; however, some conversion of hydrogen to water occurs which reduces the H,/CO ratio in-
practice by about 10%. Increasing the H,/CO ratio may be accomplished by steam reforming a
side stream of methane to produce a hydrogen-rich stream to enrich the hydrogen content of
the Fischer-Tropsch synthesis feed.?? Because partial oxidation is a high temperature
exothermic process, it is conducted in a fumace operated at high pressures. The heat of
reaction may be used to either genemte steam for plant utilities or supply the heat of reaction
for the steam reformer.

An economic disadvantage of partial oxidation to produce synthesis gas is that it
requires expensive oxygen, which can either be purcnased from a vendor, or manufactured
on-site in an oxygen plant. It would cost at least $10-15 million dollars to build an oxygen plant
to provide oxygen to convert 2 MMscfd of méthane. Because an oxygen plant would represent
a substantial percentage of the. overall process Gapital, methiane partiai oxidation using oxygen
is not deemed appropriate for small scale operations. Alternatively, methane partial oxidation
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with air can be considered; the obvious difficulty is that the carryover of nitrogen through the
plant would require larger reactors and/or higher operating pressures. Because about 25% of
the synthesis gas is not converted in the hydrocarbon synthesis reactor,?® unconverted
synthesis gas should be recycled. The nitrogen carryover through the plant would require that
a substantial portion, if not all, of the recycle synthesis gas be purged to prevent nitrogen
accumulation in the process loop. For the same reason, it would be essential to remove
nitrogen from gob gas streams prior to subjecting the gas to any conversion process.

Steam reforming is the principal hydrogen manufacturing process and consists of
converting methane and steam into light hydrocarbons. Theoretically, when methane is
converted with stoichiometric steam, the resulting H,/CO ratio should be 3:1. This is more than
is required for Fischer-Tropsch synthesis. However, if carbon dioxide is available, carbon
dioxide can be co-fed with methane and steam. A portion of the carbon dioxide will react with
excess hydrogen to form carbon monoxide and water, thus lowering the H,/CO ratio to the
desired level. Unconverted carbon dioxide is then scrubbed from the synthesis gas prior to the
Fischer-Tropsch synthesis reactor. The primary advantage with steam reforming is that it does
not require expensive oxygen to operate effectively. The main disadvantage is that steam.
reforming is a high temperature endothermic process which needs to have the heat of reaction
supplied by a fired fumace. Some of the reactor streams must be combusted to power the
furnace which may reduce product yields.

Fischer-Tropsch synthesis consists of reacting hydrogen and carbon monoxide to form
hydrocarbon chains consisting of CH, units, resulting in a wide boiling range of products.
Theoretically, only two products can be produced by Fischer-Tropsch synthesis with high
selectivity: methane and paraffin wax.?® Intermediate boiling range products can be formed in
high selectivity only by combining Fnscher-Tropsch synthesis with an additional step to either
recycle light products by converting them into synthesis gas, or to crack heavy products into
~ the desired boiling range.?® A number of reactor designs and catalyst formulations have been
" developed to achieve this. Certain problems have been historically associated with Fischer-
Tropsch synthesis: removal of excess reaction heat and catalyst coke deposition. Recent
advances in Fischer-Tropsch catalysis have been developed by Royal Dutch Shell that permit
Fischer-Tropsch catalysts to be regenerated in-situ.22 This permits the technology to be
employed in packed catalyst beds, greatly simplifying the operation of Fischer-Tropsch
' synthesis

3.1.2. Shell Middle Distillate Process

An example of the hydrocarbon production process using methane partial oxidation to
generate the required synthesis gas is the Shell Middle Distillate (SMD) process.?® A diagram
of the Shell process is shown in Figure 6. Due to the need for costly oxygen, this process is
unsuitable for gob gas conversion, but certain features and principles are applicable to other
hydrocarbon synthesis processes. Since partial oxidation provides a synthesis gas with a
slightly low H,/CO ratio, extra hydrogen is produced by steam reforming a side stream of
methane. Excess heat from the partial oxidation process can be used to supply the required
heat for steam reforming. The heart of the Shell process is the hydrocarbon synthesis reactor
that employs an improvement in the Fischer-Tropsch catalyst technology. Royal Dutch Shell
developed a catalyst that is specific for producing higher molecular weight hydrocarbons than
previous catalysts and can also be regenerated in-situ. The Shell catalyst is packed in tubes
" immersed in water. Heat generated by Fischer-Tropsch synthesis is dissipated by converting
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the water to steam. Steam from this process can be used to power compressors and to
generate electricity; however, this steam cannot supply the heat for steam reforming because
the steam reformer needs heat supplied at a higher temperature than Fischer-Tropsch
-synthesis can provide. The Shell process is designed to produce a significant amount of
product with a higher boiling range than kerosene and diesel. The heavy product from the
Fischer-Tropsch reactor is cracked-in a hydrocracker operating at mild conditions to selectively
produce kerosene and diesel. The combination of Fischer-Tropsch synthesis and
hydrocracking produces high selectivities for kerosene and diesel.3! In situations where wax
production is more economical than diesel production, it would be possible to eliminate the
hydrocracking step. Advantages of the Shell process are: (i) its high selectivity to kerosene and
diesel, and (i) the diesel product has a high cetane number. Disadvantages of the Shell
‘process are the need for pure oxygen and the overall complexity of the process. Even though
the technology can be implemented in modular trains at the small scale required for gob gas
conversion, it is not expected to be economically viable. :
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Figure 6. The Shell Middle Distillate Process
for the Production of Hydrocarbons from Natural Gas

3.1.3. Gob Gas Conversion Process

The optimal processing scheme for gob gas conversion should utilize steam raforming
to convert methane into synthesis gas. A process to convert methane into liquids, with the
Fischer-Tropsch technology employing methane steam reforming, is presented in Figure 6.
The scheme is similar to the one employed by Synhytec Corporation for the conversion of
landfill gas to diesel, as previously discussed. In the landfill application; however, the presence
of substantial amounts of CO, in the feed required the use of a CO, scrubber prior to the
hydrocarbon synthesis step. Methane conversion to higher hydrocarbons essentially consists
of hydrogen removal to produce a liquid product with a lower hydrogen content than the
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methane. The steam reforming process, depicted in Figure 6, would remove the excess
hydrogen in synthesis gas and use it as fuel to supply heat to the steam reformer. Commercial
hydrogen removal from synthesis gas streams is performed with membrane technology on a
small scale. Membrane technology is particularly well suited for partial hydrogen removal from
synthesis gas streams to produce a relatively pure hydrogen stream. The hydrocarbon
synthesis in the conceptual process shown in Figure 7 is camied out in a slurry reactor, in
which it is relatively easy to remove the heat generated during hydrocarbon synthesis.
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Figure 7. A Conceptual Pfooess forfhe Conversion _o,f Gob Gas to Hydrocarbon Fuels

A disadvantage of steam reforming is that the maximum operating pressure in the
steam reformer is limited so that larger equipment is required than for oxygen or air partial
oxidation. Despite their large size, steam reforming units are transportable because they are
modular. The main portion of the steam reformer is the reformer furnace that is typically 40
feet high and 10 feet in diameter. Steam reformers are easy to operate and can tolerate
substantial variations in feed rate during a period of several hours. However, the presence of
substantial quantities of nitrogen in the gob gas would require even larger steam reforming
units, which may not be cost effective. Therefore gob gas demtrogenation must be performed .
prior to the conversion process.
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- 3.1.4. P_rocegs Econoinics

The estimated capital cost to produce 10 MMscfd of synthesis gas from methane steam
reforming is stated by Howe-Baker to be about $10 million. Considering a hypothetical case of
3 MMscfd of gob gas containing 65% methane, the cost would be about $8 million for
synthesis gas conversion only. The slurry reactor is expected to cost $2 million and the
accessories (compressors, separators, storage tanks, etc.) about $3 million. If the cost of gas
clean-up is included, the plant wouid cost over $15 million. A 3 MMscfd plant containing 65%
methane would produce 34.2 tons/day of hydrocarbon liquids. If the process is optimized to
produce 78% wax, the total annual revenue from the plant would be about $7 million. These
cost estimates are summarized in Table 2. ‘

Table 2. Summary of Costs for the Production of Hydrocarbons from Gob Gas

Capital Costs: Amounts
Steam Reformer | $_8 million
Reactor $ 2 million
Accessories v | $_3 million ‘
Gas Enrichment ’ $ 3 million

Total Capital Costs - $16 million

Production Revenue:

Wax (Yield 78%), 8000 t/year $6.5 million

- Liquid Fuels (Yield 22%), 2500 t/year $0.5 million

Depending on the facility amortization rates and operating cost assumptions, a 5+/-
year payback period may be possible. However, this optimistically assumes that the majority of
the product yield is high-value wax. If the entire product yield is liquid fuel, then the annual
product market value is reduced by about 87% resulting in a substantial adverse impact on
process ‘-economics and payback. Additionally, there are two significant considerations that
would deter investment in such a plant:

1. There are no commercial plants operating at the desired scale. A
commercial venture to produce hydrocarbons from gob gas would be very
complex and the first of its kind. -

2. Gas clean-up is required prior to conversion, this problem would have to be
addressed for implementation of gas conversion alternatives.
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3.1.5. Methanol Production

Methanol is produced from the catalytic reaction of synthesis gas at elevated
temperatures in pressurized catalytic reactors. General block diagrams of the methanol
synthesis processes, based on steam reforming or combination reforming, are shown in Figure
8.32 '
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Figure 8. Block Diagrams Depicting the Production of Methanol from Natural Gas

in the combination reforming process, about half of the natural gas feed passes
through the steam reformer effluent, and the mixture is autothermally reacted with oxygen over
a nickel catalyst at about 950° C to produce the synthesis gas for the methanol converter.3® If
inexpensive CO, is available, natural gas-based methanol plants can be designed for the
addition of CO, to the feedstock.34 This reduces the natural gas usage-per ton of methanol
produced.

A natural gas-based methanol process has been described in detail in the Kirk-Othmer
Encyclopedia of Chemical Technology.?> The process utilizes highiy active copper-zinc oxide
catalysts, and operates at a 50-250 bar pressure and a relatively low temperature of 200-300°
C. The crude methanol contains small concentrations of ethanol and some higher alcohols.
Small quantities of ketones, aldehydes, ethers and hydrocarbons are also produced. The
formation of byproducts may be suppressed by maintaining high hydrogen concentrations in
the system and by using low reactor temperaturas. Raw methanol is purified by distillation.

Current worldwide methanol production is over 20 million tons per year, with the
methanol markets showing growth. Two recently introducer technologies, acetic acid
production via methanol carbonylation and the production of me.. .. t-butyl ether (MTBE) from
methanol and isobutylene have expanded the methanol market. Although methanol is an
excellent buming fuel, its prior use as a motor fuel additive has been limited due to its
corrosive effect on some components of the fuel fead system and its effect on the evaporation
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characteristics of gasoline. Air quality regulations will increase the use of oxygenated fuels and
enhance the future demand for methanol and other alcohols.

. A large scale methanol plant producing 2,500 tons/day would require a capital

investment (inside battery limits) of $237 million.32 Plants producing 50, 100 and 150 tons/day
- would require capital investments of $7.5 million, $12.5 million, and $15.0 million,
respectively.35 A plant producing 50 tons/day of methanol would have to process about 2.5
MMscfd of cob gas containing 65% methane. Compared to hydrocarbon production, these
capital costs are lower. Based on the above costs, Table 3 presents a cost analysis for a 50
ton/day methanol plant compared to a cost analysis for a large scale plant.32

‘Table 3. Estimated Production Costs for Large and Small Methanol Plants

Capital: 2,500 tid 50 t/d

Inside Battery Limits | $157 million $ 7.50 million _

Off-Site Facilities $ 80 million $ 3.75 million -
Total Fixed lnvestment _ $237 million $11.25 million
Working Capital _$ 11 rillion $_0.40 million
Cost Category: | Cost ($/ton) Cost ($/ton)

Natural Gas @ $2/MMBtu, _

33.3 MMBtu/ton 66.7 66.7
Catalyst and Chemicals 3.3 ' 3.0
Labor ' | 1.0 50
Maintenance - g 1.0 ' 27.0
Overhead 13,0 130
Depreciation, | :

20% of ISBL + 7% OSBL 44.0 107.0
Total Cost of Production 139.0 221.7

If the gob gas resource is available at a norﬁmal cost (e.g., $0.50/MMBtu), then the
estimated cost of production for the 50 ton/day plant would be reduced to about $172/ton still
sugmf cantly higher than for the larger scale plant.
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The catalyst in the methanol synthesis reactor can tolerate only a low nitrogen content.
(about 2%). Therefore, it is essential that the gob gas be purified prior to methanol synthesis.
This is estimated to add about $1.00/MMBtu to the cost of the gas and about $30 to the per-
ton production cost. Thus, the cost of producing a ton of -methanol from gob gas would equal
about $204, about 1.5 times the cost of producing methanol using a large scale facility. A
review of the methanol from gas technology reveals that scale-down would be expensive and
that gas enrichment would be essential before the methanoi process could be considered.

3.1.6. Mixed Alcohols

Addition of 5-10% mixed alcohols is known to improve the octane rating of gasoline,
and reduce the emission of harmful pollutants from automobiles. Although a number of
prcblems need to be addressed to make this product acceptable to the automobile and
petroleum industries, mixed alcohols represent one of the possible products that may be
* produced from gob gas or coalbed methane. The basic technology for the production of mixed
alcohols from natural gas is similar to that of methanol production. Existing low-pressure
methanol plants can be converted to the production of Octamix, an alcohol mixture that can be
used as an octane enhancing gasoline additive.%

The Octamix process uses synthesis gas that is made the same way from natyral gas
by steam reforming or combined reforming, as described previously. The alcohol synthesis
reaction is carried out at a temperature of 270-300° C and at a pressure of 50-100 bars in the
presence of a copper-based catalyst. The general equation for alcohol formation is:

NCO + 2nHy'= CyHapeiOH + (n-1)H,0

Typically, the product consists of 60% methanol and about 30% higher alcohols up to
heptanol. The rest of the mixture is made up of other hydrocarbons and oxygenates.3” Sawy
describes other significant mixed alcohol processes.

The cost of producing mixed aicohols from natural gas is estimated to be about 1.3
times the cost of producing methanol. As a gasoline additive, mixed alcohols may be prrsferred
to methanol due to their better water tolerance, and smaller effect on gasoline vapor pressure.
The gob gas feed would have to be purified for the mixed alcohol process, similar to ihe
alcohol and hydrocarbon processes.

3».1.7. Ammoﬁla Synthesis

. Ammonia is synthesized from a 3:1 mixture of hydrogen and nitrogen. The source of
hydrogen is synthesis gas, which is made by reforming natural gas. A block diagram for the
ammonia synthesis process is shown in Figure 9. Both steam reforming and air partial
oxidation are used to generate a feed of appropriate composition for ammonia synthesis. Air
partial oxidation is primarily used to supply the stoichiometrically required amount of nitrogen
for ammonia synthesis. After shift conversion (to produce more H, from CO and steam) and
CO, removal, the remaining carbon oxides are removed in a methanation reactor to protect the
ammonia synthesis catalyst from the hamful effects of carbon oxides. Iron oxide-based
catalysts, activated with potassium aluminate, are utilized for ammonia synthesis.
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- Figure 9. Block Diagram for Ammonia Synthesis from Natural Gas

Worldwide ammonia production was 120 million tons in 1990. More than 90% of the -
ammonia produced is used as a fertilizer, principally in the form of urea or ammonium nitrate.
- The recent price range for liquid ammonia was $120-140/ton. The current cost of producing
ammonia from natural gas for a 1,000 ton/day facility would be about-$170/ton, indicating an
ammonia over-capacity worldwide. The nominal price of gob gas would help bring the cost of
production down; however, the smaller scale of operation would add to other costs. It is
estimated that producing ammonia from gob gas would cost over $200/ton, an amount that is
clearly uneconomical. Ammonia synthesis is the only conversion application where gas clean-
up would not be essential. Even so, it was not considered prudent to explore this conversion
option further. ‘ o

3.1.8. Production of Acetic Acid

i
Acetic acid is produced by the carbonylation reaction of methanol, preferably using part
of the synthesis gas as the source of carbon monoxide. The technical and financial
considerations of this process, when gob gas is utilized as feed, are very similar to the
methanol and mixed aicohol processes.

3.1.9. Biological Conversion of Methane to Methanol

A few unconventional processes for the production of chemicals from natural gas have
been proposed. One such process is the biological conversion of natural gas to methanol.3® A
schematic of the process is shown in Figure 10. The process employs microorganisms caller’
methylotrophs and converts natural gas to methanol aerobically. It is possible to achieve a
theoretical maximum yield of 67%; in the commercial process it may be more realistic to exvect
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a 50% yield to methanol. A 90% methane conversion would require a relatively long retention
time in a continuous stirred tank reactor (CSTR) at atmospheric pressure. At higher pressures,
it may be possible to reduce the retention times. After heat recovery in a heat exchanger, the
product stream from the CSTR is sent to a distillation column, where the methanol product is
recovered. Since the process is aerobic, it can tolerate the presence of nitrogen, oxygen and
carbon dioxide in the gob gas.
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Figure 10. Schematic of a Process for the Biological Conversion of Methane to Methano!

This technology may have promise; hnwever, it is still at an early stage of development.
Therefore, it would be appropriate to test the process thoroughly in a pilot-scale facility to
obtain the technical and economic information needed to assess process economics before
commercialization is contemplated. : '

3.1.10. Summary of Conversion Technologies

All of the conversion technologies discussed above have the following aspects in
common: '

1. The total capital investment to convert 3 MMscfd of gob gas to hydrocarbon
fuels or useful chemicals is estimated to be $15-25 million.

2. There are no commercial gas conversion plants operating at this scale.

3. The technologies are complex and a significant amount of technical
expertise would be essential in order to operate them successfully on a

continuous basis.

21



4. All - of the technologies, wnth the  possible exceptcon of ammoma
manufacture, require that the gob gas be upgraded prior to processing.

Because of the above consuderatuons a decision was made to refocus the investigation
on gob gas enrichment tachnologles

3.2. ENRICHMENT TECHNOLOGIES

A typical composition of gob gas is shown in Table 4, along' with the expected
compositional variation over the lifetime of a project. Larger variations may be. expected,
however, depending on site specific conditions. Typical pipeline requirements for the gas are
also shown in the table. The table presents the level of gas clean-up required to enable gob
~ gas to be introduced into pipelines.

Table 4. Typical Gob Gas Composition and Required Pipeline Composition

cénstltuent Gob Gqs Pipeline Specification
|__oxygen 3% (2-6) 10 ppm
Nitrogen 16% (9-26) 3% max.
Carbon Dioxide 3% (3-9) 3% max.
_ Methane 78% (85-85) 97%
___Watter Vapor _ Satursted 7 Ibs/MMscf
Flow Rate - 1-5 MMscfd -

, Pipelines require that the gas has a maximum of 3% non-hydrocarbons. The oxygen
“requirements are very stringent. Of the impuritiés in gob gas, carbon dioxide and water vapor
are easily removable using existing commercial technologies. Nitrogen removal is a difficult
problem, and technologies for nitrogen rejection at this scale are on the threshold of
commercialization. The presence of oxygen in the gob gas makes the gas clean-up strategy
complicated and requires that an integrated approach be pursued. Even though a single
commercial technology to remove all of the impurities in the gas is currently not available, it is
possible to formulate integrated processes for gob gas enrichment. Such processes need to
effectively address the compositional and flow rate variability of the.gas.

- From a technical perspective, nitrogen.removal from methane is the most difficult
separation. For this reason, it is also the most expensive. Therefore, an effective nitrogen
rejection process will be critical for any integrated clean-up strategy. A detailed evaluation of
available small scale nitrogen rejection technologies was conducted by the Gas Research
Institute (GRI).3% This work, performed by the M.W. Kellogg Company for GRI, examined three
technologles (i) the cryogenic process (the process of choice for nitrogen removal at larger



scales), (ii) pressure swing adsorption (PSA) technology, and (jii) a lean-oil absorption process
(commonly used in refineries for removal of methane from higher hydrocarbons).

- The study concluded that for purification of 1 MMscfd of natural gas that contains 6-
25% nitrogen: (i) the cost of the cryogenic and PSA processas are comparable, and (ji) the
lean-oil process is significantly more expensive. This study did not consider the presence of
other impun'ties such as oxygen and carbon dioxide in the gas. Aithough the lean-oil process
. described in the GRI report was not evaluated during the course of this project, a similar
process (which has recently been field tested), was examined. Brief descriptions of each of the
processes and their applicability to nitrogen removal from gob gas are presented in the
following sections.

3.2.1. Cryogenic Process '

A schematic of a cryogenic separation process is shown in Figure 11. The process
utilizes a series of heat exchangers to liquefy the feed gas stream (to a temperature of about
"90.K). Typicaily, four main heat exchangers are used: the core exchanger, the reboiler, the
feed chiller and the overhead condenser. The feed gas is first compressed to high pressure
and is cooled in the core exchanger by transferring heat to product streams from the separator
column(s). It is further cooled by supplying heat of vaporization in the reboiler, and by heat
" exchange with the bottoms in the feed chiller. The feed gas is then flashed across a Joule-
Thompson valve where it loses its pressure and undergoes substantial cooling. The separator
or distillation column is operated at a pressure of around 350 psig. The nitrogen-rich stream is
vented and the methane-rich stream is first cooled by flashing to low pressure. It then acts as a
coolant for the overhead condenser of the separator column and also for the feed stream as it
passes through the feed chiller and the core exchanger. It undergoes vaporization in the core
exchanger, subsequent to which the methane-rich gas is compressed to sales pressure.

A plant to produce liquefied natural gas (LNG) would operate on the same principle,
except that the last step would be omitted. The sales stream is retained in liquid form, while the
heat duty in the core exchanger is provided by an extemal refrigeration unit. The carbon
recovery in the cryogenic process is 98%, the best of the three mtrogen rejection alternatives
evaluated.
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Figure 11. Schematic of a Cryogenic Process (from GRI-91/0092, 1991)

Two engineering companies, Damell Engineering and Schedule A, both in Houston,
Texas, offer small scale (2-10 MMscfd) cryogenic process plants. The technologies offered by
these two companies are very similar, with. some minor differences. The capital cost of a
cryogenic unit is estimated to be about $0.7-0.8 million for a feed gas flow rate of 3 MMscfd.
The compression requirements are also similar. The feed gas is compressed to about 700-800
psia for operation of a cryogenic unit. It is estimated that feed gas compression, along with the
sales gas compression assumed for pipeline specifications, wouid cost about $1 miliion.
Therefore, the total capital costs for a cryogenic unit, including accessories and contingencies,
would be about $2 million. This compares reasonably well with the capital cost reported in the
GRI-91/0092 report. ‘

Advantages of the cryogenic process include the collective experience that has been
obtained due to widespread implementation in larger scale applications, and reasonable
capital and operating costs. The disadvantages are process complexity and high degree of
sensitivity to impurities. The GRI report notes that impurities such as carbon dioxide and
mercury are of significant concemn, and that heat losses should be factored into operability
problems.3® Due to the process complexity, the process does not lend itself favorably to
changing gas feed compositions and flow rates. Conversations with the companies offering
this technology revealed that even trace levels of oxygen would be unacceptable to the
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process and that a rigorous deokyganation step would have to be carried out if the process
were to be contemplated for a gob gas application.

3.2.2. Pressure Swing Adsorption (PSA)

PSA operates on the principle of selective adsorption of gaseous- species on well-
designed molecular sieves. The process is based either on the equilibrium adsorption
capacities of different gases on molecular sieves (equilibrium PSA process), or on different
diffusion rates of gases through the molecular sieves (kinetic PSA process). Wide-pore
molecular sieves are used in equilibrium-based separation, while narrow-pore molecular sieves
are used for kinetic separation.

The separation of nitrogen from methane usually requires the use of equilibrium-based
separation. For this separation, carbon molecular sieves are employed. In a gas stream
containing a mixture of nitrogen and methane, methane is preferentially adsorbed. The
adsorption of different species on the molecular sieves is govemed by multicomponent
adsorption equilibria. his preferential adsorption is carried out during. what is known as the
pressurization cycle. When pressurization is taking place, the outlet stream is enriched in

‘nitrogen. The molecular sieve-bed reaches its saturation capacity, at which time the adsorption

cycle is stopped and the bed is depressurized. The stream from the depressurizing bed is
enriched in methane and becomes the ultimate sales stream."

Operation of a PSA nitrogen rejection unit consists of four essentiai steps:
"1. Pressurization
2. Adsorption and subsequent recycle
3. Depressurization
4. Evacuation
A continuous PSA process would consist of operating a series of 4-5 beds. A general
process schematic of the PSA process is included as Figure 12.3% Evacuation may or may not
be effected under vacuum. The beds are operated in such a way that each bed is in a different
phase of operation at any given time. The cycle times are of the order of minutes and vaive
switching is rapid. The unit has limited moving parts and operates in a single phase flow mode
all the time. A PSA unit would respond to changes in gas flow rates and composition by

adjusting valve timings and recycle ratio. The carbon recovery from a PSA process is about
95%, based on the feed gas to the PSA unit.
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Figure 12. Schematic of a PSA Process (from GRI-91/0092, 1991)

- The process shown in Figure 12 was formulated by Nitrotec Engineering Co.,
Linthicum, Maryland. Additionally, UOP, Houston, Texas, provides an advanced nitrogen
rejection procass with standard plant capacities of 3, 5 and 10 MMcfd. UOP currently has a
PSA nitrogen rejection facility processing 1-2 MMcfd of gas containing 30% nitrogen at a
conventional natural gas field in Texas. UOP is a large engineering firm and has substantial
gas processing technology, engineering support capabilities and financial wherewithal, which
may be considerations in the selection of a vendor for supply of nitrogen rejection equipment
and technology support. There are some variations in technologies offered by Nitrotec and
UOP in terms of pressurization/evacuation steps, and a few other differences. The PSA
nitrogen rejection systems have excellent tumdown capability, and can operate with minimal
attention on a continuous basis.

In general terms, the capital cost for installation of a 3 MMscfd gob gas denitrogenation
unit (excluding other gas clean-up processes) would consist of about $0.9-1.2 million in PSA
unit costs, and about $0.6-0.7 million in compressor costs. Therefore, the total capital costs for
the cryogenic process and the PSA processes would be on the order of $2 million. The fact
that the two costs are comparable is consistent with the GRI observation.3® Most of the oxygen
would be rejected with the nitrogen in the PSA process. With its single-phase, limited moving
parts operation, PSA technology is expected to be simpler than the cryogenic process and
more robust to the presence of impurities. The valve-switching scheme allows for quick and
easy process adjustments in response to changlng flow rates and feed gas compositions.
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3.2.3. Selective Absorption Process

The ¢ elective absorption process is a variation of the lean oil process described in the
GRI study.® The concept uses a specific solvent that has different absorption capacities with
respect to different gas species. The technology of absorption to selectively enrich gas
streams has been commonly employed in the petroleum refining industry. The specific
technology of rejecting nitrogen from methane using seiective absorption is offered by
Advanced Extraction Technologies, Inc. (AET) of Houston, Texas. AET has demonstrated this
technology using a 5 MMscfd conventional natural gas field unit at an Anadarko Gathering .
Company compressor station in Hugoton, Kansas.® Another independent GRI study,4!
conducted by SRI Intemational, assessed AET's selective absorption process to be more
favorable than the cryogenic process for small scale nitrogen rejection based on 30% lower
overall energy requirements and 12% lower overall costs.

in the AET process, a special solvent selectively absorbs methane rejecting a nitrogen-
rich stream. Unlike the conventional lean-oil plants, the AET process uses a heatiess approach
to separate the recovered methane gases by reducing the pressure of the rich oil in steps. 0 A
schematic of the Hugoton demonstration unit is presented in Figure 13. The inlet gas is cooled
using a propane refrigeration system. The inlet gas is cross-exchanged with the absorber
overhead and cold vapor streams from the gas recovery flashes to reduce extemnal cooling
loads. The solvent stream that exits the absorber tower rich in methane, is depressurized in
four stages. The flash streams are repressurized to sales pressure, while the solvent is
pumped back to the absorber tower.
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Figure 13. Schematic of the Selective Absorption Process (Mehra, et al., 1993)
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The process affords flexibility for feed fiow rate and compositional variations. The
absorption characteristics of the solvent are determined by the equilibrium curve. At constant
column pressure, the solvent-to-feed ratio remains constant for varying feed rates. For higher
nitrogen concentrations in the feed gas, greater solvent-to-feed ratios would be required. It is
possible to automate the entire facility and run it with minimal attention on a continuous basis.

The presence of carbon dioxide in tha gas would not have a significant impact on the
selective absorption process. However, the solvent would not tolerate the prasence of oxygen.
Therefore, a rigorous deoxygenation procedure to reject the oxygen in the gob gas would have
to precede the solvent extraction step, making this approach more complicated than a PSA-
based system since a higher concentration of oxygen would have to be removed. '

The capital costs of the selective absorption process are comparable to the cryogenic
and PSA processes. The process appears appropriate for gob gas application.

The oxygen separation component adds significant complexity to the gob gas clean-up
requirements. Oxygen may be removed by the.catalytic combustion of methane on noble metal
catalysts. The catalytic combustion is accompanied by the release of a considerable amount of
heat. In practice, catalytic combustion is performed adiabatically. If the oxygen content in the
feed gas exceeds 3%, the temperature increase may become unacceptable. To address
deoxygenation of feed streams containing more than 3% oxygen, either hydrogen assisted
combustion or some type of feed dilution strategy would have-to be employed. Stream dilution
would be a preferred option since hydrogen would add to operating costs and would also
create a safety concem.

The oxygen content in the feed gas could be as high as 10%, if not higher. Of the three
nitrogen rejaction processes previously discussed, the cryogenic process is the most sensitive
to the presence of oxygen and carbon dioxide, Given the uncertain nature of the gob gas
supply, with inherent compositional and flow rate variations, installation of a cryogenic unit for
nitrogen removal would have a relatively high degree of risk. Although the cryogenic process
appears cost competitive, it was not deemed to be applicable- to small scale gob gas
enrichment. Therefore, the nitrogen rejection unit should be based on either PSA or selective
absorption technology.

The selective absorption process would require the removal of oxygen prior to nitrogen
rejection. In PSA, most of the oxygen would be rejected with the nitrogen. Therefore, a smaller
deoxygenation unit (to remove about 0.5% oxygen) would be installed after the nitrogen
rejection unit. This would reduce overall costs; however, - some of the PSA process gas
streams may contain combustible mixtures of methane and oxygen. The methane/oxygen
concentration passes through the explosive envelope inside an adsorbent bed vessel. This
would potentially eliminate the danger of .explosion because: (i) there is no ignition source
inside the vessel, and (ii) the adsorbent bed vessel functions as a flame arrestor. Additional
flame arrestors may be placed on vent gas streams to prevent an extemally-generated flame
(e.g., from lightning) from moving upstream into the vent line.

Carbon dioxide removal from natural gas is straightforward and has been practiced

routinely in the natural gas industry. Amine absorption units' and membrane separation
processes have been employed for the removal of carbon dioxide. Either of these alternatives
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is suitable in the event that carbon dioxide treatment is necessary. Likewise, removal of water
vapor using glycol units or conventional drying is well'known in the natural gas industry.

The above mentioned components could be combined into two integrated gob gas
clean-up altematives. In the first option, a PSA unit would receive the feed .gas. The
denitrogenated and partially deoxygenated gas would undergo further deoxygenation, carbon
dioxide removal (if required) and drying, in that sequence, and could then be introduced into a
pipeline. The product gas compression may precede the carbon dioxide removal step if an
amine unit is used for carbon dioxide remova! since the amine unit functions more effectively
at higher pressures. A schematic of this integrated strategy is shown in Figure 14.

Nitrogen-rich
gas - . ~ Waste CO;,

Product
Compression
> Dnocx.y:'o‘:‘ﬁ;ion_’ Drying |
Feed ‘ :
Options
Compression 1. Adiabatic combustion - Options
2. Hydrogen-assisted 1. Amine unit
oxygen removal 2. Membrsne
Pipeline gas

(600 psig)

Figure 14. Integrated Strategy for Gob Gas Enrichment
Using PSA for Nitrogen Rejection

in the second option, the feed gas would first undergo deoxygenation. This
deoxygenation would be designed for the highest possible oxygen concentration in the gob
gas. It would then undergo nitrogen removal in the selective absorption process. A dehydration
component would be part of this particular selective absorption. The denitrogenated gas would
be compressed to the sales pressure and would thenn undergo carbon dioxide removal (if
required), and dehydration before being introduced into a pipeline. This alternative is
presented in Figure 15. '
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. Figure 15. Integrated Strategy for Gob Gas Enrichment
Using Solvent Extractioh for Nitrogen Rejection

326 Environmental Considerations

Either gas enrichment process (using PSA or selective solvent absorption for nitrogen
rejection) results in minimal adverse effects on the environment. The overall effect, when
considering the benefits resulting from reduced methane emissions to atmosphere, is a net -
favorable impact on the environment.

The various PSA nitrogen rejection processes emit some methane in the reject gas
stream. Other potential effluents include small amounts of wastewater during oxygen removal
and dehydration processes, and limited methane and carbon dioxide emissions during CO,
scrubbing operations. Point source NOx emissions from stationary fuel buming power sources
(e.g., compressors) would also occur, as with most natural gas production and transportation
operations. In the event that significant quantities of higher hydrocarbons exist in the
processed gas (which is atypical for coalbed methane), the adsorbent material may become
contaminated over time. Licensed facilities exist for regeneration and disposal of the spent
adsorbent material. ‘None of the foregoing issues are expected to create material
environmental or permittmg problems or concems. ‘

The selective solvent absorption process also results in the release of small amounts of
hydrocarbons to atmosphere during nitrogen removal. The soivent is recirculated; therefore, no
solvent disposal problems exist. The primary concem with this process is the handling and
storage of the solvent itself. Careful plant design and operation should ensure that leaks and
spills do not contaminate soils and water. Other potential effluents include limited quantities of
wastewater, spent desiccant and process filters, which should not presert a problem. NOx
emissions from compressors would also oceur. '

As discussed above, the primary environmental effects associated with the gas
enrichment operations described in this report are those that impact air quality. Compliance
with air quality regulations should be straightforward since these types of emissions are
routinely treated in the natural gas industry. The level of compliance required will be site
specific (e.g., what jurisdiction the facility is located in and its proximity to populated areas).
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3.2.6. Economic Evaluation

The final aspect of the gob gas enrichment technology evaluation was a detailed
economic analysis of the preferred utilization methodology. As previously discussed, a
technical review of potential technologies has isolated gas enrichment as the initial preferred
focus for non-electric commercialization of the gob gas resource. Specifically, for this
evaluation, PSA nitrogen rejection technology was used as the basis for an integrated gas
- clean-up system to upgrade gob gas to bring it into compliance with pipeline standards.

A-model was formulated to assess the economic potential of the PSA-based gas
enrichment technology. Exhibit A contains the assumptions and resuits of the model, and the
specific cash flow analysis pertaining to the base case mine (the Mine). The base case mine
was derived by examining the operating characteristics of various gassy coal mines from a
geographically diverse cross-section of mines located in the U.S. All input variables in this case
are considered the “most likely" to be encountered during implementation of a gob gas
commercialization plan at the Mine.

The Mine analysis spreadsheet is set up in an income statement format, with cash flow
adjustments at the bottom. A net present value profile at various discount rates, together with a
calculation of the projected intemal rate of return on the project are presented. A required rate
of retum equal to a 20% hurdle rate was targeted during sensitivity analyses to isolate the
initial input values of variables necessary to achieve favorable project economics. The specific
assumptions used in the worksheet are: (i) there is one project owner, (i) Section 29 tax
credits (that may or may not be available based on various requirements) were both
considered and not considered, (i) the project's economic life would be less than 20 years,
and (iv) 100% equity (e.g., unieveraged) funding i3 used to finance the facility investment. -

The results of the economic analysis were favorable. Constrained by very conservative
operating assumptions, projects of this type could potentially generate intemnal rates of retum
in excess of 48% (tax credits utilized) and 22% (tax credits not utilized). Leveraging the facility
investment would significantly enhance the project's retum on equity capital. Considering that
the gob gas resource is: (i) currently being vented as part of ongoing mining operations, (i) a
waste energy source, and (ili) A potential "greenhouse” gas, a favorable economic retumn to
commercialize this source of energy would result in multiple benefits.

3.3. SUMMARY OF GAS CONVERSION AND ENRICHMENT EVALUATIONS

The presence of oxygen, nitrogen, carbon dioxide and water vapor, and inherent flow
rate and compositional variations, make gob gas a unique feedstock. Conventional,
commercial technologies are therefore not directly applicable either for its conversion to
chemicals or fuels, or for its enrichment to pipeline quality. Existing technologles are
adaptable, however.

Technologies are available for small scale cdnversion of natural gas to hydrocarbon
fuels or useful chemicals. However, these technologies would cost 1.5 to 2 times more thar
the equivalent large scale technologies for the production of a unit quantity of product. Tre
technologies are complex and estimated to require capital investments of $15-25 million to
convert 3 MMscfd of gas. Additionally, aimost all of the technologies require gas enrichment
(removal of nitrogen, oxygen, etc.) prior to conversion. Because of these considerations, it is
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deemed more bfudent to initially pursue enrichment technologies for commercialization of gob
gas. . o

Enrichment of gob gas to pipeline quality requires an integrated strategy. Nitrogen
rejection is the key technology that would dictate the overall process, both technically and
economically. In this investigation, three technologies were considered for nitrogen removal: (i)
the cryogenic process, (ii) PSA, and (iii) selective absorption. The cryogenic process was
assessed to be unacceptable for gob gas enrichment due to its sensitivity to the presence of
‘impurities in the feed stream. Both PSA and selective absorption were considered to be
flexible enough to handle flow rate and compositional variations of gob gas. From a cost
perspective, both technologies were found to be comparable, with PSA being more favorable
since oxygen removal does not appear to be necessary as the initial step. *

Two integrated approaches were developed around these two nitrogen rejection
technologies. These approaches included catalytic deoxygenation, carbon dioxide removal
(using amine or membrane technologies), and conventional dehydration. The projected
economi- return for a specific PSA-based gas enrichment system was determined to be
fayorable. Therefore, either strategy (e.g., using PSA or selective absorption for nitrogen
removal) is deemed to be ready for a field demonstration to validate its technical, operational
and economic performance, and for introduction into the marketplace to facilitate the
commercialization of a presently wasted gas resource.

32




4.0 GAS GATHERING CONSIDERATIONS

Previous sections of this report have addressed: (i) gob gas and coalbed methane
extraction techniques utilized at coal mines, and (i) gas utilization/commercialization
altematives. This section discusses the considerations that need to be addressed in order to
connect the upstream gob gas source with the downstream gas enrichment (or conversion)
facility. ‘ :

The purpose of the gas gathering system is to provide a safe and economic means of
transporting the produced gas from each gob well to a central gas processing facility. The
gathering system design must address: (i) physical constraints of terrain, (ii) estimates of gas
production, (jii) quality of gas and contaminants produced, and (iv) pressure limitations. Gas is
usually produced from a vertical gob well up the casing. Once the gas reaches the surface, it
would be piped to a drip-pot, two-phase separator, to remove entrained water from the gas.
The gas would then be piped through an appropriately sized field collection pipeline to a gas
scrubber to remove any remaining water before the gas enters the facility.

The gob-wells are used to vent methane gas from the mine to create safe operating
conditions within the mine. Therefore, it is critical that a safety system be instailed to ensure
that the gob well continues to vent gas in the event that the gas processing facility or pipeline
are inoperative. Normally-closed safety relief valves would be placed on each gob well to
respond to an increase in pressure. If back pressure increases at the gob well (due to pipeline
restriction, facility shut-down or any other reason), the safety valve would automatically open
and vent the produced gas at the well. The safely release valve would remain open until
manually reset and safe operating conditions are resumed. In addition to a safety release
valve on each gob well, safety release vaives would also be placed on the gas gathering
pipeline. These safety release valves wouid also activate in response to high back pressure,
and vent gas when unsafe conditions occur.

The gas gathering pipeline would be a low pressure system that would utilize the gob
wellhead pressure at the discharge of a blower/exhauster to deliver the produced gas through
an appropriately sized pipeline to the gas processing facility. A central vacuum facility may also
be used to draw gas from multiple wells. Because of the low pressure system and the need to
reduce pressure losses due to friction, polyethylene pipe would be used. (Polyethylene pipe is
typically used for the majority of all newly installed low pressure gas and oil pipelines.)

Produced gob gas is typically saturated with water vapor which must be considered in
designing the gathering system. As warm gas cools at the surface, it loses some of its ability to
carry water and the water therefore condenses. The water condensate accumulates at low
points along the pipeline and can restrict the flow of gas or even damage the pipeline. Water
also separates from gas: (i) when the gas passes from a smaller to larger diameter pipe (which
reduces the gas flow velocity), and (i) at-angled sections along the pipeline where there is
turbulent flow.42 A small drip-pot, two-phase water separator placed at each gob well would
remove free water, but would not remove water vapor from the produced gas.¥® The closer the
two-phase separator is placed to the gob well, the lower the potential for free water
accumulations to disturb gas flow. The most economic and efficient technique to remove water
condensate from the gas gathering pipeline is a water drip placed at strategic low points in the
pipeline. A water drip is simply a short length of pipe connected into the pipeline. The drip
collects water and allows drainage of the water through a valve at the end of the drip line.
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These drips can be operated manually or automatically. The pipeline should be installed with a
minimum amount of slope reversals to reduce the amount of drips required.

Problems with water in gas pipelines increase during periods of low temperature
because the conditions for condensation are intensified. The conditions are most severe
during the winter months when ice can form in the pipeline. Even small amounts of ice in gas
flow lines increases the back pressure and reduces gas production from the gob wells. This
condition cannot be allowed to occur since the mine operator relies on the gob wells to remove
gas from the mine. To prevent ice formation in gas pipelines, electric heat tape and insulation
- should be instalied on all exposed pipellnes

A gas gathering system cannot be easily modified, once installed, without sacrificing
economics or effectiveness. Therefore, the design should carefully consider both the initial
requirements, as well as long-term requirements. Reasonable estimates of production and
pressure are used as the basis for the pipefine design. The design flow estimates must be
verified as early as possible in order to make practical adjustments. Undersized pipelines can
be paralleled with an additional pipeline; however, oversized pipelines cannot be reasonably
replaced with properly sized pipe, and neither case is economic or efficient. Therefore, the
appropriate size of pipe must be carefully determined.

, The above considerations would be addressed in the design of the gob gas gathering

system. The top priority of the overall gas collection and utilization operations would be to
ensure continued safe mining operations. Therefore, the ‘entire project must be integrated,
coordinated and implemented in order to effectively couple mine degasification activities with
gas commercialization operations.



6.0 EXAMPLE COAL MINE CHARACTERISTICS

Two northem Appalachian coal mines and one central Appalachian mine have been
characterized as being examples (e.g., prospective candidates) for gob gas enrichment
projects. They are the Cyprus Cumberiand Mine and Cyprus Emerald Mine in Pennsylvania,
and the U.S. Steel Mining Co. Pinnacle #50 Mine in West Virginia. Many other mines that have

- project development potential are known to exist throughout the U.S. and the world.

The two primary requirements for selecting prospective coal mines to commercialize
presently wasted gob gas are: (i) adequate supply of gob gas, and (ii) market for the enriched
gas. Other characteristics and logistical considerations for the candidate mines were deemed
to be secondary issues. The example coal mines produce non-pipeline quality gob gas that is
presently being vented to atmosphere. Table 5 presents general characteristics of the mines.

Table 5. General Characteristics of Example Coal Mines

Example Mining Coal Gob Wells | Average Gob | Panel Gob Gob Gas | Years of Coal
Coal Mine Method Production Per Panel Wall Prod. Gas Prod. Quality Reserves /
: (MMtpy) (Mcfd) . (MMctd) (%CH,) Gob Gas
) -1 Longevity
Cumberiand |  Longwall 34 24 300-1,000 1-2 50-90 25
Emerald Longwall _ 3 24 300-1,000 1-2 50-90 20
Pinnacle #50 50-80 20

Longwall 2 2-4 500-1,500 1-3
N

Table 6 presents selected considerations relative to market and logistical issues that
need to be addressed for project development.

Table 6. Market and Logistical Considerations for Gob Gas Commercialization

. Candidate Coal Ownership of Distance to Market
Mine Surface Pipeline Conditions
Cumberiand - Mine and privaté On Mine property Pipeline can accept 2 MMcfd @
' ~$2/MMBtu
Emerald Mine and private | On Mine property Pipeline can accept 2 MMcfd @
~$2/MMBtu
Pinnacle #50 Mine and private < 2 miles Pipeline can accept 2 MMcfd @
~$2/MMBtu _
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Based on Tables 5 and 6, the three candidate mines would satisfy the two primary
criteria for enrichment of gob gas (e.g., gas supply and market access). Recent total mine
methane emissions for each mine are: Cumberland - 7 MMcfd; Emerald - 5 MMcfd: and
Pinnacie - 8 MMcfd, as provided by the Mine Safety and Health Administration (MSHA). The
market for pipeline quality gas is deemed to be relatively good for all three mines (e.g.,
~ distance to pipeline(s), surface ownership by each mine and private owners, and current

- market price). '

An obvious issue that must be addressed for implementation of a gas enrichment
project at any prospective mine site is acceptance by the mine operator. The operators of the
above mines are very progressive in their approach to mining and recognize the benefits to be
derived from degasification efforts and gas commercialization. Other mine operators are
becoming increasingly more receptive to methane commercialization in conjunction with their
mining due to increased competitiveness in the coal industry and awareness of degasification
benefits (e.g., improved safety,- enhanced mining productivity, financial and environmental
benefits, etc.). ' '



6.0 SUMMARY

Methane contained in coal seams has plagued coal producers for centuries due to
safety problems caused by gas emissions into their mine workings. To cope with this
hazardous situation, mine operators dilute underground methane concentrations by circulating
large volumes of air through ventilation systems, and vent gas to atmosphere using gob gas
extraction boreholes, in-seam boreholes, vertical wells, and other methane drainage systems.
This is a waste of a valuable energy resource and may have an adverse effect on the
environment. Therefore, the economic potential and environmental benefits that would be
‘realized through the commercialization of methane produced in conjunction with coal mining
activities are vast. Another low-quality gas resource that has high potential, but more
uncertainty, is the gas associated with abandoned coal mines. It is envisioned that this
resource would be evaluated for commercialization after more information is obtained
regarding potential gas volumes and quality. -

The obvious alternatives to explont this gas resource involve use of the gas in direct
combustion processes such electric power generation. Throughout the 1980's and into the
1900's, depressed ‘economic conditions in the industrialized regions of the U.S. created a
surplus of electric power generating capacity that resulted in reduced demand (and cost) for
incremental power sources. Therefore, this utilization option had limited appeal (despite a
favorable regulatory environment). Processes to convert gas to other products, or enrich the
gas to pipeline quality for direct sale, were deemed to be acceptable gas utilization candidates.

The project was formulated into two phases. The purpose of Phase 1 was to evaluate
the gas resource associated with mining, and identify and evaluate various gas utilization
technologies. Phase 2 would consist of a pilot demonstration of the technology deemed to
. have the most promise for commercializing this resource. The targeted resources were low-
quality gob gas produced in conjunction with mining, and pipeline quality methane produced in
advance of mining. The primary gas utilization objectives of the project were to identify and
evaluate existing processes for: (i) use of gas as a feedstock for production of marketable
commodities, and (ii) enriching contaminated gas to pipeline quality for subsequent sale.
Satisfying the first objective, if achievable, was a higher priority since the technology would
have broader application (e.g., pipeline access would not be required).

The technology alternatives considered under both the conversion and enrichment
scenarios would be required to accommodate relatively iow volumes of methane flow and
varying gas quality. The primary contaminants of the untreated gas stream would be air,
carbon dioxide and water vapor. Since one of the priorities established for the project was to
consider only commercially available technologies, the principal problems to be addressed
were that of economically downsizing the process applications, and tailoring the gas
processing scheme to the characteristics of the fuel source. Processes that traditionally have a
high gas feedstock cost as a relatively large component of the total product cost were deemed
to be the most desirable. This was because the incremental cost of gathering the produced
methane (after it is extracted as a required operation of mining) is relatively low and would
result in lower overall product costs. The processing objective was to identify a technology
through which the value added to the gas resource could be maximized, thereby enhancing
the economics of methane commercialization. Furthermore, high value-added products
(specialty chemicals, etc.) were desired since they could be readnly marketed.




The followmg gas conversion ‘technologies were evaluated: (i) transformation to liquid
fuels, (i) manufacture of methanol (and perhaps further processing to acetic acid), (iii)
synthesis of mixed alcohols, and (iv) conversion to ammonia and urea. All of these processes
involve a two-step conversion; synthesis gas is produced from the gas stream and then
converted to the ultimate products. The synthesis gas, a mixture of carbon monoxide and
hydrogen, may be produced either by steam reforming or by methane partial oxidation. In
practice, a combination of steam reforming and partial oxidation is used to generate carbon
monoxide and hydrogen in the right proportion for the hydrocarbons/chemicals product slate of
interest. Natural gas steam reforming typically produces a hydrogen-rich synthesis grs, the
hydrogen from which, in principle, can be separated and used in a fumace. The production of
hydrocarbons or chemicals from the synthesis gas is governed by the catalysts employed,
reaction conditions and type of reactors used. Two types of reactors have been used for
hydrocarbon synthesis: a packed-bed reactor and a slurry reactor. It was determined that for
- the gob gas conversion application, a slurry reactor would be more appropriate.

Most of the conversion technologies evaluated were found to be mature processes
operating at a large scale. A major drawback in all of the processes was the need to have a
relatively pure feedstock, thereby requiring gas clean-up prior to conversion. As a resuilt, gas
enrichment would be needed in any conversion application and could not be avoided. Despite
this requirement, the conversion technologies evaluated were preliminarily found to be
marginally economic. However, the prohibitively high estimated investment for a combined gas
enrichment/conversion facility required that REI refocus the project to mvestigation of gas
enrichment technologies. .

Enrichment of a gas stream with only one contaminant is a relatively simple process
using available technology. Most of the gas separation technology developed to date
addresses this problem. However, gob gas has a unique nature, consisting of five primary
constituents: methane, nitrogen, oxygen, carbon dioxide and water vapor. Each of the four
contaminants may be separated from the methane using existing technologies that have
varying degrees of complexity and compatibility. The safety, operating efficiency and cost
effectiveness of the combined system is dependent on careful integration of the separation
processes.

Rejection of nitrogen from methane is one of the more difficult problems from a gas
separation perspective. The nitrogen rejection unit was determined to be the most critical and
costly component of the system. Three technologies were identified as potentially being
suitable for nitrogen removal: (i) cryogenics, (ii) selective absorption, and (iiij) PSA. Cryogenic
separation has been a standard process of choice, on a larger scale. This process was not as
competitive on a small scale as the other two processes. The cryogenic process was also
found to be very sensitive to the presence of impurities, and was considered to be
inappropriate for the gob gas application.

The application of the selective absorption process for nitrogen rejection -from a
conventional natural gas source has been performed. The process utilizes different solubilities
of nitrogen and methane in specific solvents to effect the separation. The solvent/feed
contacting is carried out in a conventional packed-column system. The PSA process for
- nitrogen rejection from natural gas sources has also been demonstrated. The process
generally consists of the following four steps: (i) pressurization, (ii) adsorption and subsequent
recycle, (iii)- depressurization, and (iv) purge or evacuation. The separation is accomplished
using molecular sieves which exploit different equilibrium adsorption capacities for different
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gases, such as methane and nitrogen. Typically, four to five adsorbent beds would be used for
the expected flow rates for the gob gas application. The selective absorption process would
respond to the variable composition and flow rate of the feed by adjusting the solvent/feed
ratio. In PSA, the cycle times and the recycle ratio are adjusted to maintain a specified product
composition for changlng feed flow rates and compositions.

Both the selective absorption and PSA processes were assessed to be accoptable
from both technical and economic perspectives. The overall hydrocarbon recoveries in both
processes were similar and the capital and operating costs were also comparable. A primary
difference between the selective absorption and PSA processes is their ability to handle
oxygen. The selective absorption process requires oxygen removal prior to nitrogen rejection,
whereas the PSA process removes most of the oxygen during the nitrogen separation process.
Therefore, a smaller quantity of oxygen would have to be treated in the gas stream using PSA,
thereby simplifying the operation and reducing the cost. Care must be exercised in designing a
PSA nitrogen rejection system, however, to ensure that gas mixtures passing through the
explosive range are handled properly to maintain adequate operating safety.

" The oxygen separation component added complexity to the integrated gas enrichment
concept. Catalytic combustion was the process determined to be the best suited for the gob
gas application. The process may (.ossibly be performed adiabatically or at lower temperatures
using hydrogen as additional fuel. The adiabatic approach was favored due to safety and cost
considerations. The adiabatic combustion unit would generally be designed to handle the
maximum concentration of oxygen expected in the gas stream

Technologies for carbon dioxide and water removal are well established. Carbon
dioxide rejection (if required) may be accomplished using an amine absorption process,
membrane separation (or, possibly, a PSA process). Either the amine or membrane processes
were determined to be suitable for the gob gas application. The PSA process was anticipated
to still be experimental in nature and not as mature as the other altematives. Therefore, PSA
was not recommended for initial use to remove carbon dioxide. Conventional water removal
techniques (e.g., glycol dehydration, membrane separation, etc.) are very adequate.

In summary, the system design that is expected to be the most favorable from both
technical and economic viewpoints is a facility consisting of: (i) a PSA or selective absorption
nitrogen rejection unit (with PSA having an advantage over solvent extraction), (ii) a catalytic
combustion deoxygenation process, (i) an amine or membrane carbon dioxide removal
system (if required), and (iv) a conventional dehydration unit. These independent components
must be effectively integrated and coupled with the methane source to ensure achievement of
desired process results. The economic evaluation revealed attractive results, even under
conservative assumptions.

A Phase 2 pilot demonstration of a waste gas enrichment facility using the general
approach described above is planned. In addition to the economic benefits to be derived, such
a project would directly address certain requirements of. (i) Section 1308 of The Energy Policy
Act of 1992, and (ii) Action #36 of the Administration's Climate Change Action Plan.44 The
pilot project is expected to constitute a proof-of-concept demonstration of an integrated
commercial process that is ready for testing and introduction into the marketplace. REI intends
to develop concument projects on a global scale to facilitate the commercialization of a
previously-wasted resource and the enhancement of environmental conditions. Financial and
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degasification benefits would accrue to the coal mine operators resuiting in 'improved mining -
economics.
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EXHIBIT A

. ECONOMIC EVALUATION OF
A PSA-BASED GOB GAS ENRICHMENT FACILITY
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EXHIBIT A
ASSUMPTIONS FOR ECONOMIC EVALUATION

Gas Production

The starting point for the economic analysis was an estimate. of future production from
the vertical gob gas wells utilized in the Mine degasification plan. Using data from various
mines throughout the U.S., the projected production flow rates depicted on page 1 of the
attached Exhibit A spreadsheet were formulated. This flow rate information was used to create
the projected annual production for years 1994 through 2013. The gas production rates are
summarized on page 1, together with the shrinkagelfuel use percentage for feedstock gas
used in the enrichment facility. ’

Gas Price

Three potential gas markets were reviewed in order to establish the initial gas price,
transportation rate, and meter installation fees reflected on page 1. These initial.rates were
then escalated by a projected annual infiation factor (4%). The Gas Research Institute predicts

the followmg price pmjectnons in its pubhcatlon e Long-Term Trends in . Gas Su
Pri 9 ion l eline P ion of U, rgy Supply and Demand to
2010, March 1993. -

Lower-48 Gas Acquisition l5rices (1992 $/MMBtu):

Source 1991* 1998 2000 2006 2010
Lower-48 Gas Production 1.52 1.73 2.26 265 3.14
Imports 1.78 1.91 243 2.84 3.27
Supplemental Supplies 344 3.48 3.54 R X} 4.15
Average ' 1.56 1.7 2.29 268 3.16
Average (nominal $) 1.51 1.94 3.08 - 4.49 6.63
* Actuals ' |
Gas Revenue

Gross gas revenue is calculated on page 1 of the Exhibit A spreadsheet utilizing
estimated gross gas production from gob wells, gas price, shrinkage/fuel use percentage, and
the estimated Btu content of the sales gas. The average Btu content of the Mine sales gas is
assumed to be 970 Btus/scf for this economic simulation. The Mine's share of gross gas

revenue is derived by ‘multiplying total gas sales by the Mine's assumed revenue interest of
80.0%.
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Sales Gas Specifications

The average quality specifications for natural gas deliveries into the Questar, Northwest
Pipeline, and Columbia transportation systems were utilized to derive the following sales gas
quality specifications for use in the economic model:

BASE CASE
1. SOLIDS Free of
2. OXYGEN 10 ppm
3. NITROGEN* Max. 3%
4.  CARBON DIOXIDE * Max. 3%
5. HYDROGEN SULFIDE ~ 1/4 Grain/100
6. TOTAL SULFUR 20 Grains/100
7.  LQUIDS Free of
8.  WATER VAPOR 7 Ibs/MMcf
9. HYDROCARBON DEW POINT 15° @ 100-1000 psi
10.  HEATING VALUE Min. 880 Btus/scf
11.  TEMPERATURE . Max. 120°
12. * DELIVERY PRESSURE 100 - 800 psig
* TOTAL INERTS iCOMBINED) Max. 3%

Fee S cifications

The average quality specifications for.gob gas are detailed below. These specifications
were derived from analyzing gas samples from the gob areas of the Cyprus Cumberiand Mine,
Greene County, Pennsylvania; the Cyprus Emerald Mine, Greene County, Pennsylvania; and
the Soldier Canyon Mine, Carbon County, Utah. .

FEED GAS RELEVANT
BASE CASE . —RANGE
1.  SOLIDS AND LIQUIDS Free of
2. OXYGEN , 3% - 2% 10 8%
3.  NITROGEN 16% 9% to 26%
4. CARBON DIOXIDE 3% 3% to 9%
5. HYDROGEN SULFIDE 0%
8. TOTAL SULFUR 0%
7. METHANE 78% ' 65% to 85%
8. WATER VAPOR 800 Ibs/MMcf ‘
9.  HEATING VALUE 750 Btus/scf ' 650 to 850
10. TEMPERATURE - 50° 45° to 70°
1.

DELIVERY PRESSURE - 14.7 psia
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Depreciable Costs

The depreciable expenditures are detailed on page 2 of the Exhibit A spreadsheet, for
the individual components of the gas gathering system, gas enrichment facility, and the sales
‘gas pipeline and meter station.

Depreciation

The Modified Accelerated Cost Recovery System was used to calculate the
depreciation allowance on the majority of tangible property costs, based on a seven year
recovery period and 200% declining balance method. No salvage value is assumed in the
calculation and the half year convention is utilized. Straight-line depreciation is used for the
pipeline right-of-way, based on a ten year useful life.

Depletion

. A depletion allowance (both cost and statutory) is calculated for tax purposes in the
model. '

Intangible Drilling and Development Costs

The Mine analysis assumes that the mine 6perator has already drilled and is currently
~ venting gob gas. Thus, the costs incurred in driliing the gob gas productlon wells are treated as
sunk costs and not considered in this evaluation.

Operating Expenses

Operating expenses are those costs incurred to cover the field operations necessary to
produce, clean-up and sell the gas generated by the project. These costs include salaries and
wages, employee benefits, well service and workover, repairs, fuel and utilities, supplies, auto.
and truck, supervision, maintenance, indirect cost allocation, insurance, water disposal, etc.
The operating expenses in the model assume a staff of two full-time field personnel.

Division of Interest

The economic model assumes there is one working interest owner in the project. The.
net revenue interest associated with a 100% working interest, after royalty burdens, is
approximately 80. 0%

Taxes

_ Income taxes calculated by the model include federal income taxes (35%) and state
income and franchise taxes (10% combined rate). The highest marginal tax rates were used
for conservatism. The altemative minimum tax was not considered in this analysis.

° A 5% severance tax was assessed on the value of all severed minerals.
. The ad valorem tax rate was calculated using the West Virginia state formula,
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. Conservation tax on gas production was not considered in the model. ‘

Nonconventional Fuel Tax Credit

Coal gas production, under certain specified conditions, is eligible for a
nonconventional fuel tax credit established under Section 29 of the Intemal Revenue Code.
The tax credit applies to qualified fuels produced from wells drilled between December 31,
1979, and January 1, 1993, produced in the U.S., and sold to an unrelated party for a lawful
price during the taxable year. Production from qualifying properties is subject to the tax credit
until January 1, 2003. The tax credit is allocated on the basis of revenue interests. The value
of this credit is estimated to be $0.97/Mcf for 1994, and is escalated by the model at the
annual inflation rate. ‘

Greenhouse Gas Offset (;redit

No value for any greenhouse gas offset credit (potential benefit for mitigating the
release of methane to the atmosphere) was assumed in the base case.
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EXHIBIT A

PAGE 2 ..
DESCRIPTION 1996 1995 19% _im . 1999 . 2000 2008 2008 0 27 e 20 e 1 2002 _ams TOTALS
GENEBAL RPUT BATA CONT.: ’
CAPITAL EXPRENDITURES: .
DRPLITABLE COSTS:
LEASEHOLD COST .
LBOAL , L]
TOTAL DEPLETASLS COSTS ° [ 0 [
CUMULATIVE [ 3
DEPRECIABLE COSTS:
ACCELERATED DRPR.:
suRvEYING . 2.9 250
ROAD AND LOCATION 50,000 0000
VERTICAL WELL COST . )
SALES PIPELING mem men
VACUUM PUMPS ° .
GASFLOW METER 2,00 s.000
OASANALYZER T 2.000 20
DENYDRATORS 18.000 18,000
COMPRESSORS - =30 o000
N2 REJBCTION PACILITY 200,000 1,208,000
02 RESECTION BOUIPMENT 300,000 300,000
L CO2& MO RN, BQUIP. 90,000 o008
RO FACILITY INSTRUMENTATION 200,090 .00
GAS CATRERING BQUIP.: [ ]
WELLHEADS 20,000 .00
MLOwWLINES 2650 6.0
METERS 30,000 .0
SAPETY BQUIFMENT 1Hose - 1.
3,298.452
15,00
20,000
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EXKIBIT A PAGE 3

WORKING INTEREST OWNER - CASH FLOW ANALYSES
COMMERCIALIZATION OF PREVIOUSLY-WASTRE COAL MINE GOB GAS AND COALBED METHANE

DescarTIcN 19 15 19 m 19 1 2000 3 »n 0 ) 208 2 20 2 2 me m 2 my TOTALS
EEVENURS: , .
NET GASSALES 6 1ANGE  LINWT LMW LR LTMAR  LIBST LASIS  LIMNE 261096 1O LISLHS  23MM%  2IMIS 24430 1IN 2GAOC LN 2SN2ST 29066 AWK
SALEOF ASIETS ) A o 0 °* . . . [ ° . . 0 . * ° ] . [) ¢ mm e
DeTERRST ) - = - - ) a o) - - - - - - -~ [ 0 [ ) ) L
TOTAL REVEMES S 1ANGS  1INNT LMY 16N6W L7SOR  L7YR LS4 LGN 2NTNS  LOKIW  L12H9 1T 23N 2488 23287 24068 2NAES 2NN SMGMS &%
OPERATING KXPENIES: _ .
SALARIES AND WAGRS e nwm nm L5 T Y g NIR WU WAR WO BE? G MR NGSS T 1666 LIS DS W 174 204
BMPLOYEE BENEFITS nem 10 nm s we B30 ST DOS WM BN NMS NI N M 6 B M A Qe MM . G
WELL SERVICE & WORKOVER 0 o ) o 13,00 [ * » M 0 . [ * BW » [ . ° o "o
REPAIRS 0w 50 nm nus 2.3 uae st o aw ae am N S NI BT G2 KIS RAT MM WIS s
PURL, WATER, A LUB. 4 am sin 3% s.as 3.0 5% 516 [ s 7188 7.0 7.3 T, s s so» 23% £ o8 e
COMPRESSOR MAZNTENANCE 200 20 a.m am nwm L B w3 nsm Bus BEs wWm  nm nwm S N AN NI ans o mon
sureLIES 2400 2.0 3.000 53 se1 am s . am s .59 s s o 132 104 [ [ s o.om 1 103
HORIZONTAL BOREHOLE o [ o . ] o ° * . * . [ . .0 . [ . * o . s [
EXPERIED INTANGIBLES . o o o o . . o o ) . o . . . . * o . . .
ENGINEERING DERON ;e mew o - e o . o o * - 0 . 0 . * ¢« e ® o . o e
AUTO & TRUCK Ll 620 s o Ll 7300 R - 1w s 1.3 sm .25 9,008 L T T T ne 1183 . 12ea men
SUPERVISION a0 Q40 0% am nie nm TN WSS N6 SN NS 2967 MR MM 1590 08T B NESM NS el LTAES
FPIPELINE ROW MAINTENANCE 30 s 120 a1 ssie 5.6 X sou atos am wa aas - am saw s sa som somr o L)
INDIRECT COST ALLOCATION ° ° o . o 0 [ [ 0 . . . . [ * o ° ° ) ¢ e
SEVERANCS TAX . nm L] nns - nm Lty BEP B WG 1N 1L 1N IS 9N . N INGT IR RS MOS8 RN 20048
CONSERVATION TAX o ° 0 o . ° . o ° . 3 . ° . . [ ° . 0 . .
AD VALOREM TAX ’ »m Qs “om 1.4 I nm NG, W ELI ESI ENNE W56 SEESL MM 1056 0RO LIS 16 121515 Lomem
OASTRANE FER 0 MES NI NN NS B M BEIB MEEE MW MM M SHMT  NMIN DM I MALEN SRS MMM 4de Sk
IRIURANCS .00 .0 31000 630 sm am I 6 e NS MH2Z NI NN T B2M 6N MNT B L 1N M2 LARSN
WATER DISPORAL o o o ) o [ e [ . [ 0 ) . o [ o o ° [ [ .
CONTRACT PUMPER o o o o o . o o o . o . o o . o o . .. ® *
U1 DEMOBILIZATION o 0 o . o o o o o 0 . . * o ° . * o o mmee e
> psrascunon AT WA MM AN NI MEES NGNS 1MSK 1240 1208 0 ) . . ) 0 » . o ¢ smm
DEFLETION o O ;W 19ue NI 2 2007 IMNT TN SONS  AND  vwass SIS SINOM MBS WSM  MBIN  GAIN 409 e Selawe
TOTAL EXFRNSES LOMID  LESIN  LATIUM  LUASW  LIMEN LN LOTLN  IBGMS  LIMAS  LIBTG  LISAOD 1039 LGNS LM0I6 1AM LARSN LN LWL LasIe  Leam:  mastem
NET BNCOME BEPORE TAX QoI (SATIS) TGS IRMD  IMMT M8 4RI GO RSN DRIN MU TR IBAS  LESXT LTS LeRSE  LINIE  LIMS® LIS LSHSB  1LwAN
TNCOME TAX / (SENEFIT) | GRNh @OaH B IS WS AT L MAS SN STII MMl S ARSN OSM5 MMM LT IS8 SRS SiAm  NRe9 GINIS
TAXCREITS O SN wmeen ensi9 %M LGSSM  LOM.I67 LUSIN LIQ% [ ° [ [ . ) ) [ [ e s uam
NET INCOME AFTER TAX CUDO TR MM LIKIST  LIIN  LIENI  LINGR 1AM LALID B9 M8 SI6SIT SN BIIM SEME SNAS OLMS N OReR SESIN 1LTUM
ADJUST TO CASE BASI:
CAPITAL COST oinms o 0 o o o . o [ ) ° ) o . ) ) . ° ° ocamen
DEPRECIATION MIN DN M OLI0 AT M3 M 1WSM 1240 12408 0 o . 0 0 o . . o ¢ am
DERLETION o O TS a6 MMM IMGM . 0N IMNT - MeIM N2 ANS  WLME  NGIW IS SN MM WIS AAID  AGGN M6 SSRLIe
NET CATH FLOW A e e L e i -] e e e e e e e et ) et TSNS

NET PRESENT V:LUE PROFILE S.0IN  3.909.211 1,522.261
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COMMERCIALIEATION OF FREVIOUSLYT-WASTED COAL MINE OGS GAS AND COALIED METRANE

EXHIBIT A

PAGE 4

TOTAL ROYALTY TAX CREUITS

SUTHS RFORMATION:
DRICRIPTION _tom
m [ ] )72, S, 98 1,728 151 900 3 - j24. 653 i F R 136 498 1. 995 954 )57.955 198,61 TR 58 0N N 152 .63 T IS8T

SALEOF ASETS :

DITRROST [ ] [ [ [ [ ] ] ) o - [ [ - .. - sS4
TOTAL REVENIRS (] l.ll'& 1,916,854 1,995,484 2,073,199 2,156,103 230030 199190 24108 292109 24800 27NN 2057005 29995 SAMIS  LMAEA  SHHRMS 3449  3IMm  4mas 1A%
um" n~ : .

SALARIES AND WAORS 9% ™ nm nMe . .10 asn 7. 2.9 mes w.ar o mem 1538 mar 125,008 191,199 196,399 an WAD 29

BMPLOYER SRNAFITS AN - nw am BM 136 B3N »sm nes 2% 2% .08 259 v N . e ne 938 asns ase “ne s

WELL SERVICE WORROVER ) . (] ° 15.000 [ . . [} N . . ] . 8.0 ) . . ° e e

REPAIRS .00 10 n9, nus s2.5 naé nm nam om “wn asm N - Han %39 »an axs «ne T Lt B W

PUBL, WATER, & LUB. e 4 s1n 3,99 .08 s “mn ans e _dese 1308 298 1.4 19, 2 .08 (Y] (X L nas s

COMPRESIOR MAINTENANCE »om 2000 n.e nae nm 2095 5,99 2919 nsn B4 nas nw nex n" 'Y ) %0 sian n ans Qi we

Kerues 240 208 2,00 M - em 4 4“0 41 s (X 5954 “r - X 104 8327 .00 2.4 . nm 13

ROYALTIRS 0 moe s» 1.2 "0 w.964 6w 2494 5.9 2. 29,00 MWie M mas . w8y nLIN 952987 Nears MIN LMoo

OVERNDING ROYALTIES ] 1am nem HIX ) [T ) N 1990 190,90 39 wsm .52 157,004 16430 ms X [% ] T m WM | nEB. 19en

MORIZONTAZ BORENOLE ) . [} . ° . [ . . . N . . ° . N . e . e .

EXPRNEED INTANGIBLES . ) . . ® . . . . . . ) ° . . .

ENOITENNG DERON 300,000 000 L] 1} [ [} [} [] [ ] ] ] [ ] ] [} . m.e0

AUTO & TRUCK o [} [} (3} 7.0t 7.0 7.9% 0% (1) 830 (1 2257 2.008 s.9% nms 0 1.9 nen 12,198 2.6 .

SUPRRVESION am Qe “1 am nm nw» X .9 e so» [ T1] 26 s ;o 199,90 e 1ns» ness m.se 126481 LS

PIPELING ROW MAINTENANCE 3600 1120 3 s s.se 3.6 L7 s 4108 “a» s asis “e ams X ] LY sas .0 & [ mane

INDIRSCT COST ALLOCATION . . . ) . ) . . . ) . . ) . . . . ® . ) ]

SEVERANCE TAX ) oan 82 ”.043 109,00 . 112.008 1ES® 121,292 126,00 1.1 19650 s 170 199,9% 199,994 N msn mase 162 - 2582%

CONSERVATION TAX . . . . e ° . . . . . . . . ‘0 . . . . . 3

AD VALOREM TAX ° nm Hm stae 94,938 nne " LY nas 2.0 105,738 1.0 HsAS. 198 120,008 .90 195,098 st 7 mas  2emes

GAS TRANE. FE8 ) 293,29 243400 m.me mm 24209 N34 A - MmO i U 308,083 L 29.9% am am M oas ;e .30 BT 12

INSURANCS s 200 e 620 LY - .08 am aa nies non2 % men n2se 06,308 »0e7 L ns 10129 ssa Ao

WATER DISPOSAL | . . . ° 0 . . ) . . . ) . : .

CONTRACT PUMPER ) ® ) . . . ) . . . . . . . . ) . . ) ° .

DEMOBILIZATION ° . .. ° . . . ) . . . . . 0 . . . . ) 20,0 20000

DEPRECIATION mm oI 909,302 434,99 306,938 08,029 306,933 19,54 12408 12408 ¢ ) . . . . . . ° ¢ mm

DEFLENON [ [ W43 298988 310.99% 323,323 936.2%8 o e SMMS 98,373 %110 Y an.1 R 1.8 S804 90 s 1Inm
TOTAL EXFRNIES 100952 19975%  LESLNS LN LTS LRI LOMIN  LIAIY LM LINNG LIRS LEMA  LMETY 2SI 2MN.08  LI80  2MON 23NN 24MM0  LTHI?  MINIH
MET INCOME BEPORE TAX 004953 (N9 n1% 20202 6005 smaxs X ] s .19 w2 9,90 5730 [ X [ % 9,925 WLIR LS  LONES LU 14N 1238
INCOME TAX / (BENEFIT) “R.n @08 0.957 LY 151,9% 10,7 181410 19,90 90,900 157 man %808 000 s ams mns a1ty -2 - mes  erem (Xt
TAX CRESITS 0 LINGS LGSR LINTM 12038 1208 5599 1M7L ) ) ® . . . ® . . . RN
ROVALTY TAX CREDITS O Onem  anNh  QNes  ORN)  ORAH  ORNn  aBuy  oNns [ ) [ [ e [ [ [ [ S s _awmewn
NET INCOME AFTER TAX (L% ] mae VLN LMATS LI LMLMS 129689 14598\ STIn asm s M -m mar nsm sea 0.0 man o408 MW KUIVDE
ARRNT TOCASR BASIS:

CAMTAL COST o.om . . . . 0 . o’ ‘e o . . . . . . . . ° ¢ canan

DEPRBCIATION am o1 f T ] a0 506,988 08628 308,938 199,514 12,008 1 e . . . ¢ . ° . . e o

DEFLETION . 0 287,435 29,933 310.5% m.Is 336,258 . . S8 .378 mie  ossm 240 L] men 5] N4 0.9 M 13RS
NET CASR FLOW OS540 L6300 1007968 LIARY  LWLIB  LSE.2N LIS LG 19522 Sees wrem o6 NIATT L1990 SALI LTS LOSIA9  LMOAN LIS LIGAS  22.3149%
R S5C 29 TAX CREINTS [ L[] [} [] e. [} [ ] [} ] L ] [ 3 mass
onms CRETS ® ° [ [ [ 0 - [ [ [ ® [ W38

ety L v ¥ v ) L 1J L L) ] 1 TSRS
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