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EXECUTIVE SUMMARY • .

An immense gas resource is being vented to atmospherefrom coal mines throughout
the world which is a waste of an energy supply and may be deleteriousto the environment.

4

Resource Enterprises,Inc. (REI) has identifiedpotentialcommercialapplicationsfor utilization
of the '_vaste" gas, the obviousof which involved(_!rectcombustion processes.The Public
UtilityRegulatoryPoliciesAct of 1978 created a favorableenvironmentin the U.S. to develop
independentelectdc power generation projects.This directed REI's initialfocus toward power
production.However, depressed economic conditionsin ir_dustrializedareas (especiallycoal
producing regions)caused a surplusof generatingcapaCityand ultimately resultedin RErs
investigationof non-electricaltemativesfor commercializingmethane produced in conjunction
with coal mining operations. This led to the subject project, co-sponsored by the U.S.
Departmentof Energy, MorgantownEnergyTechnologyCenter (DOE) and REI.

REI was the projectmanager and pdme contractor for the project.REI subcontracted
the Universityof Utah Chemical and Fuels EngineeringDepartn.ent and other specialiststo.
assistREI in itsevaluationof variousgas conversionand enrichmenttechnologyoptions•The
primaryobjectivesof the projectwere to identifyand evaluate existingprocessesfor. (i) using
gas as a feedstockfor productionof marketable,value-added commodities,and (ii) enriching
contaminatedgas to pipelinequality. The technologyalternatives considered under both the
conversionand enrichmentscenarioswere requiredto accommodaterelativelylow volumesof
gas flow (e.g., 1-5 MMscfd),and varyinggas quality (e.g., 50-90% methane).

The followinggas conversiontechnologieswere evaluated: (i) transformationto liquid
fuels, (ii) manufacture of methanol, (iii) synthesisof mixed alcohols, and (iv) conversion to
ammonia and urea. All of these involvedsynthesisgas productionprior to conversionto the
desiredend products.Mostof theconversion technologiesevaluatedwere foundto be mature
processesoperatingat a large scale. A drawbackin all of the processeswas the need to have
a relatively pure feedstock, thereby requiringgas clean-up prior to conversion. Despite this
requirement,the conversiontechnologiesWerepreUminadlyfound to be marginally economic.
However, the prohibitively high investmentfor a combined gas clean-up/conversionfacility
requiredthat REI refocusthe projectto investigationof gas enrichmentalternatives.

Enrichmentof a gas stream with only one contaminant is a relativelystraightforward
process(depending on the contaminant)usingavailable technology.However, gob gas has a
unique nature,beingtypically composedof five constituents.These componentsare: 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 operatingand cost effectivenessof the combined
systemis dependenton careful integrationof the clean,up processes.

The nitrogenrejectionunitwas determinedto be the most criticaland costlycompOnent
of the system.Three technologieswere identified as potentiallybeing suitable:(i) cryogenics,
(ii) selective absorption,and (iU)pressure swingadsorption (PSA). The cryogenic process is
very sensitiveto the presenceof impuritiesand, therefore,was consideredto be inappropriate.
Boththe selectiveabsorption and PSA processeswere"assessedto be acceptable,The overall
hydrocarbonrecoveriesin both._processesare similar,and the capital and operating costsare

•" also comparable. A primary differencebetween the selectiveabsorptionand PSA processesis
their abilityto handle oxygen.The selectiveabsorptionprocessrequiresoxygen removalprior

vi
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to nitrogenrejection,whereasPSA removesmostof the oxygenduringthe separationprocess.
Therefore, the processinvolvingPSA is less complex.However, cautionmust be exercised in
designinga PSA nitrogenrejectionsystemto ensure that gas mixturespassingthrough the
explosiverange are handledproperly.

• The oxygenseparationcomponentadded complexityto the integratedgas enrichment
concept. Catalyticcombustionwas the process determinedto be the best suited for the gob
gas applicationand could be performedadiabaticallyor at lowertemperaturesusinghydrogen

- as additionalfuel. The adiabaticapproachwas favoreddue to safety and costconsiderations.
Technologiesfor carbon dioxideand water removal are well established.If required, carbon
dioxide rejection may be accomplished using an amine absorption process, membrane
separationor PSA process.Boththe amine and membraneprocesseswere determinedto be
suitable.The PSA processwas anticipatedto stillbe experimentalin natureand not as mature
as the other altematives. Therefore, PSA is initiallynot recommended for carbon dioxide
rejection. Conventional water removal techniques (e.g., glycol dehydration, membrane
separation,etc.) w_re consideredto be adequate.

In summary, the gas enrichment system design that is expected to be the most
favorablefrom bothtechnicaland economicviewpointsis an integratedfacilityconsistingof: (i)
a PSA or solvent absorption nitrogen rejection unit (with the PSA system having some
advantage over the solvent extractionprocess), (ii) a catalytic combustiondeoxygenation
process, (iii) an amine or membrane carbon dioxideremoval system, and (iv) a conventional
dehydrationunit. An economic evaluationof a PSA-based gas enrichment system indicated
favorable results. Using conservative model input parameters, an after-tax internal rate of
retumexceeding20% was projected(assuming100% equityfinancing).REI is pursuingPhase
2 of this project for demonstraUonof a waste gas enrichment facility using the approach
describedabove. This is expected to result in the validationof the commercialand technical
viabilityof the facility,and the refinementof designparameters.

0 °
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1.0 INTRODUCTION AND BACKGROUND

Methane contained in coal seams has plagued coal prodUcersfor centuries due to
safety problems caused by gas emissions into undergroundworkings. To cope with this

, problem, mine operators dilute methane concentrationsby circulatinglarge volumes of air
throughventilationsystemsandvent gas to atmospherethroughgob ventilationboreholesand
other methane drainage systems. Unfortunately,most of this gas is contaminated with air

-" and/or is inaccessibleto pipelines.As a result,the resourcehas generally been regarded as
unsuitableor uneconomicfor use as a primaryenergy source.

A vast resource is presentlybeing vented to atmospherefrom coal mines throughout
the world. For e)_ample,in 1988 an estimated 183 to 282 billioncubic feet (Bcf) of methane
was liberated from.U.S. _)al miningoperations(representing10-15% of worldwidemethane
emissionsfrommining).1 Of thisamount, 172 to 271 Bcfwas vented to atmosphereand only
13 Bcfwas utilized.This is a waste of a valuable energy resource and may be deleteriousto
t_heenvironment.Methane is deemed tO be a large contributorto"global warming since it is
twenty times more effective at trapping heat in the atmosphere than carbon dioxide (over a
one hundredyear timeframe).1 Furthermore,methane concentrationsinthe atmospherehave
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
producedin conjunctionwith coalminingactivitiesare vast.

Recognizing an opportunity to exploit this gas resource, Resource Enterprises, Inc.
(REI) set out to identify potential commercial applications.The obvious utilizationoptions
involveduse of the gas in direct combustionprocessessuchas electricpower generationand
coal drying,2 REI's objectivewas to identifyan alternativethroughwhich the value added to
the gas resource could be maximized, thereby enhancing the economics of methane
commercialization.The Public UtilityRegulatory Policies Act (PURPA), enacted by the U.S.
Congress in 1978, created a favorable environmentto develop independent electric power
generation projects in the U.S. This situation influenced RErs focus on using waste gas
produced from coal mines for electricpower production,and ultimately resulted in RErs
formationof a venturewith a gas turbine manufacturerto developpower projectsat coal mine
sites.3

However,economicconditionswere very depressedthroughoutthe industdalizedareas
of the U.S. during the 1980's and into the 1990's. This was especially pronouncedincoal
producingregionsand caused a surplusof powergenerationcapacity that discouragedelectric
utilitiesfrom acquiring additional supply.Although PURPA required the utilitiesto purchase
power at their"avoidedcost" of producingellectricity,REI quicklydiscoveredthat perspectives
on the value of avoided Costvaried widely. Despite support from various sourcesto develop
electric power generation projects using the waste resource, acceptable power sale
agreements (or back-up power purchaseagreements for on-site use of produced electricity)
could not be secured. This situationis believedto be peculiarto conditionsthat 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 rriethane commei'cialization option. As a
consequenceOfthe power generationexperience gained by REI, REI began investigatingnon-

. electricalternativesforcommercializingmethane producedin conjunctionwith mining.
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The targeted resourceswere gob gas (contaminated gas produced from mined-out
areas), and pipeline quality methane producedin advance of mining. Methane contained in
ventilationair was onlyexpectedto have some applicationfor use as combustionair,4 and was
disregarded due to its limited overall potential for commercializationusing current gas
conversionand separationtechnology•This pursuitresultedin a projectco-sponsoredby the
U.S. Department of Energy, Morgantown Energy •Technology Center (DOE) and REI to "
evaluate gas conversionand enrichmenttechnologyoptions.

REI was the projectmanager and pdme contractor for the project that was initiatedin
late 1992. REI subcontracted the University of Utah Chemical and Fuels Engineering
Department, Dr. Laszlo Heredy and other specialiststo assist REI in its evaluation of gas
conversion and enrichment technologyoptions.The primary gas utilizationobjectivesof the
project were to identifyand evaluate existingprocessesfor: (i) using gas as a feedstock for
productionof marketable'commodities,and (U)enrichingcontaminatedgas to pipelinequality.
Satisfyingthe firstobjectivewas a pdodtysince the technologywouldhave broaderapplication
(e.g., pipeline access would not be required).The project was divided into two phases. The
purpose of Phase 1 (the subjectof this report) was to evaluate the gas resource associated
with mining, and identify and evaluate various gas utilizationtechnologies.Phase 2 would
consist of a pilot demonstrationof the technologydeemed to have the most promise for
commercializationof this substantialgas resource.



2.0 GAS RESOURCE ASSOCIATED WITH MINING

2.1. GASEOUS MINES IN THE U.S.

• Methane plaguesmine operatorsby adverselyaffectingcoal mine safety and causing
delaysin production.Ventilationis the primary methodused by operators to dilute methane

concentrations in undergroundworkings.When the capability of a ventilationsystem is not
• adequate for diluting gas concentrations to safe, mandatory levels, methane drainage

techniquesare employed.

Coal miningproductivity continues to increase each year, pdmadly due to increased
Iongwallminingand the miningof larger panels (e.g., up to 1,000 feet wide and 10,000 feet
long). Increasingthe dimensionsof the Iongwallpanel significantlyincreases the area of the
affected overburdenand underburden.If the disturbedstratacontains coal seams or othergas
bearingstrata,the volume of gas migratingto the mine ventilationsignificantlyincreases.U.S.
coal minesventing 5-15 MMcfdaccountedfor 34% of the 300 MMcfdof methane producedin
1988.5 Coincidentwith the miningof larger dimensionIongwallpanels,'minesproducing5-15
MMcfd contributedto an increased49% of the total daily methane emissionsfrom U.S. coal
mines.

Table 1 presentsan estimateof U.S. coal minesimplementingdegasificationsystems.
The use of surface-drilledverticalgob wells is the most commonlyimplementeddegasification
technique in the U.S. (e.g., 31 of '33 mines). Twenty of these mines also utilize in-seam
methane drainagetechniqueS,primarilyconsistingof cross-panelboreholes.

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

i i i i

MINING
COMPANY MINEICOALBED BASIN METHOD DEGASIFICATION

(LW,ell) SYSTEM1

1. JimWalterResources BlueCreek#41BlueCreek Bl_lokWa_ior LW_CM Vertical,GOBpX-Panel

2. JimWalterResources BlueCreek#51BlueCreek BlackWanior LWrCM Vertical,GOBrX-Panal

3. JimWalterResources BlueCreek#71BlueCreek Black.Warrior LW_CM Vertical_GOB,X-Panel

4. JimWalterResources BlueCreek#31BlueCreek BlackWarrior LW_CM VerticalfGOBrX-Panel

5. U.S.SteelMining OakGroveMineI BlueCreek BlackWarrior LWTCM Ve_'cal,GOBrX-Panel

S. BethEne_/Mines Cambna#331L&MKittanningNorthAppal. LWrCM GOB_H.o_.ontalGob

7. BethEneRyMines EightyFourMineI Pittsburgh_ NorthAppa!. LW,CM Honzontal
o

8. ConsolidationCoal B_leyI Pittsbu_h NorthAppal. LW,CM GOB

9. ConsolidationCoal Loveddge#221Rttsbul_h NorthAI:_I. LW_CM GOB

• 10.ConsolidationCoal ArkwrightI Rttsbu_h NorthAppal. LW,CM GO.B,Horizontal



i

11.C..onsol.!dationCoal. Humphrey#71Rttsburgh NorthAppal. .LW,CM GOB,Horizon_l

12.ConsolidationCoal Osage#31Pitt_urgh NorthAppal. .LW_CM GOB

13.ConsolidationCoal Biacksville#21Rttaburgh NorthAppal.' LW_CM. GOB,Horizontal .

14.ConsolidationCoal RobinsonRun! Pittsburgh NorthAppal. LWpCM GOB .... •
i

.!5.ConsolldationCoal AmonateI Pocahontas#4 C._trelAppal. . LWpCM GOB

16.CyprusEmeraldResources Emerald#1 1Rttsburgh NorthAppal. LW,CM GOB .

17.CyprusCumberlandR.es. CumberlandMineI RttC_rgh NorthAppal. LW,CM GOB

18.EasternAesodatedCoal Federal#21Rttsbu_h. N..orth.Appal. LW_CM. Qoa_Hod,_ontal

19.U.S.SteelMining Pinnacle#501P_,ahontas# 3 Cen_ls_pal. LW,CM GOBIX-Panel

20.U.S.SteelMining ShawneeI Pocahontas#3 CentralAR_I. LW,CM GOBTX-Panel

21.CostainCoal Wheatcroft#91Herdn_6 . Illinois LWrCM GOB

22.OldBenCoal 01dBen#251Heldn#6 Illinois . LWrCM GOB

23.OldBenCoal OldBen#261,Herdn#6 Illinois LW,CM GOB

24.ConsolidationCoal(.Consd) Buchanan#11Pocahon.tes#3 Cen.lra,IAI_I, LW_CM Vertical_GOBfX-Panelf

25.Coned/IslandCreek V.P.#11Poca,hontas#3 CentralAppal. LW,CM Vertical,GOB,X-Panel

26.Consol/lsiendCreek V.P.#31Pocahontas#3 CentralAppal. LW_CM Vertical_GOB,X-Penei

27.Conso_siendCreek V.P.#5 / P_tas #3 CentralAppal. LW,CM Vertical,GOB,X-Pand,

28.Consd/IsiandCreek V.P.#61Pocahontas#3 CentralAppal. LWI CM Vertical_GOB,X-Panel

29.GardenCreekCoal V.P.#61Pocahontas#3 CentralAppal. LWICM Verticalr GOBrX-Panel

30.BasinResources GoldenE..agleI Maxwell Raton LW_CM GOB_Horizontal

31.CyprusEmpire.Coal Eagle#5 1FSeam Rceenoa LWFCM GOB

32.SoldierCreekCoal S. Can.I Rck:Can._Sunrp/dda Uinta CM Horizontal

33.WesternA_xciatadCoal DeseradoI B_ • Pioaarce LWr CM GOB

Source.EPA,MSHAandPersonalCommunication.

1 surfaceverticalGobWell = GOB
VerticalPre.MirdngWeB = Vertical
In-SeemBomtloles = Horizontal
Cross-PanelBorehokm = X-Panel
In-MineHorizontalGobWell - HorizontalGob

2.2. DEGASlFICATION METHODS

The following text Overviews various degasification techniques including: (i) gob wells,
(ii) 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.
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2.2.1. Gob Wells ' •

The use of gob wells is the most commonly practiced degasiflcation 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 wells are drilled

, from the surface over the longwall panel initially to within about 200 feet above the mined
coalbed, 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•

Q

TO GOB VENTILAliON
BOREHOLE STACK

SURFACE

' 10 5/8" BOREHOLE
,

7" OD.6" CASING

COAL

COAL
FLOWWITHIN CASING

50'

COAL

•SLOTTEDCASING
(USED SOMETIMES)

100'

COAL
6 S/8"OPEN HOLE

LOWERKITTANNING,
B SEAM

• !
• .

Figure 1. Typical Gob Well



As the Iongwallface advancesand the coal is extracted,the overlyingstrata collapses
as the coal is no longer present for support. Fractures are created as the overlying and
undedy!ngstrataare disturbed,allowinggas to migrateto the gobwell from adjacentcoalbeds
andothergas bearingstrata (referenceFigure2).

Longwall Gob Fracture Zone

Coalbed

CoMbed
120 to
140 m

,,'] Coalbed
I

i

CoMbed SHIELD
t

T Coallmd
20 to 40 m

t CoMbed
4BD

,B_ ei

_._ 50 m10 m 120 to 200 m

Figure 2. Longwall Mining Effects on Adjacent Strata
i

The fractured strata is referredto as the gob (or goal). The gob gas flowsto the surface
by natural convection; however, most coal mine operators install vacuum pumps or
blower/exhausterson each gob well to increase gas flow. Gob gas quality may range from
neady 100% methane to as low as 25% methane, at which time federal statutesrequire a gob
well to be shut-in.Gob gas flowsvary greatlyfrom 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 Iongwall face advances
beyond the gob well. Variations in gas flow and quality are dictated by the reservoir
characteristicsof the fractdred gob, the dynamiccreationof the gob, and the design of the gob

•' wells. This design is usually determined through site specific experimentation by mine
operators.
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In additionto verticalgob wells, altemativemethodsfor extractinggob gas includethe
underground drilling and production of short cross-measure boreholes or long in-mine
directionalgob boreholes,s These may be usedwhen there are surfaceaccess problems,the
cost of drillingvertical gob wells is excessive, or for other reasons. Each gob gas removal
techniquehas its own advantagesand disadvantagesrelativeto gas extractioneffectiveness,

, cost, operation, etc. Figure 3 depicts each of the primary gob gas recovery techniques
presentlYbeingused by U.S. mine operators.

Vertical Gob Wells _ .

,.. RN
In-Mine Horizontal ..

Gob Boreh__--- .___

uross-Measure Borenoles

"'" ";_"" _" Longwall Panel

Figure 3. Comparison of Gob Gas Recovery Methods

2.2.2. !n-Seam Borehgles

In-seam, small diameter horizontal boreholes are drilled from underground mine
workingsusing permissibledrillingequipmentto: (i) providedegas_cation of Iongwallpanels
using short cross-panelboreholes (less than 1,000 feet long), (ii) shield methane emissions
from developmentof Iongwallgaterosd entrieswith long boreholes (greater than 1,000 feet),
and (iii)degasify large blocksof virgincoal in advance of miningwith long boreholes. In-seam
horizontalboreholeshave provento be an effectivemethod for significantlyreducingmethane

. liberationsintomineworkings.7,e Horizontalboreholeshave also been shown to be capable of
producinglarge quantities(as much as 450 cfd per foot of borehole)of pipelinequality (> 950
Btu's/scf)gas.9,1o,ll

• Rotary ddllingtechniques are typica;lyused to drillcross-panelboreholes. Directional
drilling techniques may be used to effectively.drill long horizontal boreholes, utilizing a

7



downholemotorequippedwith a steeringdevice. Downholemotorsin conjunctionwith survey
tools have been used to navigate boreholesto horizontaldepths exceeding4,000 feet, while
maintainingthe desired verticaland lateral borehole trajectory.12,13In low permeabilitycoal
seams, these in-seam boreholes may also be hydraulically fractured to enhance gas
production.

In an effort to design and implementan effective in-seammethane drainage strategy,
production estimates of horizontal boreholeshav_ been made using computerbased three-
dimensional coalbed gas simulators,provided that accurate coal reservoir parameters are
known.These parameters includecleat permeability, reservoirpressure,gas content, sorption
time, etc. Confirmation of model simulations predicting degasiflcation prodtJction and
effectiveness (e.g., determination of residual gas in-place) in relation to mine ventilation
requirementshave been verified by matchingprojectionswith actual horizontalborehole flow
measurements.14 Simulationshave also been performed to design degasificationstrategies
(type of methane drainageapproach, borehole design, spacing, etc.), and determine their
impact on reducing ventilationrequirements.14,15Horizontaldrillingfieldexperience and model
_imulations indicate that in-seam degasification can be effective even in short-term
applications(e.g., < five years priorto mining).

2.2.3. VerUcalWells
i

Vertical wellsmay be used to removemethane in advance of miningto exploitthe gas
resource and reduce the in-place gas content and mine ventilation requirements,le After
approximatelyten years of production,a substantialreductionof'gas in-placewas experienced
at the Oak Grove mine in the vicinityof a pattern of verticalwells, significantlyreducingmine
ventilationcapacity requirements.To maximizeeffectiveness,vqrticalwells are typically drilled
as far in-advance of mining as possibleand are hydraulicallyfractured using a vadety of

•fracturing fluids (e.g., water, gels, foam, etc.), proppants and treatment approaches.17
Fracturestimulationis conducted to enhance gas flow by increasingwe,bore communication
with the rei;ervoirand its existingnatural fracture (cleat) system. To address the corcem of
some mine operators, the fracturing effects on the coal, roof and floor conditions (after
stimulationtreatments were conducted), have been investigatedand found to not adversely
affect miningconditionsor roof stability.18

2.2.4. Gas Injection

An experimentaltechniquethat'may,enhance methane recovery through the use of gas
injectionis beingpursued by Amoco ProductionCompany and others. This innovativemethod
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 recovenng methane from
vertical productionwe,s. The processhas been laboratorytested, and is currentlyundergoing
field testing. 19,20,21 The process involves: (i) injecting inert gas intothe coalbed, (ii) mainlining
total pressure high, (iii) reducingthe partialpressureof methane, (iv) desorbing methane from
the coal matrix and diffusingthe methane to the cleats, and (v) producingthe methane, inert
gas and water from the productionwells, • .

In comparisonto the typical pressuredepletion strategyfor coalbed methane wells, an
.. increase in gas recovery at an accelerated rate is anticipated. Recently, Amoco has' been
,• injectingnitrogeninto four wells surroundingone producingwell in La Plata County, .Colorado.

, 8



Accordingto Amoco, the injectionresults are encouraging(e.g., increasesin gas production
have occurredand productionhas closelymatchedmodelpredictions).Figure4 is a theoretical
flow diagram of the gas injection.I;,'ocess.Gas injectionappliedto verticalwells in advance of
mining,or in-seam horizontalboreholes,may have potentialfor enhancinggas recoveryand
reducingmineventilationrequirements.

" v.

i .., •! i i ---(fromair} _ _. Cmlmm_,r
Vim

L
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.. Figure 4. Gas Injection Flow Diagram .
• i

2.2.5. Summary of Deoasificatton MethOd.S

Considerableeffortshave been expendedby the U.S. Bureauof Mines, coal operators,
REI and others to develop improved methods for extracting gas in advance of, and in
conjunctionwith coal miningoperations.These generallyinclude:(i) verticalwells and in-seam
horizontalboreholesddlledin advance of mining, and (ii) verticalgob wells, cross-measure
boreholesand directionally-ddlledhorizontalgob boreholesinstalledinconjunctionwith mining.
The selectionand design of an appropriatemine degasificationmethod have historicallybeen
based on an experimentalapproach.Coal reservoirsimulatorsmay now be usedas a basisto
provideengineeringrationaleto optimizethe methane drainageSystem. Each method has its
advantages and limitationswith respect to cost,gas extractioneffectiveness,impact on mining
operations,etc.

0

The impetusfor mine operators to perform degasification is usually out of necessity
(e.g., improved undergroundsafety and maintenance of mining productivity).Therefore, the

. cost of methane drainage operationsis generally assumedto be part of the cost of mining•In
• somegassy mines, this degasificati0ncost may be significant(e.g,; in excess of $1.00'per ton

of coal mined). In order to improvethe competitivenessof coal productionfrom deep, gaseous

9• I
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coal mines, operatorsmust pursuemeansto reducethe cost of methane extraction.One way
is to commercializethe gas resource through the application of advanced degasification
methodsand gas utilizationtechnologies.

2.3. METHANE OWNERSHIP
.,..

The ownershipof gas contained in coalbedsis a complexissuethat mustbe addressed
priorto developmentof any gas commercializationproject. In the U.S., and in other countries
throughoutthe world, the rightto develop and commercializecoalbed methane resourceshas
been a debated issuewith.contrastingoutcomes.The conflictgenerally adses when there are
severed oil, gas, coal (and possiblysurface) owner._hipand/_r developmentrights.The U.S.
govemment, in MemorandumM-36935, datedMay 12, 1981, statedthat coalbedgas in federal
coal deposits is not includedin a co_l lease under the Mineral LeasingAct.22 However, on
private lands, in certain cases the courts have decided in favor of the coal owners.23
Generally, ownershipof coalbed methane in these cases has been determinedon the basis of
the intent of the parties and circumstances existing at the time the mineral deeds were
granted

In Virginia and certain other states, legislation has been enacted to facilitate the
developmentof coalbed methane resources,24 Forexample,when there are conflictingclaims
to ownership of the gas, a forced poolingarrangement is providedfor to facilitate poolingof
the interests and estates relevant to the applicable drillingapplication: In those instances
where distributionof the .proceedsdedved from the sale of the gas is t_ncle_rdue to'such
conflictingownershipclaims,a 12.5% royaltyis escrowedpending resolutionof such conflicts.
In an attempt to remove the ownership barrier hindering the dev(,P'opmentof coal gas
resources, the U.S. Congress incorporatedcoalbed methane development provisionsin the
Energy PolicyAct of 1992. Among other things, the ACtprovidesfor the resolutionQfcoalbed
methane exploitationrightsby the federal governmentfor those states that do not enact their
own legislationto facilitate the developmentof such resources.

Despite these gas ownership uncertainties and complexities, projects have been
developed through cooperationbetween the coalbed methane developerand various mineral
and other rights owners (or lessees). Under circumstanceswhere gas i,: continuouslybeing
vented to atmospherefrom coal miningoperations,no partywill receive benefits unless such
cooperationoccurs.

2.4. METHANE RESOURCE

The targeted methane resource associated with coal mining operations typically
originates from the mine operators' degasificationpractices, as summarized ir_Section 2.2.
The relatively low gas volume and varying quality of the resource were significant
considerationsin this investigationsince economies of scale wouldnot be realized for existing
gas processing technologies.Althoughspecific gas flow/quality cases were utilized in the
varioustechnologyand economic evaluationsperformed,gas flowsfor representativeminesin
the U.S. are typicallyexpected to be inthe range of 1-5 MMscfd, with gas quality rangingfrom
50-90% methane and the balance consistingprimarilyof air (since a substantialportionof the
exploitableresourceis gob gas).

t"

i
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3.0 EVALUATION OF GAS UTILIZATION ALTERNATIVES

Power. generation Using low-quality gob gas has been investigated in other DOE
projects. Despitethe technical feasibilityof low-qualitygas combustionto generate power, it

, was not consideredin the cur,_nt evaluationsfor the masonspreviouslycited.The choice of a
technologyfor gob gas utilizationhas to consider the two primary characteristics of the
resource: (i) smallscale gas production;and (ii) variabilityin productionrates and quality of

- gas. It was also determinedthat the locationof the gas sourcewould have a vital impact on
the selection of an appropriate technology. If the gob gas source was inaccessibleto a
pipeline,gas conversion to transportationfuels (such as gasolineor diesel), or to high-value
hydrocarbons(suchas specialtywaxes), or to usefulchemicals(suchas methanol,aceticacid
or urea), must be considered. On the other hand, if the gas source was in the vicinity of a
pipeline,gas enrichmentthrough removalof impuritiesand subsequentdirect sale, would be
feasible. The followingevaluation resultsare organized into gas conversionand enrichment
tuchnologyalternatives.

..

3.1. CONVERSIONTECHNOLOGIES

The Shell MiddleDistillatesynthesisprocess is an exampleof a commercialtechnology
for the productionof dieselfrom naturalgas. Mobirsgasolinesynthesisconvertsnaturalgas to
gasoline using methanolas the intermediatechemical. Cyclar processdeveloped by British
Petroleum converts LPG to aromatics'at high selectivity. The aromatics are later used as
gasoline blends or fop petrochemical manufacture. The processes to produce methanol,
ammonia and urea from naturalgas are well known.Most of the above processesoperate 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
hydrocarbonfuels has been designed and built. However, the plant experienced operational
problems due to feed gas unavailability. Most of the above processes are based on
conventionalsynthesisgas to chemicalstechnologies.Unconventionalbiologicalprocessesfor
the conversion of methane to methanol have also appeared in the)literature.In this section,
these technologies are briefly reviewed and their applicationsto gob gas conversion are
examined.

3.1.1. Hydrocarbon Synthesis

A number of technologies are available for natural gas conversionto transportation
fuels.2s At the present time, hydrocarbonscan only be produced from methane by first
converting the methane into hydrogen (H2) and carbon monoxide(CO), a mixturereferredto
as synthesisgas. The technologies to convert methane to higher hydrocarbons(or chemicals
such as methanol or ammonia) include two steps: (i) Synthesisgas conversion,,and (ii)
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 technologyhas not yet developed to the point of commercialization.2s
The Fischer-Tropschprocess consistsof synthesisgas conversionto hydrocarbons.It can be

, . modifiedto produce a wide vadety of products, includinglight olefins, diesel fuel, wax and
• alcohols. Synthesis gas can be producedfrom a wide range of feedstocks (e.g., natural gas,

petroleumand coal).
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A generalizedschematicfi)r the pr0d_JCtionof chemicalsfrom natural gas is shown in
Figure5. Synthesisgas can be producedfrom methane by two'pro_ceues: (i) partial oxidation
(POx), or (ii) steam reformingof methane.27.25 Both processesare widely used in refineriesto
producethe hydrogenrequiredfor vadousrefineryoperations.Ideally, synthesisgas for diesel
productionmust contain an approximate 2:1 H2/CO ratio. If the H2/CO feed ratio differs
substantiallyfrom the H2/CO consumptionratio, then provisionsmust be employed to remove
the excess component that may contribute substantiallyto the plant capital and operating
costs.

qL

...... Steam Slurry
• Reforming Reactor

Nitrogen
Removal > _

gob gas products

Methane Packed.Bed '
POx •Reactor

Conversion to Hydrocarbon
Synthesis Gas Synthesis

Figure 5. General Diagram for Production of Hydrocarbons/Chemicals from Gas

In partial oxidation,methane is combustedwith limitedoxygento convert the methane
to carbon monoxideand hydrogen.27 This processshouldtheoreticallyproduce a 2:1 H2/CO
ratio; however,someconversionof hydrogento water occurswhich reduces the H2/COratioin
practiceby about 10%. Increasingthe H2/COratio may be accomplishedby steam reforminga
side stream of methane to producea hydrogen-richstream to enrich the hydrogencontent of
the Fischer-Tropsch synthesis feed.2s Because partial oxidation is a high temperature
exothermic process, it is conducted in a furnace operated at high pressures. The. heat of
reactionmay be used to either generate steam for plant utilitiesor supplythe 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 purchased from a vendor, or manufactured
on-sitein an oxygen plant. It wouldcost at least $10-1 3 milliondollarsto build an oxygenplant
to provideoxygento convert 2 MMscfdof methane. Because an oxygenplantwould represent
a substantialpercentage of the overall,processcapital,methane partialoxidation usingoxygen

; is not deemed appropriate for small scale operations. Alternatively,methane partial oxidation

12
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with air can be considered;the obviousdifficultyis that the carryoverof nitrogenthroughthe
plantwould requirelarger reactorsand/or higheroperatingpressures.Because about 25% of
the synthesis gas is not converted in the hydrocarbon synthesis reactor,2s unconverted
synthesisgas shouldbe recycled.The nitrogencarryoverthroughthe plantwould requirethat
a substantialportion, if not all, of the recyclesynthesisgas be purged to prevent nitrogen

, accumulationin the process loop. For the same reason, it would be essential to remove
nitrogenfrom gob gas streamspriorto subjectingthegas to any conversionprocess.

. Steam reforming is the principal hydrogen manufacturing process and consistsof
converting methane and steam into light hydrocarbons. Theoretically, when methane is
convertedwith stoichiometricsteam,the resultingH2/COratioshouldbe 3:1. This is more than
is required for Fischer-Tropschsynthesis. However, if carbon dioxide is available, carbon
dioxidecan be co-fed with methane and steam. A portionof the carbon dioxidewill react with
excess hydrogen to form qarbon monoxideand water, thus Iowedngthe H2/CO ratio to the
desiredlevel. Unconvertedcarbon dioxideis then scrubbedfrom the synthesisgas priorto the
Fischer-Tropschsynthesisreactor.The primaryadvantage with steam reformingis that it does
not require expensive oxygen to operate effectively. The main disadvantage is that steam.
reformingis a hightemperatureendothermicprocesswhich needsto have the heat of reaction
supplied by a fired furnace. Some of the reactor streams must be combustedto power the
furnace whichmay reduce productyields.

Fischer-Tropschsynthesisconsistsof reactinghydrogenand carbon monoxideto form
hydrocarbon chains consistingof CH2 units, resulting in a wide boilingrange of products.
Theoretically,only two products can be produced by Fischer-Tropschsynthesiswith high
selectivity:methane and paraffinwax.2e Intermediateboilingrange productscan be formed in
high selectivityonly by combiningFischer-Tropschsynthesiswith an 'additionalStePto either
recycle light productsby convertingthem into synthesisgas, or to crack heavy products into
the desired boilingrange.29 A numberof reactor designsand catalyst formulationshave been
developed to achieve this. Certain problemshave been historicallyassociatedwith Fischer-
Tropsch synthesis: removal of excess reaction heat and catalyst coke deposition. Recent
advances in Fischer-Tropschcatalysishave been developed by Royal Dutch Shell that permit
Fischer-Tropschcatalysts to be regenerated in-situ.2s This permits the technology to be
employed in packed catalyst beds, greatly simplifyingthe operation of Fischer-Tropsch
synthesis.

3.1.2. Shell M.iddleDistillate Process

An example of the hydrocarbonproductionprocessusing methane partial oxidationto
generate the required synthesisgas is the Shell MiddleDistillate(SMD) process,s° A diagram
of the Shell process is shown in Figure 6. Due to the need for costlyoxygen, this process is
unsuitablefor gob gas conversion,but certain features and principles are applicable to other
hydrocarbon synthesis processes. Since partial oxidation provides a synthesisgas with a
slightly low H2/CO ratio, extra hydrogen is produced by steam reforming a side stream of
methane. Excess heat from the partial oxidationprocess can be used to supplythe requii'ed

' heat for steamreforming. The heart of the Shell process is the hydrocarbonsynthesisreactor
that employsan improvementin the Fischer-Tropschcatalysttechnology. Royal Dutch Shell
developed a catalyst that is specificfor producinghighermolecularweight hydrocarbonsthan

" . previouscatalysts, and can also be regenerated in-situ.The Shell catalyst is packed in tubes
• 'immersed in water. Heat generated by Fischer-Tropschsynthesis is dissipated by converting
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the water to Steam. Steam from this process can be used to power compressorsand tO
generate electricity;however, thissteam cannot supplythe heat for steam reformingbecause
the steam reformer needs heat supplied at a higher temperature than Fischer-Tropsch
synthesis can provide. The Shell process is designed to produce,a significantamount of
productWith a higher boiling range than kerosene and diesel.The heavy productfrom the
Fischer-Tropschreactor is crackedin a hydrocrackeroperatingat mildconditionsto selectively
produce kerosene and diesel. The combination of Fischer-Tropsch synthesis and
hydrocrackingproduceshigh selectivitiesfor kerosene and diesel.31 In situationswhere wax
productionis more economicalthan diesel production,it would be possibleto eliminatethe
hydrocrackingstep. Advantagesof the Shell processare: (i) itshighselectivityto keroseneand
diesel, and (ii)the diesel product has a high cetane number. Disadvantages of the Shell
process are the need for pure oxygenand the overallcomplexityof the process.Even though
the technologycan be implementedin modulartrainsat the small scale requiredfor gob gas
conversion,it is not expectedto be economicallyviable.

• hydrocarbons
CO + H2 + water

oxygen

_: o,,

heat , =, m i

......I
J I h'" --'°'°"steam ,

-Ireformelwater _- H2

Figure 6. The Shell Middle Distillate Process
for the Production of Hydrocarbons from Natural Gas

3.1.3. A Gob GaS C0nvers!o0 Process

The optimalprocessingschemefor gob gas conversionshouldutilize steam reforming
to convert methane into synthesisgas. A processto 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 Corporationfor the conversion of
landfillgas to diesel, as previouslydiscussed.In the landfillapplication;however, the presence
of substantialamounts of CO2 in the feed required the use of a CO2 scrubber prior to the

., hydrocarbonsynthesisstep. Methane conversionto higher hydrocarbonsessentially consists
of hydrogen removal to produce a liquid productwith a lower hydrogen content than the

0
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methane. The steam reforming process, depicted in Figure 6, Would remove the excess
hydrogenin synthesisgas and use itas fuel to supplyheat to the steamreformer. Commercial
hydrogenremoval from synthesisgas streams is performedwith membranetechnologyon a
small scale. Membranetechnologyis particularlywell suitedfor partialhydrogenremovalfrom
synthesis gas streams to produce a relatively pure hydrogen stream. The hydrocarbon

. synthesis in the conceptual process shown in Figure 7 is carded out in a slurryreactor, in
whichit is relativelyeasy to removethe heat generatedduringhydrocarbonsynthesis.

CO+ H2 + hydrocarbon gases

i i
water •

' I. I"

I!

J,,N II ,l' •

at hydrocarbons

[ I hydrogen +wateri

, T
air

Figure 7. A Conceptual Process for the Convereion of Gob Gas to Hydrocarbon Fuels

t

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 transportablebecause they are .
modular.The main portionof the steam reformeris the reformer furnace that is typically40
feet high and 10 feet in diameter. Steam reformers are easy to operate and can tolerate
substantialvariationsin feed rate duringa periodof several hours. However, the presence of
substantialquantises of nitrogen in the gob gas would require even larger steam reforming
units,which may not be costeffective.Therefore.,gob gas denitrogenationmust be performed

, priorto the conversionprocess.
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3.1.4. Proceu Economics

The estimatedcapital costto produce 10 MMscfdof synthesisgas from methane steam
reformingis stated by Howe-Bakerto be about $10 million.Consideringa hypotheticalcase of
3 MMscfd of gob gas containing65% methane, the cost would be about $8 million for
synthesisgas 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
clen-up is included,the plant would costover $15 million.A 3 MMscfd plant containing65%
methane would produce 34.2 tons/day of hydrocarbonliquids.If the process is optimized to
produce78% wax, the total annual revenue from the plant would be about $7 million.These
cost estimates are summarizedin Table 2.

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

CapitalCosts: Amounts'
,i i , ,

SteamRefo.rmer $ 8 million

Reactor $ 2 millioni , i

Accessories $ 3 millionI

GasEnrichment $ 3 m!llion

TotalCapitalCosts. $16 million

Production Revenue:
,i II

W0x_(ield78%1,9..0.00t/year $6.5 million

•LiquidFuels(Yield22%),2500t/year $0.5million

Depending on the facility amortizationrates and operating cost assumptions, a 5+/-
year payback period may be possible.However, this optimisticallyassumesthat the majority of
the product yield is high-valuewax. If the entire product yield is liquid fuel, then the annual
product market value is reduced by about 67% resulting in a substantial adverse impact on
processeconomics and payback. Additionally,there are two significant considerations that
woulddeter investment in sucha plant:

1. There are no commercial plants operating at the desired scale. A
commercial venture to produce hydrocarbonsfrom gob gas would be very
complex and the firstof its kind.

2. Gas clean-up is requiredprior to conversion;this problemwould have to be
addressed for implementation of gas conversionalternatives.

16



3.1.5. Methanol Produ_ion

Methanol is produced from the catalytic reaction of synthesis gas at elevated
temperatures in pressurized catalytic reactors. General block diagrams of the methanol
synthesisprocesses,based on steam reformingor combinationreforming,are shownin Figure

. 8.32

, Conventional Steam Methane Reforming

s_ _ Bream ___ i _._ Methanol] __ _Natural Ga Desulfurizstion Reforming Compress on Synthesisi Crude'_
. Methanol

Combination Reforming

! Oxygen-_nJ--_ R_otearm_nNatural a:l DeSulfurizatiO g _coaprasslon Methanol, " >Synthesis} Crude
Methanol

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
throughthe steam reformereffluent,and the mixtureis autothermallyreacted withoxygenover
a nickel catalystat about 950° C to producethe synthesisgas for the methanol converter.33 If
inexpensive CO2 is available, natural gas-based methanol plants can be designed for the
additionof CO2 to the feedstock.34 This reduces the natural gas usage.per ton of methanol
produced.

A naturalgas-based methanol processhas been described in detail in the Kirk-C)thmer
Encyclopediaof Chemical Technology.2SThe processutilizeshighlyactive copper-zincoxide
catalysts, and operatesat a 50-250 bar pressureand a relativelylow temperatureof 200-300°
C. The crude methanol contains small concentrationsof ethanol and some higher alcohols.
Small quantities of ketones, aldehydes, ethers and hydrocarbonsare also produced. The
formation of byproductsmay be suppressedby maintaininghigh hydrogen concentrations in
the systemand by usinglow reactortemperatures.Raw methanol is purifiedby distillation.

Current worldwide methanol productionis over 20 million tons per year, with the
" methanol markets showing growth. Two recently introduco_ technologies, acetic acid

productionvia methanol carbonylation and the productiono'fme_ o, t-butylether (MTBE) from
methanol and isobutylene have expanded the methanol market. Although methanol is an

Q

. excellent burning fuel, its prior use as a motor fuel additive has been limited due to its
corrosiveeffect on Somecomponents of the fuel feed systemand itseffect on the evaporation
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characteristicsof gasoline.Air qualityregulationswill increasethe use of oxygenatedfuels and
enhancethe futuredemand for methanoland otheralcohols.

A large scale methanol plant producing 2,500 tons/day would require a capital
investment(insidebattery limits)of $237 million.32 Plantsproducing50, 100 and 150 tons/day
would require capital investments of $7.5 million, $12.5 million, and $15.0 million,
respectively.35 A plant producing50 tons/day of methanolwould have to process about 2.5
MMscfd of gob gas containing65% methane. Compared to hydrocarbonproduction,these
capital costs are lower. Based on the above costs, Table 3 presentsa cost analysisfor a 50
ton/day methanolplant comparedto a costanalysisfor a large scale plant.32

i

'table 3. Estimated Production Costs for Large and Small Methanol Plants

, , ,,, , i i

Capita!: , 2,600t/d , 60t/d .,

InsideB_Sry Limits $157 million $ 7.50 million

Off.SiteFacilities $ 80 million $ 3.75 million.
i i i i i i i , ,

Totel FixedInvestment $237million $11.25millioni,, i i i i j i

WorkingCapital . $11 re!Ill()n $ 0.40 million

Cost Category: Cost (S/ton) Cost (S/ton)

NaturalGas(_ $2/MMBtu, ....

33.3 MMBtu/ton 66.7 66.7
HlIHHI , ,IH I

CatalystandChemicals 3.3 3.0ii i Hi i

Labpr 1.0 5.0

Maintenance 11.0 ' 27.0i ii i i i i i

Overhead 13.0 13.0

• Depreciationr .......

20% of ISBL+ 7% OSBL ........4:4..0 107.0

" TotalCostof Producti()n 139.0 221.7
, H I II

If the gob gas resource is available at a nominalcost (e.g., $0.50/MMBtu), then the
estimatedcost of productionfor the 50 ton/day plantwould be reduced to about $172/ton, still

.. significantlyhigher than for the larger scale plant.. ,
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The catalystin the methanolsynthesisreactor can tolerate onlya low nitrogencontent
(about2%). Therefore, it is essentialthat the gob gas be purifiedpriorto methanolsynthesis.
This is estimated to add about $1.00/MMBtu to the cost of the gas and about $30 to the per-
ton productioncost.Thus, the cost of producinga ton of.methanolfrom gob gas would equal
about $204, about 1.5 times the cost of producingmethanol using a large scale facility. A .

• review of the methanolfrom gas technologyrevealsthat scale-downwouldbe expensive and
that gas enrichmentwouldbe essentialbeforethe methanolprocesscould be considered.

" 3.1.6. M!xedAlooh01s

Addition of 5-10% mixed alcoholsis known to improvethe octan9 rating of gasoline,
and reduce the emission of harmful pollutants from automobiles.Although a number of .
problems 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
producedfrom gob gas or coalbedmethane.The basictechnologyfor the productionof mixed
alcohols from natural gas is similar to that"of methanol production.Existing low-pressure
methanolplantscan be converted to the productionof Octarnix, an alcohol mixturethat can be
usedas an octane enhancinggasolineadditive.3s

The Octamix processuses synthesisgas that is made the same way from naturalgas
by steam reforming or combinedreforming, as described previously.The alcohol synthesis
reactionis carded out at a temperatureof 270-300° C and at a pressureof 50-100 bars in the
presenceof a copper-basedcatalyst.The general equationfor alcoholformationis:

nCO + 2nil2= CnH2n+IOH+ (n-1)H20

Typically, the •productconsists of 60% methanoland about 30% higheralcoholsup to
heptanol.The rest of the mixture is made up of other hydrocarbonsandoxygenates.37 Sawy
describesother significantmixedalcoholprocesses.

The cost of producingmixed alcoholi;from naturalgas is estimated to be about 1.3
times the cost of producingmethanol.As a gasolineadditive,mixedalcoholsmay be preferred
to methanol due to theirbetterwater tolerance, and smallereffect on gasolinevapor pressure.
The gob gas feed would have to be purified for the mixed alcohol process, similar to the
alcoholand hydrocarbonprocesses.

3.1.7. Ammonia Synthesis '

Ammonia is synthesizedfrom a 3:1 mixture of hydrogen and nitrogen.The source of
hydrogen is synthesisgas, which is made by reforming naturalgas. A block diagram for the
ammonia synthesis process is shown in Figure 9. Both steam reforming and air partial

• oxidationare used to generate a feed of appropriatecompositionfor ammonia synthesis.Air
partial oxidationis primarilyused to supplythe stoichiometricallyrequiredamount of nitrogen

. for ammonia_synthesis•After shift conversion(to produce more H2 from CO and steam) and
CO2removal, the remainingcarbon oxidesare removedin a methanationreactor to protectthe
ammonia synthesis catalyst from the harmful effects of carbon oxides. Iron oxide-based

• catalysts,activatedwith potassiumaluminate,are utilizedfor ammoniasynthesis.
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•Figure 9. Block Diagram for Ammonia Synthesis from Natural Gas

Worldwide ammonia productionwas 120 milliontons in 1990. More than 90% of the
ammonia producedis used as a fertilizer,principallyin the form of urea or ammoniumnitrate.
The recent price range for liquidammonia was $120-140/ton. The currentcost of producing
ammoniafrom natural gas for a 1,000 ton/day facilitywould be about.$170/ton, indicatingan
ammoniaover-capacityworldwide.The nominal price of gob gas would help bring the cost of
productiondown; however, the smaller scale of operation would add to other costs, it is
estimated that producingammonia from gob gas Wouldcost over $200/ton, an amountthat is
dearly uneconomical. Ammoniasynthesis is the only conversionapplicationwhere gas clean-
up would not be essential. Even so, it was not considered prudentto explore this conversion
option further.

3.1.8. production _ Acetic Acid
t

Acetic acid is producedby the carbonylationreactionof methanol, preferablyusingpart
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 mixedalcohol processes.

. 3.1.9. Biolonical Conversion of Methane to MethanoI
Q

A few unconventionalprocessesfor the productionof chemicalsfrom natural gas have
been proposed.One such processis the biologicalconversion of natural gas to methanol.3s A
schematic of the process is shownin Figure 10. The processemploysmicroorganismscalled

.. methylotrophsand converts natural gas to methanol aerobically. It is possible to achiev_ a
theoretical maximumyieldof 67%; in the commer¢i.'alprocess it may be more realisticto expect
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a 50% yield to methanol.A 90% methane conversionwould requirea relativelylong retention
time in a continuousstirredtank reactor(CSTR) at atmosphericpressure.At higherpressures,
it may be possibleto reduce the retentiontimes•After heat recovery in a heat exchanger,the
productstreamfrom the CSTR is sent to a distillationcolumn,where the methanol product is
recovered. Since the processis aerobic, it can toleratethe presenceof nitrogen, oxygenand

. carbondioxideinthe gob gas.

/

• air and unconverted
methane

- methanol

(37-49 tonneslday)I"--"
i

• ,_. I1= I

methane. _ :1°_
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Figure 10. Schematic of a Process for the Biological Conversion of Methane to Methanol

This technologymay have promise;hnwever,it is stillat an eady stage of development.
Therefore, it would be appropriate to test the process thoroughly in a pilot-scale facility to
obtain the technical and economic informationneeded to assess processeconomics before
commercializationis contemplated.

3.1.10. Summary of Conversion Technologies

All of the conversion technologies discussedabove have the following aspects in
common"

1. The total capital investmenttoconvert 3 MMscfd of gob gas to hydr0carb()n
fuelsor usefulchemicals is estimatedto be $15-25 million•

r 2" There are no commercialgas conversionplants operatingat this scale.
o

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

• continuousbasis.
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4. All of the technologies, with the possible exception of ammonia
manufacture,requirethat the gob gas be upgradedpriorto processing.

Because of the above considerations,a decisionwas made to refocusthe investigation
on gob gas enrichmenttechnologies.

4

3.2. ENRICHMENT TECHNOLOGIES

A typical composition of gob gas is shown in Table 4, along with the expected
compositionalvariation over the lifetime of a project. Larger variations may be expected,
however,depending on site specificconditions.Typical pipelinerequirementsfor the gaS are
also shown in the table. The table presentsthe level of gas clean-up requiredto enable gob
gas to be introducedinto pipelines.

Table 4. Typical Gob Gas Composition and Required Pipeline Composition

I I

Constituent . Gob Gas PipelineSpecification
i

Oxygen 3% (2-6) 10 Ppm

Nitrogen 16%.(9-26_ . 3% max.

CarbonDioxide 3%(3-9). 3%.max.

'.Methane 78%(65-85) ,,, 9,7%

WaterVapor Saturated . 7 Ibs/MMs_ .,.

FlowRate 1-5MMscfd -

Pipelines require that the gas has a maximum of 3% non-hydrocarbons.The oxygen
requirements are very stringent.Of the impuritiesin gob gas, carbon dioxideand 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
commercialtechnologyto remove all of the impuritiesinthe gas is currentlynot available, it is
possibleto .formulateintegrated.processesfor gob gas enrichment. Such processes need to
effectivelyaddressthe compositionaland flow rate variabilityof the.gas.

From a technical perspective, nitrogen.removal from methane is the most difficult
sepa,'ation. For this reason, it is also the most expensive. Therefore, an effective nitrogen
rejectionprocess 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).39 Thiswork,performed by the M.W. KelloggCompe0y for GRI, examinedthreee"

technologies: (i) the cryogenicprocess (the process of choice for nitrogen removal at larger
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scales), (ii) pressureswingadsorption(PSA) technology,and (iii) a lean-0il absorptionprocess
(commonlyusedin refineriesforremovalof methanefrom higherhydrocarbons).

The study concluded that for purificationof 1 MMscfd of natural gas that contains6-
25% nitrogen: (i) the cost of the cryogenicand PSA processosare comparable, and (ii) the

• lean-oil processis significantlymore expensive. This study did not consider the presence of
other impuritiessuchas oxygenand carbon dioxide in the gas. Althoughthe lean-oilprocess
described in the GRI report was not evaluated during the course of this project, a similar

• process(whichhas recentlybeen field tested),was examined. Briefdescriptionsof each of the
processes and their applicabilityto nitrogen removal from gob gas are presented in the
followingsections.

3.2.1. Crvooenic Process

A schematic of a cryogenicseparationprocess is shown in Figure 11. The process
utilizes a sedes of heat exchangers to liquefythe feed gas stream (to a temperatureof about
"90:K). Typically, fourmain heat exchangers are used: the core exchanger, the reboiler, the
feed chillerand the .overheadcondenser. The feed gas is first compressedto high pressure
and is cooled in the core exchangerby transferringheat to productstreamsfrom the separator
column(s). It is further cooled by supplyingheat of vaporizationin the reboiler, and by heat

'exchange with the bottomsin the feed chiller. The feed gas is then flashed across a Joule-
Thompsonvalve where it loses its pressureand undergoessubstantialcooling.The separator
or distillationcolumnis operated at a pressureof around350 psig.The nitrogeh-dchstreamis
vented and the methane-richstreamis firstcooled byflashingtt) low pressure.It then acts as a
coolantfor the overhead condenser of the separatorcolumn and also for the feed streamas it
passes throughthe feed chillerand the core exchanger. It undergoesvaporizationin the core
exchanger,.subsequentto which the methane-richgas is compressedto salespressure.

A plant to produce liquefied natural gas (LNG) would operate on the same principle,
except that the last stepwouldbe omitted.The salesstream is retainedin liquidform,while the

. heat duty in the core exchanger is provided by an extemat refrigerationunit. The carbon
recovery in the cryogenicprocessis 98%, the best of the three nitrogenrejection alternatives
evaluated.
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Figure 11. Schematic of a Cryogenic Process(from GRI-9110092, 1991)

Two engineering companies, Dame, Engineeringand Schedule A, both in Houston,
Texas, offer small scale (2-10 MMscfd)cryogenicprocessplants. The technologiesoffered by
these two companies are very similar,with some minor differences. The capital cost of a
cryogenicunit is estimated to be about $0.7-0.8 millionfor a feed gas flow rate of 3 MMscfd.
The compressionrequirementsare also similar.The feed gas is compressedto about 700-800
psi_for operationof a cryogenicunit. It is estimated that feed gas compression,along with the
sales gas compression assumed for pipeline specifications, would cost about $1 million.
Therefore, the total capital costs for a cryogenicunit, includingaccessoriesand contingencies,
would be about $2 million.This compares reasonablywell with the capital cost reported in the
GRI-9110092report.

Advantages of the cryogenicprocess include the collective experience that has been
obtained due to widespread implementation in larger scale applications, and reasonable
capital and operating costs. The disadvantagesare process complexity and high degree of
sensitivity to impurities. The GRI report notes that impuritiessuch as carbon dioxide and
mercury are of significant concern, and that heat losses should be factored into operability
problems.39 Due to the process complexity, the process does not lend itself favorably to

•' changing gas feed compositionsand flow rates. ConVersationswith the companies offering
this technology revealed that even trace levels of oxygen would be unacceptable to the
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processand that a rigorousdeoxyg_nationstep would have to be carded out if the process
were to be ..ontemplatedfor a gob gas application.

3.2.2. PressUre Swing Adsorption (PSA)

" PSA operates on the principleof selective adsorptionof gaseous,species On well-
designed molecular sieves. The process is based either on the equilibrium adsorption
capacities of different gases on molecularsieves (equilibriumPSA process), or on different

" diffusion rates of gases through the molecular sieves (kinetic PSA process). Wide-pore
molecularsievesare used inequilibrium-basedseparation,whilenarrow-poremolecularsieves
are used forkineticseparation.

The separationof nitrogenfrom methane usuallyrequiresthe 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 governed by multicomponent
adsorptionequilibria.This preferentialadsorptionis carded out during,what is known as the
pressurizationcycle. When pressurizationis taking place, the outlet stream is enriched in
nitrogen.The molecularsieve-bedreaches itssaturationcapacity, at which time the adsorption
cycle is stopped and the bed is depressudzed.The stream from the depressudzingbed is
enrichedin methane and becomesthe ultimatesales stream.

Operationof a PSA nitrogenrejectionunitconsistsOffour essentialsteps:

1. Pressurization

2. Adsorptionand subsequentrecycle

3. Depressudzation

4. Evacuation

A continuousPSA processwouldconsist of operatinga seriesof 4-5 beds. A general
processschematicof the PSA processis includedas Figure12.39 Evacuationmay or may not
be effected undervacuum.The beds are operatedin sucha 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 valve
switchingis rapid.The unithas limitedmovingpartsand operatesin a singlephase flow mode
all the time. A PSA unit would respond to changes in gas flow rates and compositionby
adjustingvalve timings and recycle ratio.The carbon recovery from a PSA process is about
95%, basedon the feed gas to the PSA unit.

#

a
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Figure 12. Schematic of a PSA Process (from GRI.9110092,1991)

The process shown in Figure 12 was formulated by Nitrotec Engineering Co.,
Linthicum, Maryland. Additionally, UOP, Houston, Texas, provides an advanced nitrogen
rejectionprocesswith standard plant capacitiesof 3, 5 and 10 MMcfd. UOP currentlyhas a
PSA nitrogen rejection facility processing 1-2 MMcfd of gas containing 30% nitrogen at a
conventionalnatural gas field in Texas. UOP is a large engineeringfirm and has substantial
gas processingtechnology,engineeringsupportcapabilitiesand financialwherewithal,which
may be considerationsin the selectionof a vendor for supply of nitrogenrejectionequipment
and technology support. There are some variations in technologiesoffered by Nitmtec and
UOP in terms of pressurization/evacuationsteps, and a few other differences. The PSA
nitrogenrejection systems have excellent turndown capability, and rcan operate with minimal
attention on a continuousbasis.

Ingeneral terms, the capitalcost for installationof a 3 MMscfdgob gas denitmgenation
unit (excludingothergas clean-up processes) would consist of about $0.9-1.2 millionin PSA
unit costs, and about $0.6-0.7 millionin compressorcosts. Therefore, the total capital costs for
the cryogenic process and the PSA processeswould be on the order of $2 million.The fact
that the two costs are comparable isconsistentwith the GRI observation.39 Mostof the oxygen
would be rejected with the nitrogenin the PSA process.With its single-phase,limited moving
parts operation, PSA technology is expected to be simplerthan the cryogenicprocess and
more robustto the presence of impurities.The valve-switchingscheme allows for quick and
easy processadjustments in responseto changingflow rates and feed gas compositions.

i
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3.2.3. Selective Absent!on PmcasS

The _alectiveabsorptionprocessis a variationof the lean oil processdescribedin the
GRI study,_ The concept uses a specific solventthat has differentabsorptioncapacities with
respect to d_eront gas species. The technology of absorption to selectively enrich gas

. streams has been commonly employed in the petroleum refining industry. The speclfln
technology of rejecting nitrogen from methane using selective absorption is offered by
Advanced ExtractionTechnologies, Inc. (AET) of Houston,Texas. AET has demonstratedthis

, technology using a 5 MMscfd conventional natural gas field unit at an Anadarko Gathering
Company compressor station in Hugoton, Kansas.̀= Another independent GRI study,41
conducted by SRI International,assessed AET's selective absorption process to be more
favorable than the cryogenicprocessfor small scale nitrogen rejectionbased on 30% lower
overallenergy requirementsand 12% loweroverallcosts.

in the AET process,a specialsolventselectivelyabsorbsmethane rejectinga nitrogen-
rich stream. Unlike the conventionallean-oilplants,the AET processuses a heatless approach
to separate the recovered methane gases by reducingthe pressureof the richoil in steps.4o A
schematic of the Hugotondemonstrationunitis presentedin Figure13. The inletgas is cooled
using a propane refrigerationsystem. The inlet gas is cross-exchangedwith the absorber
overhead and cold vapor streams from the gas recoveryflashes to reduce extemal cooling
loads. The solventstream that exits the absorber tower rich in methane, is depressurizedin
four stages. The flash streams are repressurizedto sales pressure, while the solvent is
pumpedbackto the absorbertower.
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• Figure 13. Schematic Ofthe Selective AbsorptionProcess (Mehra, et al., 1993)
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The process affords flexibilityfor feed flow rate and compositionalvariations. The
absorptioncharacteristicsof the solvent are determinedby the equilibriumcurve. At constant
columnpressure,the solvent-to-feedratio remains constant for varyingfeed rates. For higher
nitrogenconcentrationsin the feed gas, greater solvent-to-feedratios would be required. It is
possibleto automate the entire facilityand runitwith minimalattentionon a continuousbasis.

0

The presence of carbondioxide in the gas would not have a significantimpact on the
selectiveabsorption process.However, the solventwoUldnot tolerate the presence of oxygen.
Therefore,8 rigorousdeoxygenationprocedureto reject the oxygen in the gob gas would have
to precede the solventextractionstep, making this approach more complicated than a PSA-
based systemsincea higherconcentrationof oxygenwouldhave to be removed.'

The capital costs of the selectiveabsorption processare comparable to the cryogenic
and PSA processes.The I_rocessappears appropriatefor gob gas application.

3.2.4. Relecti0r) of Othm;Im[)uritles and Iqtaoratad Strata(lies .

The oxygen separationcomponentadds significantcomplexityto the gob gas clean-up
requirements.Oxygen may be removedby the.catalyticcombustion of methane on noble metal
catalysts.The catalyticcombustionis accompanied by the release of a considerableamountof
heat. In practice, catalyticcombustionis performedadiabatically.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
combustionOrsome type of feed dilutionstrategywould have.to be employed. Stream dilution
would be a preferred option since hydrogen would add to operating costs and would also
create a safety concern.

The oxygencontent in the feed gas couldbe as highas 10%, if not higher.Of the three
nitrogenrejectionprocessespreviouslydiscussed, the cryogenicprocessis the mozt sensitive
to the presence of oxygen and carbon dioxide, Given the uncertain nature of the gob gas
supply,with inherentcompositionaland flow rate variations,installationof a cryogenicunit for
nitrogenremovalwould have a relativelyhigh degree of risk.Althoughthe cryogenicprocess
appears cost competitive, it was not deemed to be applicable to small scale gob gas
enrichment. Therefore, the nitrogenrejectionunit shouldbe based on either PSA or selective
absorption technology.

The selectiveabsorptionprocesswould requirethe removal of oxygenprior to nitrogen
rejection.In PSA, most of the oxygenwould be rejectedwith'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 combustiblemixtures of methane and Oxygen. The methane/oxygen
concentration passes through the explosive envelopeinside an adsorbent bed vessel. This
would potentiallyeliminate the danger of.explosion because: (i) there is no ignitionsource
inside the vessel, and (it) the adsorbentbed vessel functionsas a flame arrestor.Additional
flame arrestors may be placed on vent gas strearqsto preventan externally-generatedflame
(e.g., from lightning)from movingupstreamintothe vent Iinel

Carbon dioxide removal from natural gas is straightforwardand has been practiced
"" routinely in the natural gas industw. Amine absorption units'and membrane separation

processeshave been employed for the removalof carbon dioxide.Either of these alternatives
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is suitablein the event that carbon dioxidetreatmentis necessary.Likewise,removal of water
vaporusingglycolunitsor conventionaldryingis wellknown inthe naturalgas industry.

The above mentioned componentscould be combined into two integrated gob gas
clean-up altematlves. In the first option, a PSA unit would receive the feed ,gas. The

, denltrogenatedand papally deoxygenatedgas would undergofurther deoxygenatton,carbon
dioxideremoval(if required)and drying, in that sequence, and couldthen be introducedinto a
pipeline.The productgas compressionmay precede the carbon dioxide removal step if an

• amine unit is used for carbon dioxideremoval since the amine unit functionsmore effectively
at higherpressures.A schematicof this integratedstrategyis shown in Figure14.

Nltrop..rioh
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Compression Options 1
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2. Hydrogen.assisted 1. Amineunit

oxygenremoval 2. Membrane
. Pipelinego
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Figure 14. Integrated Strategy for Gob Gas Enrichment
Using PSA for Nitrogen Rejection

In the second option, the feed gM Would first undergo deoxygenation. This
deoxygenation would be designed for the highest possibleoxygen concentrationin the gob
gas. Itwould then undergonitrogenremovalin the selectiveabsorptionp.rocass.A dehydration
componentwouldbe part of this particularselectiveabsorption.The denitmgenatedgas would
be compressed to the sales pressure and would then undergo carbon dioxide removal (if
required), and dehydration before being introduced into a pipeline. This alternative is
presented in Figure15.

Q
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Figure "15. Integrated Strategy for Gob Gas Enrichment
Using Solvent Extraction for Nitrogen Rejection

3.2.5. Environmental Considerations

Either gas enrichmentprocess(usingPSA or selectivesolventabsorptionfor nitrogen
rejection) results in minimal adverse effects on the environment.The overall effect, when
consideringthe benefits resultingfrom reduced methane emissionsto atmosphere, is a net
favorableimpact on the environment.

The various PSA .nitrogenrejection processes emit some methane in the reject gas
stream. Other potential effluentsincludesmall amountsof wastewaterduring oxygenremoval
and dehydration processes, and limited methane and carbon dioxide emissionsduring CO2
scrubbingoperations.Pointsource NOx emissionsfrom stationaryfuel burningpower sources
(e.g., compressors)would also occur, as withmost natural gas productionand transportation
operations. In the event that significant quantities of higher hydrocarbons exist in the
processed gas (which is atypica! for coalbed methane), the adsorbent material may become
contaminated over time. Licensed facilitiesexist for regeneration and disposal of the spent
adsorbent material, None of the foregoing issues are expected to create material
environmentalor permittingproblemsor concerns.

The selecti_/esolventabsorptionprocessalsoresultsin the release of smallamountsof
hydrocarbonsto atmosphereduring nitrogenremoval.The soiventis recirculated;therefore, no
solvent disposal problemsexist. The i_dm0ryconcern with this process is the handling and
storage of the solvent itself. Careful plant design and operation shouldensure that leaks and
spillsdo not contaminate soilsand water. Other potentialeffluents includelimitedquantitiesof
wastewater, spent desiccant and process filters, which should not preser,t a problem. NOx
emissionsfrom compressorswould also occur.

As discussed above, the primary environmental effects associated with the gas
enrichment operations described in thisreport am those that impact air quality. Compliance
with air quality regulations should be straightforwardsince these types of emissions are
routinely treated in the natural gas industry.The level of compliance required will be site
specific(e.g., what jurisdictionthe facility is located inand itsproximityto populatedareas).
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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 potentialtechnologieshas isolatedgas enrichmentas the initialpreferred

, focus for non-electric commercialization of the gob gas resource. Specifically, for this
evaluation, PSA nitrogen rejectiontechnology was used as the basis for an integratedgas
clean-upsystemto upgradegob gas to bringit intocompliancewithpipelinestandards.

* A• model was formulated to assess the economic potential of the PSA.based gas
enrichmenttechnology.ExhibitA contains the assumptionsand resultsof the model, and the
specificcash flow analysis pertainingto the base case mine (the Mine). The base case mine
was derived by examining the operating characteristicsof various gassy coal mines from a
geographicallydiversecross-sectionof mineslocatedin the U.S. All inputvariables.inthis case
are considered the "most likely" to be encountered during implementationof a gob gas
commercializationplanat the Mine.

The Mine analysisspreadsheetis set up in an income statement'format, withcash flow
adjustmentsat the bottom.A net presentvalue profileat variousdiscountrates,together witha
calculationof the projected internal rate of return on the projectare presented.A requiredrate
of return equal to a 20% hurdle rate was targeted duringsensitivityanalyses to isolate the
initialinputvalues of variablesnecessaryto achievefavorable projecteconomics.The specific
assumptions used in the worksheet are: (i) there iS one 'project owner, (ii)Section 29 tax
credits (that may or may not be available based on various requirements) were both
consideredand not considered, (ill) the project'seconomic life would be less than 20 years,
and (iv) 100% equity (e.g., unleveraged)fundingi=;usedto financethe facility investment.

The resultsof the economicanalysiswere favorable.Constrainedby very conservative
operating assumptions,projectsof this type could potentiallygenerate internalrates of return
in excessof 48% (taxcredits utilized)and 22% (taxcredits not utilized).Leveragingthe facility
investmentwould significantlyenhance the project'sreturnon equity capital. Consideringthat
the gob gas resourceis: (i) currentlybeing vented as part of ongoingminingoperations,(ii) a
waste energy source, and (iii) a potential "greenhouse"gas, a favorable economic return to
commercializethis sourceof energy wouldresultin multiplebenefits.

3.3. SUMMARY OF GAS CONVERSION AND ENRICHMENT EVALUATIONS

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

Technologiesare available for small scale conversionof natural gas to hydrocarbon
• fuels or useful chemicals. However, these technologieswould cost 1.5 to 2 times morn than

the equivalent large scale technologiesfor the productionof a unit quantity of producl',.The
technologiesare complex and estimated to require capital investments of $15-25 milliionto

• convert 3 MMscfd of gas. Additionally,almost all of the technologiesrequire gas enrichment
- (removal of nitrogen,oxygen, etc.) priorto conversion.Because of these considerations, it is

, ,.
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deemed more prudentto initiallypursueenrichmenttechnologiesfor commercializationof geb
gas.

,

Enrichmentof gob gas to pipeline quality requires an integrated strategy. Nitrogen
rejectionis the key technology that would dictate the overall process, both technically and
economically,in this investigation,three technologieswere consideredfor nitrogenremoval:(i)
the cwogenic process, (ii) PSA, and (ill) selective absorption.The cryogenic process was
assessedto be unacceptablefor gob gas enrichment due to its sensitivityto the presenceof
impurities in the feed stream. Both PSA and selective absorption were considered to be

flexible enough to handle flow rate and compositionalvariations of gob gas. From a cost
perspective,both technologieswere foundto be comparable, with PSA being morq favorable
sinceoxygenremovaldoes not appear to be necessaryaSthe initialstep• '

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
economic"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 demonstrationto validate its technical, operational
and economic performance, and for introduction into the marketplace to facilitate the
commercializationof a presentlywasted gas resource.

i
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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.(,) gas utllizatlon/commerdallzation

, alternatives.This sectiondiscussesthe considerationsthat need to be addressed in order to
connect the upstreamgob gas sourcewith the downstreamgas enrichment(or conversion)
facllity_

The purpose of the gas gathering systemis to providea safe and economic means of
transportingthe produced gas from each gob well to a central gas processingfacility. The
gathering systemdesign must address: (i) physicalconstraintsof terrain, (ii) estimates of gas
production,(iii)qualityof gas and contaminantsproduced,and (iv) pressurelimitations.Gas is
usuallyproducedfrom a verticalgob well Up the casing. Once the gas reaches the surface, it

• would be piped to a drip-pot,two-phase separator, to remove entrainedwater from the gas.
The gas would then be piped through an appropriatelysized field collectionpipelineto a gas
scrubberto removeany remainingwater beforethe gas enters the facility.

The gob wells am used to vent methane gas from the mine to create safe operating
conditionswithin the mine. Therefore, it is critical that a safety systembe installedto ensure
that the gob wall continuesto vent gas inthe event that the gas processingfacilityor pipelin.e
are inoperative.Normally-closedsafety relief valves would be placed on each gob well to
respondto an increasein pressure.If back pressureincreasesat the gob wall (due to pipeline
restriction,facility shut-downor any other reason), the safety valve would automaticallyopen
and vent the produced gas at the wall. The safely release valve would remain open until
manually reset and safe operating conditionsare resumed.In additionto a safety release
valve on each gob well, safety release valves would also be placed on the gas gathering
pipeline.These safety release valveswould also activate in responseto high back pressure,
and ventgas when unsafe conditionsoccur.

The gas gathering pipelinewould be a low pressure systemthat would utilizethe gob
wellhead pressureat the dischargeof a blower/exhausterto deliverthe producedgas through
an appropriatelysized pipelineto the gas processingfacility. A centralvacuumfacilitymay also
be usedto draw gas from multiplewells. Because of the low pressuresystemand the need to
reduce pressure lossesdue to friction,polyethylenepipe would be used. (Polyethylenepipe is
typicallyusedfor the majority of all newlyinstalledlowpressuregas and oilpipelines.)

Produced gob g_s is typically saturatedwith water vaporwhich must be considered in
designingthe gathering system.As warm gas cools at the surface, it loses someof itsabilityto
carry water and the water therefore condenses. The water condensate accumulates at low
pointsalong the pipelineand can restrictthe flow of gas or even damage the pipeline.Water
alsoseparates from gas: (i) when the gas passesfrom a.smallerto larger diameterpipe (which
reduces the gas flow velocity), and .(ii) at angled sectionsalong the pipeline where there is
turbulentfl0w.42 A small drip-pot, two-phase water separator placed at each gob well would

. removefree water, but wouldnot removewater vaporfromthe producedgas.43 The closerthe
two-phase separator is placed to the gob well, the lower the potential for free water
accumulationsto disturbgas flow. The mosteconomicand efficienttechniqueto remove water

• condensate from the gas gatheringpipelineis a water dripplaced at strategiclow pointsin the
•' pipeline.A water drip is simplya short length of pipe connected into the pipeline.The drip

Collectswater and allows drainage of the water througha valve at the end of the drip line.
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These dripscan be operated manuallyor automatically.The pipelineshouldbe installedwitha
minimumamountof slopereversalsto reducethe amountof dripsrequired.

Problems with water in gas pipelines increase dudng pedods of low temperaturei

because the conditionsfor condensation are intensified. The conditions are most severe
dudng the winter monthswhen ice can form in the pipeline.Even smallamounts of ice in gas
flow lines increasesthe back pressure and reduces gas productionfrom the gob wells. This
conditioncannot be allowedto occursince the mine operatorrelieson the gob wellsto remove
gas from the mine. To prevent ice formation in gas pipelines,electricheat tape and insulation
shouldbe installedon all exposedpipelines.

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-termrequirements. Reasonable estimates of production and
pressure are used as' the basis for the pipelinedesign. The design flow estimates must be
verifiedas early as possible in order to make practicaladjustments.Undersized pipelinesCan
be paralleled•with an additionalpipeline;however, oversized pipelinescannot be reasonably
replaced with Pr0pedy sized pipe, and neither case is economic or efficient. Therefore, the
appropriatesize of pipe must be carefullydetermined.

The above considerationswouldbe addressed in the design of the gob gas gathering
system. The top priorityof the overall gas collection and utilizationoperations would be to
ensure continued safe mining operations.Therefore, the entire project must be integrated,
coordinatedand implementedin order to effectivelycouple mine degasificationactivitieswith
gas commercializationoperations.
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5.0 EXAMPLE COAL MINE!.CHARACTERISTICS

T_ northernAppalachian coal mines and one central Appalachianmine have been
characterized as being examples (e.g., prospective candidates) for gob gas enrichment

. projects.They are the Cyprus CumberlandMine and Cyprus Emerald Mine in Pennsylvania,
and theU.S. Steel MiningCo. Pinnacle#50 Mine inWest Virginia.Many otherminesthat have

•projectdevelopmentpotentialare knownto existthroughoutthe U.S. andthe world.
#

The two primary requirements for selecting prospectivecoal mines to commercialize
presentlywasted gob gas are: (i) adequate supplyof gob gas',and (ii) marketfor the enriched
gas. Other characteristicsand logisticalconsiderationsfor the candidatemineswere deemed
tO be secondaryissues.The example coal mines produce non-pipelinequalitygob gas that is
presentlybeingveqted to atmosphere.Table 5 presentsgeneral characteristicsof the mines.

Table 5. General Characteristics of Example Coal Mines

IIII ,,, ,,,,

Exm Mining Coal Gob Wells Average Gob Panel Gob GobGas Years of Coal
Coal Mine Method Production Per Panel WqdlProd. Gas Prod. Quality Reserves I

(MMIpy) (Mcfd) . (MMcfd) (%CH4) Gob Gas
Lmpvky

, ,, i i

0

Cumbedand Longwall 3-4 2-4 3¢0-I _O(X) I-2 50.90 25

Emerald Longwall 3 2.4 3(:0.1,000 1-2 . 5090 20

Pinnacle#50 LongwaH 2 2-4 500-1,500 1-3 50-90 20

Table 6 presents selected considerationsrelative to market and logistical issues that
need to be addressedfor project development.

Table 6. Market and Logistical Considerations for Gob Gas Commercialization

,, ,,, , ,,, , , ,, I II

.CandidateCoal Ownershipof Distanceto Market
Mine Surface Pipeline Conditions

i i i

Cumberland Mineandpdvate OnMineproperty Pipelinecanaccept2 MMcfdQ
~$2/MMBtu

• Emerald Mineandpdvate OnMineproperty Pipelinecanaccept2 MMcfdQ
~$2/MMBtu .,,,.,,,,.,,,,,...

• Pinnacle#50 Mineand pdvate < 2 miles Pipelinecanaccept2 MMcfdQ
• -$2/MMBtui| i
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Based on Tables 5 and 6, the three candidate mines would satisfythe two primary
criteria for enrichment of gob gas (e.g., gas supply and market access). Recent total mine
methane emissionsfor each mine are: Cumberland - 7 MMcfd; Emerald - 5 MMcfd; and
Pinnacle - 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 pdvate owners, and current
market pdce).

An obvious issue that must be addressed for implementation of a gas endchment
projectat any prospectivemine site is acceptance by the mine operator.The operators of the
above minesare very progressivein theirapproach to miningand recognizethe behefitsto be
dedved from degasification efforts and gas commercialization. Other mine operators are
becoming increasinglymore receptive to methane commercializationin conjunctionwith their
miningdue to increased competitivenessin the coal industryand awarenessof degasification
benefits (e.g., improved safety,, enhanced mining productivity,financial and environmental
benefits,etc.).



6.0 SUMMARY

Methane containedin coal seams has plagued coal producersfor centuries due to
safety problems caused by gas emissions into their mine workings. To cope with this
hazardoussituation,mine operatorsdiluteundergroundmethane concentrationsby circulating
large volumesof air through ventilationsystems,and vent gas to atmosphere using gob gas
extractionboreholes, in-seamboreholes,verticalwells, 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 environmentalbenefifi; that would be

rrealized throughthe commercializationof methane produced in conjunctionwith 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
regardingpotentialgas volumesand quality.

The obviousalternativesto exploitthis gas resource involve use of the gas in direct
combustion processes such electdc power generation. Throughoutthe 1980's and into the
1990's, depressed economic conditions in the industrializedregions of the U,S. created a
surplusof electricpower generatingcapacity that resultedin reduced demand (and cost) for
incremental power sources. Therefore, this utilization option had limited appeal (desPite a
favorable regulatoryenvironment).Processesto convert gas to other products, or endch the
gasto pipelinequalityfor direct sale, were deemedto be acceptablegas utilizationcandidates.

The project was formulatedinto two phases. The purpose of Phase 1 was to evaluate
the gas resource associatedwith mining, and identify and evaluate various gas utilization
technologies. Phase 2 would consistof a pilot demonstrationof the technology deemed to
have the most promise for commercializingthis resource.The targeted resourceswere low-
qualitygob gas producedin conjunctionwith mining,and pipelinequalitymethane producedin
advance of mining.The pdmary gas utilizationobjectivesof the project were to identify and
evaluate existingprocesses for. (i)use of gas as a feedstock for productionof marketable
commodities, and (ii) enriching contaminated gas to pipeline quality for subsequent sale.
Satisfyingthe first objective, if achievable, was a higher prioritysince the technologywould
have broaderapplication (e.g., pipelineaccess wouldnotbe required).

The technology alternatives considered under both the conversion and enrichment
scenarios would be required to accommodate relatively low volumes of methane flow and
varying gas quality. The pdmary contaminants of the untreated gas stream would be air,
carbon dioxideand water vapor. Since one of the prioritiesestablishedfor the project was to
consider only commerciallyavailable technologies, the principal problems to be addressed
were that of economically downsizing the process applications, and tail.ring the gas
processingscheme to the characteristicsof the fuelsource. Processesthat traditionallyhave a
highgas feedstock cost as a relatively large componentof the total productcost 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 ol_erationof mining) is relatively low and would
result in lower overall product costs. The processingobjectivewas to identify a technology
through which the value added to the gas resource could be maximized, thereby enhancing

, the economi_ of methane commercialization. Furthermore, high value-added products
• (specialtychemicals,etc.) were desiredsincethey couldbe readily,rflarketed. '
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The followinggas conversiontechnologieswere evaluated: (i) transformationto liquid
fuels, (ii) manufacture of methanol (and perhaps further processing to acetic acid), (lit)
synthesisof mixedalcohols, and (iv) conversionto 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 synthesisgas, a mixtureof carbon monoxide and
hydrogen, may be produced either by steam reformingor by methane partial oxidation.In
practice, a combinationof steam reforming and partial oxidationis used to generate carbon
monoxideand hydrogenin the rightproportionfor the hydrocarbons/chemicalsproductslate of
interest. Natural gas steam reformingtypically produces a hydrogen-richsynthesis grs, the
hydrogenfrom which, in principle,can be separatedand used in a fumace. The productionof
hydrocarbons or chemicals from the synthesisgas 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-bedreactor and a slurryreactor. It was determined that for
the gob gas conversionapplication,a slurryreactorwouldbe moreappropriate.

Most of the conversiontechnologies evaluated were found to be mature processes
operating at a large scale. A majordrawback in all of the processeswas the need to have a
relatively pure feedstock, thereby requiringgas clean-up priorto conversion.As a result, gas "
enrichmentwould be needed in any conversion applicationand could not be avoided.Despite
this requirement, the conversion technologies evaluated were preliminarily found to be
marginallyeconomic. However,the prohibitivelyhighestimatedinvestmentfor a combined gas
enrichment/conversionfacility required that REI refocus the project to investigation of gas
enrichment technologies.

Enrichment of a gas stream with only one contaminantis a relativelysimple process
using available technology. Most of the gas separation technology developed to date
addresses this problem. However, gob gas has a unique nature, consistingof five pdmary
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 integrationof the separation
processes.

Rejectionof nitrogen from methane is one of the more difficultproblems from a gas
separationperspective.The nitrogenrejectionunit was determined to be the most criticaland
costly component of the system. Three technologies were identified as potentially being
suitable for nitrogen removal: (i) cryogenics,(ii) selectiveabsorption,and (iii)PSA. Cryogenic
separationhas been a standard processof choice, on a largerscale. This processwas not as
competitive on a small scale as the other two processes.The cryogenicprocess was also
found to be very sensitive to the presence of impurities, and was considered to be
inappropriatefor the gob gas application.

The application of the selective absorption process for nitrogen rejection .from a
conventionalnatural gas source has been performed.The processutilizesdifferentsolubilities
of nitrogen and methane in specific solvents to effect the separation. The solvent/feed •
contacting is carded out in a conventional packed-column system. The PSA process for
nitrogen rejection from natural gas sources has also been demonstrated. The process
generallyconsists of the following four steps: (i) pressurization,(ii) adsorptionand subsequent

.' recycle, (iii)depressudzation, and (iv) purge or evacuation. The separation is accomplished
using molecular sieves which exploit different e.quilibriumadsorption capacities for different
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gases, suchas methaneand nitrogen.Typically,four to five adsorbentbeds Wouldbe usedfor
the expectedflow rotes for the gob gas application.The selectlvc absorptionprocess would
respond.to the variable compositionand flow rate of the feed by adjustingthe solvent/feed
ratio. In PSA, the cycletimesand the recycleratioare adjustedto malnWina specifiedproduct
compositionfor changingfeed flowrates and compositions.

&

Both the selectiveabsorption and PSA processeswere assessed to be acceptable
from both technical and economic perspectives.The overall hydrocarbon recoveriesin both

, processeswere similarand the capitaland operatingcostswere also comparable, A primary
difference between the selective absorptionand PSA processes is their ability to handle
oxygen.The selective absorptionpmcass requiresoxygenremovalpriorto nitrogenrejection,
whereasthe PSA processremovesmostof the oxygenduringthe nitrogenseparationprocess.
Therefore,a smallerquantityof oxygenwouldhave to be treated Inthe gas streamusing PSA,
therebysimplifyingthe 9perationand reducingthe cost. Care must be exercisedin designinga
PSA nitrogen rejection system, however, to ensurethat gas mixtures passing through the
explosiverange are handledproperlyto maintainadequate operatingsafety.

' The oxygenseparationcomponentadded complexityto the integratedgas enrichmerlt
concept. Catalyticcombustionwas the processdeterminedto be the best suitedfor the gob
gas application.The processmay I,ossiblybe performedadiabaticallyor at lowertemperatures
usinghydrogenas additionalfuel. The adiabaticapproachwas favoreddue to afety and cost
considerations.The adiabatic combustionunit would generally be designed to handle the
maximumconcentrationof oxygeneXPeCtedin 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 membraneprocesses
were determinedto be suitablefor the gob gas application.The PSA processwas anticipated
to stillbe experimentalin natureand not as mature as the otheralternatives.Therefore, PSA
was not recommendedfor initialuse to remove carbon dioxide. Conventionalwater removal
techniques(e.g., glycoldehydration,membraneseparation,etc.) are very adequate.

In summary, the system design that is expected to be the most favorable from both
technical and economic viewpointsis a facilityconsistingof: (i) a PSA or selective absorption
nitrogen rejectionunit (withPSA having an advantage over solventextraction), (ii) a catalytic
combustion deoxygenation process, (iii) an amine or membrane carbon dioxide removal
system(if required),and (iv) a conventionaldehydrationunit.These independentcomponents
must be effectivelyintegratedand coupledwith the methane sourceto ensure achievementof
desired process results. The economic evaluation revealed attractive results, even under
conservativeassumptions.

A Phase 2 pilot demonstrationof a waste gas enrichmentfacility using the general
approachdescribedabove is planned. In additionto the economicbenefitsto be dedved, such
a project woulddirectlyaddress certainrequirementsof: (i) Section 1306 of The Energy Policy
Act of 1992, and (ii) Action #36 of the Administration'sClimate Change Action Plan.44 The
pilot project is expected to constitute a proof.of-concapt demonstration of an integrated
commercialpmcass that is ready for testingand introductioninto the marketplace.REI intends

, to develop concurrent projects on a global scale to facilitate the commercializationof a
.. previously-wastedresource and the enhancement of environmentalconditions.Financialand
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deguiflcstlon benefitswould sccrue to the coul mine operators resulting in improved mining •
economics.
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ECONOMIC EVALUATIONOF
A PSA-BASED GOB GAS ENRICHMENT FACILITY

f4

t



EXHIBITA

ASSUMPTIONS FOR ECONOMICEVALUATION

, Gll I ,production

The startingpointfor the economicanalysiswas an estimateof future productionfrom
, the vertical gob gas wells utilized• in the Mine degasiflcation plan. Using data from various

mines throughout the U.S., the projected productionflow rates depicted on page 1 of the
attachedExhibitA spreadsheetwere formulated.This flow rate informationwas used to creme
the projectedannual productionfor years 1994 through2013. The gas prroduction'ratesare
summarized on page 1, together with the shrinkage/fuel use percentage for feedstock gas
usedin the enrichmentfacility.

Gas Price

• Three potential gas marketswere reviewed in order to establish the initialgas price,
transportationrate, and meter installationfees reflected on page 1. These initial.rates were
then escalatedby a projectedannual inflationfactor (4%). The Gas Research Institutepredicts
the followingprice projectionsin its publication,The Lona,Term Trends In U.S. Gas SUDDIv
and Prices:1993 Editionof theGRI BaselinePmiecti0n of U.$, Er!emv Supplyand Demand to
_, March 1993.

Lower.48 Gas Acquisition Prices (1992 $/MMBtu): i

8ource 1991" 1998 2000 2005 2010
iiii ii i i i I i ii I iii i

Lower-48Gas Production 1.52 1.73 2.26 2.65 3.14

Imports 1.78 1.91 2.43 2.84 3.27

SupplementalSupplies 3.44 3.48 3.54 3.83 4.15

Average 1.56 1.77 2.29 2.68 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 grossgas productionfrom gob wells, gas price, shrinkage/fueluse percentage, and
the estimated Btu contentof 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 sham of gross gas
revenue is derived by multiplyingtotal gas sales by the Mine's assumed revenue interest of
80.0%.

(
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_;alesGas Sl:eoificatiolls ..

The average qualityspecificationsfor naturalgas deliveriesintothe Questar,N()rthwest
Pipeline,and Columbia transportationsystemswere utilized to derive the followingsales gas
qualityspecificationsfor use in the economicmodel:

0

l

1. SOLIDS Freeof
d

2. OXYGEN 10 ppm
3. NITROGEN* Max. 3%
4. CARBONDIOXIDE* Max. 3%
5. HYDROGENSULFIDE 114Gminll00
6. TOTALSULFUR 20 Grains/100
7. LIQUIDS Freeof
8. WATERVAPOR 7 Ibs/MMcf

9. HYDROCARBONDEWPOINT 15° _ 100-1000psi
10. HEATINGVALUE Min.980 Btus/scf
11. TEMPERATURE Max. 120°
12. DELIVERYPRESSURE 100- 800.psig

• TOTAL INERTS iCOMBINED) Max. 3%

Feed Gas Sl_,cificltions

The average qualityspecificationsfor gobgas are detailedbelow. These specifications
were derivedfrom analyzinggas samplesfrom the gob areas of the CyprusCumberlandMine,
Greene County, Pennsylvania;the Cyprus Emerald Mine, Greene County, Pennsylvania;and
the SoldierCanyon Mine, CarbonCounty, Utah.

FEEDGAS RELEVANT

BASECASE II_ANGE

1. SOLIDSANDLIQUIDS Freeof
2. OXYGEN 3% 2%to 6%
3. NITROGEN 16% 9%to 26%

4. CARBONDIOXIDE 3% 3%to 9%
5. HYDROGENSULFIDE 0%
6. TOTALSULFUR 0%
7. METHANE 78% 65%to 85%
8. WATERVAPOR 800Ibs/MMcf
9. HEATINGVALUE 750 Btus/scf ' 650to 850

10. TEMPERATURE 50= 45° to 70°

•" 11. DELIVERYPRESSURE 14.7 psla

t
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Depre.cisbleCosts "

The depreciableexpendituresare detailedon page 2 of the ExhibitA spreadsheet,for
the indi_/idualcomponentsof the gas gatheringsystem,gas enrichmentfacility,and the sales
gas pipelineand meter station.

J

Denrecistion

' .The Modified Accelerated Cost Recovery System was usedto calculate the
depreciationallowance on the majority of tangible propertycosts, based on a seven year
recovery period and 200% decliningbalance method. No salvage value is assumed in the
calculationand the half year conventionis utilized.Straight-linedepreciation is used for the
pipelineright-of-way,based on a tenyear usefullife.

Depletion
• .

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

Intanaib!e Ddllina and DeveloPment Costs

The Mine analysisassumes that the mine operatorhas alreadydrilledand is currently
ventinggob gas. Thus, the costsincurredindrilfingthe gob gas productionwellsare treatedas
sunkcosts and notconsidered inthisevaluation.

Operatina Expenses

Operating expenses are those costs incurredto cover the field operationsnecessary to
produce,clean-up and sell the gas generated by the project.These costs includesalariesand
wages, employee benefits, well serviceand workover,repairs,fuel and utilities,supplies,,auto
and truck, supervision,maintenance, indirect cost allocation,insurance, water disposal,etc.
The operatingexpenses in the modelassumea staffof two full-timefieldpersonnel.

Division of interest

The economic modalassumes there is one workinginterestowner in the project. The
net revenue interest associated with a 100% working interest, after royalty burdens, is
approximately80.0%.

i

Taxes

Income taxes calculated by the model include federal incometaxes (35%) and state
, income and franchise taxes (10% combinedrate). The highestmarginaltax rates were used

for conservatism.The alternativeminimumtax was not consideredin this analysis.

_, • A 5% severance tax was assessedon the value Ofall severedminerals.

• The ad valorem tax ratewas calculated usingthe West.Virginiastate formula.0
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• Conservationtax on gas productionwas not consideredinthe model.

Nonconventional Fuel Tax credit

Coal gas production, under certain specified conditions, is eligible for a
nonconventionalfuel tax credit establishedunder Section 29 of the Internal Revenue Code.
The tax credit applies to qualified fuelsproduced from wells ddlled between December 31,
1979, and January 1, 1993, produced in the U.S., and sold to an unrelatedparty for a lawful ,4

price dudngthe taxable year. Productionfrom qualifyingpropertiesis subject to the tax credit
untilJanuary 1, 2003. The tax credit is allocatedon 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 inflationrate.

Greenho.se Gas Of_et Credit
,

No value for any greenhouse gas offset credit (potential benefit for mitigatingthe
release of methaneto the 8tmosphere)was assumedin the base case.

,
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