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SUMMARY

The objectiveof this study, conductedfor the U.S. Departmentof Energy

by the PacificNorthwestLaboratory's(PNL) Global Studies Program,was to

initiatethe developmentof a carbon dioxide (C02)control "supplycurve."

The curve would relate the amount of CO2 controlledas a functionof the cost

of control in the electricutility sector. This information,along with simi-

lar characterizationsof other options, could be used in general planning

studiesevaluatingalternativeresponsesto the potentialglobal warming

problem.

This study focusedon evaluatingthe cost of recoveringCO2 from coal

gasification,combined-cycle(GCC) power plants and transportingthe CO2 in

pipelinesfor disposal in deep ocean water, depletedoil and gas reservoirs,

or aquifers. Other fuels and conversiontechnologieswere not evaluated.

Technicalfeasibility,environmentalacceptability,and other implementation

issueswere not addressedin detail.

Ocean disposalof CO2 offers essentiallyunlimitedcapacity,but is dis-

tant from most U.S. coal-firedpower plants and presentsenvironmentalcon-

cerns at the disposalpoint. Depleted oil and gas reservoirsare also distant

from most U.S. coal-firedpower plants and have a more limiteddisposal capa-

city, but were calculatedto have a potentialcapacitymore than double that

requiredto disposeof all CO2 from 830 GCC power plants (380-MWeeach) for a

period of 40 years. The existenceof oil and gas reservoirsprovides "proof"

of the long-termCO2 confinementpotentialin these formations. In contrast,

aquiferdisposal is believed to be significantlyriskier. Key concerns are

lack of geologic knowledgeat depths adequatefor CO2 disposal;uncertainty

about geochemicali,_pactsfrom decreasedwater pH; and long-termconfinement,

which is unproven for non-petroleumformations.

Carbon dioxide recoveryat GCC plants increasedthe levelized energy

cost (LEC) by about one third relativeto a referenceGCC plant without CO2

recovery. The transmissiondistance is the key factor affectingtotal CO2

control costs. The LEC with CO2 recoveryand disposal increasedby one third

to more than a factor of two, dependingon the transmissiondistance,which
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ranged from about 25 to nearly 2000 mi. While CO2 recovery and disposalwould

likely be too expensiveto implementon a nationalbasis, regional or site-

specificapplicationsmay be competitivewith other CO2 control strategies.

The significantimpactof transmissionon the cost-effectivenessof CO2

recoveryand disposal suggeststhat the followingtopics are worthy of further

examination:

I. The impactof locationaland seasonalvariationin ambienttempera-
ture on CO2 properties,hence pipelinedesign.

2. CO2 distributionequipmentwithin oil and gas reservoirs.

3. Integratedpipelinesfrom multiple GCC units or power plants.

4. Specificdesign requirementsfor CO2 pipelines.

5. Impactof elevationdrop on recompressionrequirementsin overland
pipelines.

Carbon dioxide controlcosts for the GCC power plant should be compared

with other controloptions, such as increasedefficiencyof energy supply and

end-use equipment,reforestation,and carbon taxes. CO2 controlcosts for

other fossil fuels and combustiontechnologiesshould also be evaluatedto

completethe developmentof a CO2 control "supplycurve" for U.S. electric
utilities.
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I.0 INTRODUCTION

The concentrationof CO2 in the atmospherehas been rising steadilyfor

severaldecades. Predictionsof global warming and related deleterious

effectsgive cause for consideringpotentialresponses. Electricutilities

accountfor approximatelyone third of U.S CO2 emissionsvia the combustionof

coal, oil, and naturalgas. One option for reducingatmosphericCO2 emissions

is to capture CO2 at power plants and transportit for disposal in an alter-

native "sink."

Carbon dioxide control (captureand disposal)costs would vary signifi-

cantly dependingon the fuel, conversiontechnology,and locationof the

electricpower plant. Coal, oil, and gas produce differentamountsand con-

centrationsof CO2 per Btu of energy releasedduring combustion. For a given

fuel, such as coal, the best control technologyfor a pulverizedcoal plant

would differ from that for a gasificationtype plant. Carbon dioxide trans-

portationcosts are extremelysite-specific,dependingon the proximityto a

disposallocation.

The objectiveof this study, conductedfor the U.S. Departmentof Energy

(DOE) by the Pacific NorthwestLaboratory's(PNL) Global Studies Program,(a)

was to initiate the developmentof a CO2 control"supplycurve" relatingthe

amount of CO2 controlledas a functionof the cost of control in the electric

utility sector. This informationcould be used (alongwith similarcharac-

terizationsof other options) in general planningstudiesevaluatingalter-

native responsesto the potentialglobalwarming problem.

The scope of this study was limited to coal-firedpower plants employing

gasification,combined-cycletechnology. Other fuels and conversiontechnolo-

gies were not evaluated. Deep ocean water, depletedoil and gas reservoirs,

and/or aquiferswere consideredas potentialdisposallocations. Emphasiswas

placed on determiningthe cost impactof varying the coal-firedpower plant

(a) PacificNorthwestLaboratoryis operated for the U.S. Departmentof
Energy by BattelleMemorial Instituteunder ContractDE-ACO6-76RLO1830.
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locationand disposal concept. Technicalfeasibility,environmentalaccepta-

bility,and other implementationissueswere not addressedin detail.

The followingthree sectionson recovery,disposal,and transmission

define the analyticalprocedureand resultantcharacterizationof the major

CO2 controlsystem elements. The final two sectionsin the main body of the

report summarizethe system results,conclusions,and recommendations. Sup-

portingdetail describingthe calculationof CO2 storagecapacity in depleted

oil and gas reservoirsis presentedin Appendix A. AppendixB describes

design detailsof the CO2 pipeline.
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2.0 RECOVERY

As indicatedin the Introduction,CO2 recoverywas based on coal-fired

power plants employinggasification,combined-cycletechnology. Coal-fired

power plantswere chosen for evaluationbecausecoal producesmore COz per Btu

of energy releasedduring combustionand is the predominani_fossil fuel con-

sumed by U.S. utilities. Currently,practicallyall large-scalecoal-fired

power plants use pulverizedcoal (PC) combustiontechnology. However,more

advancedcoal combustiontechnologiessuch as fluidizedbed (atmosphericor

pressurized)or gasification,combined-cycle(GCC) (integratedor non-

integrated)that are less pollutingand more efficientare more likely to be

employed in the future. In addition,severalpreviousstudies (e.g.,Smelser

and Booras 1990) have indicatedthat CO2 capture from PC plantswould be more

costly, particularlyin a retrofit situation,than CO2 capture from GCC

plants.

2.1 REFERENCEPLANT SELECTION

Three reportsdescribingevaluationsof CO2 recoveryfrom GCC plants were

reviewedto define the specificdesign and cost characteristics(Smelserand

Booras 1990; Shell Internationale1990; Hendriks,Blok and Turkenburg1990).

In each of these evaluations,carbonmonoxide in the fuel gas is convertedto

carbon dioxidevia the water/gasshift reaction. Carbon dioxide is subse-

quently scrubbedfrom the fuel gas prior to combustionof the hydrogen in the

gas turbine. Each of the three studiesis briefly describedbelow.

Smelserand Booras evaluateda 400-MWe GCC plant that used Texaco's

total quench gasificationtechnology. The water/gasshift reactionwas accom-

plished in two stages. Ninety percentof the CO2 was recoveredby washing the

syngas at pressurewith Selexolafter first using the same solventto prefer-

entially remove hydrogen sulfide. The CO2 was compressedand dried for trans-

port in a pipelinepresumed to be 400 mi long. Current technologywas

employed.

The analysis by Hendriks,Blok and Turkenburgevaluateda 600-MWe inte-

grated GCC plant that was based on Shell'sgasificationtechnology. Fuel

2.1



gases were partiallycooled by generatingsteam rather than quenching. The

water/gasshift reactionwas conductedafter sulfur removalto protectthe

catalyst in the shift reactors from becomingpoisoned. Selexolwas used to

recover88_ of the COt, which was compressedand dried for pipelinetransport.

The hydrogensulfidesolventwas not specified. Design and performance
,.

, assumptionswere based on capabilitiesexpectedto be availableby the year
2000.

As might be expected,Shell employed its own gasificationtechnologyin

its evaluationof a 750-MWe IGCC plant. Sulfur removal and COt separation

followedthe water/gasshift reactionsimilarto the Smelserand Booras study,

but SuIFerox and DEMEA (two licensableShell processes)were used for hydrogen

sulfideremovaland CO2 separation,respectively. Higher conversionin the

water/gasshift reactionsallowedrecoveryof 94_ of the CO2, which was com-

pressedand dried for pipelinetransport. Currentlyavailabletechnologywas

Empleyed.

The evaluationdescribedby Smelserand Booraswas selectedas the ref-

erence for definingGCC plant cost and performancecharacteristics.The

resultspresentedin Smelser and Booraswere consistentwith the Shell study

while resultsfrom Hendriks,Blok, and Turkenburgwere considerablymore opti-

mistic. Factorsfavoring selectionof the Smelser and Booras data were

greater cost and performancedetail, U.S. design conditions,and a moderate

plant size.

2.2 REFERENCEPLANT DE.SCRIPTION

Smelserand Booras presenteddesign,cost, and performancedata for GCC

plants with and withoutCO2 recovery. The CO2 was initiallypressurizedto

2200 psia for transmissionthrougha 400-mi pipeline. The pipelinewas elim-

inated and the initialpressurizationwas reduced in order to create a common

plant design independentof the actual transmissiondistance.

A minimum pipelinepressureof 1200 psia was selectedbased on advice

presentedin Decker (1986),which describedan actual CO2 pipelinerunning

from Coloradoto Texas. The criticalpressure for CO2 is about 1070 psia.

Therefore,operationat 1200 psia or above eliminatestwo-phaseflow. The
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amount of additional pressurization required beyond 1200 psia depends on the

pipeline length and pressure drop per unit of length. Pipeline pressure

losses and incremental pressurization requirements are discussed in more

detail in Section 4 and Appendi:" B.

Besides eliminating the costs associated with the pipeline, the reduc-

tion of initial CO2 pressure reduced the size, cost, and power cunsumption of

the compression equipment. The resultant plant characteristics for a GCC

plant, with and without CO2 recovery, are shown in Table 2.1. The "total

plant cost" shown in Table 2.1 represents construction costs. Startup and

working capital costs were estimated for each plant based on the relationships

shown in Table 2.2. Ali cost data were adjusted to mid-1990 dollars.

Many differenttechnologieshave been consideredfor couplingCO2 recov-

ery with coal-firedpower plants (Blok et al. 1992). While severalof these

TABLE 2.1. GCC Power Plant Characteristics

GCC Plant with

Characteristic Re.ferenceGCC Plant 90% CO2 Recovery(b)

Gross Power Output, kWe 501,656 496,600
Net Power Output, kWe 431,647 381,500

Total Plant CoSt{a)$1OOO(a) 705,911 832,902Annual O&M Costs
Labor, $1000 20,092 23,681
Fixed Materials,$1000 12,707 18,081
Consumables,mills/kWh 0.432 0.826

Heat Rate, Btu/kWh 9,639 11,894
Annual Power Production@ 2,457,798 2,172,261
65% Capacity Factor,MWh

(a) All costs are in mid-1990 dollars.
(b) Does not includeCO2 transmissionand disposal.

TABLE 2.2. Startupand Working Capital

Startup= 0.02 * Total Plant Cost +
1/12 * Total Annual O&M Cost +
1/52 * Total Annual Fuel Cost

WorkingCapital: 0.005 * Total Plant Cost +
I/6 * Total Annual O&M Cost +
I/6 * Total Annual Fuel Cost
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technologies may eventually prove to be better, the gasification plant and COz
recovery described above is a reasonable option using proven technology that

could be constructed today.
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3.0 DISPOSAL

Three possibledisposaloptionswere consideredin this study: deep

ocean water, depletedoil and gas reservoirs,and aquifers. The first two

options have been given the most attentionby researchersconsideringCO2

recoveryand disposal. By comparison,the possibilityof disposingCO2 in

aquifershas been less vigorouslyinvestigated. The followingthree subsec-

tions presentdiscussionsof each of these options.

3.1 OCEAN DISPOSAL

Deep ocean water has severalcharacteristicsthat make it a potentially

attractivealternativeto atmosphericreleaseof CO2. The deep ocean has a

tremendousCO2 storagecapacitycomparedwith global CO2 emission rates. The

ocean is a relativelyhomogeneousmedium,which reducesthe site-specific

technicaluncertainty,particularlywhen comparedwith terrestrialdisposal

options such as depletedoil and gas reservoirsand aquifers. Ultimately,CO2

releasedto the atmospherewill dissolve in the ocean. Deep ocean injection

of CO2 serves to speed the long-run (hundredsof years) equilibratingproc-

esses. Nevertheless,there are legitimateconcerns about the potentialnega-

tive impact on the local aquatic environmentnear disposal points. Differ-

ences of opinionalso exist with regard to the CO2 retentionperiod.

Several differentocean disposal conceptshave been proposed. These

includeI) dissolutionof liquid CO2 into moderatelydeep water; 2) injection

of C02-richsea water into moderatelydeep water; 3) sinkingof liquid CO2

into very deep water; 4) injectionof CO2 into naturallysinkingcurrents;

5) surfaceinjectionof solid C02; and 6) surface injectionof solid CO2

hydrate. Each of these concepts is describedbelow.

In the first concept, liquid CO2 is injectedinto the ocean at a depth of

approximately500 m and dissolves in the surroundingwater. The CO2 is

injectedvia a pipeline extendingfrom the nearestshore or from a platformon

the ocean's surface. The required injectiondepth is subjectto some debate.

Essentiallyall sourcesagree that the upper layer of the ocean in relatively

intimatecontactwith the atmosphereis about 100 m deep. This upper layer is
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well-mixedand subsequentlymaintainsa fairly uniformtemperature. In the

next few hundredmeters,water temperaturedrops very quickly. Below the

thermocline,which varies in depth dependingon location,the ocean water is

uniformlya few degreesabove the freezing point. At a depth of 500 m, CO2 is

less dense than the surroundingocean water and will bubble up towardsthe

surfacebefore it dissolves. At issue is the depth at which the CO2 would

dissolve and the amount of interactionwater at this depth actually has with

the well-mixedupper 100 m.

In the second concept,CO2 is first dissolvedin a stream of sea water

near the ocean shore, lhe CO2-richstream is then injected via pipelineto a

depth of approximately500 m. This approacheliminatesCO2 bubbling concerns

at the injectionpoint, but requiresa much largerpipe or multiplepipes to

handle the significantincreasein fluid volume.

The third concept is similarto the first, except the CO2 is injectedat

a greaterdepth. At a depth of 3000 m, liquid CO2 has a densitygreater than

sea water and will sink to the ocean floor where it will slowly dissolve over

time. Presumably,this disposalapproach resultsin a considerablylonger

retentionperiod than injectionat 500 m. Of course,a longer,more costly

pipelinewould be required. _

In the fourth concept,CO2 is injecteddirectly into a near-surfacesink-

ing currentthat transportsthe CO2 into the deep ocean. Several locationsin

the world have naturallysinkingcurrents that originaterelativelyclose to

shore and are relativelyshallow. One exampleof this is the thermohaline

current that exits to the Atlantic from the MediterraneanSea. Surfaceevap-

oration of Mediterraneanwaters exceedsthe inflowof water from rivers,

causingthe Sea to be saltierthan the ocean. This createstwo differentcur-

rents crossingthe entranceto the Mediterraneanat the Straits of Gibraltar.

Near the floor of the sea, the denser salt water flows out to the Atlantic and

sinks below the lighterocean water. At the surface,a larger currentflows

into the Mediterranean,making up for the net water lost via evaporationand

the subsurfaceoutflow. This concept,while interesting,has obvious geo-

graphic limitations. No similarcurrents exist close to the shore in the

United States.
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The fifth and sixth ocean disposalconcepts are based on solidifiedCO2

that can be transportedvia refrigeratedocean freighterand droppeddirectly

in the ocean. Both solid CO2 and solid CO2 hydrate (CO2 • 6H20) are denser

than sea water and sink when droppedonto the ocean surface. Initially,some

CO2 is releasedas the cube sinks,but sublimationceases at a pressurecorre-

spondingto a depth of about 500 m. Below 500 m, the cube Continuesto melt

on its way to the ocean floor. Because it is denser than CO2 hydrate, solid

CO2 sinks more quicklyand should lose less CO2 to sublimation. The principal

drawback of solid CO2 disposal is the energy required for solidification,

which is severaltimes that requiredfor liquefaction.

The ocean disposal concepts selectedfor evaluation in this study were

injectionof liquidCO2 at either SOO-m or 3000-m depth. The other concepts

are either significantlymore expensive(concepts2, 5, and 6) or have limited

geographicapplicability(concept4). Examinationof the two depths should

help identifythe economic importanceof resolvingthe injectiondepth issue.

Bathymetricmaps prepared by the NationalOceanicand AtmosphericAdministra-

tion were used to locate 500-m and 3000-m deep water off the U.S. coastlines

" (see Figure 3.1). Ocean disposalcapacitywas assumedto be a non-issue,

i.e., the deep ocean water was assumedto have adequatecapacityto absorb all

the CO2 recoveredfrom the GCC power plants. For furtherdiscussionof ocean

disposal issues and prospects,the reader is referredto severalpapers pre-

sented in Blok et al. (1992).

3.2 DEPLETEDOIL AND GAS RESERVOIRDISPOSAL

In general, petroleum (naturalgas and crude oil) is found in sedimen-

tary (e.g., sandstoneand limestone)rock formationsat depths as shallow as

40 ft and as deep as 21,000 ft. Petroleumis not found in all geographical

regions, but rather in localizedaccumulationsunder certaingeologic condi-

tions (Amyx,Bass and Whiting 1960). The conceptof CO2 disposal in abandoned
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FIGURE3.1. 500 m and 3000 m Ocean Depth Contours

reservoirsis that once petroleumhas been evacuatedfrom the reservoir(a)

rock, the void space can be filled with compressedCO2.

In additionto the basic presenceof a reservoir,factorsthat must be

consideredin order to determinethe technicaland economicfeasibilityof CO2

disposal in an abandonedreservoirincludethe following:

• the abilityof the reservoirto accommodatean acceptablequantity

of CO2

• the presence of an impermeablecap rock to prevent upwardmigration
of COz, leakage, and pressureloss

° sufficientreservoirdepth to allow for a safe pressure

• the ability (legallyand economically)of the disposal system
operatorto obtain a lease for the entire reservoir

(a) A reservoiris defined as a porous and permeableundergroundformation
containinga naturalaccumulationof hydrocarbon(oil and/or gas) which
is confinedby impermeablerock or water barriersand is characterized
by a single naturalpressure system.
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• the physicaltightnessof the reservoir(i.e.,lateral sealingby
formationswith a minimal number of unusableabandonedwells [which
promoteIeakage])

• the extent of reconditioningrequiredbecauseof water encroach-
ment, corrosionof tubing,or depositionof mud on the well bore

• the number and size of injectionwells requiredfor an acceptable
disposal rate

• proximityto major CO2 transmissionlines and the auxiliaryequip-
ment required.

This analysisestimatesthe total volume of abandonedpetroleumreserv-

oirs, includingoffshorereservoirs,availablefor CO2 disposal throughthe

year 2030 for the lower 48 states, lt is assumedthat any reservoircapable

of producingpetroleumcould ultimatelybe capableof storingcompressedCO2.

The result of this analysis is an estimatedtheoreticalCO2 storagecapacity.

For the technicaland economicconsiderationslisted above, this theoretical

capacity representsan upper bound of availablecapacityand subsequently

should be reducedto incorporatethe impact of each of the considerations.

3.2.1 HistoricalApproachesto EstimatinqC02 DisposalCapacity

Severalstudies have previouslyestimatedthe availableCO2 storage

capacity (Hamilton1989; Horn and Steinberg1982; Steinberg,Lee and Morris

1991) in abandonedpetroleumreservoirs. These studiesused two basic

approachesto approximatestoragecapacity. The two approacheshave the

advantageof being relativelyquick and straightforward;however,they do not

fully incorporatesome criticalfactors that affect storagecapacity. Each

approachis outlined below.

The first historicalapproachhas been to assume that reservoirsare

depleted at a rate close to the rate of U.S. consumptionand that the depleted

reservoirvolume is availablefor CO2 storage. This approachhas two very_

importantlimitationswhich result in an impreciseestimationof storage

capacity: I) U.S. consumptionis not a very good proxy for U.S. reservoir

depletionbecause importsand petroleumstoragesystems supply a large segment

of U.S. consumption,and 2) becauseof compressibility,the relationship

betweenthe volume of petroleumextractedfrom a reservoirand the volume of

; 3.5



CO2 that can be injectedfor disposalis complex and cannot be accurately

estimatedwithoutreservoirtemperatureand pressuredata, which this approach

does not fully incorporate.

The second historicalapproachhas been to assumethat the availablevol-

ume for CO2 disposal is representedby the total volume (at reservoircondi-

tions) of proved U.S. petroleumreserves. As appliedby organizationsthat

reportreserve volume,the term "provedreserves"means "the volume of petro-

leum that can with reasonablecertaintybe recoveredin future years from

known reservoirsunder existingeconomicand operatingconditions." Fig-

ure 3.2 illustratesthe differencebetween "provedreserves"and the available

petroleumresourcesthat underliethe lower 48 states.

The use of proved reservesto estimate total CO2 disposal capacity

resultsin a significantlimitation. U.S. reserves have historicallyand will

continueto increasesignificantlyas technology improvesand the economic

climatechanges. Given the currentrate of lower 48 production,current

reserveswill be expended in ten years; however, in the meantime,many more

reserveswill be identifiedand will allow the lower 48 states to producewell

Recoverable

_ Reserves - Current
Feasibilityof

Paramarginal ] _ Economic
Resources Recovery

Submerged

Degreeof Cedain_

$9209_8.12

FIGURE3.2. Comparison of Total Petroleum Resources and Proved Reserves
(after Ikoku 1984)
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beyond the year 2030 (DOE 1991). Consequently, the approach of assuming

future available volume is equivalent to current reserves underestimates the

potentialvolume severaltimes.

Similarto the first historicalapproach,the second historicalapproach

makes some significantassumptionsregardingthe relationshipof petroleum

volume at standardsurfacetemperatureand pressure and the resultingreserv-

oir void volume at reservoirtemperatureand pressure. The non-proportional

relationshipbetweenpetroleumand CO2 compressibilityresultsin complex

relationshipsbetween surfacevolume and reservoirvolume. For example, for

the pressureand temperatureranges examined in this analysis,if I cu ft of

gas is produced,the amountof CO2 that can be stored in the corresponding
reservoirvoid varies from I to 3 cu ft.

3.2.2 CurrentApproach to EstimatinqCO2 Disposal Capacity

Some of the limitationsof the above two historicalapproachesare

addressedin an approachthat incorporatesthe proceduresdescribedbelow.

• Petroleumreservoirvolume that has been or will be produced by the
year 2030 was assumedto become availablefor CO2 disposal. The
productionbasis was derived from DOE productionstatistics(Energy
InformationAdministration[EIA] 1990) and the National Energy
Strategy's (NES) base case for crude oil and naturalgas production
through the year 2030 (DOE 1991).

° A reservoircapacity profilefor CO_ disposal by depth and geo-
graphicalregion was developed. Separateprofileswere developed
for capacitygeneratedby gas productionand by oil production.
Subsequently,averagetemperatureand pressuregradientswere used
to add reservoirtemperatureand pressure attributesto the
capacityprofiles.

• The differingcompressibilitiesof gas and CO_ were factored into
the ultimateCO_ storage capacityestimate.

To segmentthe analysis,CO2 storagecapacity generatedby oil and gas

productionare discussedseparately. In reality,the vast majority of oil and
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gas fields(a)produce both products. For example,of the 45,120 petroleum

fields identifiedin the United States (EIA 1991b),33,495 fields (74%)pro-

duce significantquantitiesof oil and 30,161 (67%) produce significantquan-

tities of gas.

The approachused to segmentthe analysisis based on the conceptthat a

reservoirhas a volume (VR) of hydrocarbonat reservoirtemperature(TR) and

_-eservoirpressure (PR)" As the hydrocarbonis produced,(b)its temperature

and pressuredecrease. A significantamount of gas is released,resultingin

a volume of gas (Vgsc)and volume of oil (Vosc) at standardsurfaceconditions

(i.e.,60°F, 14.73 psia). Figure 3.3 illustratesthis concept.

m

l
4

/
#

sz Vgsc
S

#

," _/S
S

S

S
/

S

S

E1 --V_

@ PR,TR @ 60°F 14.73psia

Vgsc- lOOVosc

$9_)9068.13

FIGURE3.3. Idealized Volume Relations of Petroleum Fluid at Reservoir and
Surface Conditions (adapted from Amyx, Bass and Whiting 1960)

(a) An area consistingof a single reservoiror multiple reservoirsall
groupedon or relatedto the same individualgeologicalstructuralfea-
ture and/or stratigraphiccondition. A field may have two or more
reservoirswhich are separatedverticallyby interveningimpervious
strata,laterallyby local geologicbarriers,or both.

(b) Producedrefers to the processof allowinga hydrocarbonto escape from
its residentformationinto a wellbore at which point, throughnatural
or human appliedforces, it travelsto the surface,passingthroughthe
wellhead into surfaceequipment(i.e.,separators,heaters,filters,
stock tanks, etc.).
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Regional oil and gas productionfiguresreportedby organizationssuch

as the DOE are based on the producedvolume of oil and gas at standardcondi-

tions. As noted above, without knowingthe reservoir-by-reservoirproduction

volumesand the reservoirtemperatureand pressuredata, it is not possibleto

estimatethe total volume of a specificreservoir. However, by defininga

representativeregionalcapacityprofileby depth and assumingthat average

temperatureand pressuregradientsapply,the total volume of oil or gas pro-

duced at surfaceconditionscan be used to estimatethe correspondingreserv-

oir void volume createdduring the productionprocess,(a)adjustingas

appropriatefor compressibility.The specificdetailsdescribingthe imple-

mentationof this approachare presentedin AppendixA. The cumulativeCOz

storagecapacity resultingfrom all petroleumproductionis shown in Table 3.1

for each petroleumproductionRegion. Substateregionsare identifiedin

Figures3.4 through 3.7.

3.3 AQUIFER DISPOSAL

Becauseof the prevalenceof aquifers in the United States, disposalof

CO2 in aquiferswould significantlyreduce the transmission-relatedcosts

associatedwith CO2 recoveryand disposal. Roughlytwo thirds of the country

is underlainby aquifers (Reilly,Brown and Huber IgBI). The locationsof

major aquifersare shown in Figure 3.8.

An aquifer suitablefor COz disposalwould have high porosity and ade-

quate thicknessto providegood storagecapacity,adequatedepth to allow CO2

disposal as a supercriticalfluid, high hydraulicconductivityto allow a high

injectionrate, homogeneoushydraulicconductivityto obtain a high sweep

efficiencyor high aquiferutilization,and a very low-permeabilityconfining

layer without fracturesto ensure long-termisolation. Key issuesaffecting

CO2 disposal in aquifersare discussedbelow.

(a) The term "reservoirvoid volume"would imply that the reservoircontains
empty pore space that is availablefor CO2 storage. In fact, residual
gas, oil and water expand into the voided area. The COp injectedis
assumedto drive back the gas, oil and water that expanaed.
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Major Aquifer Areas

E_ Wells Will Ger, erally Yield <50 Gallons Per Minute

FIGURE3.8. Major U.S. Aquifers

To reduce the storagevolume requirementsand buoyantdrive, the CO2

should be stored as a supercriticalfluid with a densityclose to that of

water. Both pressure and temperatureincreasewith depth. Unfortunately,

higher temperatureswill requiree'.'gnhigher pressuresto minimize the buoyant

force. The depths requiredfor CO2 disposalare generallyat least a few

thousand fee_. Most explorationand characterizationat these depths have

been performedfor oil and gas. Very little is knnwn about non-petroleum

reservoirsat these depths,which makes CO2 disposal in deep aquifers a risky

proposition.

Aquifers are never homogeneous. A simple alluvialaquifersystemwill

often have hydraulicconductivitiesrangingthrough severalorders of magni-

tude within a few meters, particularlyin the verticaldirection. This vari-

abilitysignificantlyreducesthe sweep efficiencyof the injectionwel_,.

This problem would be made worse by the viscousfingeringof the two fluids
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(CO2 and water). For CO2 disposal,nonhomogeneoushydraulicconductivity

could significantlylimit the effectiveaquiferdisposalcapacity as well as

the allowableinjectionrate.

A CO2 disposal systemwould requirea large aquiferthat would confine

the CO2 for severalhundredyears. By their existence,gas and oil reservoirs,,

provideevidence of long-termconfinement;however,such long-termconfinement

is much more speculativefor aquifers.

Natural aquiferwaters generallyhave a pH of about 8, which CO2 injec-

tion will reduce. A probablemoderatedrop in the pH to about 5 could cause

increasedweatheringof the aquifermatrix. Geochemicalimpactswould have to

be analyzedon a case-by-casebasis.

Aquifers have only recentlybeen given seriousattentionas a possible

disposallocation for CO2. Much of this work has been conductedin The

Netherlands(e.g.,van Engelenburgand Blok 1992; van der Meer 1992) where

preliminaryfeasibilitystudies (particularlyvan Engelenburgand Blok 1992)

have yielded cautiousoptimism. The authorsof this study do not share that

optimism,particularlyfor the United States,where the geology is much more

complexthan that of The Netherlands. The technicalissues describedabove

make CO2 disposal in aquiferssignificantlyriskierthan disposal in either

the deep ocean or depleted oil and gas reservoirs. Therefore,the potential

cost of aquiferdisposal for comparisonwith disposal in the ocean or depleted

oil and gas reservoirswas not calculatedat this time.

Despite these currentlyperceivedrisks, aquifershave the potentialto

provide low-costCO2 disposal for the majority of U.S. fossil-firedpower

plants and warrant further investigationof their technical,environmental,

and economic feasibility.
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4.0 TRANSMISSION

TransmittingCO2 to the disposal point can be a significantpart of the

overall cost of control,dependingon the distance. In this analysis,where

the power plant and CO2 recoverytechnologyare held constant,the range of

impacton power generationcosts and CO2 controlcosts is due entirely to dif-

ferences in the transmissiondistance. With the prospectivetransmissiondis-

tance ranging from less than 100 mi up to about 2000 mi, differencesin

transmissioncosts may have a significantbearingon the regionalefficacy of

implementingCO2 captureat fossil-firedpower plants.

4.1 TRANSMISSIONDISTANCE

Calculatingthe transmissiondistance requires identifyingthe prospec-

tive disposal points and source points (the power plants). The locationsof

prospectivedisposal points in deep ocean water or depletedoil and gas (DOG)

reservoirswere identifiedin Section3. This sectionof the report describes

the assumptionsused for establishingthe locationsof the power plants and

calculatingthe transmissiondistance.

Many factors affectthe siting of coal-firedpower plants,especiallyat

the local level. However,when examined at the state or regionallevel, two

factors stand out: the demand for power and the availabilityof coal. Thus,

most coal-firedpower plants are located in well-populatedstates with signif-

icant coal resources. Coal and electricitytransmissioncosts are obviously

importantsiting factors. Proximityto potentialCO2 disposalpoints and CO2

transmissioncosts may become an importantfactor in the future. Many other

factors, such as shiftingdemographics,will also contributeto future siting

decisions.

In this study, the GCC plantswith CO2 recoverywere assumedto be sited

at the same location as current PC power plants with generatingcapacities

greaterthan about 100 MWe. Note that future plants need not be physically

locatedat exactlythe same place in order for the resultsof this analysisto

be valid. Rather, a physicaldistributionof coal-firedplants similarto the
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currentdistributionwould be sufficient. The actual locationsof current

sites merely providea convenientdata base for measuringthe prospectiveCO2

transmissiondistances.

The specificprocedurewas to identifythe locationand generating

capacityof all coal-firedpower plantswith a generatingcapacitygreater

than 100 MWe (McGraw-Hill1989; EIA Iggla). The sum of the coal-firedgener-

ating capacity identifiedwas assumedto be replacedwith an equal generating

capacity suppliedby multiple GCC plantswith CO2 recoveryas described in

Section 2. As noted above, the new plantswere assumedto be locatedat cur-

rent plant sites. The number of units per site was set to match (with round-

ing to the nearestwhole unit) the currentgeneratingcapacity at the site.

The resultantnumber of GCC generatingunits is identifiedfor each state in

Figure 4.I.

With the source points and disposalpoints identified,the design and

cost of the transmissionnetworkdependson the degree of integrationor

independenceamong the plant_. At one extreme,each generatingunit could

have its own pipelinerunningdirectlyfrom the unit to the disposal point.

At the other extreme,every unit in the country could be connectedto a common

piping network,or at least to regionalnetworks. The latter approachwould

likely be significantlyless expensive,as CO2 from severalunits could be

combined into largertrunk lines, allowingeconomy-of-scalebenefits in pipe-

line construction. However, the transmissioncosts estimatedon th,s basis

would be valid only if CO2 capturewas implementedat all of the units

includedin the network. Implementationat fewer plants would likely lead to

higher transportationcosts becausethe networkwould be limited. In addi-

tion, pipelineeconomies-of-scalemight not be great. The pipe diameter

required for a single unit (18 in.) is alreadyquite large (particularlyfor

operatingpressuresin excess of 1200 psia), so largerdiameter pipes may not

offer any significanteconomies-of-scale.Network constructionalso generates

a significantcost allocationproblem,which makes _ extremelydifficultto

calculatethe marginal cost of CO2 controlfor each unit. For these reasons,
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each unit was assumedto have its own pipelineconnectingto a disposalpoint.

The costs derived from this design assumptionshould representan upper bound

on the actual costs.

Three transmissionlengthswere calculatedfor each power plant, repre-

sentingdisposal in the ocean at a depth of 500 m or 3000 m, or disposal in a

depletedoil and gas reservoir. Total mileagewas segregatedinto overland

and underseaportions. Overland "airline"distancewas multipliedby 1.17 to

accountfor expecteddeviationsfrom a perfectlystraightpath. This factor

was establishedby comparingairlinemiles and highwaymiles betweenseveral

major cities, as publishedin the OAG Desktop FliqhtGuide (OfficialAirline

Guides 1992) and Rand McNalIyRoad Atlas (RandMcNally and Company 1990),

respectively. Underseamileagewas not multipliedby this factor. Separation

into overlandand underseaportionswas also importantfor distinguishing

expected costs per mile of pipe.

The disposal point in the ocean was assumedto be the locationwith

500-m or 3000-m deep water that was closestto the power plant in question. A

relativelysmall (comparedto the entire pipeline)diffuser section is pre-

sumed to dischargethe CO2 into the water. In contrast,disposal in depleted

oil and gas reservoirsis complicatedby their non-uniformand disperse

nature. The CO2 flow from a singleGCC unit would requiredistributionfrom a

trunk line to multiplewells, the number dependingon the characteristicsof

the depletedwellfield. For example, in their evaluationof CO2 capture and

disposal from an IGCC plant, Hendriks,Blok and Turkenburg (1990)estimate

that disposal of 487,000kg/hr of CO2 would require15-20 wells. In their

evaluationof a larger IGCC plant, Shell Internationale(1990) estimatesthat

only 6 wells would be requiredto dispose of 625,000 kg/hr of CO2. By compar-

isor,,the referenceCO2 recoveryunit defined in Section2 produces

370,000 kg/hr of CO2. Both of the above referencesassumethat CO2 injection

will commence immediatelyafter productionis terminated. Hence, all existing

collectionequipmentis assumedto be availablefor use as CO2 distribution

equipment. The impliedassumptionin both studiesis that the equipmentis

appropriate,withoutmodification,for CO2 disposal.
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Complete availabilityand applicabilityof residualoil/gascollection

equipmentfor use as CO2 distributionequipmentrepresentsthe best possible

situation. A more rigorousanalysisof CO2 distributionrequirementsand the

availabilityand applicabilityof residualwellfieldequipmentis needed, but

was beyondthe scope of this study. Therefore,the simplifyingassumption

employed in the above two referenceswas used in this studyas weil. Thus

transmissioncosts to depletedoil and gas wells may be underestimated,

especiallycomparedwith transmissionto ocean disposalpoints.

The total potentialCO2 disposalvolume by state or substateregion was

presentedin Section3. In recognitionof the CO2 distributionconcerns noted

above, one-halfof t_e potentialdisposal volume in each regionwas assumedto

be infeasiblefor CO2 disposal becauseof the disperse nature of the available

volume within a formation. Even so, half of the potentialtotal was adequate

for disposingall CO2 from all 830 GCC units for 40 years. For the purposes

of calculatingthe length of the transmissionpipeline,the disposal volume

availablein each regionwas presumedto exist at the geographiccenter of the

region. Becauseof the limiteddisposal volume availablein each region, a

fillingstrategywas necessaryto determinethe applicabledisposal location

for each unit. In general, disposallocationswere assignedto GCC units so

as to minimizethe incrementaltransmissiondistance,i.e., the unit and dis-

posal locationwith the shortestpossibletransmissiondistance were paired

first, followed by the pair with the next shortestpossibletransmissiondis-

tance, and so on.

Summary statisticsdescribingthe resultantpipeline lengthsare pre-

sented in Table 4.1 and Figure4.2. The prospectivetransmissiondistance

varies from practicallyzero (for a GCC unit sittingon top of a depleted oil

and gas reservoir)to nearly 2000 mi. The averagetransmissiondistance is

about 700 mi for disposal in DOG reservoirsor ocean water at a 3000-m depth;

disposal at a 500-m depth reducesthe averagetransmissiondistance by about

100 mi. If both ocean and DOG reservoirdisposal are available,the average

transmissiondistance drops to about 400 mi. The dispersionof transmission
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TABLE 4.1. TransmissionDistance Summary

TransmissionDistance,Miles
DisposalLocation Minimum Averaqe Maximum

500-m-deepocean 76 583 1425

3000-m-deepocean 155 670 1538

DOG reservoirs 24 694 1960

500-m-deep ocean or DOG 24 373 970
reservoirs, whichever is closer

3000-m-deep ocean or DOG 24 408 1042
reservoirs, whichever is closer

FIGURE4.2. TransmissionDistanceSummary
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distancesis greatest for disposal in DOG reservoirs" about 20% of the units

have transmissiondistancesless than 150 mi, but another20% have transmis-

sion distancesgreaterthan 1050 mi.

4.2 PIPELINEDESIGN AND COST

Selectionof the pipe diameter involvesa tradeoffbetweenthe size and

cost of the pipe and the size and cost of the compressionequipmentrequired

to overcome frictionallosses plus the cost of power to run the compressors.

Smaller diametersreduce the cost of the pipe, but increasecompressioncosts

and vice-versa. An appropriatepipe diameterwas determinedfrom CO2 pipeline

design data developedin two previous studies(Decker1986; Anada et al.

1982). In Decker,an actual CO2 pipelinerunningfrom SoutheasternColorado

to West Texas had a flow densityof 1.05 MMSCFD/in.2 of pipe cross sectional

area. Pipe designsdevelopedin Anada et al. had flow densitiesaveraging

0.65 MMSCFD/in.2. Pressureloss was not an issue in the system describedby

Decker,which had a significantelevationdrop, so the design rule-of-thumb

derived from Anada et al. was used. The resultingpipe diameterrequired for

each GCC plant with CO2 recoverywas 18 in.

Calculationof the pressuredrop throughthe pipe is complicatedbecause

of the compressible,non-idealnature of CO2 and its quickly changingfluid

propertiesnear the criticalpoint design conditions. Overall pressureand

temperaturechangeswere calculatedby integratingover simultaneousevalua-

tions of temperatureand pressure changesfor sequentialpipelinesegments.

The minimum pipelinepressurewas set at 1200 psia as describedin Section2.

Recompressionwould occur whenever pipelinepressure falls to this level. The

maximum pressurewas set at 1800 psia based on design assumptionsused in

Anada et al. (1982)and Smelser and Booras (1990). In general, a higher exit

pressurewould be expectedto increasethe requiredpipe wall thickness,but

the requiredpipe diameterwould decreaseas the densityof CO2 increases. A

higher pressure ratio would also increasethe compressorpower requiredper

unit of pressureadded if non-intercooledcompressionwas used. The size and

frequencyof compressionstationsare additionalfactorsthat would need to be
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consideredin a more detailedpiping analysis. A maximum pressure of

1800 psia was felt to be a reasonableassumptionbased on the two studies

cited.

At each stationCO2 was assumedto be compressedfrom 1200 psia to

1800 psia. Initialcompressionat the GCC unit also requires aftercoolingto

reduce the temperatureof COz enteringthe pipelineto Ioo°F. The exit tem-

perature after recompressionis alreadybelow IO0°F (due to a lower inlet tem-

perature),so aftercoolingis not needed. During transportin buried

pipelines,the CO2 will graduallycool as heat is transferredto the surround-

ing soil. Soil temperatureswill obviouslyvary with location and time of

year. An averagesoil temperatureof 60°Fwas assumedbased on data from U.S.

GeologicalSurvey maps. The pressuredrop per unit lengthof pipe at IO0°F

and 1200 psia is nearly double that at 60°F and 1800 psia, so an accurate

determinationof the expectedtemperatureand pressureconditions is

important.

Heat transfer and pressuredrop equationsgoverningthe design of the

pipelineare presentedin Appendix B. The resultsof the overlandpipeline

analysisare summarizedin Table 4.2. Pressuredrop per mile declinesas tem-

peratureand pressuredrop over the length of the pipe, averaging3.07 psia/mi

for the first segmentand 2.70 psia/mifor the last segment. The entrance

conditionsshown are applicablefor initialcompressionat the power plant,

where coolingwater allows intercoolingbetweencompressionstages and final

aftercoolingto IO0°F. Subsequentrecompressionfrom 1200 psia to 1800 psia,

with a compressorinlet temperaturenear 60°F,would yield a compressorexit

TABLE 4.2 OverlandPipelineTemperatureand PressureProfile

Temperature_°F Pressure,psia
Pipe Seqment Entrance Exit Entrance Exit

0-60 mi 100.0 83.6 1800 1616

60-120 mi 83.6 72.0 1616 1447

120-180mi 72.0 65.9 1447 1284

180-210mi 65.9 64.1 1284 1203
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temperature of about 70°F. Therefore, the average pressure loss per mile

after the first 210 miles was assumedto be 2.70 psia. Additional discussion

of the compressor sizing is presented later in this section.

The pressure drop relationships described above were applied to overland

pipelines and did not take into account any elevation loss between the power

plant and the ocean shore. Thus, the estimated overland pipeline pressure

drop may be conservatively high. The impact of elevation drop was specifi-

cally considered for the undersea pipelines, however.

Two fundamental requirements govern the undersea pipeline sizing:

1) the exit pressure must be greater than the static head of the ocean at the

injection point and 2) pressure throughout the pipeline must be greater than

the local liquid-vapor equilibrium pressure (to avoid two-phase flow prob-

lems), which varies as the COz temperature adjusts to the local ocean tempera-
ture. At the temperatures prevalent in deep ocean water, the pressure in the

pipeline can be significantly lower than 1200 psia and still avoid two-phase
flow.

An initialanalysis showed that the COz would cool to the ocean water

temperaturewithin the first severalhundredmeters of the pipeline. Ocean

temperaturesoff the U.S. coasts vary considerablydependingon the location,

time of year, and depth. Data from Thurman (1986)were used to developthe

followingtemperatureprofilethat is roughly representativeof average summer

conditionsfor U.S. coastalwaters: 23°C at the surface, 11°Cat 500 m and

2°C at 3000 m. The averageoffshorepipelinedistanceswere g3 mi to 500 m

and 172 mi to 3000 m. The minimum CO2 exit pressure (ocean static pressure)
is 5.13 MPa at 500 m and 30.3 MPa at 3000 m.

The undersea pipelineanalysis indicatedthat the requiredexit pres-

sures for 500-m and 3000-m dischargewould be exceededwith an entrance pres-

sure of 1200 psia (theminimum pressureallowed in the overland pipeline)

without any additionalcompressionstations. In fact, the diameter of an

underseapipelinedischargingat 500 m could be reducedto 14 in., while the

diameter of an undersea pipelinedischargingat 3000 m could be reducedto

16 in.
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Well pressuresfor DOG reservoirswere also evaluatedto determine if

the minimumoverland pipelinepressureof 1200 psia would be adequate or if

additionalcompressionwould be requiredat the well head. As described in

Section2, DOG reservoirpressurewas assumedto increasedlinearlywith depth

at rate of about 30 bars per 1000 ft. Temperaturerise and frictionalloss

would be negligibleas the C02 floweddown the injectionweil, while pressure

increasesdramaticallywith the drop in elevation. At all depths up to at

least 9000 ft, the C02 pressurewas calculatedto be greater than the prevail-

ing reservoirpressure. Therefore,additionalcompressionat the well head

would not be required.

Pipelinecosts were estimatedbased on recent actual constructioncosts

reported in the Oil and Gas Journal (True 1989a; True 1990) for onshore and

offshoreoil and gas pipelines. Regressionanalysiswas appliedto pipeline

cost data for pipelineswith 12- to 24-in. diametersand lerigthsgreaterthan

10 mi to predictconstructioncosts for onshoreand offshoreapplications. No

pipelineshave currentlybeen laid at depths greaterthan about 600 m. There-

fore, the offshore data were assumedto apply to disposalat 500 m only.

Pipelinesfrom 500 m to 3000 m were assumedto cost an additional50%. For

additionalinformationon deep water pipe-layingtechniquesthat could poten-

tially be appliedto 3000-m depths,the reader is referredto Timmermans

(1984a,1984b, 1989),True (1989b),and Stoll (1986). Pipelineunit capital

costs and sizing assumptionsare summarizedin Table 4.3. Annual pipelineO&M

was set at 2.25% of initialcapital,based on data in Matchak et al. (1984).

Compressionpower requirementsand costs were calculatedbased on condi-

tions presumedto exist at the power plant and subsequentrecompressionsta-

tions. In both cases, the inlet pressurewas assumedto be 1200 psia, the

minimum pipelineoperatingpressure. At the power plant, supplementarycom-

pression from 1200 to 1800 psia was based on prior intercoolingof the C02 to

100°F in a water-cooledheat exchanger. As previouslydiscussed,C02 in the

pipelinewas calculatedto cool to a temperatureof about 64°Ffor a presumed

soil temperatureof 60°F. Hence, recompressionoccurs at a lower entering

temperature.
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TABLE4.3. Pipeline Size and Cost Assumptions

Pipeline Costs, lO00s of Mid-1990 S/Mile
Pipe Diameter, Offshore Offshore

in. Onshore to 500 m 500-3000 m

12 310 520 780
14 370 580 870
16 440 650 975
18 500 710 1065
20 560 770 1155
22 620 830 1245
24 690 890 1335

Note: Onshore pipeline: 18-in. diameter
Offshore pipeline to 500 m: 14-in. diameter
Offshore pipeline to 3000 m : 16-in. diameter

The theoretical compressor power was calculated using Equation 4.1

(Perry and Green 1984). For the temperature and pressure conditions described

above, the theoretical compressor power is 1.21 MNefor supplemental compres-

sion at the power plant, but only 0.54 MWefor subsequent recompression. The

key difference is the compressibility factor, which drops from 0.45 to 0.22 as

the temperature drops from IO0°F to 64°F at 1200 psia. This example demon-

strates the extremevariabilityof CO2 fluid propertiesnear ambienttempera-

tures. These propertiesmust be consideredvery carefullyin any design

analysis.

kW = (M/lO00)* k/(k-1)* z * R * TI* [(P2/PI)(R-I)/k-I] (4.1)

where kW = kilowatts

M - mass flow rate, kg/s

k = Cp/CV = 1.3 for CO2

z = non-idealgas compressibilityfactor

R = ideal gas constant - 8314/MWJ/kg*K

MW = gas molecularweight - 44 for CO2

TI - inlet temperature,K
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Pz = inlet pressure

P2 = outlet pressure

Actual compressorpower was calculatedby applying an 80% efficiency

factorfor the combinedcompressorand motor to the theoreticalpower figures

noted above. Based on the pipelinepressuredrop data presentedearlier,the

power consumed in transportingCO2 is 7.2 kW/mi for the first 210 mi and

3.1kW/mi thereafter.

Unique compressorunit cost estimateswere developedfor initialand

_'_ supplementalcompressionand subsequentrecompression,reflectingthe d_ffer-

ent size and economies-of-scaleassociatedwith the two applications. Initial

supplementalcompressionto 1800 psia (or less for pipelinesless than 210 mi

long) would be accomplishedin an integrated,multi-stagecompressor. The

expectedunit cost for this applicationwas set equal to that presentedin

Smelserand Booras (1990),updated to mid-lg90dollars. The unit cost for

recompressionwas estimatedbased on the relativesize of the two applications

and on compressorcost-scalingdata presentedin Garrett (IgBg). The resul-

tant capitalcost assumptionswere $1,541,000/MWeand $3,01g,ooo/MWe(of com-

pressorpower) for initialcompressionand recompression,respectively,which

includesa 2% allowancefor ancillarycoolingsystem equipment. Annual O&M

was set at 3% of capital per data in Matchak et al. (1984).
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5.0 SYSTEMRESULTS

Completesystem cost and performancecharacteristicswere develop_Jfor

each of the 329 unique powe_ plant locations. These data were used to calcu-

late the levelizedenergy cost (LEC) in S/kWh and levelizedCO2 controlcost

(LCCC) in $/Mg. Levelizedcost analysiscombines initialcost, annually

recurringcost, and system performancecharacteristicswith financialparam-

eters to produce a single figure of merit (the LEC or LCCC) that is economi-

cally correct and can be used to c_mparethe projectedenergy and CO2 control

costs r,falternativeolants. The specificmethodologyemployedwas that

defined in Brown et al. (1987),which is consistentwith the "required

revenue"approach recommendedby the ElectricPower Research Institutein

their TechnicalAssessmentGuide (EPRI 1989). The specificfinancialassump-

tions employedare listed in Table 5.1. The majority of these were taken from

the Technical_ssessment Guide. Exceptionsare the price year, first year of

operation,and net salvagevalue,which were assumedby PNL for this tudy,

and the fuel price escalationrate, which was taken from the Annual Enerqy

Outlook (EIA ]gg2).

T_ABLE5.1. FinancialAssumptions

Item Assumption

After-taxnominaldiscount rate 9.82%
General inflationrate 5.00%
Capital inflationrate 5.00%
Operationand maintenanceinflationrate 5.00%
Fuel (coal)inflationrate 6.70%
Investmenttax credit 0.00%
Propertytax and insurancerate 2.00%
Combined state and federaltax r_tz 38.0%
Plant economic Iife 30 years
Plant depreciablelife 20 years
Plant _onstructionperiod 3 years
Price year Iggo
First year of operation 2000
Annual power productioncapacityfactor 65.0%
Net salvagevalue at end of life 0
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5.1 LEC AND LCCC CALCULATION

Although LEC calculationsare a standardpart of utilityeconomicanaly-

sis additionaldiscussionof the two economic "figuresof merit" is war-

ranted,particularlyin regard to the LCCC figure. As noted above, LEC calcu-

lationscombinethe cost and performancecharacteristicsof a power plant into

a single,equitablycomparablefigure. While this is importantfor the com-

parisonof any two power plants,the LEC approachis crucialto evaluating

most CO2 recoveryand disposal conceptswhere cost has typicallyincreased

_;_nificantly,while performancehas decreasedsignificantly(becauseof

increasedparasiticpower consumption). These effects are correctlycaptured

in the LEC calculation,where both increasedannualizedcosts and decreased

annual net power output cause the LEC for a plant with CO2 recoveryto

increaserelativeto the LEC for a referenceplant without CO2 recoveryand

disposal.

The LCCC figure expressesthe annualizedcost of CO2 controlper unit of

CO2. The correctcalculationof this figure must focus on the incremental

increasein cost and the incrementaldecreasein CO2 emission relativeto a

referenceplant. The productof interestfrom a power plant is electricity.

Hence, incrementalcost and emissionare best measured per kWh, in order to

ensure a fair comparisonof power plants producingdifferentamountsof elec-

trical energy. Thus, the illcrementalcost is the difference in LEC (S/kWh)

betweenthe plant with CO2 recoveryand disposal and the referenceplant.

Similarly,the incrementalemission is the differencein CO2 emission per kWh

(Mg/kWh)betweenthe referenceplant and the plant with CO2 recovery and dis-

posal. The LCCC ($/Mg)equals the incrementalcost (S/kWh)dividedby the

incrementaldecrease in CO2 emission (Mg/kWh).

If the expressiondefinedabove seems obvious,consider two calculations

that may appear logicalat first, but are seen to be inferiorupon inspection.

One alternativewould be to annualizethe incrementalcapital and operation

and maintenancecosts and use this figure for the incrementalcost. Unfor-

tunately,this approach ignoresany decrease in plant performancethat would

provide an additionalincreasein the incrementalcost of electricity.

Another alternativewould be to use the amountof CO2 captured and disposed as
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the incremental emission reduction. This too would be incorrect because the

amount of COz captured and disposed is generally greater than the reduction in
emission per kwh, which is the relevant figure. The difference arises from

the change in plant performance or heat rate. Additional parasitic power con-

sumption (i.e., power consumedwithin the boundaries of the power plant) asso-

ciated with the typical COz recovery plant causes an increase in the heat rate

(Btu/kWh) and the amount of fuel burned and CO2 generated. Thus, it is possi-

ble, even with less than 100%CO2 recovery, to capture and dispose of more CO2
than is generated in the reference p!ant. Obviously, the figure of interest

is the reduction in emission and not the amount captured and disposed. If

either or both of the alternative approaches are used, the cost of CO2 capture
and disposal will be understated.

5.2 LEC AND LCCC RESULTS

The LEC for the referenceGCC power plant describedin Section 2 (with-

out CO2 recoveryand disposal)was calculatedto be $O.0631/kWh. The LEC

rises to $O.O839/kWhwhen CO2 recovery is included. The correspondingLCCC is

$27.15/Mg. This 33% increasein LEC would apply for a power plant locatedat

the disposalpoint, a situationthat might occur for CO2 disposed of in DOG

reservoirs. Although ocean platformpower plants have been proposed and would

also eliminatetransportationcosts, increasesin other plant construction

costs would likely offset the transportationadvantage.

Summary statisticsdescribingthe range and distributionof LECs and

LCCCs when CO2 transmissionis includedwith recoveryare presentedin

Tables 5.2 and 5.3 and Figures5.1 through 5.4. Figures5.1 and 5.2 show how

LEC and LCCC vary with the cumulativefractionof the total number of power

plants (830). Figures5.3 and 5.4 have expressedcumulativepower plants in

terms of cumulativeCO2 emission reductions. Not surprisingly,the trends for

both are similarto that describedearlier for transmissiondistance. LECs

vary from about 8.5 to 14.5 C/kWh,while LCCCs range from about 30 to

105 $/Mg. The average LEC is about 10.5 C/kWh for disposal in DOG reservoirs

or 3000-m-deepocean water; disposal in 500-m-deepocean water reducesthe

average LEC by about 0.5 C/kWh. The averageLCCC for disposal in DOG
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TABLE 5.2. LEC Summary

LEC, S/kWh

DisposalLocation Minimum Averaqe Maximum

500-m-deepocean 0.0863 0.1015 0.1265

3000-m-deepocean 0.0902 0.1064 0.1332

DOG reservoirs 0.0846 0.1047 0.1433

500-m-deepocean or DOG 0.0846 0.0951 0.1134
reservoir,whicheveris closer

3000-m-deepocean or DOG 0.0846 0.0970 0.1183
reservoir,whichever is closer

TABLE 5.3. LCCC Summary

LCCC, S/kWh

DisposalLocation Minimum Averaqe Maximum

500-m-deepocean 30.27 50.15 82.94

3000-m-deepocean 35.38 56.57 91.73

DOG reservoirs 28.I0 54.38 104.98

500-m-deepocean or DOG 28.10 41.83 65.70
reservoir,whicheveris closer

3000-m-deepocean or DOG 28.10 44.24 72.13
reservoir,whichever is closer

reservoirsor 3000-m-deepocean is about $55/Mg;disposal in 500-m-deepocean

water reducesthe averageLCCC by about $5/Mg. If both ocean and DOG reser-

voir disposal are available,the averageLEC drops to about 9.6 C/kWh, while

the averageLCCC drops to about $43/Mg. The dispersionof LECs and LCCCs is

greatestfor disposal in DOG reservoirs. For example, about 20% of the units

have LECs less than g C/kWh, but another2_ have LECs greaterthan

11.6 C/kWh.

The LEC and LCCC figurespresentedfor disposal in D_G reservoirsdo not

includeany potentialcredit for enhanced recoveryof oil or natural gas.

Shell Internationale(1990)projectedlittle net economicbenefitfrom
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injecting CO2 into Dutch gas fields prior to normal closure of the field.

Injection of CO2 into partially depleted oil fields would probably have a
significant positive economic benefit that would reduce the net cost of

recovery and disposal in somecases.
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6.0 CONCLUSIONSAND RECOMMENDATIONS

Ocean disposalof CO2 offers essentiallyunlimitedcapacity,but such

disposal is distantfrom most U.S. coal-firedpower plant locationsand pre-

sents environmentalconcerns in the vicinityof the disposalpoint. Depleted

oil and gas reservoirsare also distant from most U.S. coal-firedpower

plants. Althoughthey have a more limiteddisposalcapacitythan the ocean,

DOG reservoirswere calculatedto have a potentialcapacitymore than double

that requiredto dispose of all CO2 from 830 GCC power plants (380-MWeeach)

for a period of 40 years. The existenceof oil and gas reservoirsprovides

"proof"that CO2 can be confinedfor the long term in these formations.

In contrast,aquiferdisposalhas great potentialin terms of large

capacity and low cost, but is believedto be significantlyriskier. Key con-

cerns are lack of geologic knowledgeabout aquifersat depths adequate for CO2

disposal;geochemicalimpactsfrom decreasedwater pH; and long-termconfine-

ment; which is unproven for nonpetroleumformations. The technical,environ-

mental, and economic feasibilityof aquiferdisposalfor the United States

should be investigatedmore thoroughly.

Carbon dioxiderecovery at GCC plants increasedthe LEC by about one

third relativeto a referenceGCC plant withoutCOz recovery. The transmis-

sion distance is the key factor affectingCO2 controlcosts. The LEC with CO2

recoveryand transmissionincreasedby one third to more than a factor of two,

dependingon the transmissiondistance,which ranged from about 25 to nearly

2000 mi. While CO_ recovery and disposalwould likely be too expensiveto

implementon a nationalbasis, regionalor site-specificapplicationsmay be

competitivewith other CO2 controlstrategies. Credit for potentialenhanced

oil recoverybenefits in depletedoil reservoirapplications(not included in

this study)would further improveeconomic attractiveness.

The significantimpact of transmissionon the cost-effectivenessof CO2

recoveryand disposal suggeststhat severalkey assumptionsmade in this study

are worthy of further examination:

I. CO_ propertiesvary dramaticallywithin the range of ambienttempera-
tu_es that might be encounteredby a CO2 pipeline. For example,
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when CO^ is recompressedfrom 1200 to 1800 psia, the power required
at a I06°Finl=t temperatureis approximatelydouble that required
at a 60°F inlet temperature. The impactof locationaland seasonal
variationin ambienttemperatureon pipelinedesign and performance
should be considered.

2. Investmentin CO distributionequipmentwithin an oil and gas
reservoirwas no_ includedin this study, but should be rigorously
evaluatedbefore this disposaloption is seriouslyconsidered.

3o Each GCC unit was presumedto have its own pipelinefrom the power
plant to the disposalpoint. Combiningthe COp flow from several
units or power plants into an integratednetwork may have signifi-
cant economicbenefit.

4. Specificmaterialrequirementsfor COm pipelinesshouldbe investi-
gated to determineif typicaloii and gas pipelinecosts are a good
proxy for COz pipeline costs.

5. The elevationdrop in overlandpipelinesshould be includedin the
evaluationof recompressionrequirements.

The costs of COz controlfor the GCC power plant should be comparedwith

other controloptions, such as increasedefficiencyof energy supply and end

use equipment,reforestation,and carbontaxes. The cost of COz control for

other fossil fuels and combustiontechnologiesshould also be evaluatedto

completethe developmentof a CO2 control "supplycurve" for U.S. electric

utilities. Finally,as advances in COz recoverytechnologyoccur, the results

of this study should be updated.
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APPENDIX A

CALCULATIONSOF CO2 STORAGECAPACITY

The general approachfor calculatingthe potentialcumulativeCO2 storage

capacitywas presentedin Section3.2. Calculationaldetails are presentedin

this appendix.

A.I C02 STORAGE CAPACITYRESULTINGFROM OIL PRODUCTION

DOE productionstatisticsfrom 1988 (EIA 1990) for the lower 48 states

serve as the base productiondata for all capacity calculations,as well as

the base from which future productionis projected (seeTable A.I). The crude

oil productionvalues includedirect oil productionand lease condensatepro-

duction. Lease condensateis oil that condensesfrom gas streams at wells

largelyproducingnaturalgas. The DOE crude oil productionstatisticsdo not

includevolumes of liquidsrecoveredat naturalgas processingplants. These

liquids are included in volumesof naturalgas productionthat are reportedby

DOE. The cumulativeproductionvalues presentedin Table A.I includeall

recorded historicalU.S. production. Both 1988 and cumulativeproduction

volumes are measured at standardpetroleumindustryconditions(60°F,

14.73 psia) and given in stock tank barrels (42 U.S. gal).

The DOE data shown in Table A.I providethe foundationfor estimatingCO2

storagecapacity resultingfrom oil productionthrough 1988. Storagecapacity

resultingfrom oil productionoccurring in the years 1989 through 2030 must

come from forecastdata. However,DOE data publicationsdo not make pruduc-

tion forecastsbeyond the year 2010. To incorporatea longer time frame into

the analysis,productionforecastsdevelopedfor use in the National Energy

Strategy (NES) (DOE 1991) were used (see Table A.2).

The NES productiondata for 198B do not directlymatch the 1988 DOE pro-

duction data. This discrepancyis probablydue to differencesin production

data accounting. To compensatefor this difference,the productiontrend for
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TABLE A.I. 1988 DOE Crude Oil ProductionData
(millionsof stock tank barrels)

1988 Cumulative
Production Production

Lower 48 Total 2,236 148,198
AlabamaOnshore 21 436
Arkansas 13 1,731
California
Coastal Region Onshore. 30 3,549
Los Angeles Basin Onshore 34 5,495
San Joaquin Basin 264 10,143
Offshore 58 3,049

Colorado 32 1,552
Florida 9 523
Illinois 23 3,967
Indiana .. 4 473
Kansas 55 .5,168
Kentucky 5 705
LouisianaOnshore
North 27 3,155
South Onshore 115 11,412

Michigan 23 1,096
Mississippi 29 2,353
Montana 23 1,312
Nebraska 6 433
New Mexico
East 67 4,512
West 7 300

New York 0 0
North Dakota 39 991
Ohio 10 960
Oklahoma 136 11,874
Pennsylvania 2 1,322
Texas Onshore
RRC DI 20 1,058
RRC D2 Onshore 25 2,733
RRC D3 Onshore 78 8,316
RRC D4 Onshore 23 3,361
RRC D5 8 1,035
RRCD6 78 7,729
RRCD7B 28 2,012
RRCD7C 29 1,755
RRCD8 204 12,378
RRCD8A 190 8,775
RRC D9 32 3,186
RRC DtO 16 1,939
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TABLEA.1. (Contd)

1988 Cumulative
Production production

Utah 33 1,016
West Virginia 3 553
Wyoming 112 5,931
Misc. 6 329
Gulf of Mexico
LouisianaOffshore 290 9,268
Texas Offshore 29 312

Note: Maps identifyingthose regionsthat are not states (e.g.,
RRC DI, which stands for RailroadCommissionDistrict)were
presentedin Figures3.4 through 3.7.

TABLE A.2. NES Crude Oil ProductionForecasts
(millionsof stock tank barrels)

Daily Daily (a) Daily (b) Daily Annual Annual
Lower 48 EOR NGL Total Total Chanae (%)

1985 6.7 0.5 1.6 8.8 3219 --
1986(c) 6.4 0.5 1.6 8.5 3091 --
1987(c) 6.0 0.5 1.6 8.1 2964 --
1988(c) 5.7 0.5 1.6 7.8 2836 --
1989 5.3 0.5 1.6 7.4 2701 -0.048
1990 5.0 0.5 1.5 7.0 2555 -0.054
1995 4.5 0.6 1.7 6.8 2482 -0.029
2000 4.2 0.7 1.9 6.8 2482 0.000
2005 3.9 0.9 1.7 6.5 2373 -0.044
2010 3.4 1.1 1.6 6.1 2227 -0.062
2015 3.0 1.1 1.6 5.7 2081 -0.066
2020 2.6 1.0 1.1 4.7 1716 -0.175
2025 2.0 1.0 0.9 3.9 1424 -0.170
2030 1.4 0.9 0.6 2.9 1059 -0.256

(a) EORrefers to enhanced oil recovery.
(b) NGLrefers to natural gas liquids (includes lease condensates).
(c) The NESpresented data for 1985, 1989, 1990, 1995, 2000, etc.

Production values for 1986, 1987, and 1988 are interpolated.

the years 1988 through 2030 from the NES was appliedto the 1988 DOE produc-

tion data. The applicationof the NES trend to the DOE data on a national

productionbasis is shown in Figure A.I. Table A.3 appliesthe NES production

trend (shown in Table A.2 as the percentageof annual change)to the 1988 DOE
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FIGUREA.1. Application of NESProduction Forecast to 1988
DOEProduction Data

productiondata. The applicationof this trend assumesthat all geographical

regions in the lower 48 stateswould undergothe same relative increasesand

decreasesin production. In all likelihood,there would be some regional

shifting over time; however,regionalprojectionsthroughthe year 2030 are

unavailable.

Based on the calculatedregionalproductiondata shown in Table A.3 and

the cumulativeproductiondata (through1988) shown in Table A.I, cumulative

productionby year throughthe year 2030 was calculated(see Table A.4).

The gas componentof oil productionis accountedfor within the gas pro-

duction estimates;thus for every stock tank barrel produced,42 gal of void

is createdwithin the reservoir. This assumesthat oil is a non-compressible

fluid. That is, reservoirpressuredoes not cause a gallon of surfaceoil to

have significantlyless volume within the reservoir. In reality,there is
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some compressibility. In addition,as the oil is produced,the reservoir

overburdenpressure,typically I psi per ft of depth, causes the void volume

to shrink slightly.

The next step of the analysiswas to develop a profile of depth versus

capacityfor each region shown in Table A.4. This profile is important

becausepressure and temperaturechange dramaticallywith depth, and the

amount of CO2 that can be stored is highly dependenton the storagetempera-

ture and pressure. A more simplifiedapproachof assumingan averagetempera-

ture and pressure is not appropriate,as the relationshipbetweenCO2 storage

volume and temperatureand pressure is not linear.

To develop the depth profile, producingrate (i.e.,barrelsper year)

versus depth was assumedto be a good proxy for availablestoragevolume by

depth. This assumptionimpliesthat if 10 barrelsof oil are produced above

5000 ft in a year and go barrelsare producedbelow 5000 ft in the same year,

then 10% of all availablestoragevolume exists above 5000 ft. This assump-

tion appears to be reasonablealthough imperfect,as productionversus depth

undoubtablychangesover time with early historicalproductionfocused on

shallowreservoirsand currentproductionmoving toward deeper and deeper

reservoirs. As DOE's evaluationof producingrate versus depth is published

intermittently,the most recent DOE analysisof 1974 data (EIA 1978)was

selectedas the basis for this analysis. Data summarizedfrom the DOE analy-

sis are presentedin Table A.5. Becausethe DOE analysisof 1974 data uses

slightlydifferentregionsthan the 1988 DOE productiondata (seeTable A.I),

it was necessaryto "map" the 1974 regionaldata into the 1988 set of regions.

The notes in the last column of Table A.5 detail this mappingexercise.

The producingrate data in Table A.5 were combinedwith the cumulative

productiondata presentedin Table A.4 to calculatecumulativestoragevolume
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by region, year, and depth. The following is an example of the type and form

of data generated from this calculation:

Texas RRC DI; Year 2030

Depth(a) Volume(b)
<2000 I.4

2000-4000 3.0
4000-6000 2.5
6000-8000 O.6

>8000 O.0

(a) ft
(b) millionsof stock tank barrels

per year (at 42 gal per barrel)

Next, an averagetemperatureand an averagepressuregradientwere

assumedand used to estimatereservoirtemperatureand pressureat each depth

interval. Worldwide,reservoirpressure--thepressurein the pores--is

normallyabout equal to the staticpressure caused by a column of fluid that

extendsto the surface. The water gradient is usuallyabout 0.433 to

0.5 psi/ft (Amyx,Bass and Whiting1960; Slider 1983). For this analysis,a

conservativepressuregradient of 0.433 psi/ft is assumed. For temperature

calculations,a mean surfacetemperatureof 60°F (519.7R) is assumed,with a

gradientof I°F per 100 ft. Based on these gradients,the exampledata for

the Texas RRC DI region (year 2030) can be enhancedto create the following

depth profile:

Year 2030(a)

Depth (feet) Volume(D) Temperature_(R)_ _Pressure(Dsia)

<2000 7.6 x I0s 529.7 447.73
2000-4000 17.0 x 106 549.7 1313.73
4000-6000 14.0 x 106 569.7 2179.73
6000-8000 3.4 X 106 589.7 3045.73
>8000 0.0 609.7 3911.73

(a) Data are assumedto representdepths of 1000, 3000, 5000, 7000,
and go00 ft, which are the midpointsof the indicateddepth
intervals.

(b) Convertedfrom millionsof stock tank barrelsper year (at

2 gal per barrel) to annual cubic feet using.615 ft°/barrel.
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For each depth interval,year and region,a theoreticalCO2 storagecapacity

can be estimatedfrom the above data using the followingequation"

CO2, ft 3 = 358.4n = 358.4PRVR/ZRRTR

where: n = Ib.moleof CO2 at 32°F, 14.73 psia

P = reservoirpressure,psia

V = reservoirvolume,ft3

z = compressibilityfactor

R = gas constant- 10.73 Ib.mole-R/psia-ft3

T = reservoirtemperature,degrees Rankine

The compressibilityfactor, "z-factor,"changesdramaticallywith temperature

and pressure as illustratedby the followingdata:

CO2 CompressibilityData
z-factor Temperature(R) Pressure (psia)

0.814 529.7 447.73
0.234 549.7 1313.73
0.365 569.7 2179.73
0.442 589.7 3045.73
0.543 609.7 3911.73

Table A.6 presents a summaryof the theoreticalCO2 storagecapacity by region

and year, summedover all depth intervals.

A.2 C_.O02STORAGECAPACITY RESULTINGFROM NATURALGAS PRODUCTION

As with the oil scenario,(a)storagecapacitygeneratedby natural gas

productionis based on DOE productionstatisticsfrom 1988 (EIA 1990) for the

lower 48 states (see Table A.7). The DOE naturalgas productionvalues

(a) The phrase "oil scenario"refers to the analysis (presentedin the
precedingsectionof this paper) of CO2 storagecapacity resultingfrom
crude oil production.
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TABLE ._.7. 1988 DOE Gas ProductionData (billionsof standardcubic feet)

1988 Cumulative
Production Production

Lower 48 Total 17,750 754,767
Alabama Onshore 105 1,230
Arkansas 192 5,703
California
Coastal Region Onshore 26 5,359
Los Angeles Basin Onshore 14 4,369
San Joaquin Basin 283 17,566
Offshore 5B 2,145

Colorado 202 6,404
Florida 10 540
Illinois 0 0
Indiana 0 0
Kansas 587 28,178
Kentucky 62 3,926
LouisianaOnshore
North 384 27,289
South Onshore 1,183 92,697

Michigan 164 3,052
Mississippi 221 7,778
Montana 53 1,465
Nebraska 0 0
New Mexico
East 416 20,090
West 367 15,929

New York 727
North Dakota 69 1,452
Ohio 132 6,834
Oklahoma 2,183 70,861
Pennsylvania 162 10,348
Texas Onshore
RRC DI 168 4,272
RRCD2 Onshore 353 23,312
RRCD3 Onshore 557 52,061
RRCD4 Onshore 1,244 54,132
RRCD5 177 4,390
RRCD6 433 21,199
RRCD7B 131 4,412
RRCD7C 294 9,397
RRCD8 826 40,927
RRCDBA 101 5,883
RRCD9 126 4,934
RRCDIO 579 47,972
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_J_J)J.f.__)._Z.(Contd)

1988 Cumulative
Production productio_

Utah 60 2,935
West Virginia 182 16,661
Wyoming 581 14,620
Misc. 32 2,285
Gulf of Mexico

Louisiana Offshore 3,479 96,914
Texas Offshore 1,345 14,519

Note: Maps identifying those regions that are not states (e.g.,
RRCD1, which stands for Railroad CommissionDistrict 1)
were presented in Figures 3.4 through 3.7.

include the energy equivalent of natural gas liquids recovered at natural gas

processing plants. The production values do not include lease condensates

that are accounted for in otl production volumes reported by DOE. The cumula-

tive production values presented in Table A.7 include all recorded historical

U.S. production. Both 1988 and cumulative production volumes are measured at

standard conditions (i.e., 60°F, 14.73 psia).

The DOEdata shown in Table A.7 provide the foundation for estimating CO2

storage capacity. Similar to the approach used in the oil scenario, estimates

of storage capacity resulting from natural gas production from 1989 through

2030 are based on NES forecast data (DOE1991). These data are presented in

Table A.8.

The production trend for the years 1988 through 2030 from the NESwas

applied to the 1988 DOEproduction data (see Figure A.2) on a national

production basis. Table A.9 applies the NES production trend (shown in

Table A.8 as the percentage of annual change) to the 1988 DOEproduction data.

Based on the calculated regional production data shown in Table A.9 and

the cumulative production data (through 1988) shown in Table A.7, cumulative

production by year through the year 2030 was calculated (see Table A.IO). All

figures in Tables A.9 and A.IO are expressed in billion standard cubic feet.
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TABLEA.8. NESNatural Gas Production Forecasts
(trillions of standard cubic feet)

Annual Annual
Lower 48 Chanqe (%)

1985 16.4 ---
1986(a) 16.7 ---
1987(a) 16.9 ---
1988(a) 17.1 0.013
1989 17.3 0.012
1990 17.4 0.006
1995 18.8 0.080
2000 20.8 0.106
2005 19.5 -0.063
2010 18.5 -0.051
2015 19.4 0.049
2020 18.4 -0.052
2025 18.1 -0.016
2030 16.5 -0.088

(a) The NES presented data for the
.years 1985, 1989, 1990, 1995,
2000, etc. Production values for
1986, 1987, and 1988 are interpolated.

25,000
w NESProductionTrend

Historical1988 _ Appliedto DOEBaseline
Production.,__ _ I

NESProduction
15,000 Projection

.3
0

10,000 -¢B

¢=

"6 5,000 -
E
.o_
aD

0 I I I I , ) I I I
1985 1990 1995 2000 2005 2010 2015 2020 2025 2030

Se20g068.1

_FIGUREA.2. Application of NES Production Forecast to 1988 DOE
NaturalGas ProductionData
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Similar to the oil scenario,the next step of the analysiswas to

develop a profileof depth versus capacityfor each region. Unfortunately,a

producingrate profile similarto that presentedin Table A.5 for crude oil is

not availablefor gas. Consequently,the crude oil profilewas assumedto

apply equallywell to naturalgas. Implicitin this assumptionis that gas

will be producedat the same general depths and have a productionvolume that

is proportionalto the volume of crude oil producedat that same depth. This

implicationis not entirelycorrect, but should be adequate for the purposes

of this analysis.

The producingrate data in Table A.5 were combinedwith the cumulative

productiondata presentedin Table A.IO to calculatecumulativestoragevolume

by region,year, and depth. The followingis an exampleof the type and form

of data generatedfrom this calculation.

Texas RRC DI; Year 2030

Depth(a) Volume(b)

<2000 29.8
2000-4000 64.2
4000-6000 55.I
6000-8000 12.5
>8000 O.5

(a) ft
(b) billionft3 at 60°F,

14.73 psia

Followingthis, the averagetemperaturegradientof I°F per 100 ft and the

average pressuregradient of 0.433 psi/ft were appliedto the depth profile.

Naturalgas productionis expressedin cubic feet at standardcondi-

tions. Natural gas is highly compressible;consequently,unlike the oil sce-

nario where the productionof a barrel of oil was assumedto create one barrel

(i.e.,42 gal) of void volume in the reservoir,a standardft3 of gas produced

at the surfacecreatesa much smallerreservoirvoid volume becausethe gas is

highly compressedwhile in its original reservoirspace. The compressibility

of the natural gas is adjustedfor throughthe followingequation:

VR = PscVscZRTR / ZscTscPR
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where: VR = reservoir void volume, ft 3

Vsc = gas volume at standard conditions, ft 3

PR = reservoir pressure, psia

Psc = standard pressure, 14.73 psia

TR = reservoir temperature, Rankine

Tsc = standard temperature, 520 Rankine

zR = compressibility factor at TR and PR

Zsc = compressibility factor at 520 R and 14.73 psia = 1

Because reservoir temperature, pressure, and, consequently, the compress-

ibility factor change for each depth interval,the reservoirvoid volume must

be independentlycalculatedfor each depth, year and region.

While the compressibilityfactorsfor CO2 can be obtained from tables

publishedin a variety of chemicalengineeringhandbooks,compressibility

factorsfor natural gas must be calculated. Naturalgas is a blend of

hydrocarbongases that varies from reservoirto reservoirwith an infinite

number of gas compositionspossible. As a result, standardtables for all

blends of naturalgas are not available.

To calculatenaturalgas compressibilityfactors,the pseudocritical

temperatureand pressurefor the gas must first be calculated.(a) This

calculationcan be accomplishedusing the followingrelationships:

Pseudocriticalpressure= Ppc= 709.604- 58.718* gas gravity

Pseudocriticaltemperature= Tpc= 170.491- 307.344* gas gravity

(a) Pseudocriticaltemperatureand pressurerelateto the physical char-
acteristicsof the constituenthydrocarbonsin the natural gas and the
nearnessof the actualtemperatureand pressureto the criticalpoint of
each respectiveconstituenthydrocarbon. For furtherexplanation,the
reader is referredto texts (e.g.,Ikoku 1984 or McLain 1973) that
discuss multi-phasegas systems.
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The gas gravity (i.e.,the molecularweight of the gas relativeto the molecu-

lar weight of the air) is assumedto be 0.7, which is representativeof many

naturalgases. This assumptionresults in pseudocriticalpropertiesof

Ppc= 668.5

Tpc= 385.6

The next step is to calculatethe pseudo-reducedpressureand temperature:

Ppr= P/Ppc

Tpr= T/Tpc

P and T are the absolute pressure (psia)and absolutetemperature(Rankine)at

which the z-factor is required (Ikoku1984). These pseudo-reducedvalues can

be indexedon a chart to find the z-factor (see Figure A.3). The z-factors

for naturalgas with a specificgravityof 0.7 at each depth interval (and

correspondingabsolutetemperaturesand pressures)are as follows:

_ NaturalGas Comeressibilit_Pata
z-factor _emDeratqre(R) Pressure(esia)

0.91 529.7 447.73
0.80 549.7 1313.73
0.76 569.7 2179.73
0.81 589.7 3045.73
0.85 609.7 3911.73
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PseudoReducedPressure
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1.1
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PseudoReducedPressure
$9209068.11

FIGURE A,3. Z-factor chart for natural gases (after Ikoku 1984)
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Based on the calculated reservoir void volume (i.e., VR), the volume of CO2

(measured at 32°F and 1473 psia) that can stored in the void volume can be
calculated.

CO2, ft3= 358.4n = 358.4PRVR / ZRRTR

where: n = Ib-moleof CO2 at 32°F, 14.73 psia

PR = reservoirpressure,psia

VR = reservoirvoid volume,ft3

ZR = compressibilityfactor at TR and PR

TR = reservoirtemperature,Rankine

R = gas constant= 10.73 Ib-mole-R/psia-ft3

As described in the oil scenariodiscussion,the compressibilityfactors for

CO2 are as follows:

C02 Compressibility
z:factor Pressure (Dsia) Temperature(R)

0.814 529.7 447.73
0.234 549.7 1313.73
0.365 569.7 2179.73
0.442 589.7 3045.73
0.543 609.7 3911.73

Table A.II presentsa summaryof the theoreticalCO2 storagecapacityby

region and year summed over all depth intervals.

A.3 TOTAL CO2 STORAGECAPACITY RESULTINGFROM ALL PETROLEUMPRODUCTION

The estimatesfor CO2 storagecapacityresultingfrom crude oil produc-

tion (see Table A.6) and naturalgas (seeTable A.11) can be summed to esti-

mate a total theoreticalCO2 storagecapacityresultingfrom all petroleum

productionthroughthe year 2030, includinghistoricalproduction. Table A.12

presentsthe final results by region and year.
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In addition,some analystsmay be interestedin the total void volume

present in the reservoirthat accommodatesthe stored CO2. As described

earlier in this appendix,the void volume is an interimresult in the calcula-

tional process. Table A.13 presentsthe void volume resultingfrom crude oil

production,and Table A.14 presentssimilar informationfor naturalgas

production.
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APPENDIX B

PIPELINEDESIGN DETAILS

Heat transfer and pressuredrop equationsused for designingthe CO_

transmissionpipelinesare presentedin this appendix. Equationsfor overland

transmissionare presentedfirst. Modificationsrequired for ocean trans-

missionfollow.

The Darcy-Weisbachformula (EquationB.I) was used for calculatingthe

head loss due to friction. The pressure loss is simply the head loss multi-

plied by the fluid density. While this equation is normally used for calcu-

lating head loss for incompressibleflow, reasonableaccuracycan be obtained

by averagingthe fluid propertiesat the inlet and outlet of the pipe if the

overallpressure (density)change is less than 40% (Crane 1986). If the over-

all pressure (density)change is greater than 40%, the Darcy-Weisbachformula

can still be used if appliedconsecutivelyto sufficientlysmall segmentsof

the pipe.

hl = fLvZ/2Dg (B.I)

where hI = head loss

f = frictionfactor

L = pipe length

v = fluid velocity

D = pipe diameter

g = accelerationof gravity

The CO2 exit temperatureper segmentof pipe was determinedby equating

the change in enthalpyof the CO2 with the heat transfer throughthe pipe wall

as defined by EquationsB.2 and B.3.

Q = m*Cp*(Tcz-Tcl) (B.2)

B.I



where Q =heat transfer per pipe segment

m =CO2 mass flow rate

Cp =averageCO2 heat capacity

Tc2 =CO2 exit temperature

Tcl =CO2 inlet temperature

Q = U'A*[(Tct-Tsl)-(Tc2-Ts2)]/{In[(Tc1-Tsl)/(Tc2-Ts2)]) (B.3)

where U = overallheat transfercoefficient

A = referenceheat transferarea

Tsl = soil temperatureat pipe segment inlet

Ts2 = soil temperatureat pipe segmentexit

The overallheat transferrate for a pipe segmentis equal to the

reciprocalof the sum of the individualheat transferresistances,as indi-

cated in EquationB.4. EquationsB.5, B.6, and B.7 define the internalcon-

vectiveresistance,the conductiveresistancethroughthe pipe wall, and the

external conductiveresistance.

U*A = 1/(RI+R2+R3) (B.4)

where R1 = internal heat transfer resistance

R2 = pipe wall heat transfer resistance

Ra = external heat transfer resistance

RI = I/(h_*Ai) (B.5)

where ht = inside heat transfercoefficient

Ai = inside surfacearea

R2 = In(ro/ri)/(2*pi*kp*L) (B.6)
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where ro = outsidepipe radius

r_ = inside pipe radius

kp = pipe wall thermalconductivity

L - pipe segment length

R3 = cosh-l(D/ro)/(2*pi*ks*L) (B.7)

where D = pipe depth from ground surface to pipe centerline

ks = soil thermal conductivity

The internalheat transfercoefficientwas estimatedusing the Dittus-

Boelterequation (Welty,Wicks and Wilson 1976) for forced convectionfor

internalflow under turbulentconditions(EquationB.8).

NUdi= hiDi/kc = O.023*Redi°'8prc0"3 (B.8)

where NUdi = Nusseltnumber based on inside pipe diameter

Di = insidepipe diameter

kc = thermalconductivityof CO2

Redi = Reynoldsnumber based on inside pipe diameter

Prc = Prandtlnumber of CO2

Note that exponent on the Prandtlnumber equals 0.3 if fluid in pipe is being

cooled; 0.4 if being warmed.

The calculationalprocedurerequiresthe followingnested iterative

solutionto solve simultaneouslyfor the exit COz pressureand temperaturefor

a pipe segment,given entranceconditions:

I. Assume exit temperature.

2. Assume exit pressure.

3. Look up entrance and exit fluid properties.

4. Calculateaverage fluid properties.
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5. Calculatefrictionalhead loss and elevationhead gain.

6. Compare calculatedexit pressureto assumedexit pressure.

7. Repeat steps 2-6 until calculatedpressureequals assumedpressure.

8. Calculateoverallheat transfercoefficient(U).

g. Calculateoverallheat transferrate.

10. Calculateexit temperature.

11. Comparecalculatedexit temperatureto assumed exit temperature.

12. Repeat steps 1-11 until calculatedtemperatureequals assumed
temperature.

An analysisof heat transfer betweenCO2 and the ocean water was con-

ducted by modifyingthe external resistanceequation (EquationB.7) to reflect

a convectiveheat transfermode. EquationB.g describesthe externalconvec-

tive resistance. The externalheat transfercoefficientwas estimatedusing

the McAdams equation (Welty,Wicks and Wilson 1976) for forced convectionfor

external cross flow (EquationB.IO). Forced (ratherthan natural)external

convectionwas presumed,due to ocean currents.

R3 = I/(ho*Ao) (B.g)

Where ho = outsideheat transfercoefficient

AO = outsidesurfacearea

NUdo= hoDJkw = O.0262g*Redi°'B°5*Prw°'3_3 (B.IO)

Where NUdo = Nusseltnumber based on outside pipe diameter

DO = outsidepipe diameter

kw = thermalconductivityof sea water

Redi = Reynoldsnumber based on inside pipe diameter

Pr = Prandtlnumberof sea water
W
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The ]2-step iterative procedure described above for overland pipes was

repeated for ocean pipes.
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