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Outline of TalkOutline of Talk

• The IECM modeling framework

• CO2 pipeline model

• Saline aquifer storage model

• EOR storage model

• Work in progress; future plans
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The IECM Framework: The IECM Framework: 
Power Plant Performance, Emissions & CostsPower Plant Performance, Emissions & Costs

• A desktop/laptop computer model 
developed for DOE/NETL;  free and 
publicly available at:                  
www.iecm-online.com

• Provides systematic estimates of 
performance, emissions, costs and 
uncertainties for preliminary design of:  

 PC, IGCC and NGCC plants

 All flue/fuel gas treatment systems
 CO2 capture and storage options 

(pre- and post-combustion, oxy-
combustion; transport, storage)

E.S. Rubin, Carnegie Mellon

IECM Software PackageIECM Software Package

PowerPower
PlantPlant

ModelsModels

GraphicalGraphical
UserUser

InterfaceInterface

Plant andPlant and
FuelFuel

DatabasesDatabases

Fuel PropertiesFuel Properties
-- Heating ValueHeating Value
-- CompositionComposition
-- Delivered CostDelivered Cost

Plant DesignPlant Design
-- Conversion ProcessConversion Process
-- Emission ControlsEmission Controls
-- Solid Waste MgmtSolid Waste Mgmt
-- Chemical InputsChemical Inputs

Cost FactorsCost Factors
-- O&M CostsO&M Costs
-- Capital CostsCapital Costs
-- Financial FactorsFinancial Factors

Plant & ProcessPlant & Process
PerformancePerformance

-- EfficiencyEfficiency
-- Resource useResource use

EnvironmentalEnvironmental
EmissionsEmissions

-- Air, water, landAir, water, land

Plant & ProcessPlant & Process
Costs   Costs   -- CapitalCapital

-- O&MO&M
-- COECOE
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IECM Technologies for PC PlantsIECM Technologies for PC Plants
(excluding CO(excluding CO22 capture, transport and sequestration)capture, transport and sequestration)

Particulate Removal
• Cold-side ESP
• Fabric filter

- Reverse Air
- Pulse Jet

SO2 Removal
• Wet limestone

- Conventional
- Forced oxidation
- Additives

• Wet lime
• Lime spray dryer
• Combined SO2/NOx systems

Solids Management
• Ash pond
• Landfill
• Stacking
• Co-mixing
• Byproducts

Boiler Types
• Subcritical
• Supercritical
• Ultra-supercritical

Furnace Firing Types
• Tangential
• Wall
• Cyclone

Furnace NOx Controls
• LNB
• SNCR
• SNCR + LNB
• Gas reburn

NOx Removal
• Hot-side SCR
• Combined SO2/NOx systems

Mercury Removal
• Carbon/sorbent injection

E.S. Rubin, Carnegie Mellon

IECM Technologies for CCSIECM Technologies for CCS

• CO2 Capture Options

 PC Plants: - Amine system (post-combustion)                      
(w/optional aux. NG boiler)

- Oxyfuel combustion w/ flue gas recycle
 NGCC Plants: - Amine system (post-combustion)
 IGCC Plants: - Water gas shift + Selexol (pre-combustion)

• CO2 Transport Options
 Pipelines (six U.S. regions)

 Other (user-specified)

• CO2 Sequestration Options
 Geological:  Enhanced Oil Recovery (EOR)

 Geological:  Deep Saline Formation

 Others (user-specified):  ECBM;  Ocean
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Select Plant Type

A Quick Tour of the IECMA Quick Tour of the IECM

PC Plant with PostPC Plant with Post-- Comb. CCSComb. CCS

E.S. Rubin, Carnegie Mellon
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IGCC Plant with CCSIGCC Plant with CCS

E.S. Rubin, Carnegie Mellon

GE-quench O2-blown

Specify Fuel Properties

E.S. Rubin, Carnegie Mellon
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Specify Financial Parameters

E.S. Rubin, Carnegie Mellon

Specify Performance Parameters

E.S. Rubin, Carnegie Mellon
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Get Results for Specific Components

E.S. Rubin, Carnegie Mellon

Plant Mass 
Flows

E.S. Rubin, Carnegie Mellon

Get Results for Overall Plant

Total Plant 
Cost
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Model ApplicationsModel Applications

• Process design

• Technology 
evaluation

• Cost estimation

• R&D management

• Risk analysis

• Environmental 
compliance

• Marketing studies

• Strategic planning

E.S. Rubin, Carnegie Mellon

Some Recent IECM UsersSome Recent IECM Users

Terra Humana Clean Tech. Eng'r Ltd.Ontario Power Gen.Inst. of Applied Energy (IAE)ENSR, Inc.Chinese Academy of Sci.
Tennessee Valley Authority (TVA)NTPC LimitedInstitut TeknologiBandung (ITB)Energy Res. Centre of the NetherlandsChalmers University

World BankTampa Electric Co.NTNU/StatoilINERCOEnergy & Env. StrategiesCarnegie Mellon University
Wolk Integrated Technical ServicesSyncrudeNRDC Natural Res. DefenceCouncilIndustries LimitedEnergy & Env. Res. Corp.Canadian Clean Power Coalition
Wisconsin Public Service Corp.Superior Adsorbents, Inc.Nova Scotia Power, Inc.Indian Inst. of Tech.Energy & Env. Res. Center (EERC)Canada Natural Resources
Wisconsin Dept. of Natural Res.Steven Coons ConsultingNorwegian University of Sci. and Tech.Imperial CollegeEnergi E2Canada Env.
WheelabratorAir Poll. Control Inc.StatoilNorth Carolina State UniversityIllinois Inst. of Tech.Energetics, Inc.BP Sunbury
Washington PowerSouthern Co. Services, Inc.Norsk Hydro ASA, Oil & Energy Res.Illinois Dept. of Natural ResourcesAmerenUEBP Power Ltd.
W.L. Gore & Associates, Inc.Southern Co. Gen.Norsk Hydro ASAIllinois Clean Coal Inst.EnelBP Int'l Limited
VattenfallUtvecklingABSNC LavalinNorman Plaks ConsultingIFPEmera Inc.BP
VattenfallABSintef Energy Res.Niro A/SIEA Greenhouse Gas R&DElectricite de France (EDF)Boiler Systems Eng'r, E.S.O.
URS CorpSierra Pacific Power Co.NIPSCOIEA Env. Projects, Ltd.Electric Power Res. Inst. (EPRI)BOC Gases
University of WaterlooSiemensNiksa Energy AssociatesIEA Clean Coal CentreElectric Power Gen. Assoc.Black & Veatch Corp.
University of TwenteShell Global Solutions Int'lNicholson & Hall Corp.Holland Board of Public WorksElectric Energy, Inc. (EEI)Bechtel Power Corp.
University of TorontoShell Chemical Co.New Energy & Ind. Tech. Org. (NEDO)Hatch AcresEdison Mission EnergyBattelle Northwest
University of TexasSFA Pacific, Inc.NESCAUMHarvard UniversityE.ON EnergieAGBattelle
University of StuttgartScientechNeill and GunterHamon Res. Cottrell, Inc.E. On UKBasin Electric Power Coop.
University of South WalesSci. Applications Int'l. Corp. (SAIC)National Power Plc.H&W Mgmt. Sci. ConsultantsDynegy Midwest Gen.Balcke-Durr GmbH
University of Salvador UNIFACSSavvy Eng'r, LLCNational Energy Tech. Lab. (NETL)GyeongsangNational UniversityDoosan Babcock Energy Ltd.ATCO Power
University of ReginaSaskPowerNanyangTechnological UniversityGreat River EnergyDont Inc.Argonne National Lab.
University of QueenslandSargent & LundyMinnkotaPower Coop., Inc.GM R&D CenterDONG Energy Gen.ARCADIS
University of PittsburghSalt River Project (SRP)Midwest Gen. EME, LLCGenerators for Clean Air (GCA)DMCR/Dutch Ministry of Env. (VROM)Apogee Scientific, Inc.
University of North CarolinaSalt River ProjectMidAmerican Energy Co.General Electric Co.Detroit Edison Co.APAT
University of NewcastleSAICMichigan State UniversityGE Infra, EnergyDept. of Env. Services - NH (DES)Ankara University
University of New OrleansRWE Power AGMassachusetts Inst. of Tech. (MIT)GE Global Res.Dept. of Env. Quality - VA (DEQ)American Transmission Co.
University of Manchester Inst. Sci. Tech.RMB Consulting & Res., Inc.MacQuarieUniversityGassnovaDept. of Env. Protection - PA (DEP)American Electric Power
University of MaineRes. Triangle Inst.Lower Colorado River AuthorityGas Tech. Inst. (GTI)Dept. of Env. Protection - NJ (DEP)Alstom Power Plant Lab.
University of LecceRes. Inst. of Innovative Tech. EarthLincoln Electric SystemFuel Tech, Inc.Dept. of Env. and Natural Res. - NCAlstom Power Inc.
University of EdinburghReaction Eng'r Int'lLehigh UniversityFriedman, Billings, Ramsey & Co.Dept. of Energy, Institutode CarboquimicaALSTOM Power Centrales
University of CaliforniaReaction Eng'r Inst.LAB SAFoster Wheeler EnergiaOyDept. of Energy (DOE)Alstom Power Boiler GmbH
University of CalgaryPrinceton UniversityKorea Western Power Co.Fossil Energy Res. Corp.CSEnergyAlstom (Switzerland)
University of BathPraxair Inc.Korea Inst. of Energy Res.Fortum Power and Heat OyCroll-ReynoldsAlliant Energy
University of AberdeenPrairie Adaptation Res. Coll.Korea Electric Power Corp.FordCQ, Inc.Allegheny Energy Supply
TXU ElectricPPL Gen., LLCKinectricsFluor Daniel Canada, Inc.COORETECALCOA Power Gen., Inc.
Twenty-First Strategies, LLCPowergenPower Tech.Kennecott EnergyFluent, Inc.Coop. Res. Centre for Greenhouse GasAlberta Res. Council
TU DresdenPowerGenKEMA Nederland B.V.FLS Miljo A/SConsumers EnergyAlberta Env.
TransAltaPIRA Energy GroupKansas City Power & Light Co.Florida Power & Light Co.CONSOL Energy, Inc.Alberta Economic Dev.
Toshiba Corp.Pinnacle West EnergyKanazawa UniversityFirstEnergy Corp.Columbia UniversityAkzo Nobel Functional Chem
TNO Env., Energy and Process InnovPembina Inst.Japan Petroleum Exploration Co.First Energy Corp.CogentrixEnergy, Inc.Airborne Clean Energy
TMommerConsultantsPacific Northwest National Lab. (PNNL)Jack R. McDonald, Inc.Env. Protection Agency (EPA)Coaltek LLC / Jupiter Oxygen Corp.Air Products plc
Texas Municipal Power AgencyPacific Corp.Ishikawajima-Harima Heavy IndustryEnv. Protection Agency - IL (EPA)Coal in Sustainable Dev., Tech TransferAir Liquide
Texas A&M UniversityPace Global Energy ServicesIntermountain Power Service Corp.Env. DefenseClean Energy Systems Inc.AEP-SCR Eng'r
Tetra Tech EM Inc.OREC/Buckeye Power, Inc.Inst. of Energy - EC/JRCEnv. & Renewable Energy SystemsCinergy Power Gen. Services, LLCABB Lummus Global, Inc.

Terra Humana Clean Tech. Eng'r Ltd.Ontario Power Gen.Inst. of Applied Energy (IAE)ENSR, Inc.Chinese Academy of Sci.
Tennessee Valley Authority (TVA)NTPC LimitedInstitut TeknologiBandung (ITB)Energy Res. Centre of the NetherlandsChalmers University

World BankTampa Electric Co.NTNU/StatoilINERCOEnergy & Env. StrategiesCarnegie Mellon University
Wolk Integrated Technical ServicesSyncrudeNRDC Natural Res. DefenceCouncilIndustries LimitedEnergy & Env. Res. Corp.Canadian Clean Power Coalition
Wisconsin Public Service Corp.Superior Adsorbents, Inc.Nova Scotia Power, Inc.Indian Inst. of Tech.Energy & Env. Res. Center (EERC)Canada Natural Resources
Wisconsin Dept. of Natural Res.Steven Coons ConsultingNorwegian University of Sci. and Tech.Imperial CollegeEnergi E2Canada Env.
WheelabratorAir Poll. Control Inc.StatoilNorth Carolina State UniversityIllinois Inst. of Tech.Energetics, Inc.BP Sunbury
Washington PowerSouthern Co. Services, Inc.Norsk Hydro ASA, Oil & Energy Res.Illinois Dept. of Natural ResourcesAmerenUEBP Power Ltd.
W.L. Gore & Associates, Inc.Southern Co. Gen.Norsk Hydro ASAIllinois Clean Coal Inst.EnelBP Int'l Limited
VattenfallUtvecklingABSNC LavalinNorman Plaks ConsultingIFPEmera Inc.BP
VattenfallABSintef Energy Res.Niro A/SIEA Greenhouse Gas R&DElectricite de France (EDF)Boiler Systems Eng'r, E.S.O.
URS CorpSierra Pacific Power Co.NIPSCOIEA Env. Projects, Ltd.Electric Power Res. Inst. (EPRI)BOC Gases
University of WaterlooSiemensNiksa Energy AssociatesIEA Clean Coal CentreElectric Power Gen. Assoc.Black & Veatch Corp.
University of TwenteShell Global Solutions Int'lNicholson & Hall Corp.Holland Board of Public WorksElectric Energy, Inc. (EEI)Bechtel Power Corp.
University of TorontoShell Chemical Co.New Energy & Ind. Tech. Org. (NEDO)Hatch AcresEdison Mission EnergyBattelle Northwest
University of TexasSFA Pacific, Inc.NESCAUMHarvard UniversityE.ON EnergieAGBattelle
University of StuttgartScientechNeill and GunterHamon Res. Cottrell, Inc.E. On UKBasin Electric Power Coop.
University of South WalesSci. Applications Int'l. Corp. (SAIC)National Power Plc.H&W Mgmt. Sci. ConsultantsDynegy Midwest Gen.Balcke-Durr GmbH
University of Salvador UNIFACSSavvy Eng'r, LLCNational Energy Tech. Lab. (NETL)GyeongsangNational UniversityDoosan Babcock Energy Ltd.ATCO Power
University of ReginaSaskPowerNanyangTechnological UniversityGreat River EnergyDont Inc.Argonne National Lab.
University of QueenslandSargent & LundyMinnkotaPower Coop., Inc.GM R&D CenterDONG Energy Gen.ARCADIS
University of PittsburghSalt River Project (SRP)Midwest Gen. EME, LLCGenerators for Clean Air (GCA)DMCR/Dutch Ministry of Env. (VROM)Apogee Scientific, Inc.
University of North CarolinaSalt River ProjectMidAmerican Energy Co.General Electric Co.Detroit Edison Co.APAT
University of NewcastleSAICMichigan State UniversityGE Infra, EnergyDept. of Env. Services - NH (DES)Ankara University
University of New OrleansRWE Power AGMassachusetts Inst. of Tech. (MIT)GE Global Res.Dept. of Env. Quality - VA (DEQ)American Transmission Co.
University of Manchester Inst. Sci. Tech.RMB Consulting & Res., Inc.MacQuarieUniversityGassnovaDept. of Env. Protection - PA (DEP)American Electric Power
University of MaineRes. Triangle Inst.Lower Colorado River AuthorityGas Tech. Inst. (GTI)Dept. of Env. Protection - NJ (DEP)Alstom Power Plant Lab.
University of LecceRes. Inst. of Innovative Tech. EarthLincoln Electric SystemFuel Tech, Inc.Dept. of Env. and Natural Res. - NCAlstom Power Inc.
University of EdinburghReaction Eng'r Int'lLehigh UniversityFriedman, Billings, Ramsey & Co.Dept. of Energy, Institutode CarboquimicaALSTOM Power Centrales
University of CaliforniaReaction Eng'r Inst.LAB SAFoster Wheeler EnergiaOyDept. of Energy (DOE)Alstom Power Boiler GmbH
University of CalgaryPrinceton UniversityKorea Western Power Co.Fossil Energy Res. Corp.CSEnergyAlstom (Switzerland)
University of BathPraxair Inc.Korea Inst. of Energy Res.Fortum Power and Heat OyCroll-ReynoldsAlliant Energy
University of AberdeenPrairie Adaptation Res. Coll.Korea Electric Power Corp.FordCQ, Inc.Allegheny Energy Supply
TXU ElectricPPL Gen., LLCKinectricsFluor Daniel Canada, Inc.COORETECALCOA Power Gen., Inc.
Twenty-First Strategies, LLCPowergenPower Tech.Kennecott EnergyFluent, Inc.Coop. Res. Centre for Greenhouse GasAlberta Res. Council
TU DresdenPowerGenKEMA Nederland B.V.FLS Miljo A/SConsumers EnergyAlberta Env.
TransAltaPIRA Energy GroupKansas City Power & Light Co.Florida Power & Light Co.CONSOL Energy, Inc.Alberta Economic Dev.
Toshiba Corp.Pinnacle West EnergyKanazawa UniversityFirstEnergy Corp.Columbia UniversityAkzo Nobel Functional Chem
TNO Env., Energy and Process InnovPembina Inst.Japan Petroleum Exploration Co.First Energy Corp.CogentrixEnergy, Inc.Airborne Clean Energy
TMommerConsultantsPacific Northwest National Lab. (PNNL)Jack R. McDonald, Inc.Env. Protection Agency (EPA)Coaltek LLC / Jupiter Oxygen Corp.Air Products plc
Texas Municipal Power AgencyPacific Corp.Ishikawajima-Harima Heavy IndustryEnv. Protection Agency - IL (EPA)Coal in Sustainable Dev., Tech TransferAir Liquide
Texas A&M UniversityPace Global Energy ServicesIntermountain Power Service Corp.Env. DefenseClean Energy Systems Inc.AEP-SCR Eng'r
Tetra Tech EM Inc.OREC/Buckeye Power, Inc.Inst. of Energy - EC/JRCEnv. & Renewable Energy SystemsCinergy Power Gen. Services, LLCABB Lummus Global, Inc.
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Profile of Recent IECM UsersProfile of Recent IECM Users

Type of Organization

Geographic Region

Utility
28%

Company
44%

Education
17%

Government
11%

Asia
4%

South America
<1% Australia

2%

North America
71%

Europe
23%

~ 500 organizations

The transport and The transport and 
storage modelsstorage models

Carnegie Mellon
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Full details in technical reports & papersFull details in technical reports & papers::
http://www.iecmhttp://www.iecm--online.com/Rubin_pubs_1.htmlonline.com/Rubin_pubs_1.html

E.S. Rubin, Carnegie Mellon

Model Implementation & AvailabilityModel Implementation & Availability

CO2 Transport Model: Pipeline Performance Model Scenario*
June 5, 2007

Pipeline Design Parameters Pipeline Segment Results
Design Mass Flow (Mt/y) 5.000 Number of Segments 1
Total Pipeline Length (km) 100 Segment Length (km) 100.00
Pipeline Capacity Factor (%) 100%
Tground (K) 285.15 Segment 1 2 3 4 5 6

Material Roughness (mm) 0.0457 Pin (MPa) 13.79 0.00 0.00 0.00 0.00 0.00

Booster Stations 0 Pout,min (MPa) 10.30 0.00 0.00 0.00 0.00 0.00
Pout (MPa) 10.63 0.00 0.00 0.00 0.00 0.00

Fluid Composition h (m) 0 0 0 0 0 0
L (m) 100000.00 0.00 0.00 0.00 0.00 0.00

Component Mole Mass Pout/L (Pa/m) 31.60 0.00 0.00 0.00 0.00 0.00

yO2 0.000 0.000 Tave (K) 285.15 0 0 0 0 0

yN2 0.000 0.000 Pave (MPa) 12.28 0.00 0.00 0.00 0.00 0.00

yH2O 0.000 0.000 M (g/mol) 44.01 0.00 0.00 0.00 0.00 0.00

yCO2 1.000 1.000 Zave 0.25 0.00 0.00 0.00 0.00 0.00

yCH4 0.000 0.000 ave (kg/m3) 927.89 0.00 0.00 0.00 0.00 0.00

yCO 0.000 0.000 ave (Pa s) 99.73 0.00 0.00 0.00 0.00 0.00
ySO2 0.000 0.000 Doptimal (m) 0.38 0.00 0.00 0.00 0.00 0.00

yH2S 0.000 0.000 Dactual (m) 0.39 0.00 0.00 0.00 0.00 0.00

yNH3 0.000 0.000 NPS 16 0 0 0 0 0
Total 1.000 1.000 Re 5.21E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

V (m/s) 1.44 0.00 0.00 0.00 0.00 0.00
Pipeline Segment Performance Parameters Verrosion (m/s) 13.15 0.00 0.00 0.00 0.00 0.00

Segment 1 2 3 4 5 6 Compression Station Results
Pin (MPa) 13.79 13.79 13.79 13.79 13.79 13.79

Pout,min (MPa) 10.3 10.3 10.3 10.3 10.3 10.3 Station

Lsegment (km) 100 100 100 100 100 100 Suction Discharge Suction Discharge Suction Discharge Suction

hsegment (m) 0 0 0 0 0 0 Compression Ratio
P (MPa) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Compression Station Parameters T (K) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
mech 99% M (g/mol) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
is 75% Z 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Tair (K) 289.15  (kg/m3) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tpinch (K) 10 H (J/mol) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

H (J/mol) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Legend S (J/mol K) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
User Inputs S (J/mol K) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Key Results W (J/mol) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Not Relevant Q (J/mol) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
*Scenarios can be added/changed under Tools > Scenarios Pcomp (J/g)

Pcomp (kWh/tonne)

Pcomp,design (kW)

Qcool (J/g)

Qcool, design (kW)

Pannual (MWh/y)

0.0

0.0

0.00 0.00 0.00

0.00

0.00 0.00 0.00

0 0 0

0 0

0.00 0.00 0.00 0.0

0.00 0.00

0 0 0

0.0

0 0

0

0

1 2 3 4

CO2-Flood EOR Storage Model: Flood Performance Model Scenario*

September 17, 2008

Field Parameters Optional Results
5-Spot Pattern Area (acres) 40 pres (MPa) 18.6

Gross Pattern Injection Rate (mscf/d) 600 Tres (K) 328
TCO2 (K) 289.15 � (cp) 0.35

Boil (RB/STB) 1.5
Reservoir Parameters
Depth (m) 2042 Solvent Property Results
pres (MPa) 18.6 M (g/mol) 44.01
Tres (K) 328 Z 0.43

h (m) 81.7 � (kg/m3) 707.00

kh (md) 19 H (J/mol) -8345.98

kv/kh 0.40 S (J/mol K) -61.99
��  3.9% Cp (J/mol K) 117.87
VDP 0.68 Cv (J/mol K) 39.45

Sorw 0.42 � (�Pa s) 58.65
Reservoir Losses (%) 5% � (W/m K ) 9.00E-02

BCO2 (RB/mscf) 0.47

Oil Properties

�API (
oAPI) 41 Injectivity-Wellbore Results

�o (cp) 0.35 I (RB/Pa d) 1.28E-07
Bo (RB/STB) 1.50 Pfract (MPa) 38.44
Rs (scf/STB) BHIP (MPa) 18.64

pb (MPa) q (RB/d) 282.52
�g (air = 1) THIP (MPa) 8.00

CO2 Processing Parameters

Stages 3
psuction (MPa) 0.1
�mech 99%
�is 75%

Tair (K) 289.15
Tpinch (K) 10
Surface Losses (%) 2%

Fluid Composition

Component Mole Mass
yO2 0.000 0.000
yN2 0.000 0.000

yH2O 0.000 0.000
yCO2 1.000 1.000
yCH4 0.000 0.000
yCO 0.000 0.000

ySO2 0.000 0.000
yH2S 0.000 0.000

yNH3 0.000 0.000
Total 1.000 1.000

Legend
User Inputs

Optional User Input+

Key Results
Not Relevant

*Scenarios can be added/changed under Tools > Scenarios
+Optional parameter: estimated if user does not supply values be estimated

Aquifer Storage Model: Performance Model Model Scenario*

December 17, 2007

Project Parameters Optional Results Injectivity Model Distribution Compression Results

Design Injection Rate (Mt/y) 5.00 pres (MPa) 14.4 qtotal (m
3/s) 2.62E-01 Pcomp,design (kW) 764

Facility Capacity Factor (%) 100% Tres (K) 326.6 id, total 1.49E-01 Pannual (MWh/y) 6,696

Planning Horizon (years) 10 pfrac (MPa) 27.0 qlimit (m
3/s) 5.24E-02

Well Spacing (acres) 80 pwb, max (MPa) 24.3 n 6 Side Suction Discharge

Pwb (MPa) id, avail 2.41E-01 Compression Ratio

Pwb,max (% of pfrac) 90% Injectant Properties qave (m
3/s) 4.36E-02 P (MPa) 10.3 13.6

rw (m) 0.15 M (g/mol) 44.01 qmin (m
3/s) 3.66E-02 T (K) 285.2 308.2

Z 0.39 qmax (m
3/s) 4.70E-02 M (g/mol) 44.01 44.01

Aquifer Parameters  (kg/m3) 605.42 pwb, req (MPa) 20.54 Z 0.21 0.31

Depth (m) 1514 H (J/mol) -7566.46  (kg/m3) 904.42 762.33
pres (MPa) 14.4 S (J/mol K) -58.75 Wellbore Model H (J/mol) -12433.23 -9982.64

Tres (K) 326.6 Cp (J/mol K) 150.26 pwh, max (MPa) 13.56 H (J/mol) 0.00 210.05

kh (md) 23 Cv (J/mol K) 38.35 S (J/mol K) 41.00 48.68
h (m) 58.91752  (Pa s) 47.52 Plume Spread S (J/mol K) 0.00 7.68
pfrac (MPa)  (W/m K ) 7.34E-02 V (m3) 82,586,798 W (J/mol) 0.00 -212.18
 11%  (1/Pa) 5.89E-08 M 2.13 Q (J/mol) 0.0 2240.5
xbrine (ppmw) 68,074 c (1/Pa s) 2525.3  0.01 Pcomp (J/g)

Swc 66% rmax (m) 4,984 Pcomp (kWh/tonne)

krw,c' 0.80 Brine Properties Amax (km2) 78 Pcomp,design (kW)

krc,w' 0.12  (kg/m3) 1039.82
 (1/K) 4.05E-04

CO2 Processing Parameters  (1/Pa) 3.72E-10

psuction (MPa) 10.3  (Pa s) 673.92

Tsuction (K) 285.15 Cp (J/kg K) 4.18

764

1.32

4.82

1.34

• Pipeline model is 
fully integrated 
into the IECM;  
also available as 
a stand-alone 
spreadsheet

• Aquifer and EOR 
storage models 
are spreadsheets 
w/ manual links 
to IECM inputs

• All spreadsheet 
models available 
on request
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Number of Model Input ParametersNumber of Model Input Parameters

3623EOR w/ Storage

1534Aquifer Storage

926Pipeline Transport

Economic/Cost 
Parameters

Performance 
ParametersModel

The following slides give a brief summary 
and illustrative results for each model

COCO22 pipeline transport modelpipeline transport model

Carnegie Mellon
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IECM Pipeline Transport ModelIECM Pipeline Transport Model

Cost Model Inputs

Performance Inputs

Results

Results

E.S. Rubin, Carnegie Mellon

Pipeline Diameter CalculationPipeline Diameter Calculation
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The IECM Includes a Full The IECM Includes a Full 
COCO22 Physical Properties ModelPhysical Properties Model

Two-phase flow region

E.S. Rubin, Carnegie Mellon

Pipeline Cost Model Pipeline Cost Model 

• Multi-variate regression models based on data from 
236 on-shore natural gas pipelines constructed in the 
U.S. from 1994 to 2003
 Capital cost model is linear in pipe diameter,               

logarithmic in pipe length; reported in $2004.

• Separate models for 6 regions

• Cost breakdowns for:
 Materials
 Labor
 Eng’g, Overheads, AFUDC
 Right-of-way

Modeling CO2 Transport by Pipeline
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Pipeline Cost Model: Pipeline Cost Model: 
Illustrative Case StudyIllustrative Case Study

Uniform (0.75, 1.25)1.0Cost Multiplier for Compression

Uniform (0.75, 1.25)1.0Cost Multiplier for Miscellaneous

Uniform (0.75, 1.25)1.0Cost Multiplier for ROW

Uniform (0.75, 1.25)1.0Cost Multiplier for Labor

Uniform (0.75, 1.25)1.0Cost Multiplier for Materials

Uniform ($2150, $4350)$3,250/km/yAnnual O&M Cost

Uniform (10%, 20%)15%Capital Recovery Factor

MidwestProject Region

Pipeline Cost Model Parameters

10.3 MPaMinimum Outlet Pressure

Uniform (12, 15 MPa)13.79 MPaInlet Pressure

12 °CGround Temperature

Uniform (50%, 100%)

0

100%

Booster Pumps

Pipeline Capacity Factor

0 mElevation Change

Pipeline Performance Model Parameters

Uncertainty DistributionDeterministic ValueModel Parameter

Modeling CO2 Transport by Pipeline

E.S. Rubin, Carnegie Mellon

Levelized Cost of Transport: Levelized Cost of Transport: 
Deterministic ResultsDeterministic Results

$2.20
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Levelized Cost of Transport:Levelized Cost of Transport:
Probabilistic ResultsProbabilistic Results

Design CO2 Flow Rate 5 Mt/y
Length 100 km (60 mi)

Modeling CO2 Transport by Pipeline

Storage in saline formationsStorage in saline formations

E.S. Rubin, Carnegie Mellon
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Saline Formation Storage ModelSaline Formation Storage Model

Performance 
Inputs

Cost 
Model
Inputs

Results

Results

E.S. Rubin, Carnegie Mellon

Assumed System GeometryAssumed System Geometry

• Multiple injection wells 
spaced on a regular grid

• Spacing between wells is 
determined by specifying 
an area (dashed lines)

• Model allows for up to 
100 injection wells
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Illustrative Injectivity Results Illustrative Injectivity Results 
for an for an nn--Well SystemWell System

Modeling CO2 Storage in Saline Aquifers

)(2 , ewbeffh

i
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
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E.S. Rubin, Carnegie Mellon

Illustrative Case StudiesIllustrative Case Studies

• Data from 4 sites, with kh values from 4,500 to 940,000 md·ft

• Capital recovery factor =15% for all cases

2394450744Permeability, k (md)

1,5141,8501,5002,499Depth (m)

300

Sandstone

Frio Formation

Texas

South Liberty

593091Net Sand, h (m)

SandstoneSandstoneSandstoneLithology

Mannville 
Aquifer

Viking AquiferPurdy 
Springer A

Reservoir

AlbertaAlbertaOklahomaLocation

Lake Wabamun 
Area

Joffre-Viking 
Pool

Northeast 
Purdy Unit

Parameter
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Levelized Cost of COLevelized Cost of CO22 StorageStorage

E.S. Rubin, Carnegie Mellon

Levelized Cost of COLevelized Cost of CO22 StorageStorage
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Levelized Cost of COLevelized Cost of CO22 Storage:Storage:
Probabilistic ResultsProbabilistic Results

• Lake Wabamun Area Case Study 

• Probability distributions assigned to:
- 8 performance model parameters

- 9 cost model parameters

• Bounds for performance parameter 
distributions based on reported field 
data (Alberta Geological Survey, 2006)

E.S. Rubin, Carnegie Mellon

Capital Cost BreakdownCapital Cost Breakdown

Thin, high-permeability 
aquifer—requires large 
characterization area
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Storage in oil reservoirsStorage in oil reservoirs
with EOR  with EOR  

E.S. Rubin, Carnegie Mellon

E.S. Rubin, Carnegie Mellon

EOR Storage ModelEOR Storage Model

Performance 
Inputs

Economics 
Inputs

Results

Results
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EOR Performance Model AssumptionsEOR Performance Model Assumptions

• Unstable miscible CO2-flood

• 5-spot injection pattern, scaled to the larger field

• CO2 injected at a specified constant rate

• No water injection (i.e., water alternating gas)

• No mobile water in reservoir

• Fractional flow is based only on mobility ratio

E.S. Rubin, Carnegie Mellon

Illustrative Case StudiesIllustrative Case Studies

• Four case studies covering a range of reservoir parameters:
 kh values from 1,500 to 5,200 md·ft

 Project sizes from 130,000 to 13,000,000 acre·ft

Primary & 
Waterflood

Sandstone

Ramsey

Texas

Ford 
Geraldine 

Unit

Primary & 
Waterflood

Primary & 
Waterflood

Primary & 
Waterflood

Previous Oil 
Recovery

SandstoneLimestoneSandstoneLithology

VikingCanyon ReefPurdy 
Springer A 

Sand

Reservoir Name

AlbertaTexasOklahomaLocation

Joffre-Viking 
Pool

SACROC 
Unit, Kelly-

Snyder Field

Northeast 
Purdy Unit

Parameter
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Case Studies: Total Oil ProducedCase Studies: Total Oil Produced

11%

16%

E.S. Rubin, Carnegie Mellon

Case Study: COCase Study: CO22 Storage RateStorage Rate

Total storage 
= 72 Mt
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Current and future work Current and future work 

Carnegie Mellon

E.S. Rubin, Carnegie Mellon

New IECM Options New IECM Options 
Under DevelopmentUnder Development

• Expand IECM to model plant water use and effluents:

 Prevailing PC plant designs

 Performance and cost of major systems

• New power plant options with and w/o CO2 capture:
 Additional IGCC system options
 PC plants with advanced amine systems
 Both low rank and bituminous coals
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Proposed Future WorkProposed Future Work

• Transport Model:
 Extend performance and cost models to allow “trunk”

lines to be modeled;  update costs to 2008 dollars

• Saline Aquifer Model:
 Validate performance model against established 

reservoir simulators and large real-world projects
 Add a discounted cash flow model to incorporate 

periodic monitoring costs (seismic, InSAR, etc.)  

• EOR Storage Model:
 Calibrate cost models with current CO2-flooding cost 

data for pattern and lease equipment (as available)

E.S. Rubin, Carnegie Mellon
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