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Presentation Overview

1. What drives the cost of aquifer sequestration?

2. Ties between the legal and regulatory 

environment on cost of sequestration

3. Considerations in designing regulations to 

enable CCS

4. CCSReg project overview
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Prior Research on Cost of Sequestration

ÅThere are few estimates of the costs of aquifer 
sequestration and CO2-flood EOR in open literature

ÅEarly cost estimates have been largely based on 
rules-of-thumb, for example:
ïWest Texas EOR capacity and cost (Holtz et al., 2000)

ïInternational Energy Agency regional cost curves 
(Dahowski et al., 2004; Wildenborg et al., 2004)

ÅMore recent estimates make more detailed 
assumptions about cost components (e.g., Vidas et al. 
2009)

ÅFew estimates have been made using coupled 
performance-cost models (e.g., McCoy & Rubin, 2009; 
Gaspar et al., 2009)
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Overview of the Aquifer Storage Model

Performance 

Inputs

Performance 

Estimates
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Performance Model: Estimating the 

Number of Injection Wells
Å Injection rate for an n-injection well system will be less than n

times the single-well injection rate

Å General solution for pressure at any point X to an n-well system:

ÅW(ui)is the ñwell functionò for a confined aquifer

ÅSolution describing injection rate as a function of aquifer 
parameters and system geometry for an n-well system derived 
assuming:
ïHomogeneous aquifer properties

ïWell function can be adequately approximated using two-term 
power series expansion

ïPressure is constant at some distance, re, from the center of the 
system
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Aquifer Model: Decrease in Injectivity with 

Time

d=1000m

kh=50md

Decreasing Injectivity

with Time
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Performance Model: Assumed System 

Geometry

ÅWells spaced on regular 

grid

ÅSpacing between wells 

determined by specified 

area (enclosed by 

dashed line)

ÅModel allows for up to 

100 injection wells
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Performance Model: Results for an n-Well 

System
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Decreasing Returns to

Increasing Injection Wells
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Performance Model: Flow from the Surface 

to the Aquifer
ÅFull model of coupled wellbore flow and heat transfer

ïUsed to generate response surface relating pressure gradient in 
injection well to flow rate and wellhead pressure
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Overview of the Aquifer Storage Model

Cost 

Inputs
Model 

Results
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Aquifer Storage Cost Model

ÅAquifer storage cost model calculates the 
levelized cost of CO2 storage

ÅAccounts for:

ïCapital cost of site characterization

ïCapital cost of new equipment (well related and 
compression)

ïCapital cost of new well drilling and completion 
(D&C)

ïOperating and maintenance cost (O&M, 
including CO2 compression and monitoring and 
verification)
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Aquifer Storage Site Characterization Cost

ÅA function of regulatory requirements

ÅAssuming that the subsurface over which the CO2 is 

likely to spread over a set time horizon should be 

characterized (Tombari, 2007):

ï$100,000 per mi2 ($38,610 per km2) for geophysical

ï$3 million per characterization well

ïCharacterization wells every 25 mi2 (65 km2)

ïAdditional 30% of total cost for data processing, 

interpretation, and modeling

ÅArea for characterization estimated using method of 

Nordbotten et al (2005)
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Aquifer Storage Project Capital Cost

ÅCapital cost for well related equipment and O&M cost 

based on EIA Oil and Gas Lease Equipment and 

Operating Cost Index (2007)

ïCO2 injection equipment costs assumed to be similar to 

water injection equipment costs

ÅCompression capital cost based on IEA Greenhouse 

Gas Programme report values (2002)

ÅD&C cost based on Joint Association Drilling Cost 

Survey (2001)

ïUpdated to 2004 dollars using EIA Oil and Gas Lease 

Equipment and Operating Cost Index (2007)
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Illustrative Case Studies

ÅFour case studies, summarized below, representing kh from 

4,500 to 940,000 mdĀft

Å Capital recovery factor of 15% for all cases

Å Full case descriptions in Energy Procedia (GHGT-9) paper

Parameter Northeast Purdy 

Unit

Joffre-Viking 

Pool

South Liberty Lake Wabamun 

Area

Location Oklahoma Alberta Texas Alberta

Reservoir Purdy Springer 

A

Viking Aquifer Frio Formation Mannville 

Aquifer

Lithology Sandstone Sandstone Sandstone Sandstone

Depth (m) 2,499 1,500 1,850 1,514

Permeability (md) 44 507 944 23

Net Sand (m) 91 30 300 59
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Levelized Cost of CO2 Storage
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Levelized Cost of CO2 Storage
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Capital Cost Breakdown
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Levelized Cost of StorageðProbabilistic 

Analysis

ÅLake Wabamun Area case with 

probability distributions assigned to:

ï8 performance model parameters

ï9 economics model parameters

ÅBounds for performance parameters 

distributions based on field data (Alberta 

Geological Survey, 2006)
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Levelized Cost of CO2 Storage
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Cost Sensitivity to Input Parameter 

Changes
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Conclusions: Cost of CO2 Sequestration in 

Saline Aquifers

ÅThe cost of site characterization is possibly the largest 
component of storage project capital costðin some 
cases, this may drive projects to other geologic targets

ïPast studies have not considered the cost of site 
characterization to be a function of project size (e.g., 
studies cited by IPCC, 2005)

ÅCareful management of pressure through reservoir 
engineering and operations may have a significant 
affect on cost, particularly in relatively tight reservoirs

ÅIf CCS is to play a role in emissions reductions, future 
regulations establishing site characterization 
requirements should be carefully considered

CCSReg Project

Caveats: Cost of CO2 Sequestration in 

Saline Aquifers

ÅThis (and other) estimates are missing some 

potentially key cost elements:

ïPore space: is it free?

ïMonitoring, verification & accounting: This 

estimate uses the levelized costs estimated by 

Benson et al. (2004) for the "basic" scenario 

(i.e., ~$0.05/t)

ïCosts of long-term stewardship and, potentially, 

remediation.

22



7/30/2009

12

CCSReg Project

Pore Space: What are the costs?

ÅWork by Lee Gresham (CMU) has shown that 

if you have to lease pore space, the costs 

could be significant:

ïIn Pennsylvania, rates for gas storage range 

from $2-$65 per acre, per year

ïThe NPV of leasing this land over a 100 year 

period runs from $20-$600 per acre

ïFor several Pennsylvania and Ohio formations, 

the equivalent per tonne cost was estimated to 

be in the range of $0.04 to $9 per tonne of CO2
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Regulating access to pore space

In much of the world (Europe, Australia, Canada, etc.) 

governments own most deep-subsurface resources, 

making access for CCS straightforward. In much of the 

U.S., ownership rights are undefined. 

This ambiguity might be resolved in 

several ways, many of which could 

make CCS economically infeasible. Our 

current thinking is that a federally 

coordinated solution is likely to be 

superior to a state-by-state solution or 

resolution in the courts. 
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Resolution of pore space issues is

complex

CCSReg Project26

Some routes could make CCS
costly and difficult
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One viable option for managing pore space

ÅOne option, which we believe to be prudent:
ïIssuance of a UIC injection permit expressly grants a 

GS project developer the legal right to inject and 
sequester CO2

ïLimit claims of trespass and claims for unjust 
compensation for condemnation actions against a 
developer

ïAllow mineral rights owners (and other pore space 
users) ample opportunity to notify the permitting agency 
of conflicting uses of the pore space

ÅUse of pore space for GS is non-compensable in this 
option
ïDegradation of mineral resources would offer a basis for 

claims of trespass

CCSReg Project

Caveats: Cost of CO2 Sequestration in 

Saline Aquifers

ÅThis (and other) estimates are missing some 

potentially key cost elements:

ïPore space: is it free?

ïMonitoring, verification & accounting: This 

estimate uses the levelized costs estimated by 

Benson et al. (2004) for the "basic" scenario 

(i.e., ~$0.05/t)

ïCosts of long-term stewardship and, potentially, 

remediation
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On liability for and long-term stewardship 

of sequestration projects

Liability through the injection phase of a project can 

probably be managed with the same mechanisms 

employed by other large-industrial projects. Less 

conventional mechanisms, probably involving 

government, will be needed for long-term stewardship.

CCSReg Project

Liability across the project life cycle

30

CCSReg, 2009
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Managing liability effectively requires several 

different mechanisms

ÅWe see several options for projects in different phases 
of their lifecycle and stage of technology:

ïOperating commercial projects would rely on the private 
insurance market, or mutual insurance, for risk 
management

ïClosed projects would be covered by a long-term 
stewardship program that channels liability and 
responsibility for compensation to a new federal 
agency, financed from a revolving fund

ïA stop-gap federal indemnity program would be 
authorized for the post-closure phase of ñfirst-moverò 
projects, but those projects would ultimately be covered 
by the stewardship program for commercial projects
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CCSReg Project Background

Design and facilitate the rapid adoption of a U.S. 

regulatory environment for the capture, 

transport and deep geological sequestration 

(GS) of CO2

éby working with stakeholders and experts in 

the field, and building on work being done in 

this area by others

éwith $2-million in funding from the Doris Duke 

Charitable Foundation over three years
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CCSReg Project Collaborators

33
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CCSReg Project Timeline

Working papers will be posted on the project website:

www.ccsreg.org


