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Chapter 4 — Geological Carbon Sequestration

Carbon sequestration is the long term isola-

tion of carbon dioxide from the atmosphere 

through physical, chemical, biological, or en-

gineered processes. Th e largest potential res-

ervoirs for storing carbon are the deep oceans 

and geological reservoirs in the earth’s upper 

crust. Th is chapter focuses on geological se-

questration because it appears to be the most 

promising large-scale approach for the 2050 

timeframe. It does not discuss ocean or ter-

restrial sequestration1,2. 

In order to achieve substantial GHG reduc-

tions, geological storage needs to be deployed 

at a large scale.3,4 For example, 1 Gt C/yr (3.6 

Gt CO
2
/yr) abatement, requires carbon cap-

ture and storage (CCS) from 600 large pulver-

ized coal plants (~1000 MW each) or 3600 in-

jection projects at the scale of Statoil’s Sleipner 

project.5 At present, global carbon emissions 

from coal approximate 2.5 Gt C. However, 

given reasonable economic and demand 

growth projections in a business-as-usual con-

text, global coal emissions could account for 9 

Gt C (see table 2.7). Th ese volumes highlight 

the need to develop rapidly an understanding 

of typical crustal response to such large proj-

ects, and the magnitude of the eff ort prompts 

certain concerns regarding implementation, 

effi  ciency, and risk of the enterprise. 

Th e key questions of subsurface engineering 

and surface safety associated with carbon se-

questration are:

Subsurface issues:

� Is there enough capacity to store CO
2
 where 

needed?

� Do we understand storage mechanisms 

well enough?

� Could we establish a process to certify in-

jection sites with our current level of un-

derstanding? 

� Once injected, can we monitor and verify 

the movement of subsurface CO
2
?

Near surface issues:

� How might the siting of new coal plants be 

infl uenced by the distribution of storage 

sites? 

� What is the probability of CO
2
 escaping 

from injection sites? What are the atten-

dant risks? Can we detect leakage if it oc-

curs?

� Will surface leakage negate or reduce the 

benefi ts of CCS?

Importantly, there do not appear to be unre-

solvable open technical issues underlying these 

questions. Of equal importance, the hurdles to 

answering these technical questions well ap-

pear manageable and surmountable. As such, 

it appears that geological carbon sequestra-

tion is likely to be safe, eff ective, and competi-

tive with many other options on an economic 

basis. Th is chapter explains the technical basis 

for these statements, and makes recommen-

dations about ways of achieving early resolu-

tion of these broad concerns.
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SCIENTIFIC BASIS

A number of geological reservoirs appear to 

have the potential to store many 100’s – 1000’s 

of gigatons of CO2.6 Th e most promising res-

ervoirs are porous and permeable rock bodies, 

generally at depths, roughly 1 km, at pressures 

and temperatures where CO2 would be in a 

supercritical phase.7

� Saline formations contain brine in their 

pore volumes, commonly of salinities 

greater than 10,000 ppm. 

� Depleted oil and gas fi elds have some com-

bination of water and hydrocarbons in their 

pore volumes. In some cases, economic 

gains can be achieved through enhanced oil 

recovery (EOR)8 or enhanced gas recovery9 

and substantial CO2-EOR already occurs 

in the US with both natural and anthropo-

genic CO2.10 

� Deep coal seams, oft en called unmineable 

coal seams, are composed of organic min-

erals with brines and gases in their pore 

and fracture volumes. 

� Other potential geological target classes 

have been proposed and discussed (e.g., oil 

shales, fl ood basalts); however, these classes 

require substantial scientifi c inquiry and 

verifi cation, and the storage mechanisms are 

less well tested and understood (see Appen-

dix 4.A for a more detailed explanation).

Because of their large storage potential and 

broad distribution, it is likely that most geo-

logical sequestration will occur in saline for-

mations. However, initial projects probably 

will occur in depleted oil and gas fi elds, ac-

companying EOR, due to the density and 

quality of subsurface data and the potential for 

economic return (e.g., Weyburn). Although 

there remains some economic potential for 

enhanced coal bed methane recovery, initial 

economic assessments do not appear promis-

ing, and substantial technical hurdles remain 

to obtaining those benefi ts.6

For the main reservoir classes, CO2 storage 

mechanisms are reasonably well defi ned and 

understood (Figure 4.1). To begin, CO2 se-

questration targets will have physical barri-

ers to CO2 migration out of the crust to the 

surface. Th ese barriers will commonly take 

the form of impermeable layers (e.g., shales, 

evaporites) overlying the reservoir target, al-

though they may also be dynamic in the form 

of regional hydrodynamic fl ow. Th is storage 

mechanism allows for very high CO2 pore vol-

umes, in excess of 80%, and act immediately 

to limit CO2 fl ow. At the pore scale, capillary 

forces will immobilize a substantial fraction 

of a CO2 bubble, commonly measured to be 

between 5 and 25% of the pore volume. Th at 

CO2 will be trapped as a residual phase in the 

pores, and acts over longer time scales as a 

CO2 plume which is attenuated by fl ow. Once 

in the pore, over a period of tens to hundreds 

of years, the CO2 will dissolve into other pore 

fl uids, including hydrocarbon species (oil and 

gas) or brines, where the CO2 is fi xed indefi -

nitely, unless other processes intervene. Over 

longer time scales (hundreds to thousands of 

years) the dissolved CO2 may react with min-

erals in the rock volume to precipitate the CO2 

as new carbonate minerals. Finally, in the case 

of organic mineral frameworks such as coals, 

the CO2 will physically adsorb onto the rock 

surface, sometimes displacing other gases 

(e.g., methane, nitrogen).

Although substantial work remains to char-

acterize and quantify these mechanisms, they 

are understood well enough today to trust es-

timates of the percentage of CO2 stored over 

some period of time—the result of decades of 

studies in analogous hydrocarbon systems, 

natural gas storage operations, and CO2-EOR. 

Specifi cally, it is very likely that the fraction 

of stored CO2 will be greater than 99% over 

100 years, and likely that the fraction of stored 

CO2 will exceed 99% for 1000 years6. More-

over, some mechanisms appear to be self-re-

inforcing. 11,12 Additional work will reduce the 

uncertainties associated with long-term effi  ca-

cy and numerical estimates of storage volume 

capacity, but no knowledge gaps today appear 

to cast doubt on the fundamental likelihood 

of the feasibility of CCS.
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Costs for injecting the CO2 into geologic for-

mations will vary on the formation type and 

its properties. For example, costs increase as 

reservoir depth increases and reservoir injec-

tivity decreases (lower injectivity results in the 

drilling of more wells for a given rate of CO2 

injection). A range of injection costs has been 

reported as $0.5-8/tCO2.6 Costs will also vary 

with the distance transported, the capacity 

utilization of the pipe, the transport pressure 

and the costs of compression (which also pro-

duces CO2).

It is anticipated that the fi rst CCS projects will 

involve plants that are very close to a seques-

tration site or an existing CO2 pipeline. As the 

number of projects grow, regional pipeline net-

works will evolve. Th is is similar to the growth 

of existing regional CO2 pipeline networks in 

west Texas and in Wyoming to deliver CO2 to 

the oil fi elds for EOR. For example, Figure 4.7 

suggests that a regional pipeline network may 

develop around the Ohio River valley, trans-

porting much larger volumes of CO2. 

RECOMMENDATIONS

Our overall judgment is that the prospect for 

geological CO2 sequestration is excellent. We 

base this judgment on 30 years of injection ex-

perience and the ability of the earth’s crust to 

trap CO2. Th at said, there remain substantial 

open issues about large-scale deployment of 

carbon sequestration. Our recommendations 

aim to address the largest and most important 

of these issues. Our recommendations call 

for action by the U.S. government; however, 

many of these recommendations are appro-

priate for OECD and developing nations who 

anticipate the use CCS.

Figure 4.7 Location of Coal Plants Relative to Potential Storage Sites

Map comparing location of existing coal-fi red power plants in the US with potential sequestration sites.  As stated earlier in the report, our knowledge of capacity for sequestration 
sites is very limited.  Some shaded areas above may prove inappropriate, while detailed surveys may show sequestration potential in places that are currently not identifi ed.
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1. Th e US Geological Survey and the DOE, 

and should embark of a 3 year “bottom-up” 

analysis of US geological storage capacity 

assessments. Th is eff ort might be modeled 

aft er the GEODISC eff ort in Australia. 

2. Th e DOE should launch a program to de-

velop and deploy large-scale sequestra-

tion demonstration projects. Th e program 

should consist of a minimum of three proj-

ects that would represent the range of US 

geology and industrial emissions with the 

following characteristics:

• Injection of the order of 1 million tons 

CO2/year for a minimum of 5 years. 

• Intensive site characterization with for-

ward simulation, and baseline monitoring

• Monitoring MMV arrays to measure the 

full complement of relevant parameters. 

Th e data from this monitoring should be 

fully integrated and analyzed.

3. Th e DOE should accelerate its research pro-

gram for CCS S&T. Th e program should 

begin by developing simulation platforms 

capable of rendering coupled models for 

hydrodynamic, geological, geochemical, 

and geomechanical processes. Th e geo-

mechanical response to CO2 injection and 

determination or risk probability-density 

functions should also be addressed.

4. A regulatory capacity covering the injec-

tion of CO2, accounting and crediting as 

part of a climate regime, and site closure 

and monitoring needs to be built. Two pos-

sible paths should be considered — evolu-

tion from the existing EPA UIC program 

or a separate program that covers all the 

regulatory aspects of CO2 sequestration.

5. Th e government needs to assume liabil-

ity for the sequestered CO2 once injection 

operations cease and the site is closed. Th e 

transfer of liability would be contingent on 

the site meeting a set of regulatory crite-

ria (see recommendation 4 above) and the 

operators paying into an insurance pool to 

cover potential damages from any future 

CO2 leakage. 
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