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Please Note

• The full presentation by Dr. Gupta is divided into 
three parts. This is part one.  Parts two and three  
are available online at: www.mrcsp.org

• The original slides presented at the briefing did not 
include as much text as is included in this version. 
New text slides have been added to make it easier 
for viewers of the slides to follow the main points.

• Frequently, the new text slides have been inserted 
in front of the original slides to offer more detailed 
explanation.
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Overview

This section of the presentation presents issues related to the policy and 
implementation aspects relevant to CO2 capture and storage (CCS) at several 
different scales of evaluation. There are key questions to consider at each scale as 
follows:

1. Global scale: What is the potential role and cost of CCS in stabilizing CO2 emissions? Is 
there enough potential capacity to warrant the expense of this effort?

2. Continental scale: Can we cost-effectively match CO2 sources to potential sinks?

3. Basin scale: Can we accurately characterize the groundwater flow? 

4. Facility scale: Is the formation likely to be a good reservoir? A function of:
– Regional scale analysis
– Pore scale analysis
– Injection well scale analysis.

1. Global

Scale

2. 
Continent

Scale

3. Basin

Scale

4. Facility

Scale
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Global Carbon Management Challenge:
Technologies in the Current R&D Pipeline Are Not Enough
The following slide shows:
• With no advanced technological improvement, projected emissions in this 

(hypothetical) scenario rise substantially over the century (top purple line) 
that literally “run off the chart.”

• The middle red curve shows projected carbon emissions across the globe 
over the course of this century assuming aggressive deployment of 
advanced clean energy technologies such as solar, wind, nuclear, and end-
use energy efficiency including transportation (“business as usual” or 
“innovation as usual”). As can be clearly seen, the continued deployment of 
these technologies results in dramatically lower global carbon emissions, 
however these emissions are still too high and do not lead to stabilized 
concentrations of greenhouse gases which is the goal if we wish to avoid 
“dangerous anthropogenic interference with the earth’s climate.

• So,continued advancement and continued deployment in advanced clean 
energy technologies such as solar, wind, nuclear, and end-use energy 
efficiency including transportation is an essential element of addressing 
climate change, but if we are to stabilize atmospheric concentrations of 
greenhouse gases we need to do more. There is a large body of technical 
literature that says that CCS technologies could be a significant aspect of the 
needed additional actions required to get global carbon emissions on a path 
towards stabilization (bottom blue line).
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1990 Technology
Business As Usual
Technology Enabling Stabilization

“Stabilization GAP”
480 GtC

“BAU GAP”
1300 GtC

Global Carbon Management Challenge:
Technologies in the Current R&D Pipeline Are Not Enough

Business As Usual 
(“Innovation as Usual”)
(~500 GT over budget)

Path we need to be on to
stabilize carbon at 550ppm
(Carbon Budget = ~1043 Gigatons)

No Technological Improvement

(~2000 GT over budget)

Solar/Wind
Nuclear
Efficient Fossil Electric
Advanced Transportation
End Use Efficiency

Source: Joint Global Change Research Institute
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Modeling Carbon Sequestration - Value of Carbon 
Permit Prices 2005 to 2095 (Coal Based Future)

• The following slide presents a graphic depiction of the cost of 
stabilizing atmospheric concentrations of CO2 at various levels 
and assuming two different advanced energy technology 
portfolios based on integrated assessment by the Joint Global 
Change Research Institute (JGCRI).

• The first (left hand panel) assumes that significant strides are
made in developing and globally deploying advanced clean 
energy technologies such as solar, wind, nuclear, and end-use 
energy efficiency including transportation.

• The second portfolio (right hand panel) adds to this first portfolio 
the option of capturing and storing CO2 where it makes economic 
sense.

• As can be seen from this slide, adding CCS to the portfolio of 
options has a significant impact on how expensive it might be to
stabilize atmospheric concentrations of CO2.

• This suggest to us that CCS appears to be an option that is worth 
pursuing further.
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Modeling Carbon Sequestration - Value of 
Carbon Permit Prices 2005 to 2095 (Coal 
Based Future)
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Global CO2 Storage Capacity
A Very Heterogeneous Natural Resource
Global CO2 Storage Capacity
A Very Heterogeneous Natural Resource

•~8100 Large CO2 Point 
Sources

• 14.9 GtCO2/year

•>60% of all global 
anthropogenic CO2
emissions

•Potentially 11,000 GtCO2 of 
available storage capacity

•US, Canada and Australia 
likely have sufficient CO2
storage capacity for this 
century

•Japan and Korea’s ability to 
continue using fossil fuels 
likely constrained by 
relatively small domestic 
storage reservoir capacity
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At the Continent Scale

• At the continental level, CCS can only work if one can cost-
effectively match CO2 sources to sinks. This involves:
– Identifying regions with requirements for CCS based on 

emissions from power plants and other industrial sources
– Identifying and categorizing potential host formations
– Establishing an understanding of the preliminary 

feasibility
– Combining estimates from several local/regional studies 

e.g., global capacity estimates, North American cost 
curve studies.

• The following slides present this analysis for North America.
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Matching Sources and Sinks

• The following slides assess the potential cost-
effectiveness of CCS in North America:
– Slide 11 describes the methodology employed by Battelle 

to evaluate the costs of CCS.
– Slide 12 presents the universe of data points; there is a 

large number of CO2 sources and sinks.
– Using the cost minimization approach, each source is 

mapped to the most cost effective reservoir and then 
grouped by region. This is seen on slide 13.

– Slide 14 shows all of the regional curves aggregated into 
one marginal cost curve for North America. The curve 
shows the relative cost of different CCS approaches and 
the relative magnitude of tons that could be sequestered.
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Cost Curve Methodology: 
Identifying Least-Cost Pairings, Considering 
Reservoir Capacity Constraints

• Cost-minimizing decision process based on:
– Source characteristics
– Distance to reservoir
– Reservoir characteristics
– Oil and natural gas price
– Remaining capacity of reservoir and minimum 

capacity commitment required by source
– Requirement that reservoir must be able to 

store at least 10 or 20 years’ worth of the 
point source’s CO2

• Pairing requests are filled in order of net transport & storage cost.
• Results in a cost curve of cumulative CO2 capacity supplied on an 

annual basis vs. cost ($/tCO2).

Source-Reservoir Pairing
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Large Scale CCS Deployment Potential
Diverse Set of Sources and Sinks

• 2,730 GtCO2 in deep saline formations (DSF) with 
perhaps close to another 900 GtCO2 in offshore DSFs

• 240 Gt CO2 in on-shore saline filled basalt formations 
• 35 GtCO2 in depleted gas fields
• 30 GtCO2 in deep unmineable coal seams with potential    

for enhanced coalbed methane (ECBM) recovery
• 12 GtCO2 in depleted oil fields with potential for enhanced 

oil recovery (EOR)

• 1,053 electric power plants 
• 259 natural gas processing 

facilities
• 126 petroleum refineries 
• 44 iron & steel foundries
• 105 cement kilns 

• 38 ethylene plants
• 30 hydrogen production 
• 19 ammonia refineries
• 34 ethanol production plants
• 7 ethylene oxide plants

1,715 Large Sources (100+ ktCO2/yr) 
with Total Annual Emissions = 2.9 GtCO2

3,900+ GtCO2 Capacity within 230 Candidate 
Geologic CO2 Storage Reservoirs
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What Will it Cost to Use 
Sequestration Technologies?
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“CCS” Not one Homogeneous Technology 
and Not a Homogeneous Market
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The Net Cost of Employing CCS within the United States -
Current Sources and Technology

(8) Smaller coal-fired power 
plant / nearby (<25 miles) 
deep saline basalt formation

(8) Smaller coal-fired power 
plant / nearby (<25 miles) 
deep saline basalt formation

(7) Iron & steel plant / nearby 
(<10 miles) deep saline 
formation

(7) Iron & steel plant / nearby 
(<10 miles) deep saline 
formation

(6) Coal-fired power plant / 
moderately distant (<50 miles) 
depleted gas field 

(6) Coal-fired power plant / 
moderately distant (<50 miles) 
depleted gas field 

(5) Large, coal-fired power plant 
/ nearby (<25 miles) deep saline 
formation

(5) Large, coal-fired power plant 
/ nearby (<25 miles) deep saline 
formation

(4) High purity hydrogen 
production facility / nearby 
(<25 miles) depleted gas 
field

(4) High purity hydrogen 
production facility / nearby 
(<25 miles) depleted gas 
field

(3) Large, coal-fired 
power plant / nearby 
(<10 miles) ECBM 
opportunity

(3) Large, coal-fired 
power plant / nearby 
(<10 miles) ECBM 
opportunity

(2) High purity natural gas 
processing facility / 
moderately distant (~50 
miles) EOR opportunity

(2) High purity natural gas 
processing facility / 
moderately distant (~50 
miles) EOR opportunity

(1) High purity ammonia 
plant / nearby (<10 miles) 
EOR opportunity

(1) High purity ammonia 
plant / nearby (<10 miles) 
EOR opportunity

(10) Gas-fired power plant / 
distant (>50 miles) deep 
saline formation

(10) Gas-fired power plant / 
distant (>50 miles) deep 
saline formation

(9) Cement plant / distant 
(>50 miles) deep saline 
formation

(9) Cement plant / distant 
(>50 miles) deep saline 
formation
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At the Continent Level: CCS is Viable
• The CO2 storage resource is vast and well-distributed across much of 

North America.  It offers the potential to address the possible future CO2
reduction needs of literally trillions of dollars of productive industrial 
infrastructure (power plants, refineries, and other facilities).

• While the resulting cost curves span a wide range of costs, the most 
relevant metric is: What is the cost of storage capacity that is likely to be 
used?
– Several GtCO2 could be stored for less than -$5/tonCO2
– Tens of GtCO2 could be stored for less than $10/ton CO2
– Thousands of GtCO2 could be stored for less than $12-$15/tCO2

• The size of the low-cost storage resource could be significantly larger if oil 
and gas prices remain above their historic norms and/or if we can evolve 
technology/operations to allow for enhanced access to smaller formations 
or to otherwise reduce infrastructure costs.

• For North America, CCS should be quite cost effective when compared to 
other large-scale abatement options.
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At the Basin Scale

• Evaluation of sedimentary basin scale geology, 
tectonics and hydrodynamics (e.g. Appalachian 
Basin, Alberta Basin, Project Joule, MRCSP) will 
determine if the area is potentially suitable for CCS.

• Features of the basin characterization include:
–Multiple layers present in a geologic basin
–Encompassing several states or regions
–Evaluation of the CO2 emissions vs. capacity
–Regional regulatory and economic aspects.
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Ground Water Flow Regimes

The following slide, which shows three different kinds of 
ground water flow regimes, illustrates the rationale for storing
carbon dioxide deep underground where liquids would take 
millions of years to reach the surface.

• The first regime involves local flow. Liquids entering the 
groundwater will take tens of years to reach the surface 
(scale is meters per decade).

• The second regime involves intermediate flow. Liquids 
entering the groundwater will take thousands of years to 
reach the surface (scale is meters per century).

• The third regime involves regional flow. Liquids entering the 
groundwater will take millions of years to reach the surface 
(scale is meters per millennium).

18

(after Toth, 1963)

Ground-Water Flow Regimes

Local 
Flow Cells

Local 
Flow Cells

Intermediate 
Flow Cells

Intermediate 
Flow Cells

CO2

Regional Flow Cells
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Basin Scale: Example of the Silurian-
Devonian Carbonate Layers in Ohio
• The following slide illustrates the changes in salinity 

found in ground water taken from various locations 
within a major aquifer system in Ohio.

• The dramatic increase in salinity where the aquifer is 
significantly deeper illustrates the change from 
freshwater zones to brine zones.

• Only the areas that are farther away from freshwater 
zones are acceptable for geologic sequestration.
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• The following slide illustrates in cross-section format what 
might be the expected physical structure the major rock 
layers (including the Silurian-Devonian Carbonates shown in 
the previous slide) as we travel from Illinois to Appalachian 
Basin.

• The shallow layers have relatively freshwater and salinity and 
fluid density increases with increasing depth in the deeper 
basins.

• The shallow portions are representative of a local flow regime 
(shown in yellow on the previous slide) and the deep portions 
are representative of a regional flow regime (shown in red on 
the previous slide) with nearly static flow systems. 

Saline Zones in Deep Formations

22

Saline Zones in Deep Formations
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At the Facility Scale

• In order to evaluate whether a particular facility or 
area will likely be suitable for CCS, several detailed 
analyses take place at the:
–Regional scale: to see if the formation is generally 

suitable for storage and containment
–Injection well scale: to see if the area in which the 

injection well will be drilled can accommodate 
suitable injection rates

–Pore scale: to see if the rock in the injection zone 
is suitable
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Regional Reservoir Analysis

• Evaluation of a single formation for use by multiple 
injection sites e.g., Mt. Simon Sandstone, Regional 
Partnership mapping efforts.

• Regional data on aquifer depth, thickness, 
permeability, porosity, water levels/pressure, 
confining layers, tectonics.

• Regional geochemistry and mineralogy.
• Regional CO2 emissions vs. capacity.
• Economic and regulatory analysis.
• See later, more detailed discussion on MRCSP.
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Injection Well Scale Analysis

• Before moving ahead with an injection project, researchers 
undertake site-specific injection well scale studies (e.g., 
Mountaineer, Frio, Sleipner, Phase II of the Regional 
Carbon Sequestration Partnerships)

• Core samples of the rock in the intended well location are 
evaluated for:
– Lateral and vertical fluid movement from injection-zone, 

sweep efficiency, storage capacity
– Multiple-phase, variable-density, viscosity effects
– Pressure buildup and dissipation
– Geochemical reactions
– Risk assessment and cost-benefit issues.
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Pore Scale Analysis

• Researchers evaluate the following characteristics:
– Multiple-phase movement of fluids – CO2, water/brine, natural gas, 

phase transitions, surface tension, relative permeability
– Density and viscosity effects
– Geochemical and mineralogical aspects – dissolution, Eh, pH, 

precipitation, temperature, kinetics, reaction path modeling
– Detailed assessments at sites like sequestration sites such as 

Mountaineer.

• Good candidate reservoirs are generally deep sandstones 
or porous carbonates with thick layers of non-permeable 
rock above.
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Porosity 

• The following slide shows a picture of limestone, 
showing porosity formed due to dissolution over 
geologic time periods.  This example is from an oil 
producing paleo-reef zone in Michigan. This is 
representative of a type of rock that would be used 
for CCS.
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Coarsely crystalline dolomite formed by 
mineral replacement of calcite, increase 
in porosity from dolomitization, and later 
oil migration.

Source: Western Michigan University


