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REPORT SUMMARY

This project developed life-cycle costs for the major technologies and practices under
development for CO, storage and sink enhancement. The technologies evaluated included
options for storing captured CO, in active oil reservoirs, depleted oil and gas reservoirs, deep
aquifers, coal beds, and oceans, as well as the enhancement of the carbon sequestration in forests
and croplands. The capture costs for a nominal 500 MW _ integrated gasification combined cycle
plant from an earlier study were combined with the storage costs from this study to allow
comparison among capture and storage approaches as well as sink enhancements.

Background

In order to plan for potential CO, mitigation mandates, energy companies need better cost
information on CO, mitigation options, especially storage and sink enhancement options that
involve non-energy company operations. One of the major difficulties in evaluating CO, storage
and sink enhancement options is obtaining consistent, transparent, accurate, and comparable
€conomics.

Objective
To develop consistent, transparent, accurate, and comparable economics of direct and indirect
sequestration of CO, to allow comparison between alternatives.

Approach

An international group of experts developed economic premises and cost evaluations to allow the
comparison of a wide range of CO, sequestration options. The project team calculated material
balances, developed equipment lists and prices, and estimated installation costs. Economic
evaluations for this project were estimated to +25 to 30 percent, with the ability to modify values
to be relatively site-specific. The economics of sequestration in this project are consistent with
economics of advanced power generation with CO, capture EPRI is developing for DOE. The
economic framework also includes life cycle analysis for the various sequestration options— all
greenhouse gas emissions from cradle to grave were estimated and considered in the analysis.
The economic analysis used spreadsheet models that are flexible enough to allow a wide
variation in the range of parameters to be evaluated and the sensitivity cases to be run. The
carbon equivalent (CE) life-cycle greenhouse gas (LC GHG) emissions avoided by the capture
and storage options assume CO, capture and injection into storage reservoirs during the 20-year
book life of the capture and storage plants and storage of injected CO, for another 80 years.



Results

Costs for the base cases ranged from $-43 to 39/tonne of CO, equivalent LC GHG avoided. The
forestry options are the least expensive except for the U.S. Pine case. Several forestry options
would generate a positive return on investment. Next least expensive are the active oil reservoir
and coalbed options followed by most of the cropland options. The other capture and storage
options tend to be more expensive.

Base-case forest and cropland areas required to offset LC GHG emissions avoided by base-case
CO, capture and storage are generally ten times more for cropland than forest land.

EPRI Perspective

Making these comparisons was a challenge due to the differences between direct and indirect
cases. The resulting numbers should only be used as a relative indication of cost. Site-specific
characteristics could significantly change the outcome of the comparisons. In this study, the
forestry options are very attractive along with capture using active oil reservoirs for storage.
Other factors, such as land availability and storage option location and capacity will also play a
significant part in which options make the most sense at a given site.

The current work should be considered only a starting point. Better cost information and
improvements to processes are likely to be developed and need to be incorporated into updates of
this information. In addition, there are plans to update and add to portions of the current work to
answer questions that arose but were beyond the scope of the current effort. For example, what
happens to the costs if the power plant operates for longer than the plant book life? Also, how do
the economics look for other power generation options? These and other questions will be
evaluated in updates to this work.

Keywords

Carbon dioxide
Sequestration

CO, capture and storage
CO, sink enhancement
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EXECUTIVE SUMMARY

Introduction

In order to plan for potential CO, mitigation mandates, energy companies need better
information on the costs of alternative CO, mitigation options, especially storage and sink
enhancement options that involve non-energy company operations. One of the major difficulties
in evaluating CO; storage and sink enhancement options is obtaining consistent, transparent,
accurate, and comparable economics. This project compares the economics of major
technologies and practices under development for CO; storage and sink enhancement, including
options for storing captured CO,, such as active oil reservoirs, depleted oil and gas reservoirs,
deep aquifers, coal beds, and oceans, as well as the enhancement of biological sinks such as
forests and croplands.

The primary funding source for the project was the Department of Energy (DOE). The
Tennessee Valley Authority (TVA) and the Electric Power Research Institute (EPRI) also
provided additional funds. An international group of experts was assembled to develop the
technology/ practice designs, the economic premises, and cost evaluations. TVA was the prime
contractor for this project, responsible for overall completion of the effort. EPRI organized
efforts to select specific sequestration processes to be evaluated for captured CO, and
coordinated the efforts of consultants from MIT, SFA Pacific, and the IEA Greenhouse Gas
Programme to develop and refine the framework for the economic evaluations. MIT and Parsons
Infrastructure and Technology developed process designs for captured CO, storage processes
and helped TV A develop economic models for comparing technologies and practices. The
University of Tennessee Agricultural Policy Research Center, in collaboration with TVA,
evaluated the economics of enhancing CO, sequestration in croplands. The IEA Greenhouse Gas
Programme and the Edinburgh Centre for Carbon Management (ECCM) developed the concept
design for evaluating the forest sequestration options.

Economic Framework

Most of the cost comparisons to date have concentrated on CO; capture, with the assumption that
CO; sequestration is a small part of these costs. In addition, these comparisons have used
information supplied from studies of specific technologies, and the variability in costs due to
variability in assumptions and lack of visibility into assumptions lessens the usefulness of the
results. In the case of sequestration, virtually no comparative economic evaluations of processes
have been done.

Methodologies for developing economic comparisons are generally available. They range from
very detailed £10 percent for site-specific evaluations, where final decisions are made between
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options, to very general economics with little insight into the economic premises that were used
to develop the economics. The latter is usually a simplification of more detailed economics for
very high-level comparisons. In some cases, probability analyses are included to help evaluate
risks. This usually adds significantly to the complexity of the model and the time to develop
results. The model may use simplified economics to allow probability analysis without making
the model too complex to run in a reasonable time.

The economic evaluations developed for this project are between the ranges described above and
are typical of prior EPRI economics where a +25 to 30 percent estimate is made, with the ability
to modify values to be relatively site-specific. Material balances are made, equipment lists and
pricing are developed, and installation costs are estimated. These types of evaluations are
intended to be transparent, consistent, and comparable. They are consistent with the EPRI
economics of advanced power generation with CO, capture being developed for DOE.
Probability analysis was not included to keep the results consistent with other EPRI studies.

The economic framework also included life cycle analysis for the various sequestration options.
This means that all greenhouse gas emissions from cradle to grave were estimated and
considered in the analysis. The economic analysis used spreadsheet models that are flexible
enough to allow a wide variation in the range of parameters to be evaluated and the sensitivity
cases to be run. The CO, storage options were sized to accommodate the CO, from our base case
capture plant (see the design basis in the CO; capture, transport and storage section). In addition,
the amount of forest and cropland required to sequester the same amount of CO, over a 100-year
planning horizon was calculated.

Concepts Evaluated

The potential processes and concepts to be evaluated were initially prioritized, and the concepts
were placed into three categories—(1) included, (2) may be included but more information is
needed before a final decision can be made, and (3) not included due to the lack of good
information at this time. Because one of the most unique aspects of this work is the comparison
between storage of captured CO; and sink enhancement, it was felt that at least one of each type
should be included. The list of concepts and their final status is presented in Table ES-1.

Table ES-1
Concepts status

Included Not Included
Aquifers Ocean Fetrtilization
Oil Reservoirs Mineralization
Depleted QOil and Gas

Reservoirs

Ocean Storage

Forests

Croplands
Coal Beds
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In the case of ocean fertilization and mineralization, it is felt that at this time there is not enough
reasonable information to develop a meaningful concept description and that these processes
should not be included until more R&D is performed.

The following three sections cover the results of the cases for (1) CO, capture, transport and
storage, (2) forestry, and (3) croplands. The last section presents the comparisons between cases.

CO, Capture, Transport and Storage

Overview

This section summarizes the basis of design, methodology, and results for calculating the costs
for transport and storage of captured CO,. Additional details and background information are
contained in Chapters 3-9. At the end of this section, the capture costs from the DOE/EPRI study
referenced in the next section are combined to get the capture, transport and storage costs.

In conjunction with overland transport via pipeline, the following storage options were
evaluated:

e Enhanced oil recovery

e Enhanced coalbed methane recovery

e Depleted oil reservoir storage

e Depleted gas reservoir storage

e Deep saline aquifer storage

e Ocean storage via pipeline

e Ocean storage via tanker

For each option, a baseline conceptual design was generated. From the baseline conceptual
design, capital and O&M costs, and an economic analysis with several figures of merits were

developed in a spreadsheet format. These were then used to develop sensitivity analyses and life
cycle analyses, again in a spreadsheet format.

Design Basis

A nominal 500 MW, gross integrated gasification combined cycle (IGCC) plant operating at an
80 percent capacity factor was utilized as the production source of CO,. This was based on the
DOE/EPRTI’s recent study on the “Evaluation of Innovative Fossil Fuel Power Plants with CO,
Removal”'. Table ES-2 shows a summary of the parameters used in this study taken from the
DOE/EPRI report for Case 3a, “IGCC with CO, Removal”.

! “Evaluation of Innovative Fossil Fuel Power Plants with CO, Removal,” EPRI Report No. 1000316, Interim
Report, December 2000, Cosponsors: U.S. Department of Energy/Office of Fossil Energy and U.S. Department of
Energy/NETL, EPRI Project Manager N. A. H. Holt.
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Table ES-2
Summary of parameters for IGCC power plant with CO, removal
Parameter Unit Value
Thermal Input, HHV 10° Btu/h 3,723
Gross Power Output MW 490.4
Net Power Output MW 403.5
Efficiency, HHV % 37.0
Capacity Factor Y% 80
CO, Captured t/d 7,389
million scm/d 3.76
CO; Emitted kg/kWh 0.073
CO, Avoided in Capture t/d 6,246
CO, Capture Cost $/t captured 14.55
CO, Capture Cost $/t avoided in capture 17.21
Plant Life y 20
Capital Charge Factor % 15.0
Fuel Cost $/GJ 1.18
Fuel Real Esc. Rate %ly 0.00
Fuel Levelization Factor 1.00
TPC $/kW 1,642
Fixed O&M $/kKW-y 32.98
Variable O&M $/MWh 3.90
Heat Rate, HHV kJ/kWh 9,727
Capital $/MWh 35.04
Oo&M $/MWh 8.61
Fuel $/MWh 11.44
LCOE $/MWh 55.08

10°Btu = 1.06 GJ

In the case of the ocean storage options, it is assumed that three IGCC power plants supply CO,
to a shoreline collection point. It was felt that this provided a more realistic evaluation for this
option. Based on this, the ocean storage systems need to be designed to handle three times the
quantity of CO,, i.e. 11.29 million scm (22,167 tonnes), as opposed to 3.76 million scm (7,389
tonnes), of CO, per day.
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A pipeline specification of (152 bar, -40°C dewpoint, N,<300 ppmv, O,<40 ppmv, Ar<10 ppmv)
was used for the quality of the CO,. The DOE/EPRI study is consistent with this except for the
CO; pressure. The DOE/EPRI study was based on compressing the CO, to 83 bar. This study
includes additional compression to 152 bar.

Methodology
Pipeline Transport

The pipeline inlet CO, pressure is set equal to 152 bar, which is equivalent to the pressure of the
CO; supplied by the base case IGCC plant. Based on a recommendation that the pipeline CO,
pressure not be allowed to fall below 103 bar, this latter value is used for the pipeline outlet CO,
pressure. The maximum allowable pressure drop per unit length (*P/+L) is found as the
difference between the pipeline inlet and outlet CO, pressures divided by the pipeline length.
The pipeline diameter is then calculated using the equations for pressure drop and head loss due
to frictional resistance in a pipe, assuming turbulent flow.

Land construction cost data for natural gas pipelines was used to estimate construction costs for
CO, pipelines. The cost data found for natural gas pipelines consists of cost estimates filed with
the United States’ Federal Energy Regulatory Commission (FERC), and reported in the Oil and
Gas Journal. A regression analysis on this data yields a pipeline construction cost of
$20,989/in/km ($33,853/in/mile). O&M costs are estimated to be $3,100/km ($5,000/mile),
independent of pipeline diameter.

The total annual cost per tonne of CO, is found by annualizing the construction cost using a
capital charge rate of 15% per year and adding this to the annual O&M cost. Figure ES-1 shows
the cost per tonne of CO; per 100 km as a function of CO, mass flow rate. Economies of scale
are reached with annual CO,; flow rates in excess of 10 million tonnes per year. At these rates,
transport costs are less than $1 per tonne of CO, per 100 km. Note that the annual flows
evaluated in this study, corresponding to the IGCC plant described above, are 2.16 million
tonnes per year (7,389 tonnes per day with an 80% capacity factor).
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Total Annual Cost
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Figure ES-1

Cost for CO, transport via pipeline as a function of CO, mass flow rate

Note that these costs are not on a CO, equivalent life cycle greenhouse gas basis. This
information was developed using an MIT pipeline model. Transport values used for the rest of
the transport and storage cases are on an equivalent life cycle greenhouse gas basis.

Enhanced Oil Recovery

For specific projects, the complex interactions between the injected CO, and reservoir oil would
be modeled to assess the likely performance of a proposed CO,-EOR project. Based on the
output of this modeling, the cost of the proposed CO; flood is calculated. However, for our
purposes of developing general costing algorithms, ‘rules of thumb’ are used to define the
engineering parameters needed to estimate the cost of a CO,-EOR project. These ‘rules of
thumb’ have been derived based on information from experts in the field and the literature.

The method used for costing the EOR process can be split up into a number of steps. The
illustration presented here uses numbers from our base case (see Table ES-3). First, the average
amount of enhanced oil produced per day for the given CO, mass flow rate is determined using a
CO, effectiveness factor of 170 standard cubic meters (6,000 standard cubic feet) of new CO,
per bbl of enhanced oil. Second, the number of production wells is found by dividing this total
amount of enhanced oil produced per day by an assumed average of 40 bbl of enhanced oil per
day being produced at each well. Third, a ratio of producers to injectors of 1 to 1.1 is used to
calculate the number of injection wells from the number of production wells. Fourth, the capital
cost of the CO, recycle plant is determined based on a maximum CO; recycle ratio of 3, with an
average recycle ratio of 1.1 being used for the plant’s O&M costs. Finally, the capital and O&M
costs associated with the wells and the field equipment are calculated.

Xiv
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The EIA ‘Costs and Indices for Domestic Oil and Gas Field Equipment and Production
Opera‘tions’2 report was used as the basis for field equipment and production operations costs.
Costs and indices for additional secondary oil recovery equipment and its operation were
provided for a representative lease, located in west Texas. This lease, or module, comprises 10
production wells, 11 water injection wells and 1 disposal well, and the wells are nominally 4,000

feet, or 1,219 m, deep.

Table ES-3 below defines three cases, a base case, a high cost case, and a low cost case. We
analysed typical EOR operating data to determine a base case and range for each critical
variable. These values were then used to define the cases described in Table ES-3. Costs for
EOR and the other CO,; storage options assessed in this project were calculated on a CO,
equivalent life-cycle (LC) GHG avoided basis as described in Chapter 2.

Table ES-3

EOR case descriptions and costing results

Parameter Units EOR EOR EOR

Base Case High Cost Case | Low Cost
Case

CO, Effectiveness scm/bbl enhanced oil 170 227 85

Oil Production per bbl enhanced oil/d/well | 40 20 70

Well

Maximum Recycle 3 4 1

Ratio

Oil Price $/bbl 15 12 20

Depth m 1,219 2,438 610

Pipeline Distance km 100 300 0

Previous Yes No Yes

Waterflooding

Total Oil Production* bbl enhanced oil/d 22,142 16,582 44,285

Number of 10/11 Well 56 83 64

Modules*

New CO,* scm/day/module 68,000 45,000 59,000

Maximum Recycled scm/day/module 204,000 182,000 59,000

CO,*

Levelized Annual CO, | $/tonne CO, eq. LC (12.21) 73.84 (91.26)

Net Storage Cost*

GHG avoided

* calculated

2 Energy Information Administration (Office of Oil and Gas), “Costs and Indices for Domestic Oil and Gas Field
Equipment and Production Operations,” [Online document], Mar. 2000, [cited Jan. 2002], Available HTTP:

http://www.eia.doe.gov/oil_gas/natural_gas/data_publications/cost_indices/c_i.html
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Enhanced Coalbed Methane Recovery

As in the case of the CO,-EOR concept design, ‘rules of thumb’ are used to define the
engineering parameters needed to estimate the cost of a CO,-ECBMR project. The illustration
presented here uses numbers from our base case (see Table ES-4). First, the total amount of
enhanced CBM produced per day for the given CO, mass flow rate is determined using a CO,
effectiveness factor of two scm CO; per scm of enhanced CBM. Second, the number of
production wells is found by dividing this total amount of enhanced CBM produced per day by
an assumed 14,000 scm of enhanced CBM per day being produced at each well. Third, a ratio of
producers to injectors of 1 to 1 is used to calculate the number of injection wells from the
number of production wells. Fourth, it is assumed that no recycling of CO; is required. Finally,
the cost of drilling and equipping the required production and injection wells is calculated.

Prior to acquiring a lease position, geological expenditures, geophysical expenditures, and
engineering-based feasibility studies are often conducted. In addition, outlays are generally
required for obtaining the lease and its associated permits. These front-end costs will vary
greatly but may range from $20,000 to $30,000 per well for a commercial project. For this
study, a cost of $25,000 per well is assumed.

All of the other field costs, except for the well drilling cost, are based on data contained in the
EIA ‘Costs and Indices for Domestic Oil and Gas Field Equipment and Production Operations’
report. A representative ECBMR lease, or module, comprising 10 CO; injection wells and

10 producing wells with dewatering facilities is used for the design basis. The 10 CO; injection
wells are drilled to a depth of 610 m and equipped with a battery of lease equipment, which
includes distribution lines, headers, electrical service, and controls. The 10 producing wells, also
drilled to a depth of 610 m, are equipped with beam balanced/sucker rod dewatering.

The well drilling cost is calculated based on a relationship derived from data contained in the
‘1998 Joint Association Survey (JAS) on Drilling Costs’ report.3 This relationship between well
depth and drilling cost is shown in Figure ES-2. To determine the relationship, regression
analysis was performed on drilling cost data for onshore gas and oil wells. The total well drilling
cost is found by multiplying the cost of drilling a single well for the given reservoir depth, taken
from the graph, by the required number of wells.

3 American Petroleum Institute — Policy Analysis and Statistics Department, “1998 Joint Association Survey on
Drilling Costs,” [Online document], Nov. 1999, Available HTTP:

http://www.api.org/axs-api/products/joint.htm
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Well Drilling Cost as a Function of Depth
1998 Onshore Gas & Oil Well Data
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Figure ES-2

Well drilling cost as a function of depth

Table ES-4 defines a base case, a high cost case, and a low cost case derived from an analysis of
typical ECBMR operating data.

Table ES-4

ECBMR case descriptions and costing results

Parameter Units ECBMR ECBMR ECBMR
Base Case High Cost Low Cost
Case Case

CO, Effectiveness scm/scm enhanced 2 10 1.5
CBM

CBM Production per scm enhanced 14,000 3,000 30,000

Well CBM/d/well

Gas Price $/10° Btu 2 1.80 3

Depth m 610 1,219 610

Pipeline Distance km 100 300 0

Total CBM Production* | million scm enhanced 1.88 0.38 2.51
CBwM/d

Number of 10/10 Well 135 126 84

Modules*

Number of CO, Wells* 135 126 84

New CO,* scm/d/well 28,000 30,000 45,000

Levelized Annual CO;, | $/tonne CO; eq. LC (5.59) 18.88 (25.72)

Net Storage Cost* GHG avoided

* calculated

XVii




EPRI Licensed Material

Depleted Gas and Oil Reservoir/Aquifer Storage

Depleted natural gas and oil reservoirs, and deep saline aquifers, differ quite substantially from
one another in terms of typical values of reservoir parameters such as pressure, thickness, depth,
and permeability. The processes that govern the rate at which CO; can be injected at a well, and
thus the number of wells required, are however essentially identical for the three types of
reservoir. Given this, the same costing methodology is applied to each of the three geologic CO,
storage options.

The cost model for the geologic CO, storage options can be broken down into a number of
components. First, there is a relationship for calculating the number of wells required for a given
CO; flow rate, CO, downhole injection pressure, and set of reservoir parameters. Second, an
iterative procedure is used to take into account the interdependent relationship between CO,
downhole injection pressure and well number. Third, a set of capital and O&M cost factors are
used to determine cost based on well number.

The well number calculation requires inputs for CO, mass flow rate, CO, downhole injection
pressure, and reservoir pressure, thickness, depth, and permeability. The relationship shown in
Figure ES-3 is used to determine CO, injectivity from CO, mobility*. CO, injectivity is defined
as the mass flow rate of CO, (m) that can be injected per unit of reservoir thickness (h) and per
unit of downhole pressure difference (Pjyj — Pres). CO, mobility is defined as the CO, absolute
permeability divided by the CO, viscosity. Given the CO; injectivity, the CO; injection rate per
well (Q) can be calculated as

Finally, the number of wells required (n) is given by

n=m/Q

4 Law, D. and S. Bachu, “Hydrogeological and numerical analysis of CO, disposal in deep aquifers in the Alberta
sedimentary basin,” Energy Convers. Mgmt., 37:6-8, pp. 1167-1174, 1996.
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CO, Injectivity as a Function of CO, Mobility
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Figure ES-3

CO; injectivity as a function of CO, mobility

The capital cost for site screening and evaluation is based on an estimate given in a recent study
by the Battelle Memorial Institute.” This study estimated the costs for preliminary site screening
and candidate evaluation at $1,685,000.

All of the other costs, except for the well drilling cost, are calculated based on values given in the
EIA ‘Costs and Indices for Domestic Oil and Gas Field Equipment and Production Operations’
report. Average lease equipment costs and O&M costs were developed on a per well basis. In
the case of the injection equipment and surface maintenance, these average cost values are
adjusted to take into account the number of wells. Similarly, the average cost value for
subsurface maintenance is adjusted to take into account the well depth. These capital and O&M
cost factors/functions are given in Table ES-5.

> Smith, L.A. et al, “Engineering and Economic Assessment of Carbon Dioxide Sequestration in Saline

Formations,” presented at the First National Conference on Carbon Sequestration, May 14-17, 2001, Washington

D.C.
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Table ES-5
Capital and O&M cost estimation factors/functions

Parameter Unit Value
CAPITAL COSTS
Injection Equipment $/well 43,600%(7,389/(280*Number_of_wells))*0.5

(Flowlines & Connections)

O&M COSTS

Normal Daily Expenses $/well 6,700

Consumables $/well 17,900

Surface Maintenance $/well 13,600%(7,389/(280*Number_of_wells))*0.5

(Repair & Services)

Subsurface Maintenance $/well 5,000*Well_depth/1219

(Repair & Services)

The well drilling cost is calculated based on the relationship derived from data contained in the
‘1998 Joint Association Survey (JAS) on Drilling Costs’ report.

Table ES-6, Table ES-7, and Table ES-8 define a base case, a high cost case, and a low cost case
derived from an analysis of typical data for depleted gas reservoirs, depleted oil reservoirs, and

deep, brine aquifers, respectively.
Table ES-6

Depleted Gas Reservoir Case Descriptions and Costing Results

Parameter Units Gas Gas Gas
Reservoir Reservoir Reservoir
Base Case High Cost Low Cost
Case Case
Pressure MPa 3.5 6.9 2.1
Thickness m 31 15 61
Depth m 1,524 3,048 610
Permeability md 1 0.8 10
Pipeline Distance km 100 300 0
Injection Rate per Well* | t/d 156 57 2,975
Number of Wells* 48 129 3
Levelized Annual CO, $/tonne CO, eq. LC 4.87 19.43 1.20
Storage Cost* GHG avoided

* calculated

XX




EPRI Licensed Material

Table ES-7
Depleted oil reservoir case descriptions and costing results
Parameter Units Oil Reservoir | Oil Reservoir | Oil Reservoir
Base Case High Cost Low Cost
Case Case
Pressure MPa 13.8 20.7 3.5
Thickness m 43 21 61
Depth m 1,554 2,134 1,524
Permeability md 5 5 19
Pipeline Distance km 100 300 0
Injection Rate per Well* | t/d 360 115 5,690
Number of Wells* 21 65 2
Levelized Annual CO, $/tonne CO, eq. LC 3.82 11.16 1.21
Storage Cost* GHG avoided
* calculated
Table ES-8
Deep, brine aquifer case descriptions and costing results
Parameter Units Aquifer Aquifer Aquifer
Base Case High Cost Low Cost
Case Case
Pressure MPa 8.4 11.8 5.0
Thickness m 171 42 703
Depth m 1,239 1,784 694
Permeability md 22 0.8 585
Pipeline Distance km 100 300 0
Injection Rate per Well* | t/d 9,363 82 889,495
Number of Wells* 1 91 1
Levelized Annual CO, $/tonne CO, eq. LC 2.93 11.71 1.14
Storage Cost* GHG avoided

* calculated

Ocean Via Pipeline

The ocean pipeline storage option assumes that three IGCC power plants supply CO; to a
shoreline collection point. The CO; is then transported via a subsea pipeline from the shoreline
to a depth of 2,000 m, at which depth the CO; is discharged into the deep ocean via a diffuser
unit. The method used for calculating the cost of this process can be broken down into two steps.
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First, the diameter of the subsea pipeline is determined. It is then possible, as a second step, to
calculate the capital and O&M costs as well as the cost per tonne of CO,.

The pipeline diameter is calculated using the same method as is used in the CO, overland
pipeline transport model. The only difference is the means by which the maximum allowable
pressure drop per unit length (¢P/*L) is determined. In the case of CO, overland pipeline
transport, the pressure drop per unit length is simply found as the difference between the pipeline
CO; inlet and outlet pressures divided by the pipeline length. The pipeline ocean CO, storage
model however requires that the pressure drop per unit length calculation also take into account
the gravity head gain and diffuser head loss. In addition, it is necessary that the CO; be
discharged at a pressure equal to the hydrostatic pressure.

The cost of the subsea pipeline has been determined based on cost information contained in
McDermott’s phase II final report on ‘Large-scale CO, Transportation and Deep Ocean
Sequestration.”® The capital cost of an injector unit, based on an estimate given in an IEA
report,7 is taken to be $14.5 million. The results are shown in Table ES-9.

Table ES-9
Ocean pipeline storage case descriptions and costing results

Parameter Units Ocean Ocean Ocean
Pipeline Pipeline Pipeline
Base Case High Cost Low Cost
Case Case
Pipeline Distance km 100 300 0
Offshore Distance km 100 300 50
Pressure Drop per Unit Pa/m 126 42 251
Length*
Pipe Diameter* inches 14.2 17.5 12.4
Nominal Pipe Size* inches 16 20 14
Levelized Annual CO, $/tonne CO; eq. LC 5.53 14.23 2.90
Storage Cost* GHG avoided

* calculated, 1 inch = 0.0254 m

6 Sarv, H., “Large-scale CO, transportation and deep ocean sequestration — Phase II final report,” McDermott
Technology Inc., Ohio. Tech. Rep. DE-AC26-98FT40412, 2001.

7 Ormerod, B., “The disposal of carbon dioxide from fossil fuel fired power stations,” IEA Greenhouse R&D
Programme, Cheltenham. Tech. Rep. IEAGHG/SR3, Jun. 1994.
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Ocean Via Tanker

The storage option has been modeled based on design and cost information obtained from
McDermott’s Phase I and Phase II* final reports on ‘Large-scale CO, Transportation and Deep
Ocean Sequestration’ as well as e-mail communications with the reports’ author. The method
used for a conceptual design of this process can be broken down into a number of steps. First,
the number of tankers required to transport the CO; to the offshore platform is determined.
Second, the diameter of the vertical pipe to carry the CO, from the platform to the injection
depth is calculated. Third, the amount of CO, emitted by the tankers travelling to and from the
offshore storage site, and emitted due to boil off, is found. It is then possible, as a final step, to
calculate the capital cost of the tankers, port facility, offshore floating platform, and vertical pipe,
and the non-fuel and fuel O&M costs as well as the cost per tonne of CO,.

The total capital cost of the tanker ocean CO, storage option comprises the capital cost of the
three required tankers, the offshore floating platform, the port facility, and a 2,000-m long, 8-
inch diameter vertical pipe. The total O&M cost is calculated as the sum of the non-fuel and fuel
O&M costs. From e-mail communications with Hamid Sarv of McDermott Technology, Inc., it
was learned that the total annual O&M cost in the case studies was taken as the sum of 5.6
percent and 0.02 percent of the total tanker and non-tanker capital costs, respectively, where the
fuel cost comprised 16.5 percent of the tanker O&M cost. The non-fuel O&M cost is calculated
in the model as 4.7 percent of the total tanker capital cost, thus excluding the fuel cost, plus 0.02
percent of the total non-tanker capital costs. The fuel O&M cost is determined as the product of
the total annual fuel usage, found from multiplying the tanker fuel usage by the total annual
distance traveled, and a diesel fuel price of $0.566/gal.

The capital and O&M cost estimation factors are summarized in Table ES-10. Table ES-11
defines a base case, a high cost case, and a low cost case for the ocean tanker storage option.

8 Sarv, H., “Large-scale CO, transportation and deep ocean sequestration,” McDermott Technology Inc., Ohio.
Tech. Rep. DE-AC26-98FT40412, Mar. 1999.
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Table ES-10

Capital and O&M cost estimation factors for ocean tanker storage

Parameter Unit Value

CAPITAL COSTS

Tanker $/tanker 55,263,000

Offshore Platform $ 200,000,000

Onshore Port Facility $ 50,000,000

Vertical Pipeline:

Construction $/infkm 351,445

Towing to Offshore $ 300,000

Structure

Upending, Securing & $ 3,000,000

Anchoring

General Facilities, $ 0.3*(Tanker_capital_cost +

Engineering, Permitting etc. Offshore_platform_capital_cost +
Onshore_port_facility_capital_cost +
Vertical_pipeline_capital_cost)

O&M COSTS

Non-fuel Sty (Tanker_capital_cost*0.047) +
((Offshore_platform_capital_cost +
Onshore_port_facility_capital_cost +
Vertical_pipeline_capital_cost)*0.02)

Fuel $/gal 0.566

1 inch = 0.0254 m, 1 gal = 3.79 liters

Table ES-11

Ocean tanker storage case descriptions and costing results

Parameter Units Ocean Tanker | Ocean Tanker | Ocean Tanker
Base Case High Cost Low Cost

Case Case

Pipeline Distance km 100 300 0

Offshore Distance km 100 300 50

Boil Off %/d 1 2 0.5

Diesel Price $/gall 0.566 0.8 0.45

Number of Tankers* 3 3 3

Total Annual Fuel gally 249,001 747,004 124,501

Usage*

CO, Emitted by try 2,395 7,186 1,198

Tankers*

CO, Emitted by Boil Off* | t/y 53,362 139,415 24,638

Levelized Annual CO, $/tonne CO, eq. LC 17.64 22.79 15.76

Storage Cost* GHG avoided

* calculated
1 gal = 3.79 liters
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Summary of Results

Figure ES-4 and Figure ES-5 summarize the results for the cost of the various carbon storage
technologies analyzed in this study on a life-cycle greenhouse gas avoided basis. Figure ES-4
includes all the direct storage technologies, while Figure ES-5 expands the scale for storage
technologies with no commercial by-products. The points on the graphs are for the base case
conditions, while the bars represent the range between the high and low cost cases as outlined in
the Tables above.

Several observations about these results are offered below:

Excluding the more expensive ocean tanker option, the typical base case costs for CO,
storage (transport + injection) without oil or gas by-product credit is in the range of $3-5.50
per tonne CO, ($11-20 per tonne C). The cost range can be characterized as $2-15 per tonne
CO; ($7-55 per tonne C).

With a by-product credit for the gas or oil, the credit will offset the storage costs in many
instances. For example, in the base EOR case, one can afford to pay $12.21 per tonne of CO,
and still breakeven (i.e., the costs equal the by-product credit).

With an oil or gas by-product, the net costs have a large range. The parameters most
responsible for this variability are the by-product (i.e., the gas or oil) price and the ratio of
CO; stored to the oil or gas produced. With more oil or gas produced per unit of CO, stored,
the lower net CO, storage cost, but the less CO; stored.

Finally, Table ES-12 combines the capture and compression costs from our base IGCC plant
with the transport and injection costs to give a total cost of sequestration on an NPV basis.
These costs can be compared with costs of CO; sink enhancement via forestry and reducing
tillage on cropland.
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Table ES-12

CO, Capture + Net Storage Costs: Base Cases, NPV Basis
CO, Storage Process LC GHG avoided

$/tonne CO,eq. $/tonne C eq.

Enhanced Oil Recovery 4 15
Enhanced Coalbed Methane 11 41
Recovery
Depleted Gas Reservoir 23 86
Depleted Oil Reservoir 22 81
Deep Saline Aquifer 21 77
Ocean Pipeline 24 89
Ocean Tanker 39 143

CO. Sink Enhancement via Improved Forest Management

Basis and Approach

Costs of the CO; sink enhancement via improved forest management were estimated from an
energy company perspective (i.e., the amount an energy company would have to pay forest
product companies to manage their systems to sequester additional CO; to serve as CO, offsets
for the company). From an energy company perspective, the cost of GHG emission offsets
($/tonne C equivalent LC GHG avoided) from forestry options depends on the following: (1)
levels of CO; sink enhancement, (2) changes in GHG emissions other than from CO, sink
enhancement (e.g., from methane and nitrous oxide emissions), (3) reimbursement of forest
management companies for net costs of changes in forest land area and/or management, (4)
transaction costs for aggregating and brokering GHG credits, and (5) monitoring costs for
assuring that contractual obligations are fulfilled.

The same financial parameters were used for forestry options as for CO, capture and storage
options included in this project. The rationale is that we assume that funding for both types of
projects would come from an energy company seeking to receive credits for reducing GHG
emissions. An energy company likely would use the same financial parameters for evaluating
GHG abatement investments regardless of whether the investments involve CO, capture and
storage or CO, sink enhancement. Costs of GHG mitigation ($/tonne C equivalent LC (life-
cycle) GHG avoided) were calculated on an NPV basis with a 100-year planning horizon as
described in detail in Chapter 2 and can be compared on an NPV basis with other CO, storage
and sink enhancement options that differ in timing of costs and timing of avoidance of GHG
emissions.

Additional C can be sequestered in forests by establishing new plantations, restoring existing

forests, or by avoiding deforestation. Cases representing a wide range of management types,
trees, and geographic locations were included in this study (Table ES-13). All cases were

XX Vil



EPRI Licensed Material

assessed assuming medium productivity levels. Where data were available, cases were also
assessed, assuming low and high productivity levels.

Table ES-13
Forestry case studies

Type of Management Type of Trees Country/region
Plantation Loblolly pine USA (South)
Plantation Douglas Fir USA (Pacific NW)
Plantation Spanish Cedar Mexico
Restoration Pine-oak Mexico
Restoration Miombo Southern Africa
Agro-forestry Mango-Tamarind India (South)
Avoidance of deforestation Various Mexico
Summary of Costs

Costs ($/tonne C equivalent) are presented in Figure ES-6 for medium productivity on an
aboveground basis (costs/aboveground C) and a C equivalent life-cycle (LC) GHG avoided basis
with product revenues (net costs after product revenues/aboveground C + below ground C +
product C + non-CO, GHG C equivalent). These two accounting bases bracket the costs ($/Mg
C equivalent) for each of the cases. The former accounting basis has most commonly been used
in the past in order simplify monitoring and verification. The latter accounting basis is
comparable with the basis used for CO, storage options with revenues (e.g., enhanced oil
recovery) and was used to calculate base-case costs. Base-case costs also assumed medium
productivity. The Mango-Tamarind costs are relatively high on an aboveground basis because
costs for the ago-forestry system are high and no credit is taken for the relatively high value
agricultural products. The Mango-Tamarind costs are relatively low on the aboveground C +
below ground C + product C + non-CO, GHG C equivalent basis because credit is taken for
both more C and products that more than offset costs.
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Figure ES-6
Forestry costs for medium productivity levels on two accounting bases

Costs are summarized in Table ES-14 for three productivity levels on both a CO, equivalent LC
GHG avoided and a C equivalent LC GHG avoided basis.

Table ES-14
Forestry costs for three productivity levels and CO, and C bases

Case
Base Case- Low Cost High Cost | Base Case- Low Cost High Cost
Medium Case-High Case-Low Medium Case-High Case-Low
Productivity | Productivity | Productivity | Productivity | Productivity | Productivity
$/tonne CO, | $/tonne CO, | $/tonne CO, | $/tonne C $/tonne C $/tonne C
US Pine 15 11 54 40
USFir 2 1 7 3
Cedar (15) (14) (11) (56) (51) (39)
Pine-Oak 1 (1) 2 2 (3) 6
Miombo (24) (87)
Mango (43) (158)
Deforest 3 10
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CO: Sink Enhancement via Reducing Tillage on U.S. Cropland

Basis and Approach

Reducing tillage on cropland slows the rate of organic matter decomposition and increases soil
organic matter levels until a new equilibrium level is attained (typically about 20 to 30 years
after shifting from intensive tillage to no tillage). Carbon is sequestered in the added soil organic
matter, resulting in an increase in soil organic carbon (SOC). Reducing tillage reduces
equipment and fuel use, increases herbicide use, and can affect the amount of nitrogen fertilizer
required and N,O emissions from the soil; these factors combined with the added carbon
sequestered in soil organic matter determine the life-cycle (LC) GHG emissions avoided by
reducing tillage. Effects of reducing tillage on equipment, fuel, herbicide, and nitrogen (N)
fertilizer use and on N,O emissions continue as long as the switch to reduced-tillage continues.
Costs to an energy company are an adoption incentive to get farmers to switch from intensive
tillage to moderate- or no-tillage, transaction costs for aggregating and brokering GHG credits,
and monitoring costs for assuring that contractual obligations are met. Costs ($/hectare) divided
by the tonnes C equivalent (CE) LC GHG avoided/hectare give the cost in $/tonne CE LC GHG
avoided.

The same financial parameters were used for cropland options as for CO, capture and storage
options included in this project. The rationale is that we assume that funding for both types of
projects would come from an energy company seeking to receive credits for reducing GHG
emissions. An energy company likely would use the same financial parameters for evaluating
GHG abatement investments regardless of whether the investments involve CO; capture and
storage or CO, sink enhancement. Costs of GHG mitigation ($/tonne C equivalent LC (life-
cycle) GHG avoided) were calculated on an NPV basis with a 100-year planning horizon as
described in detail in Chapter 2 and can be compared on an NPV basis with other CO, storage
and sink enhancement options that differ in timing of costs and timing of avoidance of GHG
emissions.

The following regional cropland cases were included in this study, the goal being to both (1)
include cases representing the greatest amount of avoided GHG emissions that could be achieved
by reducing tillage and (2) illustrate the range of amounts per hectare and costs of avoided GHG
emissions that could be achieved by reducing tillage.

1. Chapter 19: Corn/soybean rotations in the Corn Belt being converted from intensive-till to
either no-till or moderate-till. This case includes best-case and worst-case scenarios
concerning effects of reducing tillage on N fertilizer requirements and on N,O emissions.

2. Chapter 20: Continuous corn cropping systems in the Corn Belt being converted from
intensive-till to either no-till or moderate-till. This case includes best-case and worst-case
scenarios concerning effects of reducing tillage on N fertilizer requirements and on N,O
emissions.

3. Chapter 21: Wheat/fallow rotations in the western Great Plains being converted from
intensive-till to no-till. This case includes variations in the amount of SOC sequestered and
amount of N>O emissions due to reducing tillage.
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4. Chapter 22: Intensive-till cotton to no-till cotton in the southeastern U.S. This case includes
variations in the amount of soil SOC sequestered and amount of N,O emissions due to
reducing tillage.

Summary of Costs

Base-case costs of avoided CO; are presented in Table ES-14 for the four regional cropping
systems included in this study, assuming that an annual adoption incentive is paid for 5, 10, 15,
or 20 years after switching to no-till. These costs are based on the assumption that, due to soil
quality and crop yield benefits that develop over time, a farmer would continue the no-till
practice after the adoption incentive stops.

Table ES-14
Base-case costs of CO, sink enhancement on U.S. cropland: intensive-till to no- till

Continuous corn

Corn/soybean Wheat/fallow Cotton
Incentive Cost (NPV basis, 100-year planning horizon)
period, years $/tonne CE LC GHG avoided
5 30 (8)" 30 (8) 32 (9) 54 (15)
10 48 (13) 51 (14) 49 (13) 88 (24)
15 62 (17) 66 (18) 61 (17) 113 (31)
20 72 (20) 77 (21) 71 (19) 132 (36)

Y Values in parenthesis are $/tonne CO, equivalent LC GHG avoided

Inputs used to estimate the base-case costs of CO; sink enhancement via reducing tillage on U.S.
cropland are presented in Table ES-15. Costs in Table ES-15 assume that an adoption incentive
is paid for 20 years.

Costs of CO, abatement are similar for corn/soybean rotations and continuous corn because of
two offsetting factors. Relative to corn/soybean rotations, switching to no-till continuous corn
sequesters nearly twice as much additional carbon in soil organic matter but also requires twice
as large an adoption incentive. With continuous corn, more carbon is sequestered in SOC mainly
because more crop residues are produced and returned to the soil and a larger adoption incentive
is required mainly because corn is less well adapted to no-till than are soybeans.

Costs of CO, abatement are similar for corn/soybean rotations and wheat/fallow because of
offsetting factors. Relative to corn/soybean rotations, switching to no-till wheat/fallow
sequesters less additional carbon in soil organic matter but also requires a smaller adoption
incentive and results in a decrease rather than in increase in N,O emissions.
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Table ES-15
Base-case inputs and costs of CO, sink enhancement on U.S. cropland: intensive-till to
no-till
Western
Corn Great SE
Region Belt Corn Belt Plains u.S.
Corn/ Continuous Wheat/
Cropping system soybean corn fallow Cotton
Quadratic SOC response curve
ASOCs, kg C/ha 7221 13104
E (slope factor) 53.1 92.0
kg SOC/haly 200 300
Years to new steady state (Ys) 27 28 20 20
Average annual increase in SOC (years 1 to Ys), kg C/haly
267 468 200 300
GHG emissions from tillage-system inputs and N,O (years 1-100), kg CE/haly:
A Fuel use -22.3 -22.9 -10.3 -23.8
A Machinery maint., trans., and repair -4 -4 -1.9 -4.3
A N fertilizer use 0 0 0 0
A Herbicide use 3 4 11.7 0
A Total GHG emissions from inputs -23.3 -22.7 -0.5 -28.1
A N,O emissions from sall 30.3 30.3 -25.3 63.2
A Total GHG emissions 7.0 7.6 -25.8 35.1
Average LC GHG avoided (kg CE/haly)
Years 1to Ys 260 460 226 265
Years Ys to 100 -7 -8 26 --35
Total LC GHG avoided (years 1-100),
tonne CE/ha 6.5 12.3 6.6 1.0
NPV Total LC GHG avoided (years 1-100),
tonne CE/ha 4.3 7.7 2.7 2.3
Costs, $/haly
Transaction (year 1) 5 5 5 5
Adoption incentive (years 1-20) 25 50 15 25
Monitoring (years 1-100) 1 1 1 1
Total costs (years 1-100), $/ha 605 1105 405 605
NPV Total costs (years 1-100), $/ha 306 590 195 306
Cost (NPV basis), $/tonne CE LC GHG
avoided 72 77 71 132
Cost (NPV basis), $/tonne CO, equivalent
LC GHG avoided 20 21 19 36

XXX11



EPRI Licensed Material

With wheat/fallow, less carbon is sequestered in SOC mainly because less crop residue is
produced and returned to the soil on an annual basis and a smaller adoption incentive is required
because increases in wheat yields partially offset higher production costs with no-till. Mainly
because of the dry climate in which wheat/fallow systems are used, switching to no-till
wheat/fallow reduces N,O emissions whereas switching to no-till corn/soybeans increases N,O
emissions.

Costs of CO, abatement are significantly higher for cotton than for corn/soybean rotations,
mainly because switching to no-till increases N>O emissions significantly more with cotton than
with corn/soybean rotations. The greater increase in N,O emissions with no-till cotton than with
no-till corn/soybeans is apparently due to the warmer, wetter climate in the southeastern U.S.
where most of the cotton is grown.

Switching from intensive-till to no-till corn/soybean rotations or to no-till continuous corn can
result in significantly higher N fertilizer requirements and N,O emissions unless N fertilizer is
managed efficiently. This can greatly reduce the amount of GHG emissions avoided because
production and use of N fertilizer is very energy intensive and N,O has a radiative forcing factor
296 times greater the CO, on a mass basis. Effects of increases in N fertilizer rate and N,O
emissions on LC GHG avoided and costs of GHG avoidance are discussed below.

Examples of the large effects of N rate and N>O emissions on amount of GHG emissions avoided
and cost per tonne of GHG avoided are presented in Table ES-16. The scenarios in Table 3 are
for switching from intensive-till to no-till in a corn/soybean rotation in the Corn Belt. No
significant change in N,O emissions due switching from intensive-till to no-till is a possibility
with good N management, especially on well-drained soils. The increases in N rate and N,O
emissions in Table 3 due to switching from intensive-till to no-till are possibilities with poor N
management. Amounts of GHG avoided range from 9.6 tonnes CE LC GHG avoided/ha (35.3
tonnes CO; equivalent LC GHG avoided/ha) with a best-case N rate and N,O scenario to -3.0
tonnes CE LC GHG avoided/ha (-11.0 tonnes CO; equivalent LC GHG avoided/ha) for a worst-
case scenario. Costs on an NPV basis range from $64/tonne CE LC GHG avoided ($17/tonne
CO; equivalent LC GHG avoided) with a best-case N rate and N,O scenario to $113/tonne CE
LC GHG avoided ($31/tonne CO; equivalent LC GHG avoided) for a worst-case scenario.
Differences between the best-case and worst-case scenarios regarding amount of GHG avoided
are very large because the annual effects are manifested over the entire 100-year planning
horizon. In order for reducing tillage on corn/soybean rotations to be a viable option for
avoiding GHG emissions, N fertilizer will have to be managed efficiently so that the amount of
N fertilizer used and the N,O emissions are not significantly increased. This conclusion is also
applicable to continuous corn in the Corn Belt.
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Table ES-16

Effects of increases in N rate and N,O emissions on amounts and costs of avoided GHG
via switching from intensive-till to no-till in a Corn/Soybean rotation

AN rate AN,O rate Years 1-100 NPV basis, years 1-100
tonne CE LC | tonne CE LC $/tonne CE

GHG GHG LC GHG

kg N/ha/yr kg/CE/halyr kg/CE/halyr avoided/ha avoided/ha avoided”
0 0 0 9.6 4.8 64 7
0 0 30.3 6.5 43 727
25 14.4 63.5 1.8 35 88"*
50 28.8 96.6 -3.0 2.7 1137

¥ Assumes incentive payments for 20 years.
? Base case except for no change in N,O emissions due to switching to no-till.
¥ Base case.

“ Base case except for an increase in N rate due to switching from to no-till.
* Base case except for an additional increase in N rate due to switching from to no-till.

Summary Comparisons and Conclusions

Presented in this section are comparisons among options evaluated in this project and between
CO, capture, transport and storage and indirect capture by forests and cropland via reducing
tillage.

Direct Verses Indirect Sequestration

Shown in Figure ES-7 is a comparison of all of the base case values in $/tonne of CO, equivalent
LC GHG avoided on a NPV basis plotted from lowest to highest cost.
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$/tonne of CO, Eq. LC GHG Avoided

Base Case

Figure ES-7
Comparison of direct and indirect sequestration cases.

As shown in Figure ES-7, all of the forestry options are the least expensive except for the US
Pine case. Next are the EOR and ECBMR options followed by most of the cropland options.
Figure ES-8 includes the available high and low cases. The main impact of these cases is on the
cropland cases where the low cases would make them competitive with ECBMR and the high
cases would make them about the same as the other geologic storage cases.
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Figure ES-8
Comparison of direct and indirect sequestration cases including high and low cases

Base-case forest and cropland areas required to offset LC GHG emissions avoided by base-case
CO, capture and storage options are presented in Table ES-17. These land area equivalents are
for a 100-year planning horizon. The carbon equivalent (CE) LC GHG emissions avoided by
the capture and storage options assume CO, capture and injection into storage reservoirs during
the 20-year book life of the capture and storage plants and storage of injected CO; for another 80
years. For the ocean storage options, the CE LC GHG avoided is reduced for leakage of CO,
throughout the 100-year storage period. Zero CO, leakage is assumed for the other CO, storage
options. The CE LC GHG emissions avoided by the forest and cropland options assume that the
improved forestry or cropland practices are maintained for 100 years. Generally, ten times or
more cropland than forest land is required to offset the CO, storage options.
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Table ES-17

Base-case forest and cropland areas required to offset LC GHG emissions avoided by base-case CO, capture and storage

options.

Equivalent Forestry / Cropland Area Required to
Offset Geologic & Ocean Options
LC Avoided GHG Basis (100 year summation)

Forestry System - Medium Productivity
(Above/below ground C, non-CO2 GHGs, & timber

|Aquiter Storage

Forestry / Cropland
Area to Equal
€O, Capture & Storage|

Enhanced Oil Recovery
Forestry / Cropland
Area to Equal
€O, Capture & Storage|

Depleted Oil Reservoirs
Forestry / Cropland
Area to Equal
CO; Capture & Storage

Depleted Gas Reservoirs
Forestry / Cropland
Area to Equal
CO, Capture & Storage|

Coal Bed Methane Recovery
Forestry / Cropland
Area to Equal
CO; Capture & Storage|

Ocean Pipeline Storage
Forestry / Cropland

Area to Equal
CO; Capture & Storage

Ocean Tanker Storage
Forestry / Cropland
Area to Equal
CO, Capture & Storage

products/revenues) (tonne CE/a)| (Mtonne CE) (Mha) (Mtonne CE) (Mha) (Mtonne CE) (Mha) (Mtonne CE) (Mha) (Mtonne CE) (Mha) (Mtonne CE) (Mha) (Mtonne CE) (Mha)

Plantation, USA, Loblolly Pine 183.14 9.81 0.05 9.09 0.05 9.81 0.05 9.81 005 9.54 0.05 28.28 0.15 28.00 0.15

Plantation, USA, Douglas Fir 452.65 9.81 002 9.09 0.02 9.81 0.02 9.81 002 9.54 0.02 28.28 0.06 28.00 0.06

Plantation (Taungya), Mexico, Spanish cedar 277.40 9.81 0.04 9.09 0.03 9.81 0.04 9.81 0.04 9.54 0.03 28.28 0.10 28.00 0.10

Restoration, Mexico, Pine-oak 183.39 9.81 0.05 9.09 0.05 9.81 0.05 9.81 0.05 9.54 0.05 28.28 0.15 28.00 0.15

Restoration, Southern Africa, Miombo 59.26 9.81 017 9.09 0.15 9.81 0.17 9.81 0.17 9.54 0.16 28.28 0.48 28.00 047

Agro- forestry, Southern India, Mango- tamarind 71.53 9.81 0.14 9.09 0.13 9.81 0.14 9.81 0.14 9.54 0.13 28.28 0.40 28.00 039

Avoidance of deforestation, Mexico,Various 207.66 9.81 0.05 9.09 0.04 9.81 0.05 9.81 0.05 9.54 0.05 28.28 0.14 28.00 013

Cropland System

Two Year Com/Soybean Rotation 651 9.81 1.51 9.09 1.39 9.81 1.51 9.81 1.51 9.54 146 28.28 434 28.00 4.30
(Intensive-til to No-till)

Continuous Corn 1233 9.81 0.80 9.09 074 9.81 0.80 9.81 0.80 9.54 077 28.28 2.29 28.00 227
(Intensive-til to No-till)

Continuous Cotton 0.99 9.81 9.90 9.09 9.18 9.81 9.90 9.81 9.90 9.54 9.64 28.28 28.56 28.00 28.28
(Intensive-till to No-till)

Two Year Wheat / Fallow Rotation 6.58 9.81 1.49 9.09 1.38 9.81 1.49 9.81 1.49 954 145 28.28 430 28.00 4.26

(Intensive-til to No-till)
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Conclusions

Making these comparisons was a challenge due to the differences between direct and indirect
cases. The resulting numbers should only be used as a relative indication of cost. Site-specific
characteristics could significantly change the outcome of the comparisons. In this study, the
forestry options are very attractive along with capture using EOR for storage. Other factors,
such as land availability and storage option location and capacity will also play a significant part
in which options make the most sense at a given site.

The current work should only be considered a starting point. Better cost information and
improvements to processes are likely to be developed and need to be incorporated into updates of
this information. In addition, there are plans to update and add to portions of the current work to
answer questions that arose but were beyond the scope of the current effort. For example, what
happens to the costs if the power plant operates for longer than the plant book life? Also, how do
the economics look for other power generation options? These and other questions will be
evaluated in updates to this work.

XXXViii
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