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Abstract. Carbon sequedration has been identified as one potentialy important way to achieve
dabilizetion of greenhouse gas concentrations in the amosphere while mantaning economic
growth and increesing domestic oil and gas production. Y, this is a chdlenging new fidd of
science and technology that will require substantid R&D investmerts over an extended period of
time. But, how much is worth spending? Which options gopear most promising? And, how
might the indudtry participate and contribute?

For this, it is useful to examine the potentid benefits to be achieved. The paper draws on
projections of carbon-based and non-carbon energy consumptions to 2050 to frame the carbon
emissons reduction chalenge facing the nation. The paper then examines a series of technology
advances and performancebased market incentives that would grealy reduce the economic
impact to the nation of achieving a “pathway to dabilization” for carbon emissons. Among the
options, “vdue-added” geologic sequedration - - injecting and doring cabon dioxide in all
reservoirs and deep cod beds- - offers one of the most promising dternatives.

Introduction. The benefits of a successful, science-based R&D technology program for carbon
sequedtraion -- the “third option” for addressng dimate change concerns - were set forth in
1998 and are summarized in the DOE Carbon Sequestration R&D Program Plan of 1999.%
Recently, the andyss has been updaed and expanded to address new information and
devdopments in carbon sequedtration of interest to the future supplies of ol and naturd ges,
paticulaly injeting carbon dioxide into reservoirs for enhanced ail recovery and into deep cod
seams for enhanced coalbed methane production.



U.S. Carbon Emissions Scenarios. Our gating point is the EIA Annud Energy Outlook
(AEO) 2001 Reference Case analyss to 20202 This report projects carbon emissons (from
enagy use) to increese from 1,535 million metric tons (MMtc) in 2000 to 2,041 MMtc in 2020,
Figure 1. We extrapolate the EIA projections to 2050. U.S. emissions grow over the andyss
period due to an assumed sugtained economic growth rate of 3% per year. However, it dso
assumed that the carbon intengty of economic activity will continue to dedine over the andyss
period s0 carbon emissions grow a a dower rate than GDP. As such, the Reference Case
indudes ggnificat  introductions  of low-cabon intendty  technologies, induding  energy
efficiency (both

aupply and enduse) and noncabon based energy technologies including renewables
Continuation of the reductions in carbon intensty per unit of GDP through 2050, as st forth in
our Reference Case, will itsdf require dramatic capitd stock turnover and subgtantid market
penetration of advanced energy technologies.

Next, we include the projected CO. emissions from non-energy industries (eg. cement) & well as
the non-CO, greenhouse gases (eg. methane) on a carbon equivdent bass. Consderable research
is underway to capture the long term impacts of these non-CO2 greenhouse gases.

Table 1 sts forth our Reference Case projections of carbon dioxide and other greenhouse gas
emissons to 2050. To explore the effects of uncertanty on the benefits of the Carbon
Sequedtration R&D Program, we examine two other carbon emissons scenarios derived from
AEO 2001, basad on future expectations for economic growth.

The low economic growth case shows carbon emissons reaching 1,916 MMtc in 2020,
about 25 % higher than in 2000.

In the high economic growth case, carbon emissons are projected to reach 2,193 MMtc
in 2020, placing amgor chalenge on carbon management strategies.

Pathway To Stabilization. Sgnificant emissons trading and voluntary emissons reduction
programs ae beng undetsken by the private sector. One of the low-cost options beng
conddered by indudry is vaue-added geologic carbon sequedration. These actions provide the
potentid for Sgnificant reductionsin carbon emissons by 2010.

To reflect this potentid, the pgper anticipaes that with appropriate technology, fied
demondrations and incentives, marketbased initigives and geologic sequedraion have the
ability to reduce the growth in carbon emissons by 50% versus the projections for year 2010 in
the EIA Reference Case.  After 2010, we anticipate that investments in advanced sequestration
R&D, combined with vaue-added geologic sequedtration, forestry and other actions, could
provide a “pahway to carbon emisson dabilization” Tha is no growth in aggregate carbon
emissons beyond 2010 and reductions beginning in 2040.



For the longer term, we continue to use the Wigley, Richds Edmonds (WRE 550 ppm
emissons) scenario as the globa reference case for CO» emissons®  Efforts are underway to
devdop new longterm globa reference emissons scenarios and dterndive methodologies that
may more directly link to globd waming impacts, and to incorporae multi-gas effects into
amospheric modding.  As thee devdopments evolve, they will be incorporated into this
andyssframework.

Emissions Reduction Options. Two low cos dternatives for reducing emissons—abatement
of non-CO2 greenhouse gases (GHGs) and low-cost carbon sequestration using foresiry and other
land use changes-are next examined by the analyss.

Non-CO, Greenhouse Gases. The projected emissons of non-CO, greenhouse gases, namely
methane, nitrous oxide and a series of high globd warming potentid (HGWP) gases such as
HFC, are taken from a series of gtudies and presentation by the Environmenta Protection Agency
(EPA). * These dudies project that, under busness as usud (BAU) conditions, about
400MMtc(e) (carbon eguivdent) of annua non-CO, greenhouse gas emissions will occur in the
2010 to 2020 time period. This paper projects these emissons to reach 500 million MMtc(e)
based on growth trends set forth in the EPA studies.

The egimated reductions for nonCO, greenhouse gas emissions are adapted data from the EPA
sudies, adjusted for a phase-in of indudtrid implementation. As a rexult, from 80 to 160 MMtc
(e of low-cogt (<$50/tc) non-CO, greenhouse gas emisson reductions are assumed in the 2015
to 2030 time. Beyond 2030, abatement of non-CO2 GHGs are scded on expected growth in
theseemissions.

Sequedtration Using Forestry and Other Land Use Changes. Planting trees or initiating land use
changes are often cited as a sendble firg step in offsetting carbon emissons.  In the context of
this andyss, these messures face severd obdtacles including the cost of measurement and
veification and the need to prove that actions are incremental and additive (i.e, would not have
happened anyway and ae not off-set themsdves by deforedtaion esewhere). Application of
these measures can dso begin to compete with food crops and nonragriculturd uses for arable
land. R&D can address some of these issues. We assume that expanded use of exiding practises
will be implemented in the near to mid term, reaching a leve of 50 MMtc of emissons
reductions per year by 2030. Beyond that, increases are contingent upon successful R&D and are
included in the advanced sequestration R&D program.




Carbon Seguestration. The next set of options for carbon sequedtration used in the benefits
anadysis have been placed into two digtinct categories.

Vdue-added Geologic Seguedration is where indudry injects CO, into depleted oil
fields for enhanced oil recovery and into degp cod formations for enhanced codbed
methane recovery.> © These geologic sequestration options offer vaue-added co-
products and represent  sSignificant volumes of low net cost  (<$50/tc) carbon
sequestration capaaty. Currently, aout 8 million tons of carbon (in the form of CQp) is
injected annudly for enhanced oil recovery, modly in West Texas, with aout 2 million
tons of this from high concentration industrid sources and naturd gas plants.

Advanced Capture and Sequedtration condsts of advanced technology forestry, land use
changes, use of depleted oil fidds, cod basns and gas fidds <dine formaions for
geologic sequedtration, and other advanced concepts. An aggressve program of R&D is
expected to reduce the average costs of usng this technology from $200/tc currently to
about $25/tc in 2050. This is equd to an annua decrease in costs of 4%, condgtent
with high technology cost reduction assumptions used in portions of the EIA modd.

The vadue-added geologic sequedtration cgpacity and the technology are phased in over time
basad on past technology introduction experiences and economics.

Increased Domestic Oil and Gas Production. Our projection is that with appropriate market-
based incentives CO2-EOR basad carbon sequedtration could reach 16 million tons (carbon) in
2010, providing 300,000 bards per day of additiond oil production from the Permian Bagn.
Expanded gpplication in other domedtic basns could enable this process to sequester over 50
million tons (cabon) per year by 2030, adding 1 million bards per day of domedic oll
production.

Enhanced codbed methane (ECBM) offers similar potentid for sequestering carbon dioxide and
increesing naturd gas production. Our projection is that ECBM based carbon sequestration
could reach 30 million tons (carbon) in 2015, providing 2 Bcfd (730 Bcf per year) of additiond
naiurd gas production in the San Juan Badn. Expanded gpplication to other domestic cod basns
could endble this process to sequester 60 million tons (carbon) per year by 2030, adding 4 Bcfd
(1,460 Bcf per year) of domedtic naturd gas production. After 2030, we introduce the concept of
enhanced gas shde recovery (EGSR) involving CO: injection and displacement of methane,
reeching 1 Bcfd (365 Bcf per year) and doring 15 MMtc annudly by 2040. As our
underganding of the reservoir propeties and sequedration capecities of degp cods and
organicdly rich shdes increases, we anticipate these estimates will aso increase.



Preliminary Results. This andyss concludes that: (1) carbon sequedtration is essentid for
achieving dabilization of cabon concentration in the amosphere, and (2) sequedration
technology combined with performance-based market incentives can provide sSgnificant benefits
to the U.S. economy over using regulaory mechanisms or a carbon tax to achieving emissons
dabilizetion between now and 2050. In cdculating the economic benefits of sequedtration
technology, we compare the cabon prices required to achieve dHabilization, based on the
margind cost of reducing energy-rdated carbon emissons (in the U.S) andyds prepared by the
EIA and published in AEO 2000, with the costs of using improving technology.” The difference
between this “pricg’ induced carbon sequedration and lower cost technology provides the bads
for the incremental benefits of advanced R&D.

In the Reference Case, where dgnificant reductions are aready assumed in carbon
intengty, sequedration volumes reach nealy 300MMtcyr in 2020 and 1460MMtclyr
in 2050. The cumulaive benefits by 2050 are over $4 trillion, conssting of $0.7 trillion
from vaue-added geologic sequedtration technology and $3.3 trillion from advanced
cgpture and sequedtration technology, as shown in Figure 2.

Even in the Low Economic Growth Case sequedration is essentid, reaching
170MMtclyr in 2020 and nearly 950MMtclyr in 2050. Cumulative benefits from both
vaue-added and advanced sequedraion technology to 2050 ae edimaed a $ 26
trillion.

In the High Economic Growth Casg sequedtration needs to provide 470MMtclyr of
emissons reduction in 2020 and 2,360MMtciyr in 2050. Cumulative benefits to 2050
are estimated at $6.4 trillion from both value-added and advanced technology .

All three cases assume that aggressve indudrid R&D will occur and that the 15-year DOE
Carbon Sequestration R&D Program will be implemented.

Concluding Remarks. Three dgnificant findings of interes emerge from the “economic
benefits’ paper and its supporting andyss

Cabon sequedration offers industry a mgor opportunity for a new, economic vaue-
added indudry, that smultaneoudy reduces CO, emissons and increases domedtic ol

and gas supplies.

The volumes of additiond domedic oil and naurd gas production from vdue-added
cabon sequedraion are dgnificant, reaching 1 million barrds per day of ol and 5 Bcf
of natura gas per day.

A combined progran of R&D, technology demondration and performance-based
market incentives provide an efficient st of policy inititives for accomplishing these
ambitious gods for carbon sequedtration, much as they did for domedic unconventiond
gas.
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Table 1. Projected U.S. Greenhouse Gas Emissions through 2050 (MMtc(e))

Source: DOE/EIA 2000-2020.

2000 l 2005 | 2010 | 2015 2020 2030 2040 2050
CO , EMISSIONS
Energy | 1535 | 1690 | 1809 | 1928 | 2041 | 2,345 | 2,695 | 3,007
Non-Energy
Gas Flaring 5 5 6 6 7 8 8 8
CO2 in Nat. Gas 5 6 8 10 12 16 16 16
Cement Production 11 12 13 14 15 17 20 22
Other Industrial 8 8 9 9 10 11 12 13
Sub-otal 29 31 36 39 44 52 56 58
Total CO, | 1564 | 17210 | 1845 | 1967 | 2085 | 2,397 | 2,751 | 3,155
NON - CO 2 GHG EMISSIONS (CO » equivalent based on 100 years)
Methane 174 180 186 185 184 184 184 184
N 20 112 113 116 119 122 125 128 131
HGWP 45 67 0 110 130 150 170 190
TOTAL NON - CO, GHG 331 360 392 414 436 459 482 505
TOTAL U.S. GHG EMISSIONS | 1805 | 2081 | 2237 | 2381 | 2521 | 2,856 | 3,233 | 3,660
Target GHG Emissions | 1895 | 1088 [ 2066 | 2066 | 2066 | 2,066 | 2,066 | 1,965
REQUIRED REDUCTIONS - l 93 | 171 | 315 \ 455 | 789 1,166 1,695
Figure 1. Carbon Emissions Pathways Figure 2. Carbon Emission Reduction Options
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Figure 3. Increased Domestic Oil Production from Carbon

Sequestration

Figure 4. Increased Domestic Gas Production from

Carbon Sequestration
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