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Background to the Study

The IEA Greenhouse Gas R&D programme (IEA GHG) is systematically evaluating the cost and
potentia of measures for reducing emissions of greenhouse gases arising from anthropogenic activities,
especially use of carbon dioxide capture and storage.

Storage of CO, underground is now being undertaken at commercial scale in one deep saline reservoir
(agquifer). CO, storage in depleted hydrocarbon reservoirs should have a number of advantages over
CO, storage in aquifers including:

Exploration costs would be small;

These reservoirs are proven traps, cgpable of holding liquids or gases for thousands to millions
of years,

They have well known properties;

There is potential to re-use some parts of the hydrocarbon production system to transport and
inject the CO.

A study caried out by the IEA GHG Programme in 1993" estimated the global capacity for CO,
storage in disused hydrocarbon reservoirs to be about 670 Gt CO, (assuming the volume of recovered
hydrocarbons could be replaced by carbon dioxide). It is adso possible to consder storing CO; in
partialy depleted oil reservoirs as part of the process of enhancing oil recovery by CO,-flooding of the
reservoir. Enhanced oil recovery using CO, is currently practiced in a number of fields around the
world (athough mostly with natural rather than anthropogenic CO,). None of these EOR projects has
been established in order to sequester CO,. Moreover, as far as is known, there are no proposals at
present for storing CO, in disused ail or gas fields. The purpose of this study was to find out what are
the barriers to using depleted or disused ail or gas reservoirs for storage of COs.

Advanced Resources International of the USA, together with Dr J Taber, carried out the study.
Industry overview

Following more than a century of intensive petroleum exploitation, particularly in Europe and North
America, thousands of oil and gas fields are approaching the end of their economically productive life.

These depleted fields could act as effective storage sites for anthropogenic CO, that would otherwise
be emitted to the atmosphere.

' "Disposal of Carbon Dioxide Arising from Fossil-fuel Based Power Generation in Exhausted Oil and Gas Wells",
Report No. |[EA/93/0E15, November 1993, Contractor TNO.



In mogt ail fields, only a proportion of the origina oil in place (OOIP) is recovered using standard
petroleum extraction methods. Carbon dioxide injected into suitable, depleted oil reservoirs can
enhance oil recovery (CO,-EOR). Additiond oil recovery of 10-15% of OOIP is typica with this
technique. The life span of atypical CO,-EOR project isin the range of 5 to 30 years.

Depleted natural gas fields may also be technically feasible sites for CO, storage. Underground
storage (UGS) has been an integral part of natura gas production, transportation, and distribution
systems for many decades, particularly in North America, Europe, and Australia.  Naturd gas is
routingly injected, stored, and withdrawn from hundreds of UGS fields. It is considered that some
depleted gas fields could be adapted readily for storage of CO,. The technologies for monitoring
injected gas within depleted natural gas fields are relatively mature and could be adapted to monitor and
verify CO, storage in these settings.

Results and Discussion
The following areas are described in the report

CO,-EOR industry worldwide

UGS worldwide.

Case studies of CO,-EOR and UGS projects.

CO, storage potential for disused oil and gas storage fields worldwide.
Economics of CO, storage.

Barriers to implementation.

CO,-EOR industry

Commercia CO,-EOR operations are at present underway in 4 countries. the USA, Turkey, Trinidad
and Canada. In addition, severa small projects were undertaken in Hungary in the mid 1980's but
ceased operation by the mid 1990's. These projects account for only a small fraction (0.3%) of the
worldwide crude oil production. The USA accounts for the mgority of CO,-EOR oil production, with
74 current projects. Mogt of the projects in the USA use naturally occurring CO, because of its high
purity and low supply costs. There are currently 4 active projects in the USA that use anthropogenic
CO,, taken from gas processing and fertiliser plants. EOR operatorsin the USA are currently injecting
an estimated 3 million tonnes of anthropogenic CO, annually at net profit, and approximately 10 times
that amount of naturally occurring CO,.

One new project that will substantially extend the use of anthropogenic CO; is the Weyburn CO,-EOR
project due to commence operation in October 2000. This project was the subject of a recent
workshop in Canada, which IEA GHG co-sponsored, (see IEA GHG Report PH3/20). A new pipeline
has now been built from the Dakota Gasification Plant in North Dakota, which will transport 2.8 million
m°/day of CO,. Spare pipeline capacity will be available for other fields in Montana, the Dakotas and
Saskatchewan. Another CO,-EOR project, which is considering sequestration of CO,, has been
proposed by BP-Amoaco for an ail field on the North Slope of Alaska.

Underground gas storage

In 1998 worldwide there were over 500 UGS fields in operation representing a total gas storage
capacity of some 164 000 million n¥. The United States and Canada account for about two-thirds of
the worldwide UGS capacity and Europe the remainder. New UGS facilities are being considered in
China and South America, as well as in the more mature North American and European systems.
Most of these underground gas storage facilities are based on use of depleted oil or natural gas fields.



Reservoir matrices are typically sandstone or carbonate. In some cases, sat caverns and aquifers
have aso been used for UGS, but these are less common.

Case studies of CO,-EOR and UGS projects

Six detailed case studies of CO,-EOR projects in the USA, Canada, Turkey and Hungary are
presented and reviewed. One case study is presented of a natural gas storage facility in the USA. All
the case studies are for currently operating projects, with the exception of the Hungarian case, which
had ceased operation by 1993. These case studies were used to develop an understanding of the
feasibility and operational challenges of CO, storage in such reservoirs (full details are given in Section
3 of the report).

The case study d the Rangely Weber project illustrates the storage potential of a CO,-EOR operation.

It is estimated that, ultimately, quantities of CO, used will be 0.07 Gt CO, injected, 0.03 Gt CO,
separated from the produced oil and reinjected, and 0.03 Gt CO, dissolved inimmobile oil. About 10%
of the injected CO; is thought to be logt, as fugitive emissions from the field, or vented from production
wells. These figures show that, over its lifetime, one of the world's largest CO,-EOR projects will in
itself only have a very limited impact on worldwide CO, emissions. Hundreds of CO,-EOR projects
will be needed worldwide to significantly reduce CO, emissions to the atmosphere from anthropogenic
Sources.

The CO, storage potential in disused oil and gas fields worldwide.

A database of 155 geologica provinces was used to evauate the worldwide storage potentia in disused
oil and natural gasfields. This has indicated that (during the next severa centuries) up to 923 Gt CO,
could be injected and stored in these reservoirs using current petroleum technology. This storage
capacity eguates to over 40 years of current CO, emissions from all uses of fossi| fuels worldwide. Of
the total, storage of CO, in depleted gas fidds would hold 797 Gt CO,. Storage in depleted dl fields
contributes a further 126 Gt of potential CO, storage capacity.

The economics of CO;,storagein EOR projects.

Assuming that CO; is supplied at high purity and pressure, EOR projects in ail fields could sequester
120 Gt of CO; at net saving (see Figure 1 below). This economic estimate has assumed an oil price of
$15/bbl. It is noted that the oil price has a significant impact on EOR profitability. Higher oil prices
would significantly reduce the net cost of storage. It should be noted that, as with other IEA GHG
studises of storage options, the cost of CO, capture, pressurisation and transmission are not included
here”.

2 A $15/bbl (barrel) oil price was assumed less 20% for government taxes giving atypical net wellhead price of
$12/bbl worldwide.

® Typical cost of capture, pressurisation and transport (up to 1000 km) from agas-fired power plant is around
45%/tCO,, so the overall cost of CO, sequestration in thisway is 10 — 62 $/t CO,.for depleted oil fieldsand 52 - 62
$t for depleted gasfields.
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Figure 1 CO; storage cost curve for depleted oil fields and CO,-EOR projectsin ail fields

The costs for storing CO, in disused gas fields are shown in Figure 2 overleaf. Unlike the CO,-EOR
case there are no compensating benefits from storage in disused gas fields. Some 105 Gt CO, can be
stored at a net cost of $7/t, with afurther 575 Gt at a cost of $10-17/t.
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Figure 2 CO, storage cost curve for depleted gas fields
Comparison with previous [EA GHG study

The estimated storage potentid determined in this study is higher than the previous study by IEA GHG
(Report No.IEA/93/OE15), which estimated a total storage capacity of 670 Gt CO,. In this earlier
study the storage capacity in disused gas fields was estimated to be 520 Gt CO, and in disused oil fields
148 Gt CO..



For gas fields, the latest study assumes the void space |eft after the extraction of the hydrocarbons is
filled with CO,. The study considered that only 75% of the void space could be replaced with CO..
The remaining 25%, was not useable due to reasons such as field edge effects and water inclusion
amongst others. The methodology for estimating the storage capacity in disused gas fields for the two
studiesis smilar (80% depletion of gas fields was assumed in the first study) and, therefore, the results
are directly comparable. The increased estimate for the storage capacity in depleted gas fields in the
latest study is due to a number of contributing factors including: the use of actual gas compressibility
values for fields rather than assumed fixed values, and the use of new resource estimates produced by
the USGS'. The latest USGS estimates have used probabilistic analysis to forecast future (as yet
undiscovered) worldwide oil and gas fields.

For ail fields, the latest study assumed that all oil fields would be exploited by a combination of natural
drive and water flood/gas injection followed, findly, by CO,-EOR. CO,-EOR will be carried out last
because of the high cost of CO, supply (relative to the other options). This assumption is consistent
with industry practise in the USA. In this case, the CO; is stored through dissolution in the remaining
oil (miscible flooding), in the reservoir pore space (assuming the reservoir is not pressurised by the
water) and to a smaller degree by dissolution in the water in the reservoir. The exact ratios of CO, in
the oil and pore space etc., was considered to be currently unknown. A detailed monitoring study such
as that proposed at Weyburn will be required to determine the actual mode of CO, storage in CO,-
EOR projects. The amount of CO, used in CO,-EOR operations, and hence the amount stored was
calculated from the CO,-EOR project case studies discussed in detail in the main report. The degree
of CO, miscibility was calculated for each oil field based on the oil characteristics and CO; injection
rates modified accordingly. It is noted that the CO, injection values were based on current industry
practice to maximise oil production not CO, storage. Operation of the field to store CO, from the
outset would potentidly result in higher CO; injection rates and field dewatering to maximise the void
space available.

In the previous study for the oil field casg, it was assumed that the maximum exploitation of the ail field
would be achieved by the same process (naturd drive/water flood & gas injection followed finally by
CO,-EOR), as was assumed in the current study. The maximum exploitation was assumed to be 50%
of the origind ail in place. The CO, could then be stored by filling the remaining void space after oil
extraction in the reservoir was complete. The earlier study did not assume any CO, was stored in the
remaining oil (only that the CO, caused the oil to swell reducing the pore space in the reservoir). The
study did consider that water flooding could reduce the available storage space. The data was
presented as a maximum storage potential (142 G CO,) which assumed 100% CO, occupancy and a
minimum case (3.7 Gt CO,) that assumed only 3% occupancy due to water pressurisation of the
reservoir. These values, therefore, represent the theoreticd maxima and minima, whilst the true
potential (based on the widespread industry practise of water flooding in many petroleum provinces
worldwide) must lie somewhere in between. The methodology used to derive the figures for ail field
CO, storage in the 2 studies was, therefore, different and the results are not directly comparable.

On balance, it is considered that the storage potential based on current actual industry experience and
operationa practise of CO; injection is considered to be the more appropriate number for CO, storage
in oil fields, rather than the more theoretical number derived in the first study based on the use of void
space done. If, for new oil fields, industry practise were to change and CO, storage were maximised,
storage could take place both in the void space created by oil extraction and by dissolution inthe ail. In
that case, the storage potentia for these fields would be higher than that estimated by both studies.

* United States Geological Survey



Barriersto the use of depleted oil and gas fieldsfor CO, storage.

The main barriers to implementation were identified through a process of consultation with oil and gas
industry personnel. Information was also received as a result of the BP Amoco/USDOE/IEA GHG
workshop "CO, Capture and Geologic Sequestration - Progress through Partnership” held in Houston in
September 1999. Ways of overcoming these barriers through future R& D activity or policy changes
are considered. The main barriers identified and the recommended steps for resolving them are
presented below.

Barrier 1: The high costs of capturing, processing, and transporting anthropogenic CO,.

The high cost of anthropogenic CO, was considered to be the mgor technologica impediment to
storage in depleted oil and gas fields. The high cost of anthropogenic CO: is the key reason why most
EOR operators in the USA use naturally occurring CO,. To overcome this barrier will require along-
term R&D effort directed toward evolutionary improvements of existing methods of CO, capture as
well as breakthrough development of technologies that can dramatically lower capture costs.

Barrier 2: I ncomplete understanding of reservoir processes and storage methods

The long-term effects of CO, storage on the integrity of the reservoir rock and the quality (sulphur and
asphaltene contents) and recoverability of reservoir oil are poorly understood. Depleted oil fields that
are converted to CO, storage almost certainly will have large and economically significant remaining oil
resources. Even though most residua oil deposits may not be economically recoverable at the time the
field is converted to CO, storage, if oil prices were to rise in future and/or more effective enhanced il
recovery technologies were to be developed, there might be pressure to convert the field back to ail
production. Therefore, it is essential to consider the effects of CO, storage on the value and
producibility of the depleted oil resources. The most effective mechanism for addressing this barrier
would be to investigate the near-term storage targets, in the USA and in the North Sea.

Barrier 3: Monitoring, verification, and environmental safety of CO, storage

In any underground CO, storage project there is a need to demonstrate that the CO, is effectively
contained within the storage reservoir. In so doing, public and governmenta confidence in the storage
option can be developed. To demongtrate effective containment in reasonable timescales (up to 1000
years a |least) a dedicated, and scientifically sound, monitoring programme will need to be put in place
to verify storage of CO, within the reservoir. To address this barrier it is recommended that a
programme of development work coupled with some R& D should be considered.

Barrier 4: Lack of functioning emission trading system and storage regulations

The key regulatory barrier to expanding CO, storage in depleted oil and gas fields is the lack of a
system (e.g. of taxes or credits) that can provide financial benefits to the operator of a CO, storage
project. Currently, Norway is the only country taxing CO, emission, which alows operators to avoid
taxes by storing CO,. A number of experimenta tradable credit systems are currently under
development, although none are in routine commercia operation.  Joint industry/government
development of effective regulations and trading systems for storage is recommended.

Barrier 5: Conflicts between CO, storage and EOR or natural gas recovery

One of most serious potential barriers to CO, storage in depleted oil and naturd gas fields may be
commercia or organisationa conflicts between petroleum recovery and CO, sequestration. The



overal objectives and daily field operationa procedures can differ significantly for these two activities.
There is no precedent for smultaneous operation of oil and gas production with intentional storage of
CO,, paticularly where storage is awholly separate commercia enterprise.

Transferring ownership from the petroleum rights holder of a depleted ail or natural gas fidd to a
Sseparate sequestration rights holder is another untested and, undoubtedly, complex procedure.
Depleted oil and natura gas fields always leave behind some amount of residua petroleum within the
reservoir. New technologies or changes in price/cost relationships can turn an abandoned depleted field
into a valuable asset once again. But converting a depleted field into a storage site may be irreversible,
at least if storage is intended to be permanent and credits meaningful and verifiable.

Natural Gas Storage Conflicts: Depleted gas production fields located close to demand centres often
live asecond life of natural gas storage operations. Gas storage fields are used to smooth out seasonal
supply and demand variability, buying and injecting naturd gas during low-demand periods (typicaly
summer) and withdrawing supplies during high demand (winter). Given their close proximity to gas
demand (and therefore inevitably CO, emissions) centres, these are indeed the very fidds that would
be in demand for storage.

Using depleted gas fields for gas storage will compete with CO, storage and, depending on the vaue of
emissions credits, may even be a higher-value commercia activity. But once CO; injection into a
depleted gas field begins, the residual gas resource will rapidly be contaminated, destroying any residua
gas storage value. One potential transfer method may be to allow the current gas production/storage
rights holder to auction off the field to the highest bidder, whether for production, storage, or
sequestration uses. In this way (barring information barriers), the market system should be able to
accurately set alternative values, and price the sequestration rights accordingly.

EOR Conflicts: The potentia conflicts with depleted ail fields are more subtle and possibly even more
complex than in depleted gas fields. In a routine EOR prgect, the operator seeks to minimise CO,
injection and sequestration, while maximising oil recovery. This is because CO; isacostly commodity
and the largest single operating expense. But from a storage point of view, more credits obvioudy will
be earned by maximising sequestration.

The most efficient solution to solve this dilemma may be to assign any storage rights to the current
petroleum production rights holder. In this way, the field operator could maximise their total return on
investment for both EOR and storage activities. This would aso enable the field operator to respond
rationally to changes in ail prices, technology, costs, and the market vaue of traded sequestration
credits. Ownership of both rights would also reduce conflicts between separate petroleum rights and
sequestration rights holders. For inactive fields the government could auction recovery and storage
rights.

To overcome these barriers, it is recommended that a detailed engineering analysis of a specific
depleted oil field be undertaken to characterise and assess potentia conflicts between CO,-EOR and
CO, storage. This exercise would best be performed at a new, greenfield EOR project, such as at
PanCanadian’s Weyburn EOR flood in Saskatchewan, Canada or BP Amoco’s planned EOR project
on the North Slope of Alaska, U.S.A. Issues that require assessment include:

EOR vs. Sequestration. Economic evauation of optima CO,/ail ratio, given likdly future ail prices
and values for CO, storage credits.

Greenfield vs. Depleted Fields. Injected water needs to be minimised, because water and CO,
compete for space in the reservoir. Injecting CO, during the early stages of reservoir exploitation
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could improve ail recovery while smultaneoudy maximisng CO, storage. This concept requires
detailed evaluation.

Gas Recovery vs. Sequestration: The use of CO, to maintain reservoir pressure or as base gas
for underground gas storage in depleted gas fields has been proposed and aso requires evaluation.

Expert Group Comments

Two sets of expert reviewers assisted in the review of this study. The first group comprised reviewers
selected by the Programme and a number recommended by the Programme’s members. In addition, a
second group of reviewers drawn from the oil and gas industry were asked to assess the study report
findings, asit was considered important to have a strong oil and gas industry input to the review.

The comments drawn from both expert groups were generaly complimentary of the study. Many of
the comments received were alitorial. In addition, a number of the oil and gas industry experts
identified some errors in the data presented relating to field operational characteristics and production
statistics from their respective fields. All these points have now been corrected.

A significant criticism of the draft report was that it focused too heavily on CO,-EOR. To address this
point the report was modified by the contractor to include more detail on gas field storage potential,
inclusion of adisused gas field in the industry case studies and information on the worldwide use of gas
dstorage. In addition, the barriers discussion was extended to include a discussion on future R&D and
policy actions to overcome them.

Major Conclusions

The study has identified that the storage of CO, in depleted oil and gas reservoirs has significant
potential (923 Gt). The more significant storage option is depleted gas fields (797 Gt) compared to
129Gt in CO,-EOR operationsin oil fields. However, it is more expensive to store CO; in depleted gas
fields because unlike CO,-EOR there are no benefits in terms of increased revenues from ail
production. In ail fidds, 120 Gt of CO, can be stored a no net cost. In depleted oil and gas fields
some 105 Gt of CO, can be stored at a net cost of $5/t, with a further 195Gt at a cost of $30/t and
findly further a 350Gt at a cost of $35/t. In totad some 700 Gt CO, can be stored at costs below $40/t.

The study identified that, despite the potentia for CO, storage in disused oil fields, there were a number
of barriers that were restricting the implementation of this storage option. One of the most significant
barriers is economic, which is the high cost of capture, processing and transportation of anthropogenic
CO,. It is the high cost of anthropogenic CO, that has forced most operators in the USA to use
natural CO, supplies. Technical/environmentd barriers include the current incomplete understanding of
reservoir processes and storage methods and the issue of the environmental safety of CO, storage.
The lack of a functioning emission trading system and storage credits was seen as a significant
regulatory barrier. On the commercial side the transference of ownership of a depleted field from the
licensed operator to a storage operator is an untried and undoubtedly complex procedure. One other
point to note is that athough the fields have limited economic value when abandoned they will il
contain oil and gas resources. In the future new recovery techniques might alow these fields to
become economicaly viable again; assuming the storage of CO, has not contaminated the oil or gas.

Recommendations

The contractor made a number of recommendations for future study, which are discussed in detail in
the main report. In the overview of the study IEA GHG has concentrated on the recommendations
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made by the contractor concerning ways of overcoming the barriers identified which was the main
focus of the study.

The study has recommended that investigations of how to overcome the economic, technical and
environmental barriers to use of depleted fields would be best done as a joint industry/government
R&D programme. Details of the scope of this R& D programme are given in the main report.

This study also emphasises the need for an R& D programme to assess both near and long term options
to reduce anthropogenic CO, capture and processing costs, as has been recognised in other IEA GHG
studies.

To address the regulatory barriers a joint industry/government workshop or action group is
recommended to consider emissions trading and tax credits for the oil and gas industry.

In the case of the commercia barriers it is recommended that a detailed engineering andysis of a
specific oil or gas field be undertaken to assess the potential conflicts that might arise between CO,-
EOR and CO, storage. A new greenfield site should be used for this engineering analysis. In the
EOR case the proposed CO,-EOR projects at Weyburn or the BP Amoco project on the Alaskan
North Slope would be good candidates.
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Executive Summary

During the next severd centuries, up to 923 Gt of carbon dioxide could be injected and
sequestered within depleted oil and gas fidds worldwide using current petroleum techndogy. This
Storage capacity equates to about 125 years of current worldwide CO, emissons from fossi-fud fired
power plants. Off-the-shelf and near-term technologies developed by the commercid enhanced aill
recovery (EOR) and underground gas storage (UGS) indudtries provide a firm basis for assessng the
potentia for CO, sequestration in depleted oil and gasfidds.

Assuming that CO, is supplied a high purity and pressure (“Free CO,”), EOR projects in
depleted ail fields could sequester 120 Gt of CO; a net profit to the ail field operator (Table 1).
Ancther 746 Gt could be sequestered in depleted oil and naturd gas fidds at reatively low costs of
less than US$S30/t of CO,. Rull-cyde sequestration costs would be higher if gas processing plant or
power plat flue gas CO, sources were used.  Incentives of $30 to $80/t would be needed to
encourage sequestration of power plant CO, in depleted oil and gas fidds. New technologies that
reduce CO> codts or improve EOR or CO; injection efficiency could lower sequedtration codts.

This sudy was commissioned by the IEA Greenhouse Gas R&D Programme, with additiond
support from the U.S. Department of Energy for analys's of depleted oil and gas fidds in the United
Staes. The U.S. potentia for CO, sequestration in depleted oil and geas fidds totas an estimated 98
Gt (1,853 Tcf). Although the U.S. accounts for only about 10% of the globd sequedtration potentid,
93% of current worldwide CO,-EOR production takes place there, dong with two-thirds of globa
underground ges storage.  EOR operators in the U.S. are currently storing an etimated 3 miillion
tonnes (55 Bcf) of anthropogenic CO, annudly a net profit, and gpproximatdy 10 times thet amount
of naturdly occurring CO, -- with no emissions credits. The technica and economic assumptions for
this sudy drew heavily on the performance of EOR and UGS projectsin the U.S.

A daa base and economic modd of CO, sequedtration in depleted oil and gas fidds was
condructed, comprising 155 geologic provinces that account for 90% of worldwide hydrocarbon
potentid. The modd incorporates recent assessments by the U.S. Geologicd Survey on globd
hydrocarbon production, reserves, and resources. Capital and operating cods for CO, sequestration
were estimated for each geologic province, based on commercid EOR and UGS projects. The supply
cost of CO, injectant generdly is the sngle most important cost varidble.  Other key economic
parameters include oil prices, net CO, injected/ EOR produced ratio, reservoir depth, surface setting
(onshore vs. offshore), and distance from potentid CO, supplies. A cost/sequestration curve, the first
developed for depleted oil and gasfidds, isprovidedin Figure L

The mogt attractive sequestration candidates are depleted oil filds that screen positively for
miscible EOR, are a moderate depth, and are located close to low-cogt anthropogenic CO, supplies,
such as naturd gas processng or fertilizer plants  In such favorable settings, sequetration of
anthropogenic-sourced CO, may be profitable on the basis of incrementa il revenues. The best
documented example, the Permian basin located in the southwestern U.S,, generates net profit usng
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anthropogenic CO,, a ail prices greater than about $15/barrd. But most other settings are higher cost
under current technology and infrastucture development, and would require financd incentives to
operate. Deep, offshore depleted gas fields that are remote from anthropogenic CO, supply sources
would be the most costly sequestration Sites.

Findly, this sudy examines the barriers that are impeding more widespread gpplication of CO,
sequedtration in depleted oil and gas.  Petroleum operators were interviewed regarding their plans and
concerns for using this technology. Under the current, short-term viewpoint of EOR, operators
generdly do not condder safety, security of Storage, reservoir damage, or the levd of current
technology to be insurmountable obstacles. However, under the long-term time scale needed for
sequedtration, subgantia (but incremental) technologica improvements are needed to optimize and
veify CO, sequedraion. The barriers, and recommended steps needed for their resolution, may be
grouped into five issues:

Barrier 1. High costs of capturing, processing, and transporting anthropogenic CO,.

Recommendations: Thisis perhgps the mgor technologica impediment to sequedtration in depleted oil
and ges fidds, as wdl as in other settings, and requires a longterm R&D effort, both towards
evolutionary improvements of existing methods and breskthrough technologies that can dramatically
lower capture codts.

Basc R&D: Conduct basc R&D on promisng CO, capture technologies, such as amine
separdtion, oxygen firing, pre-combustion decarbonization, and advanced methods such as eectric
swing adsorption, membranes, hydrates, cryogenic condensation, hybrid sysems.

Applied R&D:  Joint indudtry/government funded programs to fidd tet CO, capture and
processing technologies in depleted oil and gas fidd applications.

CO, GIS Data Base: Mgp anthropogenic CO, sources vis-a-vis depleted reservoirs. Develop a
comprehendve GIS data base with locationa information on mgor anthropogenic CO, sources,
adong with depleted oil and gas fields postions and dorage capacities/characteridtics. Such a
product, made available widdy and free of charge, could help indudtry to match CO, sourceswith
Sequestration opportunities.
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Barrier 2: I ncomplete understanding of reservoir processes and sequestration methods

Recommendaions:  Evolutionary R&D leveraging from off-the-shdf petroleum extraction
technologies could address this barrier during the near- to medium-term (1-10 years).

CO;, — Rock/Fluid Interaction: Conduct research to quantify the chemica and physcd reactions
of injected CO, with rock and reservoir fluids Test mgor resarvoir rock types, incuding
sandstone, sltstone, carbonate, and sdt. Test long-term interactions of CO, with hydrocarbon and
other formation fluids.

Reservoir Studies: Assess the feashility of CO, flooding in poorly characterized petroleum
provinces, particularly those outsde the southwestern United States.  Perform detailed feasibility
studies of CO, flooding in representative depleted oil and gas fidds from the top-ranked petroleum
provinces.

Reservoir Models. Upgrade exiding industry numericad smulaion modds to enable them to
explicitly address CO, ssquedtration, both in depleted oil and gas fidds  Such modds will be
essential for operating sequestration projects, as well as poviding supporting documentation and
verification for emissonstrading.

Natural CO, Fields. Andyze the geology and operationd history of the large naturd CO,
depogts in the southwestern U.S. that have been developed for production (McEImo, Bravo and
Sheep Mountain Domes).  These deposits condtitute a convenient laboratory for evauding the
dorage, movement, and long-term integrity and chemicd interaction of CO. within underground
reservoirs.

Barrier 3: Monitoring, verification, and environmental safety of CO, sequestration
Recommendations: Again, evolutionary R&D building from exiding petroleum extraction technology

could address this barrier during the near to medium term.  Educating the generd public about the
redidtic risks of sequestration should be acontinud effort.

Current EOR and UGR Technologies: Fidd test and modify for sequedtration the existing
reservoir monitoring techniques thet currently are employed by the EOR and UGR indudtries, such
as petrophysicad, geochemicd, and production logging; wel tesing and sampling; pressure
monitoring and sampling wells, and computer Smulaion.

Advanced Methods. Deveop medium-term monitoring technologies, such as 4dimensond, 3
component seismic monitoring; gravity; and other geophysical and petrophysica techniques.
Advanced reservoir models that more accurately reflect the interactions between injected CO,
and reservoir fluids and drata dso are needed.
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Natural CO, Fidds. Conduct further sudy of the naturd CO, fidds in the western U.S. to
evdude the dability, safety and environmentd impacts of longterm CO, dtorage within
underground reservaoirs.

Barrier 4. Lack of functioning emission trading system and sequestration regulations

Recommendations:  Support joint industry/government development of effective regulations and
trading systems for sequestration.

Regulations. Industry could help shape regulation of CO, sequestration by first demongrating
how CO, and gas injection activities have been safe and effective in the EOR and UGR sectors.
A workshop, modded &fter the September 1999 BP Amoco Houston workshop, could be
convened by industry and government participants to focus explicitly on regulaion of CO,
sequestration and monitoring issues.

Emissons Trading: The cost/sequestration curves generated by this study provide an indication
of the impact that emissons credits could have in bringing on additiond, economicdly vigdle
sequedration cgpacity. This economic evdudion, and further refinements, should be
communicated to dl parties active in the emissons trading debate, induding officids shaping
GERT, PERT, Trans Alta Corp., U.S. Senate bill S547 and other nascent trading systems.

Barrier 5: Conflicts between CO, sequestration and EOR or natural gas recovery

Recommendation: These second-order technica issues could be addressed in the near to medium-
term by detailed case sudies of exiging EOR and UGS projects, followed by fidd testing.

EOR vs. Sequestration. Evauate optima economic CO,/all ratio, given likey future oil prices
and values for CO, sequedtration credits. Study sdection of CO; injection zones, pressures, and
schedules to optimize sequestration and EOR.

Green Fields vs. Depleted Fields. Study methods for minimizing water injection, because water
and CO, compete for gpace in the reservair. Injecting CO, during the early stages of reservoir
exploitation could improve ail recovery while smultaneoudy maximizing CO, sequestration. This
concept requires detailed evauation.

Gas Recovery vs. Sequestration:  The use of CO, to maintain reservoir pressure or as base gas
for underground gas storage in depleted gas fidlds has been proposad, even though the risk of
contamination of natura gas reservesisobvious. This concept aso requires evauetion.
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Table 1. CO, Sequestration Potential in Depleted Oil & Gas Fields (Gt COy)

Estimate (Gt CO5) CO; Supply Costs | @$0-30/t @>$30/t | Total
=$0/t

Depleted Oil Feldy/ 120 6 0 126

Enhanced Oil Recovery

Depleted Gas Fidds 0 740 57 97

Total 120 746 57 923

December 15, 1999
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1.0 INTRODUCTION: CO, SEQUESTRATION IN DEPLETED OIL & GAS
FIELDS

1.1 Overview

One of the mogt promising technologies for sequestering anthropogenic carbon emissonsisto
inject and sore CO, within depleted oil and gas fidds.  Following more than a century of intensve
petroleum exploitation, particularly in Europe and North America, thousands of ol and gas fidds are
aoproaching or are dready pagt their economicdly productive life.  These fidds are cose to
abandonment or have dready been abandoned. Many of these fields could act as effective Storage
stes for anthropogenic CO,, induding power plant emissons and gas processng wagte sreams, thet
would otherwise be emitted to the amosphere. In certain favorable reservoir settings, such asin
certain depleted oil fidds of the southwestern United States, injection and storage of CO; has been
underway for severa decades as part of profitable enhanced oil recovery operations — without
emisson reduction credits

However, current understanding of the most gppropriate technologies, geologic settings and
regulatory structures for CO, sequedraion in depleted oil & ges fidds is Hill limited, particularly
outsde of the U.S. To redize the large potentid that depleted oil and gas fields offer for sequestering
CO;, a number of technicd, commercid and adminisrative obstades fird must be resolved.
Overcoming these obstacles could enable CO, storage in depleted oil and gas fidds to be goplied on a
scale large enough to achieve globally meaningful reductionsin CO, emissions

This sudy was commissioned by the IEA Greenhouse Gas R&D Programme. In addition, we
have augmented the IEA effort with support from the U.S. Department of Energy for more in-depth
study of sequestration in depleted oil and gas fidds in the United States. Our study @) assesses the
exiging and emerging technologies and operaiona drategies for CO, injection into depleted oil & gas
reservoirs, b) provides detailed estimates of the unit cost and sequestration capacity in more than 150
individud petroleum provinces worldwide and ¢) examines the diverse technicd, regulatory,
environmental, and commercid barriers currently facing more widespread adoption of this promising
technology.

This study condders “conventiond” oil and gas reservoirs only. “Unconventiond” reservairs,
including coabed methane, tar sands (as well as non-petroleum potentid CO, sequedtration Stes, such
as aguifers) are outsde the defined scope of work, athough they also warrant continued study within
the larger discipline of geologica sequedtration. Severd of these other candidate technologies for
geologica sequedtration have dready been assessed by IEAGHG and other groups (eg., Stevens and

Spector, 1998).
We have organized the report into the following seven Sections

1.0 - Introduction: An overview of previous research on CO, squedration in depleted oil and ges
fiedlds and a generd introduction to CO,, injection technology.
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2.0 - The Worldwide CO,-EOR and Under ground Gas Storage I ndustries. Profiles and current
datus of over 75 active CO,-flood projects in depleted ail fidds in the United States and other
countries, and projected future activity. Overview of underground natural gas storage activity and
technology.

3.0 - Case Studies of CO,-EOR and Gas Storage Projects. Detalled andyss of sx CO,-floodsin
depleted ail fields and one gas storage fidd in the U.S. and three other countries. These case dudies
illugtrate the range in geologic/surface settings and reservoir performance that may be expected for
CO: sequedtration projects.

4.0 — Methodology for Estimating CO, Sequestration in Depleted Oil & Gas Fields: A new
proposed methodology for estimating actud current and potentia future sequestration in enhanced ail
recovery projects, non-EOR depleted oil, and depleted gasfidds.

5.0 - CO, Sequedtration in Worldwide Depleted Oil and Gas Fidds. Andyss of CO, flooding
potentia of sdected oil and gas fidds outsde the United States, based on aliteraturereview.

6.0 — Economic Modd of CO, Sequestration in Depleted Oil and Natural Gas Fidds:
Description of the economic modd and data bases used for estimating the sequedtration potentia in
globa depleted oil and gasfields, induding cost/sequestration supply curves.

7.0 - Barriers to Implementation: The sgnificant technicd, economic, commercid, adminigtretive,
and environmentd impediments to CO, sequestration in depleted oil and gasfidds.

Appendix 1. Detaled data base and modd output, assessing the cost and sequestration capacity
within depleted oil and gasfidd for the world's 155 largest petroleum provinces.

1.2  AdvantagesyDisadvantagesof CO, Storage in Depleted Oil & GasFields

Geologicd sequedtration of CO, may be technicdly feasble within a variety of reservoir
stings, including disused oil and gas fidds, sdine aquifers, degp cod seams, and sub-seabed strata.
Although each of these methods holds potentia for effective sequestration under certain surface and
sub-surface conditions, gorage within depleted oil & gas fidds holds dgnificant comparetive
advantages, induding:

Beneficial Oil Recovery. Injection of CO; in depleted ail fields can enhance ail recovery, which
can help offst the codts of injection. In certan favorable setings, as currently in the
southwestern United States, CO, sequedtration can actualy generate significant net profits, even
without the benefit of emisson reduction credits. (This advantage does not gpply to depleted gas
fields)

Proven Technology. Commercidly proven technology has been developed by the EOR and
UGS indudtries to screen, design, operate, and monitor gasinjection into depleted oil and gasfidds.
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These technologies could be readily adapted to the pecific requiremerts of CO, sequestration. In
addition, depleted oil and gas fields are much better characterized than those of commercidly non
productive srata (such as sdine aguifers). Extensve well and seismic data are collected during
normd petroleun fidd explaitation, providing an invauable source of understanding about depleted
reservoirs. In contrast, degp sdine aquifers, sub-sea settings, and even most coalbed methane
areas tend to be poorly surveyed by well and seismic data. This increases the cost and risk of
CO, sequedtration in those settings.

Intragtructure. Certain components of exiging petroleum infragtructure (pipeines, wels,
offshore platforms, etc.) within many disused oil and gas fidds may be adapted for CO, storage
purposes, reducing the effective capital costs of CO, sequestration.

Integrity of Storage. Disused naurd ges fidds and mogt ail fidds are proven gas traps,
ensuring that injected CO; would be sequestered for geologic time (millions of years). Because
aquifers are dynamic systems, much of the injected CO, would eventudly escgpe over such a
long time frame.

On the other hand, the use of depleted ol and gas fidds for CO, sequestration may face
severd potentid  limitations compared with aquifer or other digposal options. These disadvantages
indude:

Availability. Aquifers are geogragphicaly more widespread than depleted oil & ges fidds
Nearly al countries have aguifers, whereas few have large petroleum fidds. Aquifers are more
likely to be conveniently located close to large anthropogenic CO, sources. The solution is to
transport CO, via long-distance pipelines. Such trangport has been conducted commercidly on a
large scde for more than a decade in the southwestern U.S,, both for naturdly occurring, high
pressure CO, but dso for anthropogenic waste CO, from gas processing facilities. We have
edimated such transport costsin our economic modd discussed in Section 6.0.

Organizational Conflicts. There should be rdatively few operationd, legd, or other canflicts
associated with CO, injection into non-potable aquifers. This is largdy because currently there
are no other commercid uses of sdine aquifers  In contragt, sgnificant conflicts would be
expected between oil & gas operators or rights holders and CO, sequedration activities. For
example, under norma market conditions (i.e, no sequedration credits), an oil fidd operator
focuses on maximizing ol production and minimizing production codts, this tends to reduce CO,
sequestration.

1.3 Previ ous Work

Research into geologica sequestration of carbon dioxide is il a an early sage. Since 1993,
seveard dudies have examined the technicd feaghility of sequestering CO, in depleted il and ges
fidlds, dthough these sudies varied widdy in focus and scope. Each study generated a preliminary
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edimate of the magnitude of potentid sequestration capacity, dthough these esimates are not dways
directly comparable. These dudies provided a vauable bass for the current sudy and are briefly
summarized here, induding comparison of their overal scope and results vis-avis the andyss
performed by ARI.

The previous sudies indude: Winter and Bergman (1993) for abandoned oil and gas fidds in
the United States, Padamsey and Railton (1993) and rdaed articles for depleted oil and gasfiddsin
Western Canada; van der Meer and van der Straaten (1993) for worldwide depleted oil and gasfidds
and Taber (1994) for worldwide EOR potentid.

Winter and Bergman (1993) esimated the currently available CO, sequedtration potentia
within abandoned oil and gas fidds in the United States.  In ther andlyss, they explicitly excluded
depleted fidds that ill maintain even alimited level of active oil and gas production. This screening
dep filtered out the bulk of depleted oil and ges fidds intentiondly targeting the small subsat of
entirely abandoned fidds that could be available for immediate CO, sequestration. (In fact, synergy
between remaning waterflood operations and future CO, flooding could be combined to reduce
operating costs) For this and other reasons, their estimate of current sequestration capacity is
(undergtandably) much smdler than the more indusive and time-independent ARI estimate.

The authors screened a Petroleum Information, Inc. production data base to identify known
petroleum fidds that were not productive during the previous 3 to 12 months They assumed that
these reservoirs had been abandoned as uneconomica and thet they would be immediaidy avallable
for CO, digposa. The cumulative volume of ail, gas, and water produced from these depleted fidds
was assumed to be available for CO, sequedtration. However, usng the cumulative volume of ail, ges,
and water produced from depleted fidds to estimate the volume available for sequestration would
greetly over gate the potentiad volume available if the etimate did not account for injected weter,
which is often not reported. It is not uncommon to inject (and consequently produce) multiple
reservoir pore volumes of water during the life of awaterflood.

A minimum depth of 900 m was specified, bedow which reservoir pressure is generdly
adequate for supercriticad CO, dorage. A maximum depth cutoff of 3,300 m was aso used, below
which compression costs were assumed to be prohibitive. They anticipated that CO, could beinjected
until initid reservoir pressure was re-established; this pressure was inferred from fied depth using an
average pressure/depth gradient of 0.105 Ba/m (0465 psi/ft), approximady 7% above the
hydrostatic pressure gradient. Reservoir liquids were assumed to be incompressible and gasto behave
as a pefect gas, such that volumes of gas and liquid are additive; dissolution of gas into weter or ail
was not cong dered.

Using this methodology, Winter and Bergmen identified 1,360 individua abandoned oil and ges
fidds in the US. Totd, immediatdy avalable CO, sequedtration capacity was estimated to be
goproximatdy 800 hillion m® (L5 Gt; 23 Tcf). Mot identified fidds were rdatively small, with
sequestration capacity of less than 1 million t CO,. The study did not estimate the cogts of CO,
Sequedtration in these fidds.
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Discussion. It isnot possble to directly compare our sudy with Winter and Bergman, 1993,
The ARI estimate of 00, sequedtration in depleted U.S. ail and gas fields of 52,000 billion n? (98 Gt
or 1,853 Tcf) is some eighty times larger than thet of Winter and Bergman. Thisiis primarily because
a) we included dl known ail and gas fidds b) we further include dl future undiscovered oil and gas
fiedds and c) our estimate is independent of timing or availability.

Concerning naturd gas reservoirs, we largdy agree with Winter and Bergman's decison to
limit their estimate to only abandoned fidds. Thisis because CO, injection into active gasfie dswould
rapidly contaminate any remaining natural gas reserves. We would further caution that higher natura
gas prices or improved gas extraction technologies could in the future simulate re-development of
currently uneconomica naturd ges fieds, thus CO, should be injected only into the mogt thoroughly
depleted gas reservairs. This could reduce the volume of immediately available CO, sequestration
cgpacity in naturd gasfidds.

However, we do not consder that CO, injection is incompetible with current or future ol
production operations. In fact, CO, injection can dicit beneficid enhanced oil recovery from certain
depleted or abandoned oil fidds, as demondraied by extensve and growing CO,-enhanced all
operations in the U.S. (see Section 2.0). For this reason, we congder that the Winter and Bergman
andyss underestimated CO, sequedtration in depleted ail fidlds.

Padamsey and Railton (1993). The Alberta Oil Sands and Research Authority (AOSTRA)
conducted a study of CO, sequedration in sdected depleted oil and gas fidds in Western Canada
(Albertaand Saskatchewan). This study was summarized in Padamsey and Railton (1993), Todd and
Grand (1993), as well as other atidles. We discuss the implications of this study in more detal in the
Canada portion of Section 5.0.

AOSTRA performed arigorous, integrated study involving detalled reservoir and cost andyss
of five representative depleted ail fields and one gas fidd in Western Canada.  Carbon dioxide
injectant was assumed to be captured from anthropogenic sources, such as power plants, and then
compressed and trangported to the oil fidds for underground injection.  Enhanced oil recovery was
modded in the five fidds usng reservoir smuldion. In summary, AOSTRA edtimated that about 278
million tonnes of CO, could be sequestered in Western Canada over the next 15 years a an average
net cost of C$46.50/tonne (1992 Canadian dollars). Costs were high largely because CO, was
assumed to be captured from anthropogenic sources. The use of naturd CO, injectant (if avallable) a
one-fifth the supply cost of captured CO, would have dlowed most of the projects to sequester CO,
a anet profit.

With certain modifications (most important, adopting a more “typical” CO,/EOR ratio of 6
Mcf/BO rather than the highly optimigic 3 Mcf/BO assumed in the AOSTRA sudy), we have
incorporated the detailed evauations of these Six depleted Western Canadian fields into our worldwide
asessment. We then projected EOR performance thet they predicted to other depleted oil and gas
fiddsin thislarge geologic province.

Van der Meer and van der Straaten (1993) discussed the physica processes that occur in
reservoirs as a result of CO, injection. They assessed many of the design and operationa challenges

December 15, 1999 11 Advanced Resources International, Inc.



Sequestration of Carbon Dioxide in Depleted Oil and Natural Gas Fields |EA/CON/98/31

of goring CO, in depleted ol and ges fidds The sudy examined safety, dability, reservoir
contamination, and other important issues Paticular atention was focused on the specific
requirements for capturing and injecting flue gas from a conceptuad 500-MW power dation in
northwestern Europe. The study provided generd discussion of CO»-flood well configuration, surface
facilities, and cogts, dthough data from the numerous CO-EOR projects in the United States were nat
extengvey utilized.

This dudy dso developed the firg esimate of the totd CO, dorage potentid in worldwide
depleted oil & gasfidds, dbeit a a highly aggregete level. For each continent, a Sngle etimate was
reported of the ultimate void spece in depleted reservoirs that could become available for CO,
injection. Resarvoir depth and pressure were gpparently assumed to be condant, as was the
compressihility of CO, rdative to that of methane. Actud varigbility in reservoir Sze and depth, CO,
compresshility, enhanced ol recovery efficdency, undiscovered petroleum  potentia, and
cogs/economics were not explicitly addressed in their worldwide esimate.  Neverthdess, ther
estimate of 670 Gt of totd CO, sequedtration potentid is of the same order of magnitude as the 923 Gt
edimated in the current ARI study, which utilized different data ssts and followed a different
methodology (discussed briefly in the following paragrgphs, and in more detall in Section 6.0).

Taber (1994) peformed a pioneering sudy of the CO, sequestration potentia in the subset
of worldwide depleted oil fidds thet are believed to have CO,-EOR potentiad. The sudy explained the
CO,-EOR process, st forth reservoir screening criteria for identifying EOR candidates, and
sysematicdly quantified the worldwide potentid for CO, sequedtration in EOR projects. We have
used this sudy as a foundation in performing the current, expanded scope of work as defined by the
IEA Greenhouse Gas Programme.

However, the current ARI study -- which should gill be consdered to be an gpproximate and
highly prdiminary esimae of globd sequedration potentid in depleted petroleum fidds -- goes
sgnificantly beyond the scope of the Taber (1994) and other studies in severd regards. We have
been asked to consder sgnificant sequestration capacity that was not quantified by the Taber sudy,
which focusad on the “low-hanging fruit” of oil fields with EOR potentid. Our candidate reservoir set
is more indusive then those of previous sudies, in that we placed no timing restrictions or cost cellings
on sequestration capacity. For example, depleted fidds that may only become available late in the 217
century could 4l be vauable sequedtration Stes and thus are included in our andlyss. All potentid all
and gas fidd stings (even high-cost) are included. Findly, we have atempted a more detailed
economic evauation of CO, sequestration potential.

To better illugtrate the scope of the current ARI study, the following summarizesthe following
principd differences between the current study and previous studies, particularly Taber (1994):

Natural Gas Fidds. The ARI study adds sequedtration in depleted naturd ges fidds to the
depleted ail fields covered in the Taber Sudy. Likethe van der Meer and van der Straaten (1993)
sudy, we assumed that CO, could be injected to fill the void space in depleted gas fidds.
However, rather than assuming a fixed CO, density underground (650 kg/nt), we computed
actuad dengty as a function of depth, usng formation volume and compressibility factors We
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found that the CO,/CH, volumetric ratio is not fixed, but rather varies severa-fold as afunction of
average reservoir depth.

Depleted Oil Fields: We have induded the gpplication of immiscible CO,-EOR potentid in
depleted ail fidds (in addition to the mistible-only resources assessed by Taber, 1994).

Undiscovered Oil and Gas Fields: Rather then redtricting the Sudy to agtatic list of known ol
fidds, we have induded future worldwide oil and gas discoveries forecast by recent U.S.
Geologicd Survey resource assessments. Undiscovered oil and gas fidds are, by definition, not
yet identified. However, the probabilistic anadysis used by the USGS and other groups shows that
undiscovered fields are atidicdly likely to be found during future decades, even in the most
meature petroleum provinces.

Cost/Sequestration Curve: We adapted methodology developed in a previous sudy of the
economics of CO, sequedtration in degp cod seams (Stevens and Spector, 1998), to edtimate CO,
sequedtration costs and volumes for eech mgor worldwide petroleum field group or resource
region. This enabled us to develop the firg (dbat highly preliminary) “cost/sequedtration curve’
for depleted petroleum fidds.

Barriers. We have examined some of the technicd and nornttechnicd barriers to CO,
sequedtration in depleted oil and gas fidds, drawing on the experiences of both the EOR and
underground gas storage indudtries.

The changes in scope, methoddogy, and new resource information led us to edimate a

sgnificantly larger CO, sequedtration potentiad in worldwide depleted oil and gas fidds compared with
Taber (1993) and van der Meer and van der Straaten (1993), as summarized in Table 1-1. The ARI
esimates are larger, even though in certain regards (notably EOR recovery factors) we have used
more consarvative assumptions.

1.4

Table 1-1: Comparison of Recent CO, Sequestration Capacity Estimates
For Worldwide Depleted Oil & Gas Fields (Gt CO,)

Estimate (Gt CO2) | vander Meer | Taber | Current
(1993) 1994 Study

Depleted Ol 148 61 126

FieldsEOR

Depleted Gas Fields 521 Na 797

Total 670 Na 923

Physical Propertiesof CO, Within Oil & GasReservoirs
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In this section, we briefly introduce CO, flood processes within oil and gas reservoirs. (A
more detailed discusson on this topic gppeared previoudy in Taber, 1993.) The emphass here ison
relatively complex enhanced oil recovery processes, more than the smpler injection and storage of
CG: into a reservaoir. We bdieve that this emphass is judtified, given tha EOR has the unusud
capability of achieving low-cost or even profitable sequedtration of CO, and thus warrants particular
atention.

Carbon dioxide can exigt in four diginct phases — vapor/gas, liquid, solid, and supercritical —
depending upon temperature and pressure (Schoding, 1998). Oil and gas operators generdly handle
CO;, in its supercritical phase, which is gable above the critica point of 6.9 MPa (1087 psa) and 31°
C (838° F). Inits supercriticd gtate, CO, may be conddered to be afluid, wherein the terms gas and
liquid lose ther conventiond meaning. In generd terms, the supercritica phase behaves like a liquid
with respect to dengity, and like a gas with respect to viscocity.

Sequedtration of carbon dioxide within an oil and gas resarvoir is affected by the physicd
properties of CO,. Thekey physca properties of CO, and ther effects within the reservoir include:

Density: Higher pressures increase CO, dengty, but much more gradudly for supercriticd vis-a
vis gas phases. For optimum enhanced oil recovery and sequedtration, CO. densty should be
gmilar to that of ail within the reservoir.  Otherwise, it may overide the oil zone, leading to
premature breskthrough to the production wells and poor ail recovery (Figure 1-1).

Minimum Miscibility Pressure (MMP): Thisisthe pressure a which CO, has the same dengty
asail. At pressures above the MMP, mistibility is achieved, dong with dramaticaly improved all
recovery (Figure 1-2).

Viscocity: At typical reservoir temperatures, the viscodty of CO, is more gas-like thean liquid.
The lower viscocity of CO, compared with oil can lead to unfavorable viscous fingering within the
reservoir.

Solubility in Water: The solubility of CO, increases directly with pressure (which can be
operationdly controlled), but inversdy with temperature (which generdly cannot). Dissolved sdts
impede CO, solubility. Conversdy, wae dso dissolves in CO,, thus the importance of
dehydration prior to trangporting CO, in a pipdine or reinjecting it into the resarvair, to prevent
condensation and corroson problems.
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Figs1l-land 1-2
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Compressibility: At the devated pressures typicaly encountered in underground reservoirs,
molecular interactions cause non-ided behavior of gas via the compresshility factor, which is
determined experimentaly. Compressibility is highly dependent on temperature and pressure, and
generdly ranges from 0.3 to about 0.6 for most reservoir conditions.

Compositional Factors: The CO, may mix with other gases, such as light hydrocarbons or
nitrogen, dtering its physical properties

1.5 CO,Flood Enhanced Oil Recovery

In mogt oil and gas fidds, only a smdl proportion (typicaly 10-40%) of origind ail in place
(OQIP) is recovered usng sandard petroleum extraction methods. Carbon dioxide injected into a
suitable depleted ail reservoir can achieve enhanced ail recovery through two processes, miscible or
immiscible digolacement.  Mistible processes are more efficient and most common in active EOR
projects, but immiscible flooding is likely to be increasingly important if widespread CO, sequedtration
takes place in depleted ail fidds with sub-optima reservoir conditions for miscible flooding.

Miscible CO, Displacement: Under suitable reservoir pressure and oil dengty conditions
(generdly deeper than 1,200 m with ail lighter than 22° API gravity), injected carbon dioxide will
mix thoroughly with the ail within the reservoir such thet the interfacid tension between these two
substances effectively disgppears (Taber e d., 1997). Theoreticdly, dl contacted oil can be
recovered under miscible conditions, athough in practice recovery is usudly limited to about 10 to
15% of OOIP. Mogt of te case example projects discussed in Section 3.0 utilize miscible
JprOCesses.

Immiscible CO, Digplacement: When reservoir pressure is too low and/or oil gravity too dense,
the injected carbon dioxide remains physcdly diginct from the oil within the reservoir. However,
injected CO, 4ill can improve ail recovery by causng the oil to swdll, reducing the oil’s dendty
and improving mobility. Currently only one large EOR project, Turkish Petroleum Co.’s Bati
Raman fidd, utilizes immiscible processes, while severd other amdler immiscible EOR projects
ae underway in the U.S.  Although less effident, immiscible disolacement could be readily
expanded if CO» sequedtration isimplemented on alarge scae in depleted fidds.

Onceail ismohilized by CO,, or freed from itsresidud saturation state that normally locksit in
place within the reservair, it must be ether pushed or pulled to the production well. For improved ail
recovery, CO, injection frequently is dternated with water injection in a water-dternaing-gas (WAG)
process. In practice, a“dug” of injected CO. is repeetedly dternated with water drive, over intervas
ranging from severa weeks to months (Figure 1-3).

Figure 1-4 illustrates the typicd surface configuration of an enhanced oil recovery project,

while Figure 1-5 shows the linkages of the fidd to CO, supplies and petroleum markets. Carbon
dioxide from natura or anthropogenic sources is trangported to the field via a dedicated pipeline and
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injected via a CO, injection well. Ql, water, naturd gas, and carbon dioxide are produced by a
production well and then these fluid components are separated at the surface. Oil and naturd gasis
collected and sold. Waste water is processed and then reinjected in a water disposa well. Carbon
dioxide is separated, compressed, and recycled back into the formeation in the CO- injector well. The
life span of atypicd CO,-EOR project is in the range of 5 to 30 years, depending on a variety of
technical and economic variables, such as the ratio of CO, injection to oil recovery, market prices of
oil and the CG; injectant, operationd costs, and other factors.

1.6  Sequestration in Natural GasFields

In addition to depleted oil fidds discussed in Section 1.5, depleted naturd gas fidds dso may
provide technicdly feasble dtes for CO, sequestration. However -- as modded in some deal in
Section 6.2 -- CO, sequedtration in depleted gas fields dmogt certainly will be much more codly vis-a
vis sequedtration in depleted oil fidds. In favorable settings, EOR can offset much of the cods of
CO;, injection in depleted ail fidds. In contradt, little or no offsetting benefit is generated by injecting
CGO; into depleted gas fidds. Indeed, CO, injection in depleted gas fields can contaminate and reduce
the vaue of remaining natural gas resources.  Although injected CO, may improve recovery of light
liquid hydrocarbons that frequently are associated with “wet” naturd gas deposits, this benefit would
more then be offsat by breskthrough of CO, to the fidd's naturd gas production wells, necessitating
codly separation.

Nevertheless, depleted ges fidds offer dgnificant advantages over some other disposad
methods, such as aguifer sequedration.  Fire, unlike most aguifers, depleted gas fidds are
demondrated long-term gas Storage Sites. Second, their geologic and reservoir characterigtics usudly
are better understood than those of aguifers, thanks to an abundant well and production data base.
And third, practical gas injection, monitoring, and operating technologies and experience origindly
developed for underground gas dorage (UGS) operdtions may be reedily adepted to facilitate
sequestration in depleted gasfidds.

Natura gas ddivery sysems typicaly comprise three principa comporents: 1) gas production
fidds 2) long-distance pipelines, and 3) gas dorage fidds near demand centers. Because gas
demand and prices fluctuate seasondly in temperate climates, UGS is often efficient for technica and
economic reasons. Mot pipdine systems operate gas storage fields, which are filled during low-
demandlow-price periods (northern hemisphere summer), and then drawn down during pesi¢
demand/high+price periods (winter).

For example, during 1997 atotd of about 79,000 million n7 (2.8 Tcf) of methane was safely
injected and withdrawn in 910 individuad naturd gas sorage fidds in the United States (AGA, 1999).
Assuming an average sorage depth of 1,500 m, and thus a compressibility factor of 2.3 (Figure 6-1),
this gas volume is equivaert to goproximatdy 340 million tonnes of CO,.

Underground storage has been an integrd part of naturd gas production, trangportation, and
digtribution systems for many decades, particularly in North America, Europe, and Audrdia Naturd
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ges is routindy injected, gored, and withdrawn from hundreds of UGS fidds. Consequently, the
technologies for monitoring injected gas within depleted naturd gas fields are rdaively mature and
could be readily adapted to monitoring and verifying CO, sequedtration in these settings.

UGS technology provides vauable technica and cost data for CO, sequestration in depleted
natural gasfidds. Maost commonly, the naturd gas Storage Site was converted from an abandoned gas
production field. Prior to converson to a storage function, detailed reservoir and technicd dudies are
routingly carried out on the abandoned gas field to establish its performance and integrity as a gas
storage site. Because gas storage fidds represent sizable capitd investments of $100 to $1,000 million
or more, petroleum engineers need to firg establish the integrity of the sed, the reservoir storage
mechaniams, and the optima gas injection and operation procedures before converson can go
forward. The same evauation methods that are used to screen gas storage candidates can be readily
adapted to evauate and rank potentid CO, sequestration Sites.

Additiond information and anadlyss on natural gas Sorage as an andog for CO, sequedtration
in depleted gasfiddsis presented in Sections 2.4 and 3.8.
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Fig 1-4
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2.0 Worldwide CO,Enhanced Oil Recovery & Gas Storage Industries

2.1  Overview of Worldwide CO,-EOR Activity

Much of the analyticd bad's of this report relies on the empirica performance of commercid
carbon dioxide enhanced ail recovery (CO2-EOR) projects.  Although none of these projects has yet
been monitored specificdly for the purpose of verifying CO, sequedtration (plans are underway for
joint EOR and sequedration monitoring & severd new projects in Canada and Norway) —
nonetheless, it is clear that Sgnificant sequedtration isanorma consequence of CO,-EOR floods.

Together the EOR projects that have been active during the past severd decades offer a
unique and diverse data set of long-teem CO, injection into depleted oil and ges fidds. These
commercid projects provide vauable ingghts into the physica processes rdating to CO, injection,
production, processing, recycling, and (inferentidly) sequestration within depleted oil and (asociated
gas fidds that encompass a variety of underground reservoir settings, as well as the costs and
economics of sequestration.

This section presents information on current and past CO.-flooding activity for enhanced ail
recovery in maure oil and gas fidds. The purpose of this discussion isto provide first an overview of
the operationd higtory and performance of worldwide commercid CO,-EOR operations. Following
the overview in Section 2.0, Sx individud field case higtories of CO-EOR operations are presented in
Section 3.0. These detailed case udies provide more specific information and ingght into the variety
of geologicd reservoir settings, CO, sources (naturd and anthropogenic), types of operding
companies and ther drategies, production tchnologies employed, and other key varigbles that are
likely to be crucid for future sequestration of carbon dioxide in depleted oil and gasfidds.

Commerdd CO,-EOR operations currently take place in just four countries. In order of
production, these are: the United States, Turkey, Trinidad and Canada (Table 21). In addition,
severd andl projects were successfully operated in Hungary during the 1980's, but then abandoned
during the mid-1990's. Worldwide CO,-EOR production during 1998 is edimated to have averaged
goproximatdy 33,460 ni/day (210,444 BOPD) from 79 individud projects, accounting for only atiny
fraction (0.3%) of total worldwide crude ail production of 10.7 million ni/day (67.1 million BOPD)
during this period.

The United States, which from the beginning has been the focus of CO,-EOR technology
devdlopment and investment, gill accounts today for the overwhdming mgority of worldwide CO,
flooding operations  Totd U.S. production during 1998 was estimated a 31,190 n/day (196,194
BOPD) of incrementa enhanced ail recovery from 74 individud field projects. Turkey was second at
2,146 milday (13,500 BOPD), essentidly dl from one large fiddd. Trinidad and Canada had much
lower production levels, 80 and 40 n¥/day (500 and 250 BOPD), respectively, from severd smdl pilot
fidds. (A large CO; flood planned a Weyburn fidd in Saskatchewan is expected to boost Canedd's
production sgnificantly during the next few years, but had not yet been implemented & report time))
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Table2-1: CO,-EOR Production by Country (1998)
CO,-EOR Production
Country Number of Barrelsper Day Cubic Meters per
CO,-EOR Projects (BOPD) Day (m’/day)

United States 74 196,14 31,190

Turkey 1 13,500 2,150

Trinidad 2 500 &0

Canada 2 250 A0

TOTAL 79 210,444 33,460

(Generdly, data concerning the specific volumes and rates of CO, injected into depleted ail
fidds for EOR are not publicly available. This section primarily reports information on enhanced ail
recovery, which operators are required b report to sate-level regulatory agencies in the United
States. Most of the CO, injection data used in this sudy was gathered from case studies reported in
the technicd literature or directly from EOR operators. Later in Section 4.0, we discuss our
methodology for projecting this subset of data to estimate CO, injection and sequedtration in al EOR
projects, and further estimating the sequestration potentia of depleted oil and gasfields)

2.2  United States CO,EOR Development

Current Status. The United States, where the technology for CO, enhanced ail recovery was first
demongrated on a large scde, remains by far the worlds most active area for CO-EOR
development and production. During 1998, enhanced ail recovery from 74 individud CO, floodsin the
U.S. averaged approximately 31,190 n¥/day (196,194 BOPD) (Figure 2-1). Mot (53) of these CO;
floods are located in the southwestern U.S,, within the mature Permian basin of western Texas and
eastern New Mexico, where numerous depleted oil fidds exist and reservoir properties are often
auitable for CO, mistihbility Map 21). The Permian basin has been the worldwide center of CO--
EOR technology development and gpplication. Much of the data and analys's developed for this study
regarding EOR performance and potentid CO, sequestration was based on the large, long-term CO»-
flood projects that have been active in the Permian basin M ap 2-2).

Other U.S. CO, floods are located in the Rocky Mountain region (6 projects), Mid-Continent
region (8 projects), and coadd onshore Gulf of Mexico (5 projects). In addition, two large-scae
hydrocarbor+-miscible EOR floods located on the North Sope of Alaska utilize CO,-rich (an estimated
22%) hydrocarbon gas, which is re-injected to maintain reservoir pressure and maximize crude oil
production (McGuire et a., 1998).
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Fig2-land Map 2-1
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Map 2-2
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(Although the rdative contribution of the CO, component vis-a-vis hydrocarbon ges in didting
enhanced oil recovery from the reservoir has not been publicly assessed for these Alaskan projects,
we have assumed that 22% of the EOR production in Alaska could be consdered to be CO, related.)
Altogether in the United States, CO: floods accounted for about 3.1% of totd nationd crude oil
produced during 1998.

Mogt CO,-EOR projects utilize naturdly occurring carbon dioxide, which is produced from
high-pressure, high-purity underground depodits  For example, Shell’s McElmo Dome fidd in
southwestern Colorado contains over 283 million n? (10 Tcf) of proved CO, reserves at a pressure of
about 2,000 pd. However, asmdl but sgnificant fraction of EOR projects utilize anthropogenic CO,
sources, such as wagte streams from fertilizer or gas processing plants (Table 2-2).

Table 2-2: Active U.S. CO2-EOR Projectsthat Utilize Anthropogenic Waste CO>

State Plant Name(s) Plant CO, Supply EOR Operator
Type (MMcfd) (10° Fields
m>/d)
Texas Mitchell, Gray Ranch, | Gas Processing 250 7.08 SACROC | Pennzail,
Puckett, Terrell Crossett Altura
Colorado | LaBarge Gas Processing 150 4.25 Rangdy Chevron
Oklahoma | Enid Fertilizer 35 0.99 Purdy Occidental
Louisana | Koch Gas Processing 25 0.71 Paradis Texaco
Total 460 13.03

CO,-EOR production is concentrated within a smal number of extensve, highly productive
projects that account for most EOR production in the United States, dong with essentidly al of
Turkey's EOR production (Table 2-3). Jud five large projects account for about haf of tota
worldwide CO,-EOR production. This concentration underscores the importance of focusng R&D
investment into depletedfield sequedtration on large current projects, particularly those with sgnificant
expansion potentid to adjacent depleted oil and gas fidds, to achieve the maximum near-term impact.

Table 2-3: The Five Largest Active CO,-EOR Projects
Account for Half of Worldwide Production (1998)

EOR Production GrossCum.
Area Wells CO; Injected
Operator Field Basin (km?) | Prod | Inj. | BOPD | md/d Bef | 10°m®

Altura Wasson (Denver) | Permian 177 735 365 30,700 4,900 1,683 47.7

Amerada Hess Seminole (Main) Permian 64 408 160 30,000 4,800 NA NA

Chevron Rangely (Weber) | Rockies 61 204 200 13,881 2,200 811 23.0

Turkish Petrol. Bati Raman SE Turkey 44 145 41 13,500 2,150 NA NA

Mobil Salt Creek Permian 49 85 48 12,000 1,900 NA NA
Total 5L argest Projects 100,081 | 15,950
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Higtorical and Projected Future Devdopment. Commercid injection of carbon dioxide for
enhanced oil recovery began a SACROC fidd in the Permian basin in 1972 (see detailed case study
in Section 3.0). CO; flooding was later implemented a depleted ail fidds in the Rocky Mountain, Mid-
Continent and Gulf Coast, involving new types of reservoir formations (predominately sandstone rather
than the carbonae reservoirs prevaent in the Permian basin). CO,-EOR projects dso were
implemented on a smdler scde in Turkey, Canada, Hungary, and Trinidad during the 1970's and
1980's.

EOR production grew modestly in the U.S. throughout the 1970's and early 1980's, but then
accderated markedly during the late 1980's and 1990's, even in the face of low to moderate oil prices
and overdl reductions in upstream capita spending. Development was able to increase depite low oil
prices for three main reasons. @) EOR deve opment and operating cogts fdll, as technologica advances
continued to make fied operation and monitoring more efficient; b) CO, supplies increased with the
condruction of new long-distance pipdines, and ¢) Oil companies (particularly the Mgors) become
organizationdly leaner and more efficient operators  Limited fiscd incentives for enhanced ail
recovery projects in the United States dso had a favorable, dbat much more modest, impact on
invesment. CO,-EOR production in the U.S. increased eght-fold from less than 4,000 nYday

(25,000 BOPD) in 1985 to 31,000 rri/day (196,000 BOPD) by 1998 (Figure 2-2).

Coincident with the growth in EOR, CO, ddiveries to the Permian basn have grown
markedly during this period Figure 2-3). As discussed in Section 4.0, the vagt bulk (an estimated
90%) of delivered CO, is effectively being sequestered within depleted ail fiddsin the Permian basin;
only a smdl volume of this costly commodity has been dlowed to escape to the amosphere without
recycling or reinjection. A smdl fraction of the Permian basin CO, supply has higtoricdly comefrom
anthropogenic sources. waste CO, dreams from four natura gas processng fecilities in the Vd
Verde sub-basin. In contrast, most of the CO, supply in the Rocky Mountain and Midcontinent
regions, the other main EOR areas in the United States, comes from anthropogenic sources.

Enhanced ail recovery from CO, flooding is expected to continue increasing in future years
under most world ail price scenarios. As part of the U.S. Department of Energy’s Oil and Gas Supply
Modd, which forecasts future oil and gas production in the United States, Advanced Resources
developed an enhanced oil recovery submodule that specificaly assesses the economics of CO-EOR
projects in the United States  The field-based economic modd evauates the production codts of
exiding CO,-EOR projects in the U.S,, as well as the development codts for expanding CO, flooding
into new depleted ail fidds, providing the ability to sysematicaly forecest future EOR production
(Stevens and Kuuskraa, 1997). Alaskan CO,EOR production, which is not smulated in this modd,
was assumed to remain constant at the current level of about 2,400 n/day (15,000 BOPD).
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Figs 2-2 and 2-3
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Future EOR production will depend primarily on oil prices and technologicd improvements.
Higher ail prices enhance revenues and prafitability, leading to increased invesment in EOR fadilities
and eventudly higher levels of production (as wel as associaed sequedtration).  Technological
improvements — such as improved flood monitoring using 4-d seismic surveillance -- lower extraction
cogts, which aso enhances profitability, Simulaing investment and increased production. To esimate
future EOR production in the United States, we conducted a mode run usng USDOE' s “ Reference”
(mogt likely) QOil Price track, and aso assumed Reference technologica advancement (USDOE,
1998). (This price track envisons the average price of ail in the continentd U.S. increesing from
US$13/bbl to $21/bbl over this period, in condant 19973.)

Our forecasted scenario is based on current EOR market conditions, under which operators
receive no financia benefit for sequestering CO..  Currently, operators must cover the costs of
purchased CO,, as well as dl other capitd and operating codts, soley on the bags of sdes of all
production. Should a market of tradable CO, emissons credits deveop in the future, lower net
operaing costs would accelerate and intensify the development of EOR resources in the United States
and worldwide.

Under the reference price/technology scenario, we forecast that CO,-EOR production in the
United States will remain rdaively flat until 2010, after which higher ail prices and simulate incressed
investment and production. Production is forecasted to increase to a pesk about 35,000 ni/day
(220,000 BOPD) in 2015, before dedining as the currently identified resource base becomes
ubgtantidly depleted (Figure2-2).

2.3 EOR Production Companies

Mogt of the firms involved with CO-EOR operations are “integrated’” mgor oil companies,
active in refining and marketing activities as well as production operations. Smdler independent (i.e,
non-integrated) producers, which actudly account for mogt oil production in the U.S,, are generdly
less active in CO-EOR activities. Large oil companies tend to have the necessary expertise in
engineering design and implementation of complex EOR projects. Although large EOR projects can
add sgnificant il reserves, they often require more than 5 years to pay out, due to high operating
cogts and resulting low profit margins. EOR projects can be particularly vulnerable to periods of low
oil prices Large companies tend to have the rdatively longterm investment viewpoint required for
CO; floods to be economic.

A ranking of oil companies by CO,-EOR production is provided in Table 2-4. (These data
are reported by operator; actud ownership of produced oil may differ.) Thelargest producersinclude
Altura (an dliance of Shell and Amoco that is limited to the Permian basin), Amerada Hess (which
operaes the large Seminole Unit in the Permian basin), and then Mobil, Arco (mainly through ther
Alaskan North Sope hydrocarbon-miscible projects), Chevron, Texaco, Exxon, Pennzoil, and Amoco
(non-Altura production). All of these companies are large, integrated “Mgors.”

Table 2-4: Production of CO,-EOR by Company (1998)
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Per cent Number CO,-EOR Production

Rank | of Total Company of Projects BOPD m*/day
1 2% Altura (Shell/Amoco) 13 55,928 8,892
2 14% Amerada Hess 3 30,500 4849
3 1% Mobil 7 22,800 3,625
4 10% ARCO (incl Alaska) 3 21,070 3,350
5 0 Chevron 3 14,511 2,307
6 8% Turkish Petroleum Co. 1 13,500 2,146
7 ) Texaco 5 10,270 1,633
8 % Exxon 4 9,250 1471
9 % Pennzoil 1 9,000 1431
10 ) Amoco 4 7,030 1,118
& Other U.S./Worldwide ) 16,585 2,637

100% TOTAL 79 210,444 33,459

Source: Oil & GasJournal, 1998; operator data.

To encourage private-sector development of EOR resources, the U.S. Department of Energy
(USDOE) hes teken an active role in promoting industrid R&D into advanced CO,-EOR production
technologies and innovative applications within new reservoir types and settings.  For example, the
USDOE provided cogt share to Chevron and Advanced Resources Internationd, Inc. to evauate and
implement a pilot demondration of CO, flooding into the sliceous shae reservoirs of the Monterey
Shde within Cdifornid s San Joaquin Vdley, areservoir and rock type that has never been proven to
be amenable to CO, flooding (Chevron, 1998). If successful, this technology could be expanded to an
entirdly new resarvoir type with gpproximately 16 billion n? (100 billion barrdls) of EOR potertid. An
additiond, dthough initidly unintended, benefit of this R&D could be providing a low-cost (or
potentidly profitable) underground disposd ste for anthropogenic CO, emissonsin Cdifornia

It is important to point out that our sequestration study assumes current levels of technology
and cogs. Technologica progress in EOR and sequedtration methods, promoted by indudtrid R&D
prgects such as the Chevron project discussed above, undoubtedly will occur in the future, increasing
efficency while reducing cods

Although smdler independent oil companies remain minor players in CO,-EOR, in recent
years they have become increesingly active, particularly in CO, flooding of rdatively smdl properties
Some of the leading smdler companies currently involved in CO,-EOR incdlude JP QOil, Mitchell
Energy, and Wiser Oil. This trend has in part been aided by technology transfer and, on occasion,
financid assstance provided by the U.S. Department of Energy.

In addition, Shell CO, Co., the largest supplier of injectant in the Permian basin, has dso
targeted independent producers in the Permian basin and other aress to increase the market cemand
for CO,. For example, Shell conducts short courses and seminars in CO,-EOR technology aimed a
the engineering staff and management of independent ol producers. Shell CO, Co.’s technicd staff
aso hdps to screen reservoir candidates, using reservoir and economic modeds they have developed,
and to design gppropriate flooding programs for independents. On occasion, Shell has shared some of
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the risk that operators undertake in implementing a CO, flood — such as lower future oil prices or the
technica risk of lower-than-expected oil production -- by contracting to supply CO, to the project at a
reduced cost in return for an equity share in the enhanced oil production stream. CO, supply cods
have dso been linked to ail prices, which again reduces operator risk.  Shdl’s entrepreneurid
gpproach has helped to expand CO; flooding in the United States during the 1990°'s, even during a
period of low-to-moderate oil prices.

2.4  Overview of Underground Gas Storage Technology & Activity

Overview. |In addition to CO, enhanced ail recovery operations, the injection and storage of natura
gas within underground formations is another commercid petroleum industry activity that can provide
ussful indghts into the technica feesbility and cogts of CO, sequedtration in depleted oil and ges
fidds. This section briefly introduces and quantifies worldwide underground gas storage (UGS)
activity, while Section 3.8 provides a representetive case history of a gas sorage fidld. Certain cost
components for UGS were used in the cost/sequedtration analysis presented in Section 6. Findly,
because the injection and dorage of combudible naturd gas underground arguably could be
condderably equaly or more hazardous than storing inert CO,, we discuss ingghts gained from the
experience of the UGS indusgtry within the Barriers Section 8.0.

Underground gas storage is used to accommodate seasond swings in gas demand, which are
usudly caused by westher-reaed variations in resdentid and indudtrid hesting requiremerts. UGS is
often a less expensve and more responsive dternative compared with congructing larger diameter
pipdines and drilling extra gas production wells. Gas storage is usudly located dose to mgor urban or
indugtrid demand centers or draegic transcontinentd pipdine hubs.  Natura gas typicdly is
purchased and injected during low-demand periods (Northern Hemisphere summer) and then
withdrawvn from UGS fadilities during high-demand periods (winter).

Before a gas storage project can be implemented, a detailed feasibility sudy generdly must be
performed. Such a feashility methodology could form the basis for sudies of converting depleted all
and naturd gasfiddsto CO, sequedration. The feaghility usudly involves the following steps:

Detailed geologic and geophysica mapping to define the Storage capacity, geometry, and internd
dratigraphic framework of the reservoir, as wel as the nature of overlying, latera, and underlying
Sedls.

Resarvoir enginesring andyds of wdl injectivity and production, reservoir fluid compogtion,
pressure-vaume-temperature state, and other parameters.

Andysis of potentid chemica reactions between injected gas and the host rock/fluid system.
Resarvoir smulation study involving history match of fluid production, design of optima placement
and operation of the injection/withdrawa wells, and a schedule for subsurface operations.

Desgn of surface gas injection and withdrawd fadilities, incduding well heads, compresson,
dehydration, water disposal, and gas gathering and didribution pipelines

Economic study of naturd gas supply, demand, and pricing. Fnancid andyss of surface and
subsurface capitd and operating cogts, including the cost of base gas.
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UGS Activity. During 1998, a totd of more than 500 UGS fidds were in operation worldwide,

representing total working gas storage capacity is some 164,000 million n? (5.8 Tcf; Table 2-5). The
United States and Canada account for about two-thirds of the worldwide UGS cgpecity, whilst Europe
acoounts for mogt of the remainder. Underground gas storage is less prevdent in Audtrdia and other
temperate countries, where residentid use of gas for heating accounts for only a minor portion of
overd|l demand. New UGS fadility design and condruction is underway in China, South Americaand
other regions, aswell asin the more mature North American and European systems.

In addition to working gas volumes, UGS fidds require base gas volumes thet can range from
50% to 500% of the working gas volume (waldwide base gas data are not readily available). Thus,
the actud totd gas injected into worldwide UGS fadilities is on the order of 300,000 million n? (10
Tcf). This volume is about double the estimated ultimate CO; sequedtration of ongoing CO-EOR
projects. Together, gas storage and EOR represent the largest indudtrid experience in gas injection
into geologic formetions.

Most underground gas storage facilities are converted depleted oil and naturd gas fidds. In
the United States, where data are reedily avalable, some 336 out of atota 406 Sorage facilities were
converted oil and gas fidds, compared with 51 purdy aquifer (non-petroleum bearing) reservoirs
(Table 26). (It should be noted that many oil and gas reservoirs are Smultaneoudy grong aquifer
sysems) Resarvoir types are typicaly sandstone or carbonate lithologies, the use of sdt caverns and
abandoned cod mines for gas sorage is much less common.

Table 2-5: Summary of Worldwide Underground Gas Storage Capacity (1998)

Country/Region Number Gas Storage Working Capacity

Of Fields (million m3) (Tcf)
United States 406 92,349 326
Canada 1 14,580 051
Total North America 417 106,929 3.78
Germany 33 15,410 054
Italy 1 13422 047
France 15 10,490 0.37
Other Europe 6 18,361 0.65
Total Europe 100 57,683 2.04
Total Australia 4 1,244 0.04
Worldwide Total* 521 164,612 581

Note: *Does not include Russia and CIS countries. Does not include LNG tanks or other surface
storage. China, Japan, Korea, New Zealand currently do not have underground gas storage.
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Sources: 1EA, 1999 (non-U.S. data); AGA, 1999 (U.S. data)

Table 2-6: Underground Gas Storage in the United States (1998)

By Storage Site Number | Gas Storage Working Capacity

Of Fields | (million m®) (Tcf)
Depleted Oil & Gas Field 336 79.5 281
Aquifer 51 9.4 033
Salt Cavern 18 34 012
Abandoned Cod Mine 1 0.06 0.002
Total 406 92.3 3.26

By Reservoir Type

Sandstone 261 58.5 207
Carbonate 77 234 083
Cavern 19 35 012
Other/Not reported 49 6.9 025
Total 406 92.3 3.26

Source: AGA, 1999

UGS Technologies. Many of the technologies developed to evauate, design, and operate
underground gas storage have application to future CO, sequestration operations in depleted il and
gasfidds. These technologies include:

Subsurface Safety Valves: UGS wells with particularly high flow potentia (such as st cavern
storage commonly used in Germany) require direct-control subsurface safety valves to meet
current environmental and safety regulations (Gano and Revay, 1993).

Reservoir Management: Many depleted gas and aquifer reservoirs have active drive. UGS
management systems, particularly detailed reservoir characterization and numerical simulation,
have been developed to optimize injection and withdrawal cycles (Hower et d., 1993).

I sotopic Tracers: Naturd and artificialy injected isotopes are used in the UGS industry to track
movement and mixing of isotopicaly different gases. 1sotopes can help optimize well completions,
identify reservoir canpartmentaization, and allocate storage by individua reservoir layer. Gas
storage fields are excellent “laboratories’ for demonstrating the mixing of isotopicaly different
gases and identifying gas seeps (Epps, 1992; Schodll et al., 1993).

Seismic Methods: The use of advanced seismic reflection techniques, such as 3D pressure
and shear-wave seismic, is now used to image gas movement through petroleum reservoirs. 3-D
seismic data collected over time (4-D) can define geologic facies, faults and fluid boundaries
(Reymond et al., 1999; Huang et al., 1999).
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Other Geophysical Methods. Other geophysica methods, such as gravitational anomdies, can
be used to track gas movement through the reservoir. For example, high-resolution surface and
borehole gravimeters can define the aread distribution of gas within a reservoir, as well as the
vertical distribution of gasand oil in awell (Brady et d., 1993).
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3.0 Case Studiesof CO,EOR and Underground Gas Stor age Projects
3.1 Introduction

This section presents detailed case histories of seven depleted oil and gas fidlds. Because of
the low cogs and likely importance of CO,-EOR technology for sequestration, we sdected as case
dudies sx depleted oil and gas fidds with CO,-EOR operationd experience. We aso sdlected one
underground naturd ges Storage fied as a case sudy of gas injection and withdrawa in a depleted
natura ges fidd. These case dudies provide ussful indghts into the feasibility and operationd
chdlenges of CO, saquedration in depleted oil and gas fields. Sdlected from the larger universe of
hundreds of CO,-EOR and gas storage projects currently in operation, the case studies dso provide
tangible evidence and reassurance of just how sophigticated and routine the injection and monitoring of
CO, and naturd gasinto depleted oil and gas fidds has become.

The projects discussad in this section indude Sx EOR fidds: three fidds from two different
regions of the United States, one EOR fidd in Canada, and one field in Turkey. We dso briefly
review the experience of CQO; injection a severd depleted ail fidds in Hungary, which were active
during the 1970's and 1980's, but were discontinued during the mid-1990's. We focus here on the
larger and longerlived projects, representing some geologic and geogrgphic variety, to provide
background on the actud performance and technology gpplication in commercid fidds, as wdl as
ingghtsinto how future CO, sequedtration projects may be designed and operated. Findly, we discuss
an underground naturd gas storage facility in the centra United States that is consdered to be
representative of the more than 500 underground gas storage fields in operation worldwide.

Later in the report, the CO,-flood potentid of other mgor worldwide petroleum provincesis
discussed.  However, because most such aress lack actua CO, flood operations or even basic pilot
fidd tedting, this andyssis necessarily less detailed and more speculeive.

No truly comprehensive case studies of CO,-EOR floods have been published in the technical
literature.  Thus, for this study we had to piece together information and andyss based on the
numerous quite focussed published accounts thet are available, which tend to be limited to the specific
performance of individua production technologies or sratiegies. We augmented this public information
with discussons held with EOR field operating companies. Published accounts of naturd ges storage
cae dudies amilarly tend to be limited, thus we sdected a storage fidd where ARI recently
performed extensve field testing and andyss.

The depleted oil and gasfidd case hisories are:

(U.SAA.) Pennzoil’s SACROC Unit, the world's firg large-scde CO, flood, located within the
Permian basn of West Texas. SACROC produces from a depleted carbonate reservoir and has
the longest higtory of CO, injection and EOR production. Mogt of the CO, injected into thisfidd
came from gas processing plants (anthropogenic), dthough the fidd has recently switched to
natural CO, sources.
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(U.SA.) Shel’s Wasson-Denver Unit, dso located within the Permian basin of West Texas, is
currently the world's largest CO, flood in terms of enhanced oil production and CO, sequestered.
This project involvesinjection of CO, from natural sources into a depleted carboneate oil reservoir.

(U.SA.) Chevron's Rangely Weber Unit, located in northwestern Colorado, is the world's
third largest CO; flood. The anthropogenic CO, injectant used exclusively for this project comes
from a gas processng plant. The geologic setting and reservoir type (sandstone) are
characterigic of Rocky Mountan Fordand basins, digtinctly different from the carbonate
reservoirs of the Permian basin.

(Turkey) Turkish Petroleum Co.'s Bati Raman Field is the lagest CO,-EOR project
implemented outsde the United States Bati Raman produces reldively heavy ail from a
carbonate reservoir, and represents an immiscible flood with characterigtics consdered outsde the
“norma” range for CO2-EOR projects.

(Canada) Vikor Resources Joffre Viking Tertiary Oil Unit currently is the largest CO-
EOR project in Canada.  The Joffre Viking project utilizes natural gas plant CO, injectant -- an
anthropogenic source -- and has been active on asmdl scade for 15 years.

(Hungary) Nagylengyd and Szank Fields were CO, flooded usng naturd ges plant off-
product and flue gas during the 1980's, dso anthropogenically sourced, but have since been shut
in.

3.2 SACROC EOR Unit (Pennzail E & P Co.)
(Hawkins et a.,1996; Wingate, 1995; Brock and Bryan, 1989; operator discussions)

Background. Initiated in 1972, Pennzoil’s SACROC Unit in the Permian basin was the world's first
large-scde commercid carbon dioxide EOR flood. The SACROC (Scurry Area Canyon Reef
Operators Committes) operation covers a 205-knt (50,000-acre) area within the depleted Kelly-
Snhyder ail field in the eastern part of the Permian basin, west Texas(Map 2-2).

Light ail is produced mainly from limestone reservoirs of the Canyon Reef Formetion of Late
Pennsylvanian age. The fidd is interndly complex. Tight shde zones verticdly segregate the oil
reservoir into numerous stacked compartments thet are not in pressure communication; fluid flow is
essentidly horizonta.  The SACROC Unit is the largest fidd within the Horseshoe Atoll geologic
trend, an arcuate-shgped dructure that holds enormous in-place oil resources and sequestration
potentid.

Primary oil production for the SACROC Unit began shortly after discovery in 1948
Secondary (waterflood) operations were initigted in 1954 to maintain ail production. CO, mistible
flooding was implemented in 1972 and has proceeded continuoudy for 27 years.

During the period 1972 to 1995, CO; injectant for the SACROC project was supplied from
nearby naturd gas processing plants. These four naturd gas plants (Terrdl, Grey Ranch, Mitchdll, and
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Puckett) in the southern Permian basin separate naturdly occurring CO, from naturd gas production
to enable the latter to meet methane pipeline corroson specifications.  Because the separated CO,
byproduct otherwise would be emitted to the amosphere, the CO, injectant used during this period
may be consdered as anthropogenic-sourced.  High-pressure, pure CO. was transported to the
SACROC fidd by a devoted 41-cm (16-inch) diameter, 270-km (170-mi) long pipeine operated by
Canyon Reef Cariers (CRC). Pipdine capacity was about 6.8 million ni/day (240 MMcfd), but
actud transported CO, volumes averaged only 1.4 million m*/day (50 MMcfd).

The source of CO, supply to SACROC changed in 1996. Ddhi Fipeline Co. purchased the
CRC pipdine and converted it to naturd gas trangportation service. Simultaneoudy, SACROC and
the nearby North and South Craoss fidds converted to netura carbon dioxide injection supplied by Shell
CO; Co. The gas processng plants in the Vd Verde basn became isolated from market and the
wagte CO, was vented during 1996-1998. However, in September 1998 Petro Source Corp., MCNIC
Fipeine & Processing Co., and ARCO Permian completed a new 25-cm (10-inch) diameter, 130-km
(82-mi) long pipdine from the four Va Verde gas trestment plants to reconnect this supply of
anthropogenic CO, to EOR fidds in the Permian basn (Petroleum Engineer Internationd, 1998). The
Petro Source pipdine initidly carries 2 million n*/day (70 MMcfd) of COy, with capacity to trangport
up to 35 million n/day (125 MMcfd).

CO,--EOR Performance. Sgnificant EOR was achieved a2 SACROC from 1981 onwards (Figure
3-1). This followed a 10-year period during which CO, injection (around 150 MMcfd) and water
injection (risng from 200,000 to 600,000 BWPD) falled to avert a dedine in il production. The firgt
part of the recognizable period of EOR (1981-1984) coincides with asharp increase in water injection
rate from 600,000 to over one million BWPD. It isnot dlear, therefore, how much of the incrementd
ol generated during this period is due to the more aggressive water flooding or to a deayed CO,
effect. On the other hand, post-1984 water injection steadily dedined to one quarter of its pesk rate,
and much of thisincrementa oil can be atributed to CO,-EOR.

Carbon dioxide injection rates were much higher during the early stages of the project at about
51 million nt/day (180 MMcfd), but dedined to 1.7 million m¥day (60 MMcfd) by 1995. A
cumulative, gross tota of just over 30 x 10° n?® (1 Tcf) of injected CO, contributed to recovery of 69
million bl of incrementd oil. By 1995 the cumulative gross injection/production retio (incdluding re
injection) hed declined to (atill redively high) 15 Mcf/BO.

Table 3-1: Key Parameters of Pennzoil SACROC CO,-EOR Project, Permian Basin, U.SA.

Parameter Metric Units English Units
Depth 2,040 m 6,700feet
Qil Gravity 0.82 glcc 41° APl
Current EOR Area 200 knt 49,900 acres
Number of Wells 325 Producers, 57 CO, I njectors
Origind Qil in Place (OOIP) 336 million n? 2.113billion barrels
Current EOR Production 1,430 ni/day 9,000 BOPD
Egtimated Ultimate EOR (%00IP) 27 million n’ (8.0%) 169 million barrels (8.0%)
Current Gross CO, Injection Rate 1.7 million m3/day 60 MM scfd
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Cumulative Gross CO, Injection (1996) 30x 10° m? (0.06 Gt) | 1.04 Tcf
CO, Source Gas Processing Plant (1972-1995); Natural Source (1996-0n)

Note: 1 metric tonne CO, at U.S. standard conditions (1 atm and 60° F) = 534.76 n’
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EOR peformance could be consderably better within certain portions of the SACROC Unit,
particularly areas where waterflooding had been mature by the time CO, injection was started. In one
area (603 acres, 24 wdls), injection during the firgt 5 years led to an incrementd recovery of 10% of
the origind ail in place (OOIP); gross CO; utilization was 9.5 Mcf/bbl and a net of only 3.2 Mcf/bbl.
Results over nearly 7 years in a larger area (2,700 acres, 100 wdls) show incrementd recovery of
75% of OOIP; gross and net CO, utilization were 9.7 Mcf/bbl and 6.5 Mcf/bbl, respectively.
Pennzoil estimates that CO, flooding will recover goproximatdy 8.0% of origind ail in place. Pennzoil
has not undertaken studies to estimate CO, sequedtration at the SACROC Unit.

3.3 Wasson-Denver EOR Unit (Altura[Shell/Amoco])
(Kittridge, 1992; Hsu et a., 1997; Qil & Gas Journal, 1998; Ward and Cooper, 1995; operator
discussions)

Background. Altura, alocd Permian basin joint venture between Shell and Amoco, operaes the
Wasson-Denver Unit project, one of the world's largest and longest-term CO, floods. The Wasson+
Denver Unit covers about 114 knt (28,000 acres) in Yoskum and Gaines counties, western Texas
(Map 2-2). Light ail is produced from the Denver Unit of the dolomitic San Andres Formation at a
depth of about 1,500 m (5,000 feet). Latera reservoir continuity is considered good across the average
injector-producer distance of 300 m (1,000 feet).

The Denver Unit is located a he shdlowes gructurd level within the Wasson fidd. The
fiedd has an origind naturd gas cgp up to 100 m thick that has a sgnificant impact on its CO,-flood
performance. Primary oil production dates back to 1936. Water flood operations commenced in 1965,
while miscible CO, injection was initiated in mid-1983 and increased markedly following completion of
the Cortez pipdine in mid-1984 (Figure 32). The Wasson-Denver Unit is operated as a water-
dternating-gas (WAG) flood.

Carbon dioxide injectant is supplied to the Wasson-Denver Unit via the 900-km (560-mi) long,
76-cm (30-in) diameter Cortez pipdine. The Cortez line is operated by Shdl CO, Co,, Ltd. and is
upplied by the McEImo Dome fied in southwestern Colorado, which is a naturdly occurring CO,
deposit. During 1998, gross CO, injection rates a Wasson-Denver Unit averaged 9.3 million m/day
(330 MMfd).  This rate is down considerably from the 12.1 million ni/day (426 MMscfd) leve
during 1996, as part of the planned tapering of this meturing WAG. Approximatdy hdf of this CO,
injectant is purchased from the Cortez supply pipeling, while the other hdf is sourced interndly by
recycling CO, that has broken through to the fidd's production wels (such CO, breskthrough is a
norma occurencein an EOR field).

CO,-EOR Performance. The Wasson-Denver Unit CO, flood comprises an array of 365
injection wells and 735 producing wells. Figure 3-2 shows the long-term ail production history snce
discovery in 1937, illugrating dearly the three distinct phases of recovery methods used at the field.
Primary oil recovery took place during 1937-1963. Water flooding beginning in 1964 generated a
sgnificant increase in il recovery, which began to drop off sharply after 1980.
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The onset of CO, flooding in 1983 was accompanied by a sharp dedine in weter injection.
Altura s andysis indicates that most of the oil production during the first few years of the CO, flood
continued to be attributed to the base waterflood. Enhanced oil recovery first became evident in mid-
1985 and steadily increased to the end of 1996, as demondrated by the widening differentia between
the actud oil production curve and the projected base decline curve. The CO, flood was later
expanded during 1989 into the western haf of Wasson-Denver Unit.

Table 3-2: Key Parameters of the Altura (Shell/Amoco) Wasson Denver Unit
CO,-EOR Project, Permian Basin, U.S.A.

Parameter Metric Units English Units
Depth 1,585 m 5,200 feet
Qil Gravity 0.86 g/cc 33°API
Current EOR Area 115 km? 27,848 acres
Number of Wells 735 Producers, 365 Injectors
Origina Oil in Place (OOIP) 335 millionm® 2.10 hillion barrels
Current EOR Production 4,880 nt/day 30,700 BOPD
Edtimated Ultimate EOR (%001 P) 56 million nt (16.6%) 348 million barrels(16.6%0)
Current Gross CO, Injection Rate (1998) 9.3 million n/day 330 MMscfd
Cumulative Net CO, Injection (1998) 43x 10° m’ (0.08 Gt) 1.5 Tcf
CO, Source Bravo and McEImo Domes (Natural)

CO, injection rates during most of this period were fairly steady a around 13 million ni/day
(450 MMcfd), while EOR production incressed to nearly 5,000 nday (30,700 BOPD) by 1998,
currently the highest of any active CO; flood. The cumulative net purchased CO: injected/ EOR
produced ratio a Wasson-Denver Unit to date is a reaively high 2,660 ni/nt (15 Mscf/BO).
However, Altura forecasts that CO; flooding eventudly will recovery a tota of 56 million ni (348
million barrels) or goproximatdy 16.6% of origind ail in place by the condusion of this project. Thus,
the net CO,/EOR rétio is expected to dedline to an ultimate 950 nv/m?® (5.34 M<cf/BO) at the end of
the project, which is fairly typica for the Permian basin. Altura has not conducted specific studies of
CO, sequedtration at the Wasson-Denver Unit.

December 15, 1999 41 Advanced Resources International, Inc.



Sequestration of Carbon Dioxide in Depleted Oil and Natural Gas Fields |EA/CON/98/31

3.4 Rangely Weber Sand Unit (Chevron USA Production Co.)
(Jonas et al., 1990; Brock and Bryan, 1989; Hild and Wackowski, 1998; Wackowski, 1997; and Qil &
Gas Journal, 1998; operator discussions)

Background. The Rangely Weber Sand Unit CO, flood operated by Chevron covers 15,000 acresin
northwestern Colorado Map 31). It isthe larges ail fidd in the U.S. Rocky Mountain region in
terms of daily and cumulaive oil production, and is currently the world' s third largest CO. flood. The
project is developed as a miscible water-dternating-gas (WAG) flood. Although conddered very
profitable overdl, the Rangdly project is goproaching the end of its planned life. Chevron plans to
reduce and eventudly cease new CO, purchases.

CO; injection and enhanced oil recovery takes place in the Weber Sandstone, a 200-m (675
ft) thick sequence of interbedded eolian sandstones and mixed fluvid sltstones, shdes, and sandstones
of PennsylvanianPermian age.  Five mgor fluvid dhde bresks have been identified within the
reservoir. These shde layers generdly act as effective vertical permesbility barriers that dratify the
reservoir into X mgor producing zones. Formation depths of about 1,800 m (6,000 ft) and the
reldively light oil are suitable for CO, miscibility.

Map 3-1 here
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CO, injectant @& Rangdy is supplied via pipdine from Exxon's La Barge naurd gas
processng plant in southwestern Wyoming. The massve Labarge gas plant removes naurdly
occurring CO, from naturd gas production in this region, enabling the latter to meet pipeline corroson
specifications. Because this byproduct CO: otherwise would be emitted to the aamosphere -- in fact
mogt of the waste CO, a this gas plant dill is vented -- the injectant at the Rangdly Weber Unit may
be considered to be anthropogenic sourced. The ddivered supply cos for high-pressure CO, & this
field is not known, but is esimated to be in the range of $0.02/n7 ($0.50/Mcf).

The Rangely Weber sandstone represents a different reservoir type (clastic) compared with
the carbonate reservoirs typical of the Permian basn CO, floods, while the tectonic environment is
dso didinctly different (Rocky Mountain thrugt belt vs. Permian basin passve shef). This makes the
Rangely EOR case sudy a useful complement to the Permian basin examples. We used the well-
documented Rangdy Weber EOR project to develop a methodology for estimating CO, sequestration
in depleted ail fidds, discussed in Section 4.0.

Table 3-3: Key Parameters of Chevron’s Rangely Weber Unit
COEOR Project, Colorado, U.S.A.

Parameter Metric Units English Units
Depth 1,680t01,980m 5,500 to 6,500 feet
Qil Gravity 0.85 g/cc 35°API
Current EOR Area 62 kn? 15,000 acres

Number of Wells

378 Producers, 259 CO, Injectors

Origina QOil in Place (OOIP) 300 million m? 1.88 billion barrds
Current EOR Production 2,210 ni/day 13,881 BOPD

Estimated Ultimate EOR (%00l P) 22 million n? (7.2%) 136 million barrels (7.2%)
Current Gross CO, Injection Rate | 4.4 million m’/day 157 MMscfd

Cumulative Gross CO, Injection | 23x 10° n7’(0.04 Gt) 0.811 Tcf

(199%6)

CO, Source Exxon Labarge Gas Processing Plant (Anthropogenic)

CO,-EOR Performance. The CO; flood comprises an array of 259 CO,- and 21 water-injection
wdls and 204 producing wells, developed on an average 0.08 kv’ (20-acre) well pacing. Carbon
dioxide injection was initiated in late 1986 as part of a WAG flood. It was anticipated in 1939 that
gross CO; utilization would be 9 Mcf/bbl with a net of 46 Mcf/bbl, but actud utilization has been
dightly higher. During the firg ten years of CO, flooding (1986-1996), 674 Bcf of gross carbon
dioxide was injected (317 Bcf net purchases) to produce 51 million bbl of incrementa oil. Gross CO,
utilization was 13.2 Mcf/bbl (6.2 Mcf/bbl net). Mid-1997 CO, purchases were 1.6 million n/day (55
MMcfd). Ultimate CO, purchases are predicted to be 13.4 billion n? (472 Bcf), for ahighly favorable
find net CO,/ail ratio of 3.47 Mcf/BO.

A continud problem a Rangely Weber field has been maintaining CO, confor mance, which is
theided condition under which injectant flows evenly throughout the reservoir, achieving maximum oil
sweep and recovery. In fact, CO, flows very unevenly through the Rangdy Weber fidd (and many
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other CO; floods). This results in ragpid effective sweep of ail in highly permegble zones, while the
tighter zones reman unswept. Over time, injected CO, smply continues to flow through the
permegble but barren “thief” zones, leading to premature CO, bregkthrough at the production wells
and bypassng consderable ail in place. (Rangdy Weber fidd is further andyzed in Section 4.3 asa
benchmark for CO, sequedtration in depleted ail fidds)

3.5 Joffre Viking Tertiary Oil Unit, Alberta, Canada (Vikor Resources Ltd.;
Alberta Oil Sands Technology and Resear ch Authority)
(Stephenson, 1990; Stephenson et al., 1991; Oil & Gas Journal, 1998)

Background. Vikor Resources Ltd., with funding from the Alberta Oil Sands Technology and
Research Authority, began Canada's firs CO, injection pilot at the abandoned Joffre Viking fidd in
1984. Thisrdaively smdl EOR operation islocated near Red Deer, between Edmonton and Cagary
in the western Canadian province of Alberta. Light ail is produced from the Joffre Viking sandstone
reservoir at adepth of 1,550 m.

Primary oil production a the fidd dates back to 1953, with water flood operations
commencing in 1957. The fidd had reached its economic limit by the mid-1960s with ardatively high
42% recovary of the 14.8 million m® (93 MMBO) origind oil in place Laboratory testing and
reservoir smulation during the early 1980s predicted thet tertiary oil recovery usng a miscible carbon
dioxide flood could be commercidly viable. Currently, the Viking Unit is Canadd's only sgnificant
CO,-EOR project (dthough PanCanadian’s Weyburn EOR project eventudly will be far larger).

Table 3-4: Key Aspects of Vikor’s Joffre Viking
CO2EOR Project, Alberta, Canada

Parameter MetricUnits English Units
Depth 1,550 m 5,100 feet
Qil Gravity 0.82 glcc 42° AP
Current EOR Area 9.2 knt 2,240 acres
Number of Wells 15 Producers, 5 Injectors
Origind Qil in Place (OOIP) 14.8 million n? 93 million barrels
Current EOR Production 80 m*/day 500 BOPD
Estimated Ultimate EOR (%00IP) NA NA
Current Gross CO, Injection Rate NA NA
Cumulative Gross CO, Injection (1996) NA NA
CO, Source Alberta Gas Ethylene Plant (Anthropogenic)

CO,-EOR Performance. The current CO, flood comprises three separate well patterns comprising a
totd of 5 water/CO; injectors and 15 producers that drain a surface area of about 9.2 km? (2,240
acres).  In addition, a number of peripherd water injection wells are required to mantain reservoir
pressure. Over the years, Vikor has experimented with a variety of injection strategies to determine
the optimum oil recovery technique. These have induded continuous CO, injection, continuous dug
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injection followed by waterflood, injection of dternate dugs of CO, and water (WACO,) followed by
waterflood, and smultaneous injection of CO, and water followed by waeflood. The WACGO,
process was found to give best recovery.

Operationd problems indluded gravity override, as injected CO, effectively swept only thetop
one-third of the ail reservoir. Only about 50% of the formation was contacted due to gravity override
and an adverse mohility ratio.

Sources of injection gas a Joffre fidd incduded gassous CO, (>98% pure) from a nearby
Alberta Gas Ethylene Company plant, trucked-in liquid CO,, and recycled gas from the recovery
wells. The only gastrestment required was dehydration, accomplished during compression of the CO,
to injection pressure of 1,000-1,375 ps. On at least one occasion, operation of the pilot was curtailed
by inadequate CO, supplies.

Limited operationd information for the Joffre Viking CO, flood is avalable. Usng aWAG
injection process, some wells experienced a twenty-fold increase in ail production following the sart of
CO, injection early in 1984. By the end of 1989, about 42,000 ni of incrementa ail had been
produced from the earliest of the pilot petterns. Data through December 1990 indicate that eech
incrementa barrd of oil produced required 4.9 Mcf of gross CO.,.

Retention of CO, in the resarvoir wes edimated & 62%, or 4 Bcf of carbon dioxide
sequestered letween 1984 and 1989, which would otherwise have been vented to the amaosphere.
The operator estimated thet in centrd Alberta done, ol fidds amenable to CO,-EOR, and located
within reasonable pipdine distance, have the potentia to sequester 135 Bcf of CO..

Ovedl, the Viking Joffre project is reported to be an economic success. The cumulative
cgpitd and operating codts for the period 1983-1987 amounted to C$11.5 million. Net codt after
revenue from ol sdes was only $3 million, despite sharply lower oil prices in the later part of the
period. Approximately 53% of operating codts are dtributed to purchase and injection of CO,, 26%
for well operations and maintenance, 16% for production trestment and water injection, and 5% for
recyding produced gas. Cost of recycling produced CO:; is about $0.20/Mcf.

There are numerous other depleted oil fidds in Alberta with Smilar reservoir conditions thet
are expected to be amenable to CO,-EOR. However, naturdly occurring low-cost CO, sourcesin
Alberta are limited, thus no sgnificant EOR projects have been initiated in the province since the
Viking Joffre field. There are nearby low-purity anthropogenic sources, such as coa-fired power
plants, that could supply CO, to depleted ail fidds in Albeta  However, supply costs would be
sgnificantly higher, estimated at dmost US$50/tonne (US$2.65/Mcf; Vandenhengd and Miyagishima,
1993), which is about four times higher than operators in the U.S. Permian basin pay for CO,
injectant.

3.6  Budafa, Nagylengyel and Szank EOR Fields, Hungary (KFV Oil & Gas)
(Magyary and Udvardi, 1991; Doleschall et d., 1992; Remenyi et d., 1995; Qil & Gas Journd,
1994/96)
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Background. Many of Hungary's lager ail fidds were depleted by the mid-1970s following
intendve gpplication of primary and secondary recovery methods. CO,-EOR projects have been
conducted during the lagt 25 years manly in the Budafa and Nagylengyd oil fidds of western
Hungary, and more recently a Szank field in southrcentral Hungary Map 32). Short-lived EOR
experimentation in the early 1960s with flue gas CO, resulted in modest success.

However, naurd CO, discovered in a degper reservoir underlying the Budafa il reservoir
was used increadngly in the larger scde projects active between 1971 and the mid-1990s The
Budafa reserve is 81% CO,, with resarves of 17 billion n? (600 Bcf) and high reservoir pressure that
did not require compresson prior to underground injection within the ail fidds

Production at Budafa was from a sandstone eservoir 1,000-1,500 m deegp, and from a
carbonate reservoir a 2,200-2,800 m in Nagylengyd. Average reservoir porosty is rdatively low at
1-25% in Nagylengyd and 22% in Budafa, permesbilities are high a 1,000 mD and 110 mD,

respectively.

Map 3-2 here
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The drategy for EOR a Szank ail fidd was somewhat different, with CO, injected a thetop
of the dructure to cregte an atificia gas cgp that forces resdud oil out of high structura locations,
via gravity segregation and drainage of atic oil. Reservoir rock a Szank fidd is Miocene limestone
and cdcareous sandgtone with a porosity of 10 to 25% and permeghilities of 10 to 500 mD. The
program a Szank field benefited from the experience gained from earlier CO, floods at the Budafa
and Nagylengyd ail fidds

CO,-EOR Performance. Given the naturd reservoir pressure, temperature, and oil gravity of
depleted ail fidds in SW Hungary, CO- flooding is not miscible (although localy high pressures within
the Szank reservoir are thought to achieve a sort of dynamic miscibility). In its later sages, the
Nagylengyd project comprised 11 injectors and 109 producers (3,100 acres), while & Budafa there
were 60 injectors and 77 producing wells (1,000 acres). The smdler Szank CO, flood involved only 6
injection wells and 18 producers.

The source of the injectant was CO.ich (81%) naturd gas from the Budafa ail fiedd. The
by-product (95-98% CQO;) from gas processng plants was dehydrated and injected without the need
for compresson. The carbon dioxide was injected locdly or piped up to 35 km for use in the
Nagylengyd fidd. Enhanced oil production of 3,760 bbl/d and 400 bbl/d were achieved a
Nagylengyd and Budafa, respectively. During a four-year period, injection of 97 million n? of CO, a
Nagylengye produced 40,400 n of additiond ail, for ardatively high COYail ratio of 13.4 Mcf/bbl.

3.7 Bati Raman EOR Field, Turkey (Turkish Petroleum Co.)

Background. Outsde of the United States, the world's next larget commercid CO,-EOR
development is within the heavy oil carbonate reservoirs of southeast Turkey (Table 2-2). Closeto
the Iragi border, a number of low-gravity (4° to 13° AP) ail reservoirs exist in southeastern Turkey,
with totdl OOIP estimated a 397 million n? (2.5 billion karrds, Map 3-3). Oil recovery from these
reservoirs has been extremely poor, on average less than 1% of OOIP (Nekamuraet d., 1995). The
Turkish Petroleum Co. (TPC) tested severd enhanced oil recovery processes to improve recovery of
these ail resources and determined that CO, flooding would be mogt effective -- despite the low ail
gravity of thesefidds far too low to achieve miscibility.

Since 1986, TPC has successfully conducted CO; flooding of the Bati Raman fidd (Issever et
d., 1993). This large and mature EOR project is paticularly sgnificant for estimating worldwide
sequedtration potentid because @) it is the only large CO, flood located outsde the United States; b) it
is unique in involving a heavy ail resarvair; ©) given the low gravity oil and low reservoir pressure of
this shdlow fidd, it employs immiscible CO, flood processes rather than the miscible EOR typica of
U.S. projects, and d) the Cretaceous carbonate reservoir is broadly gpplicable to the Middle Eat il
fidds that contan vast oil resarves and CO, sequedration potentid.  Unfortunately, the data
availability for Bati Raman field is not as complete asfor the U.S. fidd sudies.
Map 3-3hee

December 15, 1999 a7 Advanced Resources International, Inc.



Sequestration of Carbon Dioxide in Depleted Oil and Natural Gas Fields |EA/CON/98/31

Bai Raman fidd is the largest Turkish ail fidd, producng from a fractured Cretaceous
carbonate reef reservoir that contains very heavy oil (% to 15° AP). Reservoir depth to the Garzan
limestone is moderate a about 1,300 m (4,300 ft). The origind dructure is an eongated, east-west
trending antidine extending 17 by 4 km, with fidd boundaries defined by faults and permesbility
pinchouts

Primary production & Bati Raman commenced in 1961, with intensve drilling particularly
during the period 1968 to 1970. Primary production was capeble of achieving an etimated ultimate
recovery of only about 1.5% of the estimated 294 million n? (1.9 BBO) of ail initidly in place. A
limited water injection project was implemented from 1971 to 1979 to boost ol recovery in the mogt
depleted centrd portion of the fidd. However, water injection improved oil recovery by only severd
percent.

CO, injection wasiinitiated in 1986, initidly a smdl “huff-n-puff” cydic gpplication, which was
then expanded to a 17-injector, full-flood project. Despite early breskthrough of CO,, theinjection
proved to be successful in boosting oil recovery. Qil production rose to about 1,908 n/day (12,000
BOPD) in 1990, with no dgnificant dedine through 1997. Totd CO, injection during this period
averaged 1,700 tonnes/day (35 MMscfd. Breskthrough amounts to about 16% to 60% of injected
CO..

Due to the high molecular weight of the crude oil a Bati Raman fidd, and the rdatively low
reservoir pressure, CO, does not achieve miscibility with oil within the resarvair (in contragt to the
mostly miscible EOR projects of the Permian basin). Nevertheess, alarge volume of CO, goesinto
solution, causang sweling of the ail which sgnificantly reduces its viscodty.  TPC edimates the
lublity of CO: in the Bati Raman ail to be consderable (450 scf/bbl).  Swelling reduces the ail’s
visocity from an average of 1,000 centipoise (cp) initidly to less than 100 cp, fadilitating flow and
recovery.
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Materid baance cdculaions indicate that solution within the large in-gtu oil resource is the
principa mechanism for permanently sequestering CO, in Bati Raman and other immiscible CO-EOR
floods. A sophidicated reservoir smulaion sudy of the Bati Raman fidd esimated that intensve
enhanced il recovery a the fidld could recover about 6.5% of OOIP, or gpproximately 19 million n?
(120 million barrds Faure et d., 1997).

The source for the CO, injectant used a Bati Raman fidd is the Dodan naturd gas fidd,
located 89 km from Bati Ramen field. The Dodan field produces gas with a returd CO, content of
about 91%, the remainder split about equaly between nitrogen and light hydrocarbons. No pre
injection processing of this gas is parformed.  Ultimate reserves of CO, a Dodan fidd have not been
reported.

Tedting conducted at a second heavy ail fidd in southeastern Turkey with smilar reservoir
conditions, the Ikiztepe fidd, indicates that immiscible CO,-EOR may have wide gpplicability within
this region (Ishii e d., 1997). The lkiztepe tes utilized CO, from the nearby Camarlu fied, which
produces gas with a natura concentration of 71% CO,. Primary production & Ikiztepe recovered
much less than 1% of the estimated 20 million n? (127 million barrdls) of OOIP. A 5spot test pattern,
comprising a centrd CO, injection wel and four surrounding ol production wells, was inddled and
continuous CO, injection took place for a 2-year period dating in 1993. Oil recovery due to
immiscible CO, EOR was reportedly encouraging, and full development was projected to recovery
about 8.8% of OOIP. The success of this second project increases the probability that CO-EOR
may be gpplicable to much of the southeastern Turkey oil resources.

Table 3-5;: Key Features of Bati Raman CO,-EOR Flood, Turkey

Depth 1,300 m 4,265 feet

Oil Gravity 0.968 g/cc 12° API

Current EOR Area NA NA

OQOIP 294 million m? 1.85hillion barrels
Anticipated Ultimate EOR (%OO0IP) 19 million n? (6.5%) 120 million barrels (6.5%)
Current CO; Injection Rate 1 million mé/day 35 MMscfd

Anticipated Ultimate Net CO,/EOR NA NA

Anticipated Ultimate CO, Sequestration NA NA
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3.8 Huntsman Gas Storage Field, U.SA. (KN Energy, Inc.)

In addition to the sx case sudies of CO,-EOR projects discussed in Sections 3.1 through 3.7,
it is useful to review the development and gerationd history of a typicd underground neturd ges
dorage (UGS) fidd. UGS technology is potentialy gpplicable, with relaively smal modification, to the
injection, Sorage, and long-term monitoring of CO, in depleted oil and gas fidds. Out of atotd of
goproximately 500 UGS fidds currently in operation in North America, Europe, and Audrdia, we
have sdected the Huntsman facility in the centra United States as a representative case study.

Background. The Huntsman gas torage field is located in the centrd portion of the United States,
southwestern Nebraska (Map 34). The Huntsman Storage Unit (HSU) comprises three individua
depleted gas fields which extend over an area of about 38 knt (15 mi%): the Huntsman, West
Engdland, and Gurschke Fdds (ARI, 1995). HSU is broadly representative of the more than one
hundred gas dorage fidds that have been developed in depleted gas fields in this key U.S. gas

trangport region.

The Huntsman fidd was discovered in 1949 by Marathon Oil Company. During the primary
production period, prior to converson of the fidd to gas sorage, the fidd had produced about 328
million m? (11.6 Bcf) of naturd gas and 127,000 nm® (800,000 bards) of light cil. Most well
completions have been a gructurdly high positions to maximize gas recovery. Thefied hasastrong
hydrologic drive, wherein water encroachment has helped to moderate pressure decline despite gas
production.  This hydrologic condition made the Huntamen fidd an atractive candidate for
underground gas storage operaions (dthough such strong water drive would be less favorable for
CO» seguedtration, because it would require high injection pressure to overcome).

Located within the Denver Basin, the Huntsman fidd was formed by an anticlind structurd
trgp, with approximately 30 m of vertica dosure. The primary resarvoir is the Third Dakota “J’
sandgtone, which averages 13.7 m (45 fest) thick and 1,470 m (4,825 fet) deep. Veticd integrity, in
regards to fluid movement, is provided by the impermesble Huntsman Shde, averaging 15 m (50 feet)
thick, and by the underlying Skull Creek Shde, which averages 61 m (200 feet) thick. Average
reservoir parameters for the“J’ sand are: porosity 22%, formation permesability, 625 millidarcies, and
water sturation, 35%. A typicd dratigraphic column for the fidd is shown in Figure 33, whilea
typicd log responseisshownin Figure 3-4.

In 1963 the naturd gas tranamisson company KN Energy (Denver, Colorado, U.SA.)
purchased Huntsman field and obtained Federd Power Commission gpprova to convert it to an
underground gas storage facility. KN re-completed 14 wells as gas storage wells and designed the
field to store a maximum working ges volume of 225 million n? (7.9 Bcf). During the high-demand
winter months, the pesk ges ddiverahility rate is 3.0 million n/day (105 MMscfd)
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Map 34
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Figs33and 34
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The Huntaman dorage field wels were origindly drilled and completed by Marathon during
the period 1949-1951. These production wells were converted to gas storage operation in 1963
(Figure 3-5). The converdon process involved “killing” the wdls (i.e, injecting high-dengty mud to
overbaance the formation, thereby ceasing gas production), and then pulling and re-running 7.3cmto
11.4-cm production tubing set above the casng perforations. The “J sand was completed by
perforating the production casng using 4 shotsfoot (/30 cm) densty. A permanent packer was st
goproximately 25 m above the “J sand intervd, isolaing this zone and preventing leskage or
production of fluids from overlying permegble zone.

Figure 36 shows a 32-year higory of year-end booked volume-in-storage (VI1S) for the
Huntsman Storage Unit. VIS gas was built up over the period 1971 through 1975, reaching a
maximum of 960 million n? (34 Bcf). Figure 3-7 illustrates the reservoir pressure hitory of thisfield,
showing rapid dravdown during the initid gas production period (1950-1963), followed by pressure
increases related to gas injection sarting in 1964. Since 1975, HSU has been operated normdly, with
net gas injection about baancing net withdrawads. Asistypicd for underground gas sorage fidds in
the Northern Hemisphere that serve resdentid heeating demand, gas injection reaches a maximum
during the low-demand Summer months, while withdrawa pesks during the Winter (Figur e 3-8).

Gas Storage Performance.

Asistypicd for gas dorage fields, as wdl as oil and gas production fields, a variety of open
hole and casehole logs were run to characterize the reservoir.  Openthdle logging suites included
gamma ray/neutron log, resdivity dectric logs, densty/neutron logs, and sonic velocity logs. Cased
hole logs induded casing cement bond logs, which are crucid for verifying integrity of the cement that
bonds the stedl casing to the formation rock, thereby precluding gas or fluid leskage.

Throughout the development stages of the Huntsman UGS fidd, pressure data were collected
by means of wdll testing. Drill-stem testing (DST) was conducted to sample formation fluids, evduae
production rates, and monitor formation pressures. In addition, daily data on injection/withdrawa of
gas, ail, and water volumes were collected from al wels in the fiddld. Formation pressure was
continuoudy monitored by mears of dedicated pressure observaion wdls, which do not have
production or withdrawa capability. KN Energy collected inflow performance curves and semi-
annua bottom-hole pressure surveys in dl wells. Findly, direct production logging is used, including
noise surveys to sense and identify flow from the formation.

KN Energy compiles and evauates this large operdtiond data set using reservoir smulation.
History matching of actud production and pressure data can be used to validate the reservoir modd,
yidding ingghts into reservoir properties that vary throughout the fieddd and can never be directly
messured a dl places KN Energy’s reservoir modd has achieved a high degree of confidence in
meatching actud production.
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FHg 35
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Fgs36and 37
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Fig 38
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In concdlusion, the data collection, monitoring, and andlysis programs applied a the Huntaman
UGS fidd are representative of UGS industry techniques thet could apply directly to future CO,
sequestration operations and monitoring in depleted @l and ges fidds. Detailed formation logging
would be necessary for characterizing injection zones and storage cgpacity, prior to initisting CO»
injection. Wl testing would be needed to monitor changes in formation physicd properties, such as
permeallity and formation fluid compogtion, as a result of CO, injection and storage. Pressure
monitoring wels would be needed to monitor CO, movements, particularly neer fidd boundaries, and
to insure secure and long-term CO, storage. Findly, reservoir Smulation methods could be employed
to history-match past CO, injection and storage performance, as well as to forecast refinements in
future operdtions. UGS techniques would need to be customized for specific CO, sequedtration
goplications, invalving considerable technology development and fidd trid, but these likey would be
evolutionary changes to dready quite mature technology.
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4.0: Methodology for Estimating Actual and Potential CO,
Sequestration Within Enhanced Oil Recovery Projects

41 Introduction

Storage of carbon dioxide is dready taking place on a sgnificant scale-- indeed often & a net
profit with no targeted subsdy -- within commercid enhanced oil recovery projects that utilize CO,
flooding technology. But how much of the injected CO; is actualy sequestered, as opposed to merely
cyded through the reservoir?

It gppears that much of the stored CO, should be conddered temporary, trgpped within the
reservoir pore space under pressure only during the active life of the EOR (gpproximady 5 to 50
years).  Normadly, decommissoning an EOR project involves “blowing down” reservoir pressure to
maximize oil recovery. Operaors condder injected CO, to be a vduable commodity, and they may
re-useit for EOR at new fields, should recydling be an economicaly vigble option. Alternatively, if no
auitable EOR candidate can be found nearby, the CO, produced during blow down would smply be
vented to the atmosphere.

To permanently sequedter injected CO,, operators would need adequate incentives to sedl
CG; in the depleted ail fidd and to monitor its continued presence. Such incentives could come in the
form of finandd credits provided to qudifying CO, sequedtration facilities. Nevertheless, regardless
of how the fidd is decommissoned, asmadl but subgantia fraction of injection CO, islikdy to reman
permanently sequestered within the reservair, dissolved in immobile oil.

To dae no individud CO,-EOR project has been directly monitored or even indirectly
assesed specificaly to determine CO, sequestration.  (PanCanadian’s planned Weyburn fidd in
Canada, and Norsk Hydro's proposed project at Grange field in the North Seawould be the firgt such
overt EOR/sequedtration projects.)

However, dl CO-EOR operators maintain gtrict control and monitoring of CG; within the
reservoir, for the smple reason that purchasing CO; is inevitably the single largest expense for an
EOR proect. Typicdly, CO, purchase/preparation accounts for 50% to 80% of total capitd and
operating cogts in an EOR project. Detecting and avoiding unnecessary venting or other loss of CO,
from the reservoir is a congtant concern of EOR fidd engineers. Vigilant recycding and re-injection of
CO is generdly routindly performed at mature EOR floods

To be sure, some venting of CO, isinevitable & various stages in the life of an EOR project.
But venting is usudly redtricted to the early test Sages of aproject or in
project expangons, before inddlation of recyding equipment is consdered to be cog-effective, or
later in mature floods during overhaul of recyding fadilities.
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Sgnificantly, each of the goproximatdy 79 individua CO,-EOR projects currently in operation
relies on revenues from oil (and sometimes natura gas) sdes done, which must offset the Sgnificant
cost of purchasing CO, for injection. No CO,-EOR project yet receives financid benfit in the form
of monetary support, CO» sequestration credits, or even free or reduced-cogt CO» supplies (there are,
however, invesment tax credits targeting EOR development itsdf thet indirectly promote limited
sequedtration).  Thus, the CO, sequedtration currently taking place in depleted oil fidds is independent
of any environmenta intent for reduced greenhouse gas emissons.  Furthermore, it is reasonableto
assume that CO, sequedtration crediits or other financid incentives, once in place, could subgtantidly
increase CO,-EOR investment and production, with larger associated sequestration.

In most cases, sequestration-related incentives would be required to judtify the opportunity
cog of not utilizing the CO, a another EOR project, in addition to the direct costs of soring,
monitoring and maintaining the CO, within the field after the EOR project is decommissoned. These
cogs are discussed in Section 6.0.

4.2 CO,lInjection, Recycling, and Sequestration Within EOR Projects

Publidy avalable data on CO, injection and cyding in depleted oil and gas fidds is extremdy
limited. Oil and gas production regulaions in the United States and many other countries require that
production be reported to government oil and gas regulatory commissons regularly and in some detall.
In contragt, mogt U.S. states (notably, Texas and New Mexico) do not require detailed records of CO,
injected into an underground reservoir. For this sudy, a fragmentary picture of CO, injection in EOR
projects had to be pieced together, based on detaled literature case sudies and on information
provided directly by operaors A few rdaivey wdl-documented EOR projects served as
benchmarks in establishing performance “rules of thumb” for CO, sequedtration. We then extended
our andysisto the universe of other less-documented depleted oil fields.

Figure 4-1 shows a schematic cross-section of atypicd EOR projet, illugrating the cycling
of carbon dioxide within a flooded reservoir. Actud subsurface heterogenaty and physico-chemicd
interactions of CO, within the reservoir may result in far more varied flow then illugtrated here,
particularly for complex reservoirs or more sophigticated injection srategies (such as WAG, foam, or
other techniques). However, in generd the following processes affecting enhanced oil recovery and
sequedtration of CO, are common to most resarvoirs

December 15, 1999 59 Advanced Resources International, Inc.



Sequestration of Carbon Dioxide in Depleted Oil and Natural Gas Fields |EA/CON/98/31

Fig 4-1

December 15, 1999 60 Advanced Resources International, Inc.



Sequestration of Carbon Dioxide in Depleted Oil and Natural Gas Fields |EA/CON/98/31

CO; Injection: Carbon dioxide, purchased from an underground CO, reservoir (natural source)
or from a naurd gas processing or fertilizer manufacturing plant (anthropogenic source), is
injected into the reservair a high pressures adequite to achieve miscibility.

Miscibility:  Oil within the resarvoir swdls with the introduction of CO,, reducing the ail’s
visoogty and improving its mohility.

Production: Mohbile ail containing dissolved CO, flows toward the low-pressure sink crested by
the production well, and is then pumped to the surface.

Recycling: At the surface, carbon dioxide that has broken through is separated from the
produced oil and, if economicaly feasble, processed usng amine (DEA) treding, adsorption
processes, extractive didtillation techniques or membrane systems (Tannehill et d., 1994). The
purified CO, is then recycled with purchased CO, down the injection wells

Sequedtration:  Some of the injected carbon dioxide dissolves into immobile oil resources,
remaining trapped within the reservoir. Much of this CO, would be effectively sequestered, even
after thefied is decommissoned and “blown down.”

Storage: Aslong as resarvoir pressure is maintained, and the producing wells are shut in, CO; is
“sequestered” (actudly stored) within the pore space of the reservoir.

Emissions: Although operators firg plug dl known oil wells that are not in operation within the
field prior to commencing CO, injection, some emissions are dmogt inevitable from unidentified
and poorly abandoned wells, behind poorly cemerted casing, or other pathways (including naturd
fractures). In addition, operators knowingly vent a smal volume of CO,, usudly in early stages
before recydling fadilities are economicdly justified or during overhaul of these fadilities. For this
study, we conservatively (from a sequedtration point of view) assumed that 10% of net CO,
purchases are emitted; the actua percentage may be lower.

4.3 Sequestration Case Study: Rangely Weber Field

The Rangely Weber EOR project, which is operated by Chevron and located in northwestern
Colorado, is one of the world's largest active CO, floods. It is dso one of the most complete in terms
of public documentation (see detalled case higtory in Section 34). The Rangdy Weber project is
meature and not currently undergoing magor expangon, thus a Seady-gate andysis of CO, cyding can
be made. Of particular andyticd vaue, ardatively complete set of CO, and EOR information was
obtained for current and future EOR operations a thisfidd (Table 4-1). Thisinformation is sufficient
to dlow afirg-order estimate of current and ultimate CO, sequedtration a this fied.

Chevron purchases CO, from Exxon's La Barge naturd gas processng plant, which removes
naturd CO, contaminate from methane gas. Thus, this project may be consdered to be exclusvey
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utilizing anthropogenic carbon dioxide. In fact, Rangdy Weber is bdieved to be currently the largest
sngle sequedration gte of anthropogenic CO, in the petroleum indudtry.  (Pennzoil’s SACROC
project, which employed anthropogenic-sourced CO, for over two decades, has switched temporarily
to naturd CO; sources. By comparison, Statoil’s Seipner aguifer digposd project on the Norwegian
continenta shelf sequesters CO, at about one-quarter the rate of the Rangely Weber project.

As part of its EOR project development planning, Chevron has performed full-field reservoir
dmulaion of the Rangdy Weber unit. These smulaions are basad on detaled reservoir
characterization and modeling that replicate the long-term underground flow of CO, within the
reservoir and the enhanced ail recovery that can be expected. Although we do not have access to
Chevron’s modd, they have reported certain key data, conclusons and projections that dlow us to
estimate CO, sequedtration. Figure 4-2 shows our interpretation of the current (1998) rates of CO,
flow within the Rangdly Weber sandgtone reservoir, while Figure 4-3 shows the esimated ultimete
consumption of CO, during the full life of the project.

During 1998, Chevron injected an average tota of about 4.45 million n¥/day (157 MMcfd) of
CQO, into the Rangely Weber field (Figure 42). Mog of the injected CO, dissolved into mabile ol
within the main sandstone reservair, and was carried aong with the oil to the production wells. About
328 million nt/day (116 MMcdfd) of CO, was separated from the field's production wells and
recycled through the injectors, accounting for about three-quarters of injected CO,. An additiond 1.16
million ni/day (41 MMcfd) of CO,, or about one-quarter of tota injected volume, was purchased and
blended with the recyded volumes. Given our assumption that an average 10% of net CO, purchases
is log to the atmaosphere due to intentional and unintentiond venting (probably much too high for a
mature flood such as Rangely Weber), an estimated 0.12 million n/day (4 MMcfd) of CO, is emitted.

Thus, the current rate of CO, sequedraion a& Rangdy Weber fidd is edimated at
goproximatdy 1.05 million nilday (37 MMcfd). Some of this CO, may fill the hydrocarbon pore
volume as ail is continualy produced and removed from the resarvoir, dthough the injected water
more likdy fills mogt of this new void space. Mogt sequestered CO,; is probebly dissolved inimmoakbile
ol that is not expected to be produced, and would probably reman in the resarvoir after
decommissioning.

The utimate volume of CO, sequedration may dso be esimated based on Chevron's
smulation forecasts Figure 4-3). Given Chevron's projected ratio of gross CO, injected to EOR
production of 1.64 m*m (9.2 Mcf/BO), and the totd EOR recovery for the project which they
edimate a 21.6 million n? (136 MMBO), some 354 million n?
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Fig 4-3
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(1.25 Tcf) of CO, ae edimated to be injected over the life of the project. Furthermore given
Chevron's projected net CO,/EOR ratio of 0.89 nt/m (5.0 Mcf/BO), ultimate sequestration of carbon
dioxide is estimated to be about 19.3 million nT (680 Bcf), which is equivaent to approximately 0.03 Gt
of COs.

Thus, initslifetime, even one of the world's very largest CO,-EOR projects would have only
an extremdy limited impact on atmospheric carbon dioxide levels. CO, sequedtration would need to
be conducted on a massive scde within hundreds of depleted oil and gas fieds to significantly reduce
the flux of CO, to the atmaosphere.

Table 4-1: Carbon Dioxide I njection, Recycling, and Sequestration
at Chevron’s Rangely Weber Field, Colorado, U.S.A.

Current (1998) Estimated Ultimate®**

CO, Volumes MMcfd | 10° m¥yday | Tcf 10°m® G
Gross CO; Injected 157 445 125 354 0.07
Recycled CO,? 116 328 057 16.1 0.03
Net CO. Purchases 41 116 0.68 19.3 0.04
Less Venting/Emissions* 4 012 0.07 1.90 0.00
Net CO, Sequester ed 37 5.87 0.61 17.3 0.03

*Gross based on Chevron’s projected gross CO, injected to EOR ratio of 1,640 nt/m’ (9.2 Mcf/BO) and ultimate
EOR reservesof 21.6 million nt’ (136 MMBO).

# Net based on Chevron’s projected net CO, injected to EOR ratio of 890 m*/m® (5.0 Mcf/BO) and ultimate EOR
reservesof 21.6 million n® (136 MMBO).

@ Not forecast by Chevron; determined by subtraction.

* Not previously documented for an EOR project; assumed here to be 10% of net CO, purchases.
Note: numbers may not add due to rounding.

4.4  Sequestration “ Rules of Thumb” Derived from EOR Projects

In addition to the Rangdy Weber EOR project discussed in Section 4.3, our data base
permitted a Smilar detalled level of andyss of CO, cyding and sequedration a 13 other EOR
projects in the United States. We aso collected subgtantid (but Hill incomplete) information on CO,
injection from 18 additionad EOR projects, not quite sufficient for estimating life-cycle sequestration for
these projects. Together this data base is considered to be generaly representative of average CO,
sequedtration performance a the 79 active worldwide CO,-EOR projects, as wdl as the expanded
universe of potentid CO,-EOR candidates in depleted il fidds.

Table 4-2 shows the edimated ultimate CO, purchases, EOR recovery, and caculated
CO,/ECR rétios for ten fidds in the Permian basin.  This data set encompasses a wide range of
project sze, from the largest (Altura Wasson Denver and Pennzoil SACROC) to much smdler
projects with estimated ultimate EOR of less than 1.6 million n? (10 MMBO). The estimated ultimate
enhanced ail recovery and CO, net purchases for these fields, which are forecasted by the operators
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based on past EOR performance and detalled reservoir smulation sudies (just asfor Rangely Weber),
dlowed us to compute the CO,/EOR ratio for each project life. We then extrgpolated this ratio to
other comparable fidds in the Permian basin. Ultimate sequestration of CO, at the ten Permian basin
fidds is edimated to totd about 0.24 Gt (4.55 Tcf), with an ultimate net CO/EOR ratio of 1,780
meint® (9.9 Mcf/BO).

However, this CO,/EOR rdio is much too high for economic operation of an average EOR
project, given higoricd oil price/cost reaionships  The ratio is S0 high because, as discussed in
Section 32, CO, usage at the Wasson Denver project turned out to be far higher than anticipated, due
to extensve leskage of CO, out of the reservoir zone and into the overlying gas cap.

Although commendable from a sequediration point of view, we anticipate that such unusudly
high CO, usage would not take place again on a large scade in a commercid EOR project (barring
sequedtration incentives).  Therefore, we recalculated a 9fidd CO,/EOR average ratio of 1,040
m’in? (5.8 Mcf/BO) for the Permian basin by exduding the Wasson Denver fidd. Operators
generdly consder this lower rétio to be typicd for new EOR projectsin the Permian basin. It isdso
quite close to the 6.0 Mcf/BO ratio used by Taber (1993).

Table4-2: COJEOR Ratios and Sequestration at Selected
EOR Projectsin the Permian Basin, U.SA.

Operator Field Estimated Est. Ult. E<. Ult. Edimated Ultimate
Ultimate Net Net CO, CO, Sequestration

EOR % of CO,/EOR Purchase | (90% of Purchased)

(MMBO) OoOolIP (Mcf/BO) (Bcf) (Bcf) (Gt)

Altura Wasson Denver 348 16.6% 53 1,860 1,674 0.09
Pennzoil SACROC? 169 8.0% 6.0 1,014 913 0.05
Chevron N. Ward Estes 47 15.0% 7.1 34 300 0.02
Spirit Energy Dollarhide 28 19.0% 7.0 199 175 0.01
Phillips Vacuum East 30 11.5% 4.3 130 117 0.01
Texaco Vacuum 33 15.6% 37 122 110 0.01
Texaco Mabee 24 5.5% 5.0 120 108 0.01
Conoco Ford Geraldine 13 13.1% 5.0 [e9) 59 0.00
Enron Two Freds 8 14.1% 8.0 A4 58 0.00
Fasken Hanford 10 60.9% 5.7 57 51 0.00
Total/Average 10 Fidlds 710 10.9% 5.6 3,960 3,564 0.19

# Anthropogenic CO, source was used for most of the project’slife.
Note: numbers may not add due to rounding.

Table 4-3 shows CO, cyding and inferred sequedtration at five additiond fieldsin the Rocky
Mountain and Mid-Continent regions of the United States. Rocky Mountain CO,/EOR ratios average
870 ni/nT (4.9 Mcf/BO), dightly lower than the Permian basin average. Mid-Continent fidldstend to
use proportiondly more CO,, at least based on our smdler data st, and are more varidble, & an
average 1,260 n¥/m? (7.1 Mcf/BO). Interestingly, al five fidds in these regions for which we have
data utilize anthropogenic sources for CO,, induding gas processing, fertilizer or anmonia production
plants.
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Table4-3: CO./EOR Ratios and Sequestration at Selected EOR Projects
in the Rocky Mountain and M id-Continent Regions, U.S.A.

Operator Field Egimated Eg. Ult. Eg. Ult. Egimated Ultimate
Ultimate Net Net CO, CO, Sequestration
EOR % of CO2/EOR | Purchase | (90% of Purchased)
(MMBO) OOIP | (Mcf/BO) (Bcf) (Bcf)  (GY)
Rocky Mountain Region
Chevron Rangely Weber 136 7.2% 5.0 612 003
Amoco Lost Soldier Tensleep” 24 9.9% 4.6 110 99 001
Total/Average 2 Fields 160 7.6% 4.9 790 711 0.04
Mid-Continent Region
Henry Petr. Sho-Ve-Tund 10 4.8% 114 114 103 001
Stanberry Oil Hansford® 2 16.0% 70 14 13 000
Occidental NE Purdy” 17 75% 46 78 15 000
Total/Average 3 Fidds 29 7.2% 7.1 206 185 0.01

Note: numbers may not add due to rounding.

* Anthropogenic CO, source (Exxon Labarge gas processing plant, Wyoming).

# Anthropogenic CO, source (Farmlands Corp. fertilizer plant in Enid, Oklahoma).
@ Anthropogenic CO, source (ammoniaplant in Borger, Texas).
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5.0: CO, Sequestration in Selected Worldwide Depleted Oil and Gas
Fields

Compared with the United States, where extensive GO, enhanced oil recovery operaions
provide a wedth of data and understanding for analysis of sequedtration, condderably less empiricd
information is available on the actud or potentid performance of CO, floods in other countries. To
date, commercid CO, floods have only been attempted outside the U.S. in Turkey, Canada, Hungary,
and Trinided, and then on avery limited scale.

However, petroleum engineers have assessed the potentia for CO, injection and other EOR
gpplication in a number of meture petroleum provinces. Mogt of these studies remain confidentid and
proprietary, but afew (notably for the North Seafieds) have been published.

This section presents a brief (and by no means comprehensive) andyds of information from
regions where CO, injection has been publicly addressed: including Canada, the North Seg, CIS,
China, North Africa, and Southeast Asa We have incorporated this information into our cost and
sequestration modd for depleted oil and gas fidds, discussed in Section 6.0.

5.1 Canada

AOSTRA Study: The Alberta Oil Sands Technology and Research Authority (AOSTRA) and 24
indugtry partners conducted a pioneering sudy of the feeshility of CO, sequedraion in certain
depleted ail and gas fidds in Alberta and Saskaichewan provinces (Baley and McDondd, 1993). The
AOSTRA sudy was sophiticated in examining the full cyde of CO, sequedtration technology and
costs -- from capture to processing to sub-surface injection — but it is ther reservoir andyss of
Western Canada fields thet is most pertinent for the current study (Todd and Grand, 1993).

The AOSTRA dudy conddered the mgor geologic settings typicd of Western Canada,
incdluding both carbonate and sandstone reservoirs.  Sdection criteria included fidd sze, oil density,
minimum miscibility pressure, and oil production higory. Mistble CO, flooding was the man
technology evaduated, but immiscible flooding in heavy ail fidds and disposal in depleted naturd gas
fidds were dso conddered. Out of severd hundred fidds in the region, and 33 ol and 9 ges
reservoirs screened, 6 depleted fields were selected for detailed study: the Carson Creek North,
Pembina, Redwater, Elswick, Aberfedy ail fidds and the Carson Creek gas fidd. In this regard,
AOSTRA did not attempt a comprehensve assessment of the sequedtration potentid of Western
Canada, but did in fact perform avery vauable detailed evauation of high-potentid EOR targetsin the
region.

AOSTRA’s andyss incdluded reservoir smulation studies on eech of the 5 candidate depleted
ol fidds (Table 51). Incrementd EOR oil recovery was estimated to range from 9 to 19% of
OOIP, with estimated net CO./EOR ratios varying widdy but averaging about 540 me/mt (3
Mscf/BO) overdl. Thisremarkably low vaueisonly haf the roughly 6 Mscf/BO ratio typicd of large
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U.S. EOR projects (Table 42). We have ingtead adopted the average Permian basin ratio of 6
Mcf/BO in estimating sequestration in Canada.

CO; digposd volumes were edimated for each fidd, assuming thet efficiency of EOR
production was the main priority in operating the project, rather than sequedtration. Thisisa sensble
working assumption, which follows leest margind cogt principles in assessing the economics of CO,
sequedtration in Western Canada. We have dso incorporated this assumption in developing our
worldwide cost/sequestration relationship.

Table5-1. Predicted CO, Sequestration in Selected Depleted Oil Fields
in Western Canada (after Todd and Grand, 1993)

Field EOR EOR | CO, Disposal | Net CO/EOR
(% (10° m?) (10°m?) (Mcf/BO)
00IP)

Carson  Creek 14% 82 43 292
North

Pembina 12% 31.2 106 1.90
Redwater 8% 138 193 7.82
Elswick 20% 0.84 03 1.70
Aberfeldy” 14% 131 19 0.80
Total 5Fields 12% 67.2 36.2 3.03

# Immiscible flood in heavy (13° API gravity) oil reservoir.

Economic cos/benefit andyss was performed in the AOSTRA study to examine particular
scenarios, mainly the cost of sequestering 50,000 tonnes/day of CO, in Western Canada, which would
be a dgnificant 12% of totd emissonsin the province (Padamsey and Railton, 1993). For eech field,
the actud capitd and operaing cogts associated with capturing, delivering, and injecting CO, from
specific anthropogenic sources were estimated. Typicad CO, capture costs from coal-fired power
plantsin Albertawere estimated a about 1992C3$50/tonne, which appears very low. Fipdine ddivery
cogts were rdlatively minor (C$2/tonne) due to the close proximity of the CO, sources to candidate oil
fidds. Revenues were estimated using a range of oil prices centered around 1992 actud levels
(C$23/BO Edmonton Par crude).

Based on a“normd” business operating scenario, where the operator pay's taxes and requires
a10% return on investment, AOSTRA estimated the Net Present Vadue of CO, sequedtration in EOR
projects in Western Canada that utilize anthropogenic injectant to range from -C$25.87 to -
C$7341/tonne. The average net cost was C$42.60/tonne.  Furthermore, we would expect that if a
typica Permian basn CO,/EOR ratio of 6 Mcf/BO was used in the AOSTRA andysis rather than the
more optimidic 3 Mcf/BO, then the net cost would be sgnificantly higher. (For comparison, we
estimated average sequestration codts in Alberta basn EOR projects to be quite comparable a an
average US$31/tonne, assuming CO, supplies from power plant sources - Appendix 1B).
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For the Carson Creek naturd gas field, the single depleted gas fidd sudied by AOSTRA, the
total CO, sequedtration cost was estimated at US$53 to $73/tonne. Using the average AOSTRA
vaues, an edimated 278 million tonnes of CO, could be sequestered in Western Canada a a
staggering net cost of goproximatdy C$11.8 billion (1992 dollars).

However, if ddivered CO, supply costs to these projects were as low asthey arein the U.S.
Permianbasin -- only about C$3.00/tonne from naturd CO, sources -- then many of the EOR projects
evauated in Western Canada would be economicdly vigble. Obvioudy, CO, sequedtraion usng
anthropogenic sources will not take place in depleted Western Canadian without sgnificant finencid
incentives or regulatory regtrictions on emissons.

The AOSTRA sudy aso addressed for the firgt time severad important philosophical questions
regarding possble conflicts between efficent EOR production and maximizing CO, sequedtration
(Todd and Grand, 1993). We further discuss these issuesin Section 7.0.

5.2 North Sea

The North Seais amgjor petroleum province currently producing about 1.3 million nv'/day (8
million b/d), dightly more than U.S. ail production. As an offshore region, there are important timing
implications for adopting CO, flooding in the North Seafields. An offshore EOR project should be
phased in as conventiond production declines, to avoid excessive increase in operationd costs. Once
Nath Sea (or other offshore) ail platforms are decommissoned and removed, it is very unlikey thet a
CO, EOR/sequedtration project could judtify the costs of a new platform and new wells. This means
that large offshore EOR/sequedtration projects should start within a“window of opportunity” thet will
exig during the next 5 to 10 years.

Many North Sea reservoirs are produced using secondary waterflooding techniques.  Rilot
tertiary gas or Water-Alternate-Gas (WAG) injection techniques have been implemented in severd
North Sea fidds, but are not yet widespread. Although to some extent reservoir heterogeneity and
other factors reduce oil recovery efficiency, on the whole the North Sea reservoirs are amenable to
enhanced oil recovery methods.

Norway. Mast of the ail in place on the Norwegian continental shelf islight oil and occursin relaively
permeable reservoirs. Hence, primary and secondary (waterflood) oil recovery is aready quite high at
an expected ultimate 40% of OOIP (Table 5-2). A 1996 intend Statoill sudy esimated that
advanced recovery methods on the Norwegian continental shelf could be expected to recover an
additional 500 million nT (3.1 BBO), of which only about 10% was projected to be from gas injection
methods, induding CO,-EOR (Krakstad et ., 1997).

An ealier joint industry/government study assessed the EOR potentia of 15 mgor offshore
Norwegian fidds ranking the gpplication of CO, or flue gas injection as the leagt viable option for
tetiary oil recovery, after surfactant flooding, WAG, polymer flooding, and theemd methods
(Hinderaker et d., 1991). Recovery using hydrocarbon flooding is expected to vary with reservoir
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conditions, from 3 to 7% of OOIP in 10 favorable resarvoirs to less than 3% of OOIP in ten other
reservoirs with unfavorable permesgility profiles.

Industry planning for enhanced il recovery in the North Sea ol fidds generdly assumes that
re-injection of naturd gas will be the primary EOR method. Indeed, during the 1990's WAG injection
has been increesingly applied to oil reservairs in the North Sea. This is because many of the fidds
that are not yet linked to market by naturd gas pipdine are experiencing an increasing volume of
asociated naturd gas production dong with oil.  Furthermore, CO, supplies are conddered to be
relatively disgant and codly. Naturd gas a North Sea fidds generdly contains naturd CO,
concentrations of about 1%, too amall for enrichment.

The following examples show the type of EOR activity currently taking place in the North Sea
ol fidds

Saga Petroleum is conducting pilot-scale gas re-injection EOR at the giant Snorre field on the
Norwegian continenta shelf, one of the mgor ail fidds in the North Sea with OOIP edimated at
200 million n? (1.3 BBO) (Svorstol et d., 1997).

Norsk Hydro initisted an immiscible WAG injection involving Sx injectors at Brage Hed in 1994.
Materid baance indicates that about haf of the injected gas remains stored in the reservoir. The
EOR project is expected to recover at leagt an additiond 3% of the 129 miillion n¥ (0.81 BBO)
OOIP (Skauge and Berg, 1997).

Norsk Hydro's Troll oil and gas field, expected to recover 25% of the 680 million ' (4.3 BBO)
OOQIP, is connected to a naturd gas pipeline and thus gas re-injection is not necessarily the only
EOR option under congderation (Wennemo et d., 1997).

Norsk Hydro is reportedly investigating the use of process CO, for a huge US$2 hillion EOR
project a its offshore Grane fidd in Block 25/11 (Oil and Gas Journd, 1998). Grane fidd
produces heavy (19 AP gravity) oil from sandstone reservoirs a depth of 1,700 m. Norsk
Hydro estimates that immiscible EOR could recover 80 to 120 million ¥ (500 to 750 MMBO) of
incrementd ail. CO, and hydrogen would be generated from natura gas feedstock usng asteam
reforming process. The CO, would then be injected for EOR, with the hydrogen fuding onshore
electric power generation. Given the huge Sze of this project (four times larger than SACROC,
currently the largest CO,-EOR project), its offshore location (unprecedented for CO-EOR), and
its relatively codly CO, supply source, successful implementation would be a remarkable
achievement.

Table 5-2: Qil fields on the Norwegian Continental Shelf

Field Original Oil In Place Per cent EOR
Millionm® | BillionBbl | Recovery’ Projects
Stetfjord (all) 1,035 6.51 4%
Troll 680 4.28 5% To be determined
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Gullfaks 561 3.53 41% WAG pilot
Oseberg 460 2.89 60% Gasinjection
Snorre Al 2.14 31% WAG pilot
Heidrun 335 211 26%

Draugen 155 0.97 4%

Ula 131 0.82 51%

Brage 129 0.81 36% Immiscible WAG
Vedefrikk 92 0.58 3%

Other 264 1.66 36%

Total 4,183 26.31 40%

# Primary and secondary recovery only.
Sources: Hinderaker et al., 1991; Skauge et ., 1997; Skauge and Berg, 1997; Wennemo et al., 1997; Stenmark and
Andfossen, 1995.

United Kingdom.

BP s Wytch Farm fidld, located in onshore southern England, was gpproved in 1997 for amiscible
naturd gas injection EOR project, which is planned to cover hdf of the fidd within 10 years
(Harrison et d., 1997). The Wytch Farm EOR project is forecast to recovery an additiond 7.5%
within the flooded portion of the 120 million m® (750 MMBO) OOIP, beyond the current
anticipated 50% recovery factor, with afavorable 1.7 Mcf/BO gag/ail retio.

53 Russa/CIS

Enhanced ail recovery projects in Russa employ thermd, hydrocarbon gas, or polymer
flooding. Carbon dioxide EOR has not been extensvely tesed. Mog active EOR resarves are
located in West Sheria (36% of totd CIS EOR), with subgtantid development dso inthe Volga-Urds
(23%) and Kazakhgan (27%). West Sheria EOR is mainly gas and chemicd flooding, while
chemicd EOR predominetes in the Volga-Urds and thermd EOR in Kazakhgtan (Jacquard, 1991).

5.4 North Africa

The Bu Attifd fidd is a giant ol reservoir located in the Srte Basin of the Libyan desart,
about 400 km southeast of Benghazi. Discovered in 1967, and first developed in 1972, the fidd
produces light (41° AP1) gravity oil with a high wax content (37%) from sandstone reservoir & a
depth of about 4,500 m. Oil production has averaged over 20,000 nt/day (125 MBOD) during the
period 1972 to 1997. Qil recovery under primary and secondary (weaterflood) production is expected
to reach 50% of the 620 Mm® (3.9 BBO) OOIP.

AGIP, the Itdian oil company that operates the fidd, is conducting an evadugion of the
potentid for EOR & the fidd (Causn e d., 1997). Laboratory experiments on Bu Attifd oil under
smulated reservoir conditions showed that CO, misdbility could be achieved, but with the possble
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Sde effects of corrodon and paraffin precipitation. In the end, however, AGIP concluded that
injection of naturd gas enriched with LPG would give better enhanced recovery performance a this
field, with no deleterious side effects.

55 China

The primary enhanced ail recovery methods employed in Chinaare polymer and thermd flood
techniques, probably because large low-cost carbon dioxide supplies have not yet been identified (Han
et d., 1997). Cabon dioxide flooding has not been widdy tested and there are no commercid CO»
EOR projects. During the period 1985 to 1995, Chind's Minigry of Petroleum Industry (MOP1)
conducted a technica evauation of the country’s ail fields to identify candidates for CO, enhanced ail
recovery (Liu et d., 1998). MOP concluded that miscible EOR using CO, could be technicaly
feagble in numerous depleted ail fidds throughout Ching, induding Zhongyuan, Janghan, Kelamayi,
Liaohe, Jlin, Jangsu, Dagang, Yumen and other all fidds. Remaning ail in place within dl depleted all
fiedd candidates was estimated a about 639 million tonnes (3.8 BBO), with tota enhanced recovery
potentid estimated a about 86 million tonnes (500 MMBO).

Actud CO,-EOR teding experience in China is limited. A 4injector, 21-producer CO,
injection pilot is planned for Jlin ail fidd in northeast China  However, no commerdd, large-scae
CO,-EOR flood is yet underway. We rdied on the MOPI assessment of readily accessble CO»-
EOR resources in esimating China's CO, sequedtration potentid in EOR projects. We used the Qil
& Gas Journd fidd data base for evauating potentid sequestration in non-EOR depleted oil and gas
fiddlds Findly, we used the USGS resource assessment of China in evauaing sequedration in
undiscovered oil and gasfidds

5.6 Southeast Asia

Malaysia. Petronas, the nationd oil company of Maaysa, has conducted internd sudies of the
potentid for enhanced ail recovery in Mdaysan ail fidds usng carbon dioxideflooding (Anwar Rga
and Cdin, 1982). Although the resource potentid information remains confidentid, more recent
laboratory work indicates that oil from Dulang field (AP gravity 38°) and Semangkok field (AP
gravity 39°), which are conddered representative of the “waxy” crudes found in peninsular Mdaysia,
could be misable with CO, under typica reservoir temperature and pressure conditions (Anwar Rga
et d., 1997).

Indonesa. Second only to the U.S. in enhanced ail recovery, Indonesa aurrently produces about
50,000 nri/day (300,000 BOPD) of EOR. However, to date essentialy dl EOR projects in Indonesia
have employed theemd EOR methods. Primary and secondary production from oil reservoirs in
Indonesia generdly achieve recovery of 20 to 45% of OOIP. Qil and reservoir properties in many
depleted fidds are gppropriate for CO, flooding (Cockeroft et d., 1988).

A number of depleted petroleum fidds exigt in Indonesa within the following onshore basins
the North, Centrd and South Sumatra basins, Northwest and East Java basins, Kutel, Tarakan, and
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Barito basnsin Kdimantan; and Sdawati basn in Irian Jaya. Offshore basins dso exig, but these are
less mature and higher cost for CO, sequestration and are not described here in detail.

North Sumetra basin has been producing for over 100 years, with tota production of over 80 million
m’ (500 MMBO). Mo fidds produce very light oil (50° APl gravity) from shdlow sandstone
reservoirs & depths of 400 to 1,200 m. The Rantau and Tuaang fields have been successfully
waterflooded, which indicates that CO, floods may be effective. However, consdering the shdlow,
light-oil reservoir these conditions, CO,-EOR would mogt likely beimmiscible and thus less efficient.

Large quantities of carbon dioxide are present within al Sumatraand most Javabasins mogly
sourced from the volcanic arc.  Significant anthropogenic CO, dtreams are generated by gas
processing plants; these could supply CO, injectant & relatively low cost. The largest, Mobil’'SLNG
processing plant & Arun field dong the North Sumatra coast processes a 15 mol % gas stream to
generate approximately 10 million m/day (350 MMcfd) of pure CO, (Musamma, 1994).

Centrd Sumatra basin currently is Indonesas most productive @ basin, with over 60 fidds in
production. The Duri fidd seamflood, operated by Cdtex Pacific Indonesia, is by far the world's
largest EOR project, producing 50,000 ni/day (300,000 BOPD) of heavy (22° API gravity) ail from
highly porous and permegble sandstone reservoirs. CO, flooding would not be gopropriate a Duri,
given the low gravity il and, particularly, the low reservoir pressure of this shdlow (300 m) reservair.
However, other lighter gravity (40° AP1) and deeper (>1,800 m) fidlds exigt in Centrd Sumatra that
could be dtractive targets for CO, floods Small undeveloped naturd CO, depogts exig within the
Barisan Mountain bdt in onshore Central Sumatra

Offshore, the planned ExxoryM obil/Pertamina East Natuna gas project in the South China Sea
is the largest gas fidd complex in Asa. East Natuna has enormous gas resarves (6.3 Gm?® or 222
Tcf), of which about 71% by volume is CO,. Current plans for this US$O0 hillion development
envison re-injection of separated CO, into shdlow offshore aguifers (Oil & Gas Journd, 1999).
However, a pipdine could conceivably be congructed to transport large volumes of pure gas plant
(anthropogenic) CO; to depleted ail fieldsin Sumatrafor EOR. At pesk production, about 28 x 10° n?
(1 Bcfd) of pure CO, production is anticipated.

South SumatralJambi basin is the most thoroughly explored basin in Indonesia, and has the largest
number of oil and gasfidds Waterfloods have been succesfully implemented a Tanjung Tiga, Jene,
Fian, Pendopo, Kampong Minyak and other fidds. Huid (30-50° AP gravity) and reservoir (depth 600
to 1,800 m) characterigtics are more amenable to miscible (or, occasondly, immiscible) CO, flooding
compared with Centrd Sumatra. In addition, CO, is aundant in South Sumatra. However, depleted
fiddsin South Sumatra are generdly more heavily faulted and compartmentalized, which could hinder
reservoir continuity and sweep efficiency.

Gulf Indonesas 10-Tcf Corridor Block natura gas fidds, recently brought ongtream in Fall
1998, produces 32% CO, by volume. Mog of this CO, mug be gripped out to meet pipdine
specifications. By 2001, gas processing is expected to generate about 7 million n/day (200 MMcfd)
of pure waste CO, from the Corridor fields, condiituting a potentia anthropogenic sourcefor injection
and sequedtration in depleted South Sumatrafidds.
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Java has smdler petroleum fields compared with Sumatra. The largest is Pertamina s Jatibarang field
in the West Java basin, which produces waxy 30° APl gravity crude from fractured igneous
reservoirs a adepth of 2,500 m. Earlier this century, the East Java basin produced over 25 miillion n?
(150 MMBO) of ail from some 30 sandstone reservoirs, but today this region is highly depleted with
only minor production. Mot fidds are 1,000 to 1,600 m degp with light crude, and should be amenable
for miscible CO, flooding.

Kutel basn in et Kdimantan (idand of Borneo) is Indonesid's second most productive petroleum
province after Centrd Sumara  Qil fidds here generdly contain light (40° API) crude, moglly a
depths of 600 to 2,000 m and should be appropriate for miscible CO, flooding. However, some
potentid reservoir chalenges facing EOR development include large primary gas caps (which could
become contaminated), and multiple sratigrgphicaly digoersed sands of varying thickness that require
codtly multiple well completions. Neither naturd nor anthropogenic CO; is particularly abundant in
any of the lightly populated Kaimeantan basins

Tarakan basin in northeast Kdimantan includes the large Pamusian, Bunyu, and Sembakung all fields.
Pamusan fidd produces low-gravity (18° AP) crude from multiple sandstone reservairs.
Waterfloods have recently been introduced but little has been published on their performance.

Barito basin in southeast Kaimantan has not been a pralific petroleum production area.

Sdawati basin in Irian Jaya (adjacent to New Guinea) is located in remote eastern Indonesa. Ol
gravity is light (30 to 50° API) and the carbonate reservoir depth is mostly deeper than 800 m,
induding 30% desper than 2000 m, thus mistible CO, flooding should be feesble However,
avallability of CO, injectant will be amgor chdlenge for this extremdy remote area.

5.7 South America

As pat of anationd review of the potentid for CO,-EOR in Venezudan ail fidds PDVS&A,
the Venezuelan nationd oil company, screened and ranked over 600 reservoirs throughout the country
during the early 1990's. One fidd, with favorable reservoir attributes ad CO, supply, was selected
for detailed reservoir smulation andyss. PDVSA conducted a feashility study for CO, flooding of
the Nipa 100 fidd, located in eastern Venezuda (Almeida, e d., 1993). Nipa's location dose to a
CO, source was an importart reason for its selection for detailed sudy. The CO, flood planned for
Nipa, if implemented, would be the firgt non-therma EOR project in Venezuda

The NIP-103 reservoir of Nipa field was mostly developed in 1958. Reservoir depth is about
2,560 m (8400 ft). The origind reservoir pressure of 3,420 psais favorably above the experimentaly
determined minimum miscibility pressure of about 3,000 pda The high mobility ratio of aout 12,
while less than the 20 to 40 typica West Texas floods, suggests that WAG methods would be required
to contral viscous fingering of injected CO,. Furthermore, the rdlatively high CO,/oil dendity contrast
of 16.5 suggedts that injected CO, would overide the ail column,
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Cumulaive production through December 1990 was a reldively smal 430,000 n? (2.7
MMBO) of ail, 90,000 n? (0.564 MMB) of water, and 130,000 n7 (4.6 MMscf) of gas. Incremental
EOR under the optimad WAG ratio (1:2) was modded to be gpproximatdy 12% of OOIP, with a
favorably low net CO- utilization of about 4 Mscf/BO with recyding. 1t isworth noting, however, thet
the Nipa field was congidered to be one of the most favorable reservoirs for CO,-EOR in Venezuda,
and average net CO,/ail ratios within this province are likely to be consderably higher.

The carbon dioxide source targeted for the Nipa field was waste stream from a cryogenic gas
processing plant at San Joaquin, which treats naturd gas containing 56% CO,. If separated from the
natural gas stream, approximately 1.3 million m?* (45 MM scfd) of CO, could be supplied to the fidd for
injectant.
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6.0: Economic Model of CO, Sequestration in Depleted Oil and Natur al
GasFields

This section discusses the methodology used in condructing a data base and economic mode
for esimating the worldwide CO, sequedration potentid in depleted oil and natura ges fidds. This
model was then used to generate sequedtration/cost curves that help define the broad economics of
CO, squedtration in depleted petroleum fidlds. The modd can be reedily improved and updated as
new cost or resource data become available, or as sequestration technology advances.

Our petroleum resource data base is centered around information from the world' s 155 largest
individua geologic petroleum provinces. We used basin ctegories defined by the U.S. Geologicd
Survey (USGS), as part of their ongoing globa assessment of oil and gas resources (Klett et d., 1997;
Mageset d., 1998). The USGS grouped gpproximatdy 32,000 known oil and gas fieds throughout
the world and dlocated them to severd hundred individud petroleum provinces. They dso assessed
the worldwide potentia for additiond recoverable petroleum resources that are likely to be discovered
and developed over the next few centuries.

The USGS gudies represent the first globa assessments of petroleum resources that were
performed using a unified methodology. They provide a convenient yet sufficiently detalled leve of
andyds for our sequedtration study. During the next severd years, the USGS plans to rdease more
detaled andyss on important petroleum provinces, thus our modd can be readily updated and
improved by integrating new data as it becomes available. For some specific provinces, we have
augmented or modified the USGS data using more detailled published information.

As shown in Appendix 1, the CO, sequestration modd comprises two separate components
(or submodules): 1) Sequedtration in depleted ail fidlds indluding enhanced oil recovery (Appendix
1B); and 2) Sequedration in depleted naturd ges fidds (Appendix 1C). The key assumptions and
methodology usad in developing the mode are discussed in the following sections.

6.1 Enhanced Oil Recovery Submodule

The Enhanced Oil Recovery (EOR) Submodule screens the worldwide petroleum resource
data base to edimate the volume and cogts of EOR development and associated CO, sequestration.
The principd assumptions and data used in this submodule are summarized as follows

1. Cumulative Production & Reserves. Datafor the cumulative volume of ail, neturd gas and
natural gas liquids produced, plus remaining proved reserves were adopted from Klett et d., 1997.
Data are current through 1992 for the United States, 1993 for Canada, and 2 Quarter 1996 for the
res of the world. Petroleum provinces that have been in production for many decades often hed
inadequate records during the early, high-rate period of exploitation. For these regions, the recorded
cumulative production & reserves vaue may underestimate actud sequedtration potentid. Cumulaive
production & resarves in worldwide oil and gas fidds totded gpproximetely 2,845 hillion barrels of ail
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equivdent (BBOE), cdculated on an energy-equivadent basis (assuming 1 bard is the thermd
equivaent of 6,000 ft* of naturd gas). Our mode specificaly addresses the largest 155 petroleum
provinces, which account for 98.6% of tota worldwide cumulative production and reserves (Appendix
1A).

2. Undiscovered Resources. Proved petroleum resarves are by definition highly conservetive
measurements of actua productive potentia.  Even in mature provinces such as the U.S,, reserves
nearly dways underestimate the amount of petroleum that will eventualy be found and produced. For
example, the ail reserve/production ratio in the U.S. has remained well below 10 years for the past
severd decades, yet ail reserves have not been exhaugted. In fact, il will continue to be produced in
the U.S. for many more decades as new, undiscovered or inferred resources are developed and
thereby converted into proved reserves. In evauating the worldwide CO, sequedtration potentid, it is
not sufficient to include only cumulative production and remaining proved resarves.  Undiscovered
resources, which are datidticdly likely to be found and developed over the next few centuries -- just
as they have contributed continuoudy to proved reserves over the past century -- dso mus be
conddered. The North Sea petroleum province is an excdlent recent example of an undiscovered
resource partiadly converted into proved reserves.

Typicdly, ultimate petroleum reserves will eventudly grow to 2 to 7 times the initid leve of
booked proved resarves, following a normd pettern of discovery and devdopment.  Improved
extraction technologies (such as horizonta drilling or hydraulic imulaion) add additiond resarves
For our modd, we usad the USGS edimate of potentidly recoverable, undiscovered petroleum
resources (Maders et d., 1998). It should be noted tha these vaues assume current levels of
petroleum extraction technology; advanced technologies currently under development but not yet in
goplication would add additiona resource potentid to the USGS undiscovered resource vdue. The
155 largest provinces that were specificaly modded account for about 80.5% of the globd totd
undiscovered petroleum resource base, estimated at 1,301 BBOE (Appendix 1A).

3. Ultimate Recoverable. Sum of 1 and 2, ranked by energy vdue in units of barrd of il
energy equivdents (BOEE). The 155 modeed provinces account for about 92.9% of the tota
worldwide ultimate recoverable petroleum, which is estimated at 4,147 BBOE (Appendix 1A).

4, Reservoir Province. The name and rank (separate rankings according to ultimate BOEE and
to CO, saquedtration potentid) (Appendix 1B).

5. Reservoir Attributes.  Average or typicd depth and oil gravity, which are the two key
reservoir properties that most affect gpplicability of CO, EOR. Surface characteritics, such as
location (onshore or offshore or both) and gpproximate distance to large current anthropogenic CO,
upplies, dso have a profound impact on costs. However, it should be noted that many of the
petroleum provinces (e.g., Western Sberia or Mesopotamia) are enormous systems comprising many
basns and individud formations. Thereislikely to be consderable diversty within these large sysems
in terms of reservoir atributes. The depth and oil gravity data were not available from the USGS data
s, and were ingead adapted from the Oil & Gas Journd Worldwide Production report (1998)

(Appendix 1B).
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6. Miscibility. Based on average oil gravity and reservoir depth, discussed above, an etimete of
the percentage of overdl oil resources that would be amenable to miscible or immiscible flooding was
made. Even though mogt petroleum provinces were found to have suiteble average depth and ail
gravity, we used a cap of 75% of the resource for both miscible and immiscible flooding.  This is
because the average masks wide varigbility in these characteristics, and aso because other as yet
unidentified geologic factors are likdy to negatively impact EOR operdions at some fidds. (As a
conservative measure, we did not include any additiond sequedration cgpecity that may exigt in
reservoirs where the origind oil reserve was less than that required to fill up the reservoir to the “ pill
point.”) Screening criteriaoutlined in Taber 1993 were used (Appendix 1B).

7. Egtimated EOR Costs. Four individua cogt categories were defined. Data provided by Shell
CO; Co. on the typicd EOR cogts of new CO, floods in the Permian basin were used as a basis
(Schodling, 1998). These cods (admittedly for one of the world's lowest-cost settings) were then
adjusted by factors to account for potentidly higher cost settings, such as offshore, deegper, or more
remote EOR projects. The four cost components are: fiddd well capitd codts, pipeine capitd cods,
operations & maintenance cogts, and CO, supply codts.

FHed wdl cgpitd cods indude drilling, completion, equipping, gathering, and (if offshore)
plaform cogts. CO, pipeine capitd costs are edimated for three settings: near (0 to 10 km),
moderate (10 to 100 km), and far (100 to 500 km). Operations and maintenance (O&M) costs were
esimated basad on depth range (800-1,500 m; 1500-2,500 m; >2,500 m), and indude the rdatively
smdl cogts of monitoring to ensure longterm sequestration. Offshore factors ranging from 1.5 to 3.0
were goplied to the onshore codts, reflecting the typicaly much higher offshore capitd and operating
costs.

CO, supply cods (ddivered, high purity and pressurized to gpproximately 1,000 ps) represent
the sngle largest individud cost component for a sequetration sysem. Severd types of supply were
run as senstivities, induding naturd sources ($0.65/Mcf or about $12/t); captured waste CO, from
natura gas processing plants ($1.00/Mcf or about $18/t); and captured CO, from power generation
plant flue ges ($3.00/Mcf or about $53/t). In addition, an advanced power plant CO, capture
technology case was run, on the assumption theat future R&D into this rdaively immature area will
reduce supply costs to about $2.00/Mcf or $36/t (Appendix 1B).

8. Profitability. Esimaied EOR costs were compared with typicd sdes revenues from
enhanced oil recovery to determine an overdl average cost or profitability for each province. This
permitted a cost/sequestration supply curve to be developed. We assumed a $15/BO world ail price,
less 20% for government taxes, for atypica net wellhead of $12/BO worldwide. Actud ail price was
adjugted for average gravity within each petroleum province, usng a typicd market adjustment of
$0.10/BO per degree of APl gravity. Obvioudy, the price of ail has a powerful impact on EOR
profitability. Higher ail priceswould dramétically reduce net sequestration cogts (Appendix 1B).

9. EOR. Although cumulative production and reserves are well defined in mogt petroleum
provinces, the target origind ail in place (OOIP) has not yet been defined. We estimated OOIP from
ultimate recovery and from ail gravity, according to the following reaionship:

December 15, 1999 79 Advanced Resources International, Inc.



Sequestration of Carbon Dioxide in Depleted Oil and Natural Gas Fields |EA/CON/98/31

OO0IP= Ultimate Recoverable Resources/ ((Average APl Gravity + 5)/100)

For example, we estimate that primary and secondary recovery operations a areservoir with average
40° APl gravity crude would be expected to recover about 45% of OOIP, wheress a reservoir
containing 20° API crude would recovery only about 25% of OOIP.

The average Permian basn EOR project is expected to recover about 10.9% of OOIP
(Table 42). We used an empirica rdaionship between oil gravity and EOR recovery determined
for 7 Permian basin EOR projects, wherein recovery ranges from about 20% of OOIP for oil gravity
above 42 AP to aminimum of 5% of OOIP for il heavier than about 31° API gravity (Figure 6-1).

Ovedl, our average vaue of aout 8% of OOIP compared closdy with the 22% of
cumulaive production plus reserves used by Taber 1993, if one assumes that primary + secondary
recovery yieds 33% of OOIP (i.e, 8%/33% is nearly equa to 22%). Other factors, such as the
reservoir drive mechanism, also affect recovery of OOIP (Van der Meer and van der Straaten, 1993).
However, ail gravity was sdected as the most readily smulated variable given the limited budget of
our modding effort (Appendix 1B).

10. CO, Sequedtration Potential. The average net CO, purchased/EOR ratio in Permian basin
EOR projects is about 5.8 Mcf/BO (Table 42). Assuming thet about 5% of CO, purchasedislost to
the atmaosphere during recyding and from insecure wellbore leskage, we assumed a worldwide
average net ratio of 6.0 Mcf/BO. Thisisthe same ratio used by Taber 1993. We further estimated
that immiscible EOR resources would require a higher 10 Mcf/BO ratio, based on a study of Hansford
Marmaton field (Brock and Bryan, 1987). Sequestration volumes and cogts were then converted into
metric units of gigatonnes (Gt) and U.S. dallars per metric tonne ($t). The 155 individud estimates
were then sorted, cumulated, and graphed in Figure 6-2. (Appendix 1B).

Figs 6-1 and 6-3 (Sic)
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Fig 6-2
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6.2 Depleted Natural GasField Submodule

Cumulative Production & Reserves. Sameas6.1.
Undiscovered Resources. Sameas6.1.

Ultimate Recoverable. Sameas6.1.

Reservoir Province. Same as 6.1.

2. Reservoir Attributes. The andlyses of the location of the depleted gas fidd (onshore vs.
offshore) and the distance to anthropogenic CO, supply are the same as for depleted oil fidds.

Reservoir depth is assumed to control pressure and temperature by typica gradients of 0.433 ps/foot
and 1.5° F/100 feat. The gas gravity of CH, is assumed to be 0.6 (Appendix 1C).

3. Estimated CO, Injection Cogts. Four individud cost categories were defined. Mogt of the
Shdl CO, Co. cods usad above for assessng EOR economics were not gopropriate, thus other
sources were used.  Drilling, completing, equipping, and operating codts for injection wells in the
United States were based on data series published annualy by the Joint Association Survey
(American Petroleum Ingtitute, 1998) and the U.S. Department of Energy (1998). We assumed that
haf of the wells used for CO, sequedtration in depleted naturd ges fidds would be converted
producing wells (at smal converson cogt), and that haf would be newly drilled. We further assumed
that the costs of CO, injectant indude dehydration, alowing use of fiberglass or conventiond carbon
ded tubulars. Drilling cogts for a 1500-m deep natura gas well in the United States averaged about
$600,000 during 1997. Completion and equipment costs added an adcitiond $125,000.

Edimated ultimate net CO, injected per injector well varies widdy in the Permian basin, from
about 0.5 Bcf to over 7 Bcf. The Chevron Rangey Weber case study is expected to average 1.8
Bcf/injection well. We assumed a discounted (10% annud) 57 million ni (2.0 Bcf) of totd CO,
injection per injection well to dlow cods to be expressed on a per-Mcf bass. Wdl operaing and
maintenance (O& M) codts for CO, injection are based on the average U.S. cogts of $50,000/year and
a 20-year injection life, but we haved these operating coss because they are for production wels
(which includes lifting cogts) rather than for injection wells (no lifting cogts). Pipdine capitd cods
were from the Shell CO, data, converted to ¥Mcf using the sandard 6 Mcf/BO ratio. The same
offshore factors were used as in the EOR andysis.

Jugt as for the EOR andyds, CO, supply costs to depleted naturd gas fidds (ddlivered, high
purity and pressurized) were run as sengtivities. We examined naturd sources ($0.65/Mcf or about
$12/t); captured waste CO, from naturd gas processing plants ($1.00/Mcf Mcf or about $18/t); and
captured CO, from power generation plant flue gas ($3.00/Mcf or about $53/t) (Appendix 1C). We
a0 examined the potentia for advanced power plant CO; capture technology, using CO. supply costs
of $2.00/Mcf ($36/t).

4, Profitability. There is no direct economic benefit from CO, digoosa in depleted naturd gas
fiedsthat can offset codts, thus dl codts are net costs (Appendix 1C).
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5. CO, Vdume. In edimaing the sequedtration potentia of depleted naturd gas fields, the
reservoir drive mechanism should be consdered. Assuming the void crested by natural gas production
would be avaldble is a better assumption for a depletion drive gas reservoir than a water drive or
partid water drive resarvoir. Digplacing an advanced aguifer would require sgnificant injection
pressure and consequently high cost of operation. Hence depletion drive reservoirs would be
preferred. However, for this sudy depletion drive was assumed for dl petroleum provinces due to
budgetary congraints.

The compressihility of carbon dioxide under typica reservoir pressures is sgnificantly grester
than that of naturd gas. This means that a given void space within the reservoir can sore a much
larger volume of CO, (measured at standard pressure and temperature conditions) than methane.
And because a mole of CO, weighs much more than a mole of CH,, the mass of CO, that can be
stored is far greater thanthe mass of the natura gas produced from the reservoir.

Like the van der Meer and van der Straaten (1993) study, we assumed that CO, could be
injected to fill a certain percentage of the void space in depleted gas fidlds that is creasted when the
natural ges is produced. However, this earlier gudy made the smplifying assumption, reasonable
given the sudy’ s scope of andyss, that the mass of CO, sored in a given reservoir volume would not
vary with depth. In fact, CO, compressibility varies widdy relative to that of methane over therange
of depth/pressuretemperature conditions likdly to be encountered in depleted naturd gas reservoirs.
Generdly, a sgnificantly grester dandard volume of CO, can occupy the void space within the
reservoir compared with CH,, but thisratio varies from under 1.5 to over 3 times.

Usng standard petroleum engineering methodology, we computed the actud variation of the
volumetric ratio of CO,/CH, that would be anticipated within each of the USGS depleted naturd ges
provinces (Figure 6-3). This reationship was cdculaed usng the ided gas law, actud
compressibility factors (z = PV/RT) for CO, and CH,, and typica depth/pressure (0.433 psi/foat) and
depth/temperature (1.5° F/100 feet) gradients. Our andyss sows that a typica depleted gas
reservoir can hold more than 3 times the sandard volume of CO, a adepth of 17000 m compared with
the gandard volume of CH,, but thisratio dedines to lessthan 1.5 times a depths of over 3,000 m.

Table 6-1 illustraes the methodology and assumptions used for cdculating CO,/CH, volumetric
ratios, for representative depth vaues. The raio was then used in Appendix 1C, item number 5, for
caculaing potentid CO, sequedtration volumes (Appendix 1C).
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Table 6-1: Sample Calculation of CO,/CH,
Volumetric Ratios, for Representative Depth Values

Depth | Pressure | Temp. CHa CH4 By CO, CO2Bq Volume Ratio

(m) (ps) CF | zfactor | (feet’/scf) | zZ-factor | (feet’/scf) CO,/CH,

1000 1420 99 0.840 0.00936 0.270 0.00301 311%

2000 2840 148 0.868 0.00526 0.450 0.00273 193%

3000 4261 198 0.968 0.00423 0.625 0.00273 155%

4000 5631 247 1077 0.00379 0.765 0.00269 141%

* Bg = Formation volume factor

6. CO, Sequedtration Potential. The volumetric estimate computed in part 5 above was then
converted to mass a STP conditions. We estimated a sgnificantly larger overdl CO; injection
potentia than previous sudies, for two main reasons.  Frg, we used the USGS edtimate of globd
ultimate recoverable naturd gas resources (cumulative production plus reserves plus undiscovered
resources), which is much larger than estimates based on extrgpolating existing production rates. (As
mentioned previoudy for oil, much of the current naturd gas production comes from reserves that had
not even been discovered severd decades ago.) It is very likdy that the naturd gas resources
evauated by the USGS will be discovered and developed over the next few centuries.

Second, our more rigorous andlyss of formation volume factors, discussed in part 5 above,
shows that considerably more CO, per unit void space can be sored in depleted naturd gas fidds than
previoudy estimated. As a conservative measure, we assumed that 75% of the void space created by
exploiting naturd gas fidds could be replaced with carbon dioxide. The remaining 25% may not be
usable due to fidd edge effects, water influx, or various other reasons.  (As another conservetive
assumption, we did not include any additiona sequestration cgpacity that may exist in reservoirs where
the origind naturd gas reserve was less than that required to fill up the reservair to the “spill point.”)
Sequestration volumes and costs were converted into metric units of Gt and $t. The 155 individud
estimates were then sorted, cumulated, and graphed in Figure 6-4. Sequestration costs for depleted
oil and naturd gas fidds (combined) are shown in Figure 6-5.

The globd ultimate CO, sequedration potentia for depleted natura gas fidds is estimated to
be goproximatdy 797 Gt. Assuming that CO, is supplied from power plant sources a codts of
$53/tonne ($3.00/Mcf), unit sequestration costs are expected to range from about $60/t to over $150/t.
Largely because large volumes of rdatively low-cost CO, sequestration capacity are expected to
gradually emerge in Russa and the Middle Ead, the globd weghted average sequedration codt is
edtimated at about $72/t.

The use of less costly waste CO; from naturd gas processng plants ($18/t or $1.00/Mcf) (or
technologica improvements that reduce CO, capture cogts from power plants to a comparable level)
would reduce the average sequestration cost in natura gas fields to about $34/t. (No estimate was
made of sequedration codts for natura CO,, snce tha deveopment would be highly unlikey).
Sequedtration in natura gas fidds is much more coslly than in depleted ail fidds with enhanced all
recovery potentid, because there are no economic benefits to injecting CO: into depleted gas fidds
(Appendix 1C).
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Fig 6-4
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Fig 65
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7.0. Barriersto Implementation

7.1 Introduction

Despite the large potentiad for sequestering carbon dioxide in depleted oil and gas fidds -- a
moderate cost or even at a profit in the more favorable settings -- the current level of anthropogenic
CO: sequedration activity, while noteworthy, is dill rdatively smal (about 3 million tonnes'year; 55
Bcf/year in EOR projects). A number of technical and economic obstacles to wider gpplication of this
technology have been identified. These bariers need to be overcome before sequestration of
anthropogenic CO, in depleted petroleum fields can be implemented on a large scale, sufficient to
meaningfully impact amaospheric CO, concentrations.  This find section evaduates the principd
“barriers to implementation” which could be inhibiting the full storage potentid of depleted oil and gas
fidds. We condude the section with recommendations for future R&D and policy studies, which
could help to overcome these barriers.

Severd other groups are dso examining barriers to implementation. For example, the U.S.
Depatment of Energy has recently rdeased its broad Carbon Sequedtration R&D plan, which
included discusson of technologicd research needs (U.S. DOE, 1999). In addition, BP Amoco, U.S.
DOE and IEA GHG jointly sponsored aworkshop on the topic (BP Amoco, 1999). The BP Amoco
workshop convened awide range of specidigsin the areas of CO, capture, processing, EOR, ECBM,
geologic sequestration, and policy to debate the chalenges and potentid of geologica sequedtration
technology. We have integrated issues raised by these reports with our earlier discussons with
industry specidigts.

The principa barriersto broader implementation of CO, sequestration technology are:

Reservoir. Two fundamentd potentid barriers are the effectiveness of the reservoir as a CO,
disposd dte and the optima operation of the CO, sequedration process.  Fortunately, as
discussad extengvey in Section 3, the petroleum industry has the sgnificant benefit of a great
wedlth of public infamation and technology that have been developed by commercid CO-EOR
and underground gas storage (UGR) projects. Both EOR and UGR activities are mature and
technicaly advanced multi-billion dollar enterprises. The degree to which the needed technology
and understanding for CO, sequedtration in depleted oil and gas fidds exigts “off the shelf” should
not be underestimated. Within this rather optimigtic viewpoint, however, there remain two second
order reservoir-related chalenges: how best to adapt exiding petroleum technology and fedilities
to CO, dorage, and how to gauge the long-term physicd and chemicad impacts on the reservoir
rock and fluid. Furthermore, each loca petroleum province and specific depleted fidd will present
its own particular reservoir chdlenges to CO, sequedration, requiring extensve fidd-specific
sudies and testing.

CO, Sources. As documented in the economic modd developed in Section 6, capturing and
processing CO, remains by far the largest single cost associated with sequedtration in depleted ail
and gas fidds (as it is for most CO, sequestration methods). In contrast with relatively mature
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reservoir technology summarized above, the capturing and processng of CO, from anthropogenic
wade dreams is technicdly immature.  Transporting and injecting CO, aso can represent
sgnificant cogts in the sequedtration process, but these technol ogies — again developed and refined
by the EOR and UGR indudtries -- are fairly mature and efficient. Much more work aso remains
in characterizing the important anthropogenic CO, wadte streams relative to candidate storage
Stes.

Environmental & Safety. Early sudies have begun to examine the environmenta impects of
CO:2 dorage operations on the resarvoir and surrounding area, but these potentia safety risks and
thelr mitigation require additiona sudy. Again, the operation of naturd CO, production fidds and
UGR fadilities offer many indghtsinto environmenta and safety issues reated to sequedtration.

Economics. The perfamance of commercid EOR projects provides a basis for evduating the
full-cycle cogts of storing CO:. within depleted oil fidds UGR fadilities likewise can provide
indght into the economics of sequedtration in depleted gas fidlds.  However, these costswill vary
widdy depending on location and setting. Regardless of the generdlized economic assessment
that we have performed in Section 6, each individua sequedtration Ste will require amore detalled
economic (aswell astechnical) evauation.

Regulatory: Perhaps the least mature area for CO, sequedration is the regulatory framework
that can dlow this activity to be routingly performed and monitored.  Again, the United States has
the most extensve experience in the trangportation, injection, and monitoring of CO, in depleted all
fidds. UGS regulation is mature in North America, Europe and Audrdia. However, uncertainly
remains about future regulation of CO, sequedtration, and the concern of resdents not previoudy
exposed to the practice of underground injection (such as in extreme northeastern U.S)) must be
consdered.

Commercial: Commercid bariers are red and subdantid. A principd potentid commercid

barier is likdy to be optimization of optima petroeum production with CO, starage. The
procedure for vauing disused fidds and trandferring ownership rights, as disused fidds are
converted into Sorage Stes, is aso a paticularly thorny issue requiring further study.

To address these issues, we discussed the technologica ad commercid chdlenges of CO,
sequestration with more then one dozen oil and ges fidd operating companies.  In addition, we
incorporated selected ideas presented by the U.S. DOE Carbon Sequestration Road Map and the BP
Amoco Sequestration workshop. Section 7 incorporates the findings of these two independent efforts
to invedtigate the principa barriers to implementation.

Bdow, we discuss in turn the prindpad Bariers to Implementation affecting CO,

Sequedtration, and suggest recommendations for further R& D and policy work that could bring about
ther resolution:

7.2 Reservoir/Technological Barriers
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We have discussed the issues of resarvoir criteria and technology gpplication needed for
effective sequedtration of CO,, in the context of actud CO,-EOR floods. A grest wedth of
information and ingght about the injection and storage of CO, in depleted ol and gas fidds may be
gleaned from these commercid EOR projects and from commercid natura gas sorage projects. This
massive body of knowledge povides depleted oil and gas fidd settings with a consderable advantage
over other rdaively less well tested sequedtration technologies, such as aquifer storage and deep
ocean injection, which are dill at an early experimentd (non-commercid) stage.

Nearly dl paticipants agree that many of the basic technologies for sequestering CO; in
depleted oil and gas fidds dready exist and could be gpplied “ off the shdf” with only minor adgptation
and optimizetion. A recent andyss of CO, injection techrnologies used by EOR and naturd gas
Sorage operators supports this view, demondrating the reative ease with which these technologies
could be gpplied to CO, sequedtration in depleted oil and naturd gasfields (Gunter et d., 1998).

However, the effective sdection, gpplication and management of petroleum production and
sorage technologies to CO, sequedtration only now is being consdered. There currently are no “Best
Practices” for CO, sequedtration in depleted oil and gasfidds A great ded of R&D and enginesring
work isrequired in terms of detailed screening, andlysis, and refining the design and application of CO,
sequedtration systems within individua petroleum provinces. The current study can only supply a
broad-brush overview of the worldwide potentid. To implement sequedtration, each candidate
reservoir would need to be sudied in detail to determine the efficacy and optima design of CO,
sequestration and potentidd EOR.  Following design, each CO, injection project would then be tested
on apilot scde, further refined, and then implemented on alarger scde.

Governmentd R&D organizations can help to simulate development of the incrementd
technologicd improvements that will be needed to demondrate and reduce the costs of CO,
sequedration in depleted oil and gas fidds.  This effort could take the form of targeted R&D into
topics such as assessment of physcochemicd changes in the resarvair, optimd injection and
monitoring technologies, demondtration pilots at representative fidds, and the challenges of optimizing
petroleum recovery with CO, sequedtration.  Actua operation of CO, sequedtration facilities a
depleted oil and naturd gas fidds would probably be mogt efficiently performed by private-sector
commercid enterprises, within aregulated system of tradable sequedtration credits and verification.

Effects of CO, Flooding on Reservoir Oil and Rock

The long-term effects of CO, sequedration on the integrity of the reservoir rock and the
qudity and recoverability of reservoir ol are poorly understood. Depleted ail fields thet are converted
to CO, dorage dmog certainly will have large and economicaly significant remaining resources of ail.
Even though mogt residud oil deposts may not be economicaly recoverable a the time the fidd is
converted to CO, sequedtration, future higher oil prices and/or the development of more effective
dternative CO, digposd technologies could lead to re-converson of the field back to ail production.
Therefore, it is essentid to condder the effects of CO, flooding on the vaue and producibility of
depleted oil resources.
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The only empiricad published account of the effect of CO, flooding on reservoir ail is a
relaively short-term study performed a Chevron's McElroy fidd in the Permian basin, West Texas,
U.SA. (Hwang and Ortiz, 1998). This study monitored changes in oil composition during 1992 and
1993, soon after CO, flooding commenced in this portion of thefidd. Although injected CO2 hed little
effect on saturated and aromatic hydrocarbons, over the reatively short eighteentmonth time period,
severd dgnificant changesin oil compaosition were noted.

Sulfur content increased shortly after the start of CO, injection, by 0.2 to 0.3%, probably due
to bacterid reduction of dissolved sulfate (SO,?) to dementd sulfur and HS, which are soluble.
Increasing sulfur content could dightly reduce the vaue of produced crude, but would not in itsdf be
expected to affect its technical recovery.

Fractionation of heavy hydrocarbons and asphatene precipitation from the fluid phase were
potentiadly more serious effects of CO, injection. Agphdtene levels were sgnificantly reduced at the
McElroy flood, to about one-hdf of pre-flooding levels. Asphdtene precipitation from the fluid phese
can result in formation damage and reduction in petroleum recovery. The McElroy fidd experienced
a40% reduction in water injectivity in the CO, pilot area, probably because of agphdtene precipitation
into reservoir pore throds.

The long-term impacts of CO, injection on ail recovery in depleted fidds may be even more
sgnificant, as sulfur reduction and asphdtene precipitation increese with time.  Clearly, further
research is needed on the long-term chemica and physca impacts of CO, on reservoir rock and
fluds  The mogt effective mechaniam for addressng this barier would probably be
government/industry sponsored R& D focused on the near-term sequestration targets, probably for the
Permian, Gulf Coagt, and Rocky Mountain regions of North America, aswell asthe North Sea.

Recommendations. Evolutionay R&D in the following aress leveraging from off-the-shdf
petroleum extraction technologies, could address this barrier during the near- to mediumterm (1-10
years).

CO, — Rock/Fluid Interaction: Further research is needed to quantify the chemica and physicd
reaction of injected CO, with rock and fluid in a variety of reservoir settings. Mgor permegble
rock types induding sandgone, sltstone carbonate, and sdt should be sudied, as should
interaction of CO, with hydrocarbon and other formation fluids.

Reservoir Studies: The efficacy of CO, injection and EOR in the Permian and Rocky Mountain
basins of the United States, discussed extengively in this report, is rdatively wel documented. As
Section 5 showed, however, the feeshility of CO, flooding in other petroleum provinces is ill

poorly undersood. Representative depleted oil and gas fidds from the top-ranked petroleum
provinces, particularly outsde the United States, should be sdlected for detalled feesbility study,

using accepted EOR screening methods that are dreedy in place.

Reservoir Modds. Exiding industry numericd smulation models need to be improved to enable
them to explicitly address CO, sequedtration, both in depleted oil and gasfidds. Such moddswill
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be essentid for operating sequedtration projects, as well as providing supporting documentation
and verification for emissons trading.

Natural CO: Fidds: The three large naturd CO: fidds in the western U.S. that have been
developed for production (McEImo, Bravo and Shegp Mountain Domes) congtitute a convenient
laboratory for evauating the storage and movement of CO, within areservoir. The geology and
operation of these fidds, and any well-documented naturd underground CO, depodts in other
countries, should be studied in detail to evauate the long-term integrity and chemicd interaction of
CO2 within underground resarvoirs.

7.3 CO,SupplyBarriers

In Section 6, we discussad estimates for the cogts of dternative carbon dioxide supplies, both
naturd and anthropogenic. Our economic andyss of CO, injection into depleted oil and ges fidds
identified the high cost of CO, supply from anthropogenic sources as one of the mogt important
barriers to the adoption of this technology for sequedtration. It is extremey expensive to capture,
Separate, process, compress, and trangport CO, from anthropogenic sources to the depleted petroleum
fidd. Thisiswhy naturaly occurring, pure, high-pressure CO, supplies have dominated most of the
EOR market in the Permian bagin.

EOR operators utilize naturd CO, sources where those sources are readily available and
close to the depleted fidd, smply because naturd CO, generdly is the lowest-cost source for this
codly injectant. For example, naturd CO, a high purity and high pressure codts gpproximetely
$0.65/Mcf in the Permian basin of the southwestern United States.  In contradt, the total capture,
processing, and compression cogts for waste CO, from naturd gas processing plants (probably the
chegpest anthropogenic source of CO,) is estimated to be approximately $1.00/Mcf ($18/). As
discussed in Section 2.0, saverd subgantid EOR operators are currently injecting waste CO, from
naturd gas plants and fertilizer plants (Table 2-2).

CO, supplies from power plant flue gas are Sgnificantly more cogly, an estimated $3.00/Mcf
($531t) or higher. No EOR operator is using power plant flue gas sources for CO, injectant, Smply
because it is too expendve and there currently are no emission reduction credits supporting such
activities, Our economic andysis presented in Section 6 indicates that the high current supply cost of
anthropogenic CO, is a principd (probably the mgor) barrier to the expanded use of this injectant
source within depleted ail fidds. 1n addition, no operator isinjecting CO, (anthropogenic or otherwise)
into a depleted gas fidd; again, without CO, emisson reduction credits there smply is no rationde for
such activities.

Some of the key conclusions of the BP Amoco Houston workshop were that separation of
CO; from nitrogen and other components in a typicd power plant represents a mgor energy and
pressure loss. The most promising research areas for lowering CO, capture costs were identified to
be:
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Oxygen Firing: Use of recycle or partid oxygen firing could raise CO, concentrations in flue
gas, well above the 3% (gas turbine) to 12% (steam turbine) levels currently achieved. Oxyfud
technologies that could be ready for cemondration within 1 to 3 years indude: O2/CO2 boilers
with turboexpander to scavenge waste hedt; Heat Recovery Steam Generation retrofitted to
exiging gas turbines, and direct oxyfud-fired high-pressure steam generation, which produces a
pure CO, waste stream for injection.

Amine Separation: This near-term process consumes large amounts of energy, which could be
provided through scavenging of waste heet from energy production. Improved solvents, which
could reduce energy requirements, are under development by IGT, Mitsubishi, and ABB.

Pre-Combusgtion Decarbonization: Reforming or gesfying the fossl fud generaes a
hydrogentrich gtream that combugs without forming CO,. Mediumterm technologies include
optimizing gas turbines for hydrogen combugtion and high-efficiency reformer systems, such as
inorganic membranes or flandess digributed combugtion.  In the longer term, replacing
combugtion turbines with fuel cdlsfor power generation would remove the need for both CO shift
converson and removd of CO, from the hydrogen stream.

Advanced Methods. Longer term R&D could be directed to dectric swing adsorption,
membranes, hydrates, cryogenic condensation, as well as hybrid sysems. For example, in cold
climates CO, could be separated from flue gas to form awater hydrate. This durry could then be
injected into an underground resarvoir, where it would mdt and provide injectant for EOR,
ultimetely to be sequestered within immohbile ail.

Reducing the cogts of CO, capture, processing, and trangport from anthropogenic sources
(such as power plants) is perhgps the sngle mos important R&D area for the sequedration
community. Technological advancement in these areas could be catdyzed by government-supported
R&D. Once a viable commercid sequedtration indudtry is in place, private-sector R&D in capture
technology islikely to grow rapidly.

Recommendation. Given that the cogts of capturing and processing anthropogenic CO; represent
fully twothirds of the full-cycle costs of sequedtration in depleted oil and ges fidds, a strong
government/industry R&D program into improving capture and processing technologies is essential.
Lower CO, capture costs would aso benefit other sequedtration activities, such as aquifer and ocean
digposal. An effective government and industry development program could be:

Basc R&D: Compstitive, government-funded basc R&D into noved CO, capture/processng
technologies, discussed above.

Fidd Application: Joint indudry/government funded programs to tet CO, capture and
processing technologies in depleted oil and gas fidd applications.

Mapping of CO2 Sources vis-a-vis Reservoirs: An extremey ussful product would be a
comprehensve GIS data base with locationd information on mgor anthropogenic CO, Sources,
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dong with adjacent depleted oil and gas fidds pogtions and Sorage capacities/'characteridtics.
(Other potentia geologica reservairs, such as aguifers and cod deposits, could dso be included.)
Such an information sysem could be used to gregtly improve the precison of the economic
andyss performed in this report. It could be digtributed to industry to dlow emitter to evauate
their particular geologica sequestration options.

7.4  Environmental and Safety Barriers

Cabon dioxide can be a hazardous substance, if it is lesked catagtrophicdly from an
underground reservoir. Holloway (1996) and Cox et d. (1996) assessed the literature of case studies
of catagtrophic naturd emissions of CO, from volcanic eruptions and seepages. Monitoring of CO, in
the reservoir is essentid to preclude accidents, and to convince regulatory authorities and parties with
acommercid interest that sequedtration is red and permanent.

Leskage of CO, from underground reservoirs could occur in two ways. Firs, CO, could legk
from the reservoir through or around a CO, injection wel. Moden peroleum wel completion
practices typicaly include pressure tegting of sted tubulars and cement within the well to check for
leskage. If identified, leskages are then squeezed df usng zone isolation packers and cement. Such
operaions are routindy performed primarily for economic efficiency of petroleum production, rather
than for safety. One exception is the completion of underground water disposd wels, where
safeguarding potable water supplies is the main objective. In a CO, sequedtration operation, rgpid
leakage of CO, would be eesly identified by anomdies in wel injection and monitoring pressures
Remediation of the well could then be taken to rectify most leskage problems.

Sacond, more diffuse and gradud emisson of CO, could occur by migration aong
dratigrgphic bedding or fault planes within the reservoir. Depleted oil and gas fidds —which may
have gored hydrocarbons for millions of years -- are by their \ery nature unlikdly to rdease large
volumes of injected CO,. In summary, these authors concluded (and we agree) that it was extremdy
unlikely that CO, sequedration in depleted oil and gas fidds would lead to a sudden emisson of
dangerous ground-hugging plumes of CO..

New technologies could be employed to track more closdy the movement of CO, within the
disoosal resarvair, to detect possible leskage and emission. For example, highly advanced geophysica
surveys are being applied to directly detect be movement of CO, within EOR projects over time
(Benson and Davis, 1999). This technology employs 4dimensond (4D, with time as the fourth
dimengon), 3-Component (3-C, recording dl three shear-wave directions) seismic reflection data
Multiple surveys shot in the same location over time can track changes in rock and fluid properties,
helping to improve ail recovery and direct monitoring of CO, flow.

Recommendation. Monitoring and verification of CO, sequedtration is a key area to provide
scientific confidence that CO, sequedtration is taking place, and to convince regulators and the generd
public that sequedtration is measurable and long-lived. Research areas could include:

Current EOR and UGR Technologies: Fedd teding of existing monitoring echniques theat
currently are used widdy by the EOR and UGR indudtries, such as petrophysica, geochemicd,
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and production logging; well tesing and sampling; pressure monitoring and sampling wels, and
reservoir Smulation.

Advanced Methods: Mediumterm technologies indude 4-dimensond, 3-component seismic
monitoring; gravity; and other geophysca and petrophysical techniques. Advanced reservoir
models that more accurately reflect the interactions between injected CO, and reservair fluidsand
strata also are needed.

Natural CO. Fidds. As discussed in Section 7.2, the three large naturd CO: fidds in the
western U.S. that have been developed for production (McEImo, Bravo and Sheep Mountain
Domes) condtitute a convenient laboratory for evauating the storage and movement of CO, within
aresarvoir. The geology and operation of these fields should be studied in detall to evduate the
dability, safety and environmenta impacts of long-teem CO, dorage within  underground
reservoirs.

75 EconomicBarriers

In Section 6, we discuss our economic modd of worldwide sequestration in depleted oil and
ges fidds. Economic barriers to sequedtration of anthropogenic CO; in depleted oil and naturd ges
fidds cetanly exis and were quantified. Rather than repeating the specifics of sequedtration
€coNoMmIcs in any one region, which is better shown by the modd output provided in Appendix 1, we
smply reterate the underlying reasons for its poor economic performance. (These bariers are
discussad in gregter detall in the other parts of this section.)

The two principal economic barriers to sequedtration are: high supply cogts for capturing,
processing, and compressing anthropogenic CO,, and the lack in most countries of any credit system
for so that operators may finencidly benefit from CO, sequedtration activities. High supply codts for
cgpturing, processing, and compressng CO, are expected to be reduced gradudly through targeted
R&D and by larger economies of scde. The lack of a credit sysem for CO, sequestration is
discussed below, under regulatory barriers.

7.6 Regulatory Barriers

In the United States, Satelevd government agencies generdly have authority to regulae
mog ol and gas production activities, induding CO,-EOR.  These agencies will approve most
goplications that indude a credible and well-documented plan for injecting CO, into a depleted ail or
gas fidd. Such permit gpplicaions typicdly address surface impacts, well completion design,
operationa procedures, protection of potable ajuifers, and other concerns. The gpprova process
generdly requires one to severa months to complete in petroleum producing states. Non-petroleum
producing states may require longer review, esimated at up to one year. Short-term, limited testing
permits generdly require less documentation than large-scae and long-term commercid operations.
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Intergtate trangport of CO, through large pipdines (up to 900 km in length) areedy takes
place; this is handled through a federa-leved pipdine regulaory body. In summary, there are no
sgnificant regulatory barriers in the United States (either Sate or federd level) which interfere with
the routine injection of CO; into a depleted oil and gas resarvair, induding purdy sequedtration
activities. (Thisis not to say thet palitical concerns may not arise, most likely from resdents living in
the vicinity of the sequedtration facility.)

The key regulatory barrier to expanded CO, ssquedtration in depleted oil and gas fidds has
been the lack of atax (or credit) systlem that can provide for financia benefit to the operator of a CO,
sequedtration project.  Currently, Norway is the only country to directly tax CO, emissons, and to
dlow operators to avoid taxes by sequestering CO.. However, even Norway does not yet dlow for
the most efficient scheme, whereby the CO, emitter can pay for its choice of the lowest-cost emisson
reduction or sequestration option, including oversess activities.

A number of experimenta tradable credit systems are currently under developmert, dthough
none are in routine commercid operaion. Some of the more sgnificant systems are discussed below:

Greenhouse Gas Emisson Reduction Trading pilot (GERT) is a partnership of the Canedian
federa government, severd provinces and Canadian indudtry, and other groups. Formed in 1998,
GERT isdesigned to test the mechanics of anationd trading system for greenhouse gas emissons
in Canada A dmilar but more loca organizetion based in the Windsor-Quebec corridor of
Canada (PERT) has overseen pilot trades on CO, emissons between member companies.

Trans Alta Corp., an Alberta-based energy company tha is Canada's leading producer of
independent power, currently has a standing offer to purchase offset CO, credits a gpproximetely
$2/tonne.  However, this price is condderably less than the $53/tonne tax on CO, emissons
currently in place in Norway, and would probably not have a subgtantia impact on investment in
CO,EOR projects.

Credit for Voluntary Reductions Act: (U.S. Senate Bill S547; formely S2617) This
proposed legidation was introduced into the United States Senate on March 4, 1999. As currently
envisoned, the proposd would provide businesses with legdly binding credits for reducing their
greenhouse gas emissions below a 1996-1998 emissons basdine. Such credits could then be sold
or traded. Qudifying sequedtration activities outsde the U.S. would be limited to agriculturd and

nucdear power. Thishill isdill being shgped and changes are likely.

Recommendation. Close cooperation between industry and government is essentid for the
devd opment of cost-effective sequestration technologies.

Regulation: Currently there are few regulaions specificadly pertaining to CO, sequedration in
depleted oil and gas fidds dthough CO, injection is addressed under existing oil and gas
regulations, a least in the U.S. As the BP Amoco Houston Workshop report cogently states
“There is an opportunity for industry to proactively influence the regulatory process to
ensure that the rigor associated with measurement and verification standards for
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underground CO, repositories is consistent with the degree of risk they pose.” Industry
could gart by demongrating how CO, and gas injection activities have been safe and effectivein
the EOR and UGR sectors. A workshop, modeed after the BP Amoco Houston workshop, could
be convened with both industry and government participants to focus explicitly on regulation of
CO, sequedtration and monitoring.

Emissions Trading: As discussed above, a number of policy and industry groups are working to
establish a functioning CO, emissonstrading system. The cost/sequestration curves generated by
this Sudy provide a generd indication of the impact such emissons credits could have in bringing
on additiond economicaly viable sequedtration capacity. This economic evauation, and further
refinements, should be communicated to dl parties active in the emissions trading debate. Intra:
company CO, emissons trading systems, such as recently established by Shell and BP Amoco,
and the U.S. aulfur emission trading system could be studied as smdl-scale andlogs for a globa
CO, emssion trading system.

7.7 Commercial Barriers

One of mog serious potentid barriers to CO. sequedration in depleted oil and naturd gas
fidlds may be commercd or organizationd conflicts between petroleum recovery and CO,
sequestration. The overdl objectives and daily field operationa procedures can differ sgnificantly for
these two activities. There is no precedent for Imultaneous operation of oil and gas production with
intentiond  sequedration, paticulaly wherein sequedration is a wholly separate commercid
enterprise.

Tranderring ownership from the petroleum rights holder of a depleted ail or naturd gasfied
to a separate sequedtration rights holder is another untested and undoubtedly complex procedure.
Depleted oil and naturd gas fields dways leave behind some amount of residud petroleum within the
reservoir.  New technologies or changes in price/cogt relationships -- unforeseen and inherently
unpredictable -- can turn an abandoned depleted field into a vauable asset once again. But converting
a depleted fidd into a sequedration Ste may be irreversble, a least if sequedration is intended to be
permanent and credits meaningful and verifiadle.

Natural Gas Storage Conflicts Depleted gas production fields located close to demand
centers often live a second life of naturd gas Storage operations. Gas storage fidds are used to
smooth out seasond supply and demand variahility, buying and injecting naturd gas during low-demand
periods (typicaly summer) and withdrawing supplies during high demand (winter). Given ther dose
proximity to gas demand (and therefore inevitably CO, emisson) centers, these are indeed the very
fieldsthat will bein demand for sequedtration.

Usng depleted gas fidds for storage will compete with sequestration and, depending on the
vaue of emissons credits, may even be a higher-value commeraid ativity. But once CO, injection
into a depleted gas field begins, the residud gas resource will rgpidly be contaminated, destroying any
resdua gas sorage vaue. The mog efficient transfer method may be to dlow the current gas
production/storage rights holder 1 auction off the fidd to the highest bidder, whether for production,
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dorage, or sequestration uses. In thisway (barring information barriers), the market system should be
able to accurately set dternative values, and price sequestration rights accordngly.

EOR Conflicts The potentid conflicts with depleted oil fidds are more subtle and possbly
even more complex than in depleted ges fidds. In a routine EOR project, the operator seeks to
minimize CO, injection and sequedtraion, while maximizing oil recovery. This is because CO, isa
cogtly commodity and the largest Single capitd or operating expense. But from a sequestration point
of view, more credits obvioudy will be earned by maximizing sequestration.

The mogt efficient solution may be to assign any sequedtration rights to the current petroleum
production rights holder. For inective fidds, joint petroleum recovery and sequestration rights could be
auctioned by the government. In this way, the fiedld operator could maximize its totd retumn on
invesment for both EOR and sequedration ectivities This would aso endble the fidd operator to
respond raiondly to changes in oil prices technology, codts, and the market vaue of traded
sequedtration credits.  Joint ownership aso would preclude conflicts between separate petroleum
rights and sequestration rights holders.

Recommendation. There exists a need for a detailed engineering analys's of a specific depleted all
fidd to characterize and assess potentid conflicts between CO,-EOR and CO, sequedtration. This
could best be performed at anew, greenfidlds EOR project, such as at PanCanadian’s Weyburn EOR
flood in Saskatchewan, Canada or BP Amoco’s planned EOR project on the North Sope of Alaska,
U.SA. Issues requiring assessment include:

EOR vs. Sequedtration. Economic evauation of optima CO,/all ratio, given likdy future all
prices and vaues for CO, sequedtration credits. Sdection of CO, injection zones, pressures, and
schedules to optimize sequestration and EOR.

Green Fidds vs. Depleted Fields. Injected water needs to be minimized, because water and
CO, compete for space in the reservoir. Injecting CO, during the early stages of reservoir
exploitation could improve ail recovery while smultaneoudy maximizing CO, sequestration. This
concept requires detalled evauation.

Gas Recovery vs. Sequestration: The use of CO, to maintain reservoir pressure or as base gas
for underground gas storage in depleted gas fields has been proposad, even though the risk of
codlly contamination of natural gas reservesis obvious. This concept dso requires evauation.

In condusion, multiple barriers to CO, sequedtration in depleted oil and gasfiddsexis. However,
these impediments may be overcome with a sustained program of basic and gpplied research into CO,
cgpture and underground injection technologies. This technica program should be coupled with policy
debate between indudtry, government, and other groups to hdp establish an emissons reduction
trading system, as well as confidence in the safety and integrity of the sequestration process.
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Worldwide Petroleum Production, Reserves, Resour ces
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Rank Cum. Prod.+Reserves  Undiscov. Resource{ Ult. Recoverable Cum %
Oil/Gas| USGS [Province Qil Gas NGL [ Total| Oil | Gas | Total | Oil Gas | Total [ World
(BOEE)| Code [Name Region Country (BB) (Tcf) | (BB) [BBOE) (BB) | (Tcf) |(BBOE) (BB) [ (Tcf) (BBOE) BBOE

1 1174 |West Siberian Basin CIS Russia 140.4 | 1271.8 | 3.1 |355.5( 40.0/ 900.0| 190.0| 183.5| 2171.8| 545.5| 13.2%
2 2024 [Mesopotamian Foredeep Mid-East  |Kuwait 2924 | 298.3 | 1.8 |343.9(45.5(153.4| 71.1|339.7| 451.7(415.0( 23.2%
3 2030 (Zagros Fold Belt Mid-East |[Iran, Iraq 1216 | 399.4 | 1.4 |189.6( 18.9|205.4| 53.1|141.9| 604.8|242.7| 29.0%
4 2021 |[Greater Ghawar Uplift Mid-East  |Saudi Arabia (EC) 141.7 | 248.6 | 8.6 [191.7| 22.1|127.8| 43.4(172.4| 376.4|235.1| 34.7%
5 2019 ([Rub Al Khali Basin Mid-East |Saudi Arabia (SE) 89.9 | 1823 | 2.6 |122.9| 14.0| 93.8| 29.6|106.5( 276.1|152.5| 38.4%
6 2022 [Qatar Arch Mid-East  |Qatar, UAE 12| 465.6 |13.8 | 92.6( 0.2(239.4| 40.1| 15.2| 705.0(132.7( 41.6%
7 1016 |North Caspian Basin CIS Kazakhstan 10.8 | 156.9 | 89 | 45.9( 30.0(150.0| 55.0| 49.7| 306.9(100.9( 44.0%
8 4025 [North Sea Graben Europe Norway, UK, Denmark 441 | 160.6 | 6.0 | 76.9| 8.7| 35.0| 145| 58.8| 195.6| 91.4| 46.2%
9 5047 [Western Gulf N. America |USA (SC) 269 | 2516 | 75| 76.3|14.3 25| 14.7| 48.7| 254.1| 91.1| 48.4%
10 1015 |Volga-Ural Region CIS Russia 64.0 99.2 | 11| 816 25 4.0 32| 67.6| 103.2| 84.8| 50.4%
11 7192 [Niger Delta Africa Nigeria/Cameroon 34.8 939 | 28| 53.3| 5.1|150.0| 30.1| 42.7| 243.9| 83.4| 52.4%
12 5305 [Villahermosa Uplift N. America |Mexico (S) 35.0 41.3 | 0.1 | 42.0| 23.0| 76.3| 35.7( 58.1| 117.6| 77.7| 54.3%
13 6099 |Maracaibo Basin S. America |Venezuela 49.1 26.7| 01| 53.7| 80| 46.0| 15.7| 57.2 72.7 69.3| 56.0%
14 6098 |East Venezuela Basin S. America |Venezuela, Trinidad 30.2 129.7 0.7 | 52,5 85| 36.0| 14.5( 39.4| 165.7| 67.0| 57.6%
15 5044 [Permian Basin N. America |USA (SW) 32.7 940 | 6.7 | 55.1| 15| 15.0 4.0 40.9| 109.0| 59.1| 59.0%
16 1154 |Amu-Darya Basin CIS Turkmenistan 08| 2304 | 12| 40.4( 3.0 75.0] 155 5.0] 305.4| 55.9| 60.4%
17 5243 |Alberta Basin N. America |Canada 15.0 93.7 | 23| 329| 5.0|100.0| 21.7| 223 193.7| 54.6| 61.7%
18 2043 [Sirte Basin Mid-East  |Libya 36.7 377 01| 43.1| 57| 16.0 84| 425 53.7| 51.5( 62.9%
19 5097 |[Gulf Cenozoic OCS N. America |USA (SC) 119 | 1403 | 0.0 | 35.3| 0.3 92.0| 15.6| 12.2| 232.3| 50.9( 64.2%
20 2070 [Mediterranean Basin Mid-East  |Libya/ltaly/Turkey/Greece/Egypt| 0.1 125 04 2.6 0.0(264.0( 44.0 0.5 276.5| 46.6| 65.3%
21 1112 |S. Caspian Sea CIS Azerbaijan, Iran, Turkmenistan | 17.4 36.0 0.5 | 239 6.0 30.0] 11.0f 23.9 66.0( 34.9| 66.1%
22 5001 ([N. Alaska N. America |USA (NW) 14.4 330 | 11| 21.0| 50| 50.0f 13.3( 205 83.0| 34.3| 67.0%
23 3127 [Bohaiwan E. Asia China 24.6 157 | 01| 27.3| 45 5.0 5.3 29.2 20.7| 32.7| 67.7%
24 1008 |Timan-Pechora Basin CIS Russia (NC) 13.2 36.6 | 0.7 20.0| 4.0| 250 8.2 17.9 61.6| 28.2| 68.4%
25 2058 |[Grand Erg/Ahnet Basin Mid-East  |Algeria 05| 1142 | 50| 245| 0.1 103 1.8 5.6 124.5| 26.4| 69.1%
26 4035 [NW German Basin Europe Germany 23| 1417 0.1 26.0f 0.0 0.0 0.0 24| 141.7| 26.0| 69.7%
27 7203 [West-Central Coastal B. Africa West Coast 14.5 122 | 01| 16.6( 5.0 254 9.2 19.6 37.6| 25.9( 70.3%
28 2054 [Trias/Ghadames Basin Mid-East  |Algeria 15.3 251 10| 205| 24 2.3 28| 187 27.4| 23.3| 70.9%
29 5058 [Anadarko Basin N. America |USA (C) 2.2 93.1 | 28| 20.5| 04| 139 2.7 54| 107.0| 23.2| 71.4%
30 2023 [Widyan B.-Inter. Platform Mid-East |lraq 17.4 74| 01| 18.7| 27 3.8 3.3 20.2 11.2] 22.1| 72.0%
31 1109 |Middle Caspian Sea B. CIS Kazakhstan 9.6 287 | 01| 145| 35| 15.0 6.0 13.2 43.7| 20.5| 72.5%
32 5048 |East Texas Basin N. America |USA (SE) 9.2 348 | 16| 16.6| 12| 14.7 3.7 12.0 49.5| 20.3| 72.9%
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52
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55
56
57
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62
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3702
3144
5049
1214
5010
3154
6035
3701
3808
3703
1009
4036
3817
1050
6032
8043
2071
2056
3948
6041
5043
4017
3115
5014
1322
6096
5300
5215
4061
2020
1209
5045
5301
5244
5022

Greater Sarawak Basin
Songliao Basin
Louisiana-Miss. Salt B.
Lena-Vilyuy Basin

San Joaquin Basin

Tarim Basin

Campos Basin

Baram Delta/Brunei-Sabah B.
Central Sumatra Basin
Malay Basin
Dnieper-Donets Basin
Anglo-Dutch Basin

Kutei Basin

South Barents Sea Basin
Reconcavo B./Rifted Margin
Bombay Basin

Red Sea Basin

Illizi Basin

Northwest Shelf
Putamayo-Oriente-Maranon B.
Palo Duro Basin
Vestford-Helgeland
Jungger Basin

Los Angeles Basin

North Sakhalin Basin
Llanos Basin
Burgos/Sabinas/Parras B.
Labrador-Newfoundland Shelf
Carpathian-Balkanian Basin
Int. Homocline-Central Arch
Angara-Lena Terrace

Bend Arch-Fort Worth B.
Tampico-Misantla Basin
Williston Basin

San Juan Basin

SE Asia

E. Asia

N. America
CIS

N. America
E. Asia

S. America
SE Asia
SE Asia
SE Asia
CIS
Europe

SE Asia
CIS

S. America
S. Asia
Mid-East
Mid-East
Australasia
S. America
N. America
Europe

E. Asia

N. America
CIS

S. America
N. America
N. America
Europe
Mid-East
CIS

N. America
N. America
N. America
N. America

Malaysia

China (NE)

USA (SE)
Russia (C)

USA (SW)
China

Brazil

Brunei, Malaysia
Indonesia
Malaysia, Thailand
Ukraine
Netherlands, UK
Indonesia
Russia

Brazil

India

Sudan

Algeria, Libya
Australia W)
Peru, Equador, Colombia
USA (SC)
Norway

China (W)

USA (SW)
Russia (E)
Colombia
Mexico (NE)
Canada (E)
Romania, Bulgaria
Saudi Arabia (C)
Russia (C)

USA (SC)
Mexico (E)
Canada

USA (SW)

0.8
155
7.1
0.0
13.8
0.7
10.1
6.9
13.2
3.7
16
0.6
2.9
0.0
15
8.4
9.2
3.7
11
6.6
18
2.7
6.8
8.6
22
54
0.1
16
5.9
4.9
0.0
4.9
6.9
3.6
0.3

82.3
17
42.8
104
125
5.0
6.2
36.2
3.9
48.3
59.1
717
45.8
70.0
2.0
24.2
8.5
45.1
56.7
1.6
48.4
15.7
24
7.0
224
10.3
8.1
6.6
7.3
9.9
8.1
11.7
6.7
18.2
38.2

0.4
0.0
13
0.2
0.7
0.2
0.1
0.2
0.1
0.3
0.2
0.1
1.3
0.1
0.1
0.3
0.3
0.9
1.0
0.0
21
0.7
0.0
0.4
0.2
0.2
0.2
0.0
0.1
0.3
0.1
0.8
0.1
0.1
14

14.9
15.8
15.5
1.9
16.6
17
11.2
131
14.0
121
11.7
12.7
11.8
11.8
19
12.7
10.9
121
11.6
6.9
12.0
6.0
7.2
10.2
6.1
7.3
17
2.7
7.2
6.9
15
7.7
8.1
6.7
8.1

0.7
2.0
12
0.0
12
11.0
57
16
17
2.0
0.7
0.0
14
3.0
9.2
0.8
14
0.6
0.7
4.6
0.1
14
3.0
0.9
25
2.0
0.2
0.0
0.5
0.8
7.0
0.5
0.2
0.0
0.0

25.0
10.0
14.7
100.0
25
30.0
2.0
116
4.0
10.0
20.0
16.0
10.0
0.0
19.0
4.0
8.3
4.1
6.0
9.4
0.0
25.0
8.0
15
15.0
4.0
48.0
42.0
6.4
51
0.0
18
1.0
10.0
1.8

4.9
3.7
3.7
16.7
16
16.0
6.0
35
24
3.7
4.0
2.7
31
3.0
12.3
15
2.8
13
17
6.2
0.1
5.6
4.3
12
5.0
2.7
8.2
7.0
16
17
7.0
0.8
0.3
17
0.3

19
175
9.6
0.2
15.7
11.9
15.9
8.7
15.0
6.0
25
0.7
5.6
31
10.8
9.5
10.9
52
2.8
11.2
4.0
4.8
9.8
9.9
49
7.6
0.5
16
6.5
6.0
7.1
6.2
7.2
3.7
1.7

107.3
11.7
57.5

110.4
15.0
35.0

8.2
47.8

7.9
58.3
79.1
87.7
55.8
70.0
21.0
28.2
16.8
49.2
62.7
11.0
48.4
40.7
10.4

8.5
37.4
14.3
56.1
48.6
13.7
15.0

8.1
135

7.7
28.2
40.0

19.8
195
19.2
18.6
18.2
17.7
17.3
16.7
16.3
15.7
15.7
15.3
14.9
14.8
14.3
14.2
13.7
134
13.3
13.0
12.1
11.6
115
11.3
111
10.0

9.9

9.7

8.8

8.5

8.5

8.5

8.4

8.4

8.4

73.4%
73.9%
74.4%
74.8%
75.2%
75.7%
76.1%
76.5%
76.9%
77.3%
77.6%
78.0%
78.4%
78.7%
79.1%
79.4%
79.7%
80.1%
80.4%
80.7%
81.0%
81.3%
81.5%
81.8%
82.1%
82.3%
82.6%
82.8%
83.0%
83.2%
83.4%
83.6%
83.8%
84.0%
84.2%




68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

6055
3142
8042
2016
4060
3822
2048
3503
2014
6059
3805
3930
7146
3966
5037
5013
3507
4057
6058
1210
3128
2004
6103
3825
5033
6090
8048
3824
4048
3828
3913
1159
1150
4047
6045

Neuquen Basin

Sichuan Basin

Indus

Fahud Salt Basin
Po/Adriatic Basin

North Sumatra Basin
Pelagian Basin
Mekong/Vung Tau Basin
Ghaba Salt Basin
Magallenes Basin
Bintuni/Sulawati Province
Gippsland Basin

Sud

N. Guinea Foreland/Foldbelt
SW Wyoming

Ventura Basin

Thai Basin

Transylvania

San Jorge/Malvinas Basin
Nepa-Botuoba Arch
Ordos Basin

Ma 'Rib-Al Jawf Basin
Tobago Trough
Penyu/West Natuna Basin
Powder River Basin
Middle Magdalena
Irrawaddy

Northwest Java Basin
Pannonian Basin

South Sumatra Basin
Browse Basin

Fergana Basin

North Ustyurt Basin
North Carpathian Basin
Santa Cruz-Tarija Basin

S. America
E. Asia

S. Asia
Mid-East
Europe

SE Asia
Mid-East
SE Asia
Mid-East
S. America
SE Asia
Australasia
Africa
Australasia
N. America
N. America
SE Asia
Europe

S. America
CIS

E. Asia
Mid-East
S. America
SE Asia

N. America
S. America
SE Asia
SE Asia
Europe

SE Asia
Australasia
CIS

CIS
Europe

S. America

Argentina
China
Pakistan, India
Oman

Italy

Indonesia
Libya/Tunisia
Vietnam

Oman
Chile/Argentina
Indonesia
Australia (SE)
Sudan

New Guinea
USA (WC)
USA (SW)
Thailand
Romania
Argentina
Russia (EC)
China

Yemen
Trinidad
Malaysia

USA (NC)
Colombia
Myanmar
Indonesia
Hungary
Indonesia
Australia
Kazakhstan (E)
Kazakhstan
Ukraine
Bolivia/Paraguay

24
0.1
0.2
45
0.4
0.7
2.2
0.9
14
12
0.5
3.9
14
0.4
0.8
3.4
0.2
0.1
3.3
2.0
0.7
12
0.1
0.6
2.8
2.4
0.7
3.2
2.2
24
0.1
0.8
24
0.9
0.3

20.7
10.8
19.6
10.0
18.9
25.6
17.2
13
19.0
24.8
9.5
9.8
0.1
11.0
16.3
5.8
8.9
30.7
3.6
22.0
5.6
16.6
22.6
5.7
2.6
5.0
10.3
8.1
13.8
10.7
18.0
15
24
16.3
18.8

0.3
0.1
0.1
0.2
0.1
0.9
0.1
0.1
0.5
0.2
0.1
0.7
0.0
0.1
0.4
0.2
0.3
0.0
0.1
0.3
0.0
0.3
0.1
0.1
0.2
0.1
0.1
0.2
0.1
0.1
0.2
0.1
0.1
0.1
0.6

6.2
2.0
3.6
6.4
3.7
5.9
5.2
12
51
55
2.2
6.2
14
2.3
3.9
4.6
2.0
52
4.0
6.0
16
4.3
4.0
17
34
3.3
25
4.8
4.6
4.3
3.3
12
29
3.7
4.0

12
1.0
0.2
0.7
13
0.2
0.3
4.4
0.2
0.3
13
0.3
21
0.0
0.1
0.9
0.9
0.0
12
0.0
0.5
0.2
0.0
12
18
15
0.9
0.4
0.2
0.4
0.2
3.0
15
0.0
0.0

4.5
30.0
25.0

51
16.2

8.0
115

9.0

9.8

6.6
20.3

0.5
18.0
25.0
14.0

4.6
20.0

54

53

0.0
23.0

8.5
10.0
16.5

22

3.9
11.0

0.5

2.0

2.0

8.0

3.0

1.0

5.0

2.4

2.0
6.0
4.4
16
4.0
15
22
5.9
18
14
4.7
0.4
51
4.2
25
17
4.2
0.9
2.0
0.0
4.3
16
17
4.0
21
22
2.7
0.5
0.5
0.7
15
35
17
0.8
0.4

3.9
12
0.5
54
1.8
1.8
2.6
54
21
17
19
4.9
35
0.5
1.3
4.5
14
0.1
4.6
2.3
1.2
17
0.2
19
4.8
4.0
17
3.8
25
2.9
0.5
3.9
4.0
10
0.9

25.2
40.8
44.6
15.1
35.1
33.6
28.7
10.3
28.8
314
29.8
10.3
18.1
36.0
30.3
10.4
28.9
36.1

8.9
22.0
28.6
25.1
32.6
22.2

4.8

8.9
21.3

8.6
15.8
12.7
26.0

4.5

34
213
21.2

8.1
8.0
7.9
7.9
7.7
7.4
7.4
7.1
6.9
6.9
6.9
6.6
6.5
6.5
6.4
6.3
6.2
6.1
6.0
6.0
6.0
5.9
5.6
5.6
5.6
55
5.3
5.2
51
5.0
4.8
4.7
4.6
4.6
4.5

84.4%
84.6%
84.8%
85.0%
85.2%
85.4%
85.5%
85.7%
85.9%
86.0%
86.2%
86.4%
86.5%
86.7%
86.8%
87.0%
87.1%
87.3%
87.4%
87.6%
87.7%
87.9%
88.0%
88.1%
88.3%
88.4%
88.5%
88.7%
88.8%
88.9%
89.0%
89.1%
89.2%
89.3%
89.5%




103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

5064
3910
5061
8034
5063
5062
5036
1175
5003
2039
1108
5055
6043
5034
5031
4033
5053
4019
6081
3159
8047
5020
5245
8025
2012
3605
5304
2011
5060
4044
5039
5009
3809
5012
4030

lllinois Basin

Bonaparte Gulf Basin
Southern Oklahoma
Assam

Michigan Basin

Arkoma Basin

Wyoming Thrust Belt
Yenisey-Khatanga Basin
Southern Alaska

North Egypt Basin
Azov-Kuban Basin
Nemaha Uplift

Madre dos Dios Basin

Big Horn Basin

Williston Basin (US)
German-Polish Basin
Cambridge Arch-C. KS Uplift
Faeroes-Shetland-Orkney B.
Talara Basin

Yingehai
Ganges-Brahmaputra Delta
Uinta-Piceance Basin
Rocky Mtn Deformed Belt
Sulaiman-Kirthar

East Flank Oman Sub-B.
Palawan Shelf
Saline-Comalcalco Basin
South Oman Salt Basin
Cherokee Platform
Pyrenean Foothills-Ebro B.
Denver Basin

Sacramento Basin

East Java Basin

Santa Maria Basin

Irish Sea

N. America
Australasia
N. America
S. Asia

N. America
N. America
N. America
CIS

N. America
Mid-East
CIS

N. America
S. America
N. America
N. America
Europe

N. America
Europe

S. America
E. Asia

S. Asia

N. America
N. America
S. Asia
Mid-East
SE Asia

N. America
Mid-East
N. America
Europe

N. America
N. America
SE Asia

N. America
Europe

USA (EC)
Australia
USA (C)

India

USA (NC)
USA (C)

USA (WC)
Russia

USA (NW)
Egypt

Russia (SW)
USA (C)

Peru, Bolivia, Brazil
USA (NC)
USA (NC)
Germany, Poland
USA (C)

UK

Peru

China, Vietnam
Bengaladesh
USA (WC)
USA (WC)
Pakistan
Oman
Philippines
Mexico (SE)
Oman

USA (C)
Spain, France
USA (WC)
USA (W)
Indonesia
USA (SW)

UK

3.9
0.5
31
25
11
0.9
0.2
0.1
13
0.7
0.5
2.7
0.1
2.7
21
0.1
29
13
17
0.0
0.1
16
0.2
0.1
24
0.2
2.4
2.2
21
0.1
0.9
0.1
0.4
15
0.2

0.1
13.3
2.7
6.5
3.9
15.6
4.0
14.2
7.5
4.2
18.6
2.8
10.8
1.8
24
13.7
0.6
2.0
2.9
8.4
14.3
4.7
13.8
15.8
0.1
5.6
2.2
0.5
14
12.6
35
9.2
7.6
15
9.6

0.0
0.4
0.2
0.1
0.2
0.1
0.7
0.1
0.1
0.2
0.1
0.3
0.7
0.1
0.2
0.1
0.1
0.1
0.0
0.1
0.1
0.1
0.4
0.1
0.0
0.2
0.0
0.1
0.1
0.1
0.3
0.1
0.1
0.1
0.1

3.9
31
3.8
3.7
2.0
3.6
16
2.6
2.7
16
3.7
35
2.6
31
2.7
25
31
17
2.2
15
2.6
25
2.9
2.8
24
13
2.8
2.4
24
2.3
18
17
18
19
1.9

0.4
0.8
0.2
0.1
0.9
0.0
0.6
0.5
0.8
0.1
0.0
0.1
0.3
0.3
0.6
0.1
0.2
16
11
0.0
0.5
0.2
0.0
0.0
0.4
15
0.0
0.3
0.1
0.0
0.2
0.0
0.1
0.2
0.0

0.6
2.0
10
10
6.5
18
10.5
5.0
2.0
125
0.0
0.4
3.8
0.4
0.6
5.0
0.3
0.0
0.0
10.0
0.0
2.0
0.0
0.0
0.1
0.0
0.0
0.3
0.2
0.0
15
2.8
2.0
0.6
0.5

05
11
0.4
0.3
2.0
0.3
2.3
13
12
22
0.0
0.2
0.9
0.4
0.7
0.9
0.2
16
11
17
0.5
0.5
0.0
0.0
04
15
0.0
0.4
0.1
0.0
0.5
0.5
04
0.3
0.1

43
17
35
2.7
2.2
1.0
15
0.7
22
10
0.6
31
11
31
2.9
0.3
3.2
3.0
2.8
0.1
0.7
1.9
0.6
0.2
2.8
19
24
2.6
2.3
0.2
14
0.2
0.6
18
0.3

0.7
15.3
3.7
75
10.4
17.4
145
19.2
9.5
16.7
18.6
3.2
14.6
2.2
3.0
18.7
0.9
2.0
2.9
18.4
14.3
6.7
13.8
15.8
0.2
5.6
2.2
0.8
1.6
12.6
5.0
12.0
9.6
21
10.1

4.4
4.3
4.1
4.0
3.9
3.9
3.9
3.9
3.8
3.8
3.7
3.7
35
35
34
3.4
3.3
33
3.3
3.2
3.1
3.0
29
2.8
2.8
2.8
2.8
2.7
2.6
2.3
2.3
2.2
2.2
21
2.0

89.6%
89.7%
89.8%
89.9%
90.0%
90.0%
90.1%
90.2%
90.3%
90.4%
90.5%
90.6%
90.7%
90.8%
90.9%
90.9%
91.0%
91.1%
91.2%
91.2%
91.3%
91.4%
91.5%
91.5%
91.6%
91.7%
91.7%
91.8%
91.9%
91.9%
92.0%
92.0%
92.1%
92.1%
92.2%




138 2038 |[Abu Gharadiq Basin Mid-East  |Egypt 0.5 39| 0.2 14| 01 3.0 0.6 0.8 6.9 2.0| 92.2%
139 1156 |Afghan-Tajik Basin CIS Afghanistan/Tajikistan 0.1 75| 0.1 15[ 03 1.0 0.5 0.5 8.5 19| 92.3%
140 3924 (Eromanga Australasia |Australia 0.3 85| 01 18 0.1 0.0 0.1 05 8.5 19| 92.3%
141 3031 |[Taranaki Basin Australasia |[New Zealand 0.2 72| 0.2 16| 0.1 0.6 0.2 0.5 7.8 1.8| 92.4%
142 4015 [Hammerfest-Varanger B. Europe Norway 0.1 841 0.1 16| 0.1 0.0 0.1 0.3 8.4 1.7] 92.4%
143 2089 [Anah Graben Mid-East  |Turkey 1.2 12] 01 15[ 0.2 0.0 0.2 15 12 17| 92.4%
144 2074 |[Khleisha Uplift Mid-East  |lrag/Syria 12 08| 0.1 14| 02 0.0 0.2 15 0.8 16| 92.5%
145 2075 [Euphrates/Mardin Mid-East |Iraq 10 18| 0.1 14| 0.2 0.0 0.2 13 18 16| 92.5%
146 4046 [(Bohemia Europe Czech, Germany 0.9 33| 01 1.6 0.0 0.0 0.0 1.0 33 16| 92.6%
147 5035 [Wind River Basin N. America |USA (NC) 0.5 28| 0.1 11| 01 15 0.4 0.7 4.3 15| 92.6%
148 4051 |Alps Europe Austria, Italy 0.3 6.2 | 0.1 14| 00 0.0 0.0 04 6.2 1.4] 92.6%
149 3505 [Saigon SE Asia Vietham 0.2 6.0 0.2 14| 0.0 0.0 0.0 0.4 6.0 14| 92.7%
150 6051 [Cuyo Basin S. America [Argentina 1.3 03| 0.0 14| 0.0 0.0 0.0 13 0.3 14| 92.7%
151 5059 [Sedgwick Basin N. America [USA (C) 0.9 22| 01 14| 0.0 0.0 0.0 1.0 2.2 14| 92.7%
152 1059 [Ludlov Saddle CIs Russia (W) 0.0 81| 00 14| 0.0 0.0 0.0 0.0 8.1 1.4] 92.8%
153 2045 [Murzak Mid-East  |Libya 11 0.0| 00 11| 0.2 0.0 0.2 13 0.0 1.3] 92.8%
154 5306 [Macuspana Basin N. America |Mexico (SE) 0.1 59| 02 13| 0.0 0.0 0.0 0.3 5.9 13| 92.8%
155 6092 |E. Cordillera Basin S. America [Colombia 0.1 50| 0.3 1.2] 0.0 0.0 0.0 0.4 5.0 1.2] 92.9%

TOTAL 155 Basins 1587 | 6629 | 112 |2804 | 402 [ 3870 | 1047 | 2101 | 10500 | 3850 [ 92.9%

TOTAL WORLD 1608 | 6753 | 112 | 2845 475 [ 4955 | 1301 | 2196 | 11708 | 4147 | 100%

* Excluding coalbed methane
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Depleted Oil Field (EOR) Sequestration Potential

Data Sources:

Masters 1998, World Conventional Crude Oil & Natural Gas

Capital Costs

Operating Costs

Enhanced Oil Recovery”

Klett 1997, Ranking of the World's Oil and Gas Provinces Field Well Costs (Shallow) $0.80 perBO |O &M (Shallow) $2.70 /BO Miscible Recovery:API Grav
Oil and Gas Journal 1998, Worldwide Production Medium (1500 m) $1.20 per BO Medium $3.38 /BO Immiscible Rec : API Grav
Numerous other basin studies. Deep $1.60 per BO Deep $4.05 /BO Primary + Secondary 50%
! Gottlicher and Pruschek, 1996 Offshore Factor 3.0 times Offshore Factor 1.5 times (of OOIP @ 35 API)
2 Oil volume discounted at 10% ROl CO; Pipeline Costs (Near) $0.20 per BO  |CO2 Supply Costs (Natural) $0.65 /Mcf Net CO,/EOR Misc 6.0
3 World price, gravity adj $0.1/API,less 20% government taxes Medium (<100 km) $1.00 per BO Gas Plant $1.00 /Mcf Net CO2/EOR Immsc 10.0
4 Miscible EOR % of OOIP from Permian B. relationship Far (100-500 km) $3.00 per BO Power Plant* $0.65 /Mcf World Oil Price $15
estimated 20% of OOIP in non-waterflooded reservoirs. Offshore Factor 2.0 times Offshore Factor 1.0 times ($/BO 40-deg API)
4. Reservoir Province 5. Reservoir Attributes 6.Miscibility 7. Estimated EOR Costs 8. Profits’ 9. EOR 10. Sequestration Potential
Rank Rank on/ | Anthro. | Avg. Qil Field CO, 0o&M CO; Total | NetOil  Profit EOR CO,/ CO; Sgstr Sgstr Total
Sqstr 0&G |Province Off CO; Depth | Gravity | Misch Immis Cap Pipe Oper. Supply  Costs Price® (Loss) OO0IP EOR Potential Costs | Costs
(Gt) (BOE) |Name Shore | Supply | (m) (API) EOR EOR | ($/B0) ($/BO) ($/BO) ($/BO) ($/80O) | ($/80) ($/80) | (BBO) | (BBO) |(MctBO)| (Tcf) (Gt) ($/t) G$
1 2 Mesopota]  On Med 2500 30 75% 0% 0.80 1.00 270 3.90 8.40) 11.20 2.80) 728 364 6.00 2184 116 -88 -102
2 1 West Sibe|l  On Far 1700 25 25% 50% 0.80 3.00 2.70 5.63 12.13] 10.80 -1.33 459 229 867 198.8 105 29 31
3 4 Greater Gl On Med 2109.756 34 75% 0% 0.80 1.00 270 3.90 8.40 11.52 3.12 332] 26.3| 6.00 157.8 8.3 -9.8 -82
4 5 Rub AIKh]  On Med 2500 35 75% 0% 0.80 1.00 270 3.90 840 11.60 3.20 200 181 6.00 108.8 58| -10.1 -58
5 8 North Sea|  Off Med 3500 40 75% 0% 3.60 200 5.06 3.90 14.56| 12.00 -2.56 98 16.6| 6.00 99.3 53] 81 42
6 12 Villahermd On/Off Near 4300 40 75% 0% 3.60 0.30 456 3.90 12.36 12.00 -0.36 97 164 6.00 98.2 5.2 11 6
7 3 Zagros Fof  On Med 3000 30 75% 0% 120 1.00 3.38 3.90 9.48 11.20 173 304 152 6.00 91.2 48 54 -26
8 10 Volga-Urg On Near 1700 25 25% 50% 0.80 0.20 270 5.63 9.33 10.80 1.47| 169 85| 867 732 3.9 -3.2 -12
9 11 Niger Delff On/Off Near 3000 40 75% 0% 270 0.30 3.80 3.90 10.70 12.00 1.30 71 12.0] 6.00 721 38 -4.1 -16
10 18 Sirte Basi On Far 25001 40 75% 0% 0.80 3.00 2.70 3.90 10.40| 12.00 1.60 71 120 6.00 718 38| -5.0 -19
11 13 Maracaibd On/Off Near 2500 25 25% 50% 1.80 0.30 3.04 5.63 10.77 10.80 0.03 143 72| 867 62.0 3.3 -0.1 0
12 14 East Vene| On/Off Near 3000 20 25% 50% 270 0.30 3.80 5.63 12.43] 10.40 -2.03 118 59| 867 512 271 44 12
13 9 Westernd  On Near 2200 35 75% 0% 0.80 0.20 2.70 3.90 7.60 11.60 4.00 91 83| 6.00 49.8 26| -126 -33
14 15 Permian B On Near 2800 35 75% 0% 1.20 0.20 3.38 3.90 8.68 11.60 2.93 7 70| 6.00 418 2.2 -9.2 -20
15 21 S. Caspial Off Med 3000] 40 75% 0% 3.60 2,00 5.06 3.90 14.56] 12.00 -2.56 40| 6.7 6.00 404 21 81 17
16 27 West-Cen Off Far 3000 40 75% 0% 3.60 6.00 5.06 3.90 18.56 12.00 -6.56 33 55| 6.00 331 18| 207 36
17 7 North Cas| On/Off Near 3000 30 75% 0% 270 0.30 3.80 3.90 10.70] 11.20 0.50) 107 53| 6.00 320 171 -16 -3
18 28  |Trias/Ghay On Far 3000 48 75% 0% 120 3.00 3.38 3.90 11.48] 12.64 117 26 53| 6.00 318 171 37 -6
19 23 Bohaiwan | On/Off Near 2000 25 25% 50% 1.80 0.30 3.04 5.63 10.77 10.80 0.03 73 37| 867 316 17 -0.1 0
20 17 |AlbertaBd On Near 2000 36 75% 0% 0.80 0.20 270 3.90 7.60 11.68 4.08 41] 42| 6.0 253 13| -129 -17
21 37 SanJoaqy On Near 1200 20 0% 75% 0.80 0.20 2.70 6.50 10.20] 10.40 0.20 47| 2.3 10.00 235 12| -04 0
22 22 N. Alaska On Far 2000 25 25% 50% 0.80 3.00 270 5.63 12.13 10.80 -1.33 51 26| 867 222 12 29 3
23 19 Gulf Ceno|  Off Med 2300] 40 75% 0% 0.80 2.00 4.05 3.90 10.75] 12.00 1.25 20 34| 6.00 205 11| -39 -4
24 38 Tarim Bag On Far 3000 40 75% 0% 120 3.00 3.38 3.90 11.48 12.00 0.52 20 34| 6.00 20.1 11 -1.7 -2
25 24 Timan-Pe On Far 2000 25 25% 50% 0.80 3.00 270 5.63 12.13 10.80 -1.33 45 22| 867 194 1.0 29 3
26 55  |Jungger§ On Far 3000] 40 75% 0% 120 3.00 3.38 3.90 11.48] 12.00 0.52 16 28| 6.00 16.6 09| -17 -1
27 6 Qatar Arcll  On/Off Near 2100 35 75% 0% 1.80 0.30 3.04 3.90 9.04 11.60 2.56 29 26| 6.00 155 0.8 -8.1 -7
28 49 RedSeaH Off Far 2300 38 75% 0% 240 6.00 4.05 3.90 16.35] 11.84 -4.51 19 25| 6.00 15.2 08| 142 11
29 31 Middle Ca] On/Off Med 2500 35 75% 0% 1.80 150 3.04 3.90 10.24] 11.60 1.36 25 22| 6.0 135 07| -43 -3
30 48 Bombay B Off Med 1800 38 75% 0% 240 2.00 4,05 3.90 12.35 11.84 -0.51 17 22| 6.00 13.2 0.7 16 1
31 30 [WidyanBf On Med 3000 30 75% 0% 120 1.00 3.38 3.90 9.48 11.20 173 43| 22| 6.0 130 07| -54 -4
32 61 Carpathiar On Near 3500 42 75% 0% 120 0.20 3.38 3.90 8.68 12.16 3.49 10 21| 6.00 124 0.7 -11.0 -7
33 32 EastTexa] On Near 2300 35 75% 0% 0.80 0.20 270 3.90 7.60) 11.60 4.00) 23 20| 6.00 12.3 07| -126 -8
34 63 |Angara-Ld On Med 25001 40 75% 0% 0.80 1.00 2.70 3.90 840 12.00 3.60 12 20| 6.00 120 06| -11.3 -7
35 34 Songliao { On Near 2500 30 75% 0% 0.80 0.20 270 3.90 7.60 11.20 3.60 38 19| 6.00 11.3 06| -11.3 -7
36 42 Malay Bay  Off Far 1800 46 75% 0% 240 6.00 4.05 3.90 16.35] 12.48 -3.87 9 18| 6.00 10.6 06| 122 7
37 39 CamposH  Off Med 3900 29 75% 0% 4.80 200 6.08 3.90 16.78| 1112 -5.66 35 18| 6.00 105 06| 178 10
38 25 Grand Erg| On Far 3000 45 75% 0% 1.20 3.00 3.38 3.90 11.48 12.40 0.92 8| 1.7 6.00 10.1 0.5 -2.9 -2




39 35 Louisiana: On Near 2500 35 75% 0% 0.80 0.20 2.70 3.90 7.60) 11.60 4.00] 18] 16/ 6.00 9.8 05 -12.6 -7
40 41 CentralSYy On Med 1200 30 75% 0% 0.80 1.00 2.70 3.90 8.40| 11.20 2.80] 32] 16/ 6.00 9.6 05 -88 -5
41 50 llizi Basin  On Far 3000 45 75% 0% 120 3.00 3.38 3.90 11.48 12.40 0.92 8 16| 6.00 94 05 -29 -1
42 52 Putamayo On Far 2900 28 50% 25% 120 3.00 3.38 477 12.34 1104 -1.30 25 13| 733 9.3 0.5 34 2
43 54 Vestford-H  Off Far 3000 42 5% 0% 3.60 6.00 5.06 3.90 18.56 12.16 -6.40 8 15| 6.00 92 05| 202 10
44 40 Baram De| On/Off Far 2500 35 75% 0% 1.80 450 3.04 3.90 1324 11.60 -1.64 16| 15/ 6.00 89 0.5 52 2
45 16 Amu-Dary]  On Far 2500 40 75% 0% 0.80 3.00 2.70 3.90 10.40 12.00 1.60 8 14| 6.00 84 04 -5.0 -2
46 57 North Sak{ On/Off Far 2200 40 75% 0% 1.80 450 3.04 3.90 13.24 12.00 -1.24 8 14| 6.00 8.3 0.4 39 2
47 79 Gippsland| Off Med 1500 40 75% 0% 240 2.00 4.05 3.90 12.35 12.00 -0.35 8 14| 6.00 83 0.4 11 0
48 58 Llanos Ba On Med 3200 35 75% 0% 1.20 1.00 3.38 3.90 9.48| 11.60 213 14 13| 6.00 78 04 -6.7 -3
49 65 Tampico-N On/Off Med 3200 35 75% 0% 270 150 3.80 3.90 11.90 11.60 -0.30 13 12| 6.00 73 04 0.9 0
50 92 Powder Rf  On Near 1300 20 0% 75% 0.80 0.20 2.70 6.50 10.20 10.40 0.20] 14 0.7| 10.00 71 04 -04 0
51 47 Reconcav{ On/Off Far 3900 29 5% 0% 3.60 450 4.56 3.90 16.56 1112 -5.44 24 12| 6.00 71 04| 171 6
52 56 Los Angel On Near 1500 30 75% 0% 0.80 0.20 2.70 3.90 7.60] 1120 3.60] 21 11| 6.00 6.4 03| -11.3 -4
53 64 Bend ArcH  On Near 2500 35 75% 0% 0.80 0.20 2.70 3.90 7.60) 11.60 4.00] 12| 11| 6.00 6.3 03| -12.6 -4
54 62 Interior Hd ~ On Med 2500 35 75% 0% 0.80 1.00 270 3.90 8.40 11.60 3.20 11 10| 6.00 6.1 03| -10.1 -3
55 100 |NorthUsty On Med 1000 20 0% 75% 0.80 1.00 2.70 6.50 11.00 10.40 -0.60 12] 0.6 10.00 6.0 0.3 11 0
56 45 Kutei Basi| On/Off Far 2500 35 75% 0% 1.80 4.50 3.04 3.90 1324 11.60 -1.64 11 10| 6.00 5.7 0.3 52 2
57 46 South Bart off Far 3000 45 75% 0% 3.60 6.00 5.06 3.90 18.56 12.40 -6.16 5 09| 6.00 5.6 03| 194 6
58 29 Anadarko On Near 2500 35 75% 0% 0.80 0.20 2.70 3.90 7.60) 11.60 4.00] 10| 09| 6.00 55 03| -12.6 -4
59 51 Northwest Off Far 1800 42 5% 0% 240 6.00 4.05 3.90 16.35 12.16 -4.19 4 09| 6.00 54 03] 132 4
60 116  |Big Horn On Med 3000 40 75% 0% 120 1.00 3.38 3.90 9.48] 12.00 253 5 09| 6.00 53 03[ -80 -2
61 120 |Faeroes-§  Off Far 3000 40 75% 0% 3.60 6.00 5.06 3.90 18.56 12.00 -6.56 5 08| 6.00 51 03| 207 6
62 75 Mekong/V| Off/On Med 2500 34 75% 0% 1.80 150 3.04 3.90 10.24 11.52 1.28 10 0.8| 6.00 49 03| -40 -1
63 83 Ventura B On Near 1600 25 25% 50% 0.80 0.20 2.70 5.63 9.33] 10.80 147 11 06| 867 49 03[ -32 -1
64 97 South Sul On Near 1200 40 5% 0% 0.80 0.20 2.70 3.90 7.60) 12.00 4.40 5 08| 6.00 49 03| -13.9 -4
65 80 Sud On Far 1900 38 75% 0% 0.80 3.00 2.70 3.90 10.40 11.84 144 6 0.8| 6.00 49 03| -45 -1
66 71 Fahud Sall  On Far 800 32 50% 25% 0.80 3.00 2.70 477 1127 11.36 0.09] 11 07| 733 48 03[ -02 0
67 95 Northwest| Off/On Med 2000 37 75% 0% 1.80 1.50 3.04 3.90 10.24 11.76 1.52 7 0.8] 6.00 4.8 03] -48 -1
68 103  |lllinois Ba: On Near 1500 25 25% 50% 0.80 0.20 2.70 5.63 9.33] 10.80 147 11 05| 867 4.7 02 -32 -1
69 130  [South Om: On Far 1200 40 75% 0% 0.80 3.00 2.70 3.90 10.40 12.00 1.60 4 0.7 6.00 44 02 -5.0 -1
70 96 Pannoniarf  On Near 2000 40 75% 0% 0.80 0.20 270 3.90 7.60 12.00 4.40 4 0.7] 6.00 42 02| -139 -3
71 53 Palo Duro On Near 1800 35 75% 0% 0.80 0.20 2.70 3.90 7.60) 11.60 4.00] 8 0.7 6.00 41 02| -12.6 -3
72 9 FerganaH On Far 2000 35 5% 0% 0.80 3.00 2.70 3.90 10.40 11.60 1.20 7 0.7 6.00 4.0 02 -38 -1
73 127 |EastFlanj On Far 1200 38 75% 0% 0.80 3.00 2.70 3.90 10.40 11.84 144 5 06| 6.00 39 02| -45 -1
74 87 Nepa-Boty  On Far 2500 40 75% 0% 0.80 3.00 2.70 3.90 10.40 12.00 1.60 4 06| 6.00 39 02 -5.0 -1
75 111 |Southemn A On/Off Med 1200 40 5% 0% 1.80 150 3.04 3.90 10.24 12.00 1.76 4 06| 6.00 38 02| -56 -1
76 66 WillistonH  On Near 1400 35 75% 0% 0.80 0.20 2.70 3.90 7.60] 11.60 4.00] 7 06| 6.00 38 02| -12.6 -3
v 105 |Southemd  On Med 2500 35 75% 0% 0.80 1.00 2.70 3.90 8.40| 11.60 3.20, 7 06| 6.00 36 02 -10.1 -2
78 129 |Saline-Coy On/Off Med 4000 38 75% 0% 3.60 150 4.56 3.90 13.56 11.84 -1.72 4 06| 6.00 33 0.2 54 1
79 91 PenyuWe]  Off Far 3000 40 75% 0% 3.60 6.00 5.06 3.90 18.56 12.00 -6.56 3 05| 6.00 32 02 207 4
80 107  [Michigan On Near 2000 38 5% 0% 0.80 0.20 2.70 3.90 7.60) 1184 4.24 4 05| 6.00 31 02| -134 -2
81 104 |Bonaparte]  Off Far 2000 45 75% 0% 240 6.00 4.05 3.90 16.35 12.40 -3.95 3 05| 6.00 31 02| 124 2
82 89 Ma 'Rib-A| On Far 2000 45 75% 0% 0.80 3.00 2.70 3.90 10.40 12.40 2.00] 3 05| 6.00 31 02 -63 -1
83 117 |wilistong  On Near 2000 35 5% 0% 0.80 0.20 270 3.90 7.60 11.60 4.00 5 05| 6.00 3.0 02| -126 -2
84 86 San Jorge| On/Off Far 2500 30 75% 0% 1.80 4.50 3.04 3.90 1324 1120 -2.04 10| 05| 6.00 29 0.2 6.4 1
85 33 Greater S  On/Off Far 1300 39 75% 0% 1.80 4.50 3.04 3.90 13.24 1192 -1.32 3 05| 6.00 29 0.2 42 1
86 121 |TalaraBaj On/Off Med 1700 35 75% 0% 1.80 150 3.04 3.90 10.24 11.60 1.36 5 05| 6.00 29 02| -43 -1
87 68 Neuquen On Med 3000 32 75% 0% 120 1.00 338 3.90 9.48] 11.36 1.89 8 05| 6.00 28 02 -59 -1
88 143 |AnahGraj On Med 1500 15 0% 75% 0.80 1.00 2.70 6.50 11.00 10.00 -1.00 6 03| 10.00 28 0.1 19 0
89 7 Magalleng On/Off Far 1900 40 75% 0% 1.80 4.50 3.04 3.90 13.24 12.00 -1.24 3 05| 6.00 28 0.1 39 1
90 60 Labrador- Off Far 2100 40 75% 0% 240 6.00 4.05 3.90 16.35 12.00 -4.35 3 05| 6.00 27 01 137 2
91 73 North Sunf  On Med 3000 55 5% 0% 120 1.00 3.38 3.90 9.48 13.20 3.73 2 05| 6.00 27 01 -11.7 -2
92 72 Po/Adriati{ On/Off Near 3000 20 0% 75% 2.70 0.30 3.80 6.50 13.30 10.40 -2.90 5 03| 10.00 27 0.1 55 1




93 74 Pelagianf  Off Far 2500 35 75% 0% 240 6.00 4.05 3.90 16.35 11.60 -4.75 5 04| 6.00 27 01 150 2
94 93 Middle Mg On Med 2200 30 75% 0% 0.80 1.00 2.70 3.90 8.40| 11.20 2.80] 9 04| 6.00 26 01| -88 -1
95 43 Dnieper-D]  On Near 2500 35 75% 0% 0.80 0.20 2.70 3.90 7.60) 11.60 4.00 5 04| 6.00 26 01| -12.6 -2
96 109  [Wyoming On Med 3000 40 75% 0% 120 1.00 3.38 3.90 9.48] 12.00 253 2 04| 6.00 25 01l -8.0 -1
97 82 SWWyom| On Near 3000 40 5% 0% 120 0.20 3.38 3.90 8.68 12.00 3.33 2 04| 6.00 23 01} -105 -1
98 88 Ordos Ba: On Med 1000 15 0% 75% 0.80 1.00 2.70 6.50 11.00 10.00 -1.00 5 02| 10.00 23 0.1 19 0
99 84 Thai Basi Off Med 2000 50 75% 0% 240 2.00 4.05 3.90 12.35 12.80 0.45] 2 04| 6.00 22 01l -14 0
100 106 |Assam On Far 3500 33 75% 0% 120 3.00 3.38 3.90 11.48 1144 -0.04 5 04| 6.00 22 0.1 0.1 0
101 153  |Murzak On Far 2500 40 75% 0% 0.80 3.00 2.70 3.90 10.40 12.00 1.60 2 04| 6.00 22 01f -5.0 -1
102 119  |Cambridg On Near 2000 30 75% 0% 0.80 0.20 2.70 3.90 7.60) 11.20 3.60] 7 03| 6.00 20 01 -11.3 -1
103 136 |Santa Mal On Near 1500 23 25% 50% 0.80 0.20 2.70 5.63 9.33] 10.64 131 5 02| 867 20 01f -29 0
104 69 Sichuan Bl  On Near 3500 40 75% 0% 120 0.20 3.38 3.90 8.68| 12.00 3.33] 2 03| 6.00 20 01 -105 -1
105 114 [Nemahay On Near 2500 30 5% 0% 0.80 0.20 270 3.90 7.60 11.20 3.60 7 03| 6.00 20 01] -11.3 -1
106 144  |Khleishay On Far 2000 20 25% 50% 0.80 3.00 2.70 5.63 12.13 10.40 -1.73 5 02| 867 2.0 0.1 3.8 0
107 78 Bintuni/Sul Off Far 1100 35 75% 0% 240 6.00 4.05 3.90 16.35 11.60 -4.75 4 03| 6.00 19 01 15.0 2
108 128 |Palawany  Off Far 3800 35 75% 0% 4.80 6.00 6.08 3.90 20.78 11.60 -9.18 4 03| 6.00 19 01] 289 3
109 94 Irawaddy | On/Off Far 1500 36 75% 0% 1.80 450 3.04 3.90 1324 11.68 -1.56 3 03| 6.00 19 0.1 49 1
110 76 GhabaSal On Far 1100 34 75% 0% 0.80 3.00 2.70 3.90 10.40 1152 112 4 03| 6.00 19 01f -35 0
111 131  |Cherokee On Near 2200 32 75% 0% 0.80 0.20 2.70 3.90 7.60) 1136 3.76 5 03| 6.00 17 01] -11.8 -1
112 26 NW Germ{ On/Off Near 2500 30 75% 0% 1.80 0.30 3.04 3.90 9.04] 1120 2.16) 5 03| 6.00 15 01| -6.8 -1
113 102 |SantaCrul On Far 3800 50 5% 0% 1.60 3.00 4.05 3.90 12.55 12.80 0.25 1 03| 6.00 15 01 -08 0
114 145 |Euphrates] On Near 1500 36 75% 0% 0.80 0.20 2.70 3.90 7.60) 1168 4.08] 2 02| 6.00 15 01 -129 -1
115 133 |DenverBg On Near 1800 35 75% 0% 0.80 0.20 2.70 3.90 7.60) 11.60 4.00] 3 02| 6.00 15 01 -12.6 -1
116 147 |Wind Rive] On Med 3000 40 75% 0% 120 1.00 3.38 3.90 9.48 12.00 253 1 02| 6.00 13 01 -80 -1
117 124  |Uinta-Picq On Med 1600 30 75% 0% 0.80 0.20 2.70 3.90 7.60) 11.20 3.60] 4 02| 6.00 12 01 -11.3 -1
118 110 |Yenisey-K|  On Far 2500 40 5% 0% 0.80 3.00 2.70 3.90 10.40 12.00 1.60 1 02| 6.00 12 01f -5.0 0
119 115 |Madre do On Far 2500 35 75% 0% 0.80 3.00 2.70 3.90 10.40 11.60 1.20 2 02| 6.00 11 01| -38 0
120 67 San Juan On Near 2000 30 75% 0% 0.80 0.20 2.70 3.90 7.60) 1120 3.60] 4 02| 6.00 11 01 -11.3 -1
121 108  |Arkoma B On Med 2500 35 5% 0% 0.80 1.00 270 3.90 8.40 11.60 3.20 2 02| 6.00 1.0 01} -10.1 -1
122 146  |Bohemia On Near 1500 35 75% 0% 0.80 0.20 2.70 3.90 7.60) 11.60 4.00] 2 02| 6.00 10 01 -12.6 -1
123 112 [North Egy| On/Off Med 2000 35 75% 0% 1.80 150 3.04 3.90 10.24 11.60 1.36 2 02| 6.00 10 01| -43 0
124 113 |Azov-Kubgd On Far 2300 40 75% 0% 0.80 3.00 270 3.90 10.40 12.00 1.60 1 02| 6.00 10 01 -50 0
125 150 |Cuyo Basi On Med 2000 32 75% 0% 0.80 1.00 2.70 3.90 8.40) 11.36 2.96) 3 02| 6.00 10 01f -93 0
126 81 New Guin On Far 3000 44 5% 0% 1.20 3.00 3.38 3.90 1148 12.32 0.84] 1 02| 6.00 0.9 00 -27 0
127 98 Browse B off Far 2000 45 75% 0% 240 6.00 4.05 3.90 16.35 12.40 -3.95 1 02| 6.00 09 00| 124 1
128 140 |Eromangg On Far 1600 43 75% 0% 0.80 3.00 2.70 3.90 10.40 12.24 184 1] 01| 6.00 0.9 00[ -58 0
129 20 Mediterrar] ~ Off Far 3000 40 5% 0% 3.60 6.00 5.06 3.90 18.56 12.00 -6.56 1 01| 6.00 0.8 00] 207 1
130 141 |Taranakif  Off Med 3500 50 75% 0% 3.60 2.00 5.06 3.90 14.56 12.80 -1.76 1] 01| 6.00 0.8 0.0 5.6 0
131 151  |Sedgwick On Near 2200 32 75% 0% 0.80 0.20 2.70 3.90 7.60) 11.36 3.76) 2 01| 6.00 0.7 0.0 -11.8 0
132 123  |Ganges-B| On/Off Med 2000 35 75% 0% 1.80 150 3.04 3.90 10.24 11.60 1.36 1 01| 6.00 0.7 00| -43 0
133 138  |Abu Ghar: On Med 3000 33 75% 0% 120 1.00 338 3.90 9.48] 1144 197 2 01| 6.00 0.7 00 -6.2 0
134 101 |North Car On Near 2000 30 5% 0% 0.80 0.20 2.70 3.90 7.60) 11.20 3.60] 2 01| 6.00 0.6 00 -11.3 0
135 125  |Rocky Mol On Near 2500 35 75% 0% 0.80 0.20 2.70 3.90 7.60) 11.60 4.00 1 01| 6.00 0.6 00| -12.6 0
136 44 Anglo-Dut| Off/On Near 2000 28 50% 25% 1.80 0.30 3.04 477 9.90] 11.04 114 2 01| 7.33 0.6 00 -29 0
137 142 |Hammerfgd  Off Far 3000 42 5% 0% 3.60 6.00 5.06 3.90 18.56 12.16 -6.40 0 01| 6.00 0.6 00] 202 1
138 139 |Afghan-T§  On Far 3500 36 75% 0% 120 3.00 3.38 3.90 1148 11.68 0.20] 1] 01| 6.00 0.6 0.0[ -0.6 0
139 70 Indus Off Med 3000 35 75% 0% 3.60 2.00 5.06 3.90 14.56 11.60 -2.96 1 01| 6.00 05 0.0 93 0
140 137  |lrish Sea Off Near 3000 40 75% 0% 3.60 2.00 5.06 3.90 14.56 12.00 -2.56 1 01| 6.00 05 0.0 81 0
141 154  |Macuspary On/Off Med 4300 40 75% 0% 3.60 150 4.56 3.90 13.56 12.00 -1.56 1] 01| 6.00 05 0.0 49 0
142 148  |Alps On Near 2000 35 5% 0% 0.80 0.20 2.70 3.90 7.60) 11.60 4.00] 1 01| 6.00 0.4 00| -12.6 0
143 149  |Saigon off Far 3000 35 75% 0% 3.60 6.00 5.06 3.90 18.56 11.60 -6.96 1 01| 6.00 04 00| 219 0
144 135 |EastJava| On/Off Med 1200 30 75% 0% 1.80 150 3.04 3.90 10.24 1120 0.96) 1] 01| 6.00 0.4 0.0[ -3.0 0
145 126 [Sulaiman-| On Med 2800 40 75% 0% 1.20 1.00 3.38 3.90 9.48 12.00 253 0 0.1] 6.00 0.3 00] -80 0
146 134  |Sacramen| On Near 2200 40 75% 0% 0.80 0.20 2.70 3.90 7.60| 12.00 4.40, 0 01| 6.00 0.3 0.0 -13.9 0




147 155 |E.Cordillg On Near 2500 28 50% 25% 0.80 0.20 2.70 4.77 847 11.04 257 1] 00| 733 0.3 00| -6.6 0
148 59 Burgos/Sq On/Off Med 3000 30 75% 0% 2.70 150 3.80 3.90 11.90] 11.20 -0.70 1 01| 6.00 0.3 00| 22 0
149 118 |German-F  On Near 2000 35 75% 0% 0.80 0.20 270 3.90 7.60 11.60 4.00 1] 01| 6.00 0.3 00| -12.6 0
150 36 Lena-Vily  On Med 3000 35 75% 0% 120 100 3.38 3.90 9.48 11.60 213 0 00| 6.00 0.2 00| -6.7 0
151 90 Tobago T Off Med 3100 35 75% 0% 3.60 200 5.06 3.90 14.56] 11.60 -2.96 0 00| 6.00 0.2 00| 93 0
152 132 |Pyrenean On Near 1500 35 75% 0% 0.80 0.20 2.70 3.90 7.60] 11.60 4.00] 0 0.0] 6.00 0.2 0.0 -12.6 0
153 122 |Yingehai Off Far 3000 40 75% 0% 3.60 6.00 5.06 3.90 18.56] 12.00 -6.56 0 00| 6.00 0.2 00| 207 0
154 85 Transylval  On Med 2000 35 75% 0% 0.80 1.00 270 3.90 840 11.60 3.20 0 00| 6.00 0.1 00| -101 0
155 152 |Ludlov Sa Off Med 2400 40 75% 0% 240 2.00 4.05 3.90 12.35] 12.00 -0.35 0 0.0] 6.00 0.0 0.0 11 0
TOTAL 155 Basins 4351 341 2214 117 -2.5 -294
TOTAL WORLD 4686 368 2385 126 -2.5 -316
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Depleted Natural Gas Field Sequestration Potential

Data Sources:
Masters 1998, World Conventional Crude Oil & Natural Gas Capital Costs’ Operating Costs Gas Recovery
Klett 1997, Ranking of the World's Oil and Gas Provinces Field Well Costs (Shallow) $0.14 per Mcf |O & M (Shallow) $0.19  /Mcf Miscible Recovery 0%
Oil and Gas Journal 1998, Worldwide Production Medium (1500 m) $0.18 per Mcf Medium $0.25  /Mcf Immiscible Recovery 0%
Numerous other basin studies. Deep $0.23 per Mcf Deep $0.31  /Mcf Primary + Secondary 75%
! Gottlicher and Pruschek, 1996 Offshore Factor 3.0 times Offshore Factor 15 times (of OGIP)
“ Joint Association Survey, 199¢ CO; Pipeline Costs (Near) $0.03 per Mcf  [CO2 Supply Costs (Natural) $0.65 /Mcf Net CO,/EOR Ratic 0.0
3Pressure gradient 0.433 psifft; temp gradient 1.5 deg F/100 ft. Medium (<100 km) $0.17 per Mcf Gas Plant $1.00  /Mcf (Mcf/BO)
4 CH, and CO, compressibility factors accounted for. Far (100-500 km) $0.50 per Mcf Power Plant* $0.65 /Mcf
Offshore Factor 2.0 times Offshore Factor 10 times
1. Reservoir Province 2. Reservoir Attributes® 3. Estimated CO; Injection Costs 4. Profits 5. CO; Volume* 6. Sequestration Potential
Rank Rank on/ | Anthro.| Avg. Qil Gas Field CO; 0o&M CO, Total | NetOil  Profit |Reservoirl COz CO; Sqgstr Sqstr Total
Sgstr 0&G |Province| Off CO; Depth | Gravity | Temp Grav Cap Pipe Oper. Supply Costs Price (Loss) |Ratio-Vol| Equiv Potential (75%) Costs | Costs
(Gt) (BOE) [Name Shore | Supply (m) (API) deg F Unit ($/Mcf)  ($/Mcf)  ($/Mcf)  ($/Mcf)  ($/Mcf) | ($/Mcf)  ($/Mcf) |CO/CH| (Tcf) (Tcf) (Gt) ($1t) G$
4 2 Mesopotaj  On Med 2500 30 173 0.6 0.14 0.17 0.19 0.65 1.14] 0.00 -1.14( 1679 758.3 568.7 301 216 650
1 1 West Sibe]  On Far 2000 25 148 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47] 1.929 41834 31413 166.2| 279 4628
5 4 Greater G|  On Med 2100 34 153 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14] 1.865 701.9 526.4 278| 216 602
9 5 Rub AIKh|  On Med 25001 35 173 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14| 1.679 4635 347.6 184 216 397
14 8 North Sea]  Off Med 35001 40 222 0.6 0.54 0.34 0.38 0.65 191 0.00 -1.91| 1472 287.8 2159 114 361 412
24 12 Villahermd On/Off Near 4300 40 262 0.6 0.51 0.05 0.35 0.65 1.56] 0.00 -1.56] 1.385 162.9 122.2 6.5| 294 190
3 3 ZagrosFd  On Med 3000 30 198 0.6 0.18 0.17 0.25 0.65 1.25 0.00 -1.25| 1549 936.8 702.6 372| 237 879
18 10 [Volga-Urd On Near 2000 25 148 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.929 199.0) 149.3 79| 190 150
12 11 Niger Del{ On/Off Near 3000 40 198 0.6 041 0.05 0.28 0.65 1.38 0.00 -1.38[ 1549 377.8 2834 150| 262 392
37 18 [Sirte Basi] On Far 25001 40 173 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47] 1679 90.2 67.6 36| 279 100
30 13 Maracaibd On/Off Near 3000 25 198 0.6 041 0.05 0.28 0.65 1.38 0.00 -1.38| 1549 112.6] 845 45 262 117
16 14  |EastVene| On/Off Near 3000 20 198 0.6 041 0.05 0.28 0.65 1.38 0.00 -1.38| 1549 256.7| 1925 102 262 266
8 9 Westernd  On Near 2200 35 158 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.826 463.9 347.9 184 190 349
21 15 Permian H On Near 2800 35 188 0.6 0.18 0.03 0.25 0.65 1.11] 0.00 -1.11| 1.604 174.9 1311 69| 210 146
32 21 |S.Caspiaf Off Med 30001 40 198 0.6 0.54 0.34 0.38 0.65 191 0.00 -1.91| 1549 102.2] 76.7 41| 361 146
54 27  |West-Cen| Off Far 30001 40 198 0.6 0.54 1.00 0.38 0.65 257 0.00 -2.57| 1549 58.2 437 23| 486 112
7 7 North Cas{ On/Off Near 3000 30 198 0.6 041 0.05 0.28 0.65 1.38 0.00 -1.38[ 1549 4754 356.5 189| 262 493
68 28  [Trias/Gha{ On Far 30001 48 198 0.6 0.18 0.50 0.25 0.65 158 0.00 -1.58| 1.549 424 318 17] 299 50
71 23 Bohaiwan | On/Off Near 2000 25 148 0.6 031 0.05 021 0.65 121 0.00 -1.211 1.929 39.9 299 16| 229 36
13 17  |AlbertaB On Near 20001 36 148 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.929 373.6 280.2 148 190 281
70 37 |SanJoaq On Near 1200 25 109 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2.688 40.3] 30.2 16| 190 30
25 22 N. Alaska On Far 2000 25 148 0.6 0.14 0.50 0.19 0.65 1.47| 0.00 -1.47] 1.929 160.1| 120.1 64| 279 177
11 19 |GulfCend  Off Med 23001 40 163 0.6 041 0.34 0.28 0.65 1.68 0.00 -1.68| 1.772 4117 3088 163 317 518
59 38 [TarimBag On Far 30001 40 198 0.6 0.18 0.50 0.25 0.65 158 0.00 -1.58| 1.549 542 40.7 22| 299 64
29 24 Timan-Pe: On Far 2000 25 148 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47( 1929 118.8 89.1 471 279 131
113 55 |JunggerH On Far 30001 40 198 0.6 0.18 0.50 0.25 0.65 158 0.00 -1.58| 1.549 16.1 121 06| 299 19
2 6 Qatar Arclf  On/Off Near 2100 35 153 0.6 031 0.05 021 0.65 121 0.00 -1.21| 1.865 1314.6 985.9 522| 229 1195
84 49 Red SeaH Off Far 2300] 38 163 0.6 041 1.00 0.28 0.65 2.34] 0.00 -2.34] 1.772 29.8 22.3 12| 442 52
46 31 Middle Ca] On/Off Med 25001 35 173 0.6 031 0.26 021 0.65 142 0.00 -1.42| 1679 734 55.0 29| 269 78
55 48 Bombay B Off Med 1800 38 139 0.6 041 0.34 0.28 0.65 1.68] 0.00 -1.68| 2.055 57.9 435 23| 317 73
108 30 |Widyan B: On Med 3000 30 198 0.6 0.18 0.17 0.25 0.65 1.25 0.00 -1.25| 1549 173 130 0.7 237 16
103 61 [Carpathiaf On Near 35001 42 222 0.6 0.18 0.03 0.25 0.65 11 0.00 -1.11) 1472 20.2 151 08| 210 17
39 32 EastTexa] On Near 2300 35 163 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00[ 1772 87.8] 65.8 35 190 66
118 63  |Angara-Lf On Med 25001 40 173 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14| 1679 136 102 05 216 12
106 34 [Songliao On Near 25001 30 173 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.679 19.6 147 08| 190 15
28 42 Malay Bay  Off Far 1800 46 139 0.6 041 1.00 0.28 0.65 2.34] 0.00 -2.34] 2055 119.8] 89.8 48 442 210
123 39 |[CamposH  Off Med 3900 29 242 0.6 0.68 0.34 047 0.65 2.14] 0.00 -2.14| 1421 117 8.7 05| 404 19
19 25 Grand Erg On Far 3000 45 198 0.6 0.18 0.50 0.25 0.65 1.58] 0.00 -1.58] 1.549 192.9 144.6 7.7) 299 229




34 35 Louisiana: On Near 2500 35 173 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.679 96.6 724 38 190 73
102 41 CentralSy On Med 1200 30 109 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14| 2688 212 159 08| 216 18
45 50 lllizi Basi On Far 3000 45 198 0.6 0.18 0.50 0.25 0.65 158 0.00 -1.58| 1.549 76.2 57.2 30 299 20
110 52 Putamayo{  On Far 2900 28 193 0.6 0.18 0.50 0.25 0.65 158 0.00 -1.58] 1.569 17.2] 129 0.7] 299 20
51 54 Vestford-H  Off Far 3000} 42 198 0.6 0.54 100 0.38 0.65 257 0.00 -2.57| 1549 63.0 473 25 486 121
43 40 Baram De| On/Off Far 2500 35 173 0.6 031 0.75 021 0.65 192 0.00 -1.921 1.679 80.2 60.2 32| 362 115
6 16 Amu-Dary]  On Far 2500 40 173 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47] 1679 512.7| 3845 203| 279 567
50 57 North Sak| On/Off Far 2200 40 158 0.6 031 0.75 021 0.65 192 0.00 -1.92| 1.826 68.3 51.2 271 362 98
95 79 Gippsland|  Off Med 1500 40 124 0.6 041 0.34 0.28 0.65 1.68 0.00 -1.68| 2.324 239 18.0 09| 317 30
101 58 LlanosBaj On Med 3200} 35 207 0.6 0.18 0.17 0.25 0.65 125 0.00 -1.25| 1511 216 16.2 09 237 20
124 65 Tampico-§ On/Off Med 3200 35 207 0.6 041 0.26 0.28 0.65 159 0.00 -1.59| 1511 116 8.7 05 301 14
121 92 Powder Ri On Near 1300 20 114 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2.602 12.5) 9.4 05| 190 9
83 47 Reconcav| On/Off Far 3900 29 242 0.6 051 0.75 0.35 0.65 2.26 0.00 -2.26| 1421 29.8 224 12| 427 51
105 56 Los Angell  On Near 1500 30 124 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2.324 197 147 08| 190 15
98 64 Bend Arcl On Near 2500 35 173 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.679 227 17.0 09 190 17
93 62 InteriorHJ  On Med 2500 35 173 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14| 1679 252 189 10| 216 22
128 100 |NorthUsty On Med 1000 20 99 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14| 3111 10.6 79 04 216 9
35 45 Kutei Basi| On/Off Far 2500 35 173 0.6 031 0.75 021 0.65 192 0.00 -1.921 1.679 937 703 371 362 135
31 46 South Bar Off Far 3000 45 198 0.6 0.54 100 0.38 0.65 257 0.00 -2.57| 1549 108.4] 813 43| 486 209
20 29 Anadarko On Near 2500 35 173 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.679 179.6 134.7 71] 190 135
27 51 Northwest|  Off Far 1800 42 139 0.6 240 100 0.28 0.65 4.33 0.00 -4.33] 2055 128.8] 96.6 51 819 418
144 116  |Big Horn On Med 3000 40 198 0.6 0.18 0.17 0.25 0.65 125 0.00 -1.25| 1549 34 26 01 237 3
145 120 |Faeroes-§  Off Far 3000} 40 198 0.6 0.54 100 0.38 0.65 257 0.00 -2.57| 1549 3.1 2.3 01| 486 6
109 75 Mekong/V| Off/On Med 2500 34 173 0.6 031 0.26 021 0.65 142 0.00 -1.42| 1679 173 130 0.7 269 18
97 83 VenturaB{ On Near 1600 25 129 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2213 230 173 09 190 17
7 97 SouthSunp On Near 1200 40 109 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2.688 34.1 256 14] 190 26
74 80 Sud On Far 1900 38 143 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47| 2000 36.2 271 14) 279 40
67 71 Fahud Sal  On Far 800 32 89 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47] 2.949 44.5 334 18| 279 49
111 95 Northwest| Off/On Med 2000} 37 148 0.6 0.31 0.26 0.21 0.65 142 0.00 -1.42] 1.929 16.6 124 0.7] 269 18
151 103 |llincisBaj On Near 1500 25 124 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2.324 16 12 01| 190 1
149 130 |SouthOm{ On Far 1200 40 109 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47| 2688 2.2 16 01l 279 2
81 96 Pannoniar]  On Near 2000 40 148 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.929 305 229 12| 190 23
33 53 Palo Duro]  On Near 1800 35 139 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2055 99.4 746 39 190 75
131 99 Ferganag On Far 2000 35 148 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47] 1.929 8.7 6.5 03| 279 10
154 127 |EastFlanq  On Far 1200 38 109 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47| 2688 0.5 04 0.0 279 1
73 87 Nepa-Boty  On Far 2500 40 173 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47] 1.679 36.9] 217 15 279 41
91 111 |Southem 4 On/Off Med 1200 40 109 0.6 031 0.26 021 0.65 142 0.00 -1.42| 2688 254 191 10| 269 27
48 66 Willistonq  On Near 1400 35 119 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2453 69.2 51.9 271 190 52
137 105 |Southemd On Med 2500 35 173 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14| 1679 6.2 4.6 02| 216 5
146 129 |Saline-Co| On/Off Med 4000 38 247 0.6 051 0.26 0.35 0.65 177 0.00 -1.77) 1407 3.1 23 01 334 4
76 91 Penyu/We]  Off Far 3000 40 198 0.6 0.54 1.00 0.38 0.65 257 0.00 -2.57| 1549 344 258 14| 486 66
104 107  |Michigan On Near 2000 38 148 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.929 20.1 150 08| 190 15
85 104 |Bonapartgqg  Off Far 2000 45 148 0.6 041 100 0.28 0.65 2.34) 0.00 -2.34] 1.929 295 221 12| 442 52
64 89 Ma 'Rib-A]  On Far 2000 45 148 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47] 1.929 48.4 36.3 19 279 53
139 117 |WilistonH  On Near 2000 35 148 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.929 5.8 43 02| 190 4
115 86 San Jorgel On/Off Far 2500 30 173 0.6 031 0.75 021 0.65 192 0.00 -1.92| 1.679 149 112 06 36.2 21
15 33 Greater S§ On/Off Far 1300 39 114 0.6 031 0.75 021 0.65 192 0.00 -1.92| 2602 279.2) 209.4 111 362 401
138 121 |TalaraBa] On/Off Med 1700 35 134 0.6 031 0.26 021 0.65 142 0.00 -1.42| 2116 6.1 46 02| 269 7
72 68 Neuquen On Med 3000 32 198 0.6 0.18 0.17 0.25 0.65 125 0.00 -1.25| 1549 39.0 29.3 15| 237 37
148 143 |Anah Gral On Med 1500 15 124 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14| 2324 2.8 21 01 216 2
52 7 Magalleng On/Off Far 1900 40 143 0.6 031 0.75 0.21 0.65 192 0.00 -1.92| 2.000 62.8 47.1 25/ 362 20
36 60 Labrador-| Off Far 2100 40 153 0.6 0.41 1.00 0.28 0.65 2.34 0.00 -2.34] 1.865 90.6} 68.0 36| 442 159
60 73 North Sunf  On Med 3000 55 198 0.6 0.18 0.17 0.25 0.65 125 0.00 -1.25| 1549 52.0 39.0 21 237 49
58 72 Po/Adriati{ On/Off Near 3000 20 198 0.6 041 0.05 0.28 0.65 1.38 0.00 -1.38] 1549 54.4 40.8 22| 262 56




65 74 Pelagian Off Far 2500 35 173 0.6 041 1.00 0.28 0.65 2.34] 0.00 -2.34] 1679 48.2] 36.1 19| 442 85
112 93 Middle Mg On Med 2200 30 158 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14 1.826 16.2 122 06 216 14
26 43 Dnieper-00  On Near 2500 35 173 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.679 132.8] 99.6 53| 190 100
99 109  |Wyoming On Med 3000 40 198 0.6 0.18 0.17 0.25 0.65 125 0.00 -1.25] 1.549 22.5) 16.9 09| 237 21
66 82 SWwyom{  On Near 3000} 40 198 0.6 0.18 0.03 0.25 0.65 111 0.00 -1.11) 1549 46.9| 35.2 19 210 39
38 88 Ordos Ba: On Med 1000 15 99 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14| 3111 89.0 66.7 35/ 216 76
57 84 Thai Basi Off Med 2000 50 148 0.6 041 0.34 0.28 0.65 168 0.00 -1.68| 1.929 55.7 418 22 317 70
126 106 |Assam On Far 3500 33 222 0.6 0.18 0.50 0.25 0.65 158 0.00 -1.58| 1472 11.0 8.3 04 299 13
155 153  |Murzak On Far 2500 40 173 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47] 1679 0.0 0.0 00| 279 0

150 119  |Cambridg On Near 2000 30 148 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.929 18 13 01| 190 1

141 136 |Santa Ma On Near 1500 23 124 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2.324 4.9 3.7 02 190 4

53 69 SichuanB[  On Near 3500 40 222 0.6 0.18 0.03 0.25 0.65 111 0.00 -1.11) 1472 60.0} 45.0 24| 210 50
140 114 |Nemahay On Near 2500 30 173 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.679 5.4 41 02| 190 4

152 144  |Khleishay On Far 2000} 20 148 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47)  1.929 15 12 01l 279 2

41 78 Bintuni/Sul  Off Far 1100 35 104 0.6 041 100 0.28 0.65 2.34] 0.00 -2.34] 2881 85.9 64.4 34| 442 151
134 128 |Palawany  Off Far 3800 35 237 0.6 0.68 100 0.47 0.65 2.80 0.00 -2.80| 1426 8.0 6.0 03| 529 17
63 94 Irawaddy| On/Off Far 1500 36 124 0.6 031 0.75 0.21 0.65 192 0.00 -1.92| 2324 49.5) 371 20| 362 71
42 76 GhabaSal On Far 1100 34 104 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47] 2881 83.0 62.2 33| 279 92
147 131  |Cherokee On Near 2200 32 158 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.826 2.9 21 01| 190 2

17 26 NW Germ| On/Off Near 2500 30 173 0.6 0.31 0.05 021 0.65 121 0.00 -1.21] 1.679 237.9] 1784 94| 229 216
82 102 |SantaCry On Far 3800 50 237 0.6 0.23 0.50 031 0.65 169 0.00 -1.69] 1.426 30.2 22.7 12| 319 38
142 145 |Euphrate§y On Near 1500 36 124 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2.324 4.2 31 02 190 3

129 133 |DenverBg On Near 1800 35 139 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2055 103 7.7 04 190 8

136 147 |WindRiveg On Med 3000 40 198 0.6 0.18 0.17 0.25 0.65 125 0.00 -1.25| 1549 6.7 5.0 03| 237 6

116 124 |Uinta-Picg On Med 1600 30 129 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2213 148 111 06 190 11
79 110 |Yenisey-K|] On Far 2500 40 173 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47] 1679 322 24.2 13| 279 36
94 115 |Madre do: On Far 2500 35 173 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47] 1679 245 184 10 279 27
44 67 San Juan On Near 2000 30 148 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.929 77.1 57.9 31] 190 58
87 108  |Arkoma B On Med 2500 35 173 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14| 1679 292 219 12| 216 25
135 146  |Bohemia On Near 1500 35 124 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2.324 7.7 58 03| 190 6

80 112 |North Egy| On/Off Med 2000 35 148 0.6 031 0.26 021 0.65 142 0.00 -1.42| 1.929 32.2] 24.2 13| 269 34
78 113 |Azov-Kub: On Far 2300} 40 163 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47) 1772 33.0 24.7 13| 279 36
153 150 |CuyoBas| On Med 2000 32 148 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14] 1.929 0.6 04 00| 216 1

56 8l New Guin On Far 3000} 44 198 0.6 0.18 0.50 0.25 0.65 158 0.00 -1.58| 1.549 55.8 418 22| 299 66
61 98 Browse B Off Far 2000 45 148 0.6 041 100 4.05 0.65 6.11 0.00 -6.11 1.929 50.1 376 20 1155 230
107 140 |Eromangg On Far 1600 43 129 0.6 0.14 0.50 0.19 0.65 147 0.00 -1.47] 2213 18.8] 141 0.7] 279 21
10 20 Mediterrag  Off Far 3000 40 198 0.6 0.54 100 0.38 0.65 257 0.00 -2.57| 1549 428.3 321.2 17.0| 486 825
125 141 |Taranakif§  Off Med 3500 50 222 0.6 0.54 0.34 0.38 0.65 191 0.00 -1.91) 1472 115 8.6 05 36.1 16
143 151  |Sedgwick On Near 2200 32 158 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.826 4.0 3.0 02| 190 3

89 123 |Ganges-B| On/Off Med 2000 35 148 0.6 031 0.26 021 0.65 142 0.00 -1.42| 1.929 276 20.7 11 269 29
127 138  |Abu Ghar. On Med 3000 33 198 0.6 0.18 0.17 0.25 0.65 125 0.00 -1.25| 1549 107 8.0 04| 237 10
69 101 |North Car On Near 2000 30 148 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.929 41.1 308 16] 190 31
96 125  |Rocky Mol On Near 2500 35 173 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.679 232 174 09 190 17
23 44 Anglo-Duf Off/On Near 2000 28 148 0.6 0.31 0.05 021 0.65 121 0.00 -1.21] 1.929 169.1 126.8 6.7) 229 154
119 142 |Hammerfd  Off Far 3000 42 198 0.6 0.54 100 0.38 0.65 257 0.00 -2.57| 1549 13.0 9.8 05| 486 25
120 139 |Afghan-T4 On Far 3500 36 222 0.6 0.18 0.50 0.25 0.65 158 0.00 -1.58| 1472 125 94 05 299 15
49 70 Indus Off Med 3000 35 198 0.6 0.54 0.34 0.38 0.65 191 0.00 -1.91] 1549 69.1 518 271 361 9
114 137  |lrish Sea Off Near 3000 40 198 0.6 0.54 0.34 0.38 0.65 191 0.00 -1.91 1549 156 117 06/ 36.1 22
133 154  |Macuspar] On/Off Med 4300 40 262 0.6 051 0.26 0.35 0.65 177 0.00 -1.77) 1.385 8.2 6.1 03| 334 11
122 148 |Alps On Near 2000 35 148 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.929 12.0 9.0 05 190 9

130 149  |Saigon Off Far 3000 35 198 0.6 0.54 100 0.38 0.65 257 0.00 -2.57| 1549 9.3 70 04| 486 18
0 135 |EastJava| On/Off Med 1200 30 109 0.6 0.31 0.26 021 0.65 142 0.00 -1.42] 2.688 25.8] 194 10| 269 28
92 126 |Sulaiman-{ On Med 2800 40 188 0.6 0.18 0.17 0.25 0.65 125 0.00 -1.25| 1.604 253 19.0 10] 237 24
100 134 |Sacramen| On Near 2200 40 158 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.826 220 165 09| 190 17




132 155 |E.Cordillg On Near 2500 28 173 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.679 84 6.3 03| 190 6
40 59 Burgos/Sq On/Off Med 3000} 30 198 0.6 041 0.26 0.28 0.65 159 0.00 -1.59| 1549 86.9 65.2 34 301 104
75 118 |German-H  On Near 2000 35 148 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 1.929 36.1 270 14] 190 27
22 36 Lena-Viyy  On Med 3000 35 198 0.6 0.18 0.17 0.25 0.65 125 0.00 -1.25] 1.549 171.0 1283 6.8 237 160
62 90 Tobago Tl Off Med 3100} 35 203 0.6 0.54 0.34 0.38 0.65 191 0.00 -1.91] 1530 49.9| 374 20 36.1 71
86 132  |Pyrenean On Near 1500 35 124 0.6 0.14 0.03 0.19 0.65 1.00 0.00 -1.00] 2.324 293 220 12| 190 22
88 122 |Yingehai Off Far 3000} 40 198 0.6 0.54 100 0.38 0.65 257 0.00 -2.57| 1549 285 214 11] 486 55
47 85 Transylval On Med 2000 35 148 0.6 0.14 0.17 0.19 0.65 114 0.00 -1.14| 1.929 69.6 52.2 28 216 60
117 152 |Ludlov Sac Off Med 2400 40 168 0.6 041 0.34 0.28 0.65 1.68 0.00 -1.68| 1.740 14.1 10.6 06/ 317 18
TOTAL 155 Basins 18664 13998 740 276 20451
TOTAL WORLD 20101 15076 797 276 22025
5455 190.0
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