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METHOD OF SEQUESTERING CARBON DIOXIDE 
WHILE PRODUCING NATURAL GAS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/430,961 ?led Dec. 4, 2002. 

FIELD OF THE INVENTION 

[0002] This environmental-quality invention is in the ?eld 
of apparatus and methods for sequestering greenhouse gases 
While producing natural gas from natural gas hydrates in a 
subterranean formation. The invention enhances the quality 
of the environment of mankind by contributing to the control 
of greenhouse gases. 

BACKGROUND OF THE INVENTION 

[0003] Hydrates are solid crystalline compounds, com 
monly knoWn as clathrates. These crystalline compounds are 
formed of a “cage like” structure of Water surrounding other 
molecules Which are often gases (for example, methane, 
carbon dioxide) and Whose structure is dependent on the siZe 
of the contained molecule. A thorough description of 
hydrates is contained in E. D. Sloan, Jr., Clathrate Hydrates 
of Natural Gases, Dekker NY. (1990). Natural gas hydrates 
are those hydrates formed from gases found in natural gas 
reservoirs. Natural gas hydrates have many properties simi 
lar to ice. 

[0004] Several models and descriptions of the occurrence 
of natural gas hydrates have been put forWard in the litera 
ture and depend on the folloWing factors: (a) the phase 
stability of the hydrate in terms of pressure and temperature; 
(b) the nature of occurrence of the natural gas hydrate in 
clastic sediments (for example, either clay or sand rich 
sediments); and, (c) the occurrence of the natural gas hydrate 
above or beloW ice-bearing permafrost, or the occurrence in 
marine-continental shelf or arctic-permafrost settings. 

[0005] The discussion of recovering hydrates With respect 
to the present invention focuses on moderate to loW clay 
content clastics that bear hydrates in a subterranean forma 
tion (either in arctic-permafrost or marine-continental shelf 
locations) Where the hydrates are trapped in pores (of the 
clay or sand particles) that are of suf?cient siZe after hydrate 
and/or ice dissociation as to provide permeability suf?cient 
for production in a timely manner. In all likelihood, the best 
hydrate Zones Would be those beloW ice-bearing permafrost 
due to the added impact of ice dissociation on the overall 
energy requirements for production. 

[0006] In the scienti?c literature, no model is put forWard 
to explain hoW the hydrates occupy the pore space in the 
clastics. HoWever, if the hydrates occupy a signi?cant vol 
ume of the pore space they Will reduce the permeability by 
several orders of magnitude. After hydrate dissociation, 
these previously hydrate-?lled pores Will improve heat 
transfer from convective ?oW through the reservoir and 
provide expanded heat transfer via conductive heat into the 
subterranean formation. 

[0007] The pressure and temperature ranges for natural 
gas hydrate stability depends on the gas that is trapped in the 
hydrate. FIGS. 4A-4F shoW the stability ranges for tWo 
gases: methane and carbon dioxide. Methane is the most 
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commonly occurring gas in natural gas hydrate deposits and 
in most places is greater than 98 mole % of the natural gas 
hydrate found. 

[0008] Several methods of producing natural gas from 
hydrates have been suggested for clastic deposits: 

[0009] 1. Thermal stimulation 

[0010] (a) Steam, hot gas, hot Water, and hot brine 

[0011] (b) In place combustion, electrical, radio 
Wave or microWave heating 

[0012] 2. DepressuriZation 

[0013] 3. Hydrate inhibitor injection 

[0014] 4. Combinations of depressuriZation and ther 
mal simulation 

[0015] Also several enhancement methods such as frac 
turing or drilling With jet pumps have been suggested, or 
selecting a formation With a free gas Zone. Free gas Zones 
exist at the base of many hydrate bearing Zones and provide 
a pathWay for How When the gas hydrate dissociates. 

[0016] Hydrates of natural gas occur Where the tempera 
ture and pressure ranges are appropriate for their stability 
and the occurrence of natural gas exists. Hydrates are both 
biogenic and thermogenic. Biogenic hydrates are derived 
from biological activity. Many of the biogenic hydrates exist 
Where biological activity in the past has produced methane 
gas and this gas has been in many different manners moved 
into the hydrate phase stability WindoW. Thermogenic 
hydrates are derived from the thermal response through 
geologic time of burial of carbon rich sediments and sub 
sequent hydrocarbon production. Thermogenic hydrates are 
associated With major hydrocarbon occurrences Where the 
natural gases similar to the biogenic gases have been moved 
into the hydrate phase stability WindoW. 

[0017] The phase stability WindoW for the ice-like crys 
talline solid in hydrate exists in tWo primary locations: 
regions With permafrost and regions on the continental shelf. 
The occurrence of hydrate in these regions is enhanced in 
areas Where thermogenic gases available from deeper hydro 
carbon deposits have migrated into the stability range, for 
example, the North Slope of Alaska or the Gulf of Mexico. 

[0018] The estimates of hydrates as resource usually 
include estimates of all occurrences of the resources includ 
ing the resource Where it is probably not developable due to 
association With sediments high in clay content. The hydrate 
cores in the Mallik Well in the McKenzie Delta, Canada 
shoWed that signi?cant resources exists in loW to moderate 
clay clastic formations that can be approached With similar 
technology used in hydrocarbon recovery. 

[0019] Key gases believed to have greenhouse gas effects 
are carbon dioxide (CO2), methane (CH4), and nitrous oxide 
(N20). These gases are naturally occurring and make up less 
than one tenth of one percent of the gases in the atmosphere. 
The atmosphere consists mainly of nitrogen at 78 percent 
and oxygen at 21 percent. Greenhouse gases are believed to 
trap heat in the atmosphere and Without them it has been 
estimated that the earth’s surface Would be signi?cantly 
colder than it is today. Concern exists that the further release 
of greenhouse gases Will cause a further increase in atmo 
spheric temperature. 
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[0020] In the past, major concern has focused on the 
emission of carbon dioxide from burning coal, oil, and 
natural gas. Recently the release of methane to the atmo 
sphere has come under scrutiny and concern. Methane gas 
may have signi?cantly more impact than carbon dioxide gas 
on the atmosphere. Estimates in the literature suggest meth 
ane has a 12-20% greater ef?ciency for the proposed green 
house gas phenomena. 

[0021] Numerous authors have suggested that hydrate 
deposits may be accessible to future release of greenhouse 
gases. It has been suggested that the geologic record pro 
vides evidence that potentially large volumes of greenhouse 
gases in the past, in particular methane, have been released 
into the atmosphere because of sea level changes and that 
these changes impacted the global temperature. While those 
past changes are not those potentially brought on by man, 
they nonetheless suggest that global atmospheric changes 
may have taken place because of methane hydrate dissocia 
tion. The fear is that current dissociation of methane hydrate, 
Which is a more ef?cient greenhouse gas, Will accelerate the 
supposed rate of Warming. 

[0022] Since methane hydrates provide a very clean 
source of energy, they may provide the most environmen 
tally acceptable pathWay to non-oil hydrocarbon energy. It 
may also be bene?cial to remove the methane from these 
hydrate deposits and replace it With carbon dioxide irrespec 
tive of Whether it is man or nature causing the period of 
Warming that many scientists have suggested. 

DESCRIPTION OF PRIOR ART 

[0023] The sequestration of carbon dioxide in aquifers has 
been described in patents such as US. Pat. No. 5,397,553 to 
Spencer and US. Pat. No. 5,261,490 to Ebinuma et al. In the 
injection or production of natural gases in Wells that pass 
through the temperature and pressure regime Where hydrates 
are stable and exist (Where the hydrocarbons are in an 
immobile form), several production techniques have been 
patented and discussed in the literature. Some of the patents 
in this area are US. Pat. No. 5,950,732 to Agee et al.; US. 
Pat. No. 5,713,416 to Chatterji et al.; US. Pat. No. 4,007, 
787 to Cottle; US. Pat. No. 5,261,490 to Ebinuma et al.; 
US. Pat. No. 4,424,858 to Elliot et al.; US. Pat. No. 
4,376,462 to Elliot et al.; US. Pat. No. 4,262,747 to Elliot 
et al.; and US. Pat. No. 3,920,072 to Kern. 

[0024] Heretofore in the production of natural gas through 
permafrost or intervals With pressure and temperature 
regime Where hydrates exists, the Zone Would have to be 
insulated, refrigerated, or the like. ThaWing of the perma 
frost is to be avoided as Well casing collapse is then an issue 
to be addressed. Some of the patents in this area are US. Pat. 
No. 5,816,325 to Hytken; JP10317869A2 to KaZuyuki; US. 
Pat. No. 5,291,956 to Mueller et al.; US. Pat. No. 4,595,057 
to Deming et al.; US. Pat. No. 4,399,867 to Wolcott; US. 
Pat. No. 3,220,470 to Balch; and US. Pat. No. 2,148,717 to 
Whitney. 
[0025] Proposed methods and apparatus for the capture of 
carbon dioxide to remove carbon dioxide as a greenhouse 
gas have been much discussed in the literature and many 
techniques exist. For example, DOE/EIA-0573 (2000) Emis 
sions of Greenhouse Gases in the United States 2000, 
November 2001; S. Kim et al., Potential for Advanced 
Carbon Capture and Sequestration Technologies in a Cli 
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mate Constrained World, Battelle Paci?c NorthWest 
National Laboratory (PNNL)-13095 (February 2000). 
Removal of carbon dioxide from natural gas has been 
around for years and is a mature technology. 

[0026] The various sources of carbon dioxide gas in the 
present invention require the carbon dioxide to be in a gas, 
such as found in produced natural gas, in effluent from the 
combustion of oxygen and hydrocarbons, in effluent from 
fuel cell chemical reactions that convert hydrocarbons to 
electricity, or in effluent from a gas to liquid process. 
HoWever, no active method for the sequestration of carbon 
dioxide into hydrate bearing subterranean Zones exists. 

[0027] S. Kim et al., cited above, state that: 

[0028] “The present state of carbon capture and seques 
tration technology is focused on the capture of carbon 
dioxide (CO2) from the ?ue gas of fossil-fuel electric poWer 
plants and the disposal of the captured CO2 in various 
geological formations. Great attention has been placed 
recently on the technology for CO2 capture from stationary 
poWer plants, and several technologies exist today to capture 
CO2 from ?ue gases. Capturing CO2 from poWer plants is 
not a neW idea and has its origins as sources of CO2 for 
enhanced oil recovery and for agricultural CO2 fertiliZation 
in greenhouse applications.” 

[0029] “According to HerZog et al. HerZog et al., CO2 
Sequestration: Opportunities and Challenges, Massachu 
setts Institute of Technology, Cambridge, Mass. (1999)], the 
current cost of CO2 capture from coal and natural gas poWer 
plants is 66 to 282 dollars per tonne of carbon ($/tC) avoided 
depending on the speci?c type of poWer plant. The addi 
tional capital, fuel, operations, and maintenance costs of 
CO2 capture add 1 to 3 cents per kWhr to the electricity cost 
of base plants. Part of the cost of CO2 capture is due to 
energy requirements of the capture process that result in net 
poWer losses. Such energy penalties can range from 13 to 37 
percent depending on the plant type. Current capture tech 
nologies, hoWever, can remove 75 to 90 percent of the CO2 
emitted from the combustion of fossil fuels . . . ” 

[0030] “Current demonstration of CO2 sequestration for 
the sole purpose of combating climate change lies With 
Statoil, a NorWegian oil company. Induced by a NorWegian 
carbon tax of 50 dollars per tonne of CO2 (183 SS/tC), the ?rst 
commercial CO2 capture and sequestration facility started 
operation in September 1996 by Statoil. CO2 from a natural 
gas ?eld is sequestered into a sandstone aquifer one kilo 
meter beneath the North Sea. The CO2 is injected from a 
?oating rig at a rate of 20,000 tonnes per Week Which 
corresponds to the rate of CO2 produced from a 140 MWe 
coal-?red poWer plant.” 

[0031] “According to HerZog, the cost of Statoil’s seques 
tration operation alone is 15 dollars per tonne of CO2 (55 
$/tC). Other than the experiences discussed above, there are 
no large scale commercial carbon capture and sequestration 
technologies currently deployed.” 

[0032] “Combining the above capture costs and Statoil’s 
sequestration cost, the total cost of CO2 capture and seques 
tration ranges from 121 to 337 $/tC. Unless there are carbon 
control policies like the NorWegian carbon tax, such high 
CO2 capture and sequestration costs are not likely to provide 
incentives for the deployment of these technologies.” 
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[0033] Similarly, the methods and apparatus proposed for 
the production of hydrates from subterranean formations are 
many (Sarish L. Patil, “Overview of Gas Hydrate Production 
Technology”, May 23, 2002, SPE-AAPG Western Region 
Meeting, Anchorage, Ak.; D. Khairkhah et. al., “The Pro 
duction potential of the Mallik ?eld reservoir”, Geologic 
Society of Canada Bulletin 544, 1999, pp. 377-399; E. D. 
Sloan, Jr. “Clathrate Hydrates of Natural Gases” 2nd Edition 
revised and expanded, 1998, pp. 513-537). Much documen 
tation exists concerning the many Workable and unworkable 
schemes for the production of hydrates and at the same time 
the applicable practice of the art of hydrocarbon recovery is 
Widespread. HoWever, no active production technique exists 
for the production of hydrocarbons from hydrates in sub 
terranean Zones. The Messoyakha ?eld in the West Siberian 
Basin of the former Soviet Union has been speculated to 
have produced from hydrates Which exist above a free gas 
level, but the data is ambiguous. 

[0034] Despite all of these mature technologies, the art of 
sequestering carbon dioxide and the art of producing 
hydrates have not been undertaken jointly. 

SUMMARY OF THE INVENTION 

[0035] In a broad aspect, the invention is a method of 
sequestering carbon dioxide and producing natural gas 
including: (a) injecting an injectant containing at least some 
amount of carbon dioxide into a Zone containing natural gas 
hydrates; (b) releasing natural gas from the hydrates by 
alloWing thermal transfer and pressure changes from the 
injectant to the hydrates; and (c) sequestering the carbon 
dioxide in the Zone that previously contained the natural gas 
hydrates. 
[0036] One embodiment of the invention is a method of 
sequestering carbon dioxide While at the same time produc 
ing natural gas. This embodiment includes: (1) drilling and 
completing at least one Well in a subterranean formation 
Where there is at least some natural gas in the form of natural 
gas hydrate; (2) supplying an injectant stream of a desired 
composition containing at least some carbon dioxide; (3) 
pumping the injectant into the Well to the appropriate depth 
and at a controlled temperature and pressure; (4) circulating 
the injectant to the natural gas hydrate to cause dissociation 
of the natural gas hydrate to release free natural gas vapor; 
(5) collecting the evolved natural gas and transporting it to 
the surface; and (6) alloWing at least part of the carbon 
dioxide to be sequestered in the subsurface location. 

[0037] The present invention, by combining the processes 
of methane production and sequestration of carbon dioxide, 
Will make the cost of sequestration of carbon dioxide and the 
cost of hydrate production become competitive. Gravity/ 
density segregation of the liquid inj ectant (containing carbon 
dioxide) from the methane gas produced from in-situ 
hydrate dissociation alloWs production of methane and 
entrapment of the liquid carbon dioxide injectant. The 
temperature and pressure conditions that form a solid clath 
rate from the injectant containing the carbon dioxide are 
reached by a change in pressure through production or 
injection by alloWing reassertion of the regional temperature 
pro?le. Thus, the carbon dioxide is sequestered. 

[0038] The process includes: 
[0039] 1. Drilling and completing at least one Well 

into a subterranean formation Where there is at least 
some natural gas in the form of hydrate; 
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[0040] 2. Supplying gas/injectant from the gas 
injectant supply subsystem to be injected into the 
Well at the appropriate depth and at the controlled 
temperature and pressure and composition; 

[0041] 3. Controlling and monitoring the gas/in 
jectant supply subsystem, the Well subsystem, and 
the subsurface containment subsystem to provide for 
the initiation, continuation, or shutdoWn of injection 
and production; 

[0042] 4. Injecting the inj ectant Within the subsurface 
containment subsystem as a liquid so that heat trans 
fer from the injectant is highly efficient, and so that 
the pressure change and the rate of dissociation of 
natural gas hydrate in place alloWs the natural gas 
hydrate to dissociate to free natural gas as a vapor 
and to migrate via gravity/density segregation (While 
being constrained by the subsurface containment 
subsystem) to a production Well or Wells; an injec 
tion pressure that is above the fracture pressure is 
alloWed if the fractures formed do not breach the 
subsurface containment subsystem; and 

[0043] 5. Producing the hydrate-evolved natural gas 
that has migrated to the production Well While alloW 
ing gravity/density segregation of the hydrate 
evolved natural gas from the injectant so that the 
injectant containing carbon dioxide (all or in part) 
remains in the subsurface containment subsystem 
Where, after the ?nal production stages, the pressure 
and temperature are alloWed to reduce to Where the 
inj ectant can change phase to a hydrate; the produced 
natural gas is sent to the production facility or the 
produced natural gas is recycled (all or in part) With 
the gas supplied for injection from the gas/injectant 
supply subsystem. The natural gas may be further 
processed for removal of Water and separation of 
methane and carbon dioxide before being supplied to 
the gas/injectant supply subsystem or the production 
facility. 

[0044] Another embodiment of the invention is a system 
for sequestering carbon dioxide and producing natural gas 
from a subterranean natural gas hydrate by means of a 
controlled injection of an injectant stream that contains at 
least in part carbon dioxide. This injectant stream is cycled/ 
injected into a subterranean formation that underlies either 
ocean or land. The system includes: (a) a gas supply 
subsystem for preparation and injection of the injectant 
stream into a Well; (b) a Well subsystem for delivering the 
injectant into the subsurface formation and for producing the 
resultant natural gas; (c) a subsurface containment sub 
system including a subsurface formation With static and 
dynamic permeability variations that form permeability bar 
riers to the circulation of gas and liquids; and, (d) a moni 
toring and control subsystem for maintaining the production 
process and for controlling the injection and production 
pressure and temperature suitable for the desired outcome of 
methane production and carbon dioxide capture and seques 
tration in the subsurface formation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0045] The preferred and alternative embodiments of the 
present invention are described in detail beloW With refer 
ence to the folloWing draWings. 
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[0046] FIG. 1 is a schematic representation of a generic 
system that embodies the invention. 

[0047] FIG. 2 is a schematic representation of a more 
speci?c embodiment of the invention. 

[0048] FIG. 3 is a schematic representation of a magni?ed 
vieW of a melting natural gas hydrate formation in a sub 
terranean location. 

[0049] FIG. 4A is a phase diagram Where the composition 
of the injectant in an arctic-permafrost Well bore is 100 mole 
% carbon dioxide. The diagram displays the resultant 
phases. 

[0050] FIG. 4B is a phase diagram Where the composition 
of the injectant in an arctic-permafrost Well bore is 50 mole 
% carbon dioxide and 50 mole % methane. The diagram 
displays the resultant phases. 

[0051] FIG. 4C is a phase diagram Where the composition 
of the injectant in an arctic-permafrost Well bore is 10 mole 
% carbon dioxide and 90 mole % methane. The diagram 
displays the resultant phases. 

[0052] FIG. 4D is a phase diagram Where the composition 
of the injectant in a continental shelf Well bore is 100 mole 
% carbon dioxide. The diagram displays the resultant 
phases. 

[0053] FIG. 4E is a phase diagram Where the composition 
of the inj ectant in a continental shelf Well bore is 50 mole % 
carbon dioxide and 50 mole % methane. The diagram 
displays the resultant phases. 

[0054] FIG. 4F is a phase diagram Where the composition 
of the inj ectant in a continental shelf Well bore is 10 mole % 
carbon dioxide and 90 mole % methane. The diagram 
displays the resultant phases. 

[0055] FIG. 5A is a phase diagram shoWing the phase 
relationships that exist for an injectant (containing only 
about 13 mole % carbon dioxide) formed directly from the 
Prudhoe Bay Unit gas cap. Thus, FIG. 5A is a phase 
diagram Where the composition of the injectant is 75.02 
mole % methane, 7.95 mole % ethane, 3.99 mole % propane, 
and 13.04 mole % carbon dioxide. This is the natural 
composition of the gas cap that exists in the Prudhoe Bay 
Unit. 

[0056] FIG. 5B is a phase diagram Where the composition 
of the injectant is 43.13 mole % methane, 4.57 mole % 
ethane, 2.29 mole % propane, and 50.00 mole % carbon 
dioxide. This is the Prudhoe Bay Unit gas cap composition 
With sufficient added carbon dioxide to increase the carbon 
dioxide content to 50.00 mole %. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0057] One goal of this invention is to provide a process 
for producing natural gas that combines a method of pro 
duction of natural gas from hydrates and a method of 
sequestration of carbon dioxide in a subsurface location. 
Currently the need to remove greenhouse gases from the 
atmosphere has been emphasiZed in the Kyoto Protocol and 
in the United States by the Clear Skies Initiative by US. 
President George W. Bush. 
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[0058] There are many valid reasons for reducing carbon 
dioxide in the environment. Also, it can be readily seen that 
carbon dioxide present in a methane-rich natural gas acts as 
a diluent Which contributes no energy and increases the 
volume of the gas Which must be handled or processed. This 
in turn leads to increase in siZe and cost of the equipment in 
the plant utiliZing the natural gas and in the cost of devel 
opment of the pipeline. The carbon dioxide reduces the heat 
value of natural gas. 

[0059] Hydrates are a major clean hydrocarbon resource. 
No production exists from this resource because of the 
economics associated With production. Hydrates require 
energy to be produced because of the need to dissociate 
methane from the solid crystalline structure of the methane 
hydrate. Net energy production is possible from hydrates. At 
least 1/10 of the methane from hydrates is expected to be used 
in the energy requirements for the dissociation and subse 
quent production. Because of the energy requirements for 
production, the costs Were non-competitive before the 
present invention. 

[0060] Costs for production of natural gas are affected by 
the requirements for removal of carbon dioxide. In natural 
gas, the BTU value of the gas is reduced by the presence of 
carbon dioxide. For example, a natural gas reservoir may 
contain, for example, 12 vol. % carbon dioxide. Several 
technologies exist for removal of the carbon dioxide from 
the natural gas before shipment. Often in the past, the carbon 
dioxide that Was removed Was vented to the atmosphere. 
Cost estimates for removal of carbon dioxide from natural 
gas is in the range of $50 per ton of carbon. 

[0061] Current US. Department of Energy (DOE) cost 
estimates, cited by H. HerZog et al., CO2 Sequestration: 
Opportunities and Challenges, Massachusetts Institute of 
Technology, Cambridge, Mass. (1999), suggest the removal 
of carbon dioxide from poWer plants has a cost range of $66 
to $282 per ton of carbon depending on the speci?c type of 
poWer plant. Future poWer plants may reduce these costs to 
$10 per ton of carbon. NeW fuel cell technology may even 
further reduce the cost. These current costs of carbon 
dioxide capture add 1 to 3 cents per kWhr to the electricity 
cost of base plants. These energy penalties range from 13 to 
37 percent depending on the poWer plant type. Current 
capture technologies can remove 75 to 90 percent of the 
carbon dioxide emitted from the combustion of fossil fuels. 
Once the carbon dioxide is removed, the question is Where 
to sequester it. 

[0062] The current capture technologies as applied to 
carbon dioxide disposal in the practice of injecting carbon 
dioxide into oil Wells to enhance recovery are mature and are 
used to provide information on costs of carbon dioxide 
disposal. HoWever, storage of the carbon dioxide for long 
periods of time has not been evaluated. Because of industry 
carbon taxes or credits, future gas industry production is 
expected to focus on commercial capture of carbon dioxide. 

[0063] In the present invention, the recovery of natural gas 
from hydrates focuses on the moderate to loW clay content 
clastics that bear hydrates in subterranean formations, either 
in an arctic-permafrost location or in a marine continental 
shelf location, Where the hydrates are a solid phase in pores 
of sufficient siZe such that after hydrate and ice dissociation, 
the pore system provides permeability of sufficient extent for 
convective and conductive heat transfer and/or depressur 
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iZation of the in-place hydrate and production of the result 
ant gas in a timely manner. (The resultant gas may not be 
100% methane, but may contain other gases such as carbon 
dioxide.) Thus, it should be understood that the present 
invention is a process that can use either thermal methods or 
depressuriZation, or both thermal methods and depressur 
iZation. 

[0064] It should also be noted that the solid phase of 
natural gas hydrates in the pores in the subsurface contain 
ment subsystem alloWs a dynamic pressure seal that changes 
location With time as hydrate is melted and then along With 
a sealing shale layer above the hydrate Zone forms a 
dynamic containment system Which alloWs the injectant in 
the hydrate Zone to remain in the liquid phase. Production of 
the hydrate-dissociated gas alloWs little mixing With the 
injectant and the injectant to retain its liquid phase. 

The Generic System ShoWn in FIG. 1 

[0065] A generic system that embodies the present inven 
tion is illustrated by the system 10 shoWn in FIG. 1 Which 
includes several subsystems: (a) a gas/injectant supply sub 
system 12 that provides the gas/injectant; (b) a Well sub 
system 52 that connects the gas/injectant supply subsystem 
to the in-place subterranean source of natural gas hydrates 
and that pipes the gas produced up to the surface; (c) a 
subsurface containment subsystem 66 that provides gravity/ 
density segregation of the liquid injectant Which contains 
carbon dioxide, dissociation of the in-place methane 
hydrate, production of gas, and recycling of the inj ectant/gas 
provided by Well subsystem 52 from gas supply subsystem 
12; and, (d) a control and monitoring subsystem 77 that 
provides monitoring and control of the pressure, tempera 
ture, and composition and How of the injectant gas and the 
produced gases. 

Gas/Injectant Supply Subsystem 

[0066] The gas/injectant supply subsystem 12 in FIG. 1 
employs one or more possible sources of the gas 34 used for 
the injectant 56. For example, source 24 is a natural gas 
accumulation. Another example is source 26 Which is the 
exhaust of a fossil fuel poWer generation plant. Another 
example is source 28 Which is the exhaust of a fossil fuel 
compressor plant. Another example is source 30 Which is the 
exhaust from a gas-to-liquids plant. 

[0067] The injectant 56 is more efficient for heat transfer 
if the injectant is a liquid at the Zone Where it is being 
injected. More importantly, if the injectant is a liquid it 
alloWs gravity/density separation of the liquid carbon diox 
ide injectant from the hydrate-evolved natural gas. 

[0068] FIGS. 4A-F are pressure and temperature diagrams 
that shoW: 

[0069] 1. The phase diagram and envelope (lines 260, 312, 
360, 408, 460, and 512) of an injectant Where the injectant 
is of the speci?ed composition, the phases of the injectant 
that have a liquid phase or critical phase and are shaded for 
three conditions Where methane vapor exists: 

[0070] (a) The liquid and vapor phase of the injectant 
co-exist and the injectant has a density greater than 
the vapor released upon dissociation of the hydrate 
(areas 300 and 504); 
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[0071] (b) The liquid phase of the injectant exists 
(that is, there is no vapor phase of the injectant) or 
the critical phase of the injectant exists and the 
inj ectant has a density greater than the vapor released 
upon dissociation of the hydrate and the pressure is 
beloW the fracture pressure gradient (areas 252, 302, 
402, 452, and 502); and 

0072 c The ressure is above the fracture ressure P P 
gradient (areas 250, 304, 348, 400, 450, and 500). 

[0073] 2. The phase envelope (lines 258, 310, 358, 410, 
458, and 510) for 100% methane. For this phase envelope, 
the hydrate phase is in the higher pressure and loWer 
temperature region and the vapor phase is in either the loWer 
pressure or higher temperature regions. The typical compo 
sition of an in-place hydrate is near 100% methane. 

[0074] 3. The speci?c pressure and temperature pro?le of 
a Well (lines 256, 308, 356, 406, 456, and 508) Within the 
area of hydrate occurrence. This is the pressure and tem 
perature pro?le for each Well. The intersection of the Well 
bore pressure and temperature gradient (lines 256, 308, 356, 
406, 456, and 508) With the methane phase envelope (lines 
258, 310, 358, 410, 458, and 512) shoWs Where the in-place 
hydrates are stable and can exist in the subsurface location. 

[0075] 4. The fracture gradient for the Well (lines 254, 306, 
354, 404, 454, and 506) is the injection pressure Which, if 
exceeded, Will fracture the formation. The fracture pressure 
of a Well, Where hydrates are stable, depends upon the depth 
of the hydrates. The maximum fracture pressure is based 
upon the maximum depth of the hydrate occurrence. Frac 
tures can breach the subsurface containment and cause 
pressure leakoff. Vertical fractures can leak off to loW 
pressure Zones. Whether vertical fractures occur is depen 
dent on local stress conditions or perhaps other unknoWn 
factors. HoriZontal fractures may even help the production 
process. 

[0076] 5. The ocean ?oor (lines 412, 462, and 514). 

[0077] For the pressure and temperature pro?les for the 
arctic-permafrost setting, a pressure gradient of 0.421 psi/ft 
and a fracture gradient of 0.695 psi/ft Was used. For the 
pressure gradient for the marine-continental shelf setting, a 
pressure gradient of 0.45 psi/ft and a fracture gradient of 
0.695 psi/ft Were used. Temperature gradients Were taken 
from T. S. Collett et al., “Natural Gas Hydrates”, SPE 
AAPG Western Region Meeting, May 23, 2002, Anchorage, 
Ak. Fracture gradients, Well bore pressures, and temperature 
gradients are dependent on the conditions speci?c to the 
location of the Well. 

[0078] It should be noted that if the injectant is above the 
critical point, the inj ectant is a single phase. For pure carbon 
dioxide, a temperature of 87.87° F., a pressure of 1071 psia, 
and a volume 0.0342 cu ft/lbm is the critical point (see 
Robert S. Metcalf, Petroleum Engineer’s Handbook, Table 
20.2 Some Physical Constants of Hydrocarbons). (The unit 
“lbm” refers to pounds of mass.) 

[0079] At conditions such as these, the injectant has the 
characteristics of a single phase. This critical phase can be 
used as a liquid injectant if the density is greater than the 
vapor released from the hydrate at subsurface conditions. 
Phase and density data speci?c to the injectant and to the 
in-place hydrate composition Where this invention is to be 
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used should be obtained from laboratory analyses to ensure 
that the appropriate relationships betWeen pressure, tem 
perature, and density for the injectant are used in the 
inventive system. 

[0080] FIGS. 4A-F display several injectant compositions 
(containing different amounts of CO2 and methane) Where 
the injectant 56 contains at least some carbon dioxide. The 
shaded areas that are designated as shaded areas 250 and 252 
in FIG. 4A; shaded areas 300, 302, and 304 in FIG. 4B; 
shaded areas 348, in FIG. 4C; shaded areas 400 and 402 in 
FIG. 4D; shaded areas 450 and 452 in FIG. 4E; and shaded 
areas 500, 502, and 504 in FIG. 4F shoW the pressures and 
temperatures Where the liquid phase or critical phase of the 
injectant 56 is stable and the vapor phase of the hydrate 100 
(in FIG. 1) is stable and the injectant at subsurface condi 
tions has a density greater than the density of the vapor 
phase released by the dissociation of the hydrate. The 
injectant 56 needs to be a liquid and to be denser than the 
vapor phase released during hydrate dissociation for the 
desired gravity/density partitioning to take place. 

[0081] The optimal pressures and temperatures are desig 
nated as shaded area 252 in FIG. 4A, shaded area 302 in 
FIG. 4B, shaded area 402 in FIG. 4D, shaded area 452 in 
FIG. 4E, and shaded area 502 in FIG. 4F. 

[0082] The effects of injection pressure on formation 
fracturing in the subsurface containment subsystem Will 
need to be evaluated on an individual Well basis. The 
stability Zone for hydrate occurrence and its exact pressure 
pro?le in the subsurface along With the pressure range under 
Which fracturing Will occur in the orientation of the fractures 
in this Zone and its effects on the injection containment may 
further constrain the range of optimal pressure and tempera 
ture of the injectant. The shaded areas designated as shaded 
area 304 in FIG. 4B, shaded area 348 in FIG. 4C, shaded 
area 400 in FIG. 4D, shaded area 450 in FIG. 4E, and 
shaded area 500 in FIG. 4F are at pressures that are above 
the fracture pressure of the rock formation containing the 
hydrate as Well as the fracture pressure of the overlying 
shale. Injection at pressures greater than the fracture pres 
sure can breach the subsurface containment. The stress ?elds 
at the time of injection are critical to the orientation of the 
fracture (vertical or horiZontal). A horiZontal fracture does 
not pose a problem. A vertical fracture that fractures the 
overlying shale may be a problem because of the migration 
of gas along that fracture and potential subsequent breach of 
containment and depressuriZation of injectant. 

[0083] The shaded areas designated as area 300 in FIG. 
4B and area 504 in FIG. 4F are not effective at partitioning 
the evolved natural gas from the hydrate because of the 
injectant vapor Which is present in these pressure and 
temperature ranges. 

[0084] In FIG. 1, source 24 is a natural gas accumulation 
(that is typically not from a hydrate source) that supplies 
produced gases 16 to conduit 14. Because this source of gas 
may not contain enough carbon dioxide to form a liquid 
injectant at subsurface conditions, additional carbon dioxide 
may be added to injectant 56 to ensure this. This additional 
carbon dioxide is added during gas conditioning in module 
36. 

[0085] In many areas, a natural gas accumulation rich in 
carbon dioxide exists at deeper depths than Where the 
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methane rich hydrates exist. An example of this source 24 is 
the natural gas accumulation in the Prudhoe Bay Reservoir, 
Alaska, Where the natural gas accumulation is beneath the 
hydrate Zone knoWn as the Eileen Hydrate Accumulation. 
This natural gas accumulation is called the Prudhoe Bay 
Unit (PBU) gas cap and it contains approximately 13 mole 
% carbon dioxide. Thus, the supply of carbon dioxide for 
source 24 in subsystem 12 could come directly from a Well 
connected to a deeper gas source and carbon dioxide from 
the deeper gas source could be produced to the surface and 
then be injected into the hydrate Zone. Additional carbon 
dioxide Will be required to be added to the gas from the 
natural gas source so that its composition as an injectant is 
liquid at the pressure and temperature for the production of 
the hydrate. Carbon dioxide removed from the gas cap by 
gas processing can be used for injection or it can be mixed 
With the gas cap gas to form a gas of suitable composition 
for an injectant. 

[0086] Source 26 is a fossil fuel electric poWer generation 
plant Which produces exhaust gas 18 containing carbon 
dioxide from the engine of the generation plant. Source 28 
is a fossil fuel compressor plant Which produces exhaust gas 
20 containing carbon dioxide from the engine of the com 
pressor plant. Current engine technologies produce exhaust 
gases containing from 3-12 volume % carbon dioxide and 
signi?cantly more NOX. PoWer plant technologies currently 
being developed, such as solid oxide fuel cells and molten 
carbonate fuel cells, reduce the NOX emissions and provide 
a ?ue gas primarily composed of carbon dioxide. Thus, solid 
oxide fuel cells and molten carbonate fuel cells are possible 
sources of injectant 34. This gas may need minimal gas 
handling or compositional modi?cation before being sup 
plied for injection. 

[0087] Current NOX production from a poWer or compres 
sor plant can be injected into hydrates as a hot gas, but not 
as a liquid. The cost of removing NOX from ?ue gas drives 
up the cost of production and may make the process too 
expensive. UtiliZing the injectant as a liquid, so that density/ 
gravity segregation occurs, is the preferred mode of oper 
ating the present invention. Thus, the gas/inj ectant stream 34 
should be a liquid injectant, containing at least some carbon 
dioxide, that is injected into the subsurface containment 
subsystem 66. 

[0088] Exhaust gas 22 is from natural gas-to-liquids plant 
source 30. The exhaust gas contains some carbon dioxide. 
This carbon dioxide Would be used in the gas source 34 and 
may require processing in module 36. 

[0089] Thus, the gas/injectant stream 34 should form a 
liquid injectant, containing at least some carbon dioxide, that 
is injected into the subsurface containment subsystem 66. 
The injectants With the higher carbon dioxide content alloW 
a broader range of options for using the injectant. If the 
content of carbon dioxide is high enough, as in FIGS. 4A 
and 4B, the injectant can be liquid at a pressure and 
temperature range beloW the Well bore stability of hydrate. 
This alloWs depressuriZation to be utiliZed for the production 
of the hydrate evolved gas. 

[0090] The gas/source 34 is pumped through conduit 14 in 
FIG. 1. In the case of source 24, Where the gas supply (a 
natural gas reservoir) is underneath the hydrate accumula 
tion, the Well injection casing string may be the conduit. 
OtherWise, conduit 14 Will be on the surface supplying the 
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exhaust gases or produced gases to initial gas processing 
module 36. The gas processing module 36 performs gas 
processing functions such as expansion or compression, 
temperature control, Water removal, and/or composition 
adjustment using conventional technology. 

[0091] The gas storage module 38 in FIG. 1 is located 
before the ?nal gas processing injection module 40. The gas 
storage module 38 is either (a) a tank on the surface; or (b) 
a reservoir that is the source of the subsurface natural gas 
accumulation used in source 24. The ?nal gas processing 
module 40 provides temperature and pressure control prior 
to injection and includes gas compressors, gas pumps, gas 
expansion chambers, gas heaters and/or heat exchangers. 

[0092] On the upstream side of FIG. 1, produced gas 
processing module 42 is on the surface and separates the 
produced gases, such as methane and carbon dioxide so that 
additional removed carbon dioxide 44 can be sent to storage 
module 38 to be injected, and/or methane can be removed 
prior to further gas processing and distribution at the pro 
duction facility 48. Some of the methane 32 from production 
facility 48 ?oWs through pipe 76 as needed to fuel the poWer 
generation plant 26, to fuel the compressor plant 28, and/or 
to supply the gas-to-liquids plant 30. The remaining methane 
from production facility 48 is transported through pipe 96 to 
a natural gas distribution system. Gas processing modules 
36, 40, and 42 may be part of the production facility 48 and 
may contain common elements. 

Well Subsystem 

[0093] The Well subsystem 52 includes the injection pipe 
string 54, the production pipe string 58, a larger Well bore 
60, injection packer 62, and production packer 64. The Well 
subsystem can consist of one or multiple Wells. 

[0094] The ?nal inj ectant 56 ?oWs doWn the injection pipe 
string 54 and is discharged Where the natural gas hydrates 
are located. The natural gas 94 Which is released from the 
hydrates ?oWs up the production pipe string 58 to the gas 
processing module 42. 

[0095] The Well subsystem 52 is created by drilling and 
completing at least one Well in a subterranean formation 
Where there is at least some natural gas in the form of 
hydrate. The site is chosen Where the geologic formation and 
hydrate occurrence alloWs for a subsurface containment 
subsystem 66. 

[0096] FIG. 1 shoWs the larger Well bore 60 Which can be 
lined With conventional casing or not as desired and Which 
is drilled into a subterranean formation so that Well bore 60 
penetrates a Zone of hydrate. Various effects need to be 
considered in the design of the Well, for example, effects 
such as: (a) melting of the surrounding Well bore hydrate 
and/or ice/permafrost by heat transfer from the injectant or 
casing-cement heat of formation; (b) casing strain and stress 
effects via changes in pore pressure because of different 
subterranean rock properties affecting ice or hydrate stabil 
ity; and, (c) the formation of hydrates in the production and 
injection strings, especially in times of shut doWn. The Well 
should include the necessary precautions to remedy these 
effects. These remedies include insulated tubing and casing, 
hydrate formation prevention techniques such as heating 
using heat tape, hydrate inhibitors, cement selection, and 
selection of slip joints as are conventional in the industry. 
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[0097] Boreholes are drilled at the desired distances and 
patterning from the surface into the subterranean formation. 
Thereafter the casing and pipe strings are set into the 
formation to the desired depth. Perforated or slotted casing 
is employed at the loWer end of Well bore 60 as shoWn in 
FIG. 1. The injection string 54 is placed so that injection 
occurs at greater pressure and is placed deeper than the 
production string. The system is designed to promote cir 
culation betWeen the injection and production string so that 
convective and conductive heat transfer and depressuriZa 
tion are optimiZed. The system may be employed in a 
horiZontal Well so long as the injection string is located so 
that the natural gas migrates into the production string via 
pressure differences. Since the system relies on gravity 
segregation, the injection string should penetrate deeper than 
the production string. 

Subsurface Containment Subsystem 

[0098] The subsurface containment subsystem 66 in FIG. 
1 is illustrated in a three-dimensional schematic represen 
tation. It includes natural geologic containment structure 68 
comprised of a layer of shale 98 and the in-situ solid 
(unmelted) natural gas hydrates 100. The siZe of the Zone 
Where the hydrates have melted Within geologic containment 
structure 68 Will increase over time. It should be understood 
that the clastic grains still remain in the Zone Where the 
hydrates have melted. For example, at time T1 the Zone 
Within the geologic containment structure Will be of siZe 70; 
at time T2 the Zone Within the geologic containment struc 
ture Will be of siZe 72; and at time T3 the Zone Within the 
geologic containment structure Will be of siZe 74. Thus, this 
dynamic containment structure 68 Will be de?ned through 
time by subsurface and injection conditions as the hydrate 
dissociation increases With time. 

[0099] Injection packer 64 is placed in the loWer portion of 
Well bore 60 to block injectant 56 from production string 58. 
Production packer 62 is placed higher in Well bore 60 to 
block production gas 94 from going up inside Well bore 60 
and to insure that production gas 94 goes up production pipe 
string 58. In a typical Well, drilling Will go through a layer 
of shale 98 Which Will function as the ultimate top of the 
subsurface containment subsystem 66. The containment 
shale 98 provides a vertical seal for the produced gas 
evolved from the hydrates underlying the containment shale. 

[0100] Thus, the selection of the formation of the subsur 
face containment system is critical. It is selected so that an 
overlying lithologic-permeability barrier isolates the hydrate 
Zone beloW and so that the permeability barrier Will not be 
signi?cantly affected by melting of the hydrate. The over 
lying lithologic-permeability barrier should be of suf?cient 
lateral and vertical extent to alloW the gas/liquid circulation 
system to operate and the pressure and temperature to be 
maintained for the liquid injectant. 

[0101] Dissociation of the natural gas hydrate occurs by 
emplacement of the injectant 56 Within the subsurface 
containment subsystem 66 by using heat transfer from the 
injectant, pressure change by pressure draW doWn on the 
production string, and by the rate of dissociation of natural 
gas hydrate to alloW the natural gas-hydrate to dissociate to 
free natural gas and to migrate to the production string 58. 
The methane hydrate dissociates to Water and methane in a 
ratio of about 8:1. 
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[0102] If the injectant 56 is injected at a high enough 
pressure, fractures in the subsurface rock formation Will 
occur. The shaded areas designated as area 250 in FIG. 4A, 
area 304 in FIG. 4B, area 348 in FIG. 4C, area 400 in FIG. 
4D, area 450 in FIG. 4E, and area 500 in FIG. 4F are at 
pressures that are above the fracture pressure of the rock, 
Which Will possibly result in breaching the subsurface con 
tainment. The effects of injection pressure on the formation 
fracturing on the subsurface containment Will need to be 
evaluated on an individual Well basis. The stability Zone for 
hydrate occurrence and its exact pressure pro?le in the 
subsurface, along With the pressure range under Which 
fracturing Will occur such that it affects subsurface contain 
ment in this Zone, may further constrain these optimal 
pressure and temperature regions. 

[0103] If the principal stress ?elds and other unknoWn 
factors are such that these fractures are parallel to the 
bedding and to the containment shale barrier at the top of the 
interval, there may not be a problem With breaching the 
subsurface containment subsystem. HoWever no matter What 
the type of fracture, vertical or horiZontal (or parallel to the 
bedding), the injectant should not be injected at a high 
enough pressure to cause the subsurface containment system 
to be breached by a fracture that Would cause insuf?cient 
pressure retention in the subsurface containment subsystem 
for the inj ectant to exist as a liquid phase. For example, if the 
injectant 56 or the hydrate-evolved natural gas 94 exhibits 
pressure leak-off because a vertical fracture penetrated the 
sealing shale at the top of the subsurface containment 
subsystem, then the injectant may depressuriZe and become 
vapor or the vapor phase derived from the hydrate Will not 
reach the production string because of gas migration along 
the fractures. 

[0104] A free gas Zone often exists beloW a stable hydrate 
Zone. Emplacement of the injectant in this Zone may not be 
possible because dynamic subsurface containment cannot be 
maintained. Increasing the pressure in this Zone is dependent 
on the siZe of the aquifer underlying the free gas Zone and 
chances are that the Zone Will be limited to pressure increase. 
If this free gas Zone is encountered, it is recommended to 
produce the gas to the surface by decreasing pressure and to 
depressuriZe the Well so that hydrate production occurs. Care 
should be taken that the injectant remains a liquid at these 
reduced pressures. 

[0105] If the injectant can be injected at a loWer pressure, 
the inj ectant can be injected at and sequestered at the narroW 
pressure and temperature range that exists betWeen the 
injectant phase envelope and the hydrate phase envelope. In 
FIG. 4A, for example, the carbon dioxide Will form a 
hydrate and methane from the hydrate Will be in a vapor 
phase. This Will alloW continued production of methane 
While carbon dioxide is at the range of temperature and 
pressure Where it can form a solid hydrate. 

[0106] As discussed above, the narroW range of tempera 
ture and pressures that de?ne the difference betWeen the 
injectant phase envelope and the methane phase envelope 
could be used as a range of temperature and pressure in the 
subsurface to abandon the Well. The temperature and pres 
sure of the subsurface can be controlled by the rate of 
injection and the temperature of injection, regional tempera 
ture gradient, the rate of dissociation, phase transition tem 
perature changes, and by pressure draWdoWn in the produc 
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tion string. At this range of temperature and pressure 
betWeen, for example, lines 260 and 258 in FIG. 4A before 
they cross over, the injectants, especially those With higher 
carbon dioxide content, Would be in the hydrate stability 
Zone While the methane at this temperature and pressure is 
a vapor. 

Control and Monitoring Subsystem 

[0107] The gases and liquids in system 10 in FIG. 1 are 
controlled and monitored by a control and monitoring sub 
system. The control and monitoring subsystem includes ?oW 
control devices 78, 80, 82, and 84 that control the pressure 
(of the injectant and the produced gas) by means of valves, 
pumps, compressors, and/or expanders that control the tem 
perature (of the injectant and the produced gas) by means of 
heaters, heat exchangers, and/or heat tape. Some of these 
devices, such as compressors, expanders, heaters or heat 
exchangers, may be part of the gas/injectant supply sub 
system. The control and monitoring subsystem also includes 
sensing devices 86, 88, 90, and 92 that monitor pressure and 
temperature in the gas supply subsystem, the Well subsystem 
for injection and production, and the subsurface containment 
subsystem. Conventional gauges (for example, either elec 
trical or ?ber optic) are used. The placement of these devices 
is such as to adequately monitor the production and injection 
strings in both the subsurface containment subsystem and 
elseWhere, such as in the gas processing modules 36, 40, 42 
and 48. The injectant/gas circulation system is controlled 
and monitored to alloW the initiation, the continuation, and 
the shutdoWn of circulation of an injectant and produced 
gasses. It is also utiliZed to optimiZe the rates of production 
of the gas and the rate of injection and the temperature of the 
injectant. 

The Embodiment ShoWn in FIG. 2 

[0108] A more speci?c subsurface embodiment of the 
present invention is illustrated by the system 110 shoWn in 
FIG. 2. System 110 includes several subsystems: a gas/ 
injectant supply subsystem 112 that provides the gas/in 
jectant; a Well subsystem 114 that connects the gas/injectant 
supply subsystem to the in-place subterranean source of 
natural gas hydrates and that pipes the gas produced up to 
the surface; a subsurface containment subsystem 116 that 
provides gravity/density segregation of the liquid injectant 
Which contains carbon dioxide, dissociation of the in-place 
methane hydrate, production of gas, and recycling of the 
injectant/gas provided by Well subsystem 114 from gas/ 
injectant supply subsystem 112; and, a control and moni 
toring subsystem that provides monitoring and control of the 
pressure, temperature, and composition and How of the 
injectant and the produced gases. 

Gas/Injectant Supply Subsystem 

[0109] The gas/injectant supply subsystem 112 in FIG. 2 
employs one or more possible sources of gas for the inj ectant 
118. For example, source 144 is a natural gas accumulation. 
Another example is exhaust 146 from a fossil fuel poWer 
generation plant 152. Another example is exhaust 148 from 
a fossil fuel compressor plant 154. 

[0110] The gas from the above sources is compressed by 
compressor 150 into gas storage tank 120. The injectant 118 
used for melting the hydrate is more ef?cient for heat 














