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FOREWORD

Satoshi AkisayasHi

The resolution of global environmental problems is a very difficult task which requires the devel-
opment of innovative technologies straddling conventional scientific and technological fields. In the
vear 1998, we organized our research team on the title of *Evaluation of CO: Storage System using
Aquifer under Seabed” using Grant-in-Aid for International Scientific Joint Research from the Mini-
stry of Education, Science, Sports and Culture to look for clues to the solution of above problems.

Storage of carbon dioxide (CO:) in underground aquifers is currently of much interest as a
countermeasure to reduce CO; emissions. As CO. disposal project is coming up, it is seems an estab-
lished technology. However, to apply this technology in Japan, we have three primary problems :
(1) Data of geological survey are lacking to find a large-scale domestic aquifer ; (2) We do not have
any nationwide pipeline transportation system ; (3) People have a fear of gas blow up from the aq-
uifer, if the formation is fractured by over injection of CO..

The first problem is a matter for the geologists, and can be solved by further acquisition of geo-
logical data. The second problem is rather political and can not be solved easily. The third problem
i1s due to misunderstanding among people, but it seems difficult to get public acceptance near the
civilized region. Judging from these facts, the aquifers under the seabed are the most feasible places
to store CO:. In this research project, we propose a CO: storage system in aquifers under seabed
considering formation of auto-genetic sealing cap by gas hydrate.

In fiscal year 1998, the study on the proposed system was actively pursued by 10 researchers
(foreign members 4 and domestic members 6). The researchers reported their progress at the aca-
demic meeting in Akita, Japan and their findings have been compiled in an international journal to
give an overview of our technological effort.

It 1s my deepest hope that this research report will find many readers, and prove valuable in
presenting our effort towards resolving global environmental problems, as well as in helping to pro-

mote activities for environmental conservation.

International Scientific Joint Research Coordinator
Akita University, Professor
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Abstract

The annual 70 million tons’ CO; injection separated from flue gas of fossil
fueled power plants into aquifer may reduce Japan’s artificial carbon dioxide
emission as much as 6% with annual cost of 420 billion yens that match 1,200
yens/c carbon tax. Geological sequestration of CO. is a technically and eco-
nomically feasible option for mitigation of greenhouse gas emission.

Carbon dioxide injection under gas-hydrate-filled layers or under perma-
frost layers can realize the greenhouse gas mitigation and recovery of unused
natural gas. Autogenous sealing of CO. in deep and cool aquifers assures vir-
tually complete and practically unlimited subsurface containment of CO..

Chemoautotrophs fix carbon dioxide in deep aquifers even without sun
light. Methanogens can convert CO: into methane in deep anoxic aquifers.
Biogenetic restoration of subsurface hydrocarbon deposits is expected in CO.-
injected aquifers after tens or hundreds of years. Microbiological recycling of
CO: in aquifers is an attractive future technology for energy-short countries such
as Japan. Important key for underground CO: recycling is hydrogen supplies
owing to microbial decomposition of organic matter and from geochemical
water-rock interaction in deep rock formations.

Key Words : CO., Aquifer, Storage, Methane, Hydrate, Microbe, Methanogen,
Recyeling

1. Geological sequestration of CO. as a greenhouse gas mitigation option

In the Third Session of the Conference of the Parties to the United Nations Framework Convention
on Climate Change (COP-3) in Kyoto, 1997, Japan agreed to reduce greenhouse gas emission by 6%
by the period 2008 to 2012 compared with 1990 level. This is a difficult goal for Japan to achieve,
because Japan emitted about 1.2 billion tons of CO; artificially in 1995, that is, alreadv 8% larger
than 1990 level. Japan would be barely able to reduce the future greenhouse gas emission to 1990
level with the best efforts at conservation of energy, development of new energy sources and the
maximum boost in nuclear power generation. Only possible and quickly effective greenhouse gas
mitigation option would, then, be geological sequestration of CO; for significant reduction of green-
house gas emission below 1990 level.
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Japan would be able to meet the COP3 target If Japan takes immediately powerful action in geo-
logical sequestration of CO:. It is assumed that 70 million tons of CO: would be captured by chemi-
cal (amine) absorption method (90% efficiency) from flue gas of several new and powerful coal-fired
power plants that would otherwise emit total 78 million tons of CO: in air. Geological sequestration
of CO:is more favorable” than ocean sequestration of large amounts of CO: for protection of ocean
environment. Systematic fundamental drilling survey of geological structures for oil and gas explo-
ration in and around Japan by Ministry of International Trade and Industry (MITI) -Japan National
0il Corporation found empty anticlinal structures that can store 1.5 billion tons of CO.”, that is,
enough capacity to accommodate 77 million tons of CO: annually during 20 years. Oil and natural
gas reservoirs, too, can contain 2 billion tons of CO.”. However, oil and natural gas reservoirs are
available only when they become sufficiently depleted.

As energy spent for capture, transport and underground injection also cause emission of about 2
million tons of CO:, underground injection of 70 million tons CO: reduces net 68 million tons of CO.
emission in the air, that is, equivalent to 6% of artificial CO: emission of 1990 level in Japan. On
the basis of preliminary cost estimation of Akai et al.”, it is estimated that geological sequestration
would cost 424 billion yens for capture, transportation and underground injection of CO: to reduce 6
% of artificial CO; emission of 1990 level. If this cost for geological sequestration of CO. is directly
surcharged on the electric power generation cost of the CO:source fossil-fueled power plants, electric-
ity charge would soar high. However, all users of fossil fuel energy should bear evenly expenses for
geological sequestration of CO:, because it contributes to reduce Japan’s total artificial emission of
greenhouse gas to meet COP3 target. If the expenses for geological sequestration of CO: are paid
by carbon tax, carbon tax would be enough at a reasonable rate of 1,200 yens per 1 ton of carbon,
that is, 0.13 yen per 1 kWh of electricity or 0.8 yens per 1 litter of gasoline.

This preliminary estimation suggests that geological sequestration of CO. captured from flue gas
of fossil-fueled power plants is a feasible option for reduction of greenhouse gas emission for Japan
to meet the target by the Kyoto Protocol. Fossil fuels have been main energy source for human
activities since the Industrial Revolution and would be the most important energy source in the world
in the foreseeable future. Especially, coal has great potential as world’s energy source but also is
blamed as the worst CO: emitter. Koide et al.” estimated that the storage capacity of saline aqui-
fers is 320 billion tons-CO: in the world. However, this estimation is too much conservative as they
assumed that CO; is dissolved at groundwater in 300m thick aquifers in only 1% area of world aqui-
fers. It seems better to revise the storage capacity of world aquifers to 3 trillion tons-CO: at least.
Zero emission fossil-fueled power plants with geological sequestration of CO: are feasible option for
reduction of greenhouse gas emission,

2. Autogenous sealing of CO: storage in aquifers

Natural gas-hydrate-filled layers are often found under deep sea floor due to high pressure and
cool temperature. Natural gas tends to accumulate under the gas-hydrate-filled layers and under
permafrost layers, because the layers are virtually perfect insulator of gas. It is feared that global
warming may be accelerated by emission of trapped methane due to dissolution of permafrost layers
and hydrate layers by warming. Injection of CO. under permafrost and methane hydrate caps with
counter extraction of trapped methane prevent acceleration of global warming, because injections of
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Fig. 1 Sub-seabed disposal and state of CO. at temperatures and pressures below the seabed.
B-Q-T is the boiling curve of CO:, while T denotes the critical point at 31.1°C, 7.39
MPa. P-Q-R is the decomposition criterion of CO: hydrate. The dotted area is the
temperature-pressure range where CO: hydrate may be formed in marine sediments.
J-F-K is a temperature profile in the northern Pacific Ocean. The lines SSD and DSD
are simplified examples of possible temperature-pressure increase with depth in marine
sediments in cases of shallow and deep sub-seabed disposal, respectively.

CO: strengthen permafrost and methane hydrate caps with CO: hydrate that is stable at higher tem-
perature than ice at high pressure and than methane hydrate (Fig. 1, Fig. 2). CO:injection under gas-
hydrate layers and under permafrost layers may realize the greenhouse gas mitigation and recovery
of unused natural gas at the same time”.

CO: injection into deep aquifers may form CO; hydrate-filled layers under about 300m water col-
umn under deep and cool sea floor? (Fig.1). Autogenous sealing of CO: in deep and cool aquifers
assures virtually complete and practically unlimited subsurface containment of CO.. Autogenous
sealing is very safe, because every crack shall be automatically filled even if earthquakes form gaps
in cap rocks.

The sub-seabed disposal of CO: is safer than the disposal of CO: in inland aquifers. Even if
small amounts of CO: seeped out of sea floor, CO: would disperse and dissolve into sea water. On
the surface of the sea, there exist no depressions where CO. may concentrate. Sediments under deep
sea floor are very cool because the deep oceanic water is usually at a few degrees centigrade. CO:
hydrate is formed in sediments under wide areas of ocean floor deeper than about 300m. Virtually
complete isolation of huge amounts of CO. is possible by the deep sub-seabed disposal”. Liquid CO.
with heavy suspension intrudes laterally under light unconsolidated sediments at sea floor deeper than
about 3700m. Lateral intrusion technique for the super-deep sub-seabed disposal of CO. can protect
the ecology on the sea floor.
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Fig. 2 Trapping of CO: in sub-seabed aquifers and in cool aquifers and methane extraction.

Intrusion grouting of calcium hydroxide solution is expected to induce similar sealing effects, be-
cause precipitation of calcium fills gaps in rocks when calcium hydroxide meet CO.. Sealing of drill
holes by calcium hydroxide is important to prevent leakage of CO..

3. Microbial rejuvenation of methane deposits by aquifer storage of CO.

Fossil groundwater is pumped up and natural gas dissolved in groundwater is separated and
commercially used in a few sedimentary basins such as Kanto basin in Japan. Dissolved natural gas
deposits are not usually economically rich, while methane-dissolved groundwater is found in most of
sedimentary basins. Exploitation of natural gas deposits in Tokyo area has been prohibited general-
ly, because pumping up of groundwater often caused subsidence. Underground injection of CO. can
prevent subsidence owing to upholding of groundwater pressure in aquifers. Underground injection
of CO; and counter extraction of groundwater realize recovery of methane dissolved in pumped up
fossil groundwater to utilize low grade of natural gas resources while preventing subsidence®.

Nakai” made carbon isotope measurements on several dissolved natural gas deposits in Japan
and found that carbon in CH. has isotopic values ranging from —65.5to — 74.8 per mil deviated from
P.D.B. standard, while carbon in CO: has isotopic values from +2.0 to —12.2 per mil. Extremely
light isotopic compositions of carbon in CH; suggest that methanogens formed some of the dissolved
methane deposits.

Anaerobic chemoautotrophic methanogens belong to Archaea, many of which can survive in ex
treme environments such as high temperature, high pressure and high salinity. Most of methanogens
form CHi from CO: and H: and gain energy.

CO: + 4H. — CH.+ 2H:0

Thus, bacterial methanogenesis are made without help of sunlight. Methanogens are blamed for
greenhouse gas emission as they produce methane in bowels of cows and termites and in rice paddy,
as they are abundant in such anoxic habitats. Accumulations of methane-rich natural gas of bacte-
rial origin have been found in many sedimentary basins in the world®. Stevens and McKinley” found
that methanogens are active in aquifers deeper than 1000m in the Columbia River Basalt Group, U.S.A.




