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INTRODUCTION

Carbon sequedtration is one of three mgjor pathway's to achieve stabilization of greenhouse gas
concentrations. Compared to the other two pathways—improving the efficiency of energy use and
reducing the carbon content of fuels—carbon sequestration is the newest gpproach and is less mature
from aresearch and development perspective. Infact, it isanew fied of science and technology, one
in which thereis agreat opportunity for the identification and exploration of novel concepts. This paper
explores some of these opportunities, identifies several current avenues for novel concepts, and focuses
on one “value-added” concept.

Nove gpproaches to carbon sequestration can play an extremely important role in extending the
boundaries of technology options for CO, capture, storage, and reuse. Opportunities include
conversion to benign, stable compounds for long-term storage or to value-added products for reuse.
For example, one areais CO, minerdization. One concept uses carbonic anhydrase enzyme to convert
dilute, unseparated CO, to HCO5™ and then to everlagting calcium and magnesium carbonates. This
could offer agtable, essentially permanent storage option for carbon sequestration. Another arealis
biogenic methane. One concept is the geologic storage of CO, in depleting and depleted oil and gas
reservoirs, with subsequent conversion of the CO, to CH, via designer microbes or biomimetic systems
that operate either below or above ground. This could lead to “closed-loop” fossl systems, providing a
sustainable methane economy with near-zero net CO, emissons.




A common eement of many of these concepts is to enhance naturdly occurring biochemicd and
geochemica processes. That is, to identify and replicate (at greater scale, faster conversion rates, etc.)
natural processes that mediate interactions that are beneficid for the purposes of carbon sequestration.
Microbid consortiain the ocean sediments, for example, are known to convert CO, to both CH, and
carbonates through various biochemical pathways. The overd| chdlengeisto 1) identify pathways of
potentia interest, 2) eucidate the biogeochemica processes involved, and (3) develop enhanced

and ogs through bioengineering or biomimetic approaches. Such approaches could yield breskthrough
processes that are sustainable, environmentally benign, and cost-effective.

OBJECTIVE: ACHIEVING THE SEQUESTRATION VISION

The vison for the Sequestration R& D Program is to develop the scientific understanding of
sequestration and devel op, to the point of deployment, those options that ensure environmentally
acceptable sequestration to reduce anthropogenic CO, emissons and atmospheric concentrations.
In the near- and mid-term, the program will develop options for vaue-added geologic sequestration
with multiple benefits, such as usng CO, for enhanced ail recovery and for enhanced methane
production from deep, unminable cod seams. Over the long-term, the technology products will be
revolutionary and require less reliance on Ste-specific or gpplication-specific factors to ensure their
economic viability. The program seeks to use early successesin niche vaue-added applications to
atract greater industry interest and participation in advanced sequestration concepts R&D.

Putting the Carbon Back in the Ground

With the passage of time, plus temperature and pressure, the carbon in plants and fossils buried
underground has been converted to petroleum, cod, and other fossl fuels. These are the same fossll
fuelsthat are the source of the CO, emissions that we now seek to reduce. The vison for geologic
sequedtration is “putting this carbon back in the ground.”

Under the surface of the earth, in the U.S. and many areas of the world, are structures that once were
filled with oil and gas but now have space that could be used for storing CO,. Under the right geologic
Setting, a portion of thisinjected CO, may be converted to fixed minerds or, in the presence of
methanogens and other biologic agents, back to methane (1,2).

Other gtructurd settings, lacking the presence of hydrocarbons, are filled with saline waters left over
from pre-historic seas. These structures would also serve as Sites for CO, storage, displacing the water
in the structures or becoming dissolved in the saline water itself, much asis the case with naturd minerd
water.




Role of Natural Analogs

Opportunities exist for understanding the long term behavior and safety of these underground carbon
dioxide storage sites from rigorous study of “naturd anadogs.” In certain geologic and high temperature
Settings, the hydrocarbons or foss| fuelsin areservoir have been converted to CO,. In other settings,
CO, from deeper sources has migrated and become trapped in these underground structures (3). In
either case, the CO, in these naturd andogs has existed for millions of years. Understanding the
interactions of carbon dioxide with formation water, rock and minerals and ng the seals and
leskage (if any) of naturd CO, storage Sites can provide vauable insghts and deta obtainable in no
other manner.

Value-Added Geologic Sequestration

Asintroduced above, some of the geologic settings offer the potentia for value-added byproducts,

hel ping defray some of the costs of carbon sequestration. Notable examples are the injection of CO,
for enhanced oil recovery and enhanced coabed methane recovery. Numerous barriers fill exist in
using these options for CO, storage, such as reconciling the conflicts between achieving the lowest cost
of oil/methane recovery and maximizing CO, sequestration. In al cases, adding appropriate long-term
monitoring and verification to the CO, injection and storage process will be essentid.

In the near term, the adaptation of these exigting technologies can provide viable options for using
geologic sequedtration. In the longer term, considerable research and technology demonstration will be
required to fully define and lower the costs of advanced options, such as saline formation storage,
biomineraization, or even methane production through methanogens or biomimetic gpproaches.

APPROACH: THE SEARCH FOR VALUE-ADDED ADVANCED CONCEPTS

Vaue-added geologic sequestration provides atemplate for the desired attributes of advanced
concepts. The only way we can expect to create new, advanced concepts which have a chance for
achieving program goasis to pursue advanced concept options which can aso achieve multiple
benefits, or as we have called them, value-added benefits.

For the longer-term, we envison closed-loop foss| fuel systems. That is, systemsin which the carbon
regjected in the fud production or useis “recycled’. Envison systems such as shown conceptudly in
Figure 1. Conceptudly, thisis straight-forward. It is andogous to closed-loop biomass systems, where
the “recycle module’ isthe growth of replacement standing biomass, over a 30-40 yeer interva. The
chdlenges are formidable. CO, isnot an attractive feedstock from an economic or energy efficiency
viewpoint. But fortunately nature provides us some clues as to pathways we might pursue.
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permanent sequestration of CO,. One concept uses carbonic anhydrase enzyme to convert dilute,
unseparated CO, to HCO;™ and then to cacium or magnesium carbonates (4,5). Biogenic methane
arises from methanogenesis, abiologica process widely found in nature in which bacteria generate
methane by severd pathways, including CO, reduction (6,7). One concept envisions closed-loop
systems with injection of CO, into depleted (or depleting) oil or gas reservoirs, with the use of
“designer” microbesto convert the CO, to CH, a commercidly useful rates of gas generation.
Alternatively, a process usng biommetic catalysts could be carried out above-ground (2).

Figure 1 Closed-Loop

Unfortunately we have yet to find a minerdization concept that is vaue-added. Both of these examples
are extracted from the field of biogeochemistry. What other examples exis? We have only recently
darted to serioudy explore these phenomena. Can we create biomimetic pathways to produce “vaue-
added” products from CO,? The associated disciplines of biology, chemistry and catdysis offer arich
et of opportunities for future research to identify revolutionary new chemigtry/biochemigtry.

SCIENCE & TECHNOLOGY: BIOGENIC METHANE PATHWAYS

Biogenic methane is aterm used to describe natura gas derived from the reduction of CO, via
biogeochemica processes (8). The processes which contribute to the production are complex, poorly
understood, but pervasive in nature (7). The operative processes vary from site to site where
observations have been made, but generaly have occurred over long periods of time. Biologica
processes include methanogenesis and hydrogenogenesis, but there are aso geochemical processes that
have been identified (9). Figure 2 provides a conceptua picture of the many possible pathways which
may come into the process of conversion at any particular site (1,10).
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Methanogenesisin Natural Systems

Methanogenic bacteria generate methane by severd pathways, principaly the fermentation of acetate
and the reduction of CO, (6,15). Figure 3 diagramsthe microbid chemidry that has been ducidated
for the thermophile Methanobacterium ther moautotr ophicum in the reduction of CO, to CH, (7).
Generdly aconsortium, or food chain of microbid organisms, operates together to effect a series of
biochemica reactions in the production of methane in energy-yidding cdlular processes. Methanogens
are anaerobic bacteria of the family Archaea, and are found in such diverse environments as landfills,
digedtive systems of animals, in degp ocean vents, and in cod seams. Chemaosynthetic communities are
found in close association with cold hydrocarbon seeps, for example, and demonstrate complex
relationships that include the minerdization of CO, aswell as methanogenesis (11). In one location,
sampling of hydrocarbon gases from ocean-floor cold hydrocarbon seepsin Monterey Bay, Cdifornia
suggest that most of the methane produced is microbia in origin (12). In coa seams, methanogens may
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somefidds For example, in
the Terang-Srusan Fidd in the
East Java Sea, methane is
generated exclusively by methanogens using the CO,-reduction pathway (16). Furthermore, recent
sudy of oil and gasfiddsin the Gulf of Mexico sheds light on the rate of methane evolution. It gppears
that there may be sgnificant recharge of reservoir methane in atimeframe (decades) that is Sgnificant to
commercia uses (17).

Figure 3. Microbial Chemistry of CO, Reduction to CH,
[from Woalfe (7)]

Where Are We Today?




Developments in genetic decoding, gene sequencing, identification of novel enzymes, and selection of
desrable traits have the potentiad to result in enhanced CO, to CH, conversion processes. The
potentia exists for both improved biologica processes using engineered biologica systems, or
processes that mimic biologically-based catalysts and processes (biomimetics). For example, advances
in the “directed development” of microorganiams offers the potentid for enhancing biochemica
processes and pathways of interest for commerciad applications (18). Also, for example, the supply of
hydrogen via hydrogenogens to the methanogen-catdyzed converson of CO, to CH, may be amgor
bottleneck in methane evolution. Thereis probably an optimum set of methanogen and hydrogenogens
in agiven system as well asaneed in some, but not dl, cases to inject organic matter to hep supply
hydrogen and thereby make the overall converson of CO, to CH, go faster. Obvioudy, thisisan area
of high-potential research that can be explored and possibly exploited (7,10).

BENEFITS

The potentia payoff isundeniably large. Low-cost, natura-process based systems could provide the
foundation for the sequestration of large amounts of CO, Moreover, these processes would be both
environmentaly acceptable and sustainable. These are key factors for any systems that may be
deployed worldwide in large numbers.

FUTURE ACTIVITIES

Given the amounts of CO, that will need to be sequestered to reduce global CO, concentrations,
advanced concepts must play a pivotd role in providing viable and cost-effective science and
technology options for the challenge ahead. Advanced concepts based on natural processes offer great
promise but much basic and applied scientific research will be needed before the true potentia can be
assessed.

While there appears to be a sound fundamenta basis for this and related approaches, several aress of
research are indicated.

C A better understanding of existing natural anadogs and emerging sequestration processesin various
geologicd sttingsisrequired.

C  Thekinetics of known microbia conversons appear to be rdatively dow; increases of many
orders of magnitude will be required for commercia-scale processes.

C Rdated factors, such as growth cofactors needed to sustain a hedthy microbia population, the
source of hydrogen for CO, conversion, and the mechanisms to remove waste productsin a
geologicd setting must be identified.




C  Whilethe approach would build on naturad geophysica and biochemica processes combined with
novel or enhanced enzyme and energy pathways, our present understanding of these processesis
fragmented in this context. A systematic assessment of the linkages and relationships of the
geologic, chemica, and biologica components will be necessary.

For gpproaches based on the evolution of biogenic methane, a number of specific biochemica
pathways and mechanisms must be explained.

C  Thereaction pathways that occur in natural systems must be identified and the pathways of interest
to sequestration selected.

C  The specific mechanisms and enzyme systems that mediate these reaction pathways must be
determined.

C “Fad” reaction pathways must be identified and/or the kinetics of dower pathways must be
enhanced for commercialy-useful rates.

C  The specific heats of individua process steps must be understood to dlow determination and
refinement of process engineering and economic factors.

The authors wish to interest researchers from various disciplinesin beginning an open and extended
dialogue on the potentia of novel concepts, such as the one discussed here, in developing science and
technology options to mitigate globa climate change. Therole of novel science and technology
approaches will be critica to the development of effective mechanisms to stabilize greenhouse gas
concentrations.
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