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Preface

Currently, three climate change mitigation strategies are being explored: a)
increasing energy efficiency, b) switching to less carbon-intensive sources of energy,
and c) carbon capture and sequestration (CCS). As a strong option to achieve the
large-scale reductions in CO,, CCS technology allows the continuous use of fossil
fuels and provides time to make the changeover to other energy sources in a
systematic way. Therefore, CCS technology is certainly necessary both globally and
nationally in order to mitigate climate change.

The ASCE’s Technical Committee on Hazardous, Toxic and Radioactive
Waste has identified CCS technology as an important area for mitigation of climate
change and sustainable development, and thus, made an effort to work with the
contributors to put this book together in the context of a) the basic principles of CCS
focusing on the physical, chemical and biological methods (see chapters 1-7); and b)
applications and research development related to CCS (see chapters 8-17). This
structure reflects the historical evolution and current status of CCS technology as well
as the major issues/challenges/the path forward for CCS technology.

Many factors decide CCS applicability worldwide, such as technical
development, overall potential, flow and shift of the technology to developing
countries and their capability to apply the technology, regulatory aspects,
environmental concerns, public perception and costs. In this book, the term CCS is
defined as any technologies/methods that are to a) capture, transport and store carbon
(CO,), b) monitor, verify and account the status/progress of the CCS technologies
employed, and c) advance development/uptake of low-carbon technologies and/or
promote beneficial reuse of CO,. As a reference, the book will provide readers in-
depth understanding of and comprehensive information on the principles of CCS
technology, different environmental applications, recent advances, critical analysis of
new CCS methods and processes, and directions toward future research and
development of CCS technology. We hope that this book will be of interest to
students, scientists, engineers, government officers, process managers and practicing
professionals.

The editors gratefully acknowledge the hard work and patience of all the
authors who have contributed to this book. The views or opinions expressed in each
chapter of this book are those of the authors and should not be construed as opinions
of the organizations they work for. Special thanks go to Ms. Arlys Blakey at the
University of Nebraska-Lincoln for her thoughtful comments and invaluable support
during the development of this book.

—RYS, TCZ, RDG, RN, BRG, CSPO, SY, SKB, AR, CMK
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CHAPTER 1

Introduction

Rao Y. Surampalli, B. R. Gurjar, Tian C. Zhang, and C. S. P. Ojha

This book on Carbon Capture and Storage (CCS) mainly includes the Physical,
Chemical and Biological Methods. The book starts with a broad overview of CCS in
chapter 2 by Gurjar et al. In this chapter, the authors mainly focus on need and
importance of CCS so as to control the greenhouse gases (GHGs) emissions and its
consequences on climate change. This chapter reveals an overview of CCS, mentioning
CCS as a transitional strategy until renewable and nuclear energies can displace fossil
fuel energy.

Further, this book reveals its contents sequentially in two parts. The first part
deals with the basic principles of CCS, and it is spread over in 5 chapters (chapter 3 to
7). The second part includes applications and research development related to carbon
capture and storage and it is covered in 10 chapters (chapters 8 to 17).

Chapter 3 by Verma et al. sheds light on physical/chemical technologies of CCS.
This chapter explains various types of existing carbon capture technologies, application
schemes, and their possible future improvements and modifications. The present
technology utilizes chemical/physical solvents and sorbents, membranes, enzymes, and
innovative processes to capture CO; at pre-, post-, or oxy-fuel combustion stages. There
are numerous other techniques that are under investigation such as physical
solvents/sorbents, molecular sieve, activated carbon, membranes, cryogenic
fractionation, chemical-looping combustion, and combination processes. In the end,
authors insist for the need of research to investigate best strategies for application of
suitable CO, capture technique at pre-, post-, or oxy-fuel combustion stages.

However, there is considerable upcoming research regarding the several
biological methods for efficient sequestration of CO,. Chapter 4 by Nouha et al. starts
with the discussion about the biological processes for carbon capture, and then provide a
state-of-the-art review on biological processes and technologies for CCS, including the
major biological processes, approaches and alternatives to i) capturing and ii)
sequestrating CO,, iii) advanced biological processes for CCS, an iv) comparison
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between biotic and abiotic CCS concerning their merits and limitations. Most of the
natural methods are slow and need attention on advanced biological techniques for CO,
reduction. It is emphasized in this chapter that the efficient utilization of biological
methods in all over the world can change the fate of our environment to a stable
condition.

The next chapter 5 by Mariyamma et al. focuses principally on carbon
sequestration and also discuss about the major disposal initiatives of carbon
sequestration namely, physical, chemical and biological process. In this chapter, CO,
sequestration including ocean, geological, and terrestrial sequestration of CO, and
leakage is discussed. Finally, the authors conclude that relying on a single method for
carbon sequestration will prove to be ineffective in the long run to sequester carbon.

In chapter 6, Ramakrishnan et al. overviews monitoring, verification and
accounting of CO, stored in deep geologic formations. In general, monitoring and
verification features are common to onshore or offshore sites. According to
Ramakrishnan et al., there is a need of risk management plan which outlines
remediation measurements to the monitoring and verification program throughout the
project life. This chapter describes various aspects of baseline surveys, chemical tracers
and numerous geophysical techniques, direct observations of the reservoir interval. In
all, authors suggest that further developments of sea-floor water-gas chemistry and flux
monitoring systems be required before fully operational systems will be available for
offshore storage areas.

The first part of the book ends with chapter 7 by Verma et al. in which the focus
is on current trends of CO, utilization and the concept of carbon minimum economy
with examples. This chapter presents a detailed description of reuse as fuel (e.g.,
methanol made from CO, and H,), reuse as raw materials for plastics and low carbon
economy. In this chapter, authors also mention that utilisation of CO; for the production
of synthetic fuels, chemical feedstock, polymers, and polycarbonates are some
exemplary steps. However, authors do not forget to mention that risks associated with
CCS in deep ocean and geological formations are significant and pose challenge to the
implementation of low carbon economy on a global basis.

To start with the second part of the book, Kao et al. provides information about
application and research developments of CO, capture technologies for the coal-
powered electricity industries in chapter 8. Kao et al. looks into the difficulties and
challenges regarding implementation of CCS technologies in coal powered electricity
industries. In general, choosing the most promising sorbent and the CO, capture
technology may not be possible due to the fact that multiple parameters would affect the
overall process performance and economics. Retrofitting of CCS in coal-based thermal
power plants is a key issue. This is due to the fact that the size and space required for
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CO; capture process facilities are greater than the size and space for conventional air
pollution controls.

Although CO, separation and capture from point and nonpoint sources is one of
the big challenges, CO, scrubbing is the most promising technology due to its wild
conditions, low costs, easier regeneration and faster loading. Chapter 9 by Jin et al. deals
with the process overview to post-combustion CO, scrubbing technologies, followed by
discussing advantages and disadvantages, scrubber materials, and applications of CO;
scrubbing processes. According to Jin et al., research on functionalizing solid supports
with amine functional groups for CO, capture has reached various stages of
development; however, sorbents-based systems still have challenges, such as high heat
of reaction and long-term stability.

In chapter 10, Verma et al. illustrates overview and assessment of carbon
sequestration via mineral carbonation. This chapter includes a detailed process of
mineral carbonation and compared with other methods of carbon sequestration. Authors
also discuss about the future research directions, considering advantages and
disadvantages of this method. Authors conclude the chapter stating that magnesium can
be a better choice as a mineral carbonation agent.

Carbon burial is one of the unique techniques being developed over the period of
time to neutralize or reduce the deposits of CO; released into the atmosphere from the
burning of gases, coal, oil, etc. In chapter 11, Bhattacharya et al. discuss in detail about
this technique along with enhanced soil carbon trapping. Carbon entrapping in the soil
helps in the crop growth and development, and the cycle of carbon returning back to the
atmosphere and from the atmosphere to the soil as burial of carbon continues in the
similar manner. Finally, authors summarize that choosing the right kind of crop and
plant enhances the soil with deposits of carbon, which eventually gets lost over the
period of time.

In chapter 12, Zhang et al. explains the algae-based carbon capture and
sequestrations. The authors compared the efficiency of algae with other vegetations and
state that algae are superior to others in carbon sequestration among all the vegetation,
due to their fast growth rate and possibility of using them for producing green energy
such as biodiesel, protein, etc. This chapter also deals with the principle and carbon
cycle of algae-based carbon dioxide sequestration, influence factors, and applications of
algae-based carbon sequestration followed by a brief cost estimation given at last. In the
end, authors remind that algae-based CCS is still not a matured technology and calls for
much more efforts to achieve high carbon dioxide sequestration efficiency with low cost.

Kumari et al. present enhanced photosynthesis as a carbon immobilization
technique in chapter 13. As forest resources can provide long-term national economic
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benefits, reforestation and preventing deforestation can be better options for carbon
immobilization. Authors also focus on genetic engineering which consists of modifying
RuBisCO genes in plants as well as increasing the earth’s proportion of C4 carbon
fixation photosynthesis plants. Also, authors conclude that better understanding of gene
expression in chloroplasts and how to manipulate it predictably will also be beneficial.

In chapter 14, Zhang et al. magnify the enzymatic sequestration of carbon
dioxide. Enzymatic sequestration of carbon dioxide is a way to sequester carbon dioxide
through transforming carbon dioxide into bicarbonate/carbonate ions, which can be
collected and converted into secondary chemicals as raw material for the use by
industry. In this chapter, a detailed explanation is given about the type of enzymes used
and the mechanisms of using enzyme for carbon dioxide sequestration. Authors also
discuss the difficulties to scale up the application of enzymatic carbon dioxide
sequestration along with the solutions. Finally, the chapter concludes that it is worth to
study in this field in order to find a proper method for carbon dioxide sequestration.

In chapter 15, Bhattacharya et al. introduce biochar as one of the most important
CCS technologies. Biochar is produced by a process called pyrolysis, which is the
direct thermal decomposition of biomass in the absence of oxygen to obtain an array of
solid (biochar), liquid (bio-oil), and gas (syngas) products. This chapter reviews topics
related to the biochar for carbon sequestration, including certain biochar production
methods and its properties, biochar amendment in soil, the effect of biochar on crop
productivity and economy, biochar’s capacity for mitigating climate change, and biochar
as bioenergy lifecycle. Biochar processes take the waste material from food crops, forest
debris, and other plant material, and turn it into a stable form that can be buried away
permanently as charcoal. Sustainable use of biochar could reduce the global net
emissions of CO,, methane, and nitrous oxide.

It should be accepted that ocean sequestration is a major natural method for
carbon dioxide control in the atmosphere. In chapter 16, Mariyamma et al. throw a light
on use of ocean iron/urea fertilization application for sequestering carbon. Authors
clearly explain that ocean sequestration of carbon dioxide will help to lower the
atmospheric carbon dioxide content on a global scale, their rate of increase and in turn
will reduce the detrimental effects of climate change and chance of catastrophic events.
This chapter ends with the demand for expensive research to develop techniques to
monitor the carbon dioxide plumes, their biological and geochemical behavior in terms
of long duration and on a large scale.

In chapter 17, authors address the issues related to modeling and uncertainty
analysis of CCS technologies and their performance. In general, CO;, pipe transport
could be modeled by using standard hydraulic equation of flow in which CO, is mostly
assumed to be transported in dense phase. Authors also focus on different multi-



CARBON CAPTURE AND STORAGE 5

dimensional models such as TOUGH2, ECLIPSE, STOMP, NUFT, LLNL to study the
CO; sequestration in the reservoirs. A hybrid modeling approach can be applied where
detailed numerical models are applied as needed and simpler models are applied in other
regions. Also, this chapter takes into account important risk associated with the CO,
sequestration, i.e., possibility of CO, leakage from the saline aquifers into the
groundwater and to the atmosphere.

In the end, Zhang et al. discuss the major issues, challenges and the path forward
for CCS in chapter 18. This chapter covers cost and economics issues, legal and
regulatory issues, social acceptability issues, technical issues along with concerned
uncertainty and scalability. Authors insist to overcome the technical, regulatory,
financial and social barriers. Deployment of large-scale demonstration CCS projects
within a few years will be critical to gain the experience necessary to reduce cost,
improve efficiency, remove uncertainties, and win public acceptances of CCS. Finally, it
is concluded that wide range of research is needed in the future for CCS development.
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CHAPTER 2

Carbon Capture and Storage: An Overview

B. R. Gurjar, C. S. P. Ojha, RaoY. Surampalli, Tian C. Zhang, and
P. P. Walvekar

2.1 Introduction

With the advent of Industrial revolution around 1750’s, human race entered an
era of enhanced industrial activity with the introduction of machines in the production
cycle. With unprecedented use of machines there rose a sharp demand for energy to
sustain this development, which forces human beings to utilize the most viable available
source of energy—the fossil fuels.

However, constantly increased exploitation of the carbon-based energy resources
in the last century has led to a substantial change in the atmosphere in the form of
increased greenhouse gas (GHG) concentrations. According to fourth assessment report
of Intergovernmental Panel on Climate Change (IPCC), carbon emissions from fossil
fuel combustion, industrial processes and land use change has increased the ambient
CO, concentrations, resulting in acidification of world oceans, global warming and
climate change (Royal Society 2005; IPCC 2007). It is anticipated that, by 2035, the
CO; level of 450 ppm, the commonly adopted definitions of a dangerous level of climate
change, will be reached with a 77-99% chance of exceeding 2 °C warming. This global
challenge could be even more severe because the rate of growth in CO, emissions
between 2000 and 2005 exceeds the worst case scenario (Gough et al. 2010).

The long-term solution of reducing GHG emissions is to uncouple energy use
and CO, release. To deal with this issue, an energy technology revolution and energy
systems transformation are required, involving superior energy efficiency, increased
renewable energies and the decarbonisation of fossil fuel based power generation (Oh,
2010; Dangerman and Schellnbuber 2013). However, the crucial questions is whether a
swift transition to sustainable energy systems, based on renewable sources (e.g.,
biomass, hydro, nuclear, solar, wind, geothermal and tidal energy), can be achieved (Oh
2010; Dangerman and Schellnbuber 2013).
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However, it is unlikely that in the near future the alternate energy sources and
technologies can fully substitute fossil fuels. Fossil fuel usage is expected to continue to
dominate global energy supply as the principle indigenous energy resource. Hence,
carbon capture and storage (CCS) is being investigated as a mitigation measure for
carbon dioxide emissions and climate change. Such a measure is appearing as a
transition until renewable and nuclear energies can replace fossil fuel energy (Williams
2006; Surridge and Cloete 2009).

The current technology options available for mitigation of climate change
include improved fuel economy, reduced reliance on cars, more efficient buildings,
improved power plant efficiency, decarbonisation of electricity and fuels, substitution of
natural gas for coal, CCS, nuclear fission, wind electricity, photovoltaic electricity, and
biofuels (Pacala and Socolow 2004). CCS is mentioned as a strong option to achieve the
large-scale reductions in CO, that are required during this century (IPCC 2005).
According to a recent analysis, the emissions of CO, will be reduced by approximately
350 Mt COy/yr by 2030, if CCS is used extensively after 2020 in the US power sector
alone (EPRI 2007). CCS allows the continuous use of fossil fuels by reducing CO;
releases and also provides time to make the changeover to other energy sources in a
systematic way. In a recent European Union (EU) survey, a majority of the energy
experts believed that CCS is certainly necessary both globally and nationally in order to
mitigate climate change (Alphen et al. 2007). However, many factors decide CCS
applicability worldwide, such as technical development, overall potential, flow and shift
of the technology to developing countries and their capability to apply the technology,
regulatory aspects, environmental concerns, public perception and costs (IPCC 2005).

CCS issues have been addressed/reviewed since the early 1990s (e.g., Riemer et
al. 1993; USDOE 1999; Herzog 2001; Anderson and Newell 2003; IPCC 2005; IEA
2009; Lackner and Brennan 2009; CCCSRP 2010; Zhang and Surampalli 2013).
However, still there is a need to review CCS technologies because new information is
now being generated at a faster pace. Particularly, this chapter serves as an overview
chapter to introduce CCS technologies, with major issues (e.g., concerns, constrains, and
major barriers) and future perspectives being discussed.

2.2 CCS Technologies

CCS is a course of methodologies consisting of the separation of CO, from
industrial and energy-related sources, compressing this CO,, transport to a storage
location and long-term isolation from the environment (Fernando et al. 2008). Many of
these components are already used in other settings and working together to prevent CO»
from entering the atmosphere (Oh, 2010; Zhang and Surampalli 2013). This section
provides a brief overview of the major CCS technologies currently used.
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2.2.1 CO;Capture

Capture technologies can be categorized based on whether a) carbon capture is
from concentrated point sources or from mobile/distributed point- or non-point sources;
and b) the technique involves physical/chemical or biological processes (Zhang and
Surampalli 2013). Major technologies are briefly described below.

Category a). Mobile/distributed sources like cars, on-board capture at affordable
cost would not be feasible, but are still needed. However, industries have used
technologies for CO, capture from concentrated point sources for very long time, which
is mainly to remove or separate out CO, from other gases that are produced in the
generation process when fossil fuels are burnt (IEA 2009). This can be done in at least
three different ways: ‘post-combustion‘, ‘pre-combustion’ and ‘oxy-fuel combustion
(see Fig. 2.1).

Post-combustion Capture. This involves CO, capture from the exhaust of a
combustion process. The methods for separating CO, include high pressure membrane
filtration, adsorption, desorption processes and cryogenic separation. Among all these
methods, the more established method is solvent scrubbing. Currently, in several
facilities, amine solvents are used to capture CO, significantly (IEA 2009). The
absorbed CO; is then compressed for transportation and storage.

Pre-combustion Capture. Fuel in any form is first converted to a mixture of
hydrogen and carbon dioxide by gasification process and then followed by CO,
separation to yield a hydrogen fuel gas. The hydrogen produced in this way may be used
for electricity production and also in the future to power our cars and heat our homes
with near zero emissions. The pre-combustion capture technology elements have already
been proven in various industrial processes other than large power plants (IPCC 2005).

Oxy-fuel Combustion Systems. In oxy-fuel combustion, the recycled flue gas
enriched with oxygen (separated from air prior to combustion) is used for combusting
the fuel so as to produce a more concentrated CO, stream for easier purification. This
process confirms high efficiency levels and offers key business opportunities. This
method has been demonstrated in the steel manufacturing industry at plants up to 250
MW in capacity (IEA 2009).

In general, for power generation projects, most studies estimate CO, capture will
account for up to 75% of the total cost of CCS, measured in cost per tonne stored. Part
of this cost is due to the energy required by the capture process itself. Finally, CO, can
also be captured in restricted quantities from industrial practices that do not involve fuel
combustion, such as natural gas purification (Fernando, et al., 2008).



10 CARBON CAPTURE AND STORAGE

Post Combustion

N,+0, Co,
. 3 CO, Compression
Coal/Gas/Biomass Power & Heat [F—— > o, :: >
Separation & Dehydration
Air
A
Pre Combustion Ny+0,

Gas/Oil Reformer

& CO,
Separation

Gasification Power & Heat

Coal/Biomass CO,

Ail’/Oz

CO, Compression

& Dehydration

Oxy-fuel Combustion

Air Air Separation N

I

CO,

»ﬁ

CO, Compression

Coal/Gas/Biomass

0,
Power & Heat

& Dehydration

Industrial Processes

Raw Material
CO,
CO, Compression

Coal/Gas/Biomass :()[ Process + CO, Separation }:{>
& Dehydration

Air/O, b Gas, Ammonia, Steel

Figure 2.1. Various types of capture processes (adapted from IPCC 2005)

10



CARBON CAPTURE AND STORAGE 11

Category b). Other than the three technologies described in Category a),
sorption and membranes are the two major physical/chemical technologies for carbon
capture. There are many biological technologies that can be used for carbon capture
from either point or non-point sources, such as i) trees and organisms; ii) ocean flora; iii)
biomass-fueld power plant, biofuels and biochar; and iv) sustainable practices (e.g.,
soils, grasslands, peat bogs). Biological methods often combine carbon capture and
sequestration together, as shown in Table 2.1 (Zhang and Surampulli 2013).

Table 2.1. Alternative biological technologies for carbon capture/sequestration”
Methods Description

1) Trees/organisms e Capture CO, via photosynthesis (e.g., reforestation or avoiding deforestation); cost range 0.03-8$/t-
CO,, one-time reduction, i.e., once the forest mature, no capture; release CO, when decomposed
Develop dedicated biofuel and biosequestration crops (e.g., switchgrass); enhance photosynthetic
efficiency by modifying Rubisco genes in plants to increase enzyme activities; choose crops that
produce large numbers of phytoliths (microscopic spherical shells of silicon) to store carbon for
thousand years.

Adding key nutrients to a limited area of ocean to culture plankton/algae for capturing CO,.

Utilize biological/microbial carbon pump (e.g., jelly pump) for CO, storage.

Problems/concerns: a) large-scale tests done but with limited success; b) limited by the area of

suitable ocean surface; ¢) may have problems to alter the ocean’s chemistry; and d) mechanisms not

fully known.

3) Biomass-fueled Growing biomass to capture CO, and later captured from the flue gas. Cost range = 41$/t-CO,
power plant, bio-oil By pyrolyzing biomass, about 50% of its carbon becomes charcoal, which can persist in the soil for
and biochar centuries. Placing biochar in soils also improves water quality, increases soil fertility, raises

agricultural productivity and reduce pressure on old growth forests

pyrolysis can be cost-effective for a combination of sequestration and energy production when the

cost of a CO, ton reaches $37 (in 2010, it is $16.82/ton on the European. Climate Exchange).

Farming practices (e.g., no-till, residue mulching, cover cropping, crop rotation) and conversion to

2) Ocean flora

4) Sustainable

practices, e.g., pastureland with good grazing management would enhance carbon sequestration in soil.
o Soils/grasslands o Peat bogs inter ~25% of the carbon stored in land plants and soils. However, flooded forests, peat
® peat bogs bogs, and biochar amended soils can be CO, sources.
5) Enzymatic o CO,is transformed, via enzymes as catalysts, into different chemicals, such as i) HCO5/CO5%, ii)
sequestration formate, iii) methanol, and iv) methane.

*Adapted from Zhang and Surampulli (2013).
2.2.2 CO, Transport

After capturing, the CO, must be transported for storage at a suitable site by
various means such as pipelines, ships, trucks or trains.

Pipeline. Carbon dioxide is already transported for commercial uses by road
trucks, pipeline and ships. Hence local and regional infrastructures of pipelines will
eventually be developed. The pipeline transportation technologies are little dissimilar
from those used extensively for transporting oil and gas all over the world. In some
cases it may be possible certainly to re-use existing pipeline networks. Large networks
of CO; pipelines are already in use and are confirmed to be safe and reliable. The
development and management of CO, pipeline networks will be a major international
business opportunity for professionals in this area (GCCSI report 2009).



12 CARBON CAPTURE AND STORAGE

Pipeline transportation of CO, has some industry experience, primarily in the oil
and gas sector. This is the most economical method of high quantity CO, transportation
over long distances. CO; pipelines are in operation and operated safely for over 30 years
in USA and Canada through 6200 km of pipeline network. CO, pipelines function at
much higher pressure than natural gas pipelines and also, CO, pipeline technology has
comparatively less developed than oil and gas pipelines (IEA 2009).

Land. When pipeline technology is expensive, and smaller quantities are to be
transported over short distance, rail and tankers are the best suitable option for CO,
transportation (IPCC 2005).

Shipping. This option is possible when the distance between emission source
and seaport facilities is adequate to load CO, for injection in offshore locations. Since
several decades, transportation of liquefied natural gas occurs and further research work
is in progress in Norway and Japan to adjust this technology to transport CO; by ships
(GCCSI report 2009).

2.2.3 CO,Storage

There are various options available for CO, storage such as deep saline
reservoirs, depleted or declining gas and oil fields, enhanced oil and gas recovery,
enhanced coal bed methane, basalt formations and others (GCCSI report 2009). From
the ecological and economic perspectives, storage in geological formations is currently
the most attractive option. Some of these methods are described below.

Enhanced Hydrocarbon Recovery. Apart from pure storage, carbon dioxide
can also be used for Enhanced Hydrocarbon Recovery. This includes Enhanced Oil
Recovery (EOR), Enhanced Gas Recovery (EGR) and Enhanced Coal-bed Methane
Recovery (ECBM). Any oil or gas that is recovered through these methods would
otherwise not be extracted and therefore has an economic value which would offset
some of the costs of CO, sequestration.

EOR. In crude oil extraction, numerous different techniques are used to increase
the yield. One of these is the injection of CO,. The injected CO, increases the pressure
in the reservoir and diffuses into the crude oil, making it more fluid and therefore easier
to extract. Therefore, by using CO, for EOR the oil yield can be increased, and at the
same time carbon dioxide can be permanently transferred into geological formations and
be removed from the atmosphere. The latter applies at least to the portion of the CO, that
is not mixed with the oil. Owing to the economic incentives CO, EOR is often regarded
as an attractive way to begin using CCS. However, EOR only generates additional
profits in those places where it is possible to establish a cost-effective infrastructure
(short pipeline distances, etc.). Enhanced oil recovery through carbon dioxide injection
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is already being used at various places across the world (e.g. the Weyburn oil field in
Canada) and can be regarded as an established technology. On the other hand, there has
been no practical experience with the analogous process of Enhanced Gas Recovery
(EGR), for which to date there has only been work on simulations (Fischedik et al.
2007).

EGR. EGR can be achieved using CO; as it is heavier than natural gas. CO; is
injected into the base of a depleted gas reservoir and will tend to pool there, causing any
remaining natural gas to “float” on top of it. This then drives the natural gas towards the
production wells. However, since a high percentage of the natural gas contained in many
gas fields can be recovered without using enhanced recovery techniques, the potential
target for EGR is small.

ECBM. Coal beds (also known as coal seams) can be reservoirs for gases, due to
fractures and micro pores in which natural gas, known as coal-bed methane (CBM), can
be found adsorbed onto the surface. However, CO; has a greater adsorption affinity onto
coal than methane. Thus, if CO, is pumped into a coal seam towards the end of a coal-
bed methane production project, it displaces any remaining methane at the adsorption
sites, allowing methane recovery jointly with CO, storage. Experiments have been
conducted in the San Juan Basin showing that CO, injection does appear to have
enhanced CBM production. Smaller field trials of ECBM production using CO, are
under way in Europe, Canada and Japan. However, there are issues with ECBM; for
example the low permeability of seams means that a large number of wells may be
needed to inject sufficient amounts of CO,. Moreover, the methane in coal represents
only a small proportion of the energy value of the coal, and the remaining coal could not
be mined or gasified underground without releasing the CO; to the atmosphere. Finally
methane is a far more potent greenhouse gas than CO,. Therefore, steps would have to
be taken to ensure no methane leakage to the atmosphere took place (CCSA 2010).

In contrast to geological storage, industrial utilisation (e.g. production of
carbonic acid, dry ice, raw materials for polymer chemistry) will only be possible on a
small scale. Furthermore, in these cases the CO, is not removed for ever from the
atmosphere but in fact released again at a later date. A net effect here is only achieved if
the CO, used replaces technical production and supply of CO, (i.e. specially for the
industrial purpose) elsewhere.

The storage of CO; in geological formations can be accomplished through many
processes and technologies already used in the oil and gas industry and in handling
liquid wastes. Drilling and injection processes, monitoring methods and computer
simulations about the distribution of the CO, in the reservoir would, however, have to be
adapted to the specific requirements of CO, storage. Here there is still a considerable
need for research and development. The EU-funded CO; sink project at Ketzin near
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Berlin is contributing to resolving these questions through its research into the behaviour
and controllability of CO, in underground reservoirs (Fischedik et al. 2007).

Other Alternatives. The idea of binding CO, in the marine environment either
directly (storage in the ocean depths) or indirectly (e.g. algae formation) is currently
being pursued only sporadically (mainly in Japan) due to public opposition (the question
of permanence of storage, insufficient knowledge of the effects on marine ecosystems)
and low efficiency. CO; can also be fixed through the deliberate cultivation of biomass
(e.g. through forest planting), although this stores CO, for only a few decades.
Additionally, especially in the United States, processes for binding CO, to silicates
(mineralisation) are being discussed, but the high energy requirements and large
amounts of material to be disposed of are discouraging. This means that from today’s
perspective the geological storage options are clearly the most realistic ones. Owing to
the many uncertainties involved, current estimates of storage potential differ
enormously. Ultimately, a case-by-case assessment will be required if we are to gain
insights into storage capacity. IPCC estimates put global storage capacity at between
1,678 and 11,100 Gt CO,, with 2,000 Gt CO; classed as technically viable (IPCC 2005).
By way of comparison, global CO, emissions in 2005 amounted to 27.3 Gt CO,.

2.3 Current Status of CCS Technology

Maturity of CCS System. Only large scale point sources which produce
approximately 50% of CO,, such as power plants, steel mills, cement plants, refineries,
and coal-to-liquid plants, are targets for application of CCS techniques (Fernando et al.
2008). The technical maturity of particular CCS system components such as capture,
transport or storage varies significantly and the overall CCS system may not be as
mature as some of its components. While many of the component technologies of CCS
are relatively mature (see Table 2.2), there are no fully integrated, commercial-scale
CCS projects in operation till date (McKinsey, 2008).

Phases and Different Kinds of CCS Project. The asset lifecycle model
indicates five phases of the CCS project: as identify, evaluate, define, execute and
operate. Planned projects are in identification, evaluation and definition stage. Active
projects are in executional or operational stage after having been sanctioned. Delayed
projects are those that encompass activities postponed and held up. Cancelled projects
are those that have ceased activities without fulfilling their purpose and have no
intention of resuming. Completed projects are those that have fulfilled their original
purpose and have ceased operation. The majority of the completed projects are relatively
small in scale (Fig. 2.2). This may be because the economic, technical, regulatory and
public acceptance challenges were smaller or fewer at this scale. As a result, these
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challenges did not present significant barriers to these projects. No integrated projects
have been completed at any scale (GCCSI report, 2009).

Table 2.2. Maturity of CCS system components (adapted from IPCC 2005)

Phase CCS Component CCS Technology
Research Ocean Storage, Direct Injection
Mineral Carbonation Natural silicate minerals
Capture Oxy-fuel combustion
Demonstration Geological Storage Enhanced Coal Bed Methane recovery (ECBM)
Mineral Carbonation Waste materials
. . Capture Post-combustion, Pre-combustion
Economically feasible .
under specific conditions Transport Shipping
Geological Storage Gas or oil fields, Saline formations

Industrial separation (natural gas processing,
ammonia production)

Transport Pipeline

Geological Storage Enhanced Oil Recovery (EOR)

Capture
Mature market

B small scaleresearch and
development (224

B Active or Planned {213)

® Completed {34)

m Delayed or cancelled (26)

Total = 499

Fig. 2.2. The database of CCS projects (adapted from GCCSI report 2009)

Importance. On 7 October 2008, the European Parliament voted to set an
emission limit of 500 g CO, per KWh on new plant from 2015, essentially mandating
the use of CCS on any new coal-fired power station. In addition the European
Parliament also voted to establish a 10 billion dollars fund to support CCS projects
(Gough et al., 2010). The IEA has recently weighed up the importance of CCS in
achieving required emissions reductions. The resulting roadmap concludes that 100 CCS
plants must be operational by 2020, with 38 of these in the power sector and more than
3000 by 2050 (Table 1.3). This needs a huge stepping up from the current condition. An
industrial technology is also proposed that captures CO, directly from ambient air to
target the remaining 50% emissions (Zeman, 2007). CCS deployment will be a function
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of how policy impacts the power producers’ cash flows and in turn how this impacts
their least cost compliance strategies (Fernando et al. 2008).

Table 2.3. Global deployment of CCS in 2010-2050 by sector®

Year Number of CCS Projects (Projected) Power (%) Industry (%)

2020 100 38 35

2030 850 42 42

2040 2100 47 34

2050 3400 48 32
*Adapted from IEA (2009).

Deployment of CCS. CCS has been developed predominantly in Japan, Europe,
Australia and North America. However, there is a great potential for the introduction of
CCS into China, India and other industrializing countries as the largest growth in CO,
emissions arises from fast economic growth. In China, major carbon -capture
opportunities and also CCS enabling technologies exists (Liu and Gallagher 2010). CCS
is not currently a priority for the Government of India (GOI) because, as a signatory to
the UNFCCC and Kyoto Protocol, there are no existing greenhouse gas emission
reduction targets and most commentators do not predict compulsory targets for India in
the post 2012 segment (Shackley and Verma 2008; Kapila et al. 2009). CCS could also
contribute to energy security and to economic growth, through encouraging
technological innovation. Several research and development (R&D) projects on CCS
have been initiated in the last few years, and demonstration projects are being
implemented all over the world (Fischedik et al. 2007).

CCS can only prudently be applied to large-scale point source emissions.
Alongside the power generation as the typical application, this also applies to various
industrial applications such as steel industry where carbon-based fuels are used to supply
energy or where chemicals like ammonia or fuels are produced. In fact, in industrial
applications the conditions may actually be considerably more favourable, because here
CO, sometimes occurs in higher concentrations than in power generation flue gases. For
the many decentralised CO, sources outside the power generation sector, CCS is not
available for direct application. But indirectly there is potential for CCS to make a
contribution here too, through centralised production of low carbon fuels (Fischedik et
al., 2007).

Capture technologies are based on those that have been applied in the chemical
and refining industries for decades, but the integration of this technology in the
particular context of power production still needs to be demonstrated. Transportation of
CO; over long distances through pipelines has proven successful for more than 30 years
in the central US, which has more than 5,000 km of such pipelines for EOR. According
to IPCC special report on CCS published in 2005, there have been three commercial
projects which concerns CCS. They are offshore Sleipner natural gas processing project
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in Norway, the Weyburn Enhanced Oil Recovery (EOR) project in Canada and the In
Salah natural gas project in Algeria as of mid-2005. 1-2 Mt CO is captured by each
project per year. The industry can also build on the knowledge obtained through the
geological storage of natural gas, which has been practiced for decades (McKinsey,
2008).

In September 2008, Vattenfall’s 30 MW Schwarze Pumpe oxy-fuel pilot capture
project in Germany was opened. Several other CCS projects have been announced
recently, for example in Germany (RWE’s Hiirth project), the US (AEP Alstom
Mountaineer), Australia (Callide Oxy-fuel) and China (GreenGen). Establishing a first
set of such “demonstration” projects is generally considered the next necessary step in
CCS development. The purpose of such projects would be to prove that the technology
works at scale and in integrated value chains; to get a more accurate picture of the true
economics of CCS; to validate storage potential and permanence; to prove transport
safety; and to address public awareness and perception issues (McKinsey, 2008).

Numerous other CCS projects (especially demonstration and research projects)
are in planning and will play a decisive role for the further development of the
technology over the coming 10 to 20 years. They will show whether CCS can fulfil the
necessary technical, economic and ecological requirements for its large-scale use and
what role CCS can play in national and international energy systems (Fischedik et al.,
2007).

2.4 Barriers to CCS

The widespread deployment of CCS projects is not achieved because of major
hurdles observed. For scaling up of CCS projects these challenges have to be studied to
overcome them. A wide literature is available in which these obstacles are discussed in
detail (IPCC 2005; Fernando et al. 2008; McKinsey 2008; GCCSI report 2009; Zhang
and Surampalli 2013). Accordingly, some of these barriers are described below.

2.4.1 High Capital Investment

Huge initial investment for CCS projects is a major barrier. Integrated CCS
system will have costs attached to the compression, transportation, injection, storage and
monitoring of captured CO,. Initial capital investment is projected to increase
approximately 50% for coal power plants with CCS compared with the non-CCS option
(McKinsey 2008). The capital cost may be very high for early commercial projects in
particular (Fig. 2.3). The subsidy or grants requirements may be as high as $1billion for
a 900MW coal power plant (McKinsey 2008). The positive cash flows must be
generated by these projects to become commercially viable. But the time horizon
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required for these projects is longer than the normal because of high capital costs. It is
very difficult to guarantee such income streams over long periods as the technology is
new with unproven track records (Rai et al. 2010). The firms show reluctance to extend
the same performance guarantee for new and unproven technologies in the current
construction environment (Fernando et al. 2008). The cost of technology will come
down with experience but only incrementally because CCS is not a single technology,
rather combination of processes and technological change will occur incrementally with
component technologies. Cost reduction opportunities will only arrive through
widespread deployment of CCS projects and continuation of R&D to support successive
technology improvements (GCCSI report 2009).

90 €/Ton CO,

SO0ETonCOy D,
; on COy

Demonstration Phase  early Commercial Phase  Mature Commercial

(2015) (2020) Phase (2030)

Figure 2.3. Forecast of development of CCS cost (adapted from McKinsey 2008)

The development costs of CCS projects are also high and could be between 10—
15% of the total installed capital costs of a project as suggested by industrial experience.
This could be a huge amount in hundreds of millions of dollars for CCS projects
(GCCSI report 2009). The coal plant construction costs are rising intensively compared
to other renewable technologies as escalation in materials cost hit it harder than other
technologies. The sources of funding like key funding agencies such as industry groups,
national governments and institutions should be identified to support CCS projects. The
fundamental role played by governments to reduce project uncertainties and costs will
be the key issue for the successful deployment of CCS projects.

2.4.2 Policy Options

The revenue streams from CCS projects depend on regulatory actions to be
taken. On the basis of avoided emissions, the cost of CCS ranges from $30-90/tonnes of
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CO; (Rubin et al. 2007) which turns into 60—-80% increase in the cost of electricity
(Dalton 2008). The increased cost of electricity has to be paid so that commercial
entities are profitable enough to attract continued investment. Policy incentives are given
for electricity from renewable energy sources such as mandatory Renewable Portfolio
Standards (RPS) as in many states in United States and Feed-In-Tariffs (FIT) in
Germany. Such demand-pull scheme does not exist for CCS. The development of CCS
systems depends on special government policies applied at broad scale. High risk is
associated with undertaking CCS projects without credible schemes in place to ensure
cost recovery more broadly (Rai et al. 2010). It is unlikely that commercial developers
will invest in CCS projects unless there are supporting governmental policies. The
durability of policies and incentives for CCS systems should be over the entire
deployment period in order to provide comfort to investors that regulations will not
immensely change over time. The selection of CCS as a key component of the
compliance strategy depends upon design of climate policy in terms of number of
allowances, cap stringency, and the structure of regional electricity markets. The
governments must also practise measures that push technologies into marketplace. The
crucial factors for the improvement of technologies, reducing costs and mitigating
investor risk are performance standards, funding for research and development, and
large-scale demonstration projects encompassing the full CCS system (Fernando et al.
2008). It is really critical to provide policy frameworks based on similar incentives as
that of other competitive new technologies to develop CCS systems to stay within
(GCCSI report 2009).

2.4.3 Uncertainties in Regulations and Technical Performance

There is limited experience with the integrated CCS system that combines power
generation with capture, transport and long term storage of CO; at scale. The component
technologies are at different points of maturity. Although component technologies are
not new, the technological and operational experience is almost nil for CCS from power
plants. The lack of experience results in higher cost and extreme difficulty in
performance predictions (Rai et al. 2010). The uncertainties are also associated with the
supporting infrastructure facilities like construction and operation of dedicated CO,
pipeline system, responsibility of long term storage of CO, etc. Mostly, the
improvements in CCS technology will be incremental in nature based on first of kind
experience of CCS plants and related research activity (Gibbins and Chalmers 2008).
Consequently, uncertainties in the technical performance increases affecting long-term
viability of investments in the technology.

A strong regulatory regime is required to govern the scaling up of CCS systems.
Regulatory and legal framework associated with injection, storage, monitoring and long
term liability is needed to ensure that CCS systems are safe and effective enough as a
climate change mitigation measure. However regulatory uncertainties allied to scaling



20 CARBON CAPTURE AND STORAGE

up of CCS systems are also high. Liabilities related to leakage and long term storage of
CO, are most important as enough leakage of the CO, would reverse benefits of
sequestration and become dangerous to human, water supply and property (Fernando, et
al., 2008). A lack of capacity among regulatory agencies is also an important factor
which leads to delays in approvals. These regulatory issues are complex because it
involves national and international jurisdictions. The existing regulatory systems related
to CCS are not yet suited to address some critical issues, such as the need for thorough
site characterisation, careful monitoring and long-term stewardship (IRGC, 2008).

The progress in technological and regulatory issues related to CCS systems is
mutually dependant on advances in technology and regulation respectively. For the
moment, the uncertainties in both, technical and regulatory regimes results in deadlock.
Unless there is removal of uncertainty in one area, the other has little chance to move
further (Rai et al., 2010).

2.4.4 A Complex Value-Chain

A complex value chain of CCS systems is also a key barrier in scaling up CCS.
The component systems of CCS are having completely different risk attitudes, which
resemble a major obstacle in scaling up CCS systems. The best example is diversity in
risk policies for power generation and geological storage business in the U.S. (Rai et al.
2010). The power generation business is controlled by low risk regulated utilities; on the
contrary, geological storage business is controlled by high risk regulated utilities.
Accordingly, the informative knowledge about geological storage is not available as it is
held by major oil companies based on risk policy. This difference in risk policies in the
same value chain leads to investment stalemate as investors face difficulty in managing
co-dependent commercial risk. Much experience is not available in complex value chain
CCS systems to organise at scale in various contexts but there is enough awareness
about solving the complexity of CCS value chain at scale as a most crucial issue.

2.4.5 Public Safety and Support

The support of general public and stakeholders is the prime issue to deploy CCS
system at scale. The risk associated and safety measures provided are the key concerns
of public in general. This problem concerned to CCS system is relatively isolated in
nature and not as acute as of for nuclear power systems (Rai et al. 2010). But according
to other study in US the acceptance of CCS system is lower comparative to that of
nuclear system (McKinsey 2008). The public concern is mostly about the health and
ecosystem risk associated with capture, transport and storage elements, but most
importantly with leakage of CO, stored. Although demonstration projects show the risk
related to CCS systems is low, the public perception plays critical role in deployment of
CCS systems at the commercial scale (Fernando et al. 2008). Moreover, several studies
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show the possible solutions to solve the uncertainties related to public safety and support
(Johnsson et al. 2009; Duan 2010; Ashworth et al. 2010).

2.5 Major Issues Related to CCS

The present status of four major issues and related enabling methodologies are
discussed in this section.

2.5.1 Costs of Implementation

A massive investment is required to implement CCS technology as a measure of
climate change mitigation; running into hundreds of millions of dollars depending on the
type of plants. But without CCS, it is just impossible to achieve CO, emission targets to
be halved by the year 2050 (Oh 2010).

In 2008, McKinsey concluded that the early full commercial scale CCS projects,
potentially to be built shortly after 2020, are estimated to cost € 35-50 per tonne CO,
abated. The initial demonstration projects to be deployed around 2012-15, would
typically cost between € 60-90 per tonne CO; abated because of their smaller scale, and
focus on proving technologies rather than optimal commercial operations. Costs for
some projects such as those with large transport distances may even fall outside this
range. The later CCS cost after the early commercial stage would depend on several
factors including the development of the technology, its economies of scale, the
availability of favourable storage sites and the actual roll-out realized. A total CCS cost
between € 3045 per tonne CO, abated for new power installations could be reached,
assuming a roll-out in Europe of 80—120 projects by 2030. The costs could be lowered
roughly by € 5 per tonne CO, in case of global roll-out reaching 500-550 projects by
2030 (McKinsey 2008).

CO; capture alone will increase the cost of electricity from US $ 43 per MWh to
US $ 61-78 per MWh for new power plants and from US $ 17 per MWh to US $ 58-67
per MWh for existing coal plants. Separation and compression typically account for over
75% of the costs of CCS, with the remaining costs attributed to transportation and
underground storage (Fig. 2.4). Pipeline transportation costs are highly site-specific as
they depend heavily on economy of scale and pipeline length. Costs of underground
storage are estimated from US$ 3—10 per tonne CO, (Oh 2010).

Individual project costs can vary from the reference case costs, depending on
their explicit characteristics such as their location, their scale, and the technologies being
experienced. The differences in cost between the three main capture technologies are
relatively small today indicating that multiple technologies should be tested at this early
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stage of development. For a demonstration project, a transportation distance 200 km
longer than the reference case would add € 10 per tonne CO». As cost of CO; capture for

new plants is high, new concept of capture ready plants comes into picture. A capture
ready plant is a plant which can be retrofitted with CO, capture when the

necessary regulatory or economic systems are efficient to work (IEAGGP 2007).

Retrofitting of existing power plants is likely to be pricier than new installations, and
economically viable only for relatively new plants with high efficiencies (McKinsey
2008).

m Capture

B Compression

= Transport

W Stoage

Figure 2.4. Distributions of CCS costs (adapted from Fischedik et al. 2007)

Retrofit requires large additional capital investment which is usually not
predictable in the upfront investment decision and may thus make some plants
unprofitable before the end of their lifetime. In addition, because of its negative impact
on conversion efficiency, it is only suitable for highly efficient plants (Praetorius &
Schumacher 2009).

In addition to the high cost of CCS, the energy penalty for capture and
compression is also high. The post-combustion, end-of-pipe capture technologies use up
to 30% of the total energy produced, thus spectacularly decreasing the overall efficiency
of the power plant. Oxy-combustion has a similarly high energy penalty because it
requires separation of a pure source of oxygen from air, although eventually, new
materials may compensate the penalty by allowing for higher temperature and
consequently result in more efficient combustion. Pre-combustion technologies have the
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potential to lower energy penalties to the range of 10-20%, leading to higher overall
efficiency and lower capture costs (Benson 2004).

The reduction of costs and increase in revenue in the short-term is crucial for
economic viability and subsequent future deployment of CCS. Vital areas from research
perspective include materials and the need to reduce the energy penalty of capture. All
stages of the CCS series require cheaper materials, such as new coatings, surface
finishes and linings near the point of injection. Costs will also be affected by the global
availability of materials. Reduction of the energy penalty of capture is currently hindered
by a lack of commercial investment and knowledge gaps (Gough 2010). Significant cost
improvements can be expected in CO; capture beyond the demonstration phase provided
an “industrial scale” roll-out takes place (McKinsey 2008).

Costs of new technologies usually come down as experience is gained by
producing and using the product. The share of the market controlled by a new
technology plotted against time typically follows an S-curve (Geroski 2000). An
observation as 20 percent unit cost reduction for a doubling of cumulative installed
capacity is widely used to project future costs of energy technologies (OECD/IEA
2004). But the circumstances for CCS are somewhat different from the usual technology
cost curve because it is an integrated process and technological change will occur via
incremental improvements to component technologies. Cost reductions of CCS systems
should be calculated as the sum of all process cost reductions per level of installed
capacity in capture, transport, and storage of CO, (Fernando et al. 2008). According to
the IEA, cost of capture is estimated to come down 50 percent by 2030 (OECD/IEA
2004), while the IPCC, estimates cost reductions of 20-30% in the next decade (IPCC
2005). For post-combustion capture, research is being conducted to test and develop
better solvents that could reduce the energy penalty. Studies suggest that solvents such
as chilled ammonia may reduce power diverted for capture to as little as 10%. For pre-
combustion capture, researchers are developing membrane technologies for separating
the CO, from gas, which may have the potential to reduce power requirements by 50%
(EPRI 2007). While a significant portion of CCS costs are associated with capture,
additional costs will be incurred for transport and storage. Transport costs will largely
depend on what type of transportation system is developed. A centralized CO, system
may develop if the CO; is to travel very long distances to localized geologic storage
sites. A more decentralized system could also be developed if suitable sequestration sites
are located in close proximity to the plant (Fernando et al. 2008). For the reference case
of new coal power installations, CCS costs could come down to around € 3045 per
tonne of CO; abated in 2030 which is in line with expected carbon prices in that period
(McKinsey 2008).

The situation is changing as several governments plan to ramp financial support
for CCS demonstration projects. Governments’ interest in CCS is generally rooted either



24 CARBON CAPTURE AND STORAGE

in concerns about global warming or in the desire to continue to use coal or
unconventional oil reserves even in a carbon constrained world. Concerned
governments, notably the US, European Union (EU), Australia, and Canada (Alberta and
British Columbia), are gearing up to provide multi-billion dollar support for CCS related
R&D projects (Rai 2010).

2.5.2 Health, Safety and Environment Risks

Carbon dioxide is generally regarded as a safe, non-toxic, inert gas and also an
indispensable part of the basic biological processes of all living things. Though CO, is a
physiologically active gas that is essential to both respiration and acid-base balance in all
life, the exposure to high concentrations can be harmful and even fatal. Ambient
atmospheric concentrations of CO, are currently about 370 ppm. Humans can sustain
increased concentrations with no physiological effects for exposures up to 1% CO;
(Benson 2004).

The CCS system achieves a significant reduction of greenhouse gas emissions
but has multiple environmental trade-offs. The capture process designed to capture 90%
of the CO; in the flue gas captures only 75% of the life cycle CO, emissions and avoids
70% of total CO, emission over the life cycle (Singh et al. 2010). For all capture systems
it was found that SO,, NOx and PM emissions are expected to be reduced or remain
equal per unit of primary energy input compared to power plants without CO, capture.
For all three capture systems an increase in NOyx emissions per kWh is possible, but is
the most likely for the post-combustion capture at coal and gas fired power plants. With
pre-combustion CO, capture, a reduction in SO, emissions per kWh is considered the
most probable although an increase is also reported. PM emissions may increase per
kWh when applying post- and pre-combustion CO; capture. Increase in primary energy
input as a result of the energy penalty for CO, capture may for some technologies and
substances result in a net increase of emissions per kWh output. The emission of
ammonia may increase by a factor of up to 45 per unit of primary energy input for post-
combustion technologies. Quantitative emission estimates for Volatile Organic Carbons
from power plants equipped with CO, capture are not available in the scientific
literature; although the pertaining literature suggests that VOCs may be emitted during
operation of some amine based post-combustion technologies. VOC emission may
decrease per primary energy input when implementing oxyfuel combustion and pre-
combustion CO; capture (Koornneef et al. 2010).

The implementation of CCS reduces the greenhouse gas emissions by 64%, from
459 g CO; equiv/kWh to 167 g CO, equiv/kWh. This figure is lower than 70% net
reduction of CO; due to emission of other GHG substances (CH4, CO, N,0). With CCS,
a major portion of the Global Warming Potential (53%) emanates from the fuel
production chain and 28% from the power plant. The transport and storage chain
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contributes only about 3% to the total GWP impact. However, there is a net increase in
all other environmental impact categories, mainly due to the energy penalty,
infrastructure development and direct emission from the capture process. CCS causes an
increase of 21-167% for other impact categories, with a relatively high increase in all
the toxicity potentials. NOy emission from fuel combustion is largely responsible for
increase in most direct impacts other than toxicity potentials and GWP, contributing
69% to direct air pollution. Increased infrastructure requirements contribute most to the
increase in human toxicity and terrestrial toxicity. The scenario study of best-case and
worst-case CCS shows a decrease of 68-58% in GWP, respectively with significant
increases in toxicity impacts (Singh et al. 2010).

Carbon dioxide is regulated by central and State authorities for many different
purposes, including working safety and health, ventilation and indoor air quality,
confined-space hazard and fire suppression, as a respiratory gas and food additive.
Current occupational safety regulations are adequate for protecting workers at CO;
separation facilities and geologic storage sites (Benson 2004).

Many of the fears and concerns relating to support of international CCS projects
are focussed on uncertainty over the environmental performance of the projects over the
medium to long term. Environmental reliability can be assured through vital
international procedures addressing the selection of storage sites that exhibit excellent
trapping mechanisms, assessment and suitable management of the risk of CO, leakage,
allocation of responsibility for monitoring and reporting, allocation of responsibility for
any environmental damage caused (CCSA Position Paper 2009).

Assessment of electricity production with the current technology for post-
combustion CO, capture and transport indicates that there are considerable adverse
environmental interventions of CCS, besides the benefit of reduced global warming
potential. The key areas identified to reduce the adverse impacts are technical
developments to reduce energy penalty and degradation of toxicity in capture process to
reduce the negative impacts (Singh et al. 2010).

The single most important factor for long-term environmental stability is the
selection of storage site. CCS experience to date and geology research shows that well-
chosen sites would be very unlikely to ever leak CO, to the atmosphere or even to the
water column. Other commonly quoted fears include unpredictable subsurface CO»
movement and the possible impact of seismic events. Again, thorough site-selection
would minimise unpredictability and effective monitoring of CO, plumes would allow
for early corrective action in the event of any unexpected CO, migration. An
internationally accepted Monitoring, Reporting and Verification (MRV) protocol for
CCS would provide control for other environmental concerns surrounding the capture,
transport and injection aspects of CCS and the possibility of local environmental impacts
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including specific concentrated CO, leaks and general impacts from construction and
operation of plant. Existing experience with CO, transport and handling, including 30
years of experience of Enhanced Oil Recovery operations, show that these hazards can
be avoided through regulation of operating procedures with suitable safety standards
(CCSA Position Paper 2009).

The potential public health and environmental risks of CCS are believed to be
well understood based on analogous experience from the oil and gas industry, natural
gas storage, and the U.S.EPA’s Underground Injection Control Program. For CCS, the
highest probability risks are associated with leakage from the injection well itself,
abandoned wells that provide short-circuits to the surface and inadequate
characterization of the storage site—leading to smaller than expected storage capacity or
leakage into shallower geologic formations. Potential consequences from failed storage
projects include leakage from the storage formation, CO, releases back into the
atmosphere, groundwater and ecosystem damage. Avoiding these consequences will
require careful site selection, environmental monitoring and effective regulatory
oversight. Fortunately, for the highest probability risks, that is, damage to an injection
well or leakage up an abandoned well, methods are available to avoid and remedy these
problems. In fact, many of risks are well understood based on the analogous experience
listed above, and over time, practices and regulations have been put in place to ensure
that most of these industrial analogues can be carried out safely (Benson 2004).

2.5.3 Legal Issues for Implementing CO, Storage

The requirements to build CCS as a climate mitigation measure are more than
technological feasibility. The development of incentive and regulatory policies is also
required to support business models facilitating extensive implementation. These
business models are not yet broadly demonstrated because of having inadequate current
policies. As a result, the number of current real projects is small, indicating the public
subsidies playing dominant role in pursuing the CCS projects. The most likely projects
today are not sufficiently common to support a full scale industry that would store
hundreds of millions of tonnes of CO, annually (Rai et al. 2010). Accordingly suitable
legal framework with effective regulatory oversight is a keystone of effective CCS.
Laws must be in place to protect personal property and the environment, and to assign
liability for failed storage projects. Regulations must be in place to select and permit
storage sites, specify monitoring and verification requirements, and enable constructive
engagement with potentially affected citizens and communities (Benson 2004).

The regulatory frameworks shall include items such as the definition or
classification of CO,, access and property rights, intellectual property rights, monitoring
and verification requirements, and liability issues (Solomon et al. 2007). The durability
of CO; storage is one of the key regulatory and performance issues. The concept of
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“storage effectiveness” has been developed to quantify how much CO, must remain
underground to avoid compromising the effectiveness of geologic storage. Estimates of
the required “storage effectiveness” ranges from about 90% in 100 years to 90% in
10,000 years. The range is explained by differences in assumptions about how much
CO; is stored, atmospheric stabilization levels, future industrial emissions, economic
considerations about the cost of storage, and the effectiveness of the natural carbon cycle
as a CO; sink. Another approach is that geologic storage will be and should be, for all
intents and purposes, permanent. Preference for this approach is determined in part by
national attitudes and partly by the belief that geologic structures could provide storage
for millions of years. From the perspective of a climate change technology, a storage
effectiveness of 90% in 1000 years is acceptable, and in fact, a conservative lower limit
to the performance that is needed. Coming to consent on the performance requirements,
including the question of durability, for geologic storage is an important issue that must
be addressed (Benson 2004).

Although a vigorous regulatory structure is required early on, different systems
could be adopted for demonstration projects and commercial scale deployment. Liability
is determined with crucial importance, to cover potential leakage both during the active
project and in the longer term. Demonstration projects have a central role to play in
improving understanding of leakage and hence the extent of long-term liability. An
overview of the key regulatory and liability issues associated with CCS can be found in
(IRGC 2008).

A reliable effort to mention the major unresolved regulatory issues related to
CCS, such as long-term custodian ship of the stored CO, is required for rapid
implementation of the technology (Oh 2010). There is also no consensus on whether or
not adequate regulations are in place for oversight of geologic storage. CCS is
sufficiently unique and may be implemented on such a large scale to warrant its own
regulatory regime because of the unique physical and geochemical attributes of CO, and
the long-term storage requirement. A science-based regulatory approach for CCS is
required to be soon developed to allow regulatory permitting of upcoming experimental
projects and begin to define a set of performance requirements against which projects
can be objectively gauged (Benson 2004).

A roadmap study conducted in UK mention that the State has to take ultimate
ownership of stored CO; but there is a risk that public perception of industry handing
over its problems to the UK public sector could suppress CCS. Thus, handover can only
take place following adequate prediction and validation of storage performance to ensure
that the risk of public liability is extremely low; this could be up to 30 years after storage
site closure. Ideally site performance during this interim period would be well-enough
understood to be insurable, though lack of insurance will exclude smaller companies
from becoming CCS operators (Gough et al. 2010).
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With the objective of building a regulatory framework for CCS, the activities
should now be undertaken like public engagement and education, development of
generalised site selection guidelines, development of GHG accounting protocols for
CCS, improvement and standardisation of modelling techniques, development of
necessary modifications to existing regulations, negotiation of specialised arrangements
for long-term liabilities at a limited, number of early sites and creation of financial
incentives to get full-scale demonstration sites up and running (IRGC, 2008). It is good
to know that concerted efforts are in progress in the development of national and
international level rules and regulations for CCS projects (CSLF 2004).

2.5.4 Public Perception of CCS

As more people are exposed to the concept of CCS, public opinion will be
properly shaped, but it is fair to say for now, that the public is generally not aware of the
technology and not having any opinion yet (Benson 2004). Awareness of the potential of
CCS is the first step towards gaining acceptance for its deployment. If CCS is to be
widely accepted, a policy of openness is required. All communication efforts should be
based on high quality data. National consultation and regional negotiations are critical to
the success of CCS projects since, by its very nature, the technology would require large
industrial-sized projects affecting local and regional communities (OECD/IEA 2004).

To facilitate acceptance of CCS by the general public, industry decision-makers,
and government policy makers, it will be necessary to develop well-structured education
and outreach programmes (Esposito and Locke 2003). The deployment of CCS
technologies will require broad understanding and long-term commitment by numerous
constituencies including central and local governments, the general public,
environmental and non-environmental NGOs, industrial and commercial organisations,
academic and scientific institutes, financial institutions, the media, and international
organisations (OECD/IEA 2004). Several studies are conducted to know the status of
public participation related to CCS technologies. In 2007, Curry et al. report that 5% of
respondents in 2006 know about CCS. Miller et al. report that fewer than 18% of
Australians had ever heard of CCS in 2007. Consequently, it was also observed that
Stakeholders response about CCS in Europe is positive ranging from moderate to strong
(Shackley et al. 2007). Several more recent surveys of societal attitudes have focused on
public opinion surveys (e.g. Johnsson et al. 2009; Desbarats et al. 2010) and still fewer
stakeholder surveys have been conducted. In 2010, Duan report that respondents knew
comparatively less about CCS than other renewable energy technologies like solar,
wind, nuclear etc. But they also indicated supportive attitude to some extent towards
CCS development in China. It is marked that a large share of stakeholders in North
America has a clear position on CCS compared to Europe and Japan (Johnsson et al.

28
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2009). Table 1.4 shows the roadmap indicating overview of the various communication
activities that have been undertaken.

Table 2.4. Roadmap of CCS communication activities”

Month and Year Communication activity Country

Oct 02 Citizens Panels UK (Tyndall)

Apr 03 Survey Netherland (TUE)
Apr 03 Survey Japan (RITE)

Jun 03 Survey US (CMU)

Aug 03 Interviews Australia (CCSD)
Sep 03 Survey US (MIT)

Sep 03 Workshop Europe (CTAP)

Dec 03 Survey Japan (MIRI)

Mar 04 Focus Groups Australia (CSIRO)
Apr 04 Survey Canada (SFU)

May 04 Explorums Australia (CCSD)
May 04 Workshop Europe (CTAP)

Aug 04 Survey UK (Cambridge)
Aug 04 Survey UK (Tyndall)

Oct 04 Survey Netherland (CATO)
Dec 04 Survey Sweden (Chalmers)
Sep 05 Media Track UK (Tyndall)

Oct 05 Focus Groups Australia (CLET)
Oct 05 Survey Spain (CIEMAT)
Jun 06 Survey Europe (ACCSEPT)
Feb 06 Community Consultation Australia (CO2CRC)
Mar 06 Survey Paris (CIRED)

Mar 06 Interviews Australia (CO2CRC)
May 06 Surveys Australia (CLET)
Jun 06 Stakeholder Interviews Australia (CSIRO)
Jul 06 Focus Groups Australia (CLET)
Jul 06 Survey Australia (CO2CRC)
Sep 06 Survey USA (MIT)

Oct 06 Community Consultation Australia (CO2CRC)
Dec 06 Community Consultation Australia (Zerogen)
Mar 07 Survey Netherland (CATO)
Aug 07 Survey Australia (CSIRO)
Sep 07 Workshop Canada (C3)

Mar 08 Large Group Australia (CSIRO)
Apr 08 Interviews Switzerland (ETH)
Nov 08 Thought Leader Forum Canada (PEMBINA)

*Adapted from Ashworth et al. (2010).
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The majority of the demonstration projects are adopting the communication
activities related to direct stakeholders like governments, policy makers and NGOs
instead of public in general (Ashworth et al. 2010). However, the involvement of public in
decision making related to new technologies of CCS has been taken seriously nowadays
(Malone et al. 2010). The key stakeholders (policy makers, general public, media and
local community) views related to acceptance of specific CCS project and the way in
which the project is communicated to public become interesting matter for social
sciences (Oltra et al. 2010). Surveys are relatively simple compared to other
methodologies because of simplicity to manage and also easy accessibility to a large size
of sample and hence the use of surveys as a communication tool is more than 50% as
shown in Fig. 2.5. Surveys conducted among more than 90% people having little
knowledge of CCS are not at all reliable as a measure of public attitudes and level of
acceptance (Malone et al. 2010). The initial dominant attitude towards CCS is motivated
by perceived risks, preferences for renewable technologies and the perception that CCS
is not viable option for climate change mitigation. Also, high level of trust in safety
management and monitoring results in high level of acceptance (Oltra et al. 2010).

60 4

% of Total Activities

CCS Communication Activities

Figure 2.5. Various communication activities conducted from 2002 to 2008 (adapted
from Ashworth et al. 2010)

CCS development strategy should be incorporated with an effective education
policy to promote stakeholders involvement in CCS public education. CCS
demonstration projects may be required to add in public education programs. A special
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section for public education purposes can be opened by CCS related facilities and some
storage sites (Duan 2010). Various communication methodologies can be used to share
learning experience and good practice with public by ongoing CCS projects. For the
involvement of stakeholders, many already established approaches are available
including ongoing focus groups in progress, citizen panels and juries, advisory boards,
and specialized techniques, such as Deliberative Polling. Structured interviews and
open-ended questions can probe images induced by CCS so as to guide provision of
information and inclusion of issues to be addressed (Malone et al. 2010).

Generally, the important forums in the public debate of CCS include retention of
CCS as a prominent role in the strategy, raising national awareness of the issues. This
debate will be dominated by various issues about economic competitiveness,
international trade, policy implements and timing. Non-governmental organizations
(NGOs) with an interest in environmental policy will monitor and continue to develop
their views on importance of role to be played by CCS in a low-carbon future (Benson
2004). Most importantly, on-the-ground pilot and demonstration projects will draw the
interest and concern of the neighbouring communities. The public acceptance of CCS
depends on critical outcomes of these debates. The need of CCS and assured safety
strategies are to be communicated properly for getting public acceptance and enabling
CCS implementation.

2.6 Summary

In this chapter, we introduce the concept of CCS and related technologies. CCS
can play a central role in the mitigation of GHG emissions. Currently, CCS technologies
are available for large-scale applications, but much more improvements, particularly in
CO; capture are needed. In addition, there is a gap between what can technically do and
what we are doing. High costs, inadequate economic drivers, remaining uncertainties in
the regulatory and legal frameworks for CCS deployment, and uncertainties regarding
public acceptance are barriers to large-scale applications of CCS technologies in the
world (CCCSRP 2010). It is imperative to overcome the technical, regulatory, financial
and social barriers.
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CHAPTER 3

Carbon Capture and Sequestration:
Physical/Chemical Technologies

Mausam Verma, Joahnn Palacios, Frédéric Pélletier, Stéphane Godbout,
Satinder K. Brar, R. D. Tyagi, and Rao Y. Surampalli

3.1 Introduction

The gradual upcoming effects of global warming have become increasingly
pronounced over the last few decades. This has motivated the political and economic
will to minimize the anthropogenic CO, emissions by all sectors. Intergovernmental
Panel on Climate Change (IPCC) has reported that approximately 75% of the current
increase in atmospheric CO, is due to fossil fuel uses (IPCC 2001, 2007). Studies
conducted over the last several decades suggest that CO, has the least potential for
global warming among all greenhouse gases (GHGs) but it contributes to about 60% of
global warming effects mainly due to its higher proportion in the atmosphere. If all the
proven fossil fuel reserves are consumed up, the atmospheric CO, levels can increase
over 5 folds the pre-industrial era (O’Neill 2002). IPCC (2005) has endorsed that about
60% of the global emission of CO, is generated by only 7887 stationary units with >
100,000 tonne CO,/year capacity, including 4942 electric power stations. Mobile carbon
sources such as the transportation sector is second and contributes > 30% in most of the
developed nations and a global average of ~27% to the overall CO, emissions (CANSIM
2006; DOT 2013).

The current level of carbon concentrations in the atmosphere is increasing due to
accelerated developments in populated countries like India and China. At present, the
per capita carbon emission in these developing countries is lower than that of the
developed ones. Thus, the future prospects of the global carbon emissions are dreadful
once more countries will eventually be developed in few decades from now. As of now,
it is gradually being recognized by many researchers that the release of carbon into the
atmosphere is unfettered despite several past and ongoing concerted plans and
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campaigns by international community (e.g., ‘‘United Nations Framework Convention
on Climate Change”’ initiated efforts) at a global scale (IPCC 2001, 2005, 2007).

Considering the substantial fraction of overall global carbon emissions, it would
be pertinent for researchers to start identifying and developing generic as well as
specialized technologies to tackle carbon emission from stationary sources,
transportation sector, and directly from the atmosphere. In general, CO, emission
reduction in fossil fuel utilization can be obtained either at pre-combustion, oxy-fuel, or
post-combustion stages. However, the most suitable option for CO, capture for any
emission source will depend upon specific application (Jordal et al. 2004). Figure 3.1
shows different technologies developed for CO, separation and capture. At present,
almost all of the CO, capture technologies are for stationary sources and normally
require substantial footprint, which is unsuitable for capturing CO, from mobile sources.
Solvent- and sorbent-based, and membrane-based CO, capture technologies are well
documented and attract research and development activities. On the other hand, other
technologies such as enzymes, distillation using cryogenics, and hybrid/intermediate
technologies are also gaining interest of many researchers (Figure 3.1).

This chapter explains the existing carbon capture technologies, application
schemes, and their possible future improvements and modifications.

3.2 Separation with Solvents

In principle, separation with solvents is a two stage process, namely, absorption
of CO, using absorber solvent followed by desorption using either pressure, temperature,
or electric swing or any of the combinations. In general, flue gases from any combustion
power plant are at extreme temperatures (> few hundreds °C) and need to be cooled
down to the optimal absorption temperature level (normally around < 40—-60°C). In the
first stage, flue gas containing CO; and inert gases (non-reactive to solvent) enters the
absorption solvent chamber, and CO; is preferentially separated from the inert gases.
The inert gases simply bubbles out from the solvent chamber, and the CO; rich solvent
is pumped to the desorption chamber (Figure 3.2), where CO, is recovered from the
solvent using pressure, temperature, or electric swing or any of the combinations. The
stripped solvent is then recycled back to the absorber chamber. The energy consumption
of the CO; capture process is the addition of the energy (pressure, thermal, and/or
electric) to pump solvent and flue gases, and to regenerate the solvents. Energy is also
required to compress the recovered CO; to a specific pressure (10-80 MPa) for storage
and transport.

The solvents used for CO, absorption can be divided in three categories with
respect to the reaction mechanism, e.g., chemical, physical, and intermediate.
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Figure 3.2. CO, separation from flue gases by absorption (adapted from CO2CRC
2010)

3.2.1 Chemical Absorption

Chemical adsorption processes for CO, have been in use for several decades to
sweeten natural gas by chemical industries. Chemical adsorption processes for CO, refer
to the absorption of CO; in a liquid solvent by formation of a chemical bond between
CO, and the liquid solvent. The general solvent loading profile is a non-linear
dependence on partial pressure and is higher at low partial pressures. At the saturation
concentrations, the loading of the solvent decreases sharply. For solvent regeneration,
heating is necessary and require substantial energy input.

3.2.1.1 Chemical Absorption Based Applications

Amine Absorption. The technology based on amine solution such as
monoethanolamine (MEA), is a well-established commercialized technology for more
than 60 years used mainly by large-scale chemical industries (Alie 2004; IPCC 2005;
Yang et al. 2008). For example, natural gas industry utilizes MEA to selectively absorb
CO; from natural gas. The MEA absorption processes are widely used for stripping CO>
from flue gas stream as end-of-pipe application. The CO, removal is driven via gas-
liquid mass transfer and formation of HCO3 ions as per equation (3.1):

C,H,OHNH, + H,0 + CO, < C,H;OHNH;+ HCO;3 3.1
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The reaction condition is achieved by forced mixing of MEA solution and CO,
containing flue gases. The CO, rich solvent is then regenerated in a separate unit via
counter flowing steam at 100-200 °C. The heated mixture of MEA, steam, and CO, thus
produced is cooled down to around 40-65 °C, resulting into condensation of water
vapour and up to about 98% recycle of CO, from MEA solution. Thus, highly
concentrated CO, (> 99%) is easily separated from the liquid phase and the MEA, and
water mixture is recycled back to the absorption/stripping column (Sander and Mariz
1992; Figueroa et al. 2008). The absorption capacity of MEA solution for CO, is very
low and requires large volumes, which translates into large equipment size and intensive
energy input and lead to unfeasible process economy. In addition to low absorption
capacities, degradation of MEA due to light concentrations of SOx and NOx also add to
the overall cost. Modifications such as use of mixture of MEA, diethanolamine (DEA)
and methyl diethanolamine (MDEA) are reported to enhance heat efficiency and
absorption capacities of the absorber (Gray et al. 2005). In the recent past, several
attempts have been made to enhance CO, absorption capacity and process heat
efficiency. It was observed that sterically hindered amines with an amino group attached
to a bulky alkyl group, e.g., 2-amino-2-methyl-1-propanol (NH,C(CH3),CH,OH) allow
nitrogen to spontaneously react with CO, and improve absorption capacity (Olajire
2010). The overall reaction for this process is according to Equation (3.2):

RNH, + CO, + H,0 — RNO; + HCOj3 (3.2)

Aqueous Ammonia. The aqueous ammonia (ammonia-based wet scrubbing) is
similar to amine systems (MEA) in many respects, but it has various advantages over the
MEA process. Ammonia and its derivatives can react with CO,, SOy, NOy, HCI and HF,
which normally exist in flue gases and may require additional separation steps,
otherwise (Olajire 2010). The flue gases other than CO, can easily degrade MEA and
corrode equipments, which is not true for the aqueous ammonia process. In this process,
aqueous ammonia is either atomized and mixed with the flue gas, or simply mixed with
the flu gas in a packed bed reactor. The main reaction products of this process are
ammonium bicarbonate, ammonium nitrate, and ammonium sulphate as per Equations
3.3-3.5, which have fertilizer application (Xi et al. 1985).

2NHs(1) + CO,(g) + HoO(1) & NH4HCOs(s) (3.3)
NOx + SO, + H,O — HNO; + H,S0, (3.4)
HNO; + H,S04 + NH; — NH,NO; | + (NH,),S04 (3.5)

Despite having a number of advantages over amine-based systems, literature on
ammonia-based absorption is scarce (Figueroa et al. 2008). The potential for high CO,
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absorption capacity, no degradation during absorption/regeneration, tolerance to oxygen
in the flue gas, cost economics, and potential for regeneration using pressure swing are
promising features for commercial feasibility. In addition, the thermal energy
consumption for the regeneration is expected to be significantly less than the MEA
process (Gupta et al. 2003).

Research and development studies have compared the CO, removal efficiencies
of NHj absorbent and MEA absorbent systems. It was concluded that the NH3 absorbent
can reach up to 99% of CO, removal efficiency and a CO, loading capacity up to 1.20 g
CO»/g NH3;. However, the maximum CO, removal efficiency and loading capacity by
MEA absorbent were 94% and 0.409 g CO./g MEA, respectively, under similar
conditions (Bai 1992). Thus, aqueous ammonia based processes can save throughput
mass handling cost by up to 3 times in addition to enhanced removal efficiency, which
may also reduce the recirculation ratio.

Modified Solvay Process. The Solvay process is also known as dual-alkali
approach, where CO, and sodium chloride is reacted in the presence of ammonia
(primary alkali) as a catalyst under the aqueous environment and produce sodium
bicarbonate and ammonium chloride. The commercial process involves saturating brine
(aqueous NaCl) with ammonia, followed by mixing with carbon dioxide (in spraying or
packed bed reactors). However, the CO; removal from sodium bicarbonate is energy
intensive; recovery of ammonia consumes lime (Ca(OH),), a secondary alkali, and
requires limestone as source. Use of limestone lead to capture of two moles of CO, and
liberates one mole of CO, for overall reaction steps. The release of additional one mole
of CO; and energy requirements for regeneration of ammonia from ammonium chloride
and release of CO, from sodium bicarbonate makes this process inefficient. In order to
overcome these challenges, a modified dual-alkali method was developed by replacing
ammonia with MEA as primary alkali. Furthermore, MEA can be replaced with
methylaminoethanol (MAE) to act as an effective primary alkali by the following overall
reaction:

CO; + NaCl + HOCH,CH,(CH:3)NH + H,0 & NaHCO; |
+ HOCH,CH,(CH3)NH-HC1 (3.6)

This can increase the theoretical CO, absorption capacity of the overall process
up to 1 mole CO,/mole of MAE due to an increase in bicarbonate in the products (Xi et
al. 1985). However, the researchers did not identify the secondary alkali to regenerate
the primary one, i.e., MAE. The regeneration step of the dual-alkali approach can be
improved by replacing (CaCOj;) limestone with activated carbon (AC) as per the
following reaction:

NH,Cl + AC & NH; + AC-HCI 3.7)
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Carbonate-Based Systems. Carbonate-based systems for CO, stripping from
flue gases utilize soluble carbonate to selectively react with CO, to form bicarbonate
(Equations 3.8 and 3.9).

2K" + CO32+ H,0 + CO, — 2KHCO;3! (3.8)
A
2KHCO; = K,COsd + CO,T + H,0 (3.9)

The heat of reaction for soluble carbonate to bicarbonate and for reversion from
bicarbonate to carbonate makes this process economically feasible (Rochelle et al.
2006). Researchers at the University of Texas are developing catalyst (piperazine)
mediated carbonate-based CO, absorption systems to improve absorption efficiency by
up to 30% versus a 30% solution of MEA (Figueroa et al. 2008). Studies have indicated
that carbonate-based systems can decrease the energy requirements by about 5% and
increase the loading capacity up to 10% with respect to MEA. In addition, modifications
in reactor design and operational parameters can also provide an additional 5-15%
energy savings (Rochelle et al. 2006).

3.2.2 Physical Absorption

Physical solvents selectively absorb CO, according to Henry’s Law without any
chemical interactions. Equation (3.10) is a mathematical expression of Henry’s law (at
constant temperature), where p is the partial pressure of CO; in the gas phase above the
physical solvent, ¢ is the concentration of the CO; in the physical solvent and &y is the
Henry’s law constant which is temperature dependent.

p=kuc (3.10)

Physical absorption processes are dependent on the temperature and the partial pressure
of CO; in the organic solvent (NREL 2006). The higher loading of CO, can be achieved
by using suitable solvent (with higher CO, partial pressures) and lower process
temperatures being more favourable for the process economy and efficiency. Physical
absorption is weak in comparison to chemical bonding. Therefore, physical solvents
provide easier absorption-desorption processes via pressure and temperature swings and
are less energy intensive. The major limitation of the physical solvents is the
requirements for low temperatures for optimal operation; therefore, the gases should be
cooled before absorption (Figueroa et al. 2008). Physical absorption-based applications
for carbon capture are briefly introduced below.

Selexol and Rectisol. Selexol and Rectisol are the two most common physical
solvent processes. Dimethyl ether of polyethylene glycol is used as the active ingredients
of Selexol solvent. Absorption of CO, takes place at low temperature (0-5 °C) and

43



44 CARBON CAPTURE AND STORAGE

desorption of the CO»-rich Selexol solvent is accomplished either by pressure swing,
stripping with air, inert gas, or steam. Sulphur compounds, carbon dioxide, water as well
as aromatic compounds can be removed selectively or simultaneously. However,
moisture removal is necessary before the Selexol process.

In the case of the Rectisol process, chilled methanol is used as active ingredient.
The Rectisol process is mainly used for the efficient treatment of synthesis gas,
hydrogen, natural gas, and coal gas. It is normally performed within a temperature range
of -1 to -38 °C. The process is not suitable for gas streams containing ethane and heavier
components. Selexol and Rectisol are widely used in commercial acid gas removal
processes due to several advantages, such as low temperature rise in absorber; moisture
removal; low foam; thermal and chemical stability; no degradation problems; low capital
cost (use of carbon steel); air stripping (no re-boiler’s heat); low operating pressure; and
non-aqueous and inert chemical characteristics (less corrosive). Nevertheless,
hydrocarbon losses, high pressure, low temperature, and formation of metallic amalgams
such as those from mercury are some disadvantages of Selexol and Rectisol based
processes and needs consideration before specific application.

Propylene Carbonate (Fluor Process). Propylene carbonate (CsHeOs) is
commercially used as a polar solvent to strip CO, from flue gases. The physical binding
of CO, with Flour solvent provides energy efficient solvent regeneration. The process is
more efficient for CO; rich gas streams at high pressure (> 60 psig) (Figueroa et al.
2008; Olajire 2010). In addition, Flour solvent has high affinity and loading capacity for
CO,, no additional water requirement, simple operation, dry gas output and low freezing
point. However, high solvent cost, high recirculation requirement, and high affinity for
heavy hydrocarbons make this process highly specific for CO,-rich flue gas streams at
high pressure.

Others. Other physical solvents in CO, capture applications are methanol, N-
methyl-2-pyrrolidone, polyethylene glycol dimethylether, propylene carbonate and
sulfolane (Meisen and Shuai 1997). Currently, the processes used for the removal of
CO; and sulphur compounds from coal syngas are the Shell Sufinol® process and the
Amisol® process developed by Lurgi (Gupta et al. 2003).

3.3 Separation with Sorbents

3.3.1 Physical Adsorption

Adsorption of CO, on physical sorbents is based on selective intermolecular
forces between the molecules of gases and the surfaces of a solid or a liquid sorbent.
During the physical adsorption process, the flue gas stream is passed through an



CARBON CAPTURE AND STORAGE 45

adsorbent chamber, where selective separation of CO, takes place (Figure 3.3). The
degree of selectivity of CO, for adsorption is dependent upon the temperature, partial
pressure, surface forces, and adsorbent pore sizes. Thus, single or multiple layers of
gases can be adsorbed, and the adsorption can be selective to a certain extent. The
prevalent methods for regeneration of adsorbent materials are pressure swing,
temperature swing, electrical swing, and washing operations, depending on the flue gas
composition as well as the adsorption parameters. Pressure swing, temperature swing,
and electrical swing operations utilize extreme change in parameters with respect to
adsorption and regeneration steps. In the case of pressure swing, the pressure of the
adsorption chamber is normally dropped to very low values for regeneration. On the
other hand, regeneration via temperature swing requires increase in temperature.
Electrical swing is performed by changing the electric current through the adsorbent bed.
The washing of the adsorbent bed is also possible using liquid with high affinity for
CO,. However, the adsorption process is not a preferred method for CO, capture in
large-scale industrial treatment of flue gases because the existing adsorbents are, in
general, with low capacity and limited selectivity for CO, (Meisen and Shuai 1997).

Pressure/
temperature
swings to

Figure 3.3. CO, separation from flue gases by adsorption (adapted from CO2CRC
2010)
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3.3.2 Physical Adsorption-Based Applications

Molecular Sieve. Molecular sieves can be naturally occurring materials such as
zeolites (aluminosilicate compositions), or non-zeolite, such as aluminophosphates,
silico-aluminophosphates, and silica (Scholes et al. 2008), as well as can be tailor-made
to desired pore structures to pass gas molecules on selective basis. They differentiate gas
molecules based on their kinetic diameter and the relative size of the pore channels.

According to Yang et al. (2008), this technology is believed to be cost-effective
and can be adapted to a variety of carbon sequestration schemes. Currently, many
researchers have experimented with chemical modifications of the molecular sieve
surface to eliminate some limitations of molecular sieves. In particular, adsorbents based
on high surface area inorganic supports of basic organic groups, mainly amines, are
studied. The CO, adsorption capacity was 0.5 mol CO,/mol surface-bound amine group
without the presence of water, and 1.0 mol CO./mol surface-bound amine in the
presence of water. The mesoporous substrates, such as silica, SBA-1, SBA-15, MCM-41
and MCM-48 are also interesting because of the large enough pores that can be accessed
by molecules with amino groups. The porosity and surface functionalized groups have
been found to facilitate CO, adsorption. Inorganic-organic hybrid adsorbents are also
under development, which provide both substantial pore volumes as well as large
effective surface area (Chaffee et al. 2007).

Activated Carbon. Activated carbon has extremely porous micro- and meso-
structure. The well-developed pore structure and surface chemistry governed by the
presence of heteroatoms, such as oxygen, nitrogen, and others of activated carbons are
highly suitable for their application in adsorption of numerous compounds. The
activated carbon has a particle size between 0.1 and 5 microns (Scholes et al. 2008). The
CO, adsorption capacity was reported to be 65.7 mg CO,/g adsorbent for the anthracite
activated at 800 °C for 2 h with an effective surface area of 540 m*/g. On the other hand,
the CO; adsorption capacity was 40 mg CO»/g adsorbent from the same anthracite with
higher surface area of 1071 m*/g. Thus, CO, adsorption capacity was not only dependent
on the surface area but on the surface chemistry as well. Pevida et al. (2008) have
indicated that any surface modifications of commercial activated carbons should be
carefully selected. For example, the nitrogen functionalities that promote the CO;
capture characteristics of activated carbon should be implemented without affecting the
original structural integrity. In general, the CO, capture capacity of activated carbons are
lower than zeolites and molecular sieves under low pressure and ambient conditions
(Martin et al. 2010), nevertheless, larger CO, capture capacities at higher pressures, ease
of regeneration, potentially as a low-cost alternative, and tolerance to moisture are some
of the strengths of this process.



CARBON CAPTURE AND STORAGE 47

Zeolite. CO; capture can be performed by naturally occurring as well as tailor-
made zeolites to meet the specific requirements of a gas separation. There are many
reports on separation of CO, and H, using zeolites of different pore sizes and effective
surface areas. In the case of smaller pore size zeolites, relatively smaller gas molecules
such as Hy, O, and N; can pass through, whereas, CO; is retained. Alternatively, larger
pore sizes with or without surface treatments can selectively retain H, and other smaller
molecules via Knudsen diffusion, while CO;, can pass through unhindered (Yan et al.
1997).

Lithium Compounds. Lithium compounds such as lithium zirconate (Li,ZrOs),
and lithium silicate (LisSi04) have been reported to be suitable for high temperature CO;
adsorption (Fauth et al. 2005; Iwan et al. 2009; Nair et al. 2009). The chemical reactions
using Li,ZrO;, and LisSiO4 to capture CO, are as follows:

LizZI‘O3(S) + COz(g) = L12C03(S) + Zr02(S) (31 1)
LisSiO4(s) + COx(g) < LizSiOs(s) + Li,COs(s) (3.12)

The CO, capture reactions by Li,ZrO; and LisSiO4 are reversible in the
temperature range of 450-590 and around 720 °C, respectively. The adsorption and
release of CO; can be easily carried out by temperature swing operation. In addition to
these compounds, numerous binary and ternary eutectic salt-modified Li,ZrOs; were
studied for high temperature CO, capture applications. The combinations of binary
alkali carbonate, binary alkali/alkali earth carbonate, ternary alkali carbonate and ternary
alkali carbonate/halide eutectic to Li,ZrO; have been found to increase the CO; loading
rate and CO; capture capacity. The eutectic molten carbonate layer on the outer surface
of adsorbent Li,ZrOs particles also facilitates the gaseous CO, transfer during the
sorption process. High capacity, high absorption rate, wide range of temperature and
concentrations of CO, and stability are favourable for commercially competitive CO,
adsorbent. Nevertheless, considering the proven global reserves of lithium, the current
and future trends of consumption of lithium compounds in the areas such as electronics,
hybrid and electric vehicle production, and many others can jeopardize the economic
viability of lithium compounds in the use of CO, capture technologies.

3.4 Separation with Membranes

Capture of CO; can also be performed via separation with selective membranes,
which are specially designed to allow the permeation of desired gas(es) through them.
The degree of selectivity of membranes to different gases is intrinsically related to the
construction material, whereas the volumetric capacity through the membrane is
dependent on the pressure difference across the membrane. Therefore, high-pressure
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streams are usually preferred for membrane separation (IPCC 2005). Membranes can be
used in two different ways: either like a filter (gas separation membranes), or allowing
CO; to be absorbed into a solvent (gas absorption membrane).

3.4.1 Gas Separation Membranes

Gas separation membranes consist of solid membrane materials and operate on
the principle of preferential permeation of desired constituents through the porous
structure. The optimal separation efficiency is achieved by selection of membrane
material with higher degree of selectivity and higher permeability. A commercial scale
membrane separator typically consists of a large number of hollow cylindrical
membranes arranged in parallel. The CO,-rich gas mixture is fed inside the hollow
section at elevated pressure. The CO, preferentially passes through the membranes and
is recovered at reduced pressure on the shell side of the separator as permeate, whereas,
the rest of the gas mixture constituents are recovered as retentate (Figure 3.4). Usually, a
fraction of retentate is recycled back to the feed stream to improve CO, capture
efficiency at the expense of operating cost of the process. Herzog and Golomb (2004)
discussed several advantages of gas separation using membranes such as high packing
density; high flexibility with respect to flow rates and solvent selection; absence of
foaming, channelling, entrainment and flooding—common problems associated with
packed absorption towers using liquid solvents; transportability; and durability.

Separation
membrane

Pressure gradient

Figure 3.4. Gas separation membrane (adapted from CO2CRC 2010)

Gas Absorption Membrane. Gas absorption membranes consist of highly dense
microporous solid structure in contact with an absorbent solvent. The desired gas
component to be separated diffuses through the membrane and is then absorbed into and
removed by the solvent. The main difference between gas separation membrane and gas
absorption membrane is the separation potential. As explained earlier, in a gas
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separation membrane process, higher permeability usually associates with lower
selectivity and vice versa. However, in a gas absorption membrane process, permeability
is obtained by the physical presence of the microporous membrane, and selectivity is
achieved by the liquid absorbent. This technique favours higher flux of CO, as well as
more compact equipments than conventional membrane separators (Meisen and Shuai
1997; Ahmad et al. 2010).

Membranes can be employed in pre-combustion; oxyfuel combustion; and post-
combustion systems (see below) for the separation of CO, from hydrogen, CO, and
natural gas; oxygen from nitrogen; and CO, from flue gases, respectively. There are
many different types of membrane materials (polymeric, metallic, ceramic) that have
potential to be used in CO; capture systems. Some of the emerging membrane types are
discussed in the following.

3.4.2 Membrane Types

Polymeric Membranes. Polymeric membranes are classified as rubbery or
glassy based on the glass transition temperature of the polymers used (Plate and
Yampol’skii 1994). The rubbery membranes, operating just above the glass transition
temperature can easily rearrange and result into low energy adsorption and gas release
operations. The gas solubility within the polymer matrix follows Henry’s Law and is
linearly proportional to the partial pressure (Olajire 2010) as follows:

Cp=Kpp (3.13)

where, Cp is the gas concentration in the polymer membrane, Kp is the Henry’s law
constant, and p is the partial pressure of the gas being captured.

On the other hand, glassy membranes operate at temperature below the glass
transition and cannot rearrange as effectively as rubbery membranes operating just
above the glass transition temperature. This leads to imperfectly packed polymer chains
and form excess microscopic voids in the membrane structure, which provide Langmuir
adsorption sites. Therefore, glassy membranes have dual-mode sorption capacity as
shown by the following equation:

CT:CD+ CH (314)

where, Cris the total adsorbed gas concentration and Cy is the gas concentration
due to Langmuir adsorption. Thus, glassy membranes provide higher permeability and
lead to lower operating cost. However, permeability is inversely proportional to
selectivity and vice versa; therefore, most of the existing polymeric membranes have an
optimal trade-off with respect to permeability and selectivity. The performance of the
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COs-selective polymeric membrane can be achieved either by increasing the solubility
of carbon dioxide in the membrane through chemical changes in polymer matrix or, by
increasing the diffusion of carbon dioxide by altering the polymer packing within the
membrane.

Inorganic Membranes. Inorganic membranes can be classified into porous and
non-porous membranes. Porous inorganic membranes consist of a porous thin top layer
fixed on a porous metal or ceramic support. The support provides mechanical strength
but offers minimum mass-transfer resistance. Some of the commonly used support
materials are alumina, carbon, glass, silicon carbide, titania, zeolite, and zirconia
membranes. In non-porous membranes, the permeability is mainly due to the atomic
interstices, atomic vacancies and dislocations (Bose 2009). The common non-porous
inorganic membranes highly selective for hydrogen or oxygen separation consist of a
thin layer of metal, such as palladium and its alloys, or solid electrolytes, such as
zirconia (Mundschau et al. 2006; Yang et al. 2008).

Evidently, fluxes are higher in the case of porous membranes while higher
selectivity can be achieved using non-porous membranes (Mallada and Menéndez 2008).
The inorganic membrane systems have ability to operate at high temperatures, which is
the most sought-after capability for the separation of carbon dioxide from hydrogen in
syngas production (Scholes et al. 2008).

Mixed-Matrix and Hybrid Membranes. Integration of molecular sieves in a
polymer membrane (e.g., polymer-zeolite, polyimide-carbon, polyimide-silica, nafion-
zirconium oxide, HSSZ-13-polyetherimide, and acrylonitrile butadiene styrene-activated
carbon) provides both the permeability of polymers and the selectivity of molecular
sieves. However, poor contact at the molecular sieves/polymer interface can hamper the
overall performance (Yang et al. 2008). Moore and Koros (2007) demonstrated that the
gas sorption in mixed matrix membranes is approximately additive in the absence of
other factors such as a contaminant. For example, zeolite 4A can be easily affected by
the contaminants from the processing equipments or from the gas mixture itself.

Facilitated Transport Membranes. Facilitated transport membranes (FTM)
offer higher selectivity and can handle larger throughputs of gas mixture (Shekhawat et
al. 2003). FTMs undergo a reversible complex reaction as well as solution-diffusion
mechanism of the polymeric membranes. Higher selectivity in FTM is due to the
incorporation of a carrier agent into membrane, which can reversibly react with the
desired gas species. The permeating gas dissolves and reacts with the carrier agent inside
the membrane to form a complex in the upstream portion of the membrane. The gas
species-carrier agent complex diffuses across the membrane and then permeates out of
the downstream side of the membrane. The carrier agent is continuously recovered and
diffuses back to the feed side (Shekhawat et al. 2003).
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Van der Sluijs et al. (1992) concluded that a membrane could be considered as a
serious competitor in comparison to other separation techniques for gas separation if it
has a selectivity of at least 200 and high permeability. The membrane’s best selectivity
at that time was 67. At present, the higher selectivity values at the laboratory scale are
160 (Brunetti et al. 2010) and 200 (Duan et al. 2006), showing the potential of the
application of this technique.

However, the existing CO,-selective membranes are not as efficient as some of
the others such as Hj-selective membranes (Scholes et al. 2008). Commercially utilized
polymeric membranes developed for CO, can achieve desired separation at low
selectivity. The high CO, permeability and selectivity of membranes at low pressure and
low temperature make them suitable for post combustion CO, capture but less
competitive at high pressure and high temperature operations such as integrated
gasification combined cycle (IGCC). At present, CO;-selective membranes for carbon
capture from IGCC process are lagging behind other gas separation membranes and
require more research efforts.

3.5 Separation with Other Technologies

Cryogenic Distillation. Cryogenic carbon removal methods can capture CO;
from flue gases in a liquid form by a carefully designed and controlled series of
compression, cooling and expansion steps. Except N,, flue gas components (such as
H,0, NOy, SOy and O) are removed prior to the cryogenic process. The temperature and
pressure are lowered and increased, respectively, in order to liquefy CO,. In particular,
the triple point of CO, (216.6 K at 5.11 atm) is attained, where CO, condenses, solidifies
and remain in gaseous phase simultaneously, while N, remains in gaseous form. The
main advantage of cryogenic processes is higher recovery of CO,, provided the CO;
feed is properly conditioned. The liquefied CO; can easily be transported for commercial
use or sequestered in the spent oil and gas field reserves. However, the presence of
contaminants (SOx and NOx) can hinder cryogenic processes (Shackley and Gough
2006) and require the complicated conditioning process of the flue gases. Evidently, the
need for pressurization and refrigeration can make cryogenic processes energy intensive
and hence expensive depending upon the CO, concentration in the flue gases (Meisen
and Shuai 1997; Shackley and Gough 2006). Therefore, cryogenic separation is
commercially used for the purification of CO, from streams with high CO,
concentrations (typically > 90%) and not normally used for highly diluted streams
(Shackley and Gough 2006). A patent filed by Baxter (2009) is pending for a Cryogenic
Carbon Capture (CCC) process at Brigham Young University to separate a nearly pure
stream of CO, from power plant flue gases more cost-effectively and with significantly
less energy requirements than current alternatives. The CCC process can be applied in
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post-combustion systems and is suitable for retrofitting existing power plants with
relative ease. Figure 3.5 shows the schematic of the CCC process. In the CCC process, a
flue gas stream is dried and cooled, gently compressed and cooled to slightly above the
frost point of CO,. The gas is then adiabatically expanded, which results in further
cooling the stream and precipitating solid CO,. The solid CO; is separated from the flue
gas by a gas-solid separator, and the pure CO, stream is pressurized. The excess cooling
of CO, and N streams is used to cool incoming flue gas in a heat exchanger. Finally,
liquefied CO, and a pure gaseous nitrogen stream are obtained separately.

—_— Gaseous Nz-rich stream

Liquid CO, stream

Condesing SO,, Hg, HCl, etc.

heat exchanger

Solid-gas
separation

COz—rich stream

Molecular-sieve

Figure 3.5. Schematic diagram of the cryogenic carbon capture process (adapted from
Baxter 2009)

Moisture

Solidified CO,

Ionic Liquids. Ionic liquids are organic salts that are liquid near ambient
conditions and have been proposed as physical solvents for gas separations to facilitate
the sequestration of gases without concurrent loss of the capture agent or solvent into the
gas stream. They are stable at temperatures up to several hundred degrees centigrade and
can dissolve and retain gaseous CO,. The temperature stability of ionic liquids is useful
for recovering CO, from the flue gas without prior cooling. Furthermore, physical
binding to CO, require ionic liquids minimal heat for regeneration (Figueroa et al.
2008). According to Bates et al. (2002) and Maginn (2005), ionic liquids are regarded as
potentially environmentally-benign solvents due to their low volatility.

Enzyme-Based System. Carbonic anhydrase (CA) is currently at the
experimental stage to capture CO, from flue gases. Enzyme-based systems mimic
naturally occurring reactions of CO, in living organisms. The enzyme functions as a
catalyst to facilitate transformation of CO; into carbonic acid in solution (Figueroa et al.
2008; CO; Solutions 2010). One CA molecule can catalyze the hydration of 600,000
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CO;, molecules per second in comparison to 0.038 CO, molecules per second for an
uncatalyzed reaction. Only small-ionized species, principally bicarbonate and carbonate
can diffuse across the membrane (Cowan et al. 2003). Immobilized-CA based hollow
fibre liquid membrane has demonstrated the potential for up to 90% CO, capture
followed by regeneration at ambient conditions at the laboratory-scale (Figueroa et al.
2008). The regeneration of CO,-rich solution is easily possible at ambient temperature
with modification to solution’s pH in the presence of CA (Salmon et al. 2009). Thus,
solution regeneration is less energy intensive. However, surface fouling, loss of enzyme
activity, enzyme cost, and scale-up are some of the challenges to this technique.

Chemical-Looping Combustion. Chemical-looping combustion (CLC) involves
the use of a metal oxide as an oxygen source for combustion which uptakes oxygen from
the air. Thus, the direct contact between fuel and combustion air is prevented.
Consequently, the combustion products, e.g., CO, and H»O, are isolated from the rest of
the flue gases, e.g., nitrogen and unused oxygen. The net chemical reaction is similar to
the normal combustion, and the CO; is separated from nitrogen during oxidation of
metal in a separate chamber. This is contrary to the known techniques for CO,
separation from the flue gas, which require large amounts of energy and capital
investment (Mattisson and Lyngfelt, 2001). The major developmental challenge of
chemical-looping combustion is the metal oxide material that should be able to
withstand long-term chemical cycling as well as resistant to physical and chemical
degradation from impurities generated from fuel combustion (Thambimuthu et al. 2002).
Some of the oxygen carriers are small particles of metal oxides such as Fe,O3, NiO,
CuO, and Mn,0;. Figueroa et al. (2008) reported chemical-looping gasification to gasify
coal for syngas (H, and CO) production. In this case, a second solid loop is used in a
water gas shift reactor, where steam reacts with CO and converts it to H, and CO,. The
circulating solid absorbs CO, and provide a greater driving force for the water gas shift
reaction. The CO, can then be released through the calcinations step that produces
highly concentrated CO, for further compression and sequestration. Nevertheless, both
chemical-looping combustion and gasification are under experimental stages.

3.6 Carbon Capture Schemes for Different Sources

Carbon capture schemes for stationary sources such as power generation plants,
industrial facilities have been demonstrated via pre-, oxy-fuel, and post-combustion CO,
capture. There were no reported studies on CO, capture from transportation sector
(passenger and mass transit systems). However, post-combustion CO; capture seems to
be a plausible option. Carbon capture from atmosphere involves the separation of CO;
from exhaust gases emitted by miscellaneous sources; therefore, post-combustion CO,
capture model can be applicable. The three options for carbon capture schemes are
explained in the following sections.
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3.6.1 Carbon Capture from Concentrated Sources

Pre-Combustion Capture. Pre-combustion capture involves a solid or liquid
fuel such as coal, biomass, or petroleum products reacting with oxygen (gasification) or
with air and/or steam, to produce a mixture consisting mainly of carbon monoxide and
hydrogen (synthesis gas). The carbon monoxide is reacted with steam in a catalytic
reactor, known as shift converter, to provide CO, and additional hydrogen. The CO, is
then separated using a physical adsorption process, resulting in a hydrogen-rich fuel,
which can be used in boilers, furnaces, gas turbines, internal combustion engines, and
fuel cells. The heat of the exhaust gas from a combustion turbine can be recovered to
produce steam for the steam turbine that generates additional power and increases the
overall power system efficiency (Figure 3.6). The initial fuel conversion steps in pre-
combustion are more elaborate and costly than in post-combustion systems. However,
the removal of CO, from such gas stream prior to the combustion is often much practical
than after combustion due to lower volumetric flow rates, higher pressure, and higher
concentrations of CO, (typically 15 to 60% by volume on a dry basis) produced by the
shift reactor (Marion and Griffin 2001; IPCC 2005). Pre-combustion is an economically
feasible process for many cases. The high CO, concentration in the high pressure fuel
gas, physical solvents such as ethanol or polyethylene glycol, can effectively capture the
CO; often in combination with sulfur (H,S) removal. Currently, these state-of-the-art
capture technologies are under investigation and will require some more time to be
tested at the commercial scale (Figueroa et al. 2008).

Gaseous N2

Syn gas

Molecular sieve
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Co, (40%) :
Combustion

Steam cycle
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Figure 3.6. Pre-combustion capture system (adapted from Figueroa et al. 2008)
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Oxy-Fuel Combustion. In general, fuels are burned in air due to practical
reasons; however, the CO, concentration in the flue gas is relatively lower due to a
higher nitrogen to oxygen ratio in the air. On the other hand, in order to make
separations less expensive, higher CO, concentrations are necessary. Therefore, oxy-fuel
combustion systems use oxygen instead of air for combustion of the primary fuel and
produce a flue gas mixture that is mainly water vapour and CO,. The most common oxy-
fuel combustion concept involves a cryogenic air separation unit to supply high purity
oxygen to a boiler. The combustion of a fuel in pure oxygen produces very high flame
temperatures that exceed the tolerance limits of metals in common boilers. Therefore, a
portion of the flue gas containing CO, is recycled into the boiler to reduce the
combustion temperature (Figure 3.7). The water vapour in the flue gas is removed by
cooling and compressing the gas stream, which result in a CO, concentration greater
than 80% by volume (IPCC 2005; Steeneveldt et al. 2006). The CO; rich flue gas must
be treated for small amounts of other acid gases (SOx and NOx) prior to compression for
transport and storage. In most current designs, oxy-fuel combustion requires the oxygen
purity > 95% (IPCC 2005; Figueroa 2008). As a downside, according to Herzog and
Golomb (2004) the air separation unit alone may consume about 15% of a power plant
electric output, requiring an increased consumption of fuel for achieving the rated
electric output of the plant.

Gaseous N,

Flue gas

Molecular sieve

Power

Steam turbine j

Figure 3.7. Oxy-fuel combustion system (adapted from Figueroa et al. 2008)

The oxy-fuel combustion system is still in the demonstration phase, being the
least advanced of all the capture options for power generation. The technology requires
further development before the design and construction of a full-scale system (IPCC
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2005). The high temperatures encountered during oxy-fuel combustion can be handled
either with more advanced materials to enable the direct application of oxy-fuel
combustion, or by the use of various diluents to moderate the combustion temperatures
(Simmonds et al. 2004). Thus, oxy-fuel combustion faces main challenges such as the
high cost of oxygen production, overall design of the boiler and burners, and removal of
impurities from CO; stream.

Post-Combustion Capture. Post-combustion systems separate CO, from the
flue gases produced by the combustion of fuels. The lean concentrations of CO; in flue
gas stream (12—-15 v/v% for modern coal fired power plants and 4-8 v/v% for natural
gas fired plants) is passed through the equipment which capture and separates most of
the CO, (Figure 3.8). The CO; is then fed to a storage reservoir, and the remaining flue
gas is discharged to the atmosphere (IPCC 2005). According to Figueroa et al. (2008)
and Brunetti et al. (2010), post-combustion carbon capture has the greatest near-term
potential for reducing carbon emissions in terms of industrial sectors (e.g., power, kiln
and steel production) because it can be retrofitted to existing units that generate two-
thirds of the CO, emissions in the power sector. However, the energy requirement and
the resulting overall efficiency are not favourable.
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Figure 3.8. Post-combustion capture system (adapted from Figueroa et al. 2008)

Absorption processes based on chemical solvents are currently the preferred
option for post-combustion CO, capture (IPCC 2005). These systems normally use a
liquid solvent to capture the small fraction of CO; (typically 3—15% by volume) present
in a flue gas stream in which the main constituent is nitrogen (from air). Several
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potential solvents as described earlier in this chapter are being considered for post-
combustion capture, including various types of amines, amino acid salts, ammonia,
sodium carbonate solutions and solvent blends, but the most developed post-combustion
capture concept is amine separation (Price et al. 2008). However, the presence of oxygen
in the flue gas stream can be problematic to the flue gas amine scrubbing, as it can cause
degradation of some solvents and corrosion of equipment. At present, the process of
scrubbing CO, with amines is under the pilot and demonstration scale and can be easily
scaled up to actual power plant size (IEA Greenhouse Gas R&D Programme 2007).

Selection of Different Schemes. Several other processes have also been
considered to capture CO;, from power plant and industrial boiler flue gases, e.g.
membrane separation, cryogenic fractionation, and adsorption using molecular sieves as
described before. Except absorption methods and some membranes, most of these
processes are generally less energy efficient and more capital intensive (Gupta et al.
2003; Herzog and Golomb 2004). Research and development on post-combustion
capture systems have made it is economically feasible for certain applications.
According to IPCC (2005), the main systems of reference for post-combustion capture
are the current installed capacity of 2261 GW. of oil, coal and natural gas power plants.
Moreover, the 155 GW. of supercritical pulverised coal fired plants and the 339 GW. of
natural gas combined cycle plants, both represent the high efficiency power plant
technology where post-combustion CO, capture can be economically feasible.

In coal-fired power plants, despite CO, capture is theoretically less favourable
and more energy intensive than from other gas streams, commercial applications exist.
However, higher stakes in research and development effort are being undertaken
worldwide to develop more efficient and lower cost post-combustion systems. Research
and development objectives of most post-combustion research programs are focused on
the development of new solvents, membranes, and process integration (such as thermal
integration with the power plant) to reduce thermal energy consumption (2 GJ/tonne
COy) and efficiency loss (Wall 2007).

The different carbon capture/separation technologies can be employed for the
carbon capture strategies, namely, post-, pre-, and oxy-fuel combustion captures
depending upon the application requirements. Table 3.1 provides a list of the toolbox of
both current and emerging technologies for carbon capture for different scenarios.

3.6.2 Carbon Capture from Other Point and Non-point Sources

Besides CO, capture from power generation sources, CO, could be separated
also from the atmosphere as well as stationary sources other than power generation, e.g.,
integrated steel mills, cement plants, pulp and paper production, processing of heavy oils
such as tar sands, and synthetic fuels production. Nevertheless, methods to capture CO,
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at each of these types of facilities depend on their specific production processes, which
can be quite complex (Price et al. 2008).

Table 3.1. CO, Capture toolbox (adapted from IPCC 2005)
. Oxy-fuel combustion .
Separation | Post-combustion capture cap};ure Pre-combustion capture
task
CO,/N2 0,/N, CO,/H,
Separation | g0/ removal' 90-95%? > 80% removal'
efficiency
Capture . . .
Technology Current Emerging Current Emerging Current Emerging
Improved
Improved solvents chemical
solvents
Biomimetic .
. Physical solvents Novel
Solvents . Novel contacting solvents, e.g. .
. Chemical . n.a. . contacting
(Absorption) equipement hemoglobine- . N
solvents L= Chemical solvents equipment
derivatives
. Improved
Improved design of .
design of
processes
processes
Ceramic Ceramic
Ton transport
X Facilitated transport X membranes X Palladium
Membranes Polymeric Polymeric Polymeric
Carbon Facilitated Reactors
Contactors transport Contactors
Adsorbents for 02 Zeolites
Zeolites Carbonates Zeolites /N2 separation i Carbonate_s
Hydrotalcites
Solid Sorbents Perovskites
Activated carbon
Activated Carbon based Activated Oxygen chemical .
5 Silicates
carbon sorbents carbon looping
Alumina
. . . . . e Lo Improved . . Hybrid
Cryogenic Liquefaction | Hybrid processes Distillation distillation Liquefaction processes

Note: Processes shown in bold are commercial processes that are currently preferred in most
circumstances. ' Nominal CO, capture levels of 80% is a project specific value and determined
by the relationships between the CO, partial pressure, capture % and the energy for compression
(Wall 2007). In post-combustion capture, a value of 90% is often used as an estimate (Pehnt and
Henkel 2009). ? (Pehnt and Henkel 2009). A range of studies assume a value of 90% (Douglas et
al. 2003; Dillon et al. 2004; Sekkappan et al. 2006). However, many studies also expect that an
efficiency of nearly 100% could be reached (IPCC 2005; Viebahn et al. 2007).

Carbon capture from mobile sources and atmosphere seems to be a very
attractive strategy to mitigate global warming effects as almost 50% CO, emission is
caused by mobile and unaccounted sources. In fact, many existing techniques for CO,
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capture from industrial and electricity generation plants are suggested, and some are
under investigation to capture CO, directly from the atmosphere (Stucki and Schuler
1995; Zeman 2007). In addition to existing techniques, wet scrubbing using sodium
hydroxide solution is the most common technique for CO, capture from ambient air.
However, the low CO, concentration in ambient air requires recirculation of almost
3,000,000 m® of air per ton of CO,. This is apparent in the lower thermodynamic
efficiency of the process with respect to other ‘‘end of pipe’ strategies. Use of
alternative energy sources such as wind and solar to power such process can make it
economically feasible. On the other hand, direct capture of CO, from mobile sources
such as automobile, recreational vehicle, mass transit systems is non-existent. This is
mainly due to the technical limitation of the present techniques. The size and weight of
almost all CO; capture systems will not allow them to be integrated with these sources
(Hicks et al. 2007). For example, an existing very high capacity adsorbent with 3.1
mmol CO,/g adsorbent material would require about 854.5 kg of adsorbent material for
an average full tank of gasoline (~50 litre). Evidently, existing techniques are not
intended for ‘“end of pipe’” application in mobile sources.

3.7 Conclusions

Current trend of fossil fuel consumption is extremely difficult to curtail,
considering the burgeoning world population and emerging economies worldwide.
Despite several attempts by international community to check global warming, the
problem is getting bigger with time. Unless some reliable and economic alternatives to
fossil fuels are established, carbon capture (more precisely, CO,) from fossil fuel
emissions is the most promising approach. There are several carbon capture techniques
in place at laboratory as well as commercial-scale power generation plants. These
techniques utilize chemical/physical solvents and sorbents, membranes, enzymes, and
innovative processes to capture CO; at pre-, post-, or oxy-fuel combustion stages. At
present, the most commonly used CO; capture technique is use of chemical solvents
such as MAE, and many proprietary products. However, these processes have higher
operating and capital costs, environmental risks, and technical restraints. The CO,
capture techniques are mainly used by the large scale thermal power generation plants,
which add to about 10-20% of the overall fuel consumption. In order to address these
problems, several other techniques such as physical solvents/sorbents, molecular sieve,
activated carbon, membranes, cryogenic fractionation, chemical-looping combustion,
and combination processes have been under investigation. Many of these second
generation CO, capture techniques are at demonstration and commercial stage
experimentation and show good potential. Research is needed to investigate best
strategies for application of suitable CO; capture technique at pre-, post-, or oxy-fuel
combustion stages. However, environmental, geological, and political variables
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associated with carbon emission sources will play crucial role in determining the best
CO; capture technique.
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CHAPTER 4

Carbon Capture and Sequestration:
Biological Technologies

Klai Nouha, Rojan P. John, Song Yan, R. D. Tyagi,
Rao Y. Surampalli and Tian C. Zhang

4.1 Introduction

Strategies to reduce emissions of carbon dioxide (CO,) from fossil fuels, and
hence mitigate climate change, include energy savings, development of renewable
biofuels, and carbon capture and sequestration (CCS). For CCS, several scenarios are
being considered (Zhang and Surampalli 2013). One approach is capture of point-source
CO, from power plants or other industrial sources and subsequent injection of the
concentrated CO; underground or into the ocean (Benson et al. 2008). An alternative to
this point-source CCS method is expansion of biological carbon sequestration of
atmospheric CO, by measures such as reforestation, changes in land use practices,
increased carbon allocation to underground biomass, production of biochar, and
enhanced biomineralization (Janssan et al. 2010).

Biological CCS is one of the natural and cost effective technologies for CCS. It
includes 1) the photosynthetic systems of microorganisms or higher plants (e.g., algae,
microbes), ii) sustainable practices (e.g., soil conservation, development of grasslands)
and iii) use of biomass/residues (e.g., biomass-fuelled power plant, production of
biofuels, and biochar). Currently, considerable studies have been conducted on
biological CCS. Many reviews have been published about biotic carbon sequestration,
wetlands, soil carbon sequestration (Bruce et al. 1999; Lehmann 2007; Lal 2008;
Trumper et al. 2009). However, research and development of CCS technologies has been
generating new information on advanced biological processes, genetic and/or protein
engineering of microorganisms, plants and biomass to improve/optimize biotic CCS,
which warrants rigorous review for wide-range dissimilation. This chapter provides a
state-of-the-art review on biological processes and technologies for CCS, including the
major biological processes, approaches and alternatives to i) capturing and ii)
sequestrating CO,, iii) advanced biological processes for CCS, an iv) comparison
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between biotic and abiotic CCS concerning their merits and limitations. Specific
attention is paid to the principles and related mechanisms for biological CCS at the
ecosystems, organism, and molecular levels.

4.2 Biological Processes for Carbon Capture

The biological processes for CCS normally affect the cycle of carbon in the
planet. The carbon cycle is the biogeochemical cycle by which carbon is exchanged
among the biosphere, pedosphere (the soil-containing earth surface), geosphere,
hydrosphere, and atmosphere of the Earth. Carbon moves from: a) atmosphere (as CO,)
to plants (via photosynthesis) or the oceans and/or other water bodies (via absorption
processes), b) plants (or other animals) to animals via food chains, ¢) died plants/animals
to the ground (e.g., fossil fuels formed in millions and millions of years), and d) living
things (via respiration) and/or fossil fuels (upon being burned) to the atmosphere (Zhang
and Surampalli 2013). When humans burn fossil fuels for energy, most of the carbon
quickly enters the atmosphere as CO,. Each year, 5.5 billion tons of carbon is released
by burning fossil fuels; 3.3 billion tons enter the atmosphere and most of the rest is
absorbed by the oceans. CO, and other greenhouse gases (GHGs) trap heat in the
atmosphere to keep the Earth warm and liveable for living beings. However, there is
about 30% more CO; in the air today (due to human fossil burning activities) than there
was about 150 years ago, causing our planet to become warmer (Johnson 2010).

The Carbon Sequestration Regional Partnerships (Litynski et al. 2008) have
estimated that 1120 to 3400 billion tonnes of CO, can be sequestered in the formations
identified so far. CO, sequestration in geologic formations shows great promise because
of the large number of potential geologic sinks. Also, with higher petroleum prices, there
is increased interest in using CO, flooding as a means to enhance oil recovery (EOR).
With higher gas prices, there will be growing interest in using CO, for enhanced coal
bed methane production (ECBM). However, none of these activities will be possible
unless CO; is first captured.

There are many carbon capture technologies (Zhang and Surampalli 2013).
These technologies can be categorized as a) physical/chemical and biological
technologies and b) technologies for carbon capture from concentrated point sources and
mobile/distributed point- or non-point sources. In general, on-site capture is the most
viable approach for large sources and initially offers the most cost-effective avenue to
sequestration. For mobile and/or distributed sources like cars, on-board capture at
affordable cost would not be feasible, but are still needed. It should be noted that none of
the currently available CO, capture processes are economically feasible on a national
implementation scale to capture CO, for sequestration, because they consume large
amounts of parasitic power and significantly increase the cost of electricity. Thus,
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improved CO, capture technologies are vital if the promise of geologic sequestration,
EOR, and ECBM is to be realized.

This section discusses two major biological processes for carbon capture: i) the
use of biomass/residuals for biomass energy generation with CO, capture, and ii) the
photosynthetic systems of microorganisms. The ‘‘carbon-negative’’ energy system
concept is also introduced for better understanding of the framework of biotic CCS.

4.2.1 Carbon Capture from Biomass

Major Routes to Biomass Energy Products with CO, Capture. Figure 4.1
illustrates the major routes to biomass energy products with CCS, including a) biological
processing (e.g., fermentation) with capture of CO, by-products to produce liquid fuels
and chemical products, and b) biomass combustion to i) produce electricity with CCS
either by oxyfuel or pre-combustion CO, capture (PCC) routes and ii) biomass
gasification with shift and CO, separation to produce hydrogen. These basic routes can
be combined or integrated, for example, by gasification with CCS of residual biomass
from biological processes, or by syngas conversion to liquid fuels with CCS, or by
burning hydrogen-rich syngas to produce electricity with CCS.

CO»

/T\

Biological Processing Liquid Fuels &

Chemical Products
T C/IC\)Z

Gas to Liquid Conversion

> (Fermentation)

Biomass
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Gasification (O, or H,0 Blown)—> Shift + Capture——> Hydrogen
l

CO>

1
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Figure 4.1 Routes to biomass energy products with CO, capture (adapted from Rhodes
et al. 2005)
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Biomass has important similarities with fossil fuels (particularly coal), including
conversion technologies and the range of energy products that can be generated,
dispatchable, base-load electricity as well as liquid and gaseous fuels. As a result, all
three technological routes used for CCS in coal-fired power plants (i.e., post-, pre- and
oxyfuel-combustion CO, capture) could be applied to biomass energy systems.
Biological processes, such as bio-ethanol fermentation, provide additional CCS
opportunities. PPC or oxyfuel-combustion CO; capture could be integrated with modern
biomass boiler technologies or retrofitted to existing plants, though the small-scale and
low efficiency of existing biomass boilers would make this relatively inefficient.
Alternatively, coal-fired power plants could be retrofitted to co-fire biomass and
incorporate CCS such that biomass carbon captured would more than offset incomplete
capture of coal carbon (Robinson et al. 2003). With sufficiently stringent emissions
controls, such a plant could be retrofitted to burn only biomass. The feasibility of this
depends on i) emission controls inducing both a low purchase price for unmodified coal-
fired power plants, and ii) financial dominance of large negative emissions over
potentially high fuel costs, as well as iii) local access to very large biomass resources.
Modern biomass gasification technologies could incorporate pre-combustion
sequestration. Syngas dilution with atmospheric nitrogen largely eliminates the benefits
of pre-combustion sequestration in air-blown gasification systems. However, indirectly
heated, steam-blown systems or oxygen blown systems could effectively leverage pre-
combustion sequestration. Oxygen-blown biomass gasification has been demonstrated
and offers higher energy efficiencies and carbon capture, though somewhat less
operating experience and economic data is available for these systems (Babu 2004).

Biological processes provide additional opportunities for biomass-CCS. CO, is a
by-product of fermentation in bio-ethanol production, implying that CO, available for
capture scales with ethanol production and that fuel carbon capture rates scale with
conversion efficiency. The retrofit potential of this strategy implies nearly 9 MtC/yr is
available at a very low capture cost given global bio-ethanol production of
approximately 40 Mm® in 2003 (Berg et al. 2004). Bio-ethanol production generally also
includes combustion or gasification and combustion of waste biomass, providing further
carbon capture opportunities, with additional cost (Mollersten et al. 2003). The ability to
generate emissions offsets extends the scope of carbon mitigation with biomass and may
provide cost-effective mitigation alternatives across the economy, fundamentally
changing the economics of biomass-based mitigation. Negative emissions from biomass-
CCS do not, however, offer strict capon mitigation costs since its costs must scale with
the biomass supply curve, which may become steep if large-scale bioenergy crops
compete for limited land resources. Environmental impacts may further constrain
biomass mitigation potential (Kheshgi et al. 2000). However, the extraordinary
heterogeneity of emissions sources provides many niches, and integrating CCS will
extend the opportunities for biomass-based mitigation.
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Concept of ‘‘Carbon-Negative’” Energy System Technology. Figure 4.2
illustrates the photosynthetic biomass production on Earth (center) that can take CO;
from the atmosphere. Biomass pyrolysis (upper left) could produce biochar and biofuels
(such as H»), which could be optionally utilized to make NH4;HCOj; char and/or urea—
char fertilizers. Use of biochar fertilizers could store carbon into soil and subsoil earth
layers, reduce fertilizer (such as NOs’) runoff, and improve soil fertility for more
photosynthetic biomass production to provide more win-win benefits, including more
forest, more fabric and wooden products, more food and feedstocks. It is also possible to
create biochar/energy reserves (bottom right) as ‘‘global carbon thermostat’” to control
global warming. This char-producing biomass-pyrolysis approach essentially employs
the existing natural green-plant photosynthesis on the planet as the first step to capture
CO, from the atmosphere; then, the use of a pyrolysis process converts biomass
materials primarily into biofuel and char, a stable form of solid carbon material that is
resistant to microbial degradation. The net result is the removal of CO, from the
atmosphere since the total process capturing CO; from the atmosphere and placing it into
soils and/or subsoil earth layers as a stable carbon (biochar) while producing a
significant amount of biofuel energy through biomass pyrolysis.
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Figure 4.2. The potential benefits of the carbon-negative energy systems technology
concept with biomass pyrolysis and ammonia carbonation for CCS (adapted from Lee et
al. 2010)
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Many studies reported smokeless biomass pyrolysis for biochar and biofuel
production for global CCS at scales of gigaton carbon (GtC) (Lee et al. 2010). Each
year, land-based green plants capture about 440 GtC from the atmosphere into biomass.
That is, about one-seventh of all the CO, in the atmosphere (820 GtC) is fixed by
photosynthesis (gross primary production) every year. However, biomass is not a stable
form of carbon material with nearly all returning to the atmosphere as CO; in a relatively
short time. Because of respiration and biomass decomposition, there is nearly equal
amount of CO, (about 120 GtC/yr) released from the terrestrial biomass system back
into the atmosphere each year (Sauerbeck et al. 2001). As a result, using biomass for
carbon sequestration is limited. Any technology that could significantly prolong the
lifetime of biomass materials would be helpful to global CCS. The approach of biomass
pyrolysis provides such a possible capability to convert the otherwise unstable biomass
into biofuel and, more importantly, biochar, which is suitable for use as a soil
amendment and serves as a semi-permanent carbon sequestration agent in soils/subsoil
earth layers for hundreds and perhaps thousands of years.

Low-temperature biomass pyrolysis is a process in which biomass such as forest
waste woods and/or crop residues (e.g., corn stover) are heated to about 400 °C in the
absence of oxygen and, as a result, the biomass is converted to biofuel (bio-oils and
syngas) and charcoal (char), a stable form of solid black carbon (C) material. Although
its detailed thermo-chemical reactions are quite complex, the biomass-pyrolysis process
can be described by the following general equation:

Biomass (e.g., lignin cellulose) — char + H,O + bio-oils + syngas 4.1

The chemical composition and the yield of biochar depend on the feedstock properties
and pyrolysis conditions, including temperature, heating rate, pressure, moisture, and
vapor-phase residence time (Antal et al. 2003). With certain refinery processes, the
organic volatiles (bio-oils) and syngas (CO, CO,, and Ha, etc.) from biomass pyrolysis
could be used as biofuels for clean energy production. Typically, about 15-50% of the
biomass C (carbon) can be converted into biochar, while the remaining C going to the
biofuel fraction. Depending on the biomass materials, the low temperature pyrolysis
process can be slightly exothermic so that once the process is started it could sustain
itself with its own heat. That is, the exothermic heat evolution from biomass pyrolysis
can elevate the temperature of the incoming (dry) biomass feedstock sufficiently to
initiate the carbonation reactions (Antal et al. 2003). Consequently, once initiated, it is
possible to convert large amounts of biomass into biochar and biofuel with minimal
exogenous energy cost.

According to a recent study (Das et al. 2010) using a pilot-scale pyrolysis unit at
Eprida, pyrolysis of 100 kg biomass (southern yellow pine pellets) at 482 °C can
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typically produce 26.3 kg of biochar. Based on the energy value calculation, the 26.3 kg
biochar contains 528 million joules (MJ) (28%) of the 100 kg biomass energy (1859
MJ). The remaining biomass energy (1331 MJ) exists as pyrolysis vapors (crude biofuel)
and heat in the gas phase from the pyrolyzer. The addition of steam and the use of a
steam-reforming process (the water gas shift reaction) can convert the pyrolysis vapors
and water into syngas (126.6 kg), giving an average composition of 47.6% H, (6.66 kg),
18.3% CO; (55.9 kg), 2.7% CH, (3.00 kg), 13.7% CO (26.6 kg), and 17.7% N, (34.4
kg). The significant amount of nitrogen in the syngas was due to the N, used to purge the
lines for the sensor equipment and for pressuring the biomass feed and char discharge
systems. The higher heating value (HHV) of this syngas is calculated to be 1403 MJ and
the total energy cost for the pyrolysis and steam-reforming process is 787 MJ, assuming
no heat recovery. The net biofuel (syngas) energy production is 616 MJ (per 100 kg
biomass), which represents about 33% of the biomass energy (1859 MJ) while the
biochar product contains 28% of the biomass energy (1859 MJ). The total combined
process energy-conversion efficiency for the production of biochar and biofuel is 61% in
this case. With better process designs such as use of heat recovery techniques, the
energy conversion efficiency may be further improved. Therefore, this example
demonstrates that it is possible to produce both biochar and biofuel from biomass with
reasonable energy efficiency.
Therefore, this is a ‘‘carbon negative’” energy production approach. Currently,
the United States can annually harvest over 1.3 gigaton (Gt) of dry biomass, of which
about 1.0 Gt is generated from the croplands and over 0.3 Gt is from a fraction of
forestlands that are accessible by roads (Perlack et al. 2005). If this amount of biomass
(1.3 Gt/yr) is processed through controlled low temperature pyrolysis and assuming 50%
conversion of biomass C to stable biochar C and 33% of the biomass energy to biofuels
(syngas and bio-oils), it could produce biochar (0.325 GtC/yr) and biofuels (with heating
value equivalent to that of 1300 million barrels of crude oil) to help control global
warming and achieve energy independence from fossil fuel. In 2008, the US brought in
845 million barrels of crude oil, according to the Energy Information Administration, an
arm of the US Department of Energy. The heating value (equivalent to that of 1300
million barrels of crude oil) of the syngas/bio-oils from biomass pyrolysis in this
scenario exceeds that of the USA-imported crude oils (845 million barrels). Even if a
half of the syngas/bio-oils may be consumed to cover any other energy costs in handling
the biomass (such as biomass collection, drying and transport), the remaining
syngas/bio-oils (equivalent to that of 650 million barrels of crude oil) is still quite
significant as the net biofuel output. Therefore, if a cost-effective biofuel-refinery
technology can be developed to convert the syngas/bio-oils from biomass pyrolysis into
liquid transportation fuels, use of this approach could significantly help reduce the
imports of foreign oil. In the immediate future before such a biofuel refinery technology
is available, the syngas/bio-oils from biomass pyrolysis could be used for its heating
energy by combustion to replace fossil fuels including coal, natural gas and heating oils.
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In addition, application of the 0.325 GtC/yr of biochar products as soil amendment and
carbon sequestration agent in soil could stimulate the agriculture economy and achieve
major carbon sequestration for the US to control global warming as well.

4.2.2 Carbon Capture by Photosynthetic Microorganisms

Photosynthetic autotrophic organisms and plants utilise this process of carbon
fixation as their food source by converting the CO, into organic carbon (Stephan et al.
2001). Photosynthesis is the process by which green plants use energy from light in the
photo-synthetically active radiation (PRA) range (PAR wavelength = 400-700 nm) to
form glucose in their chlorophyll-containing tissues (Stephan et al. 2001). There are two
stages in photosynthesis, namely the light dependant stage and the light independent
stage. The formation of glucose and O, from CO, and water in the presence of light is
shown in Eq. 4.2 (Petela et al. 2008):

6H,0 + 6CO, — C¢H 1,06+ 60, 4.2)

The produced glucose is then converted into starch and cellulose, storing the carbon in
cells of the plant, thus mitigating the inorganic carbon by creating organic carbon
(Stephan et al. 2001).

4.2.2.1 Microalgae

Photosynthesis is the original process that created the fixed carbon present in
today’s fossil fuels, and microalgae are the origin of these fuels. Microalgae are among
the fastest growing photo-synthetic organisms, using CO; as their main building blocks
(Kurano et al. 1996). The biomass volumes can be doubled in less than 24 h for most
species of microalgae. For a flow rate of 0.3 I/min of air with a 4% CO, concentration, a
carbon fixation rate of 14.6 g C/m?-day at a growth rate of 30.2 g can be achieved
(Watanabe et al. 1996). This makes microalgae very well suited to carbon mitigation, as
their high growth rates can keep up with the continuous flow of CO, from the power
plant. One of the main challenges with microalgae culturing is the capital cost. The
required photobioreactors (PBR) are expensive, and therefore, a government grant
scheme may be necessary to encourage utilisation of the technology by power plants.
Raceway pond production is less expensive to build and operate; thus, it may be a more
viable solution to the economics of the process. In many places (e.g., Ireland), poor
sunlight may be a problem especially in the winter months. Artificial lighting may then
have to be utilised to ensure survival of the microalgal culture but with the consequence
of increasing production costs.

Although culturing microalgae at an industrial scale can be expensive, it has huge
potential in producing fuel either from direct combustion, thermo chemical or



CARBON CAPTURE AND STORAGE 73

biochemical processes. These include gasification, pyrolysis, liquefaction, and anaerobic
digestion (as shown in Fig. 4.1). Co-firing is an attractive option for converting
microalgae into biofuels such as biodiesel. Biodiesel is cleaner than petroleum diesel and
is virtually free of sulphur, which eliminates the production of sulphur oxides (Stephan
et al. 2001). Microalgal photosynthesis can also result in the precipitation of calcium
carbonate, a potentially long-term sink of carbon (Aresta el al. 2005). Microalgal
culturing also yields high value commercial products. Sale of these high value products
can offset the capital and the operation costs of the process (Oleizola et al. 2004). A cost
and energy balance shows that energy production from marine biomass is an attainable
target with the currently available technologies. However, in general, the obtained
biofuel is too expensive when compared to fossil fuel prices. With the introduction of
carbon taxes and the ever increasing price of oil, the cost energy balance will become
economically favourable while reducing carbon emissions (Aresta et al. 2005).

4.2.2.2 Macroalgae

Like microalgae, macroalgae are autotrophic aquatic plants using inorganic CO,
as their food source. Microalgae have received greater attention than macroalgae in the
past for CO; fixation due to their facile adaptability to grow in ponds or bioreactors and
the extended knowledge and research of the many strains used for fish feeding (Aresta et
al. 2005). Due to technological and financial hindrances, commercial production of
macroalgae is unviable; thus, traditionally it has been harvested from natural basins.
Production of algae requires balancing the sea water pH with CO, and adding essential
nutrients, primarily nitrogen and phosphorus as in microalgal cultivation.

Currently, large scale cultivation of macroalgae is confined mainly to Asia,
where commercial CO; is used to increase the biomass yield. However, in recent times it
is being considered elsewhere as its capacity as a valuable resource becomes more
apparent across the world. Macroalgae is very well suited for carbon mitigation due to
its high growth rates, satisfactorily utilising CO, from the flue gases of the power plant,
and, like microalgae, have many value-added by-products. Through gasification, energy
yields of up to 11.000 MJ/t dry algae have been achieved compared with 9500 MJ/t for
microalgae. The Gracilaria cornea (Rhodophyta) strain is produced on a large scale for
animal feed using commercial CO,. Using flue gases as a CO, source would greatly
reduce the cost of production of macroalgae while increasing the biomass yield (Israel et
al. 2005). The use of flue gases containing 12 to 15% CO, has been found to maintain
the desired pH (Israel et al. 2005). Yields of macroalgal species, such as Porphyra
yezoensis, Gracilaria sp., G. chilensis, and Hizikia fusiforme, were increased 2—3 times
when grown at the enhanced levels of CO, compared with atmospheric CO, cultivation
(Wu et al. 2008). A study carried out by Israel et al. (2005) shows that the biomass yield
of Gracilaria cornea using flue gases was comparable with the achieved yields using
commercial CO,. In addition, macroalgae has many useful applications in the alginate
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industry, horticulture, cosmetics, biomedicine and their nutritional value in sea
vegetables as well as agricultural fertilisers. It may also be co-fired in the power plant to
reduce the need for fossil fuels (Ross et al. 2008).

4.2.2.3 Cyanobacteria

Bacteria are fast growing unicellular organisms. Cyanobacteria (also known as
blue-green algae) are photoautotrophic bacteria utilising CO; as their food source and,
therefore, are functional in carbon mitigation. They grow in a temperature range of 50 to
75°C and require light for good growth with hydrogen as a by-product (Eq. 4.3)
(Akkerman et al. 2002):

CO,+ H,0 + light energy — C,(H20), + Oz 4.3)

This process may be exploited by utilising selected strains of cyanobacteria for direct
biological carbon mitigation applications.

The biofixation of CO, by cyanobacteria in photobioreactors is considered a
sustainable strategy, as CO; can be incorporated into the molecular structure of bacterial
cells in the form of proteins, carbohydrates and lipids. One strain found to be
particularly adept at carbon mitigation is Synechococcus and has achieved a CO, uptake
rate of 0.025 g/l-h or 0.6 g/l-day at a cell mass concentration of 0.286 g/1. If scaling up
were plausible, this would equate to a bioreactor of size 4000 m® with an average
fixation rate of 1 t COy/h from emission sources although there could be challenges to
overcome. Using Chlamydomonas reinhardtii, collection rates of 2 ml/h of hydrogen
and 12 ml/h of oxygen were obtained (Stewart and Hessami 2005).

Through photosynthesis and calcification, cyanobacteria have the potential to
capture CO; from flue gas and store it as precipitated CaCOj;. Calcium is abundant in
many terrestrial, marine and lacustrine ecosystems. By using halophilic cyanobacteria,
seawater or brines (e.g., agricultural drainage water) or saline water produced from
petroleum production or geological CO, injections can serve as potential calcium
sources for the calcification process. Calcification can further be boosted by supplying
calcium from gypsum (Mazone et al. 2002) or silicate minerals, possibly in connection
with biologically accelerated weathering. However, successful implementation of
calcifying cyanobacteria for point-source CCS is met with significant challenges that
need to be addressed.

It has been accepted that alkalinization in exopolysaccharide (EPS) or
proteinaceous surface layers (S-layer) depends on HCOs import. Therefore, the question
arises as to whether calcification in cyanobacteria will occur also under high CO,
conditions (e.g., when fed CO; from a flue gas stream). At high CO; levels, the carbon
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concentrating mechanism (CCM) is not needed and cells will preferentially take up CO,
rather than HCO5™ The conversion of CO, during transport to the cytosol produces H"
(i.e., via CO; + HoO — H " + HCOy) that needs to be neutralized, possibly via export to
the medium (Price et al. 2002). This counter balances the subsequent and opposite
alkalinization reactions in the carboxysome. Also, rapid infusion of gaseous CO; into a
cyanobacterial pond will probably lower the ambient pH, impeding alkalinization at the
extracellular surface. Cyanobacteria still calcify under elevated CO, levels but
photosynthesis seems to exert little or no influence on the process (Obst et al. 2009).
Furthermore, CaCOs precipitates were found to be more peripherally located on the
extracellular surface and have a different morphology in cells predominantly taking up
CO; instead of HCOs (Yates and Robbins 1998). It remains to be clarified as for
whether reactions such as photosynthesis electron transport (PET) and Ca®' efflux
suffice to generate extracellular alkaline microenvironments, to which extent carbonic
anhydrase (CA) activities in the EPS are involved or if CaCOj3 precipitation during rapid
CO, uptake becomes a passive process, relying mainly of Ca®* binding and nucleation at
the EPS or S-layer. It is important to unravel the mechanisms of calcification and how
they are regulated in cyanobacteria growing under flue gas conditions, and in the
presence of pulverized gypsum or calcium silicate minerals. Mutant cells grew at high
CO; levels, but growth was not observed under CO»-limiting conditions. Another option
might be to have the flue gas pass through a CA system so as to convert incoming CO;
to HCOs™ before reaching the calcifying cyanobacteria. CA could either be overproduced
and secreted as extracellular enzymes directly into the solution by cyanobacteria or other
bacteria, or immobilized on solid supports.

Another issue relates to scale. A 500 MW coal-fired power plant emits between 3
and 4 Mt of CO, per year (Herzog et al. 2004). To be industrially relevant, ponds (or
photobioreactors) with calcifying cyanobacteria have to produce amounts of CaCOs
large enough to make an impact. Only a few attempts have been made at evaluating the
rate of calcification in cyanobacteria. Lee et al. (2006) evaluated Bahamain whitings
events in the Great Bahama Bank with an average of 70 km® and microcosm
experiments with the marine Synechococcus 8806 (S. 8806). They estimated that
calcification by S. 8806 could account for approximately 2.5 Mt CaCOs per year. This
translates to sequestration of over half of the CO, produced from a 500 MW power plant
(Lee et al 2006). Robust cyanobacterial strains or consortia need to be designed that
exhibit maximized photosynthetic CO, uptake and that can fully utilize the plentiful
calcium available in silicate minerals or gypsum. Calcification can be enhanced by
increasing the number of carboxylate amino acids in the EPS that can be used as
nucleation sites, and by increasing CA activities in the EPS. It is also crucial to develop
strains that have highly efficient light utilization and photoprotection properties.
Cyanobacteria, in general, have low light requirements, but when grown in ponds, cells
below the surface will be light-limited while those at the top might experience excessive
light intensities. Furthermore, the information gained from studying calcification in
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cyanobacteria can be used for biomimetic approaches where artificial systems based on
CA, EPS, or S-layers are designed for CO, capture and biomineralization. Crucial to
these efforts is optimizing the long-term stability of the resulting carbonates (Addadi et
al. 2003).

In short, employment of cyanobacteria for point-source CCS of flue gas via
calcification offers promising strategies for reducing anthropogenic CO, emissions.
However, much research is urgently needed to further our understanding of the
biochemical and physical processes in cyanobacteria that promote calcification and that
will allow us to select or design strains with optimized properties for specific
applications and conditions using genetic engineering or directed evolution.

4.3 Biological Processes for CO, Sequestration

Biotic sequestration is based on managed intervention of higher plants and
microorganisms in removing CO, from the atmosphere. It differs from management
options which reduce or offset emission. Increasing use efficiency of resources (e.g.
water, energy) is another option for managing the carbon pool.

4.3.1 Ocean Sequestration

There are several biological processes leading to carbon sequestration in the
ocean through photosynthesis. Phytoplankton photosynthesis is one such mechanism
(Rivkin and Legendre 2001), which fixes approximately 45 Pg C/yr (Falkowski et al.
2000). Some of the particulate organic material formed by phytoplankton is deposited at
the ocean floor and is thus sequestered (Raven and Falkowski 1999). Availability of Fe
is one of the limiting factors on phytoplankton growth in oceanic ecosystems. Thus,
several studies have assessed the importance of Fe fertilization on biotic CO,
sequestration in the ocean. Researchers have targeted high-nutrient/low chlorophyll
(HNLC) ocean regions, specifically the eastern Equatorial Pacific, the northeastern
Subarctic Pacific, and the Southern Ocean. Four major open-ocean experiments have
been conducted to test the “iron hypothesis,” two in the Equatorial Pacific (Ironexi in
1993 and Ironexii in 1995) and two in the Southern Ocean (Soiree in 1999 and Eisenex
in 2000). These experiments, funded through basic science programs (not sequestration
programs), show conclusively that phytoplankton biomass can be dramatically increased
by the addition of iron. However, although a necessary condition, it is not sufficient to
claim iron fertilization will be effective as a CO, sequestration option. The proponents
of iron fertilization claim very cost effective mitigation, on the order of $1-10/t C
(Herzog et al. 2004), but critical scientific questions remain unanswered. Although iron
increases uptake of CO, from the atmosphere to the surface ocean, CO, needs to be
exported to the deep ocean to be effective for sequestration. No experiments have yet
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attempted to measure export efficiency, which is an extremely difficult value to measure
(some people claim that it cannot be measured experimentally). In addition, there are
concerns about the effect on ecosystems, such as inducing anoxia (oxygen depletion)
and changing the composition of phytoplankton communities.

Many studies reported that the addition of nmol amounts of dissolved iron
resulted in the nearly complete utilization of excess NOs, whereas in the controls
without added Fe, only 25% of the available NO3; was used. They also observed that the
amounts of chlorophyll in the phytoplankton increased in proportion to the Fe added.
They conclude that Fe deficiency is limiting phytoplankton growth in these major
nutrient-rich waters (Falkowski 1997; Boyd et al. 2004). Similar to deep injection, ocean
fertilization may also change the ecology of the ocean (Chisholm et al. 2001). However,
with the current state of knowledge, the topic of ocean fertilization remains a debatable
issue (Johnson et al. 2002).

4.3.2 Soil Sequestration

Anthropogenic perturbations exacerbate the emission of CO, from soil caused by
decomposition of soil organic matter (SOM) or soil respiration (Schlesinger 2000). The
emissions are accentuated by agricultural activities, such as i) tropical deforestation and
biomass burning, ii) plowing (Reicosky 2002), iii) drainage of wetlands and low-input
farming, and iv) shifting cultivation (Tiessen et al. 2001). In addition to its impact on
decomposition of SOM (Trumbore et al. 1996), macroclimate has a large impact on the
fraction of the soil organic carbon (SOC) pool (Franzluebbers et al. 2001). Conversion
of natural to agricultural ecosystems increases maximum soil temperature and decreases
soil moisture storage in the root zone, especially in drained agricultural soils (Lal 1996).
Thus, land use history has a strong impact on the SOC pool (Pulleman et al. 2000).

Biomass burning is an important management tool, especially in agricultural
ecosystems of the tropics. The process emits numerous gases immediately but also
leaves charcoal as a residual material. Charcoal, produced by incomplete combustion, is
a passive component, and may constitute up to 35% of the total SOC pool in fire-prone
ecosystems (Skjemstad et al. 2002). As the SOC pool declines due to cultivation and soil
degradation, the more resistant charcoal fraction increases as a portion of the total C
pool (Skjemstad et al. 2001).

Similar to deforestation and biomass burning, cultivation of soil by plowing and
other tillage methods also enhances mineralization of SOC and releases CO, into the
atmosphere. Tillage increases SOC mineralization by bringing crop residue closer to
microbes where soil moisture conditions favor mineralization (Gregorich et al. 2001),
physically disrupts aggregates and exposes hitherto encapsulated C to decomposition.
Both activities decrease soil moisture, increase maximum soil temperature and the



78 CARBON CAPTURE AND STORAGE

exacerbate rate of SOC mineralization. Thus, a better understanding of tillage effects on
SOC dynamics is crucial to developing and identifying sustainable systems of soil
management for C sequestration. There is a strong interaction between tillage and
drainage. Both activities decrease soil moisture, increase maximum soil temperature and
the exacerbate rate of SOC mineralization. Conversion from plow till to no-till with
residue mulch is a viable option for SOC sequestration.

Nutrient mining, as is the case with low input and subsistence farming practices,
is another cause of depletion of SOC pool (Smaling 1993). Negative elemental balance,
a widespread problem in sub-Saharan Africa, is caused by not replacing the essential
plant nutrients harvested in crop and livestock products by the addition of fertilizer
and/or manure. Excessive grazing has the same effect as mining of soil fertility by
inappropriate cropping. Uncultivated fallowing, plowing for weed control but not
growing a crop so that soil moisture in the profile can be recharged for cropping in the
next season, is another practice that exacerbates SOC depletion. In the west central Great
Plains of the U.S., this system requires a 14-month fallow period between the harvest
and continuous cropping in some instances. Fallowing during summer keeps the soil
moist and enhances the mineralization rate. Therefore, elimination of summer fallowing
is an important strategy of SOC sequestration (Rasmussen et al. 1998). The objective is
to maintain a dense vegetal cover on the soil surface so that biomass C can be added
and/or returned to the soil. Consequently, the SOC pool can be maintained or increased
in most semi-arid soils if they are cropped every year. Crop residues are returned to the
soil, and erosion is minimized.

Generally, the term “‘soil C sequestration’’ implies removal of atmospheric CO,
by plants and storage of fixed C as soil organic matter. The strategy is to increase SOC
density in the soil, improve depth distribution of SOC and stabilize SOC by
encapsulating it within stable micro-aggregates so that C is protected from microbial
processes or as recalcitrant C with a long turnover time. In this context, managing
agroecosystems is an important strategy for SOC/terrestrial sequestration. Agriculture is
defined as an anthropogenic manipulation of C through uptake, fixation, emission and
transfer of C among different pools. Thus, land use change, along with adoption of
recommended management practices (RMPs), can be an important instrument of SOC
sequestration (Post and Kwon 2000). Whereas land misuse and soil mismanagement
have caused depletion of SOC with an attendant emission of CO, and GHGs into the
atmosphere, there is a strong case that enhancing SOC pool could substantially offset
fossil fuel emissions (Kauppi et al. 2001).

The SOC sink capacity depends on the antecedent level of SOM, climate, profile
characteristics and management. The sink capacity of SOM for atmospheric CO; can be
greatly enhanced when degraded soils and ecosystems are restored, marginal agricultural
soils are converted to a restorative land use or replanted to perennial vegetation, and
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RMPs are adopted on agricultural soils. Although generic RMPs are similar (e.g., mulch
farming, reduced tillage, integrated nutrient management (INM), integrated pest
management (IPM), precision farming), site-specific adaptation is extremely important.
With adaptation of RMPs, SOC can accumulate in soils because tillage-induced soil
disturbances are eliminated, erosion losses are minimized, and large quantities of root
and above-ground biomass are returned to the soil. These practices conserve soil water,
improve soil quality and enhance the SOC pool. Incorporation of SOC into the sub-soil
can increase SOC’s mean residence time (MRT). Converting agricultural land to a more
natural or restorative land use essentially reverses some of the effects responsible for
SOC losses that occurred upon conversion of natural to managed ecosystems. Applying
ecological concepts to the management of natural resources (e.g., nutrient cycling,
energy budget, soil engineering by macro-invertebrates and enhanced soil biodiversity)
may be an important factor to improving soil quality and SOC sequestration (Lavelle
2000).

Biodiversity is also important to soil C dynamics. It is defined as ‘‘the variability
among living organisms” from all sources, including terrestrial, marine ecosystems and
other aquatic ecosystems and ecological complexes of which they are part; this includes
diversity within species, between species and for ecosystems. It is possible to distinguish
between genetic diversity, organism species diversity, ecological diversity and
functional diversity”” (UNCBD 1992). A healthy soil is teeming with life, and comprises
highly diverse soil biota. The latter comprises representatives of all groups of micro-
organisms and fungi, green algae and cyanobacteria, and of all but a few exclusively
marine phyla of animals (Lee 1991). With reference to SOC pool and its dynamics,
important members of soil biota include earthworms, termites, ants, some insect larvae
and few others of the large soil animals that comprise ‘bioturbation’’ (Lavelle 1997).
Activity of these animals have a strong influence on soil physical and biological
qualities, especially with regards to soil structure, porosity, aeration, water infiltration,
drainage, nutrient/elemental cycling and organic matter pool and fluxes. Soil
biodiversity has a favourable impact on soil structure. Activity of soil biota produces
organic polymers, which form and stabilize aggregates. Fungal hyphae and
polysaccharides of microbial origin play an important role in soil aggregation.

4.3.2.1 Conservation Tillage

Conventional tillage and erosion deplete SOC pools in agricultural soils. Thus,
soils can store C upon conversion from plow till to no till or conservation tillage by
reducing soil disturbance, decreasing the fallow period and incorporation of cover crops
in the rotation cycle. Eliminating summer fallowing in arid and semi-arid regions and
adopting no till with residue mulching improves soil structure, lowers bulk density and
increases infiltration capacity (Shaver et al. 2002). However, the benefits of no till on
SOC sequestration may be soil/site specific, and the improvement in SOC may be
inconsistent in fine textured and poorly drained soils (Wander et al. 1998). Similar to the
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merits of conservation tillage reported in North America, Brazil and Argentina (Sa et al.
2001), several studies have reported the high potential of SOC sequestration in European
soils. Smith et al. (1998) estimated that adoption of conservation tillage has the potential
to sequester about 23 Tg C/yr in the European Union or about 43 Tg C/yr in the wider
Europe including the former Soviet Union. In addition to enhancing SOC pool, up to 3.2
Tg C/yr may also be saved in agricultural fossil fuel emissions. Smith et al. (1998)
concluded that 100% conversion to no till agriculture could mitigate all fossil fuel C
emission from agriculture in Europe.

4.3.2.2 Cover Crops

The benefits of adopting conservation tillage for SOC sequestration are further
enhanced by growing cover crops in the rotation cycle. Growing leguminous cover crops
enhances biodiversity, the quality of residue input and SOC pool (Fullen and Auerswald
1998; Singh et al. 1998). It is well established that ecosystems with high biodiversity
absorb and sequester more C than those with low or reduced biodiversity. Legume-based
cropping systems reduce C and N losses from soil. Franzluebbers et al. (2001) observed
that, in Georgia, the USA, improved forage management can enhance the SOC pool.
However, the use of cover crops as a short-term green manure may not necessarily
enhance the SOC pool. Sainju et al. (2002) also reported that practicing no till with hairy
vetch can improve SOC in Georgia, the USA. The beneficial effect of growing cover
crops on enhancing SOC pool has been reported from Hungary by Berzseny and Gyrffy
(1997), U.K. by Fullen and Auerswald (1998) and Europe by Smith et al. (1998).

4.3.2.3 Nutrient Management

Judicious nutrient management is crucial to SOC sequestration. In general, the
use of organic manures and compost enhances the SOC pool more than application of
the same amount of nutrients as inorganic fertilizers (Gregorich et al. 2001). The
fertilizer effects on SOC pool are related to the amount of biomass C produced/returned
to the soil and its humification. Adequate supply of N and other essential nutrients in
soil can enhance biomass production under the elevated CO, concentration (Van Kessel
et al. 2000). Long-term manure applications increase the SOC pool and may improve
aggregation (Gilley and Risse 2000); the effects may persist for a century or longer. The
potential of conservation tillage to sequester SOC is greatly enhanced whereby soils are
amended with organic manures (Hao et al. 2002). Smith and Powlson (2000) reported
that 820 million metric tons (MMTs) of manure are produced each year in Europe, and
only 54% is applied to arable land and the remainder to non-arable agricultural land.
They observed that applying manure to cropland can enhance its SOC pool more than it
does on pasture land. Smith and Powlson estimated that if all manure were incorporated
into arable land in the European Union, there would be a net sequestration of 6.8 Tg
Cl/yr, which is equivalent to 0.8% of the 1990 CO,-C emissions for the region.
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Beneficial impacts of applying manure to the U.S. cropland were reported by Lal et al.
(1998).

4.3.2.4 Forest Soils

Converting degraded soils under agriculture and other land uses into forests and
perennial land use can enhance the SOC pool. The magnitude and rate of SOC
sequestration with afforestation depends on climate, soil type, species and nutrient
management (Lal 2001). Despite its significance, a few studies have assessed the C sink
capacity of forest soils (Kimble et al. 2002). In East central Minnesota, an experiment by
Johnston et al. (1996) showed an average SOC sequestration rate of 0.8—1.0 Mg/ha-yr.
Afforestation, however, may not always enhance the SOC pool. In New Zealand,
Groenendijk et al. (2002) reported that afforestation of pastures with radiata pine (Pinus
radiata) decreased the SOC concentration by 15% to a depth of 12-18 cm. These
researchers concluded that afforestation of hill country pasture soils resulted in net
mineralization of the SOC pool. In the Cerrado region of Central Brazil, Neufeldt et al.
(2002) also observed that reforestation of pasture with pine led to a clear reduction of
SOC compared to pasture and eucalyptus plantation. In such cases, agroforestry may be
another option of conserving soil and improving the SOC pool. In Europe, Nabuurs et al.
(1997) reported that total SOC pool of soils supporting European forests is 12.0 Pg, but
did not provide an estimate of the rate of SOC sequestration in forest soils. Afforestation
of marginal agricultural soils or degraded soils has a large potential of SOC
sequestration. Bouma et al. (1998) observed that in Europe a major change in land use
may occur because of technological, socio-economic and political development. For
example, adoption of RMPs or technical advances in modern agriculture may produce
the same yield on 30-50% of the current agricultural land. That being the case, there is a
potential for converting spare agricultural land to forestry. With conversion to a
permanent land cover, there is a large potential of SOC sequestration through
agricultural intensification.

4.3.3 Microbial Processes for Carbon Sequestration

The microbial contribution to soil C storage is directly related to microbial
community’s dynamics and the balance between formation and degradation of microbial
by-products. Soil microbes indirectly influence the carbon cycle by improving soil
aggregation, which physically protects SOM. Consequently, the microbial contribution
to C sequestration is governed by the interactions between the amount of microbial
biomass, microbial community structure, microbial by-products, as well as soil
properties (e.g., texture, clay mineralogy, pore-size distribution) and aggregate
dynamics. The capacity of a soil to protect microbial biomass and microbially-derived
organic matter (MOM) is directly and/or indirectly (i.e., through physical protection by
aggregates) related to the reactive properties of clays. Increasing the potential for
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agricultural soils to sequester C requires a thorough understanding of the underlying
processes and mechanisms controlling soil C levels, for which a great deal of knowledge
already exists.

Microbial processes affecting C sequestration in agroecosystems have been
extensively reviewed by many researchers. Previous reviews have examined the
relationships among microbial communities, SOM decomposition (Scow 1997), and
management controls on soil C (Paustian et al. 1997). Organic C taken up by the
microbial biomass is partitioned between microbial cell biomass production, metabolite
excretion, and respiration (Figure 4.3). The degree to which MOM accumulates in soil
depends on a balance between production and decomposition of microbial products, that
is: (1) the microbial growth efficiency (MGE), the efficiency with which substrates are
incorporated into bacterial and fungal biomass and by-products; (2) the degree of
protection of microbial biomass in the soil structure; and (3) the rate at which bacterial
and fungal by-products are decomposed by other microorganisms. The proportion of
substrate C retained as biomass versus respired as CO, depends on MGE and the degree
of protection of microbial biomass; the lower the MGE or the less protected the biomass,
the more MOM-C is lost as CO».

Six et al. (2006) focus specifically on how soil bacteria and fungi may
differentially influence the formation and stabilization of different SOM components in
agricultural soils via differences in metabolism, the recalcitrance of microbial products,
and interactions with soil physical properties (i.e., texture, mineralogy, and structure).
However, the stabilization of MOM in the soil is also related to the efficiency with
which microorganisms utilize substrate carbon and the chemical nature of the by-
products they produce. Crop rotations, reduced or no-tillage practices, organic farming,
and cover crops increase total microbial biomass and shift the community structure
toward a more fungal-dominated community, thereby enhancing the accumulation of
MOM. Thus, Agricultural systems that favour increased levels of microbial biomass
include those associated with increased carbon inputs (Schnurer et al. 1985), reduced
tillage (Beare et al. 1992; Frey et al. 1999), retention of crop residues rather than
removal by burning (Gupta et al. 1994), and integrated farming systems that combine
reduced tillage with increased carbon inputs through organic amendments (Hassink et al.
1991).

4.3.3.1 Crop Rotations

Crop rotation affects microbial biomass, activity, and the fungal-to-bacterial
biomass ratio. Soils under crop rotation show increased soil enzyme activity when
compared with soils under continuous monocropping (Acosta-Martinez et al. 2003).
Microbial biomass levels are typically higher when legume cover crops are included in
the rotation than when fields are left fallow between cash crops (Lupwayi et al. 1999).
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Likewise, microbial biomass and fungal-to-bacterial biomass ratios were higher in a
non-tillage (NT) wheat-barley compared with wheat-fallow rotation (Bell et al. 2003).
Viable propagules of mycorrhizal fungi (Thompson 1987) and glomalin concentrations
(Wright and Anderson 2000) have also been observed to decline in rotations that include
a fallow period. However, varying crop rotations that include only mycorrhizal crops
have minimal to no effect on mycorrhizal colonization (An et al. 1993). Incorporation of
forage species into crop rotations increases hot water-extractable carbohydrates (Haynes
and Francis 1993), likely due to higher root inputs and the stimulation of microbial
activity that follows (Haynes and Francis 1993).

Substrate C
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Figure 4.3 Conceptual diagram of the microbial contribution to C sequestration in Agro-
ecosystems (adapted from Six et al. 2006).

The total acid hydrolyzable carbohydrate content, on the other hand, is variably
affected by crop rotation and forage species (Baldock et al. 1987). Additionally, the
proportion of SOM present as acid hydrolyzable carbohydrates was observed to be
constant across differing rotational systems (Baldock et al. 1987). In contrast, hot water-
extractable carbohydrate content was not a constant proportion of total SOM under
different crop rotations (Angers et al. 1993). This indicates that the hot water extractable
carbohydrates are more influenced by crop rotations than are acid hydrolyzable
carbohydrates. Since hot water extractable carbohydrates are considered more
microbially derived than acid hydrolyzable carbohydrates, the microbially-derived
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carbohydrates seem to be more affected by crop rotations than plant-derived
carbohydrates. In contrast, Guggenberger et al. (1995) found that the change in the
carbohydrate content in a native savannah converted to pasture was dominated by a
change in carbohydrates associated with the plant-derived SOM in the sand fraction. The
same was observed when soils under barley versus alfalfa were compared (Angers and
Mehuys 1990).

To summarize, crop rotation as a management practice may increase soil C
sequestration in comparison with continuous crop management or rotations that include
fallow periods. More intensive cropping rotations increase not only soil C input but also
microbial activity and biomass, which alter the microbial community composition by
increasing the fungi levels in the soil.

4.3.3.2 Tillage

Minimum tillage (MT) and NT systems often exhibit increased C storage
compared with conventional tillage (CT) (Six et al. 2002; West and Post 2002);
however, this difference disappears with the use of fallow rotations (Peterson et al.
1998), demonstrating the importance of using multiple management practices to enhance
soil C storage. The greatest differences between NT and CT soils occur in the top 5 cm,
with NT soils having greater fungal-to-bacterial biomass ratios (Beare et al. 1992; Frey
et al. 1999), enzyme activity (Acosta-Martinez et al. 2003), macroaggregation (Six et al.
2000), total C and N contents (Feng et al. 2003), and concentrations of bacteria-and-
fungus-derived amino sugars (Simpson et al. 2004). Differences in tillage intensity also
impact microbial community composition. Beare (1997) examined the fungal-to-
bacterial biomass ratios at six long-term tillage comparison experiments located along
two climatic gradients; they observed that fungal biomass and fungal-to-bacterial
biomass ratios increased in response to reduced tillage at all sites. This suggests that a
shift toward fungal dominated microbial communities under NT will be most important
for residue decomposition and nutrient cycling processes near the soil surface. However,
another study found no difference in the fungal-to-bacterial ratio in surface NT and CT
soils and a 10% lower fungal-to-bacterial ratio in NT soil at 6 to 12 cm (Feng et al.
2003). Less intensively managed agroecosystems (e.g., NT) bear the closest resemblance
to natural ecosystems, which are fungal-dominated (Yeates et al. 1997; Bailey et al.
2002). These fungal-dominated agroecosystems require fewer inputs to sustain organic
matter decomposition and nutrient cycling, that is, these systems show greater self-
regulation (Bardgett and McAlister 1999).

However, Allison et al. (2005) concluded that an improved metabolic efficiency
due to the increased relative abundance of arbuscular mycorrhizal fungi (AMF), and
saprophytic fungi does not promote the stabilization of C on cessation of tillage-based
agriculture. Three main factors have been identified as potential controls on bacterial
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and fungal biomass in NT and CT soils: degree of disturbance, soil moisture content,
and residue placement. However, the relative importance of these factors on soil fungal-
to-bacterial biomass ratios in NT soil is unknown. Reduced disturbance in NT systems
may favor fungal growth and activity due to enhanced establishment and maintenance of
extensive hyphal networks (Wardle 1995). Thus, NT systems can accumulate fungal
pathogens as well as mycorrhizal fungi (Miller and Lodge 1997). Soil moisture may
differentially influence bacteria and fungi either by directly affecting survival and
growth or indirectly by shifting substrate availability and microbivore populations. Frey
et al. (1999) observed that fungal biomass and fungal-to-bacterial biomass ratios were
positively related to soil moisture in both NT and CT soil. Fungal biomass and relative
fungal abundance were not significantly different in NT compared with CT when the
data were analyzed by analysis of covariance with soil moisture as the covariate,
suggesting that observed tillage treatment effects on the microbial community are related
to differences in soil moisture (Frey et al. 1999).

Residue placement (surface residues in NT vs. incorporated residues in CT) has
also been shown to alter bacterial and fungal populations (Beare et al. 1992). It was
hypothesized that the presence of surface residues favors fungal growth because fungi,
unlike bacteria, can bridge the soil-residue interface and simultaneously utilize the
spatially separated C and N resources by translocating soil inorganic N into the C-rich
surface residues (Beare et al. 1992). Frey et al. (2000) demonstrated that fungi do have
the potential to translocate significant quantities of soil inorganic N into decomposing
surface residues in NT systems, and that this N flow increases fungal proliferation in the
surface residues themselves. In addition, reciprocal translocation of C from surface
residues to mineral soil via fungal hyphae occurs (Frey et al. 2003). The fungal-to-
bacterial ratio can also be greater due to the greater amount and better quality of SOM in
the surface layer of NT systems; the latter being induced by the surface residue layer
(Paustian et al. 2000) and the increased root growth in the surface layers of NT systems
(Qin et al. 2005).

An increased resource availability in soil surface layers has been suggested as the
main factor for greater proportions of fungi in the microbial community of the surface
layer compared with deeper soil horizons (Fierer et al. 2003). Differential effects of NT
and CT on MOM have been observed. Hot water-extractable carbohydrates, acid
hydrolysable carbohydrates, and the relative enrichment of SOM in carbohydrates
increased under reduced tillage compared with moldboard plowing (Angers et al. 1993).
Arshad et al. (1990) reported increased SOM quality under NT compared with CT; SOM
in NT soil contained more acid hydrolyzable carbohydrates, amino acids, and amino
sugars, and was more aliphatic and less aromatic. The ratio of galactose 1 mannose to
arabinose 1 xylose in the whole soil’s acid hydrolyzable carbohydrate pool increased
under NT compared with CT, indicating a higher microbially-derived carbohydrate C
pool under NT. Similar enrichment of microbially-derived carbohydrates under NT
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versus CT has been reported by Ball et al. (1996) and Beare et al. (1997). Beare et al.
(1997) suggested that the greater proportion of microbial-derived compared with plant-
derived carbohydrates under NT compared with CT is due to the relatively higher fungal
biomass under NT (Frey et al. 1999). This is supported by the observation that the ratio
of glucosamine to muramic acid is higher under NT compared with CT, and this is due
to a higher enrichment of glucosamine (Simpson et al. 2004). In addition, Wright and
Anderson (2000) found a significantly higher glomalin concentration under NT than CT
management. Hu et al. (1995) found that inhibition of fungi by the fungicide Captan (N-
Trichloromethylthio- 4cyclohexene-1,2-dicarbonximide) only reduced concentrations of
soil C and acid hydrolysable carbohydrates in NT soils, not CT soils. The above-
mentioned studies clearly indicate that NT induces a higher fungal (saprophytic and
mycorrhizal) biomass, which leads to a quantitative and qualitative improvement of
SOM. However, the increase in fungal biomass under NT not only leads to an increase
in MOM, but may also affect the accumulation of plant-derived C [i.e., particulate
organic matter (POM)]. Six et al. (1999) suggested that increased macroaggregate
turnover in tilled soil is an important mechanism causing a loss of POM and MOM.
Fungi are expected to retard macroaggregate turnover due to their positive influence on
aggregate stabilization. However, the link between fungal abundance, macroaggre-gate
turnover, and MOM plus POM has not been directly investigated.

4.3.3.3 Organic Farming and Cover Crops

Compared with conventional practices, organic farming practices have been
shown to promote higher microbial biomass and to alter microbial community
composition (Petersen et al. 1997). In an incubation experiment where conventional and
organic soils were amended with organic matter and exposed to similar incubation
conditions, no differences in microbial biomass C or substrate-induced respiration were
observed (Gunapala et al. 1998). However, differences were observed by the end of the
incubation experiment in potentially mineralizable N (higher in organic soils),
bacterivorous nematodes (higher in conventional soils), and fungivorous nematodes
(higher in organic soils). Fliessbach et al. (2000) found that a biodynamic (organically
managed) system had higher microbial biomass than the conventionally managed soils,
and suggested that organic soils provide greater protection of microbial biomass. Bossio
et al. (1998) found that conventionally managed, organic, and low input management
systems all had significantly different microbial communities, and that organic soils had
higher fungal-to-bacterial biomass ratios than the conventionally managed soils. Organic
farming practices frequently employ cover crops, which can change the soil microbial
community and have a variable effect on MOM. Different overall microbial community
composition was observed in continuous maize vs. a maize (Crotalaria grahamiana)-
fallow rotation, with and without P addition (Bunemann et al. 2004). Higher levels of
fatty acid biomarkers for fungi and Gram-negative bacteria as well as higher overall
microbial biomass were present in the maize C. grahamiana fallow rotation. Soil from
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the maize C. grahamiana—fallow rotation also exhibited faster decomposition of added
C substrates. A winter cover crop mix of oats and vetch (Avena sativa L. and Vicia
sativa L.) increased microbial biomass C, respiration and N mineralization and changed
the microbial community composition compared with a winter fallow treatment
(Schutter and Dick 2002).

Roberson et al. (1991) found that a permanent grass cover crop significantly
increased the acid hydrolysable heavy fraction carbohydrate content. An investigation of
the effect of fertilizer and cover crop N supply on carbohydrates found that the heavy
fraction carbohydrates were more microbially derived than the light fraction (LF)
carbohydrates (Roberson et al. 1995). A positive effect of vetch (Vicia dasycarpa L.)
and 168 kg N/ha fertilizer addition on the heavy fraction carbohydrate content was
observed. In contrast, the 280 kg N/ha fertilizer rate and the oat (Avena sativa L.) cover
crop reduced the heavy fraction carbohydrate content compared with a control. A
variable effect of cover crops on carbohydrate content was also observed by Kuo et al.
(1997). They concluded that the cover crop effect on carbohydrate content was related to
the C inputs from the cover crops. However, Roberson et al. (1995) suggested that the N
supply more than C supply controls the effect of cover crops on soil carbohydrate
content. More research is needed to investigate relationships between the use of organic
farming practices (including cover crops) and soil microbial communities. Organic
management appears to increase fungal biomass, which would favor increased soil C
sequestration (Figure 4.3, Step I). Further studies are also required to attain a greater
understanding of the effects of cover crops and nitrogen additions on microbially-
derived soil carbohydrates.

4.4 Advanced Biological Processes for CCS

Capture, compression and transportation of CO, requires much energy and would
increase the fuel needs of a coal-fired plant with CCS. Without further investment and a
stable CO; price, CCS will not be commercially viable in the energy market at present.
Thus, the major challenge in the implementation of CCS is to address the high cost of
CCS, particularly for dilute and hot streams such as those from power plants. The
progress made in recent research has been mainly aimed at reducing the cost and
increasing the efficiency and selectivity of separation and capture of CO,. Therefore,
many advanced processes, particularly biological techniques, have been developed for
CCS.

4.4.1 Carbonic Anhydrase Enzymes for Bio-CCS

Biologically-based carbon capture systems are the potential avenue for
improvement in CO, capture technology. These systems are based upon naturally
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occurring reactions of CO; in living organisms. One of these possibilities is the use of
enzymes. An enzyme-based system, which achieves CO, capture and release by
mimicking the mechanism of the mammalian respiratory system, is under development
by Carbozyme. The process, utilizing CA in a hollow fiber contained liquid membrane,
has demonstrated at the laboratory scale the potential for 90% CO, capture followed by
regeneration at ambient conditions (Rishiram et al. 2009). This is a significant technical
improvement over the monoethanolamine (MEA) temperature swing absorption process.
The CA process has been shown to have a very low heat of absorption that reduces the
energy penalty typically associated with absorption processes.

The rate of CO; dissolution in water is limited by the rate of aqueous CO;
hydration, and the CO,-carrying capacity is limited by buffering capacity. Adding the
enzyme CA to the solution speeds up the rate of carbonic acid formation; CA has the
ability to catalyze the hydration of 600,000 molecules of carbon dioxide per molecule of
CA per second compared to a theoretical maximum rate of 1,400,000 (Trachtenberg et
al. 1999). This fast turnover rate minimizes the amount of enzyme required. Coupled
with a low make-up rate, due to a potential CA life of 6 months based on laboratory
testing, this biomimetic membrane approach has the potential for a step change
improvement in performance and cost for large scale CO, capture in the power sector.
Although the reported laboratory and economic results may be optimistic, the
“‘carbozyme biomimetic process can afford a 17-fold increase in membrane area or a 17
times lower permeance value and still be competitive in cost with MEA technology’’
(Yang and Ciferno 2006). The idea behind this process is to use immobilized enzyme at
the gas/liquid interface to increase the mass transfer and separation of CO, from flue
gas.

Along the same lines, it was recently demonstrated that the most promising
biological carbon dioxide sequestration technologies is the enzyme catalyzed carbon
dioxide sequestration into bicarbonates, which was endeavored in a study with a purified
C. freundii SW3 b-carbonic anhydrase (CA) (Rishiram et al. 2009). An extensive
screening process for biological sequestration using CA has been defined. Six bacteria
with high CA activity were screened out of 102 colonies based on plate assay and the
presence of CA in these bacteria was further emphasized by activity staining and
Western blot. The identity of selected bacteria was confirmed by 16S rDNA analysis.
CA was purified to homogeneity from C. freundii SW3 by subsequent gel filtration and
ion exchange chromatography which resulted in a 24 kDa polypeptide and this is in
accordance with the Western blot results. The effect of concentration of carbon dioxide
on carbonic anhydrase is well known as many organisms have been reported to grow
well in carbon dioxide rich conditions, and CA is known to be required for organisms
existing in these conditions (Kusian et al. 2002). However, there have been contradictory
reports of CA being inhibited at higher concentrations of carbon dioxide and is induced
at lower concentrations (Bahn et al. 2005). In the study of Rishiram et al. (2009), the



CARBON CAPTURE AND STORAGE 89

enzyme activity was gradually enhanced at concentrations above atmospheric levels,
which was maintained as a control, until 5.0% CO,. However, at high CO, concentration
of 7.5%, a decrease in activity was observed. At 10% CO, concentration, the activity of
CA almost halved the highest activity achieved and this may be due to the feedback
inhibition by bicarbonate ions or shall be attributed to the decrease in pH with increasing
CO, concentration, as CO, is an acidic gas. This suggests that CA enzyme has the
potential to sequester CO, even at high CO,, yet, a feedback inhibition by bicarbonate
has to be prevented by precipitating to calcium carbonate. The pH of the medium also
has to be maintained to avoid losing CA activity. The study also attenuates a well
acclaimed fact that CA has a significant role in regulating the CO, concentration in the
cell and subsequent metabolism of Dissolved Inorganic Carbon (DIC). The wide
distribution and multiple occurrence of the CAs in bacteria also emphasize this key role
(Spalding 2008).The effect of host on metal ions, cations and anions, which influence
activity of the enzyme in sequestration studies, suggests that mercury and HCO;™ ion
almost completely inhibit the enzyme whereas sulfate ion and zinc enhances carbonic
anhydrase activity. Calcium carbonate deposition was observed in calcium chloride
solution saturated with carbon dioxide catalyzed by purified enzyme and whereas a
sharp decrease in calcium carbonate formation has been noted in purified enzyme
samples inhibited by EDTA and acetazolamide.

In conclusion, many studies provide a comprehensive screening methodology for
CA in bacteria. It reported the isolation, purification and characterization of carbonic
anhydrase enzyme in bacteria. The presence of carbonic anhydrase in diverse
heterotrophic bacteria offers much promise for the progress in studies on carbon
sequestration as carbonic anhydrase is envisaged to have wide industrial application. The
purified enzyme shall be used in an immobilized enzyme reactor to sequester carbon
dioxide in the form of mineral carbonates. The sequestration of carbon dioxide by the
enzyme proves that the immobilized over-expressed CA reactor may have large
implications in the efforts to biologically sequester carbon dioxide into mineral
carbonates. In this case, many approaches have been reported using protein engineering.

4.4.1.1 Engineered Escherichia coli with Periplasmic Carbonic Anhydrase

Carbonic anhydrase is an enzyme that reversibly catalyzes the hydration of
carbon dioxide (CO,). It has been suggested recently that this remarkably fast enzyme
can be used for sequestration of CO,, a major GHG, making it a promising alternative
for chemical CO, mitigation. To promote the economical use of enzymes, Buyang et al.
(2013) engineered the carbonic anhydrase from Neisseria gonorrhoeae (ngCA) in the
periplasm of Escherichia coli, thereby creating a bacterial whole-cell catalyst. We then
investigated the application of this system to CO, sequestration by mineral carbonation,
a process with the potential to store large quantities of CO,. Because the cell has a
membrane-enclosed structure, and the membrane functions as a selective barrier for the
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passage of various substances, including ions such as HCO;™ and COs>, CO, hydration
activity may not directly correlate with the ability of the whole cell to precipitate CaCOs.

To verify the ability of the constructed periplasmic whole cell system to
efficiently sequestrate CO, in carbonate mineral, the conversion of CO, to CaCO; was
examined. CaCO; is formed by the reaction between Ca®" and COs>, the latter being
formed from HCOs'. Because the pK, for HCO; dissociation is quite high (10.3) (Lower
et al. 1999), alkaline buffer with a pH of 11 was used for the conversion reaction.
Although CA accelerates the rate of the CO, hydration reaction, it does not affect the
equilibrium between the different species of carbonate (Uchikaw et al. 2012). In a closed
system, the final amount of precipitated CaCO; does not depend on whether the reaction
is catalyzed by CA or not (Favre et al. 2009). Therefore, we focused on the ability of the
whole-cell biocatalyst to improve the precipitation (mineralization) rate rather than the
measurement of the quantity of the resulting precipitate. ngCA was highly expressed in
the periplasm of E. coli in a soluble form, and the recombinant bacterial cell displayed
the distinct ability to hydrate CO, compared with its cytoplasmic ngCA counterpart and
the previously reported whole cell CA systems. The expression of ngCA in the
periplasm of E. coli greatly accelerated the rate of calcium carbonate (CaCOs) formation
and exerted a striking impact on the maximal amount of CaCOs; produced under
conditions of relatively low pH (8.5).

It was also shown that the thermal stability of the periplasmic enzyme was
significantly improved. The cells harbouring periplasmic ngCA exhibited excellent
stability compared with purified ngCA. During the 5-h incubation period at 40°C,
periplasmic ngCA retained all activity, while free ngCA retained less than 70% of its
initial activity. When incubated for 5 h at 50°C, the residual activity (60%) of the
periplasmic ngCA was much greater than that (25%) of the free enzyme. These results
clearly show that the activity of periplasmic ngCA is protected by some cellular
mechanism(s) in the course of high-temperature incubation. Immobilization of ngCA in
the periplasm, a hypothetic reason for the resistance to periplasmic release by osmotic
shock, may be the responsible factor contributing to the enhanced thermal stability.
These results demonstrate that the engineered bacterial cell with periplasmic ngCA can
successfully serve as an efficient biocatalyst for CO, sequestration. The mechanisms
may also include protection by heat shock proteins or an increase in ion permeability
caused by the elevated temperature (Guyot et al. 2010). In this study, they expect that
finding or engineering a thermostable CA would synergistically improve the thermal
stability of the periplasmic whole-cell system for practical application to post
combustion capture of industrial CO».

In conclusion, for the feasibility of practical application of the periplasmic
whole-cell catalyst system, there are two pioneering studies on construction of microbial
cells with recombinant CA for CO, mitigation and/or mineralization (Fan et al. 2011,
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Barbero et al. 2013). In both, whole cells were constructed using a surface display
system, which resulted in quite low CA activities. Accordingly, the periplasmic system
engineered in the work of Jo et al. (2013 ) is currently the most efficient whole-cell CA
catalyst, exhibiting 2 to 3 orders of magnitude higher activity (1.77 U/ml.ODggo) than the
other reported systems (6.09 10?and 5.38 107 U/ml.ODgoo, respectively).

4.4.1.2 Low-Cost Biocatalyst for Acceleration of Energy Efficient of CCS

Chemical absorption with regenerable alkaline aqueous solvents is considered the
nearest term option for post combustion CCS (Rochelle et al. 2009). In this process, CO»
is removed from the flue gas stream in the absorber column and then desorbed in a
heated stripper column to give relatively pure CO, for compression and storage. The
challenge facing these capture processes is in energy loss in desorption. Solvents such as
MEA tend to bind CO; tightly such that the parasitic energy loss in desorbing the CO;
would almost double the cost of electricity (Ciferno et al. 2009). CA has been shown to
facilitate the use of aqueous solvents with a far lower heat of desorption (e.g. hindered
and tertiary amines), thus enabling a far lower energy penalty on CCS (Blais et al.
2003). Absorption of CO; tends to be slower in these solvents and thus requires the use
of an accelerant such as CA. The poor stability and activity of naturally-derived CA
under the harsh conditions of these processes (i.e., temperatures from 50 to over 125°C,
high concentrations of organic amine, trace contaminants such as heavy metals, and
sulfur and nitrogen oxides) have limited their use. Therefore, to overcoming these
limitations, the approach of Savile and Lalonde (2011) have included sourcing CAs
from thermophilic organisms, using protein engineering techniques to create thermo-
tolerant enzymes (Newman et al. 2010), immobilizing the enzyme (for both stabilization
and restriction to the cooler process zones) or process modifications such as cooling of
the flue gas.

Small molecule analogs of CA have been reported with potentially higher
stability than proteins, but their rates of acceleration tend to be orders of magnitude less
than the enzymes (Looney et al. 1993). CO; Solution (Quebec, Canada) has a patent
portfolio on the use of CAs for CO, capture from combustions sources. Besides covering
carbon capture from fossil fuel combustion (Fradette et al. 2009), they describe the use
of CA to accelerate capture in solvents such as MEA, methyldiethanolamine (MDEA),
and piperazine (Fradette et al. 2010). The conditions described are at near ambient
temperatures and dilute aqueous solvents, presumably due to the sensitivity of the
human enzyme. Generally, these CA accelerated capture processes employ immobilized
CA in contact with CO,. CO, Solution describes the use of CA in various bioreactor
formats including a packed column triphasic bubble reactor (Blais et al. 2003), a tower
reactor and a spray absorber (Fradette 2004).
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Given the high temperature for regeneration in a solvent-based capture system,
thermophilic organisms represent a source of stable CAs. Three CAs from thermophilic
organisms have been the primary focus of most biochemical studies, that is, an a-class
CA from Methanosarcina thermophile (CAM) (Ferry et al. 2010), a p-class CA from
Methanobacterium thermoautotrophicum (CAB) (Rowlett et al. 2010) and a y-class CA
from Pyrococcus horikoshii (Jeyakanthan et al. 2008). CAM shows optimal activity at
55 °C, with key values approaching 105/s. CAM is a relatively stable CA, and it shows
50% residual activity after 15 min at 70 °C and is inactivated at 75 °C. By comparison,
human CA II shows optimal activity at 37 °C and is inactivated above 50 °C (Alber et al.
1996). However, it is an extremely fast enzyme with a ke, of 106/s (Smith et al. 1999).

Several heat-stable CAs for extraction of CO, from CO, containing media have
been reported (Borchet et al. 2010). An a-class CA from Bacillus clausii showed higher
thermostability than CAM with 17% residual activity (via the Wilbur-Andersen assay)
after 15 min at 80 °C in 1 M sodium bicarbonate with a pH of 8.05. At 0.6 g/L enzyme
loading, this CA could extract > 99% of CO, from a 15% CO, gas stream versus only
33% removal without CA. The CA from the thermophilic organism Caminibacter
mediatlanticus DSM 16658 had a melting temperature of 109 °C at pH 9 and retained
40% of its original activity after 15 min in 1 M sodium bicarbonate at 100 °C, and also
increased the amount of CO; extracted with 1 M sodium bicarbonate solutions at pH 9
(Borchert et al. 2011).

While thermophiles represent a good source of thermostable CAs, naturally
occurring CAs typically do not show suitable activity or stability in the presence of high
concentrations of alkaline capture solvents at high temperatures. However, there are no
reports in the literature of CA activity or stability in amine-based captures solvent such
as MDEA or 2-amino -2-methyl -1- propanol AMP at process-relevant concentrations
(e.g. 50%, v/v) and temperatures (> 45 °C). Savile and Lalonde (2011) generated a
soluble CA biocatalyst capable of catalysing CO, hydration in capture solvents at
absorber temperatures (45-60 °C) and, in an ideal case, surviving the high desorber
temperatures (> 100 °C). Codexis is directed evolution technology platform applying to
increase the activity and stability of CAs by screening a wide range of genetically-
diverse biocatalysts using high throughput (HTP) screens that closely mimic solvent-
based Post Combustion Carbon Capture (PCCC) process conditions in MDEA and other
amine solvents. Initial evaluation of 50 wild-type CAs identified a CA from a mesophilic
organism with higher activity and stability in MDEA than human CA-II (Carbon
anhydrase Il = short name of enzyme). It was inactivated at temperatures above 40 °C in
MDEA, but after four rounds of directed evolution, the temperature of half-inactivation
was increased by > 40-82 °C in 5 M MDEA with a pH of 11.8 (Savile and Lalond 2011).

Savile and colleagues used immobilization of CA to both stabilize the enzyme
and to limit exposure to denaturing conditions in CCS processes. Immobilization has
been reported on a number of solid supports including polyamide (Berzil et al. 2005), n-
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vinyl formamide (Drevon et al. 2003), chitosan (Sharma et al. 2011), and alkyl
sepharose (Azari and Nemat-Gorgani 1999). In the case of Savile et al. (2011), the CA is
immobilized on the hollow fiber wall to maximize contact with CO, at the gas-liquid
interface and facilitate CO, uptake into the liquid membrane by rapid conversion to
bicarbonate, and can enhance the rate of both absorption and desorption. This
technology is applicable for moderate temperature (10-85 °C) gas flows at low to high
pressure with CO, concentrations from < 1% to > 20% (Tranchtenberg et al. 2008).
Continuously, CA is used in the biomineralization process. This biological process has
been used as a model for CO, fixation in the form of carbonate salts of divalent metals.
Lee has recently reviewed the use of CA for CCS and biomineralization (Lee et al.
2010). Very recently, a strategy introducing the use of CA to accelerate in
‘bioweathering’ of silicates was reported in which CA is used to accelerate to hydration
of CO, and subsequent precipitation of Mg (II) released from weathering of magnesium
silicate rock (Swanson et al. 2010).

4.4.2 Microbial Enhanced CCS

The study of Indrew et al. (2010) suggested the potential of microorganisms for
enhancing CCS via mineral-trapping (where dissolved CO; is precipitated in carbonate
minerals) and solubility trapping (as dissolved carbonate species in solution). The
bacterial hydrolysis of urea (ureolysis) was investigated in microcosms including
synthetic brine (SB) mimicking a prospective deep subsurface CCS site with variable
headspace pressures [p(CO,)] of “C-CO,. Dissolved Ca®" in the SB was completely
precipitated as calcite during microbially-induced hydrolysis of 5-20 g/l urea. The
incorporation of carbonate ions from *C-CO, (*C-COs* ) into calcite increased with
increasing p(">CO,) and increasing urea concentrations, from 8.3% of total carbon in
CaCO; at 1 g/l to 31% at 5 g/, and 37% at 20 g/l. This demonstrated that ureolysis was
effective at precipitating the initial gas [CO, (g)] originating from the headspace over the
brine. While CaCOs is precipitated, the moles of calcite precipitated were equal to or
less than the moles of urea derived carbonate ions. Thus, no net precipitation of CO; (g)
in CaCOs occurred during urea hydrolysis-induced mineral-trapping. Additionally, the
consumption of Ca®*, and the likelihood that this will not be replenished via
equilibration because of the concurrent rise in pH, may reduce the magnitude of natural
carbonation in the aquifer.

However, the precipitation of CaCOs by ureolysis in the brine provides a number
of distinct engineering advantages. First, ureolytic organisms appear to be ubiquitous in
surface and subsurface soils (Fujita et al. 2008). S. pasteurii has been shown to be
ureolytically active at pressures and temperatures relevant to geologic carbon
sequestration scenarios (P > 89 bar, T > 32 °C) (Mitchel et al. 2009). Thus, engineering
solutions could likely rely on the stimulation of native organisms to induce CaCO;
precipitation. Second, wastewater provides a potential supply of waste urea. If
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wastewater urea sources can be utilized in this process, it may provide the simultaneous
and advantageous degradation of urea waste, and thus a reduction in labile earth surface
carbon, and the mineral- and solubility-trapping of injected CO,. The annual volume of
wastewater was 1347 km’/yr in Europe, North America and Asia in 1995 (WWAP
2003). Wastewater commonly includes urea concentrations of 20 g/l (333 mM)
(Rittstieg et al. 2001), which is more than what is required to maintain calcite super
saturation in groundwater with chemistries like those of the Powder River Basin, and to
precipitate out all available dissolved Ca even in concentrated oilfield brines with Ca
concentrations of 125 mM or more (Figure 4.4). Third, the precipitation of CaCOs3 in the
subsurface provides a means to decrease formation porosity and reduce the potential of
CO; leakage.

I Power station CO; compressor

SC-CO,

Injection Well Shallow subsurface

Mineral trapping: Ca** + CO5>

|| solubility trapping: CO,(aq) + H,0(l) < H,CO:°

Figure 4.4 Schematic of microbially-enhanced CCS (adapted from Andrew et al. 2009)

For example, subsurface ureolysis-induced carbonate precipitation has been
investigated for permeability reduction for enhanced oil recovery and radionuclide
contaminant sequestration (Ferris et al. 1988). However, the pH increase induced by
bacterial ureolysis generated a net flux of CO, (g) into the brine. This reduced the head
space concentration of CO, by up to 32 mM per 100 mM urea hydrolyzed because the
capacity of the brine for carbonate ions was increased, thus enhancing the solubility-
trapping capacity of the brine. Together with the previously demonstrated permeability
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reduction of rock cores at high pressure by microbial biofilms and resilience of biofilms
to supercritical CO, this suggests that engineered biomineralizing biofilms may enhance
CCS via solubility-trapping, mineral formation, and CO»(g) leakage reduction.

The main potential limitation of microbially-enhanced CCS is the ability of
microorganisms to withstand high pressure and supercritical carbon dioxide (SC-CO,).
Planktonic cells (free floating) show limited resistance to SC-CO,. Twenty-two tested
vegetative species of microorganisms reported in the literature were completely
deactivated at some combination of pressure and temperature in the presence of SC-CO,
(Zhang et al. 2006). However, biofilms, which are microorganism assemblages attached
to a surface, appear to exhibit a higher resistance to SC-CO, (Mitchell et al. 2009). For
example, a 19-min exposure to 35 °C, 136 atm SC-CO, resulted in a 3 log;o viability
reduction of planktonic Bacillus mojavensis cells, but only a 1 log;o reduction in viable
cell numbers from biofilm cultures. It is hypothesized that the small reduction in the
viability of biofilm microorganisms reflects the protective role of the biofilm
extracellular polymeric substances (Mitchell et al. 2009). The resilience of
microorganisms in biofilm states, to high pressure gaseous and SC-CO, suggests
microbially-enhanced mineral trapping and solubility-trapping of CO, during CCS may
be effectively used.

In conclusion, a microbial ureolysis-based approach appears to offer potential for
enhancing CCS by (i) increasing the flux of gas into the brine, and the capacity of brine
for carbonate ions, and (ii) the formation of carbonate minerals, potentially reducing
formation porosity and the potential of CO, leakage to the surface. The apparent
resilience of biofilm-organisms to SC-CO, suggests these and other micobially-mediated
processes may offer the ability to enhance the capacity and rates of CO, trapping.

4.5 Biotic versus Abiotic CCS

Biotic CCS, based on removal of atmospheric CO, through photosynthesis, is a
natural process. The magnitude of CO, removal through photosynthesis, in woody plants
of managed and natural ecosystems, is likely to increase in the future due to the CO;
fertilization effect. The process can be managed through input of essential nutrients (e.g.
N, P, K, Ca, Mg, S, Zn, Cu, Mo) and management of water. There are numerous
ancillary benefits of terrestrial/biotic C sequestration as reported by Lal et al. (2008),
including: 1) improved quality of soil and water resources; ii) decreased nutrient losses
from ecosystems; iii) reduced soil erosion; iv) better wildlife habitat; v) increased water
conservation; vi) restored degraded soils; and vii) increased use efficiency of input. Soil
C sequestration, both as SOC and soil inorganic carbon (SIC), is also a natural process
essential for recycling of elements and water. Similar to the terrestrial pool, increase in
the SOC pool also has numerous ancillary benefits affecting local, regional and global
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processes. Principal benefits of SOC sequestration to soil quality are: i) improvement in
soil structure; ii) reduction in soil erosion; iii) decrease in non-point source pollution; iv)
increase in plant-available water reserves; v) increase in storage of plant nutrients; vi)
denaturing of pollutants; vii) increase in soil quality; viii) increase in agronomic
productivity of food security; ix) moderation of climate; and x) increase in aesthetic and
economic value of the soil. Therefore, the process of biotic C sequestration strengthens
and enhances ecosystem services while enhancing agronomic production. The process is
cost-effective, and RMPs for adoption on agricultural and forest soils/ecosystem are
available for most ecoregions of the world (IPCC 1999). However, the total sink
capacity for biotic C sequestration especially that in terrestrial ecosystems is low at 50—
100 Pg C over a period of 25-50 year (Lal 2004). Further, C sequestered in soil and
biota can be re-emitted with change in soil management (e.g. ploughing) and land use
(e.g. deforestation).

In contrast to biotic sequestration, abiotic sequestration is an engineering process.
The technology for deep injection in the ocean, geological strata, coal mines and oil
wells, etc. are being developed and may be routinely available by 2025 and beyond. At
present, these techniques are expensive, and injected CO, is prone to leakage. In
addition to the high cost, the issues of measurement and monitoring, adverse ecological
impacts and regulatory measures need to be developed and implemented. However, the
sink capacity of abiotic techniques is extremely large at thousands of Pg C, and often
estimated to exceed the fossil C reserves.

Therefore, biotic and abiotic systems are complimentary to one another.
Depending upon ecosystem characteristics, there may be site-specific ecological niches
for biotic or abiotic CCS options. Biotic CCS options are immediately available. Use of
such options buys us time, while C-neutral energy production technologies of
alternatives to fossil fuels and techniques of abiotic sequestration take effect.

4.6 Summary

CCS implies transfer of CO; into other long-lived global pools including oceanic,
pedologic, biotic and geological strata to reduce the net rate of increase in atmospheric
CO,. Engineering techniques of injecting CO, into the deep ocean, geological strata, old
coal mines and oil wells, and saline aquifers along with mineral carbonation of CO,
constitute abiotic techniques. While with a large potential to store thousands of Pg C,
these abiotic techniques are expensive with leakage risks, but may be available for
routine use by 2025 and beyond. In comparison, biotic techniques are natural and cost-
effective processes, have numerous ancillary benefits, are immediately applicable but
have finite sink capacity. Biological CCS is the major environmentally viable method as
compared with other sequestration methods. Therefore, considerable research has been
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conducted to develop biological technologies and processes that increase the efficiency
of capture systems while reducing overall cost. Since plants and soils naturally absorb
CO,, preventing outright deforestation and managing forests and agricultural lands as
carbon sinks can remove significant amounts of GHGs. Algal biomass can sequestrate
carbon and be part of soil sink for long duration. Higher plants including trees can fix
CO; into their biomass and prevent it from easily releasing to the environment till the
death and degradation. Many of the microbes and some of the higher plants can fix CO;
in non-photosynthetic pathway. Therefore, biotic communities, water and soil in all
ecosystems take part in CCS and other parts of the carbon cycle.

The use of biological systems for the mineralization in the form of crustacean or
mollusc shell can fix and store carbon for long time. Carbon in the soil in the form of
organic carbon is more than the living vegetation in the terrestrial ecosystem. Prevention
of degradation of SOC is a good method for carbon storage and can be achieved by
afforestation and reforestration of perennial plants having rich lignin biosynthesis. Most
of the natural methods are slow and need attention to utilize these systems artificially
such as use of carbonic anhydrase.

Biological CCS using microalgae has many advantages over conventional carbon
sequestration methods as the CO, is being utilised to produce high value biomass which
has a number of applications in energy production, biochemical generation as well as
food and fees applications. This is a more desirable method for CCS compared with
abiotic CCS technologies which often associate with a high cost for separating CO, from
flue gases without any economic gains from the process.

Microalgae has high photo synthetic efficiencies, utilising solar energy to convert
CO; to organic carbon and locking it into their cells. Depending on the application of the
produced biomass this carbon may become permanently sequestered. However, even if
the biomass were to be co-fired in a fossil fuelled power plant, the CO, emissions per
unit energy would be significantly reduced as the CO; released during algae co-firing is
recycled and is reused by the algae. Essentially, the net CO, emission for burning
produced algae is zero; thus, the net plant emissions remain the same while the energy
output is significantly increased. In conclusion, there are several advantages both
environmentally and economically for the utilisation of microalgae in biotic CCS from
point sources. Most importantly, the reduced use of petroleum-derived fuels by the
advanced use of biofuels can balance the release and fixation of carbon to the
environment. Many countries already utilized biotic CCS with biofuel production.

The applications such as ocean fertilization have unpredictable effect as there is
lack of proper or limited experimentations. Utilization of all these biological methods
efficiently in all over the world can change the fate of our environment to a stable
condition.
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4.8 Abbreviations

AMF Arbuscular mycorrhizal fungi

CCS Carbon capture and sequestration
CCM Carbon concentrating mechanism
CA Carbonic anhydrase

CA Carbonic anhydrase

CT Conventional tillage

DIC Dissolved inorganic carbon

ECBM Enhanced coal bed methane production
EPS Exopolysaccharide

GHGs Greenhouse gases

GT Gigatonne (109 tonnes)

HTP High throughput

HHV Higher heating value

HNLC High-nutrient/low chlorophyll

IEA International energy agency

INM Integrated nutrient management
IPM Integrated pest management

IPCC Intergovernmental Planet on Climate Change
LF Light fraction

MRT Mean residence time

MGE Microbial growth efficiency

MOM Microbially-derived organic matter
MMTs Million metric tons

MT Minimum tillage

mm Millimeter

MMT Million metric tonnes (10° Kilograms)
MEA Monoethanolamine

NT Non-tillage

POM Particulate organic matter

Pg Petagram (10 > grams)

PBR Photobioreactors

PRA Photo-synthetically active radiation

PCCC Post combustion carbon capture
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PPC Pre-combustion CO, capture

RMPs Recommended management practices
SOC Soil organic carbon

SOM Soil organic matter

SC-COs. Superecritical carbon dioxide

Tg Teragram (10'* grams)

yr Year
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CHAPTER 5

CO; Sequestration and Leakage

P. N. Mariyamma, Song Yan, R. D. Tyagi, Rao Y. Surampalli and
Tian C. Zhang

5.1 Introduction

Carbon dioxide, a major greenhouse gas (GHG), which is important to earth’s
energy balance and climate, has been a major cause of increase in global temperature.
The total estimated GHG emissions due to carbon dioxide account to 64%, making it the
target for mitigating GHGs (Bachu and Adams 2003). The removal of carbon dioxide is
of paramount importance and measures have to be taken to control this in order to ensure
our commitment for the preservance of the environment.

One of the most crucial ingredients in mitigating the rising concentrations of
anthropogenic GHG emissions is the successful and efficient sequestration of CO, in
various ecosystems (West and Marland 2002). Carbon sequestration is a technique to
mitigate the accumulation of GHGs in the atmosphere. It refers to the process of
removing the atmospheric CO, and storing it in long lived pools or sinks so that it is not
emitted back into the environment. Carbon sequestration is a practical and immediate
process, but the sequestration methods vary in their benefits, costs and effectiveness. A
variety of schemes have been proposed for carbon sequestration; these schemes can be
grouped into three modes as follows (Figure 5.1):

1) physical processes: these include: i) biomass-related physical sequestration
methods (e.g., bio-energy with carbon capture and storage, biochar burial,
biomass burial), ii) ocean storage and iii) subterranean injection;

2) chemical processes: these include: i) mineral carbonation, ii) ocean-related
chemical sequestrations methods (e.g., ocean basalt storage, ocean acid
neutralization and ocean hydrogen chloride removal), iii) industrial use (e.g.,
making cement by absorbing CO, from ambient air during hardening), and iv)
chemical scrubbers. Chemical sequestration takes it basis from the reactive
nature of carbon dioxide and is based on sorption or chemical reaction; and
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Biological processes: Biological sequestration (biosequestration) refers to
sequestering carbon in biomass, either dead or alive, in terrestrial and/or aquatic
ecosystems. Biological processes include forestry and agriculture management
practices, reducing emission, enhancing carbon dioxide removal, peat production
and sequestration using enzymes. Biosequestration can also be achieved by the
use of specific microorganisms in different ecosystems and also by enzyme
mediated ways to convert carbon dioxide into bicarbonates. In different
ecosystems, biological sequestration can be achieved by ocean iron fertilization,
by soil conservation and best management practice in agriculture and forestry,
and by soil carbon enhancement.

One of the possible ways to mitigate the GHG effect is to make changes to the
carbon cycle. The primary components of global carbon cycle are ocean,

atmosphere, plants and soil and they actively exchange carbon (Prentice et al. 2001).
Table 5.1 shows the capacity of different CO, sinks. There is a tremendous amount of
CO; storage capacity in oceans, geological and terrestrial sittings. In this chapter, CO,
sequestration including ocean, geological, and terrestrial sequestration of CO,as well as
associated leakage, monitoring and risk management are discussed.

Table 5.1. Capacity of different CO; sinks (Hoffman 2009; Zhang and Surampalli 2013)

Sink Amount (Gt CO,)
Atmosphere 578 as of 1700 and /766 as of 1999
Ocean ecosystems
e water column * 38,000-40,000
e Marine sediments & sedimentary rocks * 60,000,000-100,000,000
Terrestrial ecosystems
¢ Plants ® 540-610
¢ Soil organic matter e 1,500-1,600
o Fossil fuel deposits ® 4,000 (not a sink, for comparison purpose only)
Geological storage
o Saline formations * > 1,000
o Oil/gas recovery ® 675-900
e Unminable coalbeds ® 3-200

5.2 Ocean Carbon Sequestration (OCS)

Among the various sequestration methods available, oceans have been found to

be the most technologically feasible, immediately available and low cost technique for

carbon

sequestration (see Table 5.1). About 80 percent of carbon dioxide released into

the atmosphere could be sequestered in ocean though it may take years to equilibrate
with carbonate sediments. In this section, we will discuss a) the principles, b) the most
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dominant methods (i.e., 1) direct injection, ii) carbonate mineral dissolution, and iii)
ocean nourishment), and c¢) impact of OCS.

5.2.1 Principles of OCS

Potential and Capacity. Oceans, which occupy 70 percent of earth’s surface,
with an average depth of 3800 m, offer the most powerful long term buffer, against the
increase in temperature and atmospheric carbon dioxide. The vastness of the ocean
provides no practical physical limit to the amount of anthropogenic carbon dioxide that
can be stored in the ocean. Comparing the difference between carbon dioxide partial
pressure of oceans and the atmosphere, it has been understood that the large amount of
carbon dioxide influxes and out fluxes are no longer the same as in preindustrial times.
The underlying influx-out flux balance had been skewed by anthropogenic pertubrances
to favor influx, where the net ocean uptake is 2 GtC per year, which accounts to 30
percent of total anthropogenic emissions (Herzog et al. 2001). On average, the ocean
absorbs 2% more carbon than they emit each year, forming an important sink in the
overall carbon cycle.

Principle of Ocean Carbon Sequestration. In ocean dissolved inorganic carbon
can be present in any of four forms: dissolved carbon dioxide (CO,), carbonic acid
(H,CO3), bicarbonate ions (HCO;") and carbonate ions (CO;”). Addition of CO, to
seawater leads to an increase in dissolved CO; (Equation 5.1). Dissolved carbon dioxide
reacts with seawater to form carbonic acid (Equation 5.2). Carbonic acid being unstable
in seawater rapidly dissociates to form bicarbonate ions (Equation 5.3), which further
dissociate to form carbonate ions (Equation 5.4) (IPCC 2005):

C02 (atmos) COZ(aq) (51)
CO, + H,O — H,CO; (5.2)
H,CO; — H'+HCO;~ (5.3)
HCO;™ — H'+CO5™ (5.4

Once in the ocean, CO; is transported and/or transformed in two major mechanisms

(Zhang and Surampalli 2013):

a) Physical pump. Cold water holds more CO, than warm water. Because cold
water is denser than warm water, this cold, CO,-rich water is pumped down by
vertical mixing to lower depths. Total dissolved inorganic carbon (DIC) is the
sum of carbon contained in H;CO3;, HCOs, and C032’, but majorly in the form
of HCO5™. The net results of adding CO, to sea water is the generation of H (i.e.,
lowering pH) and decreases the concentration of CO3”.

b) Biological carbon pump (BCP) forcing CO, going through the food chain. This is
a process whereby CO; in the upper ocean is fixed by primary producers and
transported to the deep ocean as sinking biogenic particles or as dissolved
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organic matter. The fate of most of this exported material is remineralization to
CO,, which accumulates in deep waters until it is eventually ventilated again at
the sea surface. However, a proportion of the fixed carbon is not mineralized but
is instead stored for millennia as recalcitrant dissolved organic carbon (DOC).

The consequence of pathways a) and b) are that ocean surface waters are
super-saturated with respect to CaCOs;, allowing the growth of corals and other
organisms that produce shells or skeletons of carbonate minerals. In contrast, the deepest
ocean waters have lower pH and lower COs;> concentrations, and are thus under
saturated with respect to CaCOs (Zhang and Surampalli 2013).

Depending on the density of the carbon dioxide in relation to the surrounding
water, injected carbon dioxide can either move upward or downward. Drag forces aid in
transferring the momentum from carbon dioxide droplets to surrounding water, creating
motion in the direction of droplet motion. Eventually carbon dioxide dissolves, making
surrounding water denser and then sinks. As the CO,-enriched water moves, it gets
mixed with less CO, enriched surrounding water, creating additional dilution and
diminishing the density contrast between the COs-enriched water and the surrounding
water. Carbon dioxide transported by ocean currents undergo mixing and dilution with
other water masses along surfaces of constant density, whereas in a stratified fluid,
buoyancy forces inhibit vertical mixing (Alendal and Drange 2001).

Although the ocean’s biomass represents almost 0.05 percent of the whole, it
transforms annually, almost 50 GtC of inorganic carbon to organic. This process is often
referred to as biological (carbon) pump, i.e., the aforementioned pathway b). The net
effect of pathway b) is that a large amount of carbon is suspended in the water column as
dissolved organic carbon (DOC). For example, green, photosynthesizing plankton
converts as much as 60 gigatons of carbon per year into organic carbon—roughly the
same amount fixed by land plants and almost 10 times the amount emitted by human
activity. Even though most of DOC is only stored for a short period of time, marine
organisms are capable to convert immense amounts of bioavailable organic carbon into
difficult-to-digest forms known as refractory DOC; this organisms driven conversion
has been named the “jelly pump” (Hoffman 2009) and the microbial carbon pump (MCP)
(Jiao et al. 2010). Once transformed into “inedible” forms, these DOCs may settle in
under saturated regions of the deep oceans and remain out of circulation for thousands of
years, effectively sequestering the carbon by removing it from the ocean food chain
(Hoffman 2010). There is a tremendous amount of CO, storage capacity in marine
sediments and sedimentary rocks. It is the natural biological pump that drives the carbon
towards the bottom of the ocean. Carbon sequestration methods deal with modifying or
accelerating this natural biological pump by adopting various strategies.
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5.2.2 Most Dominant Methods for OCS

Direct Injection of CO,. Direct injection of carbon dioxide aims at the
artificial acceleration of the natural process of carbon dioxide absorption which occurs
through biological pump there by reducing the atmospheric carbon dioxide
concentrations. Direct ocean disposal of carbon dioxide refers to the injection of solid,
liquid or gaseous carbon dioxide into the mid and deep ocean waters. It was proposed
for the first time by Marchetti (1977), for capturing carbon dioxide from combustion of
fossil fuels and injecting to the deep ocean.

Properties of CO2 and Conditions Required for Injecting CO,. Carbon dioxide
will take several forms depending on the characteristics of the injection site and the
methodology used for injection. The behavior of carbon dioxide injected into the ocean
depends on the physical properties of carbon dioxide and method of release (Song et al.
2005). Carbon dioxide can be injected either as gas, liquid, solid or solid hydrate.
Irrespective of the form in which carbon dioxide is injected, it gets dissolved in the sea
water with time. The dissolution rate of carbon dioxide is highly variable and depends
on certain factors such as the form of carbon dioxide, depth and temperature of disposal
and local water velocities.

Carbon dioxide can be potentially released as a gas at a depth shallower than
500 m. In this case, carbon dioxide gas bubbles, being less dense than the surrounding
water, will rise to surface at a radial speed of 0.1 cm/hr (Teng et al. 1996). CO, can exist
as a liquid in ocean at depths roughly deeper than 500 m. At a depth shallower than
roughly 2500 m, CO, is less dense than sea water, and hence, liquid CO, released into
the seawater shallower than 2500 m would tend to rise towards the surface. Brewer
(2004) observed that a 0.9 cm diameter CO, droplet would rise about 400 m in an hour
before dissolving completely, and 90% of its mass would be lost in the first 200 m.

Solid CO; surfaces being denser than sea water will sink while simultaneously
dissolve in the sea water at a speed of about 0.2 cm/hr (Aya et al. 1999). Proportionately,
small quantities of solid CO, would dissolve completely before reaching the sea floor
whereas large masses could potentially reach the sea floor before complete dissolution.
CO; hydrate refers to a form of CO, in which water molecules surrounds each molecule
of COs. It is normally formed in ocean waters below about 400 m depth. A fully formed
crystalline CO, hydrate is denser than sea water and dissolves at a speed similar to that
of solid CO; (about 0.2 cm/hr) (Teng et al. 1999; Rehder et al. 2004). In water colder
than 9 °C and at greater depths, a carbon dioxide hydrate film will be formed on the
droplet wall, which makes the droplet’s radius diminish at a speed of 0.5 cm/hr. Fully
formed crystalline CO, hydrate being denser than sea water will sink. Liquid carbon
dioxide being negatively buoyant at depths greater than 2600 m forms a hydrate skin on
water droplet due to ambient temperature and pressure, possess the potential to remove
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carbon dioxide from the atmospheric reservoir (Haugane and Drange 1992). Pure CO,
hydrate is a hard crystalline solid and will not flow through a pipe; however a paste-like
composite of hydrate and sea water may be extruded, and this will have a dissolution
rate intermediate between those of CO; droplets and a pure CO, (Tsouris et al. 2004).
Although formation of solid carbon dioxide hydrate is a dynamic process, the nature of
hydrate nucleation in these systems are imperfectly understood (Sloan 1998).

CO, diffusers can produce droplets that will dissolve within 100 m of the depth
of release. Alternatively CO, diffusers can be engineered with nozzles that can produce
mm scale droplets, that would produce carbon dioxide plumes that would rise less than
100 m. Hence droplets could be produced that either dissolve completely in the sea
water or sink to the sea floor.

There are several techniques for CO; Injection. A pure stream of carbon dioxide
that has been captured and compressed can be either directly injected to the ocean or
deposited on the sea floor. It can also be loaded on ships or transported to fixed
platforms and dispersed from a towed pipe to the ocean forming a carbon dioxide lake
on the sea floor (Nakashiki 1997). There are several techniques available for the
implementation of direct injection of CO,, such as i) medium-depth (10002000 m)
sequestration, ii) high-depth (> 3000 m) sequestration, iii) sequestration on the bottom of
the ocean, and iv) sequestration at the undersea earth’s layer.

The process of switching industrial carbon dioxide emissions directly to the
oceanic column below 800 m was studied by Ametistova et al. (2002). The most
preferred injection capture would be the dissolution of liquid carbon dioxide using fixed
pipeline at depths between 1000-1500 m. Liquid carbon dioxide will be diffused as
droplets at this depth. The advantages of this method are that carbon dioxide will be
transferred close to the carbonate dissolution boundary at very slow release rates and
with reduced environmental impacts.

Carbon dioxide can be sequestered more effectively and for a longer period of
time if carbon dioxide is stored in liquid form on the sea floor or in hydrate form below
3000 m depths (Shindo et al. 1995). CO, hydrate could be designed to produce a hydrate
pile or pool on the sea floor. CO, released onto the sea floor deeper than 3 km is denser
than the surrounding sea water and is expected to fill topographic depressions,
accumulating as a lake of CO,, over which a thin hydrate layer would form. This hydrate
layer would retard dissolution, but it would not insulate the lake from the overlying
water, and thus, it would dissolve into the overlying water (Haugan and Alendal 2005).
However, the hydrate layer would be continuously renewed through the formation of
new crystals (Mori 1998). Laboratory experiments (Aya et al. 1995) and small deep
ocean experiments (Brewer et al. 1995) show that deep-sea storage of CO, would lead to
CO; hydrate formation and subsequent dissolution. The time taken for complete



120 CARBON CAPTURE AND STORAGE

dissolution of carbon dioxide in a carbon dioxide lake with an initial depth of 50 m
varies from 30 to 400 years, depending on the local sea and the sea floor environment.
The dissolution time also depends on the mechanism of carbon dioxide dissolution,
properties of carbon dioxide in solution, turbulence characteristics and dynamics of the
ocean bottom layers and the depth and complexity of the ocean lake.

Carbonate Mineral Dissolution. One of the methods to accelerate carbonate
neutralization is by the natural dissolution of carbonate mineral in sea floor sediments
and lands. Sea water acidity caused by the carbon dioxide addition for over thousands of
years can be neutralized by this way, which in turn allows oceans to sequester more
carbon dioxide from the atmosphere without significant change in the ocean pH and
carbonate ion concentration (Archer et al. 1998). Weathering or reaction involving solid
carbonate dissolution, in the presence of water and carbon dioxide to form bicarbonate,
has the capacity to absorb significant fraction of anthropogenic carbon dioxide input
(Sheps et al. 2009). Studies were performed on artificially enhancing mineral carbonate
dissolution for carbon dioxide sequestration at an accelerated pace. The largest
participants in natural chemical weathering are metal carbonates and their complexes
such as calcium carbonate, magnesium carbonate and calcium magnesium carbonate that
are especially contained in calcite, limestone and dolomite. It had been observed that
enhanced mineral weathering reactions occur in environments with elevated carbon
dioxide like decomposing organic rich soils and in the deep ocean.

The partial pressure of carbon dioxide from waste gas streams is several orders
higher in magnitude than in the atmosphere. Therefore, it is highly advantageous to
place water and mineral carbonate in direct contact with waste gas streams. This would
allow the formation of aqueous carbon dioxide and carbonic acid in higher
concentrations than in the atmosphere, which in turn elevates the acid concentration and
bicarbonate formation, accounting that half to be derived from waste gas carbon dioxide.
Rau and Calderia (1999) proposed the reaction of carbon dioxide separated from flue
gases with crushed limestone and sea water. The carbonic acid formed as a result of this
reaction would accelerate the dissolution of carbonate containing minerals such as
calcite, dolomite, limestone and aragonite. The solution containing dissolved inorganic
carbon and calcium ions can be released back to the ocean where it would be diluted
with additional sea water. Carbonate weathering reactions proceed as follows:

CO2 (@) = CO2 (ag) (5.5)
COZ (aq) + H20 g H2C03 (aq) (56)
H,CO; (aq) T CaCOs (solid) CaZ+(aq) + 2HCO3_(aq) 5.7
Net reaction: C02 (gas) + CaCO; (solid) + HQO" Ca2+(aq) + 2HCO3- (aq) (58)

Carbonate minerals have been considered as the primary source of alkalinity for
the neutralization of carbon dioxide acidity. Kheshgi (1995) suggested promoting the
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reaction of calcining limestone to form readily soluble CaO since ocean surface waters
being over saturated with carbonate minerals. Carbonate neutralization approaches
involves the reactions in which limestone reacts with carbon dioxide and water forming
calcium and bicarbonate ions in the solution. According to the speciation of dissolved
inorganic carbon in sea water, for each mole of calcium carbonate dissolved, there
would be 0.8 moles of additional carbon dioxide sequestered in equilibrium with fixed
carbon dioxide partial pressure. Adding alkalinity would increase ocean carbon storage
in short term and in long term time periods.

Sequestration by Ocean Nourishment. Another method of sequestering
carbon in oceans is by ocean nourishment. Ocean fertilization is considered as a
potential strategy to mitigate the GHG emissions. Ocean nourishment refers to the
introduction of nutrients (e.g., Fe or urea) to the upper ocean so as to increase the marine
food chain and to sequester carbon dioxide from the atmosphere. It belongs to the group
of geoengineering techniques, which intentionally alters the environment on a planetary
scale and thereby mitigates the global warming. Ocean nourishment offers the prospect
of reducing the concentration of atmospheric GHGs and of increasing the primary
production in ocean. Primary production refers to the process of producing organic
compounds from atmospheric or aquatic carbon dioxide through the process of
photosynthesis. Majority of the primary production is carried out by microscopic
organisms called phytoplanktons and algae. Horiuchi et al. (1995) reported that
inorganic carbon concentration in the deep ocean is not in equilibrium with the
atmospheric carbon dioxide partial pressure. The surface ocean is considered to be
deficient in nutrients since they are consumed rapidly by phytoplanktons. Fertilizing
with nutrients promote propagation of phytoplankton and assimilate organic carbon.
Consequently this leads to a decrease in the partial pressure of carbon dioxide on the
ocean surface, resulting in an increase in drawing carbon dioxide from the atmosphere.
The corresponding freshly-added carbon dioxide is fixed by plants like phytoplanktons
near the ocean surface through the process of photosynthesis. Once essential nutrients
such as N, P and Fe are used up, algal bloom die; they sink, and thereby sequester
carbon. Dead phytoplanktons and marine organisms act as carbon dioxide vessels,
during the natural biological pump as they sink towards the bottom of the ocean (Fertiq
2004). Microorganisms that feed on this particulate organic matter produces carbon
dioxide of which some portion dissolves in ocean and rest ends up as detritus
(recalcitrant DOC) that would remain out of circulation for thousands of years.

Ocean Iron Fertilization. Ocean iron fertilization refers to the addition of iron
artificially to the water to promote the phytoplankton growth in ocean, which in turn will
help in enhancing oceanic carbon dioxide uptake and reducing carbon dioxide in the
atmosphere (Denman 2008; Buesseler et al. 2008). Iron is one of the major limiting
factors for primary production in oceans. In order to understand the idea of carbon
sequestration by ocean, it is good to have knowledge about the marine carbon cycle.
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Carbon dioxide is taken by the ocean from the atmosphere and it rapidly dissolves in
water forming aqueous carbon dioxide, bicarbonate and carbonate which are referred as
dissolved inorganic carbon. In the presence of sunlight and other nutrients like N, P and
Fe, phytoplankton will absorb carbon dioxide from seawater to carry out photosynthesis
and builds up organic molecules. A portion of organic molecules and dissolved organic
carbon will sink from the surface to deep ocean layers by process of mixing and
advection (Raven and Falkowski 1991).

Ocean iron fertilization has been suggested as a potential tool to reduce
atmospheric carbon dioxide concentrations, since the increase in carbon export due to
iron addition corresponds to equivalent storage of carbon dioxide on time scales ranging
from few months to thousands of years. The method of applying fertilizers or activated
sludge with nutrients will increase the growth of phytoplankton in the ocean and helps in
the assimilation of inorganic carbon to produce HCO; and COs*. Martin (1990)
published the Iron Hypothesis, suggesting that Fe could be the limiting factor for
photosynthesis in ocean, where the concentration of macronutrients is high and
chlorophyll is low. The availability of light, nutrients and trace elements are the factors
that influence carbon cycling and growth of phytoplankton in ocean. In oceanic region
where there is deficiency of Fe, all the macronutrients cannot be used for photosynthesis
and hence fertilizing the surface ocean in these regions increases the amount of carbon
dioxide used by phytoplanktons for photosynthesis and will increase the primary
production and carbon sequestration in the deep ocean. All the carbon taken up by the
phytoplankton is not sequestered in the ocean; some portion return to the atmosphere
within short time scales. Being the lowest in hierarchy of food chain, phytoplanktons are
grazed upon by zooplanktons which in turn are taken by fish and other higher animals. A
fraction of carbon goes back to ocean as dissolved inorganic or organic carbon due to the
physiological activities of higher animals. Moreover, bacteria also remineralize much of
the organic carbon into inorganic carbonate and bicarbonate ions (Denman 2008). It was
observed that 50% of exported organic carbon get remineralized during 100 m of sinking,
another 2-25% reaches to depths of 1000-1500 m and 1-15% of carbon sinks below
500 m (Powell 2008).

Bakker et al. (2005) explored the changes in the biological carbon uptake and
surface water fugacity of carbon dioxide in the iron fertility experiment in Southern
Ocean. They studied the effect of carbon dioxide air-sea transfer on dissolved inorganic
carbon for patch iron fertilization. Patch fertilization refers to fertilizing an ocean area,
measuring a few hundred kilometers for a period of one month to several years. They
observed that algal carbon uptake reduced surface carbon dioxide from 4t day onwards.
Surface water carbon dioxide decreased at the rate of 3-8 micro atoms per day, thus
making iron enriched water a potential sink for atmospheric carbon dioxide. The surface
water carbon dioxide and dissolved inorganic carbon decreased at the rate of 32-38
micro atoms after thirteen days. The studies revealed that iron addition made ocean
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water sinks for atmospheric carbon dioxide, and replenishment of carbon dioxide by air
sea exchange was less in comparison to algal carbon uptake. IPCC has predicted that
accumulated carbon dioxide emission until the year 2100 would be in the range of 770—
2540 Gt. The potential of large scale iron fertilization could be 26-70 GtC for a period
of one month. Large scale iron fertilization could share to mitigate carbon dioxide
concentration whereas potential for patch fertilization would have only a relative small
impact. In situ iron fertility experiments have demonstrated that it will promote the
development of algal bloom, buildup of biomass and uptake of inorganic carbon (Boyd
et al. 2000; Watson et al. 2000). Four Lagrangian in-situ iron fertilization experiments
conducted in Southern Ocean proved that iron addition promoted uptake of inorganic
carbon, algal bloom and build-up of biomass (Coale et al. 2004).

Ocean Urea Fertilization. Ocean urea fertilization refers to the process of
fertilizing the ocean with urea, the nitrogen rich substance, so as to boost the growth of
carbon dioxide absorbing phytoplankton, as a means to combat climate change. It had
been proved that efficiency of urea fertilization is dependent on the efficiency of carbon
burial and species composition of stimulated bloom (Gilbert et al. 2008). The production
of higher phytoplankton biomass can be stimulated by nitrogen fertilization. The desired
amount of nutrients required to offset the rising concentration of carbon dioxide in the
atmosphere is based on the redfield ratio (PNC ratio: Phosphorous: Nitrogen: Carbon
ratio) of the phytoplankton in the ocean. Typical chemical composition of an algal cell is
106 C: 16 N: 1P: 0.0001 Fe. Hence for each unit of Fe added 1,000,000 units of carbon
biomass. For each unit of nitrogen that is added to a nitrogen limited region, seven units
of carbon biomass can be produced. It was observed that urea uptake was positively
correlated with the proportion of phytoplankton composed of cyanobacteria in water.
Studies were conducted by Lucas et al. (2007) on rates of phytoplankton production in
iron fertilized region in oceans and also the sensitivity of cell size to iron availability
through the size fractionated measurements of nitrate, ammonium and urea uptake. In
contrast, nitrate uptake is positively correlated with diatom biomass and negatively
correlated with urea uptake (Heil et al. 2007; Gilbert et al. 2008). The cellular enzyme
urease hydrolyzes urea to ammonium and the enzyme activity is positively correlated
with temperature. Diatoms do not excrete inorganic nitrogen, and hence the catabolic
end products of urea cycle are returned to the anabolic pathways that produce glutamine
and glutamate. A firm response of heterotrophic bacteria to phytoplankton bloom, in
terms of biomass production and respiration can be induced by natural iron fertilization
(Obernosterar et al. 2008). Urea enrichment leads to enhanced production of
cyanobacteria, and picoeukaryotes rather than diatoms (Berg et al. 2001).

5.2.3 Impact of OCS

Changes in Ocean Chemistry due to CO; Injection. Anthropogenic carbon
dioxide uptake by oceans will lead to severe chemical changes in the ocean surface
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water environment. The anthropogenic perturbation is greatest in the ocean upper layers
where the biological activity is high. Direct injection of liquid carbon dioxide will yield
complex dispersion halos due to oceanic density and temperature gradients. Depending
on the location, pressure and temperature at the time of injection, carbon dioxide may
either get dissolved directly in the sea water or puddle into carbon dioxide puddles or
sometimes carbon dioxide hydrate will be formed (Herzog et al. 1997). The most
important factor for carbon sequestration is the depth (as described above) that has to be
sufficient to keep carbon from surface ocean, and it depends on various factors like
ocean current, temperature, weather, patch dissolution and grazing activity (de Baar et al.
2005).

There exists a slow exchange between carbon dioxide and the deep ocean. The
surface ocean water with a pH of 8.1 is in equilibrium with atmospheric pCO,, which is
360 patm. At a typical seawater pH of 8.1 and salinity of 35, the dominant dissolved
inorganic carbon species is HCO3 with only 1% in the form of dissolved CO,. It is the
relative proportions of the dissolved inorganic carbon species that control the pH of
seawater on short-to-medium timescales. It had been predicted that, with the
consumption of fossil fuels at the present rate, by the year 2030, pH of ocean surface
water will decrease to 7.8 with the atmospheric carbon dioxide doubling to 700 patm.
However, injection of carbon dioxide of 1300 GtC would decrease the pH by 0.3 units,
with a corresponding decrease of pH by 0.5 units in the deep ocean. Ocean general
circulation models have been used to predict the changes in ocean chemistry as a result
of the dispersion of injected carbon dioxide. It had been predicted that injection of 0.37
Gt CO»/yr for 100 years would produce a pH change of 0.3 units over a volume of sea
water equivalent to 0.01 percent (Wickett et al. 2003).

It had been observed that 80% of carbon dioxide could be sequestered
permanently within a residence time of 1000 years; up to 150-300 GtC can be absorbed
with a pH change of 0.2-0.4. The outgoing of remaining 20% of injected carbon would
occur within a time period of 300-1000 years (Cole et al. 1993). The lateral transport of
re-mineralized carbon dioxide originating from shallow layers of ocean represent a
powerful route for carbon sequestration in deep sea which needs to be investigated
(Hoppemma 2004).

The most obvious consequence of injection of carbon dioxide is that carbon
dioxide alters the food web by changing the partitioning of energy between metabolic
processes (Angel 1997). The magnitude of ocean sequestration and its impact on
environment depends on the duration of exposure, the organism’s compensatory
mechanism, energy requirement and mode of life (Adams et al. 1997). The low pH is
harmful to zooplankton, bacteria, bottom dwelling plants and animals due to limited
mobility. The potential effects of liquid carbon dioxide injection on deep sea
foraminiferal assemblage on California margin was studied by Ricketts et al. (2009); the
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results suggested that foraminiferal diversity decreased due to carbon dioxide
emplacement. It was also observed that release of liquid carbon dioxide cause an
increase in the dissolution of calcareous taxa in sediments directly below the carbon
dioxide pool. It was also found to cause significant mortality in benthic foraminifera,
since increased CO; concentrations cause metabolic changes such as intracellular
acidosis and respiration stress.

The effect of OCS to the physiological changes in the marine organisms and to
the ecosystems should be taken into consideration while studying the impacts of OCS.
The adverse effect on the diverse fauna that resides in the deep ocean and in sediments is
also one of the most alarming consequences of ocean carbon dioxide sequestration,
which can lead to changes in ecosystem composition and functioning. The dissolution of
carbon dioxide can lead to dissolution of calcium carbonate present in the sediments or
in the shells of the microorganisms. Changes in the productivity pattern of
algal/heterotrophic bacterial species, biological calcification or decalcification and
metabolic impacts on zooplankton species are the observed consequences of lowered sea
water pH. Changes in the pH of the marine environment will affect the carbonate system,
nitrification, speciation and uptake of nutrients (Huesemann et al. 2002). Although it had
been stated that CO, injection has ecosystem consequences, no controlled ecosystem
experiments have been performed in the deep ocean, and hence, no environmental
thresholds have been identified.

Impact of Ocean Fertilization Experiments. Ocean fertilization has drawbacks
in the sense that it can affect ocean ecosystems in the long run and change the plankton
structure. The potential for ocean nourishment experiments for mitigation of GHGs is
controversial since the magnitude and direction of carbon stored remains uncertain, and
the verification of carbon stored is impossible (Gnanadesikan et al. 2003). The most
crucial limitation is the production of methane gas triggered by the sinking of organic
matter as a result of large scale iron fertilization. Moreover, it can induce the production
of GHGs such as nitrous oxide, methane, dimethylsulphide, alkyl nitrates and
halocarbons (Jin and Gruber 2003; Turner et al. 2004). Production of other GHGs and
their outgassing could partially offset the carbon drawdown from the atmosphere into
the ocean. Changes in the marine ecology and biogeochemical changes are induced by
large-scale iron fertilization experiments (Chisholm et al. 2001). Experimental studies
have revealed that significant microbial community structural modifications occur in
response to 7% increase in carbon dioxide concentration (Sugimori et al. 2002). It also
alters the partitioning of energy between metabolic processes. Ocean fertilization can
also induce ocean acidification and alter the physical properties of ocean.

Ocean iron fertilization has some negative effects such as the development of
toxic algal blooms, unforeseeable changes in food web and ecosystems, anoxia due to
remineralization sinking organic matter, increased production of nitrous oxide which can
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lead to the death of marine life (Denman 2008). More research has to be undertaken
before using iron fertilization on a large scale due to substantial uncertainties and
effectiveness associated to it (Buesseler et al. 2008). Limitations of ocean sequestration
include distraction of energy usage in an efficient way, alternate energy generation from
renewable sources and tampering the ecological processes. Urea fertilization is likely to
cause eutrophication impacts which include development of hypoxic or anoxic zones
and alteration of species leading to harmful algal blooms (Anderson 2004). Sinking of
algae to the deep ocean cause hypoxia upon their decomposition and hence is
responsible for fish kills. Nitrogen loading can bring forth a shift in the marine
community of coral reef directed towards algal overgrowth of corals and ecosystem
disruption (McCook et al. 2001). In addition, what is the contribution due to the inedible
forms of DOCs or carbonate compounds that are promoted by nutrient addition via
biological pumps and the related mechanisms are not fully understood yet, rending more
studies about the real contribution of these mechanisms to CO, storage.

5.3 Geological Carbon Sequestration (GCS)

Earth’s subsurface stores carbon in coals, gas organic rich shales and carbonate
rocks. Rocks and fossil fuel deposits such as coal measures, oil reservoirs and oil shales
act as a greenhouse sinks which can hold a substantial amount of carbon dioxide so that
less carbon is released to the atmosphere. GCS refers to the injection of carbon dioxide
captured from industrial sources into porous rocks in earth’s crust so as to isolate the
CO; from the atmosphere. The large underground accumulations of CO, provide us with
the huge potential of GCS in underground in right geological conditions for millions of
years.

Although GCS is not a new technique, considerable research and development of
GCS has been performed since the late 1990s. After more than one decade research, a
significant amount of information has been accumulated (e.g., see the special issue
published in Environmental Science and Technology on Jan. 2013). This section serves
as a brief overview of GCS, including a) principles and mechanisms of GCS, b) basic
requirement for GCS, c¢) GCS in various geological formations, d) monitoring and
verification techniques for GCS, and e) cost associated with GCS.

5.3.1 Principles and Mechanisms of GCS

Geochemical Reactions at GCS sites. Important geochemical reactions under
GCS conditions include: a) supercritical CO; (scCO,) dissolution into brine, b) acidified
brine induced reactions (i.e., dissolution of pre-existing formation rocks and caprock), c)
wet scCO, driven interactions (e.g., precipitation of secondary mineral phases and
surface reactions that affect wettability of rocks), d) scCO,-wellbore interactions, and e)
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partition of organic contaminants in GCS sites (Burant et al. 2013; Jun et al. 2013). All
these reactions are induced by the injection of scCO, because the pH at GCS sites is a
function of the distance from and time after the injection. For example, at pH of 3-6
near the injection well, carbonates have a much higher dissolution rates than other
minerals, which stimulates the release of several cations (e.g., Ca*’, Mg2+, Fe2+) and
increases porosity and permeability of the sites.

These reactions affect fate/transport and behavior of sc- or aqueous-CO, and the
associated environmental risks of GCS sites (see below and Jun et al. 2013). These
reactions are affected by many factors, such as temperature, pressure, the salinity of
formation fluids, microbial communities, transport processes of injected scCO, and
impurity gases. Usually, reaction rates increase with temperature and pressure, both of
which are a function of injection depth (i.e., 33 °C/km and 99 atm/km). Microbial
communities at GCS sites can mediate surface reactions, provide exopolysaccharides
(EPS), and affect redox reactions. For example, Fe(Ill) reducing microorganisms may
promote the increase in pH of the brine, leading to the secondary mineral precipitation
(amorphous silica, clay minerals, halite, and carbonates), and causing a decrease in
permeability at pore throats of the sites.

Trapping Mechanisms. There are mainly three mechanisms by which carbon
dioxide can be sequestered in geological formations, namely physical trapping (e.g., due
to the capillary effect), chemical (mineral) trapping, and hydrodynamic (solubility)
trapping (IPCC 2005; Jun et al. 2013). Physical trapping refers to immobilizing carbon
dioxide in gaseous or supercritical phase in geological formations, which can be either
static trapping in structural traps or residual gas trapping in porous structures. Chemical
trapping in formation fluids by dissolution or by ionic trapping, in which the injected
carbon dioxide gets dissolved and react with minerals in formations or get adsorbed to
mineral surface (adsorption trapping). In hydrodynamic trapping, upward migration of
carbon dioxide at low velocities will lead to trapping in intermediate layers.

It is important to understand the phase behavior of carbon dioxide at specific
temperature and pressure for the maximum utilization of available storage space within
the reservoir for the injection of carbon dioxide. Buoyancy?? trapping is a mechanism
by which carbon dioxide can be injected near the base of the reservoir or in the down
deep part of the dipping storage reservoir. In residual gas trapping carbon dioxide while
migrating through the reservoirs get entrapped as small bubbles of gas either due to
buoyancy drive or injection pressure. In solubility trapping, when carbon dioxide gets
dissolved in water becomes heavier than native brine in aquifers and thus in turn allows
dissolved carbon dioxide to sink by advection. CO; can also be locked up in a solid
mineral or dissolved bicarbonate mineral phase preventing its migration to the surface.
Abandoned mines offer potential for carbon dioxide storage with added benefit of
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adsorption of carbon dioxide into coal remaining in mined out area (Piessens and Dusar
2004).

5.3.2 Basic Requirement for GCS

Site Selection and Characteristics for Geological Repositories. The most
important step to ensure the efficient GCS for a long period of time is the
characterization of potential storage sites. Once the site is selected for GCS, it is
mandatory to check for the feasibility of GCS operation based on geological models.
Particular attention should be given for location features, faults, thickness, quality,
distribution of cap and reservoir rocks. Behavior of carbon dioxide plume, designing,
positioning and management of injection bore holes have to be studied using model and
plume simulations. Risk assessment associated with features, events and processes that
might occur within or external to the storage complex need to be evaluated.
Measurement and monitoring of the function of the system along with verification
should be carried out in line with established baseline conditions prior to carbon dioxide
injection. Any variations from expected site performance pose a risk such as leakage or
induce damage or disturbances to other resources. Geological storage sites in general
should have adequate capacity and injectibility, sealing cap rock and geological
environments to contain the integrity of the storage site. Basin characteristics like basin
suitability, basin resources, industry maturity and infrastructure should be considered
while assessing criteria for basin suitability (Bachu 2003).

Properties of CO, Required for GCS. Carbon dioxide has to be compressed
to a dense fluid state so as to store in geological formations. Depending on geothermal
gradient, carbon density will increase with depth. Carbon dioxide has the density to
remain in subsurface through physic-chemical immobilization reactions. In geological
formations open fractures, pore spaces and cavities which are filled with fluid are
displaced with carbon dioxide by injection of carbon dioxide either by reacting with
fluids or with mineral grains. Hydrocarbons, gases and fluids containing carbon dioxide
can remain trapped in oil gas fields for millions of years (Bradshaw et al. 2005). The rate
of fluid flow in an injection well depends on many factors such as fluid phases present in
formations. A single miscible fluid of natural gas and carbon dioxide are formed if
carbon dioxide is injected into a gas reservoir where it forms a supercritical dense liquid
phase in deep saline formations.

5.3.3 Carbon Sequestration in Various Geological Formations

Carbon dioxide is stored in geological formations by physical or geochemical
trapping reactions depending on formation types and fluid properties. Geological
repositories such as aquifers, petroleum fields and carbon deposits can be considered as
the first long range opportunity for massive carbon sequestration. In hydrocarbon
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reservoirs with little of water encroachment, pore volume previously occupied by oil or
natural gas will be occupied by injected carbon dioxide. However in open hydrocarbon
reservoirs, pore space available for carbon dioxide storage will be less due to capacity
reduction caused by capillarity and local effects (Stevens et al. 2001). Carbon plunge
and coal bed methane formations give the potential for carbon sequestration. High depth
water formations and saline water formations are possible storage mechanisms for
carbon dioxide storage. Carbonate rocks such as limestones and chalks also represent a
sink of carbon on earth’s surface. Geological structural and stratigraphic traps have
demonstrated their ability to seal and store hydrocarbon liquids; they also pose the
ability to store carbon dioxide and other non-hydrocarbon gases. GCS in different
geo-formations are briefly summarized below.

Carbon Storage in Oil and Gas Reservoirs. Carbon dioxide can be stored in
depleted oil and gas reservoirs since they do not have leakage paths. Moreover, the
geological structure and physical properties are understood due to the oil and gas
excavation industries. Abandoned oil and gas fields have more advantages for geological
storage due to various reasons. The oil and gas that have already been trapped proves the
integrity and safety along with the extensively studied and characterized geological and
structural properties. Movement, displacement behavior and trapping of hydrocarbon
can be predicted using already developed computer models. The global estimate of oil
reservoir storage capacity varies from 120—400 Gt carbon dioxide, whereas it to
accounts to 800 Gt carbon dioxide for gas reservoirs (Freund 2003).

Carbon Sequestration with Enhanced Oil Recovery. Carbon dioxide
injection for enhanced oil recovery in production wells is the second largest enhanced oil
recovery technique after steam flooding (IEA 2005). The mass objective of enhanced oil
recovery is the production of maximum oil with minimum carbon dioxide. Carbon
dioxide is an ideal gas for accessing oil that cannot be produced under natural pressure
or pumping. Carbon dioxide is an excellent solvent for hydrocarbons in dense and liquid
phase. Various technical and economic variables such as oil density, viscosity, minimum
miscibility pressure, microscopic sweep effects and formation of vertical and lateral
heterogenecities should be taken into consideration before the selection of enhanced oil
recovery technologies. The global capacity for geological storage of carbon dioxide by
carbon dioxide accounts to 61-123 Gt carbon dioxide (Nguyen 2003, IPCC 2005).

Carbon dioxide is injected into the reservoir where it is miscible or nearly
miscible pressure with respect to oil, which in turn makes the oil to swell and become
less viscous. Although carbon dioxide enhanced oil recovery is effective for lighter oils
when combined with thermal techniques it can improve the production from heavy oils.
Enhanced oil recovery mainly consists of three steps. The primary production step is the
one in which carbon dioxide is injected into reservoirs. In the secondary recovery phase,
water is injected to push out oil out of production wells after primary production. In the
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tertiary recovery phase recoverable oil after the water flood phase is targeted by carbon
dioxide. The water alternating gas technology makes use of recovering maximum
amount of oil by guiding injected carbon dioxide through parts of the field where
recoverable oil remains. The final step of water alternating gas method is the injection of
water so as to flush out recoverable oil and carbon dioxide. However, carbon dioxide
enhanced oil recovery is limited to oil fields deeper than 600 m, where 20—30% of the
original oil is recovered and where primary and secondary production methods have
been applied (Goldberg and Slagle 2009; Matter et al. 2009). An incremental oil
recovery of 7-23% of the original oil in place can be obtained by using carbon dioxide in
enhanced oil recovery (Moritis 2002).

Depending on characteristics of hydrocarbon and reservoir performance,
enhanced oil recovery can increase total recovery of an average field as much as fifty
percent. Recovery of oil ranges from 25-100% depending on geology of the oil field and
oil type. The incremental recovery of oil will be high if the hydrocarbon is light. It has
been suggested that carbon dioxide enhanced oil recovery can increase long term
conventional oil supply substantially (Mathiassen 2003). To estimate the potential
benefits of carbon dioxide enhanced oil recovery projects, detailed field-by-field
assessments are needed. Carbon dioxide storage in miscible enhanced oil recovery
ranges from 2.4-3 tonnes CO, per tonne of oil produced. Project cost for enhanced oil
recovery by carbon dioxide depends on various factors such as size of the field, spacing
pattern, location and existing facilities. Although carbon dioxide enhanced oil recovery
is a mature technology, the main techno-economic challenges include improving sweep
efficiency in the case of formation heterogenicities, handling off shore environment,
retrofitting surface facilities to handle corrosive fluids, and developing infrastructure to
minimize the cost of carbon dioxide delivered for various projects (Gozalpour et al.
2005).

GCS with Enhanced Gas Recovery. Depleted fields can be repressurised by
injecting carbon dioxide to increase gas recovery and reduce drain down related
subsidence. Carbon dioxide being denser than natural gas flows downward, leading to
gravity stabilized displacement. Carbon dioxide being less mobile than methane allows a
stable displacement and being more soluble than methane delays break through. The
characteristics that make depleted oil and gas fields suitable for GCS are their readily
availability and extensive geologic and hydraulic assessment from oil and gas operations.
The existing infrastructure like wells, surface facilities and pipelines make it practically
feasible for adoption of this technology. The carbon thus sequestered can be stored for
extended periods of time in these reservoirs due to the presence of sealing mechanisms.
Carbon dioxide can be stored in a dense phase in natural geological formations at the
depth of > 600 m. At depths below 800—1000 m, carbon dioxide exists either in liquid or
supercritical state due to ambient temperature and pressure, which occupies smaller
volume than gaseous state and hence efficient utilization of underground storage space.
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The worldwide storage capacity of depleted oil and gas fields range between
675—-1200 Gt carbon dioxide. Initial screening of depleted gas fields suggests that a
worldwide storage potential of 800 Gt in carbon dioxide at a cost of US dollars of 120
per tonne of carbon dioxide (Stevens et al. 2000. Approximately 0.035—0.05 tonne of
methane can be recovered for each tonne of carbon dioxide injected. Carbon dioxide
enhanced gas recovery has not yet become a demonstrated technology and hence needs
efforts before it becomes established. The only carbon dioxide enhanced gas recovery
project that has been undertaken is K12B injection offshore project in Netherlands
(Dreux 20006).

GCS with Enhanced Coal Methane Recovery. The technique of enhanced
coal methane recovery utilizes the recovery of methane released by mining of gassy
coals. The mechanical shock caused by the drilling allows the increased permeability of
the coal fraction and also desorption of weakly bound methane, the latter is used for
power generation. In unmineable coals water is injected to wells drilled into coal seams
at high pressure so as to fracture and mechanically shock coal to release methane. In
coal methane recovery, injection of nitrogen gas is practiced to displace any additional
methane present in micropores and fractures. In carbon dioxide enhanced coal bed
methane recovery nitrogen is replaced with carbon dioxide due to the reason that
chemical bonding of carbon dioxide with coal will stimulate methane gas production
along with inhibition of displaced methane to production well due to reduced
permeability and increased plasticity (Korre et al. 2009; Freidmann et al. 2009). Coal
can absorb 2 moles of carbon dioxide for every mole of methane that is initially
contained.

Coal beds contain methane absorbed in its pores. Injection of carbon dioxide to
unmineable coals, i.e., the coal seams that cannot be commercially exploited due to
higher depth or too thin nature, enhance production of coal methane recovery and
provide alternative storage mechanism for carbon dioxide. The development of
technology for coal bed methane recovery depends on depth, coal rank, permeability and
configuration of geological layers. Although permeability of formations varies from few
millidarcies to thousands of millidarcies, lighter fractions require hydraulic fractioning
for commercial production of methane. The geological factor that has to be considered
for meeting the coal bed reservoirs for enhanced coal bed methane recovery are depth of
coal seam, pressure and temperature parameters, composition, ash content, local
hydrology, dewatering ability, lateral continuity, thickness of coal seam and minimum
folding (Shi and Durucan 2005). The main technology gaps that have been addressed by
the ongoing research and development projects include interaction between carbon
dioxide and coal, chemical interaction of carbon dioxide with in-situ water, impact of
heterogenicities, cap rock integrity, monitoring technologies and field wide cross well
and well bore monitoring technologies. According to IEA-GHG (2006), the most
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important criteria that has to be taken into consideration while selecting area for carbon
dioxide enhanced coal bed methane recovery are adequate permeability, coal geometry,
simple structure, homogeneous and confined coal seam, depth (down to 1500 m),
suitable gas saturation conditions and ability to dewater the formations.

Carbon Storage in Sedimentary Rocks. Rocks can be considered as a
potential option for GCS, since the open pores within the rocks can be filled with gas,
water or oil. Among the different types of rocks, available sedimentary rocks can be
considered as the most promising hosts for storing carbon dioxide. Most of the world’s
oil and gas fields and underground water supplies are hosted by them. Sedimentary
rocks are formed from the sediments by erosion from rocks, biogeochemical deposition
or combination of both processes, and these sediments get accumulated and buried over
time. Permeability of rocks refers to the interconnectivity between pores which permits
the fluids (gas, water, oil) to migrate through the rocks. Permeability is an important
characteristic of the reservoir, which is very crucial for the successful storage of carbon
dioxide. Carbon dioxide can also be injected into igneous and metamorphic rocks such
as basalts, serpentines and ophiolites, which contain minerals reactive to carbon dioxide.

GCS in Deep Saline Aquifers. Deep sedimentary rocks are rocks that are
saturated with formation water or brines containing high concentration of dissolved salts.
Aquifers are layers of sedimentary rocks that can be either open or confined. An aquitard
refers to a layer of shale rocks from which no water can be produced but has enough
porosity so that it allows water to flow on a geological time scale. Water in deep
sedimentary basins is confined by overlaying or overlying aquitards with a high content
of dissolved solids making it unsuitable for human consumption. These confined
aquifers with favorable alternative applications have been proposed for carbon dioxide
storage. Injected carbon dioxide can be trapped in saline aquifers during severed phases,
either as a plume at the top of the aquifer in stratigraphic and structural traps in its free
phase or as bubbles trapped in pore space, dissolved in aquifer water, or as precipitated
carbonate mineral from reaction between carbon dioxide and aquifer water and rocks. It
had been studied that 29% of injected carbon dioxide with a density being lower than
brine dissolves in brine, the remainder floats on the top of brine and accumulates below
the cap rock. Carbon dioxide can be stored over a period of thousands of years (Bachu
2000). Modeling studies reveals that carbon dioxide would flow and spread below
aquifer cap rock, which may extend to 10—100 s of square kilometers depending on
aquifer porosity, permeability of cap rock and volume of carbon dioxide injected
(Saripalli and McGrail 2002). The main technology challenges associated with this cap
rock integrity and up scaling of seal characteristics while injecting large volumes of
carbon dioxide are developing accurate simulation models, geochemical and
geomechanical modeling of reactive transport of carbon dioxide. Although there is no
adequate literature to support the geological storage capacity of deep saline formation,
the IPCC (2007) assessed the capacity to be at least 1000 Gt carbon dioxide.
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Other GCS Options. There exist some other GCS options which are under
preliminary stage of research, such as mineral carbonation, acid gas injections and
storage in salt caverns. The principle behind mineral carbonation is the reaction between
grounds Mg/Ca silicate so as to form solid carbonates. Periodites and serpentines are the
most preferred rocks for mineral carbonation because of their worldwide occurrence and
content of calcium and magnesium. It had been estimated that 1.6-3.7 tonnes of Silica
need to be mined for each tonne of carbon dioxide sequestered by this approach. Acid
gas injections provide a commercial GCS analogue. Acid gas, which is a mixture of
hydrogen sulphide and carbon dioxide along with minute amounts of hydrocarbons from
petroleum production and processing facilities, has been injected into geological
formations. Although the main purpose is to dispose hydrogen sulphide, simultaneously
significant quantities of carbon dioxide are also sequestered. Basalts also possess some
potential for mineral trapping of injected carbon dioxide in which carbon dioxide may
react with silicates in the basalt to form carbonate minerals (McGrail et al. 2003). Salt
cavern storage is a mature technology for underground gas storage; however they loss
volume due to salt creep in course of time. Though salt caverns have to purge of stored
contents when decommissioned they can be used as a temporary buffer store. One of the
main limitations of the salt caverns, despite their high injectivity, is the low capacity and
shallow depth. Storage of carbon dioxide in salt cavern is advantageous in that it include
high capacity per volume, efficiency and injection flow rate.

5.3.4 Monitoring and Verification Techniques for GCS

Monitoring is important for addressing various issues related to carbon
sequestration. It is important to measure injection well conditions, injection rates, well
head and formation pressures as well as to verify the quantity of injected carbon dioxide
stored by various mechanisms. It is also highly important for optimizing the efficiency
of storage projects, utilization of storage volume, detecting any leakage or any seepage
associated with mitigation actions. Appropriate monitoring techniques demonstrate that
carbon dioxide remains contained in the intended storage formations. It is also essential
for detecting microseismicity associated with storage projects, measuring surface fluxes
of carbon dioxide and designing and monitoring remediation activities (Benson et al.
2004). Baseline parameters for storage site can be established by monitoring to ensure
that carbon dioxide induced changes are recognized with calibrating and confirming
performance assessment in detail (Wilson and Monea 2004).

5.3.5 Cost Estimates for GCS

The major elements for costs of geological storage are drilling wells,
infrastructure and project management. The cost for geological storage is site specific
and leads to high degree of variability. Cost mainly depends on the type of storage
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option, location, depth and characteristics of storage reservoir formation. Onshore
storage cost depends on location and other geographic factors. The other factors that add
to carbon dioxide storage are in field pipeline establishment costs, facilities for handling
produced oil and gas, remediation costs for abandoned wells, manpower, maintenance
and field costs, costs for licensing, geological, geophysical and engineering feasibility
study for site selection, reservoir characterization and evaluation before reservoir storage.
Characterization cost varies according to the site, depending on the prevailing data
available, geological complexity of storage formations and risks of leakage.

5.4 Terrestrial Carbon Sequestration (TCS)

IPCC predicts that the terrestrial carbon sink will continue to sequester up to 5—
10 Gt C per year by the end of the twenty-first century (Houghton et al. 2001). Usually,
TCS uses photosynthesis—part of the natural carbon cycle—to create organic matter that is
stored in vegetation and soils, which differs from CO, mitigation technologies that focus
on capturing and permanently storing human-generated emissions. There are a variety of
options for TCS, e.g., restoring mined lands, afforestation, reforestation, rangeland
improvement, improved tillage practices, and wetlands restoration (NETL 2010). This
section describes TCS by terrestrial ecosystems (e.g., agricultural soils, wetlands, forests)
and microbes/enzymes in these ecosystems.

5.4.1 Carbon Sequestration by Agricultural Management Practices

Agriculture occupies almost 35% of global land area (Betts et al. 2007).
Agricultural soils are being advocated as a possible sink to sequester atmospheric carbon
dioxide in terrestrial biosphere to partially offset fossil fuel emissions. Soil carbon
sequestration refers to the process of transferring atmospheric carbon dioxide into soil
carbon pool, either by humification of photosynthetic biomass or formation of secondary
carbonates, where it is held in a relatively permanent form. Carbon dioxide emissions
from agriculture results from factors that affect changes in soil carbon reserve like
oxidizing soil organic carbon due to soil disturbances, carbon dioxide used by the use of
fossil fuels for the production of fertilizer and pesticides, and machinery used for
cultivating land. The breaking up of agricultural lands in most regions leads to the
depletion of carbon stocks in soil.

Of the several approaches existing for increasing the carbon sequestration in soils,
most feasible can be by either increasing the carbon input or decreasing the decay.
Appropriate and improved management practices to improve the organic matter content
of top soil and to reduce the decomposition rates can turn soil into potential carbon sinks.
Adoption of good management practices such as reduction in left over land fallows, use
of direct drilling, incorporating legumes and grasses in crop rotations, use of high
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intensity short term and rotation grazing, planting of windbreaks and conversion of
marginal farmlands to perennial grasses helps in increasing the long term carbon
restoration capacity of the soil (Forge 2001). Introduction of cover crops in arable lands
as a means of increasing plant inputs helps in increasing the overall carbon content and
also increasing fertility of soil. Cropping intensity with rotation of winter crops can add
to the amount of carbon biomass returned to soil, when compared to monoculture and
hence can increase soil organic carbon sequestration (Franzluebber et al. 1994).

TCS in agricultural soils can be attained by changing the tillage practices (Kern
and Johnson 1993; Reeves 1997). Tillage breaks up the soil aggregates and exposes
organomineral complexes to decomposition. No tillage will reduce the release of soil
carbon, by exposing young and labile organic matter to microbe decomposition and
reducing turnover of soil aggregates (Kern and Johnson 1993; Paustian et al. 2000;
Freibauer et al. 2004). Conversion of croplands into grasslands is another most effective
option for carbon mitigation which also implies putting surplus arable land into long
term alternative land use suitable for climate change abatement (Smith et al. 2001;
Vleeshouwers and Verhagen 2002). Carbon sequestration in soils can be accomplished
by changes in agricultural practices like effective use of pesticides, fertilizers, farm
machinery and conservation tillage, which may lead to an increase in soil organic carbon,
yield and organic matter addition to the soil (West and Marland 2002; NETL 2010). The
reclamation of degraded and poorly managed lands for carbon sequestration with use of
fossil fuels, biosolids, and organic waste from sewage treatment facilitates to improve
soil quality (Palumbo et al. 2004). However, it also increases the soil microbial activity
and contributes towards GHG production.

5.4.2 Carbon Sequestration by Wetlands

Wetlands can be considered as GHG sinks as carbon dioxide removed from the
atmosphere is stored in soil carbon pool. Wetlands occupy 5% of the earth’s surface area
and are characterized by waterlogged or standing water conditions, during one part of
the year. The unstable water level makes them dynamic ecosystems with high
productivity. The carbon pool of wetlands accounts to 770 GtC, which overweighs the
total carbon pool of farms, temperate and rain forests. The presence of elevated water
table, higher productivity and lower decomposition rates are characteristics of these soils,
which enable them to store significant amounts of carbon. The slow diffusion of oxygen
and low temperature in these soils will offer a reduced environment which facilitates
long term storage of carbon dioxide. The carbon sequestration potential of different
ecosystems is presented in Table 5.2. The functioning of wetlands either as a GHG
source or sink is dependent on the difference between the greenhouse equivalents of
carbon dioxide taken up and methane released (Rudd et al. 1993). However, methane
emissions from coastal and estuarine wetlands, pocasins and playas have been found to
be lower.
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A variety of management practices will help in improving the ability of wetlands
to sequester carbon, such as allowing the growth of natural vegetation, controlling fires
and deep burns, controlling drainage, land and water management practices that lead to
dewatering of wetlands and oxidation. The carbon sequestration potential of lakes and
swamps and restoration of wetlands was studied by Duan et al. (2008). It was observed
that mangroves possessed the highest carbon sequestration rate than coastal salt marshes,
freshwater and peatlands. Coastal marshes and mangrove ecosystem have greater
potential to sequester carbon at higher rates, due to the organic sediments they
accumulate continuously over a long period of time. Hence restoration and protection of
these ecosystems should be given due importance.

Table 5.2. Carbon sequestration potential of different ecosystems

Ecosystem Location C-sequestration potential Reference

Permafrost peatlands Canada 5.5 Tg C/halyr Tarnocai et al. 2005
Permafrost peatlands N. America 6.6 Pg C/hal/yr Tarnocai et al. 2005
Permafrost and non permafrost peatlands Global 55 Pg C/halyr Maltby and Immirzi 1993
Freshwater mineral soil Canada 4.6 Pg C/halyr Tarnocai et al. 1998
Freshwater mineral soil Global 39 Pg C/halyr Bridgham et al. 2006
Tidal marsh Canada 0.09 Pg C/ha/yr Bridgham et al. 2006
Tidal Marsh N. America 4.8 Pg C/ha/yr Bridgham et al. 2006
Tidal marsh Global 4.6 Pg C/halyr Chmura 2003
Freshwater marsh China 811.23 TgC/a Zhao et al. 2002
Peatlands China 134585 Tg C/a Ma et al. 1996

Forest wetlands China 1137.79 Tg C/a Tan and Zhang 1997
Lakes in Eastern China China 1056.49 TgCla Duan et al. 2008
Temperate forests Global 12000 g C/m’ Oelbermann et al. 2004
Tropical forests Global 8300 g C/m’ Oclbermann et al. 2004
Boreal forests Global 15000 g C/m’ Oelbermann et al. 2004
Tundra Global 12750 g C/m? Oelbermann et al. 2004
Wetlands Global 72000 g C/m’ Oelbermann et al. 2004
Deserts Global 10500 g C/m’ Oelbermann et al. 2004

5.4.3 Carbon Sequestration by Forests

Forests possess great potential for carbon sequestration since their biomass
accumulates carbon over decades. Forests occupy almost 30% of land area of earth’s
surface and stores almost 120 GtC. Forests account for 90% of the annual exchange of
carbon between the atmosphere and the land (IPCC 2000). Forests add to the reduction
of carbon dioxide from the atmosphere as long as there is net productivity. The four
components of carbon storage in forest ecosystem are plants, trees growing on forest
floor, detritus and leaf litter on forest floor and forest soils. Trees absorb carbon dioxide,
which they utilize for photosynthesis in presence of light, the major part of which goes
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for the formation of cellulose. Carbon accumulated in the leaves may return to the
atmosphere, after a period of time when they fall and decompose, whereas carbon is
stored in the woods for a longer period of time. The period, for which carbon remains
locked in the woods depend on the tree species, growing conditions and forest
management practices. Once the life cycle is over, biomass becomes a component of
food chain and eventually enters soil as soil organic carbon. Incineration of biomass
returns a portion of carbon dioxide back to the atmosphere and it enters the carbon cycle.
One of the possible methods to mitigate the accumulating carbon dioxide in the
atmosphere is the collection and storage of carbon in growing trees, reforestation and
afforestration or by recycling carbon through biomass fuels.

Carbon sink can be maintained or increased by reforestation, afforestration and
more environment friendly logging operations, since carbon is locked up in the forest
during the growth process. Rehabilitation of degraded or logged over forests not only
increase carbon sequestration but serve as potential source of timber. Land use changes,
afforestration and forestry activities are widely recognized as strategies to mitigate GHG
emissions (Moulton and Richards 1990; Graham et al. 1992). A carbon sequestration
strategy was proposed by Zeng (2008) in which dead or live trees are harvested, either
by collection or selective cutting and buried in trenches or stowed away in above ground
shelters. The sufficiently thick layer of soil provides a largely anaerobic condition which
prevents the decomposition of buried wood. Since a large flux of carbon dioxide is
constantly being assimilated by photosynthesis into world’s forests, cutting of its return
pathway to the atmosphere form an effective carbon sequestration strategy. The
agroforestry system has carbon storage capability in trees and soil and is an environment
friendly strategy to offset immediate effect to GHG emission associated with
deforestation and shifting cultivation (Dixon 1995; Nair and Nair 2002).

Biochar is created by the pyrolysis of biomass, and is under investigation as a
method of carbon sequestration. It is a novel approach to establish a significant,
long-term, sink for atmospheric carbon dioxide in terrestrial ecosystems, i.e. the
application of biochar. Biofuel production using modern biomass can produce a biochar
by-product through pyrolysis which results in 30.6 kg C sequestration for each GJ of
energy produced (Lehmann et al. 2006).

5.4.4 Sequestration by Microorganisms and Enzymes

Active sequestration of carbon dioxide can be accomplished by microorganisms
in subterranean formations, by introducing exogenous methanogenic microorganism
which is capable of methanogenesis. Subterranean formations comprises of mixed
consortium of microorganisms which are capable of methanogenesis, which can convert
sedimentary organic matter directly to methane or over long geological time periods
depending upon the prevailing environmental conditions. Methanotropic archae in
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partnership with sulfate reducing organisms are capable of converting methane produced
during methanogenesis into carbon dioxide and water. Microorganisms that convert
carbon dioxide to acetate also exist in subterranean formations. The methanogenic
microorganism which is capable of hydrogen oxidizing and carbon dioxide reducing,
will aid in the metabolic conversion of carbon dioxide to methane when introduced into
the subterranean formation and methane gas obtained can be recovered and used as fuel
(Converse et al. 2003).

Enzyme catalyzed carbon dioxide sequestration into bicarbonates have been
studied as one of the most promising biological carbon dioxide sequestration
technologies by Ramanan et al. (2009). An extensive screening for biological
sequestration by carbonic anhydrase purified from Citrobacter freundii was explored.
Carbonic anhydrase, a zinc mettaloenzyme, reported to be present in microorganisms,
plants and animals has the ability to catalyze the conversion of carbon dioxide to
bicarbonates and protons. Bacteria with high carbonic anhydrase activity were isolated
from environmental samples such as high strength waste water from polluting industries,
sewage, municipal solid wastes and soils. Addition of purified enzyme from the
Citrobacter freundii to the carbon dioxide saturated calcium chloride reaction mixture
resulted in the increased deposition of carbonate and bicarbonate salts. Biological carbon
sequestration will have larger impacts if, carbon dioxide can be sequestered as mineral
carbonates by using the enzyme in immobilized enzyme reactors. Moreover, the
presence of carbonic anhydrase in heterotrophic bacteria provides us a platform to do
more investigations on carbon sequestration using carbonic anhydrase enzyme.

A company named Carbon dioxide solution in Québec City, Canada has
genetically engineered an Escherichia coli bacterium that is capable of producing
carbonic anhydrase enzyme which converts carbon dioxide to bicarbonate. The scientists
envision the utilization of this enzyme for the core of a bioreactor technology that could
be scaled up to capture carbon-dioxide emissions from power plants that run on fossil
fuel. A proposal for using the enzyme carbonic anhydrase that works as a catalyst which
accelerates carbon dioxide hydration for subsequent fixation into stable mineral
carbonates have been proposed by Bond et al. (2001). One of the main concerns
regarding the feasibility of using the enzymes in this system is the capability of the
enzyme to function in the presence of various chemical species that are present in
industrial flue gases. However, research work has demonstrated excellent enzyme
activity in presence of SO, and NO, that are expected to be present in the industrial
effluents.

5.4.5 Limitations and Future Prospects

Carbon sequestration is one of the most promising methods to mitigate the rising
concentrations of carbon dioxide in the atmosphere. The crucial roles played by



CARBON CAPTURE AND STORAGE 139

microbes and plants in terrestrial ecosystem to sequester carbon and in the global cycling
of carbon in the environment make the process of soil carbon sequestration unique and
efficient. The major drawback for the practical application of carbon sequestration using
agricultural soils is that a single strategy for land use or management may not be suitable
for sequestering carbon in all regions. Changes in soil organic carbon can be predicted in
a better fashion only with the better understanding of the physical and chemical
processes involved in the soil. Long term agricultural trails and knowing the history of
the farming system before the conversion to perennial vegetation is crucial for future
research. Emphasis should be laid on the increasing the carbon sequestration potential of
the above ground and underground systems of the terrestrial ecosystems. Focus should
be laid on increasing the long lived soil carbon pool and value added organic products.
Reforestation of agricultural lands depends on socio economic factors and land use
balance to meet farmers’ production demands. Controlling the extraction of peat sources
and protecting the wetland functions will help to protect the natural carbon sources in
the ecosystem.

5.5 Leakage, MVA and LCRM

CCS is a potential strategy for near term reduction in atmosphere gas emissions.
Although CCS appears to be solid from technical perspective, uncertainties remain on
scientific and institutional aspects. One of the main concerns of CCS is the underground
migration and the possible leakage and escape to surface (IPCC 2005). One of the
primary concerns for storage integrity is the leakage of carbon dioxide and brine along
faults at GCS sites. Surface release would undermine efforts to minimize atmospheric
carbon dioxide concentrations, and the worst case will pose ecological and human health
risks. The high pressure that prevails in these storage reservoirs following injection
creates an environment for leakage. After injection the leakage slowly subsides or
diminishes, since carbon dioxide being increasingly immobilized by residual gas
trapping, dissolution and mineral trapping. In the subsurface, the damage caused to
natural resources due to carbon dioxide or indirectly by fluids and substances that are
immobilized or displaced is of great concern. It also poses risk to the ecosystem and
human beings. Natural terrestrial sweeps have a profound negative influence on the
growth of plants and microbial responses due to high carbon dioxide exposure. Despite
the fact that reservoirs may be well configured to store carbon dioxide, there is chance of
leakage in storage sites due to the carbon dioxide being buoyant in geological settings.
In this section, we will focus on monitoring, verification and accounting (MVA) of CO;
storage in GCS reservoirs and associated life cycle risk management (LCRM).

5.5.1 Leakage in Different GCS Reservoirs and Related Processes
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One of the hazard common to all injection operations is the widespread pressure
perturbation that arises in the formation due to the injection process. The additional mass
forced into the injection formation is mainly accommodated by increased fluid pressure,
displacing brine at open formation boundaries and uplift to land surface. Open fractures
through cap rock could serve to dispose the buoyant phase over large surface areas with
non-potable aquifers bounded above by impermeable aquitards, thus promoting
dissolution and mineralization. The processes and the pathways that account to the
release of carbon dioxide from geological storage sites are complex, including pore
systems, openings in cap rock and anthropogenic pathways (Teng and Tondeur 2007). It
is inevitable that highly pressurized carbon dioxide will leak to some extent due to the
permeable nature of the porous rock which leads to the uncertainties in storability of
reservoirs. The scaling induced due to the reaction between carbon dioxide and
formation water and rock surface or other formations or damage factors also cause a
decrease in the injectivity over time.

Lewicki et al. (2005) developed a strategy to measure the carbon dioxide fluxes
or concentration in near surface environment with the help of algorithm, which enhance
temporally and spatially correlated leakage signal, while suppressing random
background noise. The over ground hydrostatic pressure required for carbon dioxide
injection may also open previously closed fracture in reservoirs thereby allowing fluids
to drive into faults (Klusman 2003). Saripalli and McGrail (2002) have studied the
potential for surface leakage as buoyant carbon dioxide bubble grows in a hydrocarbon
reservoir. Hence modeling tools are necessary to predict the leakage rates and pattern in
the injection system and potentially leakage wells. Nordbotten et al. (2005) suggested a
semianalytic solution for carbon dioxide leakage, in the case of injection of carbon
dioxide in supercritical phase in brine saturated deep aquifer, through abandoned well.
This approach gives information on carbon dioxide injection plume, leakage rate and
plume extent. Free phase carbon dioxide being lighter than formation water due to its
increase in buoyancy has more potential for upward leakage. Recent global analyses
indicate that the maximum acceptable leakage rates in the range of 0.01%-1.0% (Hepple
and Benson 2003; Pacala 2003). Many regulatory agencies and researchers had been
studying the issue of potential leakage of hazardous waste through wells into shallow
ground water aquifers for the last two decades.

Well bores represent the potential risk of leakage although little is known about
the current distribution of potentially leaky wells. Injected gases that are not trapped are
in a mobile phase and hence carbon dioxide might escape under typical conditions in
wells that do not penetrate cap rock. The wells that are not properly cemented act as a
high permeability conduit, through which carbon dioxide can escape (Ide et al. 2006).
Well borage can also occur due to the presence of improperly plugged and abandoned
wells and loss of integrity due to exposure to high concentration of carbon dioxide
environments (Pawar et al. 2009). Carbon dioxide can even leak from properly plugged
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wells when carbon dioxide dissolution occurs in brines leading to the formation of
carbonic acid. Damen et al. (2003) studied the health and environmental issues related to
the carbon dioxide injection. A mathematical model for probabilistic risk assessment for
carbon sequestration in geological formations was developed after analyzing the risks
and uncertainties of unmineable coal beds. The main issues for commercial scale of
carbon sequestration in geological reservoirs are uncertainties of geology, risk to
environment and inevitably immense financial burden (Xie and Economides 2009).

Formation damage caused by reservoir compaction, precipitation of minerals, oil
emulsification and bacterial growth can reduce the permeability and injectivity. Hence,
two third of the injected carbon dioxide returns to the surface along with the oil and gas
production. One of the potential and most serious environment consequences due to
carbon dioxide leakage is the contamination of ground wells. Carbon dioxide being
highly effective solvent under supercritical conditions is capable of extracting
contaminants from geological materials such as aromatic hydrocarbons. Hence the
mobilization of toxic compounds could compromise water quality in nearby aquifers
(Stevens et al. 20001. Structural geometry of geological reservoirs has an important role
in influencing the direction of migration. Injection of carbon dioxide into aquifers
creates an increase in pore pressure which creates subsequent stress in permeability and
porosity variation. It can lead to carbon dioxide leakage through fractioned rocks and
may give risk to seismicity (Rutqvist and Tsang 2002). Heterogenicity of saline
formations controls the mobility ratio and displacement efficiency. The low
displacement efficiency of in situ fluid leads to decrease in the reservoir capacity (Jessen
et al. 2001). Most of the coal seams around the world are faulted with very thin beds (1-
5 m) and low permeability (1-5 md). The swelling of coal in coal bed seams during
enhanced coal bed methane recovery leads to faulting to promote the leakage of carbon
dioxide from coal seams.

The estimation of probability of leakage along faults or fractures has been
studied by Zhang et al. (2009). The probability of leakage of carbon dioxide plumes into
compartments through faults or fractures depends on geometric characteristics of
conduit systems such as distribution and connectivity between storage reservoir and
compartment and size and location of carbon dioxide and plume. Carbon dioxide leaks
may exhibit three distinct behaviors like upward migration of the fluids through faults,
lateral fluid movement through permeable layers and continued movement of carbon
dioxide along the fault above the leakage pathways. Chang et al. (2009) developed a
quasi-ID model for assessing the migration of buoyant fluid from reservoir along a
conductive faults. These kind of simple models are valuable tools for operators,
regulators and policy makers allowing them to make physics based risk assessment and
thereby reduce the uncertainties associated with physical properties of storage
mechanisms.



142 CARBON CAPTURE AND STORAGE

The presence of an intact confining layer is a necessary layer for several trapping
mechanism. However, sedimentary basins contain geological discontinuities which are
potential leakage pathways through confining layers. Hence it is important to assess the
consequences of injected carbon dioxide, when it encounters a fault. A conductive fault
can act as a major pathway for carbon dioxide plume due to its large capacity. Carbon
dioxide can be trapped secondarily by shallow subsurface structures, dissolution and
residual phase creation (Linderberg 1997). Migration of fluid attenuates upward flux as
well spreads the influence of carbon dioxide across a wider area. The attenuation rate is
sensitive to subsurface properties (Oldenberg and Unger 2003). Hence it is necessary to
analyze the effect of conductive faults in net carbon dioxide storage based on geometric
and petrophysical properties of formation of faults, of overlying permeable layer and on
the boundary conditions (pressure in the storage formation and in overlying layers). One
of the factors affecting the attenuation rate of carbon dioxide flowing in a fault is layer
permeability (Chang et al. 2009).

5.5.2 Potential Risks and Adverse Effects of Leakage

Carbon dioxide accumulation in high concentrations causes adverse health,
safety and environmental consequences. Slow carbon dioxide seepage into near
subsurface harm flora and fauna and hence potentially disrupt local ecology and
agriculture. Large surface release of carbon dioxide pose risk to humans either in form
of immediate depth from asphyxiation or effects from prolonged exposure of high
concentrations of carbon dioxide. The potential risks associated with injected carbon
dioxide in underground geological reservoirs include displacement of saline ground
water into potable aquifers, incitement of ground heave and inducement of seismic
events. Although the probability of these risks is very low, managing carbon capture and
storage injection for ensuring human and environmental safety is an important
component of a successful carbon capture and sequestration program. Six main
categories of risks associated with carbon dioxide leakage had been identified:

(1) Direct carbon dioxide leakage can contaminate groundwater or can catalyze
other pollutants to contaminate water.

2) Large volume of carbon dioxide injected underground and the resulting build up
in pressure can induce seismicity risk.

3) Carbon dioxide leakage to surface can pose risk to human health as it can act as
asphyxiant at high concentration.

“) Climatic risks associated with slow chronic, sudden or large releases of carbon
dioxide to surface.

%) Potential contamination of underground assets with carbon dioxide or displaced
brines.

(6) General environment degradation caused by leakage of sequestered carbon
dioxide.
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However, the risks associated with carbon dioxide leakage are manageable, if the
GCS sites are properly selected, operated and monitored. Hence storage verification and
leakage detection are an integral part of GCS.

5.5.3 MVA and LCRM of GCS Projects

In general, MVA aims at (NETL 2009; Zhang and Surampalli 2013):

. Site performance assessment. This is to a) image and measure CO, in the
reservoir (e.g., to make sure the CO; is effectively and permanently trapped in
the deep rock formations), b) show if the site is currently preforming as expected,
¢) estimate inventory and predicate long-term site behaviors (e.g., enable site
closure), and d) evaluate the interactions of CO, with formation solids and fluids
for improved understanding of storage processes, model calibration, future
expansion, design improvement;

. Regulatory compliance. This is to a) monitor the outer envelope of the storage
complex for emissions accounting, b) collect information for regulatory
compliance and carbon credit trading, and c¢) provide a technical basis to assist in
legal dispute resulting from any impact of CCS; and

. Health, safety, and environmental (HSE) impact assessment. This is to a) detect
potentially hazardous leakage and accumulations at or near surface, b) identify
possible problems and impact on HSE, and c) collect information for designing
remediation plans.

MVA of CO, sequestration in different geological formations for CO, storage is
very challenging because for each setting, there are so many different layers that need
monitoring, often, with different methods. For example, for on-shore storage systems
(e.g., a CO»-EOR system), monitoring and measurement are needed in a) CO; plume, b)
primary seal, c) saline formation, d) secondary seal, ) groundwater aquifer, f) vadose
zone, g) terrestrial ecosystem, and g) atmosphere, while for an off-shore storage system,
it would need in a)—d), e) seabed sediments, f) water column and aquatic ecosystem, and
g) atmosphere. As another example, the flux of CO, leaving a reservoir is extremely
difficult to determine because they might be much smaller than the biological respiration
rate and photosynthetic uptake rate of the ground cover. Currently, there exist several
knowledge gaps with respect to MVA, such as: How redox conditions affect GCS and
MVA? What are the CO, intrusion rates and composition in gas stream in different
geo-formations? How microbial activities affect fate and transport of CO, in different
GCS sites? Some details are described by Harvey et al. (2013).

The time course of the LCRM of CCS includes (Zhang and Surampalli 2013):

143
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Development and quality CCS technology — Propose site — Prepare site —
operate site — close site — post closure liability.

The LCRM can be classified as three phases:

. Pre-operation phase (about 1-2 years), including technology development, site
selection, site characterization, and field design;

. Operation phase (about 10-50 years), including site construction, site preparation,
injection, and monitoring; and

. Post-injection phase (about 100-1000 years), including site retirement program,

and long-term monitoring (operation, seismic verification, HSE impact).

Table 5.3 shows potential risks associated with large-scale GCS. At each project
decision point, the risk assessment needs to be reviewed, and the decision to proceed to
the next phase will depend on the ability of the project partners to manage the assessed
risks. It is recommended that contingency plants with mitigation strategies need to be
established.

Table 5.3. Potential risks associated with large-scale injection of CO,"

Phase Associated risks Qualification and mitigation strategy

e Problems with licensing/permitting. e Revise injection rates, well members, and zonal isolation.
Pre- e Poor conditions of the existing well bores. o Test all wells located in the injection site and the vicinity
operation e Lower-than-expected injection rates. for integrity and establish good conditions.

Determine new injection rates or add new wells/pools.

e Vertical CO, migration with significant rates. e The monitoring program will allow for early warning
e Activation of the pre-existing faults/fractures. regarding all associated risks and for the injection program
. o Substantial damage to the formation/caprock. to be reconfigured upon receiving of such warnings.

Operation e Failure of the well bores. o If wellbore failure, recomplete or shut it off.

o Lower-than-expected injection rates. ¢ Include additional wells/pools in the injection program.

e Damage to adjacent fields/producing horizons.

e Leakage through pre-existing faults/or e Decrease formation pressure and treat with cement.
Post-injec fractures. o Test periodically' all wells in the injection site. In case of
tion o Leakage through the wellbores. leakage, wells will be recompleted and/or plugged.

Degradation of water quality (decreased pH,
mobilization of contaminants, changes in TDS.

* Adapted from NETL (2009) and Zhang and Surampalli (2013).

5.6 Future Trends and Summary

In order to stabilize the increasing GHG emissions it is always advisable to adopt
a combination of mitigation strategies. OCS has been suggested as a scientifically and
ecologically sound method for reducing atmospheric carbon dioxide emissions. On a
global scale, OCS will help to lower the atmospheric carbon dioxide content, their rate
of increase and in turn will reduce the detrimental effects of climate change and chance
of catastrophic events. The physical capacity for OCS is large compared to fossil fuel
resource, and the utilization of this capacity to its full range depends upon cost,
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equilibrium pCO, and environmental consequences. One of the main knowledge gaps
for OCS is the environmental impacts that may pose to the marine biota due to the
injection of carbon dioxide. Almost all the data available and predictions made are based
on the models. Alterations in the biogeochemical cycles will have large consequences,
which may be secondary, yet difficult to predict. Since oceans play a pivotal role in
maintaining the ecosystem balance, any change in the oceanic environment should be
dealt seriously. Hence detailed research is needed to develop techniques to monitor the
carbon dioxide plumes, their biological and geochemical behavior in terms of long
duration and on a large scale.

For GCS, the major limitations are that carbon dioxide may escape from
formations used for geological storage, since carbon dioxide exists in a separate phase.
Carbon dioxide can escape through pore systems in cap rocks where capillary entry
pressure is exceeded in cap rock fractures or faults or through anthropogenic pathways.
This in turn poses serious local health, safety and environmental hazards. Elevated gas
phase carbon dioxide has direct effects on surface and subsurface shallow environments.
It poses problems due to the effects caused by dissolved carbon dioxide on groundwater
chemistry and due to displacement of fluids by injected carbon dioxide. Potential
hazards to human health and safety arise from elevated carbon dioxide concentration in
ambient air, either in a confined environment and caves or buildings. Hazards to
terrestrial and marine ecosystems occurs when stored carbon dioxide and accompanying
substances comes in contact with flora and fauna in surface, shallow surfaces and deep
surfaces.

For TCS, a thorough understanding of the form of soil organic carbon
sequestered and the contribution of above ground and below ground components for soil
organic carbon is essential to understand the carbon sequestration potential of different
ecosystems. Efforts should be taken for the development and restoration of prevailing
ecosystems, such as forests, peat lands, degraded and dessert lands, mined lands so as to
maintain or increase the carbon storage capacity and also for the creation of ecosystems
that can store carbon in an increased rate. It is advisable to adopt an integrated approach,
to reduce the GHG emissions, such as the use of low carbon fuels along with
sequestration techniques for securing an energy efficient environment. Alteration of land
management practices not only help in increasing the carbon sequestration potential, but
also will promote the economic benefits of farmers. However, the risks and factors for
the farmers, associated with the adoption of improved management practices should be
taken into consideration.

A key regulation in the Underground Injection Control Program (UIC) program
aimed to prevent leakages of injected fluids through wells is the Area of Review (AOR)
requirement. Targeted research is needed on well integrity and isolation containment
that could help regulators and decision makers to plan large scale injection projects. The
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impact of leakage that may if occur through seal are site specific and the consequences
are more on ground water quality. Current regulation of underground injection primarily
addresses the operational phase rather than long term monitoring and risk management
issues (Wilson and Gerard 2007). Steps should be taken to close the site, monitor and
verify the behavior of injected material underground, when the sequestration site reaches
its storage capacity. Long term storage cost accounts to trivial percentage of CCS project
(Herzog et al. 2005). Ensuring institutional and regulatory mechanisms to manage long
term risks are one of the practical solutions for effective citing and implementation of
sequestration projects (Schively 2007). The IPCC report on CCS (2005) points out that
approximately 99% of injected carbon dioxide is likely to remain in appropriately
selected geological reservoirs for over hundreds of years and probability of surface
leakage appears low. To ensure that this technology is mature enough to address any
problem, it is essential to identify potential risk for carbon capture and storage and
developing mitigation strategies (Gerard and Wilson 2009).

Although many methods for carbon sequestration has been studied, it is clearly
understood that relying on a single method for carbon sequestration will prove to
ineffective in the long run to sequester carbon. Sequestration techniques differ in terms
of their permanence, capacity, advantages, limitations, time period, cost factors and
effectiveness. Carbon sequestration methodologies that offer practical and immediate
solutions to remediate the atmosphere for a considerable long period of time should be
considered. One of the cost effective methods for reducing greenhouse emissions is to
develop and enhance the natural processes that will sequester more carbon. Proper
understanding of the biological and ecological processes in unmanaged and managed
terrestrial ecosystems will aid in the development of better strategies to more effective
carbon sequestration. The social and ecological implications of carbon sequestration
under different ecosystems should also be considered while developing new strategies.
Research should be oriented to understand the genomics and biochemical pathways of
the microorganisms that are important to the global carbon cycling. Moreover,
fundamental research is needed to answer some of the following questions: 1) What are
the physical, biological and chemical processes controlling carbon input, distribution,
and longevity in an ecosystem? 2) How can these processes be exploited to enhance
carbon sequestration? 3) How do carbon sequestration strategies relate to and influence
other strategies to mitigate climate change? 4) What is the long-term potential and
sustainability for terrestrial carbon sequestration to mitigate climate change at a global
scale? It is imperative for us to answer these questions in the future.
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CHAPTER 6

Monitoring, Verification and Accounting of CO, Stored
in Deep Geological Formations

Anushuya Ramakrishnan, Tian C. Zhang and Rao Y. Surampalli

6.1 Introduction

Since the pre-industrial era, the level of atmospheric CO, has shown significant
increase. There has been a 104 parts per million (ppm) increase as per the current levels
of 384 ppm (Tans 2008). Increased exploitation of fossil fuels for energy is the major
cause for the observed rise in atmospheric CO, levels. It is anticipated that the increased
energy use in this century would lead to a continued increase in atmospheric carbon
emissions and elevated levels of CO, in the atmosphere unless drastic measures are
implemented in energy production, usage and carbon management (Socolow et al.
2004). Important mitigation measures to reduce CO, emissions include a higher degree
of energy conversion, higher energy efficiency and increasing renewable energy sources.
According to the UN Frame Work Convention on Climate Change (UNFCCC), the
primary goal of mitigation measures should be targeted at 80-90% decrease in power
station emission profiles (IPCC 2005). Although CO; sinks occur as a part of carbon-
cycle, they are not able to absorb the entire CO, emitted into the atmosphere each year.
Therefore, it is imperative to develop long-term carbon storage (sequestration)
technologies (e.g., terrestrial and geological, mineral, and ocean storage).

At present, underground storage or geological sequestration (geo-sequestration)
of CO, is gaining rapid attention throughout the planet as it offers an attractive option for
the mitigation of anthropogenic greenhouse gas (GHG) emission as it offers an
opportunity to achieve significant reductions in atmospheric green-house gases used in
alliance with other options such as energy efficiency and renewable energy sources
(IPCC 2005; Frontier 2006). The main requirements for geological sequestration are a
safe and secure underground disposal site which adequately stores CO; for a period of
hundreds to thousands of years without polluting other important natural resources of
potable ground water, coal or petroleum. However, due to the complexity of the systems
and the related issues, storage of CO; in deep geological formations still may not be free
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of CO; leakage, and therefore, should be treated as a source for emissions, which has led
to a higher degree of investment by public and private sectors to establish suitable
technology and evaluate its safety and effectiveness.

Many papers, reports and proceedings have been published on CCS since the
1990s (e.g., Riemer et al. 1993; USDOE 1999; Herzog 2001; Anderson and Newell
2003; TPCC 2005; Dodds et al. 2006; Chadwick et al. 2007; IEA 2009; Lackner and
Brennan 2009; CCCSRP 2010; Zhang and Surampalli 2013). Information on
monitoring, verification and accounting (MVA) of CO, stored in deep geological
formations and life cycle risk management of carbon capture and storage (CCS) have
been addressed in many previous studies (e.g., NETL 2009a, b 2012). However, there
still is a need to review the current status and issues related to MVA of CO; stored in
deep geological formations, which is the focus of this chapter. This chapter starts with
an introduction of the concepts of generic storage options for geological storage of CO»,
followed by descriptions on background and procedures of MVA of CO; stored in deep
geological formations. The chapter further discusses monitoring plan design, key
monitoring techniques, ecosystem stress monitoring, MVA data integration and analysis
technologies as well as a few case studies. Finally, the chapter presents the current
issues, future research needs and conclusions.

6.2 Generic Storage Options for Geological Storage of CO,

Geological storage/disposal of CO, is a conventional technique that has been in
practice for the last 100 years. Carbon dioxide storage in deep sub-surfaces has not only
enabled oil production, but also has been used as a means of disposing waste gases (CO»
and H,S) from oil production. As shown in Fig. 6.1, three main options for geological
sequestration towards the large scale disposal of CO; are:

. Disposal/storage in deep saline formations
. Disposal/storage in depleted or near depleted gas and oil reserves
. Disposal/storage in coal seams

Table 6.1 shows the storage capacity, concerns and needs for each option. A brief
description on each of these options is as follows.

6.2.1 Disposal/Storage in Deep Saline Formation

For monetary and logistical reasons, CO, storage in hydrocarbon reservoirs or
deep saline formations is efficiently achieved at depths greater than 800 m, where the
ambient temperatures and pressure would facilitate the stored CO, to remain in a
supercritical or liquid state (Funnell et al. 2009). These conditions guarantee an
efficient storage of CO, and require a good cap rock seal above the reservoir formation
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to acquire the relatively buoyant CO,. Trapping may occur by a number of mechanisms
in saline formations (IPCC 2005; CO2CRC 2008):

. Physical trapping in structural and stratigraphic traps, much similar to the CO,
trapping in oil and gas petroleum reservoirs;

. Adsorption trapping where CO, remains adsorbed onto the surface of a mineral
such as coal;

. Hydrodynamic trapping, where immiscible CO; (in liquid or super-critical state)
is contained by migration of formation waters;

. Residual trapping, where CO, becomes trapped in the pore-space by capillary
forces;

Solubility trapping, where CO, is soluble in formation waters; and
Mineral trapping, where CO, is precipitated as a new mineral.

|

Geological Storage Options for CO, Se——— produced ol or gas
1 Depleted oll and gas reservoirs acceecces === Injected CO,
2 Use of CO, in enhanced oil reccvery ESEEEEES stored CO,

:

3 Deep unused saline water-saturated reservoir rocks
4 Deep unmineable coal seams

§ Use of CO, in enhanced coal bed methane recovery
6 Other suggested options (basalls, oil shales, cavities)

Figure 6.1. Options for geological storage of carbon dioxide (Source: CO2CRC 2008)

6.2.2 Disposal/Storage in Depleted or Nearly Depleted Gas/QOil Reserves

Depleted oil and gas reservoirs are specifically favorable for long-term storage of
CO,. Reservoirs with oil and gas production are promising traps with adequate reservoir
and seal intervals capable of trapping oil and/or gas over periods of geological time—
millions of years. There is an extensive characterization of their geological structure and
petro-physical properties in search for petroleum. Availability of well and seismic data
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reduces the budget for implementation of sequestration projects, and most commonly,
sophisticated numerical models of reservoir characteristics and behavior have already
been developed by petroleum engineers. Most of the required infrastructure for injecting
and storing CO, exists at oil/gas fields and most of the regulatory, compliance,
permitting and public acceptance aspects of initiating a CO, storage project should be
achieved with a significant ease. Moreover, the use of depleted oil/gas fields as storage
sites should prove to be economical and offer better options than the new green-fields,
associated with a larger capacity of deep saline formations.

Table 6.1. Capacity, concerns and needs of three options for geological storage of CO,*

Geological storage options and worldwide CO; storage capacity (C in Gt CO,):

o Saline formations contain brine in their pore volumes, commonly with salinities > 10,000 ppm.
Capacity > 1000

e Depleted or nearly-depleted oil/gas fields have some combination of water and hydrocarbons in
their pores. Examples include enhanced oil or gas recovery. Capacity = 675-900

e Unminable coalbeds (= CO, enhanced coalbed methane, CO,-ECBM). Capacity = 3—200

Concerns and needs:

o Little is known about saline aquifers compared to oil fields; as the salinity of the water increases,
less CO, can be dissolved into the solution. Larger uncertainty about the saline aquifers exists if the
site appraisal study is limited

o Liquid CO, is nearly incompressible with a density of ~1000 kg/m’; overpressuring and
acidification of the reservoir may cause a) changes in the pore/mineral volume, and b) saline brines
(or water) moving into freshwater aquifers or uplift; old oil wells may provide leak opportunities

e In CO,-ECBM, the key reservoir screening criteria include laterally continuous and permeable coal
seams, concentrated seam geometry, minimal faulting and reservoir compartmentalization, of which
there is not much known

e New technologies are needed to ensure CO, stays in place forever

o Need comprehensive site appraisal studies to reduce harmful effects

* Adapted from Zhang and Surampalli (2013).

Under favorable geological conditions, CO, may be injected into oil or gas
reservoirs to enhance the volume of gas or oil recovered. Typically in an enhanced oil
recovery (EOR) projects the storage capacity of CO, is only 10% of that of the oil
reservoir. However, EOR may provide early opportunities for commercialization of CCS
and can form the basic step in developing a value chain for CO, storage. That is EOR
projects may help in the development of infrastructure, policy and public acceptance for
long-term storage projects in nearby sites. Presently, operators specifically focus on
EOR, but in the future there may be an opportunity to focus on maximizing CO, storage
rather than oil production.

6.2.3 Disposal/Storage in Coal Seams

Coal offers a good storage option, since CO; is specifically adsorbed onto the
coal surface, substituting gases such as methane, and will remain trapped as long as
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temperature and pressure conditions within the coal remain stable. Storage might also be
feasible in coal seams in association with coal-bed methane production (enhanced coal-
bed methane or ECBM). A number of international projects are ongoing to research coal
storage, but practical storage at industrial scales is yet to be fully tested. Storage
volumes are judged to be relatively small in comparison to deep saline formations and
depleted oil/gas fields (IPCC 2005).

6.3 MVA: Background and General Procedures

Guidance on different aspects of CSS is provided by the Intergovernmental Panel
on Climate Change (IPCC) Special Report on Carbon Dioxide Capture and Storage (e.g.,
IPCC 2005). An important tool to an effective monitoring program is the
implementation of protocols that can be verified. Protocols approved by the International
Organization for Standardization (ISO) 140641 and 140652 for over 45 countries and
the American National Standards Institute (ANSI 2007) laid the foundation for
validation and verification of geo-sequestered CO,. Each accredited project will develop
a proposal that defines the overall framework, including site characterization,
monitoring programs and verification. Independent bodies assess and verify stored CO,
for its environmental and ecological safety. Application of ISO 14064 and 14065
standards (ISO 2006, 2007) for evaluation of the project ensures that there is a balance
between the cost of a monitoring program and the effective implementation of it to
accompany accuracy and transparency to guide the mechanism of efficient CCS. These
standards are adopted by diverse industrial sectors and will also form a basis for various
GHG programs, such as The Climate Registry, the California Climate Action Registry,
the Chicago Climate Exchange (CCX) and Regional Greenhouse Gas Initiative (RGGI).

6.3.1 Regulatory Framework and Guidance of CCS—An Insight

Successful commercial scale CCS project implementation is dependent on a new
regulatory framework that effectively deals with unresolved issues pertaining to the
regulation of a large-scale industrial CCS program to guarantee an effective, economic
and safe capture, transportation, sub-surface injection and long-term CCS and
monitoring. The U.S. Environmental Protection Agency (EPA) proposed federal
regulations under the Safe Drinking Water Act (SDWA) for underground injection of
CO; (Federal Register 2008). The U.S. EPA is actively tracking the progress and results
of national and international geo-sequestration projects. The U.S. Department of Energy
(DOE) initiated an experimental field research on geo-sequestration in the U.S in
association with the Recovery Community Services Program (RCSP). The RCSP
program is an important tool for establishing an effective regulatory and legal
environment for the safe, long-term underground injection and geo-sequestration of
CO,. Additionally, the information acquired from small and large-scale geologic
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sequestration projects will enable the accounting of stored CO, in an effort to support
future GHG registries, incentives and other policy initiatives for the future.

6.3.2 Life Cycle Stages and Risk Management of CCS projects

Life Cycles Stages of CCS Projects. CCS will need to be regulated as an
industrial process with regulations geared to each project stage: capture, transportation,
site-selection and permitting, injection, site closure and long term stewardship (Fig. 6.2).
Each of the elements exists and operates in isolation, yet they are not integrated into a
single industrial process. The structure of future CCS industry could depend on
relationships between CO, producers, CO, pipe-line operators and geological storage
site operators. However, each CCS project will have four common stages: i) pre-
operations phase, ii) operations phase, iii) post-operation phase (also called closure
phase); and iv) post-closure phase. Descriptions about each stage are as follows:

REMEDIATION REMEDIATION
(As Needkd)

i

Site Expansion ‘
SITE i REGULATORY LONG-TERM

cmmcmmﬂ, REVIEW POST.GLOS Uiy I STEWARDSHIP. II

Approximate Duration

| | I I I : in Years ’

10's 100's

Site characteri- Regulatory Injection period with ongoing monitoring Post-closure period with Long-term stewardship
zation and review and of site performance and regular regulatory ongoing monitoring and with periodic monitoring
base_hne approval based | reporting. If monitoring identifies potential regulatory reporting. Injection (if deemed necessary).
studies on site/project | probiems take remedicai-actions resume or | site owner or operaior remains
characteristics | terminate injection as necessary responsible for CO2

[7]  Injecting firm pays fee on injected CO2 to cover costs iated with long-t

I injecting fim carries to cover and post-ck costs in event of default

——— Conditional paths

Figure 6.2. Life cycle stages of a CCS project (Rubin et al. 2007)

. Stage 1-Pre-operations: This stage is about 3—10 years, including technology
development, site selection, site-characterization, field design, site construction,
and site preparation. Careful site characterization is the most effective way to
manage short and long-term risks of CCS. Establishment of generalized CCS
siting guidelines that is customized to local geology is an important first
regulatory step that can be planned immediately. Most of the countries focus on
such efforts as the prime step in CCS, including Australia, US, Canada and
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throughout the EU. The site characterization phase will extend into site
development. Installation of injection wells and monitoring systems will add
detailed understanding to site geological features.

. Stage 2—Operations: This stage is about 10-50 yeas and mainly includes pipe-
line transport, injection and monitoring. Site operations focus on the pipeline
transport, injection and monitoring. CCS projects are dependent on pipeline
transport from source to sink. There are specific regulatory requirements on
inventories including injection well design, allowable injection quantity, pressure
and level of purity of CO, stream. Though current regulations cover most of
these aspects, yet a face-lift of it is required to ensure that risks of the operations
are adequately addressed. Moreover, each site will have its specific monitoring
and verification requirements and will be adaptive as project progresses. High
level monitoring requires efficient base line measurements before injection.
Monitoring becomes important not only as regulatory requirement, but also to
gain public acceptance.

. Stage 3—Post-operation (closure phase): This stage is about 50-100 years and
includes a site retirement program and long-term monitoring (operation, seismic
verification, HSE impact). Closure requirements will center on operations
including decommissioning, monitoring and verification and regulatory oversight
throughout the project. All the stake holders involved in the project will be
interested in meeting successful closure requirements at the end of the operation.
After injection, the CCS operator needs to ensure that the stability of storage is
established for a specific period. The duration of the post-closure liability period
varies between several years to several decades across different projects.

. Stage 4—Post-closure: This stage is up to 10,000 years. CCS technique needs to
ensure that CO, remains sequestered underground for more than hundred years
and up to thousand years. There is a need for long-term monitoring to ensure that
CO; storage is safe and is behaving as predicted. To guarantee HSE, regulations
will need to specify the requirements pertaining to temporal and technical aspects
that govern the ownership transfer.

Potential Risks and Life Cycle Risk Management of CCS Projects. Table 6.2
and Fig. 6.3 show potential risks associated with large-scale injection of CO, at different
stages. Monitoring activities at these stages can be implemented effectively towards risk
assessment at the storage site and development of mitigation strategies for handling
possible problems at the site. Effective application of monitoring technologies ensure
that the CCS are safe for human health and the environment and will play an important
role in the establishment of relevant technical approaches for MVA (IRGC 2008). Table
6.3 lists potential monitoring objectives for different stages of a CCS project.

It is essential that MVA strategies for CCS projects be integrated with the multi-
disciplinary team involved in design and operation of geo-sequestration projects. The



166 CARBON CAPTURE AND STORAGE

site characterization and simulation phase will provide a thorough MVA system that
helps with required data for validation of expected results, monitoring for leakage and
ensuring that CO, remains in the subsurface. Inventory verification is an essential step in
the national and international strategies to mitigate and control CO, emissions. Annual
accounting is performed based on sector-specific methodologies. All the CCS projects
will require an interactive risk assessment geared to identify and quantify potential risks
to human health and the environment related to CCS and helps to ensure that these risks
remain low throughout the life cycle of a CCS project.

Table 6.2. Potential risks associated with large-scale injection of CO,"

Stage Associated risks Qualification and mitigation strategy

Problems with licensing/permitting. Revise injection rates, well members, and zonal isolation.
Pre- Poor conditions of the existing well bores. Test all wells located in the injection site and the vicinity
operation e Lower-than-expected injection rates. for integrity and establish good conditions.

Determine new injection rates or add new wells/pools.

e Vertical CO, migration with significant rates. e The monitoring program will allow for early warning
e Activation of the pre-existing faults/fractures. regarding all associated risks and for the injection program
Operation o Substantial damage to the formation/caprock. to be reconﬁg.ured upon receiving of SlfCh warnings.
e Failure of the well bores. o If wellbore failure, recomplete or shut it off.
o Lower-than-expected injection rates. e Include additional wells/pools in the injection program.
e Damage to adjacent fields/producing horizons.
Post- e Leakage through pre-existing faults/or e Decrease formation pressure and treat with cement.
. fractures. e Test periodically all wells in the injection site. In case of
operation

e Leakage through the wellbores. leakage, wells will be recompleted and/or plugged.

aAdapted from Zhang and Surampalli (2013).
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Figure 6.3. Risk and monitoring intensity profile of a CCS project at different stages
(after Benson in WRI 2008). Note: in this chapter, the 4 stages are defined as: i) pre-
operation, ii) operation, iii) post-operation; and iv) post-closure
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Table 6.3. Potential monitoring objectives for different stages of CSS projects®

Stage (years)

Monitoring objectives

Pre-operation (3—-10)

Develop or update available geological models

Perform an environmental impact assessment

Develop predictive models of system behavior

Perform risk assessment with an uncertainty management plan used to support
development of the monitoring program

Develop effective remediation strategies

Establish baseline data with which future site performance can be compared

Operation (10-50)

Provide stake-holder assurance

Manage monitoring program to ensure that no CO, leaks to the shallow subsurface
or surface

Verify the location and mass of stored CO,

Test accuracy of predictive models, and history match dynamic geological models
Meet local health, safety and environmental (HSE) performance criteria

Provide stakeholder assurance

Post-operation (50-100)

Provide evidence that the system will behave as predicted by dynamic geological
models so that the site can be closed

Manage monitoring program to ensure that no CO, leaks to the shallow subsurface
or surface

Provide stakeholder assurance

Post-closure (Up to 10,000)

Periodic monitoring if deemed necessary

“Benson in WRI (2008).

6.3.3 Objectives and General Procedures of MVA

Objectives of MVA. The main goal of carbon sequestration is to acquire an
understanding of specific CCS options to result in an economic, effective and
environmentally sound technology option that may aid in reducing CO, emissions. The
overall goal of monitoring is to demonstrate to the regulatory bodies that the practice of
carbon sequestration is safe and is an effective GHG mitigation technology and does not
lead to significant adverse environmental impacts locally. The various objectives of
MVA for carbon geo-sequestration are to (Litynski et al. 2008):

. Gain an understanding of different storage processes and evaluate their
effectiveness;

. Assess the interactions of CO, with the components of the formation in different
environmental compartments;

. Evaluate the EHS impacts that may occur in case of a leak to the atmosphere;

. Assess/monitor the sequence of remediation efforts in the event of a leak; and

. Provide scientific guidance for assisting legal disputes arising from the impacts

of sequestration (ground water impacts, crop losses, seismic events, etc.).

General Procedures of MVA. Figure 6.4 shows the MVA flow chart in
different stages of a CO, geological storage project. In general, the following steps are

involved:

167
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Identification of sub-surface processes associated with the particular monitoring
activity of interest;

Selection of a chain of geophysical techniques that is relevant to specific sub-
surface measurements;

Performance of base-line measurements before CO; injection;

Repetition of measurement at specific intervals during and after injection; and
Interpretation of results that are focused on time-lapse changes (LBNL 2004).
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Figure 6.4. MVA flow chart in different stages of CO, geological storage projects
(Pearce et al. 2006)

Monitoring Plan Design. The monitoring plan design forms the basis of a

successful CO; injection project along with risk analysis and reservoir management.
The main criteria for MVA plan are that it should be broad in scope and include CO,
storage, conformance and containment, monitoring techniques for internal quality
control and verification and accounting for regulators (DNV 2010a). A typical MVA
plan will include components for meeting regulatory requirement, monitoring the CO,
plume monitoring water/brine behavior, detecting potential release pathways, and
quantifying releases (EC, 2011). A monitoring plan also outlines monitoring objectives,
defines risk-based performance metrics and resources allocated for monitoring activities.
In addition, a comprehensive plan should include reviews of monitoring tools’
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effectiveness, stakeholder communications, procedures for documenting monitoring
activities, and processes used to evaluate monitoring performance.

MVA plans may change in scope as a project progresses from the pre-injection
phase to the post-injection phase. In the pre-injection phase, project risks are identified,
monitoring plans are developed to mitigate these risks, and baseline monitoring data is
obtained. During the injection phase, monitoring activities are focused on containment
and storage performance. Monitoring techniques may need to be adapted and evaluated
to ensure that they continue to be effective for meeting MVA goals. In the post-injection
phase, monitoring activities are focused on long-term storage integrity and managing
containment risk.

Significance of MVA Protocols. Reliable and cost-effective monitoring would
serve as an important tool to assess CSS as a safe and effective strategy and a
dependable method for CO, control. Monitoring is an essential requirement for the
permitting process for CO, injection, plume tracking, leak testing and verification.
Further monitoring may be required for assessment of natural resources including
ecosystems and groundwater to ensure that the exposure to CO, does not affect the
health and safety of the local population. Also the regulators need to verify if the levels
of CO, migration are within the pre-defined limits and that it meets the pre-injection
levels predicted. MVA also informs the stakeholders (i.e., investors, public, site-
operators and regulators) that CCS projects are being conducted safely and that the sites
do not create a detrimental impact on the environment. MVA projects are especially
important to gain stakeholder confidence in the primary stage of technology and to make
sure that carbon credits gathered as a part of the emission trading remain in the ground
(IPCC 2005).

6.4 Key Monitoring Techniques of MVA

6.4.1 General Descriptions

MVA of CO, sequestration in different geological formations for CO, storage is
very challenging because for each setting, there are so many different layers that need
monitoring, often with different methods. For example, for on-shore storage systems
(e.g., a CO,-EOR system), monitoring and measurements are needed in a) the CO,
plume, b) the primary seal, c) saline formation, d) the secondary seal, ) groundwater
aquifer, f) the vadose zone, g) the terrestrial ecosystem and g) the atmosphere. For an
off-shore storage system, it would need in a)-d), e) seabed sediments, f) water column
and aquatic ecosystem, and g) atmosphere. Each MVA program has to be designed for
specific projects and sites, as there are wide variations between individual sites in terms
of accessibility, perceived risks, total amount of CO, to be injected, the original site
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application (e.g., EOR or depleted oil and gas field), land use, geology, topography and
technical needs (Benson et al. 2004; Pearce et al. 2005; Dodds et al. 2006; Benson
2007). Table 6.4 shows the examples with respect to this concern.

Table 6.4. Monitoring tools used in onshore and offshore global projects (open circles
implies possible use of technique)®

Gorgon Weyburn  Sleipner In Salah Otway
(onshore) (onshore) (offshore) (onshore) (onshore)

Monitoring tool

Surface

2D/3D seismic . . . . .
Soil/sediment gas . . .
Atmospheric . .

Gravity o

Well-based

Well head pressure & flow rates . . . .
Downhole pressure & temperature . . .
CO, saturation logging . . . .
Casing/cement integrity . . . .
Passive

VSP . . . .
Crosswell seismic o

Crosswell EM

Geo-chemical sampling . . .
Traces .
Air-borne

Spectral imaging .

‘Bannister et al. (2009).

Currently, CO, MVA technologies can be broken down into four main categories

(NETL 2012):

. Atmospheric monitoring tools: such as CO; detectors, eddy covariance, advanced
leak detection system, laser systems and Light Detection and Ranging (LIDAR),
tracers and isotopes (Campbell et al. 2009);

. Near-surface monitoring tools: such as ecosystem stress monitoring, tracers,
groundwater monitoring, thermal hyperspectral imaging, synthetic aperture
radar, color infrared transparency films, tiltmeter, flux accumulation chamber,
induced polarization, spontaneous (self) potential, soil and vadose zone gas
monitoring, shallow 2-D seismic;

. Subsurface monitoring tools: such as multi-component 3-D surface seismic time-
lapse survey, vertical seismic profile, magnetotelluric sounding, electromagnetic
resistivity, electromagnetic induction tomography, injection well logging
(wireline logging), annulus pressure monitoring, pulsed neutron capture,
electrical resistance tomography, acoustic logging, 2-D seismic survey, time-
lapse gravity, density logging and optical logging. Cement bond long, Gamma
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ray logging, microseismic survey, crosswell seismic survey, aqueous
geochemistry, resistivity log; and

o MVA data integration and analysis technologies: such as intelligent monitoring
networks and advanced data integration and analysis software.

The criteria of judging which methods are suitable for different settings are a)
simple and cost effective (regarding explaining and implementing the method), b)
defensible (sufficiently stringent to ensure that the method is of good QA/QC—quality
assurance and quality control), and c) verifiable (the value obtained by the method can
be assigned with confidence and certainty) (Zhang and Surampalli 2013).

In Section 6.4.2, we introduce tools and technologies for collecting CO»
monitoring data in the atmosphere, the near-surface zone, and the subsurface. In Section
6.4.3, we discuss the techniques used for ecosystem stress monitoring. In Section 6.4.4,
we briefly introduce the data integration and analysis technologies.

6.4.2 Key Monitoring Techniques for CO; MV A

This section presents techniques that are imperative for monitoring and
verification of the location of geologically stored CO, in different underground reservoir
systems. We present the techniques best suited to record the presence of CO, stored in
different types of storage reservoirs (i.e., deep saline reservoirs, depleted oil and gas
reservoirs, enhanced oil and gas recovery and coal seams). The key monitoring
techniques for monitoring injected CO, applicable at the international level is given
below (NETL 2009b):

. Surface geophysics
o 3-D seismic reflection survey
o Passive seismic array monitoring using down-hole seismometers
o Vertical seismic profiling (VSP-combination of surface and borehole
seismic monitoring)
o Gravity surveys
o Electomagnetic surveys (EM and MT)
o Earth deformation
o GPS, surveying and use of tiltmeters
o InSAR satellite interferometry
[ Pressure and temperatures
o Wellhead monitoring—pressure and flow rates
o Down-hole pressure and temperature gauges (injection & monitoring
wells)
o Chemistry
o Down-hole water sampling—water chemistry

o Down-hole water sampling—CO, tracers



172 CARBON CAPTURE AND STORAGE

. Down-hole
o Well integrity logging
o Saturation logging
o Cross-hole seismic and EM
o Well gravimetry
. Environmental (assurance)
o Remote sensing (hyperspectral imaging)
o Atmospheric gas analyses
o Soil gas surveys
o Ecosystem studies
o Shallow groundwater measurements
o Marine high-resolution imaging (side-scan sonar, bubble surveys, high-

resolution acoustics)
Details of some of these techniques are described as follows.

Geophysical Detection of Subsurface CO,. Various geophysical techniques
including 3-D and 4-D seismic reflection surveys (Angerer et al. 2001; Chadwick et al.
2005; Arts et al. 2008), gravity surveys (Eiken et al. 2000) and electromagnetic
measurements (Hoverston and Gasperikova 2005) have been employed for monitoring
plumes of CO, to verify that they are not found beyond their geographical limits. The
key technologies are summarized in Table 6.5. Many of these technologies have already
been tested for geologic storage of oil and gas industry as well as investigation of
hazardous waste disposal sites. Most of these techniques have the ability to identify and
link changes observed in physical measurements to changes in the properties of the
reservoir (Hoversten et al. 2002; Benson et al. 2004). Repeated measurements of storage
sites over weeks, months and/or years would be required to record changes by many
geophysical techniques. Time lapse measurements that are recorded will help in
identifying saturation of fluids with CO, based on comparative analysis (Chadwick et al.
2008). Some geophysical techniques that serve as useful tools for tracking and migration
of CO, stored in sub-surface are discussed as follows.

Seismic. Among the geophysical techniques currently employed, seismic
methods are the most matured and highly developed. These techniques are based on the
principle of seismic wave migration in rocks saturated with CO, and deployment of
receiver arrays (active source seismic) or the use of seismic recorders (passive source)
for the monitoring and verification of CO,. Active source seismic techniques, including
3D-seismic reflection surveys have been employed with great success and have
generated excellent images of migrating plumes of CO, However, 4-D time lapse
seismic reflection data are helpful in monitoring the distribution of CO, within the
reservoir (Chadwick et al. 2005). Advanced seismic techniques like AVO (amplitude
versus offset) studies and multi-component seismic may be employed as instruments for
sensitive discrimination of saturated CO, in the plume (Brown et al. 2007).
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Time-lapse 3D seismic reflection surveys have been employed both offshore and
onshore. They have found higher applicability in marine environments where there is an
enhancement of the penetration of sub-surface CO, into sub-sea rock formations by
seismic waves. Hence higher quality data is attained and CO, accumulations to the
extent of 1000 tons or more at the depths of 1-2 km could be detected (Myer et al. 2002;
Arts et al. 2004; Chadwick et al. 2005). In 3D-Seismic reflection surveys, the source and
receivers are arranged in strings along the ground or sea surface (close to it). Sources
and receivers could also be placed in monitoring wells to the depths of up to several
kilometers. Two important down-hole seismic techniques that have highest applicability
are the vertical seismic profiling (VSP) and cross-well seismic profiling. In VSP a
source is used at the surface and down-hole receivers to detect changes in seismic
reflectivity arising from the presence of CO,. In cross-well seismic, down-hole sources
and receivers are employed to measure the change in bulk seismic properties such as P-

wave velocity through the use of tomographic techniques (Majer et al. 2006).

Table 6.5. Key geophysical technologies for CO, verification”

Technique

Capabilities

Detection limits

Where applicable

3-D seismic

Images seismic reflectivity, for a volume beneath a
3D surface array. Can be used in a 4D sense, by
repeated surveys, permanent arrays may be utilized

Limited by the wavelength of the seismic
waves, depth of target and the acoustic velocity
of the sediments.

Both onshore and offshore. Costs are
significantly cheaper offshore.

Borehole EM

Measures changes in formation resistivity using
semi-permanent down-hole transmitters and
receivers

Could be valuable for detecting fine- scale
changes in CO, saturation, both within and
outside the storage reservoir.

Primarily onshore.

Cross-well Electrical
Resistance
Tomography (ERT)

Involves the measurement of resistivity in the
subsurface between wells. Pilot studies indicate
that cross-hole ERT can detect resistivity changes
due to CO, injection above a certain threshold.

Depending on electrode configuration, CO,
accumulations > ~30 m thick could potentially
be imaged with a borehole separation of 200 m
Further research is needed to refine models and
optimize electrode setups.

Primarily onshore.

Cross-well EM

Utilizes time-variant source field to derive
information about subsurface electrical structure.

Potentially ~5 m resolution, but dependent on
the separation of transmitters and receivers that
are placed in adjacent monitoring wells.

Primarily onshore

Gravimetry

Useful to detect density changes in a volume and
to track the migration of the CO,. Repeat
surveys useful for improving vertical resolution.

Site specific

Primarily onshore, although offshore
work has been carried out using
seafloor plinths and ROV'.

Passive-seismic

Used to record micro-fracturing occurring in the
Vicinity of the seismometers, which may indicate
movement on natural fractures in the vicinity of the
€O, plume

5-10 m accuracy obtainable, depending on
whether borehole sensors are used, and the
design of the sensor array.

Primarily onshore; seafloor seismic
recording is routine in North Sea oil
fields, using OBS's and seafloor
ocean-bottom cables.

Satellite Interferometry

Repeated radar surveys detect changes in
elevation potentially caused by CO, injection.

InSAR can detect millimetre-scale changes in
elevation.

Onshore in regions of limited
vegetation

Seafloor EM

Induced electrical and magnetic fields are created
by towed (marine) electromagnetic sources,
which are detected by a series of seabed
receivers. These data can determine subsurface
electrical profiles that may be influenced by the
presence of highly resistive CO,

EM methods are likely to be most suitable for
monitoring storage in saline formations, where
€02 is displacing more conductive formation
waters. The technique could be sensitive to
thin resistive anomalies at depths between tens
of meters, and several km.

Offshore, involving repeated surveys
using scafloor EM instruments,
recording from a ship-source.

VSp

Can form a high-resolution image of scismic
reflectivity, in the vicinity of the CO2 plume.
Can involve multi-component recording, offering
potential for pressure /saturation discrimination
and anisotropy characterization. Also potential
to image leakage from primary container.

Has a high seismic resolution, but usually only
in 2D. Often site specific.

Both onshore and offshore

*McCurty et al

~(2009).

Passive seismic techniques enable the recording of micro-earthquakes that result
from the movement of fractures or for detecting tremor and passive signals arising from
fluid movement through rock mass. Increase in seismicity gets triggered by the pressure
and stress distribution related to the injection and migration of CO, (Maxwell and
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Urbancic 2001; Maxwell et al. 2004). The resulting seismicity that arises from CO,
movement and rock fracturing are employed to track the movement of CO,. Micro-
seismicity also enables the location as well as the size of rock fractures that produce the
deformation of rock masses.

Gravity. Gravity recorders are based on the principle of density changes in
reservoir (Eiken et al. 2000; Westrich et al. 2001; Wilson and Monea 2004, Preston et al.
2005; Arts et al. 2008). Limitations of gravity-based techniques include the limited
distance between plume and gravity meters and the density contrast between the injected
CO; and the surrounding material. When injected CO, displaces brine-rich water in the
plume, changes in the density of reservoir would be recorded (Gasperikova and
Hoverston 2006). This technique is also dependent on the geometry of plume, where
vertically elongated plumes would give much higher peak gravity than the thin widely
spread plumes.

Gravity surveys are primarily performed onshore. Main advantages of gravity
techniques are that they offer lower spatial resolution and cost than seismic approaches
and enhance the monitoring of sub-surface mass changes, thus enabling estimates of the
amount of CO, that dissolves in the plume.

Electrical. Electrical methods involve the measurement of resistivity changes to
be mapped within the imaged rock volume. The resistance of CO, can be easily
identified in rock formations saturated with conductive brine-rich water. Electrical
methods include cross-well electromagnetic (EM), borehole EM and electrical resistance
tomography (ERT). They provide information on the spatial distribution and pore-space
saturation of injected CO,. However, EM techniques are sensitive to the type, amount
and interconnectivity of fluid (liquid or gas) contained within rock pore space
(Hoversten et al. 2002; Gasperikova and Hoversten 2006), while integrated changes in
resistivity are used to provide a valid measurement of the total injected CO, volume
(Christensen et al. 2006). Electrical techniques are employed as down-hole instruments
as they are used in time-lapse mode and as they are sensitive to thin resistive anomalies
at depths between tens of meters and several kilometers.

Cross-well EM and ERT have been tested and employed for onshore sites
although marine EM via electromagnetic sources towed by ships and seabed receivers is
still in development. Cross-well EM requires transmitters and receivers in adjacent
monitoring wells and has the capability to resolve CO, layers as thin as five meters.
Resolution of this technique is dependent on the separation of transmitters and receivers
and their location relative to the plume. To improve the resolution of cross-well EM, it
has to be run in conjunction with cross-hole seismic. ERT is based on the measurement
of resistivity in the sub-surface between wells. With an optimal electrode configuration
and a borehole separation of 200 m, cross-well ERT achieves the capability to detect
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CO, accumulations more than about 30 m thick. Hence, ERT requires two or more
closely spaced monitoring wells, which could be costly. Research and development
efforts are required for redefinition of current models and optimization of electrode
setups that are essential for testing of the technique at full-scale storage sites.

Earth Deformation. Earth deformation techniques have the capability for
indirect mapping and location of sub-surface CO,. These techniques have been
frequently employed to indirectly map the location and migration of sub-surface CO,.
These techniques are based on the increase in pressure that results from the injection of
CO; and ultimate rock deformation and changes in the altitude of the ground surface
above the plume in low permeability reservoirs (e.g., < 10-20 mD). The earth
deformation techniques, including global positioning system (GPS) surveying, tiltmeters
and InSAR satellite interferometry, are efficient to record even a millimeter scale uplift
or subsidence at the ground surface.

InSAR data proves to be the least expensive option among the three deformation
techniques mentioned, and it has been employed to record uplift/subsidence of up to 4-5
mm/yr over the last four years in response to the injection of CO, (Onuma and Ohikawa
2008). Increasing rates of ground deformation are accompanied by increases in reservoir
pressure (e.g., > 2 MPa or 300 psi) for CO, plumes at the depth of 1-2 km. However,
suitable measures taken to mitigate the pressure increases may result in lower ground
deformation that is far below the resolution for InNSAR and GPS techniques. Tiltmeters
are based on the principle of recording tilts of nanoradians too small to be observed by
GPS and InSAR and are still useful for tracking ground deformation accompanied by
lower pressure changes (e.g. < 2 MPa). GPS, InSAR and tiltmeters have the ability to
locate the plume approximately. While tiltmeters and GPS can produce continuous
records of CO, migration, InNSAR can provide weekly or monthly time-lapse data.
Among all these techniques, InSAR is extremely cost-effective as data are collected
remotely. However, selection of a suitable technique is based on its sensitivity to resolve
ground deformation arising from CO, injection. More research and feasibility studies are
required to evaluate these techniques for their utility and implementation.

Direct Measurement of CO,. Direct measurement techniques are used in
conjunction with geophysical techniques and are primarily focused on measuring and
recording the chemistry, isotopes, concentrations, pressure and temperature of CO;
formation water, and other subsurface hydrocarbons using well, soil and atmospheric
data sources (Table 6.6). Direct measurement of atmospheric gas, soil gas and down-
hole water/gas chemistry/temperature/pressure enable the evaluation of the behavior of
the injected sub-surface CO, plume. Moreover, the data will also identify and determine
the rate of movement from the storage container into overlying reservoirs and, in
extreme cases, leakage to the surface. Pressure and temperature measurements at the
wellhead and within reservoir rocks are used to monitor changes in the reservoir
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conditions induced by injection and to ensure that the well integrity is maintained and
there is not too much of rock mass fracturing (Wright and Majek 1998). Direct
measurement techniques primarily focus on onshore storage sites; with additional
offshore monitoring option. The following techniques are described in this section:

Table 6.6. Direct measurement technologies for CO, monitoring®

Technique

Capabilities

Detection limits

‘Where applicable

Pressure / temperature

PT conditions typically measured at wellhead and
down hole locations in well. Can utilize electronic,
fiber optic or capillary tube in-situ systems, or run
PLT logs in well. Preferable to use continuous
telemetered systems esp. wellhead.

Dependent on system chosen. Should be able to
acquire high accuracy with most specialist
equipment.

Onshore and offshore. Offshore
access may increase costs.

Downhole logging

Measures rock-fluid properties in the reservoir
immediately surrounding the well, with very high
(cm) resolution. Routinely used in the oil-gas
industry. New saturation logging tools recently
developed applicable for CCS.

Very high resolution, for a large range of rock

properties, including resistivity, density, sonic

velocity, nuclear magnetic resonance (NMR),

borehole gravity (each with the potential to
different

Onshore and offshore. Offshore
access more costly-requires an
offshore platform.

Well fluid chemical
sampling

Well head or down hole sampling techniques are
commonly deployed in wells cither as permanent
or temporary completions. Depending on the
parameter being measured various field & lab
techniques are commonly available to measure a
host of geochemical attributes of fluid & gas
samples

Depending on the parameter being measures,
concentrations can be obtained to ppb. Cost of
sample analysis is often related to the sensitivity
and accuracy of the measurements required.

These techniques can be deployed
when there is access to a well

Groundwater and
Surface water gas
analysis

‘Well-developed gas content measurement
techniques but care must be taken to account for
rapid degassing of CO, from the water.

Background levels likely to be in low ppm range.

Onshore and offshore. Should be
used in combination with flux
measurements as provides another
route for CO, leaks.

Soil gas analysis

Measures CO; and other gas levels in soil using
probes, or from wells. Sampling usually on a grid
using a portable IR laser detector or into gas-tight
canisters for lab analysis.

NDIR detectors can resolve changes in CO,
concentration down to at least = 1-2 ppm. Small
variations in CO, concentration can be detected.
Stable isotopes can indicate origin of CO,

Onshore, Useful for detailed
measurements especially around
detected low flux leakage points.

Soil gas flux

Gas in accumulation chamber is analyzed (c.g., by
non-dispersive infrared (NDIR)) and then returned
to chamber to monitor build-up over time. Detects
fluxes through the soil.

Easily capable of detccting fluxcs of 0.04 g CO,/
m-day = 14.6 ykm’-yr (Klusman 2003). Need to
differentiate genuine underground leak against
varying biogenic background.

Onshore. Powerful tool when used
with analysis of other gases and
stable and radiogenic carbon isotope
analysis to identify the CO, source.

Eddy covariance

Equipment mounted on a platform or tower. Gas
analysis data is integrated with wind speed and
direction to define upwind footprint and calculate
CO, flux.

Realistic flux detectable in biologically active
area with hourly measurements = 4.4 x 10
kg/m®-s = 13870 tkm*-yr (Miles et al. 2005).

Mainly used onshore. Proven cheap
technology. Can survey large areas
to determine fluxes and detect leaks.
Once a leak is detected, it is likely
to require detailed survey of
footprint to pinpoint it.

Long open path
infrared laser gas
analysis

Measures absorption by CO, in air infrared laser of
a specific part of the infrared gas analysis spectrum
along the path of a laser beam, and thus CO; levels
in air near ground level

Needs development but estimate potential at £3%
of ambient (ca conc.11 ppm) or to cover several
km? with one device relatively cheap ($1000s).

Onshore. Requires detailed soil gas
survey to pinpoint leak.

Portable personal
safety-oriented hand-
held NDIRs

Measures CO; levels in air which could also be
useful for pinpointing high concentration leaks
detected by wider scarch methods.

Resolution of small handheld devices for
personal protection is typically ca. 100 ppm.

Can be used onshore and on
offshore infrastructure. A proven
technology. Small hand-held
devices for personal protection are
000 per unit.

Airbome infrared
aser gas analysis

Helicopter or aero plane mounted open or closed
path infrared laser gas detectors have potential to
take measurements of CO, in air every ~10 meters.

Brantley and Koepenick (1995) quote a 1 ppm
above ambient detection limit for the airborne
closed path technique. Less information is
available on the open path technique, maybe <
=1%.

Onshore. Proven technology for
detecting CH, leaks from pipelines
and large CO, leaks. Could detect
CO, leaks from infrastructure or
from underground.

Detects changes in the plant health that could be Spatial resolution of images 1-3 meters. Not Onshore.
Satellite or airborne due to CO, seepage. Can also detect - faults that may  calibrated in terms of flux or V()l}|lll? fraction of .
hyperspectral imaging  be pathways for ga s parts of visible and IR CO; in air or soil gas, but may give indications of
spectrum. areas that should be sampled in detail.
RV
Modified from IPCC (2006).
. Injection well flow rates pressures and temperatures using thermocouples,

pressure transducers, borehole logs, including casing integrity logs, temperature
logs and radiotracer;
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. Fluid/gas chemistry and pH sampling from wells (e.g., U-tube (Freifeld et al.
2005) and down hole pH sensors) and surface samples using geochemical tracers
(Stalker et al. 2006); and

. Atmospheric and soil gas chemistry and CO, concentrations using eddy towers,
soil gas meters, Fourier Transform Infrared Spectroscopy (FTIRS),
Perflourocarbon (PFC) and noble gas tracers.

Flow Rates, Pressures and Temperatures. Application of down-hole
instruments to measure CO, flow rates together with injection pressures and
temperatures (both at the wellhead and within the reservoir) is a usual practice, and it
can be implemented by employing commercially available sensors (Wright and Majek
1998). These properties enable the verification of the volumes of CO, being injected into
storage reservoirs that may be applied towards the calculation of carbon credits in
Emissions Trading Schemes and for input into fluid flow modeling. They are also
commercially used to check the integrity of injection and monitoring wells and to ensure
that the reservoir does not reach pressures that would induce slip on existing fractures or
create new fractures. Also, it becomes important to monitor temperature of the reservoir
as it is an important indicator of the changes in properties of the reservoir (e.g., making
it amenable to fracturing) and the state of the CO,.

Measurement of CO, flow rates, pressures and temperatures are imperative for
the safe maintenance and effective operation of storage sites. Commercially these
measurements are carried out at a number of sites, such as Frio, Texas (Hovorka et al.
2006), Weyburn, Canada (Wilson and Monea 2004) and Otway, Australia (Urosevic et
al. 2008). Most of these sites employ techniques that measure pressure in conjunction
with temperature using gauges that measure well bore annulus pressure as well as
employ orifice differential flow meters (Benson 2007) suitable for operating in remote
environments. Fiber-optic cables that supply continuous (e.g., every 15 seconds)
measurements from well bores several kilometers below the ground surface are used to
connect the instrument to the surface. The important characteristic of sub-surface
environments is that pressures generally increase and temperature decreases with rising
CO, injection rates. There are several factors governing the relationships between
injection rates and pressure/temperature conditions, including reservoir permeability and
depth, and the conditions in the reservoir prior to injection (e.g., type of fluid
present, pressures and temperatures). Hence, the three types of measurements are
required to warrant well and reservoir conditions within acceptable limits. Effective
management of reservoir can be achieved by decreasing CO; injection rates and/or by
introducing a pressure relief well(s) to remove water from the reservoir interval.

Location of pressure relief and monitoring wells need to be carefully selected
based on the outcome of the site assessment of containment security issues identified
and risked. Their cost needs to be balanced against their application towards monitoring
and costs of employing alternative pressure management techniques (e.g., decreasing the
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rate of CO; injection). Though offshore monitoring wells are more expensive than local
wells, they could be economically viable if there is a need to utilize long reach access
wells (located along the coast) to reduce costs.

Fluid Chemistry. In order to track CO, migration and understand how the CO,
is reacting with saline formation water and/or the host rock, geochemical monitoring of
groundwater is highly desirable in both shallow and deep subsurface in monitoring wells
(Gunter et al. 1998). Fluid and gas reactions may result in removal (dissolution) of host
rock near the well bore and/or chemical trapping (precipitation) of carbon as minerals in
the reservoir. To enable efficient tracking of fluid chemistry changes in reservoir, fluid
sampling in monitoring wells should be carried out before, during, and after injection.

Standard analytical techniques are employed for measuring major ions (e.g., Ca,
Mg, Si and SOy), stable isotopes and gases (e.g., CH4 and CO,). Analytical techniques
are also widely available for measurement of pH, alkalinity and evaluation of CO; flux
from carbon dissolved in groundwater (Evans et al. 2002). Great attention needs to be
paid to sampling fluids at pressure as depressurization may result in the loss of gas that
may significantly change the water chemistry during the analysis of CO, dissolved in
water. Application of U-tube at Frio, Texas (Hovorka et al. 2006) and Otway, Australia
(Stalker et al. 2006) are described to avoid depressurization of low temperature fluid
samples (Freifield et al. 2005).

It is imperative to characterize the aquifer fluids adjacent to storage containers
chemically and isotopically prior to the commencement of injection due to the presence
of many potential sources of CO, residing in fluids. Use of tracers will be crucial for a
unique distinction and identification of injected CO, from other sources of CO, in water
samples. Both natural (e.g., isotopes of carbon, oxygen or hydrogen) and introduced
(e.g., SF¢ and perfluorocarbons) tracers may be employed during the injection of CO,
(Benson 2007). Along with chemical tracers, tracking fluid pH may provide an empirical
evidence of the arrival of the injected CO,. Tracers and pH changes will be used to
track the movement of the injected CO, in the storage container, through the seal and, in
extreme cases, into the soil and atmosphere. Analytical results for tracers and pH
changes enable the confirmation of the arrival of the CO, plume at monitoring wells.
Sometimes, it is possible to constrain the lateral and vertical migration of the CO, plume
when samples are taken at multiple locations in the well bore. Also, the application of
multiple tracers at different migration rates may enable the description of flow properties
of fluids in sub-surface.

Soil Gas. Soil gas flux measurements record flow rates or rates of change of gas
concentrations when injected CO, leaks from the storage container and reaches the
ground surface to accumulate in the soil profile (Oldenburg and Unger 2003). A variety
of instruments, including soil probes (e.g., Fig. 6.4) and flux accumulation chambers
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placed on the ground surface can be used for soil gas flux measurements. Additionally,
soil gas chemistry can be determined by the insertion of sample canister (e.g., pipes) into
soil and/or pumping soil gas into these canisters. Flux meters, which usually take several
minutes for each measurement, are capable of detecting CO; fluxes of 0.04 g/m’-day as
compared to gas chemistry samples that must be analyzed in the laboratory and are
significantly more time-consuming than the earlier (Klusman 2003). Both flux meters
and soil gas chemistry measurements are capable of detecting CO, concentrations down
to at least = 1-2 ppm, leaving small footprints.
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Figure 6.5. Schematic of fiber-optic sensor arrays for soil-CO, detection over a large
area using solid-state IR sensors developed at Montana State University (NETL 2012).

It is important to differentiate between natural CO; in the soil, which may be
produced from a number of ecosystems and geological sources and the injected CO; that
leaked into the soil. There are many ways to distinguish between the different sources of
CO,, including (a) pre-injection baseline surveys to distinguish natural CO; in the soil
from the injected CO, leaked into the soil, (b) recognition of the isotopic signatures of
natural CO, sources, and (c) using chemical tracers to fingerprint the anthropogenic CO»,
Leakage of CO; in volcanic regions may have a profound influence on ecosystems close
to (e.g., < 10 m) emission sources (Vodnik et al. 2006; Beaubien et al. 2008).
Additional monitoring for recording the impact on ecosystems at the surface and within
aquifers is encouraged.

Atmospheric Gas. Atmospheric gas measurements are carried out to obtain
continuous and precise measurements of CO, concentrations. Point measurements (using
closed path analyzers or samplers) or line integrated measurements (using open path
analyzers) should be carried out both up and downwind of the storage area. Closed path
analysis techniques include NDIR, cavity ring down spectroscopy (CRDS), gas
chromatography (GC), Mass Spectrometer (MS) and tuneable diode laser spectrometer
(TDLS). All these techniques along with Fourier transform infrared spectroscopy (FTIR)
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can be employed for the open path analysis upon connection to line path inlets. Open
path analyzers that employ infrared lasers have the advantage of detecting leakage over a
wider area than point source measurements.

Accurate measurement and recording of the location and rate of CO, leaks will
require that the background signal is accounted towards the measurements. Monitoring
of the background carbon composition and flux prior to injection is imperative in order
to achieve this goal. Background concentration should account of CO, generated by the
ecosystem and anthropogenic activities (e.g., oil and gas infrastructure, urban centers
and agriculture). The use of tracers will enhance detection and quantification of CO,
leakage into the atmosphere. Tracers can be used to detect background atmospheric
carbon or from sub-surface natural sources or may be injected along with CO,.
Variations result when the injected gas is isotopically different from the background
sources, thus enhancing the application of isotopes of CO, and CHy4 as tracers (Leuning
et al. 2008). As these carbon isotopes are natural, they migrate almost identically to the
injected CO»; hence their use is highly encouraged. The injected tracers gain the
capability to tag the injected CO, with a specific chemical signature that clearly
distinguishes it from background CO; sources. However, application of tracers may be
governed by environmental concerns and regulations; hence the use of injected tracers is
limited. As an example, sulphur hexafluoride (SF¢) is relatively cheap and easily
measured at ppt levels, but like many similar compounds is a powerful greenhouse gas.
New spectroscopic measurement technologies are emerging to deal with these demands
for CO,, CHy4 and their isotopes.

Offshore monitoring of atmospheric gas is more challenging. Leakage from the
seafloor is likely to be significantly modified by the overlying water, with signals being
significantly modified and dispersed to prevent them from reaching the atmosphere.
Despite these modifications, preliminary calculations suggest that chemical signals
resulting from 1000 tCO,/year leakage be significant against the background levels in
the ocean. Sea-floor monitoring is less developed in spite of improved capabilities to
detect and monitor sub-surface changes including pH. Sea-floor deployment and data
transmission back to surface are extra difficulties. Sea-floor MVA capability for
measuring gas chemistry and fluxes still need lot of research and development.

6.4.3 Techniques for Ecosystem Stress Monitoring

Plants are susceptible to stress caused by elevated levels of CO, in the soil, and
measurements of vegetative stress can be used as an independent indicator of possible
CO, release from the subsurface. Vegetative stress can be measured by aerial
photography, satellite imagery, and spectral imagery. Initial surveys are required to
establish baseline conditions, including seasonal changes that take place at a particular
site, as well as natural variations in temperature, humidity, and light and nutrient
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availability at the site. Once the baseline is established, anomalous vegetative stress may
be observed.

Hyperspectral imaging collects and processes radiation across a broad portion of
the electromagnetic (EM) spectrum, typically including wavelengths from 400 to 900
nanometers. This includes the high absorbance region in the visible spectrum associated
with chlorophyll absorbance, and high reflectance in the near-IR region that is typical of
spongy leaf tissues. Spectral imaging has the ability to detect changes in light reflectance
and absorption that occur in vegetation that is struggling. Multispectral imaging may be
simpler and less costly, and it affords continuous daytime operation in both clear and
cloudy weather (Rouse et al. 2010). Whereas hyperspectral imaging collects a
continuous spectrum of wavelengths, multispectral imaging collects discrete spectral
bands. Spectral imaging sensors may be airborne, satellite-mounted, or handheld.

Pickles and Cover (2005) proposed the use of satellite- or airborne-based spectral
imaging to assess vegetative stress over a large area. Remote sensing techniques were
tested in central Italy in 2005 to detect CO, emanating from natural seeps at the Latera
caldera (Bateson et al. 2008). Hyperspectral imaging, multispectral imaging, LIDAR
(Light Detection and Ranging), orthophoto, and high-resolution photographic data were
all acquired during two airborne surveys over an area with known CO, gas venting.
These imaging methods were successful in locating some, but not all of the major gas
vents. The researchers concluded that different remote sensing techniques work best in
different conditions, depending on the amount of vegetation and steepness of topography
at the site, and depending on the season and time of day during which the data are
collected. In all cases, complementary soil-gas geochemical data were required to
interpret the remote sensing results in terms of CO, concentrations and flux rates.

Researchers at the MGSC Phase II Sugar Creek site in Kentucky tested several
monitoring techniques, including aerial hyperspectral imaging, during a real, short-
duration CO; release from a buried pipeline (Wimmer et al. 2010). DOE’s Core R&D
Program carried out a controlled release experiment at the Naval Petroleum Reserve Site
#3 in Wyoming in 2006. Aerial hyperspectral imagery was acquired using Moderate
Resolution Imaging Spectroradiometer/Advanced Spaceborne Thermal Emission
Reflection Radiometer (MASTER) technology. Data analysis demonstrated that
MASTER could identify major CO, and CH4 surface seeps.

In summary, sustained releases of significant CO, flux are detectable with

hyperspectral and multispectral imaging techniques, and the vegetative stress indicators
have been found to be proportional to soil CO; levels and proximity to the CO; release.

6.4.5 MVA Data Integration and Analysis
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Throughout this chapter, numerous tools and technologies used to collect CO,
monitoring data in the atmosphere, the near-surface zone, and the subsurface have been
discussed. There are also a number of cross-cutting technologies being developed to
better integrate and analyze the wide variety of monitoring data that are acquired. These
data integration and analysis technologies include computer-based intelligent monitoring
networks and advanced data integration and analysis software tools. Intelligent
monitoring networks are automated, computer-based systems that gather field
information from injection and monitoring equipment, evaluate GS conditions, and
recommend appropriate actions. Systematic data collection, analysis, and modeling are
key components of these systems. Intelligent monitoring networks are designed to show
that site performance meets pre-defined objectives and to ensure release of CO, is
promptly identified and mitigated.

An intelligent monitoring network may combine data from CO, monitoring
wells, surface monitoring sensors, subsurface monitoring tools, and injection equipment.
The data are compiled in real time in a database that is updated continuously. The
intelligent monitoring network may also compare field data to available models and
historical field data. Measurements that lie outside normal operational limits or historical
trends are flagged as potential risks. In some cases, an intelligent monitoring network
may determine the cause of an anomaly and proceed to rectify the problem. If a CO;
transport line registers an increase in pressure, for example, the monitoring network may
decrease the flow rate or utilize a bypass line. The system may also recommend action
items based on analysis of the field data. For example, if a surface sensor shows
increased levels of CO,, the system may recommend further investigation in the vicinity
of the sensor and specify potential release pathways present in the area. This information
will aid field operators in promptly locating and identifying a release.

The selection of sensors and methods employed in a monitoring network is site-
specific and requires testing, planning, and scheduling within the project plan.
Conditions that may affect the selection of monitoring network components include site
access, surface geography, type and complexity of storage formation, and size of the
monitoring area. Project developers may perform a risk assessment of the site in order to
determine the appropriate techniques required to monitor and mitigate risks. Smart-well
technology may be utilized to provide real-time well data to a monitoring network.
Smart wells contain permanent, downhole sensors and flow equipment that allow for
continuous monitoring and regulation of fluid flow, formation pressure, and formation
temperature in the injection formation

6.5 Two Case Studies

6.5.1 SECARB Phase 111 “Early Test” at Cranfield Field
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The SECARB Phase III “early test” is underway at Cranfield Field,
approximately 10 miles east of Natchez, Mississippi. The Validation Phase test is
focused on the Denbury Onshore, LLC CO2-EOR project in the depleted oil reservoir,
and the Development Phase test is focused on the downdip water leg on the east side of
the same reservoir. At Cranfield, the lower Tuscaloosa D-E sandstone, a 60- to 80-foot
thick injection zone, is in a broad four-way structural closure at a depth greater than
10,000 feet. Complexly incised channels form a regionally continuous sandstone flow
unit with lateral variability in permeability over short distances. Reservoir-scale vertical
compartmentalization has isolated oil charge to the lower part of the lower Tuscaloosa
Formation at Cranfield. The middle marine Tuscaloosa forms the lowest regional
confining zone.

Monitoring Plan, Results, and Lessons Learned. The monitoring plan was
targeted to the research goals of the RCSP Development Program: (1) evaluation of
protocols to demonstrate that it is probable to retain 99 percent of CO,, and (2) predict
storage capacities within £30 percent. Observations were linked through a large number
of models, allowing the significance of the measurement to be assessed. Some
monitoring data were collected at points distributed across the study area and at a wide
range of time intervals; other data sets were collected in focused study areas or during
intensive sampling campaigns (Hovorka and others 2009; 2011).

The SECARB early test at Cranfield was highly leveraged by participation of
groups that brought non-SECARB-funded expertise to the project. For example, the
project hosted experiments funded by the National Risk Assessment Program (NRAP);
the Research Institute of Innovative Technology for the Earth (RITE); the DOE-funded
SIM-SEQ; Stanford, Princeton, and CCP rock-physics analyses; American Water Works
Association (AWWA)-funded controlled release; analyses by ORNL; University of
Tennessee-funded biological sampling; BP test of wellbore gravity; and Scottish Carbon
Capture and Storage (CCS) Centre-funded noble gas sampling.

Three Findings Relevant to Future Monitoring. These are (1) high-frequency
pressure data contains information about reservoir response; however, all the events
have to be recorded at the same frequency (minutes to hours); (2) low-cost, easily
repaired wellhead tubing pressure gauges have value if calibrated to density of fluid in
tubing; and (3) doubt remains that injection zone mass balance or pressure monitoring
would be sufficient to detect release, mostly because of large uncertainties about
boundary conditions.

Four-dimensional seismic and time-lapse vertical seismic profiling (VSP) data
were collected to explore the uncertainty of downdip, off-structure, and out-of-injection-
zone migration of CO,. Injected CO, was successfully detected in the injection zone,
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subtracting the pre-injection 3-D survey from the 2010 repeat survey; however, noise is
high. Resolution of these methods is limited in terms of their ability to detect thin,
saturated zones; heterogeneous reservoir zones; and complex fluids. No above-zone
migration of CO; has been detected.

Other Findings Relevant to Future Monitoring. Above Zone Monitoring
Interval (AZMI) pressure monitoring shows promise as a sensitive release detection
method. In future installations, it is recommended that baseline hydrologic
characterization of the AZMI interval, as well as well construction, is invested more
heavily to ensure that AZMI pressure gauge is well-connected to the formation and
isolated from well construction.

6.5.2 BSCSP Kevin Dome Phase III Development Test

BSCSP is in the early stages of conducting a large-scale storage test at Kevin
Dome in North Central Montana. The Dome is an ~700-mi* feature extending from
Shelby, Montana, to just south of the Canadian border. It contains naturally occurring
CO; in Devonian Duperow (dolostone), which was likely generated via geochemical
reactions caused by a sweep of hot fluids initiated by igneous intrusions that formed the
Sweetgrass Hills to the southeast of the dome. The CO, resides in a 100-foot-thick
porous section in the middle Duperow and in a thinner porous section in the lower
Duperow. Estimated CO; in place is ~0.6 GT, or 10 TCF, equivalent to Jackson Dome.
The CO, is estimated to have an areal extent of ~540 mi” and does not fill the dome to
its spill point. The Kevin Dome project plans to drill and core producing wells, produce
the natural CO,, pipe it laterally 6 to 8 miles, and re-inject into the Duperow porosity
zone in the brine. leg. The primary seal is the upper Duperow (~200 feet of tight
carbonate with inter-bedded anhydrites), and the secondary seal is the Potlach Anhydrite
(175 feet), with multiple tertiary seals that have contained oil and gas in shallower
horizons. This project will combine studies of natural reservoir storage capacity and
carbonate geochemistry with studies of engineered injection and storage. While the
injection is into a saline formation, the project provides valuable information concerning
the use of structural features for CO, warehousing in a regional CCUS hub concept.

Monitoring Plan, Results, and Lessons Learned. Descriptions about some of
the current status of the project are as follows:

Monitoring Wells. Three to four monitoring wells are planned. One will be
placed more distal to the injector, updip, with an estimated breakthrough of ~750,000
tonnes CO; injected. The remaining monitoring wells will be placed symmetrically
about the injector at the appropriate crosswell seismic distance. At least two wells will
be used for geochemical fluid sampling and tracer studies using U-tubes.
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Seismi. The planned geophysical program is designed to use the highest
resolution, greatest sensitivity method applicable to image the current plume
dimensions. Resolution and areal extent are addressed by use of both borehole and
surface seismic methods.

Surface Seismic. As mentioned previously, a 58-mi’, 3-D, nine-component
survey is underway. This survey serves multiple purposes: (1) it will be used for hazard
identification and avoidance; (2) it will provide data to the static geologic model in the
site characterization phase; (3) it will provide a test of potential for multi-component
seismic detection of CO, without time-lapse (spatially, because it is being shot across
the gas-brine interface); and (4) it will serve as a baseline for subsequent surveys used
for time-lapse monitoring of the plume.

Vertical Seismic Profiling (VSP). Vecta’s vibroseis trucks will be used with
downhole, multi-component receivers in the monitoring wells to perform 3-D and 4-D
nine-component VSP. Crude preliminary simulations indicate the CO; plume can be
imaged for three to four years via this technique. VSP is intermediate in resolution and
areal coverage to crosswell and surface seismic.

Geochemical Monitoring. Up to four U-tubes will be deployed in monitoring
wells to collect fluid samples. In addition to pH, alkalinity, cation and anion analysis,
rare earth elements will be analyzed and tracers (including phase partitioning tracers)
will be used to study geochemistry. One of the U-tubes will likely be used to monitor
above injection zone fluids.

Assurance Monitoring. Soil flux chambers, EC towers, DIAL, and
hyperspectral imaging will all be used in the Assurance Monitoring Program.
Additionally, drinking water and surface water analysis will be performed in the vicinity
of the injection.

6.6 Current Issues and Future Research Needs

Currently, many problems exist, such as detection limits and precision levels of
different methods have not been completely established; strategies for different locations
have not been fully established. The procedures for detecting, locating and then
quantifying leakage have not been developed. Sensitivity analysis of different methods
is still in their infancy. Current underground storage accounting is at best qualitative. For
example, seismic data can show where CO, exists qualitatively but not quantitatively.
Similarly, it is difficult to use chemical samples to verify storage, since CO; can take on
many different forms and will mingle with carbon resources that are at the site prior to
injection (Lankner and Brennan 2009). Several methods have been proposed to improve
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accounting of stored carbon, such as using C-14 as a tracer for a) monitoring fluxes from
geologic sequestration (Bachelor et al. 2008), b) facilitating measurement via sampling
(Landcar and Brennan 2009), c¢) optical techniques with path lengths of ~1 km, and d)
computer simulation and model development.

In the future, improvement is needed for a) direct emission measurements from
existing CO,-EOR projects, b) controlled release experiments for demonstrating the
ability to detect, locate and quantify emissions in various settings, c) best practices and
procedures that can be used to respond to any detected changes, d) approaches to
distinguish natural ecosystem fluxes, and other anthropogenic emissions from geological
storage reservoir emissions, and e) improve detection of small secondary accumulations
of COz

6.7 Conclusions

MVA features are common to all the sites whether they are onshore or offshore.
They are required to track the sub-surface location of the injected plume and to detect
any CO, movement into the shallow subsurface or leakage at the ground surface (or sea
bed). Baseline surveys will be required for most of the techniques used to establish site
conditions prior to injection. Chemical tracers (either natural or injected) can be
used to enable positive identification of injected CO,. All sites will need a risk
management plan which outlines remediation measurements or adjustments to the
MVA program throughout the project life to reduce the risk associated with unexpected
migration or CO; movement from the primary reservoir.

Numerous geophysical techniques may help define the location of injected CO,
plumes in the sub-surface. Of these techniques, time-lapse 3-D seismic reflection
surveys show the greatest promise for offshore sites This technique will probably have
greater utility offshore than onshore because in the former case it is often of a higher
quality and both easier and cheaper to acquire. This technique will likely be most
useful for tracking CO, plume migration in saline reservoirs at depths of up to 2 km.

Direct observations of the reservoir interval, CO, plume, and gas in sea water
above the storage container are desirable for all future storage projects. As usual, the
following should be monitored/measured: i) fluid chemistry and pressure (and
temperature) recording at the wellhead; ii) the optimal locations of these wells will be
determined using CO; reservoir flow simulations for the storage system, iii) water/gas
chemistry samples must be taken without being depressurized (e.g., using U-tube
device), and iv) tracers must be used to confidently identify the injected CO, in fluid
samples. Offshore monitoring of atmospheric gas presents additional challenges and
may not be feasible because the signals are modified and dispersed to the point that they
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may not reach the atmosphere (this is particularly so with increasing water depth.
Further development of these sea-floor water-gas chemistry and flux monitoring systems
(including the design and implementation of their sea floor deployment and data
transmission back to surface) is required before fully operational systems will be
available for offshore storage areas.

6.8 List of Acronyms and Abbreviations

ANSI American National Standards Institute

AZMI Above Zone Monitoring Interval

CCS Carbon Capture and Storage

CCCSRP California Carbon Capture and Storage Review Panel
CCX Chicago Climate Exchange

CRDS Cavity Ring Down Spectroscopy

EM ElectroMagnetic

EOR Enhanced Oil Recovery

ERT Electrical Resistance Tomography

FTIRS Fourier Transform Infrared Spectroscopy

GC Gas Chromatography

GHG Greenhouse Gas

GPS Global Positioning System

IPCC Intergovernmental Panel on Climate Change
1SO International Organization for Standardization
LIDAR Light Detection and Ranging

NETL National Energy Technology Laboratory
MASTER Moderate Resolution Imaging Spectroradiometer/Advanced Spaceborne
TERR Thermal Emission Reflection Radiometer

MS Mass Spectrometer

MVA Monitoring, Verification and Accounting
NETL National Energy Technology Laboratory

PFC Perflourocarbon

PPM Parts Per Million

RCGI Regional Greenhouse Gas Initiative

RCSP Recovery Community Services Program
SDWA Safe Drinking Water Act

SF6 Sulphur hexaflouride

TDLS Tuneable Diode Laser Spectrometer

U.S. DOE U.S. Department of Energy

U.S. EPA U.S. Environmental Protection Agency

UNFCC UN Frame Work Convention on Climate Change
VSp Vertical seismic profiling

WRI World Resources Institute
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CHAPTER 7

Carbon Reuses for a Sustainable Future

M. Verma, F. Pélletier, S.K. Brar, S. Godbout, R.D. Tyagi and
R.Y. Surampalli

7.1 Introduction

Carbon dioxide (CO;) emission constitutes around 60% of the global carbon
emissions. The recovery of CO; can contribute to the mitigation of carbon emission
related problems. At present, two main options are explored: i) entrapment in deep
geological cavities in oceans or land such as depleted petroleum wells; and ii) utilization
by fixation or recycling in the form of chemicals. Between these two, the second option
is getting increasing attention (Agnolucci et al. 2009). Over the last several decades,
CO, was mainly used to manufacture urea, urea-melamine resins, animal feed additive,
and other organic chemicals, such as alkylene carbonates (solvent), f-oxynaphthoic acid
(raw materials of dyes), salicylic acid and its derivatives (pharmaceuticals, food
preservatives, etc.) in small quantities (Darensbourg et al. 2004; Du et al. 2005; Liu et al.
2006; Halloran 2007; Liu et al. 2009). However, the global CO, utilization never
exceeded 0.2 billion tons per year (Omae 2006). On the other hand, the recent CO,
emission trend shows about 8 billion tons per year increase which is now difficult to
check in comparison to about 0.45 billion tons per year for the last two centuries. These
factors have driven the research and development efforts of environmentally benign
techniques to transform and reuse CO; as valuable product, fuelled by deteriorating
effects of global warming, environmental risks, and frequent fuel crises.

The global CO, reuse market currently amounts to approximately 80 million
tonnes/year, of which about 50 million tonnes per year are used for enhanced oil
recovery at a price of $15—19/tonne. Potentially, the global supply of anthropogenic CO,
is about 500 million tonnes of low-cost (< $20/tonne) high concentration CO,; at a much
higher cost ($50-100/tonne), around 18,000 million tonnes per year could also be
captured for CO, reuse (PB and GCCSI 2011). Advances of CO, reuse technologies
depends on future carbon restrictions and prices and their interaction with other CCS
technologies (Zhang and Surampalli 2013).
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CO; has several commercial applications such as industrial chemical feedstock,
fire extinction, carbonated drinks, among many others, and most of the uses end up in
releasing CO, in the atmosphere (Kannan 2009; Yeh and Sperling 2010). Nevertheless,
CO; can replace use of steam, CO, and many carbon requiring chemical processes to
produce feedstock chemicals for fuels, such as synthesis gas, methanol, and CO. There
are numerous organics which can be synthesized using CO; such as formic acid, formic
acid esters, formamides, other hydrogenation products, carbonic acid esters, carbamic
acid esters (urethanes), lactones, carboxylic acids, polycarbonate (bisphenol-based
engineering polymer) and aliphatic polycarbonates, but only a few are industrially
feasible so far (Omae 2006). At present, syntheses of urea and its derivatives, organic
carbonates, increasingly utilize CO, as the carbon building unit in place of highly toxic
alternatives such as phosgene (COCl). CO, is also heavily consumed by the
electrochemical Kolbe-Schmitt process for the production of salicylic acid. CO, can also
react with hydrogen, alcohols, acetals, epoxides, amines, carbon-carbon unsaturated
compounds, and oxetanes under favorable reaction conditions, namely, metal catalysts,
high temperature and pressure among others (Yin and Moss 1999; Wang et al. 2005;
Yasuda et al. 2005; van Schilt et al. 2006; Wang et al. 2006; van Alphen et al. 2010).
Currently, the reactions are mainly carried out in supercritical CO; to avoid use of
solvents hazardous to the environment. Additionally, there are other beneficial uses of
CO; such as 1) extractant, ii) food/products, iii) enhanced and fuel recovery, iv) inerting
agent, iv) fire suppression, vi) refrigerant, and vii) others (fertilizer, secondary
chemicals, dry ice pellets used for sand blasting, added to medical O, as a respiratory
stimulant, which have been also covered in small sections.

In the present scenario, CO, can be an economic, nontoxic, and easily available
carbon feedstock if the technical challenges are matched. In addition, utilization of CO,
for production of chemicals may or may not be fail-safe strategy to check or mitigate
carbon emission in the environment (Yeh and Sperling 2010). In order to address this
issue with CO; use, the conversion technology must be considered on the basis of life-
cycle assessment (LCA) before endorsing carbon emission mitigation potential of such
option. As CO; is a thermodynamically stable compound relative to other naturally
occurring carbon sources, its reduction requires high energy substances or energy
intensive electroreductive processes (Bennaceur and Gielen 2006). Thus, the reuse of
CO; could be a viable option in terms of CO, mitigation and climate change if more
research is carried out on CO, conversion techniques.

After going through different major reuse technologies of CO, it is desirable to
understand the different reuse options, how the technology is evolved, and what are the
challenges should these technologies be adopted, which are the focuses of this chapter.
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7.2 CO; Reuse as Fuel

The CO, emission from power plants can be mitigated significantly via
“‘recycling”’ of the CO, into fossil fuel that could reduce the overall use of fossil fuels
(Jiang et al., 2010; Olah et al., 2011). Nevertheless, conversion of CO, back to
hydrocarbon fuels requires > 80% of the energy equivalent of a typical coal (Omae
2006; Hamilton et al. 2009; Aresta et al. 2010; Seyfang 2010). Furthermore, if
processing losses are to be considered, the net gain of energy can easily become
negative. Many researchers have reported that unless the energy comes from non-fossil
sources, net additional CO, is generated. Therefore, if non-fossil energy is economically
feasible, in most cases it should be used to substitute coal and other forms of fossil fuels
(Herzog et al. 1997; Herzog and Golomb 2004). Thambimuthu et al. (2002) proposed a
non-fossil fuel based energy cycle for CO, utilization (Fig. 7.1). In this approach, the
CO; captured from the flue gas stream of a power plant or industrial process is
transformed into a hydrocarbon fuel or chemicals such as (CO, HCOOH, CHO,
CH30H, CHy) using non-fossil energy input (e.g., solar, wind, or nuclear energy). Thus,
CO; can be transformed to compounds, useful as "energy vector" such as hydrogen
carrier. The use of CO, as fuel compounds can improve the validity and interest in
“‘hydrogen based’’ economy for future as it would contribute mitigate two major
problems of hydrogen based fuel applications, i.e., storage and transportation. For
example, storage and transportation of hydrogen in the form of formic acid can
substantially reduce both cost and risks.
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Figure 7.1 An energy cycle for CO, based secondary fuel (adopted from Thambimuthu
et al. 2002)

However, the existing technologies of conversing CO; into fuel compounds is far
from optimal due to various factors: i) the amount of CO, used for fuel might not be
substantial enough to lower its global concentration; ii) the cost of the alternative non-
fossil source of energy for CO, reduction in terms of capital investment and/or operating
expenses could be discouraging; and iii) the lower rate of CO, conversion can increase
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production cost and affect process economy (Andrew et al. 2010). On the positive side,
CO; reuse as fuel presents an option to decelerate the growth of fossil fuel consumption
by utilization of the carbon fixed as a fuel (followed by the continuous recycling of CO,)
or with permanent fixation of carbon while producing products with longer half-life such
as char/activated carbon (Zevenhoven et al. 2006). At present, CO; reuse as fuel is
possible via chemical, biological (facilitated via photosynthetic processes) and
photochemical processes, as shown in Figure 7.1 and discussed in the subsequent
sections.
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Figure 7.2 Different options for CO; reuse as fuels

7.2.1 Chemical Conversion of CO, to Fuel

The chemical conversion of reactants to products is possible for
thermodynamically favourable reactions. During such conversion process, the reactants
move from a higher to a lower energy state under suitable reaction conditions (e.g., if
activation energy is