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Preface

This book is a compilation of review and research articles in the broad field of carbon capture,
utilization and storage (CCUS). The book is divided in two sections. Three chapters in the
first section provide a state-of-the-art review of various carbon sinks for CO, sequestration
such as soil and oceans. Two chapters discuss the carbon sequestration achieved by storage in
kerogen nanopores and CO, miscible flooding, respectively. The other two chapters discuss
the generation of energy efficient solvents for postcombustion CO, capture and chemical ab-
sorption of CO, by aqueous solution of ammonia. Chapters in the second section focus on
monitoring and tracking of CO, migration in various types of storage sites, as well as impor-
tant physical parameters relevant to sequestration. Thus, the book covers a wide variety of
topics related to CCUS. It is hoped that it can serve as a useful source of reference to both
researchers and students interested in learning about various aspects of CCUS technology.

Ramesh K. Agarwal
Washington University
St. Louis, USA
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Chapter 1

Carbon Sequestration in Soils: The Opportunities and
Challenges

Ahmed Chinade Abdullahi, Chamhuri Siwar,
Mohamad Isma'il Shaharudin and Isahak Anizan

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79347

Abstract

Recently, the contributions of the soil in various ecosystems have become more promi-
nent with the recognition of its role as a carbon sink and the potential of that in reduc-
ing the concentration of carbon dioxide (CO,), which is a vital greenhouse gas, from
the atmosphere. Conversely, the soil capacity to increase the concentration of CO, in
the atmosphere through mineralization of organic matter is also a source of concern.
Mineralization of only 10% of the soil organic carbon pool globally is believed to be
equivalent to about 30 years of anthropogenic emissions. This underscores the need to
preventing carbon loss (emission) from the soil resource. Globally, the soil contains a
large carbon pool estimated at approximately 1500Gt of organic carbon in the first one
meter of the soil profile. This is much higher than the 560 Gt of carbon (C) found in the
biotic pool and twice more than atmospheric CO,. By holding this huge carbon stock,
the soil is preventing carbon dioxide build up in the atmosphere which will confound
the problem of climate change. There are a lot of strategies used in sequestering carbon
in different soils, however, many challenges are being encountered in making them cost
effective and widely acceptable.

Keywords: soil carbon sequestration, climate change, carbon dioxide, ecosystem
services

1. Introduction

The role of soil the ecosystem is increasingly being recognized with the realization that it
has the capacity of reducing the concentration of carbon dioxide (CO,) in the atmosphere
(through sequestration of organic carbon in the soil) and also by releasing this CO, back into

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



4 Carbon Capture, Utilization and Sequestration

the atmosphere (through mineralization of soil organic matter). It has been reported that min-
eralization of only 10% of the soil organic carbon pool globally can be equivalent to about
30 years of anthropogenic emissions [1].

This underscores the need to preventing carbon loss (emission) from the soil resource.
Globally, the soil contains a large carbon pool estimated at approximately 1500 Gt of organic
carbon in the first 1 m of the soil profile [2—4]. This is much higher than the 560 Gt of carbon
(C) found in the biotic pool [5] and twice more than atmospheric CO, [6]. By holding this huge
carbon stock, the soil is preventing carbon dioxide build up in the atmosphere which will
compound the problem of climate change.

There is huge opportunity of sequestering atmospheric carbon in the soil for a long period of
time because already 24% of global soils and 50% of agricultural soils are degraded globally
[7]. Because most of agricultural soils are already degraded, they are estimated to have the
potential of sequestering up to 1.2 billion tonnes of carbon per year [8].

Carbon sequestration in soils can be a short term solution of reducing CO, concentration in
the atmosphere until when more effective strategies are found [4].

Despite the huge carbon deposit in soil ecosystem globally, research efforts in sequestration
has been primarily focused on geological and vegetation carbon capture and storage while
giving less attention on the role of soil as a viable carbon sink [9].

This chapter will trace the origin of carbon sequestration idea as a potential climate mitiga-
tion measure as well as review the conceptual basis and mechanism of carbon capture and
sequestration in soils. The benefits and challenges facing carbon sequestration in soils are
also discussed extensively. Finally, some proven management practices and strategies used
in enhancing the soil carbon stock under forest and agricultural ecosystems are outlined. The
chapter concludes by emphasizing the need for the scientific community to resolve most the
challenges making widespread adoption of this initiative difficult.

2. Genesis of the carbon sequestration idea in terrestrial systems

The idea that the concentration of CO, in the atmosphere can be minimized by sequestering
it in terrestrial ecosystems, including the soil was first proposed by Dyson in 1977 [10]. He
realized that the danger of rising CO, concentration in the atmosphere outweighs the benefits
and that increased CO, into the atmosphere is inevitable in the light of continued dependence
on fossil fuels. Therefore, a strategy was needed for reducing CO, emission without ‘drastic
shutdown of industrial civilization’. He proposed that the excess CO, could be absorbed by
trees in a large scale plantation as a potential strategy for halting the continuous CO, build
up in the atmosphere. This is in light of evidence that the photosynthetic turnover is 20 times
larger than the annual increase in atmospheric CO, [10]. He therefore concluded that by plant-
ing of fast growing trees on a massive scale on marginal land or growing and harvesting
swamp-plants and converting them into humus or peat the concentration of CO, in the atmo-
sphere could be minimized. This could be a short gap measure to hold the atmospheric CO,
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level down until alternatives to fossil fuels are found. Much later in 1989, Sedjo and Solomon
also wondered whether CO, can be offset by increasing the size of forest areas globally [11].

3. Evidence that carbon is sequestered in the soil and terrestrial
ecosystems

The soil is reputed to contain the largest terrestrial carbon pool estimated at approximately
2344 Gt (1 gigaton = 1 billion tonnes) of organic carbon in the first 3 m, 1500 Gt in the first
1 m and 615 Gt stored in the top 20 cm of the soil profile [2—4]. By holding this huge carbon
stock, the soil is preventing or delaying carbon dioxide build up in the atmosphere which will
compound the problem of climate change. Considering the fact that only 9 Gt of C is added to
the atmosphere yearly through anthropogenic activities from fossil fuels and ecosystem deg-
radation [4], the soil can be counted on as an effective carbon sink that renders vital climate
regulation services.

Conversely, the soil also emits CO, back to the atmosphere due to SOM decomposition esti-
mated at 150 Gt which leaves a vacuum that could be filled if the lost C can be recaptured back
and stored in the soil [12].

The amount of carbon emitted annually into the atmosphere is estimated at 8.7 Gt C while
only 3.8 Gt/year is found in the atmosphere at a given time [4]. This leaves an unaccounted bal-
ance of 4.9 Gt C/year that is believed to have been sequestered on terrestrial systems (oceans,
forests, soils, etc.). The realization that the terrestrial systems (including soil) have the capac-
ity to sequester this difference (4.9 Gt C/year) has generated interest in the potential of these
systems to sequester and store carbon in long-lived pools thereby preventing its accumulation
in the atmosphere [3, 4, 13-15]. Just like the way the soil sequesters and stores, organic carbon,
thereby reducing the amount in the atmosphere, it can equally release carbon (through CO,)
into the atmosphere and raise the concentration of carbon dioxide [12].

Over the last few decades, the soil has lost considerable quantity of carbon as a result of
anthropogenic activities such as deforestation and agricultural activities. Managed ecosys-
tems such as agriculture are believed to have already lost 30-55% of their original soil organic
carbon stock since conversion [7]. The lost productivity of agricultural and degraded lands
together offers an opportunity for recovering 50-60% of the original carbon content through
adoption of carbon sequestration strategies [13]. This situation creates an opportunity for the
replenishment of the lost carbon stock through adoption of deliberate strategies and policies
of carbon sequestration. This may likely reduce the amount of CO, in the atmosphere.

3.1. Mechanisms of carbon capture and sequestration

Soil carbon is originally derived from the CO, assimilated by plants through photosynthesis
and converted to simple sugars and eventually returned to the soil as soil organic matter.
Photosynthesis is the process where plants produces organic compounds such as carbo-
hydrate by using solar energy to convert CO, and water into organic compounds such as
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carbohydrates. These organic compounds are then used in making the plants structural com-
ponents (also known as biomass) and generating the energy needed for metabolic activities.
The maximum amount of carbon that can be produced, otherwise known as gross primary
productivity (GPP), depends on the plant’s ability to produce these compounds through pho-
tosynthesis. The biomass produced through photosynthesis is utilized by the plants them-
selves in generating the energy needed for metabolic activities in a process called respiration.
The difference between the GPP and respiration is called the net primary productivity (NPP).
NPP is generally believed to be 45% of the GPP [16].

NPP is determined by the potion of solar radiation captured by the plants and used for the
photosynthesis (also known as photosynthetically active radiation (PAR), the leaf area index,
the light use efficiency (the ratio of primary productivity to absorbed PAR) of the vegetation
and autotrophic respiration [12]. The higher the NPP the more carbon is transferred to stable
pools in the soils [17].

4. Carbon sequestration

Carbon sequestration is the process of transferring carbon dioxide (CO,) from the atmosphere
into stable terrestrial carbon (C) pools.

The process can be driven naturally or anthropogenically. The anthropogenically driven
sequestration ensures that there is no net gain in the atmospheric C pool because the CO,
sequestered comes from the atmosphere. There are basically two types of sequestration:
abiotic and biotic. The abiotic techniques involve injection of CO, into deep oceans, geologi-
cal strata, old coal mines and oil wells. The biotic component on the other hand, involves
managing higher plants and micro-organisms to remove more CO, from the atmosphere and
fixing this C instable soil pools. Biotic sequestration is further subdivided into oceanic and ter-
restrial sequestration. Oceanic sequestration involves C capture by photosynthetic activities
of organisms such as phytoplankton, which converts the C into particulate organic material
and deposits such on the ocean floor. This type of sequestration is reported to fix about 45 Pg
Clyear [18].

Terrestrial sequestration involves the transfer of CO, from the atmosphere into the biotic and
pedologic C pools. This is accomplished by the transfer or sequestration of CO, through pho-
tosynthesis and storage in live and dead organic matter. The major terrestrial C sinks include:
forests, soils and wetlands.

4.1. Carbon sequestration in soil ecosystem

Soil carbon sequestration is defined by Olson et al. [19] as:

the process of transferring carbon dioxide from the atmosphere into the soil of a land unit through
plants, plant residues, and other organic solids, which are stored or retained in the unit as part of the
soil organic matter (humus) [19].
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According to the Soil Science Society of America, it is the storage of carbon in a stable solid
form in the soil as a result of direct and indirect fixation of atmospheric CO, [20]. The direct
fixation involves natural conversion of CO, into soil inorganic compounds such as calcium
and magnesium carbonates while the indirect sequestration takes place when plants produce
biomass through the process of photosynthesis. This biomass is eventually transferred into
the soil and indirectly sequestered as soil organic carbon after decomposition. Subsequently,
some of this plant biomass is indirectly sequestered as soil organic carbon (SOC) during
decomposition processes. The amount of carbon sequestered in the soil reflects the long term
balance between carbon uptake and release mechanisms. Many agronomic, forestry and
conservation practices, including best management practices lead to a beneficial net gain in
carbon fixation in soil. The carbon sequestered under direct fixation is also referred to as soil
inorganic carbon (SIC) while C fixed indirectly is called soil organic carbon (SOC) [5].

Carbon can also be sequestered in soil through the accumulation of humus onto the surface
layers (usually 0.5-1 m depth) of soil or anthropogenically through land use change or adop-
tion of right management practices (RMPs) in agricultural, pastoral or forest ecosystems [5].
Soils in managed ecosystems tend to have a lower SOC pool than those in natural ecosystems
due to oxidation or mineralization, leaching and erosion [5]. Globally, soils are reported to the
have the capacity of sequestering 0.4-0.8 Pg [21].

The sequestration of carbon in soils depends on a number of factors depending on whether
it is abiotic or biotic. Abiotic soil C sequestration depends on clay content, mineralogy, struc-
tural stability, landscape position, soil moisture and temperature regimes [22]. Biotic soil C
sequestration on the other hand depends on management practice, climate and activities of
soil organisms [23, 24].

4.2. Carbon stock in forest soils

Carbon is stored in forest ecosystems mainly in biomass and soil and to a lesser extent in
coarse woody debris [25]. The carbon stock in forest soils play a large role in global carbon
cycle due to the large expanse of forest ecosystems estimated at 4.1 billion hectares globally
[26]. It has been estimated that, globally, the forest ecosystem contains about 1240 Pg C [27].
Out of this amount, the plants (vegetation) contain about 536 Pg C while the soil is believed to
contain up to 704 Pg C. This is a very significant amount.

The forest ecosystems contain more than 70% of global soil organic carbon (SOC) and forest
soils are believed to hold about 43% of the carbon in the forest ecosystem to 1 m depth [2].

However, unfortunately this high carbon content inherent in natural forest soils is easily
depleted by decrease in the amount of biomass (above and below ground) returned to the
soil, changes in soil moisture and temperature regimes and degree of decomposability of
soil organic matter (due to difference in C:N ratio and lignin content) [14]. Anthropogenic
activities such as conversion of forests to agricultural land also deplete the soil organic carbon
(SOC) stock by 20-25% [28]. Deforestation is reported to emit about 1.6-1.7 Pg C/year (about
20% of anthropogenic emission [29].

7



8 Carbon Capture, Utilization and Sequestration

4.3. Carbon stock in agricultural soils

According to the IPCC agricultural soils have the potential of sequestering up to 1.2 billion
tonnes of carbon per year. However, it has been estimated that already about 50% of agricul-
tural soils have been degraded globally, a situation that creates an opportunity for sequester-
ing atmospheric carbon in the soil for a long period of time [8].

The potential of sequestering carbon in agricultural land is huge as over one third of the
world’s arable land is in agriculture [30]. Agricultural land could sequester at least 10% of the
current annual emissions of 8-10 Gt/year [31].

5. The role of soil carbon in different ecosystems

The carbon in soil plays significant roles in different ecosystems. Some of these include:

5.1. Mitigation of climate change

The continuous increase in the concentration of carbon dioxide (CO,) and other GHGs in the
atmosphere largely due to anthropogenic sources is believed to be responsible for climatic
changes and related consequences being experienced across the globe [21, 23].

This situation has generated interest in developing strategies for reducing GHGs build up in
the atmosphere.

Out of the approximately 8.7 Gt C/year being emitted into the atmosphere, from anthropo-
genic sources, only 3.8 Gt C/year remains [5, 32]. The unaccounted difference of 4.9 Gt C/year
is believed to be sequestered in terrestrial (oceans, forests, soils, etc.) bodies which is referred
to as the ‘missing sink’ [32, 33]. This realization has generated interest on the potential of
terrestrial sector (including soil) to sequester carbon in long-lived pools thereby reducing the
amount that is present in the atmosphere [3, 4, 13, 14].

5.2. Sustainable land management

Apart from reducing the concentration of greenhouse gases (GHGs) in the atmosphere, soil
carbon sequestration also complements efforts geared at improving land (forest or agricultural
land) productivity. This is because all strategies that sequester carbon in soil also improve soil
quality and land productivity by increasing the organic matter content of the soil. Organic
matter improves soil’s structural stability, water-holding capacity, nutrients availability and
provide favorable environment for soil organisms [13].

Carbon sequestration activities offer an opportunity for regaining lost productivity especially
under agricultural systems. It has been reported that managed ecosystems such as agricul-
ture have lost 30-55% of their original soil organic carbon stock since conversion [7]. The lost
productivity of agricultural and degraded lands together offers an opportunity for recovering
50-60% of the original carbon content through adoption of carbon sequestration strategies [13].
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5.3. Ancillary benefits

Apart from climate change mitigation and improving forest land productivity, carbon seques-
tration in soils (of different ecosystems) also have several ancillary benefits. Some of these
include: improvement in water holding capacity and infiltration, provision of substrate for
soil organisms, serving as a source and reservoir of important plant nutrients, improvement
of soil structural stability among others [13]. According to [34] the environmental benefits
associated with soil carbon sequestration is 40-70% higher than the productivity benefits.
Based on these reasons, therefore, any policy, strategy or practice that increase soil carbon
sequestration also generates these benefits.

5.4. Carbon inventories

The obligation on countries, that are parties to the UNFCC, to deposit their independent nation-
ally determined contributions (INDCs) requires a comprehensive estimation and valuation all
carbon sink and sources in the terrestrial and other sectors. These estimation and valuation of
carbon in the LULUCEF sector will be incomplete if the contribution of soil carbon is excluded due
to its large percentage (36—46%). Carbon inventory is a process of estimating changes in the stocks
(emission and removals) of carbon in soil and biomass periodically for various reasons [35].

6. Challenges of carbon sequestration in soils

Although there are a lot of opportunities in leveraging carbon stock and sequestration poten-
tial in the soil of different ecosystems, there are numerous challenges making this difficult in
reality. Some of these challenges include:

a. Measurement and verification: the stock of carbon in soils is difficult, time-consuming and
expensive to measure. Changes within the range of 10% are very difficult to detect due to
sampling errors, small-scale variability and uncertainties with measures and analysis [36].
The annual incremental stock of carbon in soil is very small usually within 0.25-1.0 t/ha
[37]. It is even more difficult to account for little gains or losses in soil carbon at various
scales due to methodological difficulties such as monitoring, verification, sampling and
depth [38]. Even if these small changes (gains or losses) are detected, it is not easy to link
such changes to management or land use practice in a given context. The capacity of the
soil to sequester and retain carbon is also finite as it reaches a steady state after sometime.

b. Carbon pools: sequestered carbon exists in the soil in different pools with varying degree of
residence time in the ecosystem. These pools include:

i. Passive, recalcitrant or refractory pool: organic carbon held in this pool has a very
long residence time ranging from decades to thousands of years.

ii. Active, labile or fast pool: carbon held in this pool stays in the soil for much shorter period
due to fast decomposition. The residence time normally ranges from 1 day to a year.

9
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iii. Slow, stable or humus pool: carbon held in this pool has long turnover time due to
slow rate of decomposition. The residence time typically ranges from 1 year to a
decade.

d. Permanence: another challenge of carbon sequestration in soil is non-permanence of the
sequestered carbon as it can be released back to the atmosphere as easily as it is gained as
a result of decomposition or mineralization. It is for this reason that sequestered carbon
is considered a short-term option for removing carbon from the atmosphere. The rate of
carbon loss depends on several climatic, land use and management factors.

e. Separation: it is very difficult to isolate and differentiate the portion of carbon sequestered
in the soil as result of management activities or land use and that which occurred natu-
rally. The principle of separation requires that the carbon sequestered or GHGs emission
prevented as a result of management intervention be distinguished from that which would
have occurred due to natural causes. Methods are therefore needed that can differentiate
naturally sequestered carbon from that captured due to human management [39].

7. Strategies of increasing carbon stock in soils

There are proven practices and strategies that lead to increase in soil carbon stock in different
terrestrial ecosystems. Most of these strategies increases the carbon stock in biomass through
photosynthesis and indirectly builds up below ground and soil carbon through increased
deposition of organic matter. According to Post and Kwon in 2000, organic carbon level of soil
can be improved by increasing the amount of organic matter input, changing the decompos-
ability of organic matter, placing organic matter in deep layer and enhancing better physical
protection of the soil aggregates or formation of organo-mineral complexes [14].

In the forest ecosystem, the following have been widely reported.

* Afforestation

¢ Reforestation

* Natural regeneration

* Enrichment planting

* Reduced impact logging (RIL)

¢ Increasing the carbon stock of existing forests using several silvilcultural techniques among
others [40—43].

In the agricultural ecosystem, some strategies that enhance carbon capture and storage in the

soil include:

* Manuring and fertilizing

¢ Conservation tillage (minimum, zero/no-till)
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¢ Crop residue management

¢ Cover cropping

* Application of farmyard manure

* Application of inorganic fertilizers
¢ Rotational grazing

* Perennial cropping systems

¢ Etc.

8. Conclusion

There has been increasing interest on carbon capture and storage in the soils of different
ecosystems as a climate mitigation measure. However, enhancing the carbon stock of soils
also have ancillary benefits such as improving soil health and productivity, water reten-
tion, fertility enhancement among others. Although, theoretically this idea sounds appeal-
ing, however it is difficult to operationalize it in practice due to a number of challenges.
Some of these include difficulties in measurement of soil carbon stock, permanence, carbon
pools with different carbon residence times, separation, the tendency of the soil to reach
saturation level when the maximum attainable carbon that could be captured is reached.
Advances have been made in tackling most of these challenges, however, deliberate actions
to enhance carbon capture and sequestration in the soil ecosystem is yet to get wide accep-
tance by practitioners and policy makers alike. This chapter is written in an attempt to cre-
ate more awareness on the potential of soils in capturing and storing atmospheric CO, in
long lived pools thereby mitigating climate change in the process. Researchers should also
work assiduously in finding solutions to the challenges making widespread adoption of this
initiative difficult.
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Abstract

Carbon sequestration (CS) is an important strategy for the mitigation of climate change
(CC) as well as for improving the soil fertility of agricultural soils. Carbon sequestration
in crop lands and rangelands requires a certain amount of organic matter (OM) presence
in the soil called soil organic matter (SOM). Organic amendments like animal and poultry
manures, the incorporation of different crop residues, different types of compost, sugar-
cane bagasse, peat soils, different wood chips, biochar and good agricultural practices
like cover crops, nutrient management, mulching, zero and no-tillage techniques, soil
biota management and mulching are effectively used for this purpose. These enhance the
SOM and improve the soil’s physical and chemical properties which help to sequester
more C in soil which ultimately contributes towards CS and CC mitigation.

Keywords: carbon sequestration, amendments, biochar, agricultural practices, tillage

1. Introduction

There is an increase in atmospheric C concentration by 31% which is 270 + 30 Pg since indus-
trial uprising due to the change in land use patterns. Depletion of SOM has contributed up to
78 +12 Pg in the atmosphere. Agricultural soils have lost two-thirds of the original SOC with a
cumulative loss of 3040 Mg C ha™'. Atmospheric C removal and storing it in the soils is one of
the best options. From soils, agricultural soils are thought to be a major sink and can sequester
more and more quantities of C if we adopt agroforestry. It has received widespread credit due
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to its advantages of helping in agricultural sustainability CC mitigation [1]. The CS potential
of agroforestry systems is estimated between 12 and 228 Mg ha™. So, based on the Earth’s total
suitable area for crop production, which is 585-1215 x 10° ha, a total of 1.1-2.2 Pg C can be
sequestered in the agricultural soils in the next 50 years [2]. Overall, the agriculture sector has
a great potential for CS in the soil as well as in crop plants. Changes in agricultural practice
and managements can also result in enhanced CS in them. It is presumed that if we change the
management practice, it will result in decreased crop yields but the net C flux can be greater

Sr. No. Term Definition Reference
1 Carbon sequestration It is the processes by which C is removed from the atmosphere and [11]
stored in the sinks like ocean, forest and crops, soils and geologic
formations.
2 Agroforestry It is a combination of two words, agriculture and forestry in which [12]
perennial trees and shrubs are grown in combination with agricultural
crops.
3 Mulching It is a detached vegetation covering wheat straw, compost or may be  [13]

plastic sheets which are spread around plants to secure them from
excessive evaporation, cold stress and promoting SOM contents in
soil.

4 Crop residues Detached vegetative parts of crop plants that are intentionally leftto ~ [14]
decay in agricultural fields after crop harvesting.

5 Crop rotation It is the systematic planting of different crops in a specific order for [15]
several years in the same agricultural field.

6 Nutrient It is the combination of strategies which links soil, crop and weather ~ [16]
management factors and irrigation for ideal nutrient use efficiency to crops.
7 Zero tillage A tillage system in which soil disturbances through ploughing isnot  [17]
being done.
8 Conservation tillage  If we leave crop residues of previous crop on fields to improve SOM,  [18]

reducing soil erosion and runoff.

9 Biochar It is carbonized biomass obtained from sustainable sources [19]
and sequestered in soils and can also be obtained by pyrolysis
synthetically.

10 Cover crops Crop which is grown for the benefit of the soil rather than the crop [20]
yield.

11 Compost Material which largely consists of decayed organic matter and is used  [21]

for fertilizing and conditioning of agricultural soil.

12 Cropping intensity It is the fraction of the cultivated area that is harvested. [22]

13 Bagasse Itis a dry pulp like material which is left when we extract juice from  [23]
sugar cane.

14 Animal manure Animals excreta collected from livestock farms and barnyards used to  [24]

enrich the soil.

15 Peat moss It is also called bog moss or sphagnum moss, a plant very rich in [25]
organic matter and used to enhance SOM.

Table 1. Some terms used in the chapter and their definitions.
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under the new system. It will only happen when crop demand remains the same and addi-
tional lands are brought into production. Conversely, if increasing crop yields lead to land
abandonment, the overall C savings from changes in management will be greater than when
soil CS alone is considered [3]. Application of organic amendments and N fertilizer incurs
C emissions to the atmosphere, which must be deducted by increasing SOM. Application of
manures is important for maintaining agricultural soil health [4, 5].

When agricultural waste lands are vegetated, C is increased in them and can accumulate
SOM in them. This accumulation reverses C losses from soils when these lands are converted
to perennial vegetation. Maximum rates of CS during the early stage of perennial trees is
100gCm2yr while average rates are like forests and grasslands, that is, 33.8 and 33.2gCm™2y ™,
respectively [6]. Carbon sequestration (CS) potential by agroforestry is estimated up to 9, 21,
50, and 63 Mg C ha™ in semiarid, sub-humid, humid and temperate regions, respectively. For
small land holdings, CS potential ranges from 1.5 to 3.5 Mg C ha™ yr.”". Another advantage
of agroforestry is soil property enhancement which also enhances the CS in plants and soils.
Agroforestry systems are important C sinks but intensively managed agroforestry practice in
combination with annual crops is like conventional agriculture which does not contribute in
CS [7]. Agricultural practices like CT is effective in in enhancing CS [8]. The global potential
of CS through agroforestry and CT is around 0.9 + 0.3 Pg C year™ offsetting 25-75% of the
annual C emissions. It is a truly win-win strategy which restores degraded soils, enhances
biomass production, purifies surface and ground waters and reduces C from the atmospheric
[9, 10] (Table 1).

2. Agriculture practices which involve CS

Agricultural practices help in sequestering C in soils such as zero or reduced tillage, crop
residue incorporation in fields, nutrient management, preventing OM loss, supplying nutri-
ents and maintaining soil microbes, soil erosion control, vegetation or revegetation, cover
cropping, green manuring, crop rotations, agro-forestry, soil rehabilitation, reclamation and
use of salt-affected soils for forest plantations and crop production.

2.1. Zero tillage and conservation agriculture

Zero tillage is the type of conservation agriculture which does not disturb the soil comprising
minimum soil disturbance, crop residues, cover crops and their diversification; this is also
promoted for reducing soil disturbance and improving SOM and its sustainability as well as it
also mitigates the CC through CS up to 0.16-0.49 Mg C ha yr™. Increase in SOC concentration
from CA induces improvement in the soil’s physical and chemical attributes which ultimately
contribute to increase the sustainability and CC mitigation through CS [26]. In Brazil, the
government is trying to increase the agricultural area under zero tillage from 32 to 40 million
ha by 2020 to mitigate C emissions. It was calculated that average annual CSis 1.61-1.48 Mg C
ha™ yr in Brazil for the 8 years from 2003 to 2011. So, converting 8 million ha of cropland to
zero tillage can sequester an estimated soil C storage of about 8 Tg C yr' in 10-15 years [27].



20 Carbon Capture, Utilization and Sequestration

In Haryana, India, conventional and zero tillage techniques were tested for the efficiency of
CS; results showed that nearly USD 97.5 ha™ can be earned extra by adopting zero tillage as
zero tillage reduces the tillage implement costs, labor and fuel costs by spending USD 76 ha™
and 97.5 USD earnings show that shifting from conventional to zero tillage reduces cost and
additionally, sequester C emission by 1.5 Mg C ha™ season™ [28, 29]. Zero tillage generates
considerable benefits up to US D 97 ha™'; it also increases the crop yield by 5-7%, saving costs
up to USD 52 ha™ [30-32].

2.2. Conservation tillage

Soil organic matter (SOM) is considered as C pool as well as its source while it decomposes.
It decomposes when conventional tillage (CoT) is done. To check the effectiveness of conser-
vation tillage in SOM retention, three scenarios of conservation tillage in model were used,
that is, 27%; the current usages are 57 and 76%. The SOM content for major field crops up
to 30 cm was 5304-8654 Tg C with 1710-2831 Tg C at 0-8 cm depth and 1383-2240 Tg C at
8-15 cm depth [33]. Changes in the SOC are greatly influenced by long-term tillage practices.
For example, soil from 0 to 60 cm after 25 years of CT showed 5% higher soil bulk density for
conservation tillage as compared to CoT practices. Analysis also showed that CS and storage
was significantly higher in CT soil than CoT. So, it was concluded that CT practices increased
SOM and CS as compared to CoT [34, 35]. It is a fact that interest in C storage in soils has
gained a lot of interest in the last few years, especially C with its potential to help alleviate
or offset some of the negative effects of the increase in greenhouse gases in the atmosphere.
Several questions still exist about what management practices can optimize CS in the soil.
Primary method is to conserve SOM by not ploughing. As in a study involving different till-
age practices like CT, ZT, NT and CoT, it showed that CS throughout the profile was sig-
nificantly affected by tillage practices. Conservation, ZT and NT showed that there is the
greatest potential of CS while applying ZT, NT and CoT [36]. Conservation tillage is highly
recommended in crop lands as a means of enhancing CS in these soils. Carbon sequestration
can be increased by 3.15 + 2.42 t ha™ by adopting CT [37].

2.3. Nutrient management

Agricultural soils can be a sink for atmospheric C concentrations by CS. It is accomplished
by the formation of SOM or humus which is limited by the availability of nutrients such
as nitrogen (N). Optimization of N can be a good mean for CS. Practices that enhance N in
soil are no or reduced tillage and increased crop intensity. Nitrogen additions are important
for increasing biomass yield and hence crop residues’ decomposition in soil which increases
SOM concentration. Practices like CT and increased cropping intensity and crop rotations
yield more quantity of crop residues, increasing N availability and CS. Croplands have the
potential of sequestering C from 8 to 298 Tg C yr.™ [38]. Soil organic matter and N are directly
influenced by tillage, residue return and N fertilization management practices [39], and that
is why, intensive use of N fertilizers is employed to achieve higher economic value of high-
grain yields and is generally perceived to bring about CS and by increasing the inputs of
crop residues [40]. To determine the effects of N, tillage and crop rotation on SOM, long-term
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tillage and rotation studies were conducted. Conventional techniques and ZT were applied
and C and N were determined from soils at depths of 0-2.5, 2.5-7.5, 7.5-15 and 15-30 cm. It
was revealed that compared with CT, NT had greater organic C, N and SOM. Increases in
SOM were directly related to the tillage practice and N fertilizer application [41].

2.4. Cropping system and intensity

Soils represent a C pool of approximately 1500 Gt. Any modification or change of land use or
land management can induce variations in soil C stocks [42]. Intense cropping systems always
cause depletion of SOM but applying crop residues, balanced fertilization with NPK and use
of organic amendments can increase CS levels to 5-10Mghayr.™”. As these amendments also
contain 10.7-18% C in them, they also help in CS [43].

In agricultural systems, there is a need for the optimization of C and N by cropping intensity
and system to sequester C in the form of SOM which, in addition, gives stable soil structure,
more yield and economic benefits [44]. Here, one challenge is to analyze the mechanism,
capacity and longevity of C stabilization in agricultural lands by cropping intensity and
systems. It is estimated that across 10 cropping systems, annual soil CS rates range up to
0.56 Mg C ha™ yr.”" [45]. Continuous and intense crop production accumulates 10-17% more
SOM and N [46]. Increases in CS in soil can be attained by improved soil fertility, extensive
cropping systems with shifting cultivation cropped fallows and cover crops [47]. Tillage,
land cover, nutrients and cropping system management can contribute in CS up to 30-105
million metric tons of C (MMTC) yr.”. Cropping intensity and rotations have the potential to
sequester 14-29 MMTC yr.™". By adopting these strategies, biomass production is increased
and so, the C usage in the plants is increased and more C is sequestered in the plant and
soil. If nutrient inputs combined the above strategies, this CS amount can be doubled [48].
Increase in SOM can be seen under long-term maize-wheat-cowpea cropping system up to
1.83 Tg C yr.™" [49].

2.5. Mulching

Carbon concentration and SOM is increased by adding mulch, and crop residues are widely
applied in the form of mulch for CS and crop protection against cold stress. Mulch can
increase CS in agricultural soils up to 8-16 Mg ha™ yr.™ and additionally, the soil’s physical
and chemical properties are also improved. Total SOM by using mulch increased from 1.26
to 1.50% [50]. Mulch also plays a key role in supplying nutrients, playing a role in the C and
N cycle and the sink of C. It can significantly increase SOM and CS in the topsoil layer of
0-5 cm. This variation in the CS is attributed to the mulch rates. As more is the mulch and time
after applying mulch, more will be the CS rate. For example, there will be 41% more CS after
4 years of mulching and 52% more CS after 11 years of mulching [51, 52].

2.6. Residues and nutrient management

Crop residues and nutrients especially N help in sequestering C in soils up to 21.3%-32.5% and
simultaneously improve soil quality and plant growth [53]. Total SOM stocks are improved
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by crop residues which suggests the substitution of SOM by fresh SOC derived from crop
residues from 3.5 to 5.5 Mg C ha™ [54]. The use of crop residue as a source of CS and keeping
the soil in good quality helps in nutrient management and conservation. In the USA, a total
of 367 x 10° Mg year™ crop residues from 9 cereal crops, 450 x 10° Mg year™ for 14 cereals and
legumes and 488 x 10° Mg year™ for 21 crops are produced. The amount of total crop residue
production in the world is 2802 x 10° Mg year™ from cereal crops and 3758 x 10° Mg year™
from 27 food crops which can sequester 40-60% of total agricultural C emissions through
their incorporation in the fields [55].

2.7. Soil biota management

Biological CS is accomplished by microbial activities. Mechanisms of CS by microbes need to
be developed based on experiments and field investigations to predict the CS potential and
C cycling under potential global change scenarios [56, 57]. Microbes improve the physical,
chemical and biological soil properties in RT or NT areas. The evaluation of the soil microbial
and biochemical environment greatly in these areas aids predictions of C availability in soil
and plants to quantify CS. Where microbial communities are higher, C and N were 1.32-1.82
[58, 59]. Carbon sequestration was recorded higher up to 49.9 g C kg™ in soils which were rich
in soil microbes like fungi and soil bacteria [60].

2.8. Cover crops

The use of cover crops for the maintenance and restoration of SOM and soil productivity is
a popular option [61]. Planting cover crops is a promising option to sequester C in cropping
systems by the implementation of recommended management practices. The highest CS rate
up to 5.3 t Cha™ yr. is observed by cover cropping of olive orchards, vineyards and almond
orchards. Soil CS rate tends to be the highest during the first years after the change of the
management and progressively attains equilibrium. Soil CS rates in cover cropping are much
higher than that of fields with low or no cover cropping which suggests that the adoption of
cover cropping is a sustainable and efficient measure to mitigate CC [62].

2.9. Soil fertility management

Rice-fallow-rice is one of the dominant cropping systems which has received attention to
improve SOM by using organic amendments. Understanding the contributions of organic
amendments in CS is important for the estimation of CS, their nutrient supply potential and
their role in it. In different organic amendments, poultry manure is found to be more effi-
cient in increasing C and other nutrients in soils and microbial activities which contribute
to CS in the rice-rice cropping system [63, 64]. Raw adzuki bean (Vigna angularis (Willd.)
Ohwi and Ohashi) and wheat (Triticum aestivum L.) straw residues can supply C into fields
by 499 + 119 kg C ha™ [65]. The Mekong Delta, Vietnam, produces 21 Mt. of rough rice
(Oryza sativa L.) and an estimated 24 Mt. of rice straw annually. The spread of these crop
residues in this area can increase CS and SOM, significantly reducing GHG emissions [66].
Crop residue decomposition acceleration can enhance the SOM [67].
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3. Organic amendments

3.1. Animal manure

Animal manure is the source of C and the addition of animal manure to different crop
fields has impacts on C contents [68]. Different researchers conducted the experiments in
Germany to check the soil’s C levels. The experiment showed that the annual application
rate of 200 Mg ha™ yr.™ of manure to the crop field shows a high level of SOM with respect
to adjacent fields [69]. Powlson reported that the mean annual SOC sequestration rates of
three long-term (>49) years of manure applications ranged from 10 to 22 kg C ha™ yr.” t”
of dry solids, while SOC sequestration rates with shorter-term experiments (8-25 years of
farmyard manure, cattle slurry and boiler litter) were from 30 to 200 kg C ha™ yr.”" t™ of dry
solids [70]. The experiment was conducted to improve the soil quality and crop productivity.
Improved soil properties refer to better C management. Animal manure also increases the
salt concentration of the soil. The long-term application of manure increases the SOM signifi-
cantly [71]. In another study, the farm yard manure was applied to the rice-wheat cropping
system with NPK fertilizers and results showed significantly an increase in C sequestration in
farm yard manure-applied plots than NPK-applied plots [72]. The same experiment was con-
ducted on the maize-wheat cropping system, but in this experiment, the farm yard manure
is applied with green manure and indicates that green manure sequesters more C [73]. It was
also observed that the high application of N has the potential to sequester C almost at the rate
of 1.0-1.4 Mg ha yr.”! [74].

3.2. Crop residues

The researchers investigated that the annual production of crop residues is about 3.4 x 10°
tones worldwide. If 15% of the total residue is applied to the soil, it will increase the C con-
tents of soil. The crop residues are the remains of the agricultural crops. The intensive agricul-
ture system increases the crop residue production significantly. This may increase the SOM
and soil aggregation and hence C storage [75]. The degradation of crop residue depends upon
its composition. For example, it is difficult for microorganisms to start the degradation of the
substances which contain a high content of lignin. There three mechanisms, which are classi-
fied by different researchers based on the stabilization of SOM, include chemical, biochemical
and physical stabilization [76]. Agricultural practices such as the addition of crop residues
increase the SOM as well as nutrients contents in the soil by integrated nutrient management
[77]. Most studies focus on the fact that the change of crop residue traits has positive effects of
the soil CS in organic farming system [78].

3.3. Composting

Composting is the systematic and controlled breakdown of different types of organic matter
including animal manure, woody material and other organic waste. The C content is available
in the form of plant uptake in the composting. When the compost matures, 50% of Cis available
in the form of humic substances [79] and is thought to be more stable practically [80]. In the
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long-term application of compost, about 8 years or 5 years, a mean 60 kg C ha™ yr.” t* of dry
solids were monitored [81]. The compost applied in different plots and the soil organic C stock
increased significantly compared with the initial stock [82]. It is a win-win condition to increase
C storage in the soil as well as plant growth and yield by chemical fertilization. The compost
application at the rate of 10 Mg ha™ yr.” results in higher CS. This clear cut indicates that
composting not only increases the net primary production but also the C content of the soil [83].

3.4. Bagasse

The application of different types of biomass in soil is the best technique to enhance CS in the
agricultural sites. The application of bagasse as a biomass in the field showed that bagasse
has the potential to sequester C at about 1200-1800 t C year™ [84]. The application of biochar
produced from bagasse is a very authentic organic amendment to soil for retaining its water
content [85]. Another study suggested that Bagasse can be converted into B and applied in
the soil and it has the potential to sequester C. The porous and high surface area is efficient
for the sequestration of C from the atmosphere. Bagasse (B) produced at 600°C showed the
most adsorption of C (73.55 mg g at 25°C) [86]. The use of bagasse ash is investigated in an
experiment. Different ashes like bagasse and rice husk ash were investigated on wheat soil
and the soil organic C content and enzymatic activity were monitored. Bagasse ash increases
the soil organic contents at the rate of 525 kg ha™ y while rice husk ash has no increase of
SOM. Bagasse ash increases the soil dehydrogenase and cellulose activity. Long-term inves-
tigations are needed to check the effect of ash effects on the soil’s physical, chemical and
biological properties [87].

3.5. Wood chips

The world is under threat due to drastic effects of CC, energy access and availability of food.
Wood is mostly used as a fuel to cook food and considered as a renewable energy source.
Bamboo plantation can sequester C and fix it by producing high biomass. This biomass can
be used to generate chips and pellets and as the alternative of fuel; as a result, it can sequester
approximately 1.78 kg of C [88]. Another research was conducted and wood chips and straw
were applied in the soil and the results showed that nitrogen mineralization and nitrification
rates were higher significantly in the soil-applied wood chips. The bad thing is that when we
applied wood chips in the soil, nitrogen deficiency occurs and then an additional supplement
of nitrogen is required [89]. Carbon contents of early woods are higher than late woods [90].
It is produced from wood-based biomass at a low pyrolysis temperature (400°C) suitable for
enhancing the cation exchange capacity, whereas B produced from wood-based biomass at a
high pyrolysis temperature (800°C) can enhance nitrate adsorption [85].

3.6. Biochar

Biochar (B) is usually obtained by the breakdown of crop residues, wood chips, at a low tem-
perature range (350-600°C) in the atmosphere having very little or no oxygen. If the condition
remained optimum during the process of B formation including temperature and oxygen, then
almost >50% of the C is retained by the B with respect to original biomass [91]. It is resistive to
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microbial attack and hence when applied to the soil will remain stable for thousands of years
and thus reduce the release of terrestrial C to the atmosphere in the form of CO, [92]. It has
long-term benefits including increase in soil pH [93], increases in crop yield, maintaining the
cation exchange capacity, nutrient retention and water-holding capacity. Biochar also reduces
the emissions of others greenhouse gases like methane and nitrous oxides [94]. Increased con-
centration of nitrogen oxides in the atmosphere affects the plant growth by necrosis, slow
photosynthetic rate and increased sensitivity of the plants. Gases usually affect the plants by
entering them through the stomata of plants [95]. The B has been classified into two classes on
the basis of degradation. Class 1 has the potential to store C in soil to about 21.3% and class
2 has potential of about 32.5%. The presence of alkali metals in the B reduces their stability.
The B can store 0.55 Pg CO, yr.™ in soils over long time use [96]. The findings suggest that
the application of B to soil is profitable amendments if the B price is low enough [97]. The
response of B at different pH levels was investigated and found that acidic medium emits
more carbon dioxide than the alkaline medium. The enhancement of copiotrophic bacteria
like gemmatimonadetes and bacteroidetes and the decrease of oligotrophic bacteria increase
the C emission in the acidic medium of soil [98]. Biochar-based C management networks have
the potential to mitigate CC but the quality of B should be appropriate [99] (Table 2).

The studies in China indicate that cultivated and forest soils have the CS potential around
38.5-77 Mt., respectively [107, 108]. The research shows that due to the increase of tempera-
ture from South to North, there is also a decrease of soil organic carbon (SOC) [109].

In Belgium in different studies, the C stock was found to be around 319 Mt. and this is due to
the increase in mean elevation from Northeast coast to Southeast, and as a result, it leads to a
decrease in temperature and an increase in precipitation. Carbon stock is higher in Southeast
than Northeast. The C contents in topsoil were found to be 48 t C ha™ in Luvisols while 113 t
C ha™ in Cambisols soil types [110].

Strategy Area CSrate (t Cha™") Observational time Reference
Organic manure China 0.62 1440y [100]
Organic matter plus in-organic China 0.62-0.69 03-25y [101]
fertilizer

Animal manure Belgium 0.45 20y [102]
Fertilizer plus crop residues Indonesia 0.52+0.16 40y [103]
Inorganic fertilizers South Korea 0.32+0.29 8y [103]
Different crop residues Nigeria 0.24 18y [104]
Crop stubbles Australia 0.19 +0.08 — [105]
Inorganic fertilizer South Korea 0.32£0.29 8y [103]
Crop residue Nigeria 0.24 18y [104]
Crop stubbles retention Australia 0.19+0.08 4-40 [105, 106]

Table 2. Different strategies and their carbon sequestration potential.
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It was found by Indonesian scientists that total SOM was higher if the high clay and silt con-
tent was found in soil. The other factors like low pH, rainfall and higher altitude were found
responsible for higher soil organic content. The organic content of peatland soil was estimated
to be about 33.7 Gt of the 20.9 M ha area of peat soils [111].

Agricultural land of South Korea is about 174 Mt. (1 m depth) for the storage of carbon. Soil
organic carbon stocks in grass and agricultural lands were as large as 88 and 68 t C ha’,
respectively [112].

A study in Nigeria also revealed that 20-60 t ha-! is found in top 0.3 m soil layer and a total of
118 Mg C ha-! can be found in the top 1 m. Humid forest zone contains more C than any other
zone [113], and the C stock of Australian topsoils was found to be around 25 Gt because of
great land mass as well as low temperature [114].

4. Conclusions

Greenhouse effect was the natural phenomena, but humans are responsible for the escala-
tion of it leading to the global warming and climate change (CC). Due to climate change,
the natural environment is facing different types of unexpected and high-intensity weather
events. Climate change mitigation or the solution of all the above problems lies in the reduc-
tion of the C concentrations in the atmosphere. There are many sinks for CS including forests,
soil, oceans and crop plants. Soil CS and crop production is a better, economical and reliable
option because it captures C as well as grows plants which provide food to us. C sequestration
in crop lands and rangelands requires certain amounts of organic matter (OM) presence in the
soil called soil organic matter (SOM). Organic amendments like animal and poultry manures,
the incorporation of different crop residues, different types of compost, sugarcane bagasse,
peat soils, different wood chips, B and good agricultural practices like cover crops, nutrient
management, mulching, zero and no-tillage techniques, soil biota management and mulch-
ing are effectively used for this purpose. These enhance the soil organic matter and improve
the soil’s physical and chemical properties that help to sequester more C in the soil, which
ultimately contributes towards CS and CC mitigation.

Abbreviations

B biochar

C carbon

SOM soil organic matter
cSs carbon sequestration

CT conservation tillage
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N nitrogen

SOC soil organic carbon

CA conservation agriculture
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Abstract

When marine organisms eat and grow they capture and store carbon, termed blue carbon.
Polar seas have extreme light climates and sea temperatures. Their continental shelves
have amongst the most intense phytoplankton (algal) blooms. This carbon drawdown,
storage and burial by biodiversity is a quantifiable ‘ecosystem service’. Most of that car-
bon sinks to be recycled by microbes, but some enters a wider food web of zooplankton
and their predators or diverse seabed life. How much carbon becomes stored long term
or buried to become genuinely sequestered varies with a wide range of factors, e.g. geog-
raphy, history, substratum etc. The Arctic and Antarctic are dynamic and in a phase of
rapid but contrasting, complex physical change and marine organismal carbon capture
and storage is altering in response. For example, an ice shelf calving a 5000 km? iceberg
actually results in 10° tons of additional blue carbon per year. Polar blue carbon increases
have resulted from new and longer climate-forced, phytoplankton blooms driven by sea
ice losses and ice shelf collapses. Polar blue carbon gains with sea ice losses are probably
the largest natural negative feedback against climate change. Here the current status,
variability and future of polar blue carbon is considered.

Keywords: blue carbon, polar oceans, benthos, carbon immobilization, negative
feedback

1. Introduction

Blue carbon is carbon captured and held within marine organisms. It is considered as one type
of ‘ecosystem service’ that biodiversity provides, and thus is part of the value of biodiversity,
often termed ‘natural capital’. Typically blue carbon evaluations mainly consider habitats such
as kelp forests, sea grass beds, salt marshes and mangrove swamps. These are global organismal
powerhouses of carbon turnover and support huge biomasses of varied animal life [1]. These
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environments are all characterized by rapid growth (high carbon capture) and high biomass
(high carbon storage) but over relatively small, coastal areas that are dwindling with anthropo-
genic land use pressures. Of these environments, only kelp forests are represented in the polar
and subpolar regions (Figure 1a), and even these are scarce because of regular iceberg scouring
in shallow waters. Thus blue carbon ecosystem services have to date been little considered in
the Arctic and Antarctic, although on land it was realized that a warming Arctic could lead to
increased Taiga forest carbon capture and storage. However the magnitude of any negative
feedback (mitigation) on climate change is complicated by change in permafrost gas release,
reduced albedo because of altered snow cover and less than expected forest growth gains [2].
Nevertheless warming-induced Arctic vegetation expansion represents a rare, and significant,
increasing source of carbon capture and thus negative feedback on climate change (this is
because of Taiga forest carbon capture is increasing with regional warming, which reduces
the greenhouse gas Carbon Dioxide). Antarctica has no forests and > 1% is ice free for the very
limited plant biodiversity present, although this is likely to increases with snow and ice retreats.

There are very considerable, if intensely seasonal, phytoplankton (micro-algae) blooms around
Arctic and Antarctic coasts and on the underside of seasonal sea ice (the ocean surfaces freeze
in winter) [3]. The composition of these blooms vary in time and space but are mainly tiny
algae called diatoms, which can be eaten by animals in the food web. On death the vast major-
ity of this huge summer primary productivity sinks through the water column where it is
recycled by microbes (mainly bacteria) or eventually reaches the seabed, where most is again
recycled, but by seabed microbes. This is called the microbial loop and is responsible for most

Figure 1. High latitude benthic biomass and blue carbon. Macro algae at South Georgia (a), benthic fauna in the shallows
of Antarctic, Adelaide Island (b) and Arctic Tromse (b), and at deeper continental shelf depths around Kerguelen.
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polar blue carbon and energy cycling, but little is known about how much of this carbon is
ultimately buried and thus genuinely sequestered. Even though only a small proportion of
this productivity is consumed by animals, this still supports the largest abundances of animals
on Earth, the copepod and euphausiid shrimps (krill). Their biomass, their feces [4] and in
turn that of their predators (seabirds, seals and whales), become significant agents of carbon
storage and turnover. As with primary productivity though, to be sequestered, the carbon
accumulated in water column animals must sink to considerable depths and avoid microbial
recycling on route or once it arrives at the seabed and be quickly buried. Recent work on the
marine primary consumers (often called herbivores) amongst the zooplankton has shown that
their vertical migrations, coupled with considerable lipid storage is a major factor in transfer-
ring carbon to the seabed [5]. Furthermore passing through the guts of zooplankton, such as
krill, changes iron chemically to make it more bio-available, thus promoting and sustaining the
very phytoplankton blooms on which they feed [6]. As a result the increased phytoplankton
bloom fixes more CO2 and becomes another system feedback.

Although life in the water column in polar oceans is extremely numerous, it is not rich or
diverse, compared with the seabed, and crucially is a long way in time and space for the site of
ultimate carbon sequestration — the seabed. The vast majority of known polar species are benthic
(seabed dwelling) as adults and many for their entire life-cycles [7]. Living on the seabed, espe-
cially as most of it is soft sediment (muds and clays), gives considerable potential for benthos to
deliver carbon burial and sequestration. One of the primary factors hindering this pathway is
seabed disturbance, unburying and reworking carbon in dead organisms. Storms can do this in
the shallows and bioturbation (e.g. burrowing activity) across depths, but in the polar regions
icebergs and diving mammals (e.g. walrus) can be major reducers of carbon sequestration.
However a big factor is human disturbance of the seabed, such as harvesting by trawling. Most
of the world’s continental shelf seabed, including the Arctic, is territorial water of varying coun-
tries, which has valuable harvestable resources, such as food. In contrast the continental shelf
around Antarctica is not owned, and the limited fishing which does occur is strongly regulated
by the Committee for Conservation of Antarctic Marine Living Resources (CCAMLR). This gov-
ernance, and as a result benthic harvesting impact, difference between the polar regions must
have very significant influences on the magnitude of carbon buried and sequestered.

This chapter investigates blue carbon on high latitude seabeds (see Figure 1). Such a con-
sideration starts by focusing on how and why it varies, between organism types, spatially,
historically and with specific environmental factors. How blue carbon capture and storage is
now changing in response to rapid, recent, regional physical change, such as ‘global climate
change’ and stratospheric ozone losses. This is important given that parts of the polar regions
are amongst the most rapidly and profoundly changing areas on Earth. An attempt is then
made to evaluate the importance of polar blue carbon to the Earth system, with its respect to
its action as a negative feedback on climate change. Lastly the likely future of polar blue car-
bon is considered and how this might be better monitored, for example by initiatives such as
the Southern Ocean Observing System (SOOS). The polar oceans are key sinks for anthropo-
genic production of CO, and the sensitivity of their carbon cycles to physical change is poorly
known and understood [9]. Blue carbon, in contrast to that stored dissolved in polar oceans
storage is undoubtedly very much smaller, but increasing and with high genuine sequestra-
tion potential, and perhaps its quantification could lead to understanding some of the current
unexplained variability in global model projections.
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2. Environmental influences on the distribution and magnitude of
benthic blue carbon around polar seabeds

Sediment cores taken by geological scientists around the polar regions have shown very consid-
erable patchiness in the both the amount and proportion of carbonate (CaCQO,) in polar sediments
[8]. Benthic biological work over the last century has similarly demonstrated a huge variety in
the carbon stocks held in biota on the seabed [10]. The source of these is the dissolved carbon
(dioxide) in water masses and huge, but intensely seasonal productivity by phytoplankton and
dependent consumers, such as copepods and euphausiid crustaceans. The variability in the blue
carbon component, despite being complex in both time and space, is predictable on some scales,
but knowledge levels are also very patchy. The interface of the water column and the underlying
sediments, the seabed, is a very dynamic environment for carbon [11]. Primary productivity,
fecal pellets and dead organisms rain down to the seabed where they are mainly broken down
by the “microbial loop’, thus recycling much of the carbon from near surface waters.

2.1. Carbonate in sediments

Remarkably it was not until 2012 that the first circum-southern polar data set of carbonate in
sediments was compiled (from just over 200 sediments cores from Antarctica’s shelf seas [8]).
Low-Magnesium calcite is the dominant phase of sediment carbonate, but high-Magnesium
calcite, pure calcite and aragonite are also present. The study found that the proportion of
carbonate in sediments was typically low, but could be above 15% in some shallow Weddell
and deep Amundsen and Bellingshausen shelf areas. The magnitude of values found was very
patchy, but most of the highest values were close to the edge of shelf (termed ‘shelf break’).
Even at the shelf break in the same sea carbonate could vary an order of magnitude between
adjacent sites, so clearly local factors are very important as well. Notably sediments in regions
of high primary production (surface microalgae productivity) such as the West Antarctic
Peninsula and Ross Sea were generally below 5% carbonate. The authors concluded that the
evidence in their meta-analysis was that benthic animals were not significant contributors to
sediment carbonate content. Their core and data spatial coverage, although sparse around East
Antarctica (as most marine data sets are), seemingly represented the spectrum of most shelf
environments. However the conclusions based on existing samples could be underestimating
faunal contributions for several reasons. 1) Across depths, faunal biomass and production is
typically highest in the shallows (top 100 m) which were not represented. 2) Across habitats,
faunal biomass and production is typically highest in difficult to core situations, such as gla-
cial moraines, sea mounts and steep surfaces. 3) Much faunal production close to shelf breaks
may be bulldozed over the edge to cascade down steep continental slopes and canyons — these
are heavily iceberg scoured environments (Figure 2). However most blue carbon, the totality
of carbon captured by organisms, is not in the form of carbonate but organic carbon as tissue.

2.2. Carbon held by marine animals (blue carbon)

Carbon captured by, and stored in, benthic organisms varies (within a set amount of space)
over several orders of magnitude. Standing stocks peak in the kelp forests of the subpolar
shallows with many kilograms per m? but decreases to less than a few grams by continental
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Figure 2. Iceberg scouring tracks recorded by the NERC-Conicyt ICEBERGS voyage of RRS James Clark Ross, Marguerite
Bay, West Antarctic peninsula, 2017.

slope depths, on young or ice scoured surfaces, underneath Antarctic ice shelves or in other
extreme environmental situations.

2.2.1. Organism identity

Some organism types are very much more important than others in terms of carbon and carbon-
ate capture and storage. Some entire animal groups are poorly represented or absent altogether
in the polar waters so clearly contribute little to carbon budgets. Typically variability in carbon
contribution can be because of population and individual size (biomass), growth rates, ubiquity
and the body structure and chemistry of different organisms. For example amongst the plankton
the tiny foraminifera Neogloboquadrina pachyderma is both very abundant and ubiquitous around
the Southern Ocean, and superabundant in sea ice, making it the single biggest carbonate pro-
ducer [12]. A very different type and size of animal, the pelagic mollusk, pteropods (Figure 3) is
next most important. As with foraminifers, around the Antarctica one species, Limacina helicina,
dominates biomass [13]. Blue carbon captured and stored on the seabed by benthos is much
less dominated by any one species or even any one type of animal. Sponges, echinoderms (such
as sea stars and sea urchins), bryozoans (Figure 1a), polychaete worms (Figure 1b), molluscs
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Figure 3. Pteropod shells are superabundant on the seabed around some Atlantic Ocean seamounts, here collected on a
National Geographic Pristine Seas expedition in 2017.

(such as clams and snails), brachiopods (lampshells) are all typically important, and can each by
dominant at particular sites but lots of other taxa can be important depending on the situation
(environmental characteristics). Nevertheless organism identity can still qualify much informa-
tion about the nature of blue carbon at a site, because of differences in the rate and timing of
carbon capture, time to first reproduction and life span, chemical form of carbon stored (e.g.
skeletal aragonite vs. calcite) vulnerability and other variables.

2.2.2. Substratum type and profile as a factor

The nature of the seabed often shapes and is shaped by the energy of the environment and
thus has a major role in structuring which organisms live there and the quality and quality
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of their resources, such as food. For example very steep surfaces are nearly always bedrock
and associated with high current flow whereas very gently sloping, flat seabeds are usually
sediment and associated with lower flow. So-called infauna require soft sediments to burrow
into or eat to extract microbes whereas hard surfaces are required by many anchored sessile
organisms, such as kelp algae and encrusting animals. The spectrum from bed rock to muds
and clays can all potentially hold high and low carbon standing stock biodiversity in the polar
regions. Investigation of blue carbon by substratum type is often confounded by interaction
with other variables, such as depth, geography, history and functional traits (e.g. feeding type).
Nevertheless hard surfaces typically have high densities of rich biota, particularly those which
are carbonaceous (bryozoans, brachiopods, corals, sponges and some molluscs). Stones which
have been embedded in glacier ice, fall out on melting (termed drop-stones) to form blue carbon
hotspots of suspension feeders on otherwise less diverse, sediment plains (Figure 4a) [14]. As a
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Figure 4. Blue carbon with substratum type and history. Drop-stones are blue carbon rich oases in the Arctic Barents
Sea (A). Highest burial rates of zoobenthic carbon are associated with mixed substrata of boulders in sediments at South
Georgia (B). Estimates of Carbon immobilization (circle size) and sequestration (star size) (C) [15].
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result accumulation of blue carbon by zoobenthos is often most associated with hard surfaces
such as boulder scree and glacial moraines [15]. The same work showed that hard surfaces
facilitate immobilization of carbon, which is when organic carbon is held within tight matri-
ces of skeleton, such as stony coral polyps (e.g. heavily skeletalized animals are much more
likely to fossilize, thus sequestering carbon rather than it being broken down in the microbial
loop). However burial conditions, which lead to sequestration are considerably stronger on
sediments. Thus highest burial and sequestration rates are found at the interface of hard and
soft substrata (Figure 4b,c). Such a combination is hard to investigate because it is a challenging
environment to try and obtain cores from (e.g. the hard rocks break the plastic multi-cores and
jam box core closing mechanisms).

2.2.3. Depth as a factor

Many physical and biological characteristics alter with depth so unsurprisingly it can correlate
strongly with benthic carbon accumulation [4]. Increased depth away from the near-surface
photic zone progressively separates fauna from their main food supply, phytoplankton, so
it reduces growth, densities and biomass [1, 3, 10, 16]. The values of carbon accumulation,
immobilization and sequestration can be an order of magnitude lower on the deep continental
shelf than in the shallows (Figure 5). In deeper water blue carbon values are probably at least
an order of magnitude lower again. Conversely to negative depth influences on blue carbon
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Figure 5. Zoobenthic blue carbon storage fluctuation with time and depth on the West Antarctic peninsula, modified
from [4]. Note the apparent phase shift since 2006 coincident with low sea ice levels and high iceberg scouring levels.
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accumulation, increased depth also reduces the probability and frequency of iceberg scour-
ing on the seabed, thereby increasing the potential life span of benthos and burial chances.
The effect of these confounding depth-correlates are complex biological responses to climate
change with depth. For example, climate-forced reductions in sea ice, as is happening around
the Arctic and parts of the West Antarctic, can reduce blue carbon in the shallows because of
increased ice scour but increase it in deep water because of longer phytoplankton blooms [4].
Substratum type and profile, temperature and geographic factors also change with depth.
An example of the latter is that benthos become more geographically separated in time and
space (not just bathymetrically) from the origin point of their food because of water current
velocities and directions.

2.2.4. Geography and history as factors

Most, though not all, shallows and shelf are associated with coast in the polar regions, just
like elsewhere in the world. This drives an onshore-offshore gradient in polar blue carbon,
but it is further exacerbated by most physical change (e.g. melt runoff, glacier retreat and ice
shelf collapse) also being coast-associated. There is major temperature, sea ice duration and
productivity variability associated with different regions around and between the polar seas,
as is reflected in strongly contrasting biomass [10] and sediment carbonate values [8]. Within
a distinct area the separation of different habitats and zoobenthic blue carbon performance
can be geographically predictable factors, which also reflect regional history. A clear example
of this can be seen in the continental shelf around the South Georgia archipelago. Blue carbon
accumulation is highest on the glacial moraines, which are generally found close to the shelf
break, the furthest extent of grounded ice in the Last Glacial Maximum [15]. However such
moraines can also be found at the head of canyons and part way along some coastal fjords.
The oldest sediments beyond these moraines have the highest sediment blue carbon values,
whereas the sediments within these moraines (which were covered by grounded ice just 20
kya are blue carbon poor (Figure 4c). The highest blue carbon burial and estimated sequestra-
tion rates were at the interface of these moraines and sediments.

Zoobenthic blue carbon levels also reflect more recent historical and geographic factors, such
as invasion of seabed following glacier retreat, ice shelf collapses and recovery from iceberg
impacts. At South Georgia depressed blue carbon values have been measured nearly a decade
after giant (thousands of square km in size) iceberg impact [17]. The same study showed there
are distinct macrogeographic hotspots of giant iceberg grounding, but the same is true within
regions, where shelf breaks are most likely to be impacted. The hotspots of smaller icebergs
are more associated with retreating glaciers and longer periods of open water, such as the
West Antarctic Peninsula [16, 17]. As with biodiversity succession, the seabed blue carbon
within the shallowest hundred meters probably strongly reflects the duration of recovery
since the last iceberg scour at any one location. The lowest continental shelf values of blue
carbon are those underneath the thick floating ice shelves [18]. However collapse of these
can lead to major new phytoplankton blooms and the highest blue carbon capture rates and
benthic growth (blue carbon storage levels) [19]. Ice shelf collapses have been most associated
with the Weddell and Bellingshausen seas, most recently the major breakout of the 6000 km?
iceberg from Larsen C. Such events are very important in terms of blue carbon budgets and
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dynamics, both in the water column [20] and the seabed [17]. As a result there is strong con-
nectivity between temperature, ice changes and blue carbon.

2.2.5. Temperature as a factor

The polar regions, particularly the Southern Ocean, are typically the most thermally con-
stant surface regions of our planet. Annual polar sea temperature variability is generally less
than 4°C in the Southern hemisphere but more geographically variable around the Arctic. A
major source of variability has been Milankovitch 41 and 101 kyr Earth orbital cycles but this
has been overshadowed in the Arctic by rapid, recent, regional climate change. Temperature
can theoretically influence blue carbon through influences of ocean chemistry, sea ice forma-
tion and duration and physical constraints on enzyme performance, effecting food process-
ing, carbonate synthesis and biomass growth rates. Ashton et al. [21] recently attempted to
manipulate polar seabed temperature, whilst leaving other factors unchanged. Their study at
Rothera Research Station (WAP), which established a series of temperature controlled artificial
substrata, found that temperature had a stronger and more complex influence on growth than
expected. A 1°C increase led to a significant increase in blue carbon (but measured as growth
increment) whereas responses to a 2°C increase resulted in increased variance of assemblages.
The major surprise was the extent of the increased growth (approximately double), which
far exceeded that predicted by calculations of a pure temperature effect. The experimental
infrastructure has now been transferred to the Canadian Arctic station of Cambridge Bay to
compare the response of raised temperature of northern to southern polar nearshore fauna.

2.2.6. Other factors (sedimentation and water chemistry)

Many environmental factors are likely to influence blue carbon capture and storage rates
around polar seas but our knowledge and understanding of these is patchy. Amongst the best
studied locations are King George Island (South Shetland Islands, Antarctic Peninsula) in the
south and West Spitsbergen (Svalbard) in the North. Multinational, interdisciplinary efforts
to study biotic interactions to a multitude of environmental parameters at such places are
enabling scientists to examine which factors are most important, to which organism types and
to which stages of the carbon pathway. In contrast to Ryder Bay, adjacent to Rothera Research
Station, where ice scouring [16, 17] and temperature [21] seem to be most important to carbon
storage, at Potter Cove, King George Island, sedimentation mainly dictates the composition
and performance of benthos. Sahade et al.’s [22] monitoring of that cove since 1998 showed
that amongst the many varying factors for benthic life close to a retreating glacier, it was
sediment levels and tolerance to this which drove drastic shifts in organism type. However
sedimentation is not only co-linked to other variability such as salinity and nutrients but also
varies in several different aspects, such as particle density and particle size distributions.

A new multi-year, multi-project investigation of the Atlantic sector of the Arctic, ‘Changing
Arctic Ocean’, should elucidate the nature and dynamics of hyperboreal carbon pathways. Of
these the Changing Arctic Ocean Seabed (ChAOS) project lead by Leeds University, UK is
monitoring oceanography, geochemistry and biology at a latitudinal series of sites along the
Barents Sea trough (Figure 6). Results from new initiatives like these should greatly increase
our ability to estimate the value and variability of Arctic blue carbon ecosystem services [5, 9]
and crucially how it is likely to respond to the very considerable, recent physical changes.
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Figure 6. Continental shelf monitoring sites of the changing Arctic Ocean seabed (ChAQOS) project, through the Barents
Sea.

2.3. Seasonal and annual increment (growth)

Organisms incrementally capture and store carbon with distinct seasonal and annual varia-
tion (mainly caused by feeding reduction or cessation in winter). These temporal signals in
carbon accumulation are externally visible in some organisms and observable in others by
section (like tree rings) or through isotopic analyses. Thus one of the easiest approaches to
measure carbon capture and storage on the seabed is to sequentially sample benthic growth
to establish its variance. Because of the multitude of environmental factors influencing the
magnitude of these (Section 2.2 above), simultaneous measurement of many local parameters
needs to be made, in order to detect and understand any organismal performance trends.
Growth (along with other processes, e.g. development) is typically considered to be slow in
polar ectotherm organisms, in comparison with those at lower latitudes in the world [10].
However there is considerable variability in blue carbon captured in that organismal growth,
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within and between regions, organisms, environments and time. Partitioning out the causes
and effects of variability is key to meaningful estimates of blue carbon stocks and how they
are likely to change. For example, young animals are likely to have higher specific growth
rates (thus have high carbon capture but low storage values) whereas older animals would
typically be larger but grow slower (and thus be associated with low carbon capture but
high carbon storage values). Thus an event influencing population demographics (e.g. iceberg
scour) could change carbon capture relative to storage rates, and this could alter depend on
which season it occurred in.

Recent work in the Ross, Weddell and Bellingshausen seas have shown rapid growth rates,
and changes in growth rates, are possible in polar organisms. Such blue carbon change has
happened in response to wind-driven or ice shelf collapse promoted increased food avail-
ability [18, 19, 23] respectively, or increase in temperature [21]. With carbon sinks, sources and
flux values being so important to global climate as well as projecting trends and predicting
future scenarios it is clear that quantification of blue carbon has an important role in this, and
the polar regions are the most poorly known. Understanding biological response to polar
change has become even more important since it has become apparent that amongst the most
severe physical changes have been associated with these areas.

3. Changing blue carbon capture and storage rates in polar seas

Despite the relative constancy in many oceanographic parameters over geological time, the
polar regions are quite dynamic in fluctuation between ice ages, the duration and rate of
change to interglacial periods and within these, the position of the marginal sea ice zone,
water masses and ice shelf extent. All of these can directly alter the biomass of organisms,
their carbon capture and storage rates as well as direct carbon dioxide uptake and release
by oceanic storage. Section 2 has highlighted that sediment carbonate levels [8] and organ-
ism blue carbon capture and storage rates [10, 15] all vary considerably between and within
regions. Measuring any change over time necessarily must have georeferenced baselines to
measure against but most ‘long term monitoring’ programmes are relatively young. One of
the most notable multidecadal data sets is that for zooplankton, focused on krill and salps.
Analysis of this was one of the first to show change in polar ecosystems (krill reductions)
in response to climate [24]. However these organisms are mobile and ice edge associated,
which highlight both problems in measurement and interpretation — are the less krill in there
survey areas because there are less overall or because they are somewhere-else? Crustacean
zooplankton, such as Krill, are important to blue carbon capture and storage rates [5, 6] and
may be important to sequestration rates as well [4].

We know little about blue carbon capture, storage and sequestration rates for the vast majority
of the seabed, and there are a tiny number of sites which have been monitored regularly for
more than a decade. Recently a series of ice shelf disintegrations along the Antarctic Peninsula
and some elsewhere have been accompanied by major increases in primary [18] and second-
ary [19] production. These new and increased stocks of seabed blue carbon there have been
estimated to constitute ~7x10° tons of carbon per year equivalent to 10,000 hectares of tropical
rainforest [19]. These ice shelf collapses have formed an increasing number of giant icebergs,
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which have also increased carbon capture in the water column through ocean fertilization
[20]. Duprat et al. [20] estimated the increases in water column blue carbon of a number of
such icebergs. Those estimates were later built upon in terms of their total blue carbon impact
(trade-offs of creating new sink areas and ocean fertilization versus scouring potential) to
show a 5000 km? iceberg contributes a net positive of 10° tons of carbon per year [17]. Ice
shelf losses, iceberg production and arctic forest increases [2] are not the only sources of blue
carbon change around the polar regions.

Sea ice extent, particularly ‘fast ice” (the freezing of the sea surface, anchored to land) has been
one of the most drastic physical changes in the polar regions, particularly throughout the
Arctic. Sea ice changes and primary production responses have been more complex around
Antarctica [25], but crucially most sea ice losses have been over productive continental shelf
whereas most of the sea ice gains have been over deeper slope and abyssal ocean depths [16].
Historical expedition zoobenthic collections and modern samples of longer lived animals with
relevant information in skeletons has shown that blue carbon capture rates may have doubled
over the last 25 years around West Antarctica [26]. The mechanism for this seems to be that
reduced extent (in time and space) of sea ice leads to longer (but not necessarily larger biomass)
phytoplankton blooms, resulting in longer meal times for primary consumers resulting in more
carbon storage as growth (Figure 7). The total blue carbon increases driven by sea ice losses [17,
26] probably greatly exceed those caused by ice shelf collapse/giant iceberg formation [17-20].
However, from what we currently know, change in polar blue carbon is a complex of increases
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Figure 7. Schematic showing influence of ozone losses on phytoplankton carbon capture and zoobenthic carbon storage
on polar seabeds.
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Figure 8. Trends in zoobenthic blue carbon accumulation around the Southern Ocean. The key to cell (3x3 degrees)
colors are red (biggest increase) to blue (biggest decrease) [17]. Cells with question marks are samples awaiting analysis
(from the Antarctic circumnavigation expedition and future British Antarctic survey scientific cruises.

and decreases (Figure 8). Around the Southern Ocean blue carbon increases are most associ-
ated with West Antarctic seas and decreases with the East Antarctic coasts [17] but the vast
majority of all shelf carbon stocks and change is unknown. It seems likely that the biggest blue
carbon changes are near coast caused by ice shelf collapse [18-20], iceberg scour [19] and glacier
retreat driven sedimentation [22] but there could also be significant offshore change associated
with a shifting seasonal sea ice margin [4, 24, 25]. Given the higher potential ectotherm growth
performances at slightly higher sea temperatures [21] it also seems likely that the Arctic and
subpolar regions are key areas to quantify blue carbon budgets for. Quantifying these becomes
one of the key steps in estimating biotic feedbacks on climate change.

4. The importance of life on polar seabeds to carbon storage and
feedbacks on climate change

The cold waters of polar oceans are the major marine sinks for atmospheric CO, but these
are finite, likely diminishing and do not negatively feedback on global climate change. There
is evidence to show that polar marine algal capture of CO, has increased with ice shelf loss
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[18], sea ice loss [25] and iceberg production [20]. It also seems likely that polar macroalgal
production could increase spatial and temporal extent with exposure of new habitats, sea
ice reduction and increased light energy reaching the shallows. These negatively feedback
(mitigate) on climate change through increased capture of CO, with increasing atmospheric
of CO, content. Only very small proportions of this captured CO, are genuinely sequestered,
depending on how much reaches the seabed and how much is recycled in the microbial loop
and reworked following bioturbation. All natural carbon sequestration is via burial, mainly
at the seabed, where zoobenthic assemblages (consumers) live. They are an important part
of the negative feedback on climate, as new and longer availability of phytoplankton is con-
verted into increased growth (organic carbon to tissues and inorganic carbon to skeletons).
The feedback value is complicated to measure because it is dynamic in space and time but
also because of simultaneous positives and negatives. For example ice shelf loss leads to more
open water, a) reducing albedo, thus potential to absorb more heat; b) reduces buttressing
of ice sheets, thus potential for this to accelerate coastwards, c) increasing potential for gas
exchange, d) generating new phytoplankton blooms, e) opening new habitat for zoobenthos
and f) generating giant icebergs with ocean fertilization potential [17-20]. Even the latter com-
ponents themselves each contain contrasting feedbacks on climate, for example calving of an
giant iceberg such as that to break off Larsen C in 2017 may scour and recycle 4x10* tCyr™ of
benthic carbon but algal capture and seabed zoobenthic storage of new carbon contributes
a net positive of 10° tons of carbon per year [17]. The magnitude of this negative feedback is
probably similar to that of Arctic Taiga expansion [2], although this too has also complicating
factors such as increased heat absorption and less than expected growth gains.

Sea-ice loss areas exceed 1,000,000 km? whereas ice shelf losses approximate to ~30,000 km?
see http://nsidc.org/) so biological responses to these are the largest measured natural nega-
tive feedback on climate change. These are dwarfed as an organic carbon store by tropical
forests, but these are not increasing as a result of climate change and thus not a negative
feedback (their genuine sequestration potential is also low, as burial rates of carbon are
very small except for water logged swamp forests). The magnitude of polar blue carbon
negative feedback from sea ice losses depends on whether the carbon is calculated from
primary production, secondary production, immobilized carbon or sequestered carbon. The
sequestration value is considered to be as low as two orders of magnitude different along
the cascade from algal production to buried sequestered benthos (Figure 9). Scaling up from
regional samples suggests that between 2002 and 2015 the zoobenthic blue carbon negative
feedback averaged ~10” T C in production, 4.5x10° T C in immobilization or 1.6x10° tons C
in terms of sequestration [16] along the West Antarctic Peninsula continental shelf alone.
Scaled up to the whole Antarctic continental shelf area (4.4x10° km?) the annual zoobenthic
blue carbon feedback is estimated at 30-80x10° T C yr.” but including outer Subantarctic
continental shelves, such as the Kerguelen Plateau doubles this [17], equivalent to 1-2% of
global anthropogenic output. It is clear this feedback is dynamic, polar blue carbon stor-
age has demonstrably increased in coincidence with climate-forced sea ice changes, at least
around West Antarctica [26]. Global climate change, ozone losses and other indirect (e.g. non
indigenous species invasions) or direct (e.g. harvesting) anthropogenic pressures have the
potential to have major impacts on marine biodiversity [27], and thus considerably increase
or decrease polar blue carbon.
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Figure 9. Cascade of blue carbon through trophic levels and states in polar waters, scaled to mean annual values. Data
for the West Antarctic peninsula [16].

5. The future of polar benthic blue carbon

Carbonates already in Antarctic shelf sediment surfaces could become part of the negative
feedback if calcite undersaturation is reached on the Antarctic shelves [8]. Ocean acidification
is one of the bigger unknowns for the future of polar benthic carbon, in terms of the cost of cal-
cification for organisms, the potential for dissolution whilst alive and after death [28]. Probably
the biggest unknown though is how sea temperature will change. There seem to be very dif-
ferent sea temperature trends between the polar regions, across depths and even within seas
around the Southern Ocean [29]. The strongest climate-forced trends to date have been in ice
extent change. Sea ice losses, glacier retreat and ice shelf collapse are expected to be sustained,
although sea ice models are still in their infancy in terms of even recreating the complexity that
has already occurred. Salinity changes can be strongly linked to sea ice changes [29] and is likely
to remain very important in the Arctic in terms of surface stratification and stabilization impacts.
Stratospheric ozone losses have driven seasonal increases in UV and wind strength, driving
knock on influences on sea ice (e.g. maintaining open water areas). The impact of all these factors
on polar blue carbon to date has been explored to various levels (Sections 3 and 4) such that for
some areas summary trends can be erected (Figure 8). Because such trends have typically relied
on scaling up by area and scaling from few taxa, and rarely accounted for all environmental
factors, their main purpose is essentially hypothesis testing markers. Several new independent
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Figure 10. Apparatus used to estimate surface and sediment carbon and carbonate in polar shelf seas (here shown in the
Arctic in 2017). The equipment are shelf underwater camera system (SUCS - above) and multicorer (MUC - below) and
their collection products. Note the sponge bisected in one of the core tubes.

research programmes have been recently launched across polar seas to attempt to quantify and
model polar carbon capture and storage, including the blue carbon component (Figure 10).

Current ideas on the direction of likely trends in polar blue carbon include a wide spectrum of
near-future prospects [4, 9, 11, 27, 28]. Reasonable scientific scenarios have been put forward that
we can expect drastic reductions in blue carbon storage under current climate projections. These
are based on a (largely presumed) inability of polar biodiversity to tolerate lowered pH and
increased temperature [9, 13, 27, 28]. This is partly due to the unprecedented level and pace (in
recent geological time) of physical change and partly due to the limited options for migration to
maintain climate envelope (stay within tolerable conditions). The moderate sea temperature rises
expected over the next century could enhance carbon capture and storage [21], although scientific
consensus is that more severe temperature rises are likely to reduce polar marine biodiversity
performance [27]. However sustained sea ice and ice shelf losses seem likely to increase blue car-
bon capture and storage rates as to date, but possibly more widespread [16, 17, 26]. Processes by
which this could be aided and enhanced, for example creation of artificial polar reefs, have even
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been financially evaluated but are uneconomical at the current value of industrial carbon capture
[30]. Patterns of blue carbon response to climate change are likely to differ strongly between
the Arctic and Antarctic, because of their contrasting history and geography, human usage and
disparity of current physical change. From current trends it seems most likely that moderate blue
carbon increases will occur in Arctic and West Antarctic seas in the near future to be eventually
replaced by more severe decreases when critically low pH and high temperatures begin to be
reached. Predicting physical trends and blue carbon biological responses in East Antarctic seas
is more difficult because of current variability and lack of sustained patterns. It seems intuitively
likely that East Antarctic blue carbon patterns may ultimately follow those of other polar loca-
tions but with a considerable lag phase. Given the rarity of natural negative feedbacks on climate
change and the importance of blue carbon as a current negative feedback, quantification and
understanding of polar blue carbon change should be high as a scientific priority.
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Abstract

Carbon dioxide (CO,) has been injected into oil reservoirs to maximize production for
decades. On the other hand, emitted CO, from industrial processes is captured and stored
in geological formations to mitigate greenhouse gas effects. As such, greater attention is
drawn to the potential of utilizing the captured CO, in EOR processes. A significant por-
tion of the injected CO, remains trapped due to capillary forces and through dissolution
in residual liquids. In organic-rich shales, the presence of isolated kerogen nanopores add
to the sequestration process due to the adsorptive nature of the surface and its preference
to CO, over methane (CH,), in addition to the sealing capacities of these formations. This
work summarizes the latest findings of the literature with the purpose of defining further
areas of investigation to fully capitalize on the potential of CO, sequestration and utiliza-
tion in kerogen nanopores.

Keywords: CCUS, enhanced oil recovery, organic-rich shales, anthropogenic CO,,
kerogen nanopores

1. Introduction

Carbon dioxide capture, utilization and storage (CCUS) technologies involve capturing car-
bon dioxide (CO,) emissions to create a synergy between the high demand for fossil fuel and
mitigating greenhouse gas effects at the lowest possible cost.

CCUS captures over 90% of CO, emissions from power plants and industrial facilities and
is predicted to reduce global gas emissions by 14% in 2050. Bearing in mind that, fossil fuel-
fired power plants in the United States account for 30% of U.S. total greenhouse gas (GHG)
emissions, which will only continue to increase regardless [1]. The capacity of CO, utilization

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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and storage in the U.S. is approximately 30 billion metric tons, equivalent to 35 years of CO,
emissions captured from 140 Gigawatts (GWs) of coal-fired power [2, 3].

The captured CO, emissions are usually injected into geologic formations such as deep saline
aquifers for storage, but most recently associated with enhanced oil recovery (CO,-EOR) in oil
and gas reservoirs. Although, CO,-EOR has been practiced for decades now, recent advances
combine the recovery process with CO, sequestration.

CO,-EOR involves the injection of CO, into an oil/gas reservoir to recover more hydrocarbons
(oil and/ or gas). Mostly, the volume of the injected CO, differs from that of the produced fluid
with CO,, indicating trapping or storage. Hence, incorporating the storage of anthropogenic
CQO, into CO,-EOR in already developed oil and gas reservoirs seems economically and tech-
nically feasible. Different forms of trapping mechanisms, such as hydrodynamic and capillary
trapping hold the CO, in place to prevent movement/leakage, ubiquitous to almost all oil and
gas reservoirs [2, 3].

The United States (US) leads the world in both the number of CO,-EOR projects and in the
volume of CO,-EOR oil production due to complimentary geology (low thermal gradient
and high permeability) in the Permian Basin, located in West Texas and southeastern New
Mexico [4]. Approximately 11 trillion cubic feet (560 million metric tons) total volume of CO,
is utilized in by US CO,-EOR as compared to 100 trillion cubic feet (5090 million metric tons)
per year of total US CO, emissions from industrial sources [1, 4-6].

Although, CO, storage during CO,-EOR in conventional oil and gas reservoirs is proven
effective, the potential to sequester in unconventional organic-rich shales (gas/oil) is even
more promising and economical, yet there has been minimum attention given to these vast
resources. Organic-rich shales are naturally suited for CO, storage due to the ultra-tight
impermeable nature of the formation, which would curtail CO, leakage. Moreover, the
adsorptive surface of kerogen and kerogen nanopores in shales can store substantial amounts
of CO, in its adsorbed state [5-7]. Thus, in depleted shale gas reservoirs, injected CO, replaces
methane (CH,) in the kerogen micro and nanopores and adsorb to the kerogen surface for
storage [7-9]. This chapter therefore investigates the potential of CO, sequestration in kero-
gen nanopores.

2. Carbon capture

Carbon capture technology started in the 1970s in North America at industrial projects before
it was applied to power generation [1]. Early application of carbon capture on a commercial
basis was focused on the removal of CO, as part of certain industrial processes in concentrated
streams [1, 8]. The Department of Energy (DOE) estimates that approximately 30 million met-
ric tons per year of pure CO, are currently produced at industrial facilities located within
50 miles of existing CO, pipeline networks [10].

Some industrial processes with large-scale carbon capture in commercial operation include
coal gasification, ethanol production, fertilizer production, natural gas processing, refinery
hydrogen production, and coal-fired power generation [7, 10].
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* Natural sources of CO, are made up of underground accumulations of naturally occurring
gases with 90% CO,. As of 2015, the natural sources are projected to account for approxi-
mately 65 Mt/a of CO, [8].

* Natural-gas processing are also naturally occurring underground accumulations but with
significant methane content. The contribution of natural-gas processing has increased from
5 Mt/a of CO, in 2000 to a projected 20 Mt/a of CO, in 2015 [8]. Some of the known chal-
lenges of natural-gas processing include: higher oxygen (O,) content, lower CO, concentra-
tion, higher flue gas and high flame temperatures [1].

* Hydrocarbon conversion involves the conversion of crude oil (or hydrocarbon feedstock)
into several (high-value) products to capture CO, as a by-product. This process is projected
to increase to approximately 5 Mt/a based on known projects under construction and in
final phase [8].

However, with the recent inclusion of power generation, new systems are designed to capture
and concentrate CO, using the following processes [7]:

¢ Pre-combustion carbon capture

Fuel undergoes gasification instead of combustion to produce syngas made of carbon monox-
ide (CO) and hydrogen (H,). Carbon monoxide (CO) is then converted to CO, through a later
shift reaction, while a solvent separates the CO, from H,. The pre-combustion carbon capture
is mostly combined with an integrated gasification combined cycle (IGCC) power plant to
burn the H,ina combustion turbine and the resulting exhaust heat, used to power a steam
turbine [1, 6].

¢ Post-combustion carbon capture

It involves the use of chemical solvents to separate CO, from the resulting flue gas from fos-
sil fuel combustion. This method is commonly used by modified power plants for carbon
capture [7].

¢ Oxyfuel carbon capture

This process requires the combustion of fossil fuel in pure oxygen to render the CO,-rich
exhaust gas for capture [7].

In 2016, the US Energy Information Administration (EIA) reported that electricity generated
from natural gas is expected to exceed that of coal for the first time [9]. This calls for more
effective measures to be put in place to curtail greenhouse gas (GHG) effects.

2.1. Carbon capture benchmarks

There are about 21 commercial-scale carbon capture projects around the world with 22 more
in development [7]. Below is a list of a few of the many benchmarks in carbon capture:

* Asof 2017, the Archer Daniels Midland (ADM) Company captures CO, from Biofuels (eth-
anol) production, and stores in the Mt. Simon Sandstone, a deep saline formation, Decatur,
IL. An estimated amount of 1.1 million tons of CO, is captured per year [1, 3].
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* In 2017, the NRG Petra Nova Project, TX, captures 90% of CO, (approximately, 1.6 million
tons of CO, per year) from a 240 MW slipstream of flue gas of existing WA Parish plant, and
transported to a nearby oil field [7].

* In 2016, Abu Dhabi CCS Project Phase 1: Emirates Steel Industries, an operating iron and
steel plant, used to capture CO, for enhanced oil recovery by the Abu Dhabi National Oil
Company (ADNOC) [3, 5].

¢ In 2015, Shell Quest Project, AB, CA, a bitumen upgrader complex, captures about 1 mil-
lion tons of CO, annually from hydrogen production units and injects it into a deep saline
formation for sequestration [7].

¢ In 2013, Conestoga Energy Partners/Petro-Santander Bonanza Bioethanol plant, KS, an eth-
anol plant, captures and supplies approximately 100,000 tons of CO, per year to a Kansas
EOR field [1, 5].

¢ In 2010, Occidental Petroleum’s Century Plant (OPCP), TX, a natural gas processing facil-
ity, compresses and transports CO, stream for utilization in the Permian Basin, among
others [3, 5].

3. Carbon dioxide utilization (COZ: EOR)

CO,-EOR has been successfully implemented for nearly half a century now to recover addi-
tional oil from developed conventional oil fields in the United States and around the world.
It involves the injection of CO,, either in its supercritical or gaseous state to re-pressurize a
depleted reservoir pressure to cause residual oil held in the smaller pores by capillary forces
to be released [9, 10]. CO,, unlike other fluids, reaches miscibility with crude oil at lower
pressures. Furthermore, it is less expensive than other miscible fluids. As such the injected
CO, becomes soluble with the residual oil as light hydrocarbons from the oil dissolve in the
CO, while the CO, density is high when oil contains a significant volume of light hydrocar-
bons [4, 11].

Upon discovery, an oil reservoir is initially produced by means of the pressure gradients
within the reservoir that provides the energy to move reservoir fluids to the surface. This
is called the primary production stage. Eventually, the reservoir pressure declines and flow
to the wellbore ceases. At this moment, a range of secondary or tertiary (EOR) methods are
implemented to recover additional volumes of oil. The primary stage only recovers about
5-20% of the original oil-in-place (OOIP), with considerable amount of oil left trapped in the
pore spaces of the rock [9, 12].

The next stage of production is the secondary recovery, which involves the injection of a fluid,
either gas or water to sustain and maintain the depleted reservoir drive, and simultaneously
recover substantial amounts of the remaining OOIP. Treated produced water (waterflooding)
is commonly used at this stage since it is less expensive and readily available. In most cases,
the water bypasses the oil due to difference in viscosity leaving behind significant amounts
of the remaining oil-in-place. Waterflooding results in approximately 50-60% of the OOIP
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trapped, hence the need for CO,-EOR in most oil reservoirs already replenished with water-
flooding. Both primary and secondary recovery methods usually extract about 35% of the
OOIP [4, 9, 10].

To produce more of the remaining oil-in-place, a tertiary oil recovery phase is implemented,
where fluids (CO,, nitrogen, enriched gas, polymer solutions or surfactant solutions) are
injected to interact with the oil and cause substantial changes to the oil properties [12]. Carbon
dioxide (CO,) flooding is one of the most proven EOR methods, where CO, is injected either
in its gaseous or supercritical state. The injected CO, is determined to reduce the interfacial
tension, minimize the viscosity of the oil to make it lighter, cause the oil volume to swell, and
eventually cause the oil to flow more freely within the reservoir to the producer wellbore [11].

CO, is mostly delivered to the field at a high pressure (>1200 psi) and density (5 Ib. /gal) into
injection wells within a designed pattern based on computer simulation to optimize areal
sweep of the reservoir [13, 14]. Miscibility of CO, with the oil is important as it causes the
physical forces (interfacial tension) holding the two phases apart to disappear. It occurs at a
minimum pressure (MMP), where about 95% of the OOIP is recovered. Below the minimum
miscibility pressure (MMP), CO, and oil will no longer be miscible, the oil and gas phases
separate, thereby decreasing oil production rate. Significant volumes of oil are produced dur-
ing CO,-EOR. For example, the Wasson field, a Denver unit CO,-EOR has produced more
than 120 million incremental barrels of oil through 2008, with more than 2 billion barrels of
OQIP and 40% of oil remaining after Waterflooding [14, 15, 19]. All types of oil reservoirs,
either carbonates or sandstone could be suitable for CO,-EOR provided the MMP can be
reached [13, 14].

The operation of a CO,-EOR project is a closed-loop system as shown in Figure 1, where about
half of the injected CO, is trapped or dissolved in the reservoir and its fluids (oil and water).
The produced CO, with oil is separated and re-injected back into the reservoir, ensuring an
increase in trapped CO, instead of being released to the atmosphere. In addition, CO,-EOR
provides a market and revenues for the captured CO, from anthropogenic (industrial and
power plants) sources [14, 15]. As the project matures, the volume of injected CO, diminishes,
while recycled volumes increase. This indicates that CO, is being stored in the formation
through a capillary trapping mechanism [10, 13, 14].

CO,-EOR was first tested on a large-scale in the 1970s in the Permian Basin of West Texas and
southeastern New Mexico. These initial projects used separated CO, from processed natural
gas and natural sources of CO, instead of anthropogenic CO, from industrial power plants.
Figure 2 shows CO,-EOR projects carried out around the world and in the U.S. from the 1970s
to present day [9, 16]. Three developed source fields include, Sheep Mountain in south central
Colorado, Bravo Dome in northeastern New Mexico, and McElmo Dome in southwestern
Colorado [10]. The recent depletion of the natural source fields of CO, and size limitation
of the pipelines for CO,-EOR processes have paved the way for anthropogenic supplies of
CQO,. In so doing, subsequent projects employ CO, molecules from captured emissions to
supply large quantities of CO, for EOR processes in oil fields. Technological advancement in
CO,-EOR applications, such as 3D seismic and geomodeling reduce the rise of failures and
improves the flooding efficiency [10, 13-15].
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Figure 1. Schematic diagram of a closed loop CO,-EOR [4].
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4. Carbon dioxide sequestration

The potential of CO, sequestration in geologic formations is possible from the fact that cer-
tain reservoirs naturally trap and store oil and natural gas over long geological time periods
until extracted [1, 4, 6, 16]. In so doing, CO, from power plants and industrial facilities can
be trapped and stored in potential geologic formations. A large percentage of the originally
injected CO, gets trapped in the pores of the geologic formation, while a portion of it is dis-
solved in the oil and also end up trapped [3, 6, 17]. These trapping processes continue as long
as the CO, is injected. Percentage of stored CO, is based on total injected volumes and not on
the purchased volume and is given as [10].

C

2storage 2injected -

CO (%) = (Co oZproduced - COZIosses) /COZpurrhased (1)
where, O, is the CO, storage in metric, CO,, is the total CO, injected, CO, e is the CO,
produced, and co, . isthe purchased CO, injected. CO, losses is estimated as the difference
between total CO, injected and CO, produced. Losses may be due to leakages, infrequent

power outages, among others [10].

CQO, can be injected into conventional geological formations and stored deep underground.
Most of these conventional geologic formations are at depths greater than 800 m, which even-
tually converts the injected CO, into its supercritical state. The supercritical CO, with a higher
density than its gaseous state results in a given volume of rock capable of holding more mass
of CO, [4, 7]. For an effective conventional geological storage, approximately 90-95% of the
injected CO2 for will be sequestered within the reservoir [4, 9, 16].

4.1. Storage mechanisms in conventional reservoirs

Trapping mechanisms encountered in CO,-storage in conventional geologic formations
include [9-11]:

¢ Physical trapping: hydrodynamic, stratigraphic, or structural) trapping

This involves the migration of generated hydrocarbons from organic matter (source) over long
geological periods from the source rock to porous and permeable reservoir rock initially satu-
rated with brine. The accumulated hydrocarbons are trapped below a non-permeable cap rock
to prevent further migrations, and the density difference between the fluids separates the fluids
into layers with gas on top, followed by oil and brine at the bottom. A similar mechanism is
encountered in the case of CO, storage, where the less dense supercritical CO, plume rises due to
buoyancy forces and is prevented from escaping by overlying low permeability cap rock [15]. This
mechanism is considered to be relatively fast but requires characterization of the cap rock [2, 3].

* Solubility trapping

CQ, is widely accepted to be soluble in water, as such, dissolved CO, can be safely stored in a
geologic formation under solubility trapping. Since the CO,- saturated brine is denser than the
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unsaturated surrounding brine, density difference causes the denser brine to migrate deeper
into the formation and slowly dilutes the unsaturated brine through contact. Reservoir pore
pressure, temperature, and salinity of formation water are vital for solubility trapping [16].
This process occurs faster than pure diffusion, prevent CO, from hydrodynamically separat-
ing from other phases, and it is estimated to begin between a year and hundreds of years after
CO, injection, also dependent on the permeability of the formation in question [2, 20].

* Mineral trapping

This process occurs over longer geological timescales than the other trapping methods, but is
equally important [3]. It involves the formation of carbonic acids (H,CO,) as a result of CO,
dissolution in formation brine. The resulting acid is unstable and dissociates to form groups,
which react with the formation rock over long periods of time [2, 3]. In situations where,
carbonate minerals are precipitated through the reaction, CO, is permanently trapped as a
result [23].

¢ Capillary (residual) trapping

In a conventional sandstone oil reservoirs, brine is mostly designated as the wetting phase,
while oil and gas are the non-wetting phases. In the case of carbonate rocks, oil is the wetting
phase and water and gas are the non-wetting phases. In capillary trapping, the formation wet-
ting phase surrounds the CO, and traps it as immobile pore scale bubbles. This process occurs
over shorter time scale (right after injection) [15] compared to the other trapping mechanisms
[2, 19]. In effect, the rock surface is presumed to be less water-wet in the presence of CO, and
in the absence of oil [9].

These trapping mechanisms occur in geologic storage including [13, 14]:
¢ Depleted oil and gas reservoirs

Not only do these geologic formations provide a means for storing CO,, but also offer eco-
nomic opportunities as the injected CO, recovers additional oil from depleted oil and gas
reservoirs. Moreover, additional revenue can be obtained from the cost of selling captured
CQO, to EOR operators to fund the cost of capture technology at industrial facilities and power
plants [4, 14, 17]. CO, is injected underground and remains immobile due to some of the
enumerated trapping mechanisms listed above [3, 20].

* Deep saline formations

Saline aquifers are preferred due to their large capacities and being geographically wide-
spread. These include porous rock formations saturated with brine at greater depths with
overlying shale cap rocks, which are impermeable and act as a seal to prevent CO, from
leaking [4, 17]. The confined CO, also undergoes dissolution in the brine, as well as capil-
lary trapping to render the injected CO, immobile. A study [2] was carried out to measure
the maximum saturation and the form of capillary curve in a CO, — Berea sandstone system
through coreflood experiments, representative of a storage location. A capillary trapping
capacity of 7.8% of the rock volume for CO, — Berea sandstone was recorded [2]. This is to say,
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if this much is recorded in an unconsolidated formation, how much more there is to expect in
a consolidated formation.

e Coal beds

Coal beds are either too deep or too thin to be economically developed, as such, they could
offer CO, storage potential due to the adsorptive nature of the pore surfaces [4, 13]. In CO,~
enhanced coalbed methane (ECBM) production, CO, is injected into deep coal seams to desorb
methane gas to be extracted and preferentially adsorb onto the mineral surface for permanent
CO,-storage. Yet they are not thoroughly characterized and are on a small magnitude for
CO,-storage [8, 19, 21].

4.2. Storage criterion

Nonetheless, not all geologic formations will effectively store CO, with minimum risks of
leaking due to the buoyancy of CO, gas. The criteria for secure storage involve some of the
following parameters (Table 1) as reported in a successful project carried out in Canada [10].

Table 2 summarizes CO,-EOR and CO, storage projects carried out in some major oil basins
around the world. A total of 1297 billion barrels of CO, has been utilized worldwide for CO,-
EOR, while a total of 370 billion metric tons has been stored/sequestered in the process [4].

4.3. Carbon storage regulation

CQO, storage site selection and injection are regulated by the U.S. Federal and State agencies, in
addition to checking systems for CO, capture and storage to reduce the potential risk of stored
CO, to humans and the environment [1, 10, 18]. Specific regulations and particular tools are
commonly implemented to selected reservoirs by different companies and agencies [1, 10].

Furthermore, the Safe Drinking Water Act (SDWA) and the U.S. Environmental Protection
Agency (EPA) impose safety requirements on CO, injection and monitoring. Whereas, the
Underground Injection Control Program (UICP) considers the previous seismic history as
a requirement in selecting geologic CO, sequestration sites to reduce the risk of small earth-
quakes as well as the effect of earthquakes on leakage of CO,. Table 3 presents a list of moni-
toring tools used for CO,-EOR and CO, storage projects.

Adequate depth (> 1000 meters)

Strong confining seals

Minimally faulted, fractured or folded
Adequate volume and permeability for storage

No significant diagenesis

Table 1. Criteria for storage on a basin scale [10].
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Region CO,-EOR CO, Storage capacity (Billion Metric Tons)
(Billion Barrels)

Asia Pacific 47 13
Central & South America 93 27
Europe 41 12
FSU 232 66
Middle East/North Africa 595 170
North America/Other 38 11
North America/U.S. 177 51
South Africa/Antarctica 74 21
TOTAL 1297 370

Table 2. CO,-EOR and CO, storage in major oil basins of the world [4].

Cement integrity logs

Injection logs

Pattern and material balance techniques
Tracer injection/logging

Step rate testing

Fluid levels and reservoir pressure

Table 3. Reservoir monitoring tools used in CO,-EOR [10].
5. CO, storage in unconventional shale reservoirs

As previously mentioned, conventional oil and/gas reservoirs form from the migration of
petroleum and natural gas from the source (organic matter) into permeable reservoir rocks.
On the other hand, unconventional shale gas/oil serve as both the source and reservoir for
natural gas and liquid hydrocarbon (oil and gas condensate). These shale formations are
being developed widely for oil and gas production especially in the United States (U.S) and
other parts of the world. Moreover, shale formations are much more abundant and widely
distributed [17] than deep un-mineable coal seams and/ or depleted oil and gas reservoirs but
have not been extensively analyzed for CO, sequestration [19]. This is attributed to the ultra-
tight nature of shales but the recent advances in horizontal drilling and hydraulic fracturing
offers a new perspective into these formations [5, 19].

Shales consist of a mineral matrix (clay, pyrite, carbonate, quartz) embedded with dispersed
dark kerogen (organic matter) areas as shown in Figure 3. Kerogen is the insoluble solid-
phase nanoporous component of organic matter (decomposed plant and animal debris) in
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Figure 3. Backscattered electron (BSE) image of Chattanooga shale, Barber County, KS.

shale formations, which controls the gas adsorption capacity. It undergoes different stages
of maturity (decomposition) at higher temperatures to produce petroleum and natural gas
within the micropores (<2 nm) and mesopores (2-50 nm) [6]. The kerogen pores create a sieve
for smaller CO, molecules, making shales more attractive for CO, sequestration unlike meth-
ane (CH,) and other gas molecules [18, 30]. Thus, shales can adsorb substantial amounts of
CQO, on kerogen as well as fracture surfaces [19, 24]. The level maturity of kerogen is measured
by the vitrinite reflectance (% Ro), which indicates the onset of oil (0.6-1.0 Ro%), wet gas
(<0.80% Ro) and natural gas (>1.4% Ro) generations, respectively [20, 21]. Gas from shale for-
mations are either thermogenic (generated from cracking of organic matter or the secondary
cracking of oil) or biogenic (generated from microbes) [22, 26].

Because the source rock doubles as the reservoir, shales are characterized as very low per-
meability formations, which form strong confining seals in their own right but have surface
adsorptive characteristics. As such, they require the creation of hydraulic fractures to form
conduits for introducing fluids and producing them to the surface through horizontal wells.
Hydraulic fracturing cracks the shale rock through injections of water, sand and chemicals
at high pressure [16]. Horizontal wells with multi-stage hydraulic fractures can then be used
to inject CO, for storage in depleted shale gas and oil reservoirs. The horizontal wells as
opposed to vertical wells in conventional geologic formations add to the effectiveness of CO,
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sequestration in shales since the horizontal wells contact more of the shale formation and as
a result, increase the subsurface production area of the well [19]. More so, CO, sequestration
in shales would not require new infrastructure unlike in conventional saline aquifers [19, 20].

Most of the shale formations are located at greater depths, where the injected CO, is in its
supercritical state, which is much preferred for both CO, — enhanced gas/oil recovery (EGR)/
EOR in addition to CO, sequestration. The injected CO, for EGR/EOR in organic-rich shales
adsorb onto the rock surface, while concurrently releasing methane gas (CH,) and/ or oil for
natural gas and oil productions, respectively [8, 22]. Furthermore, since most of the injected
CO, would be adsorbed to the surface of kerogen rather than exist as free gas, the problem of
leakage is minimized [8]. Hence, CO, sequestration in shales is feasible but requires knowl-
edge of the characteristics of different shale formations as well as gas-water-rock interactions,
multiphase flow, and reservoir modeling, monitoring and verification [22, 25].

Tao and Claren [19] introduced a computational method based on historical and projected
methane (CH,) production to estimate the capacity of CO, sequestration in Marcellus shale
in eastern United States. From the results obtained, the Marcellus shale is expected to store
between 10.4 and 18.4 Gt of CO, (approximately 50% of total US CO, emissions) between
now and 2030. Another point to note from Tao and Claren [19] was that injected CO, moves
through the shale formation faster than producing CH, through mass transfer kinetics, which
enhances CO, sequestration process in shales. In addition, other major shale plays like Barnett,
Eagle Ford, Woodford, could provide incremental storage capacity.

Nuttal [22] performed experiments to estimate CO, sequestration capacity in organic-rich
Devonian black shales of Eastern Kentucky to be 6.8 Gt [19]. CO, was found to adsorb onto clay
and kerogen surfaces. A direct correlation was observed between CO, adsorptive capacity and
the total organic carbon (TOC), where CO, adsorption capacity increases with increasing TOC.

Kang et al. [6] examined shale capacity in organic-rich shales and their added advantage
of allowing linear CO, molecules to penetrate smaller pores otherwise inaccessible to other
hydrocarbon gases. Moreover, molecular interaction of CO, and kerogen ensures enhanced
adsorption for CO, sequestration in shales. Injected gas (CO,) molecules move through the
shale formation through either the organics or inorganics (or both in most cases). In the organ-
ics, CO, dissolves into kerogen and diffuses into the kerogen nanopores, whereas, in the inor-
ganics, CO, flows through irregularly shaped pores of clays, pyrite fambroids, quartz, and
carbonates. Gas permeation and history-matching pressure pulse decay experiments revealed
that significant amounts of CO, gas reached the organics through the inorganic pores.

Busch et al. [5] conducted diffusive transport and gas sorption experiments on shale samples.
Effective diffusion coefficients increased (implies irreversible storage of CO,) with a corre-
sponding decrease in the concentration of bulk CO, volume in the sample. The decrease in
bulk CO, volume is attributed to the dissolution of CO, in formation water (brine), adsorbed
to clay and kerogen surfaces or undergoes geochemical reactions.

Furthermore, reservoir models can be built and used to predict viable CO, storage in shale
reservoirs to model diffusivity, gas-water-rock interactions, and adsorption/desorption char-
acteristics, among others. Notably, the presence of clay bound water is known to change the
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gas sorption properties in coal formations so it is likely to manifest in shales as well. These
phenomena could also be well understood through experimental methods [16, 19].

With these new insights, CO, sequestration in shale formations looks promising, however, the
underlying physics of CO, sequestration in kerogen nanopores, where most of the sequestra-
tion takes place is much needed. A better understanding of the fluid dynamics in kerogen
nanopores and predicting effective transport properties (diffusivity, permeability, etc.) is of
utmost importance to practical CO, sequestration applications in shales. Also, it would aid
in capitalizing on the full potential of CO, -EGR/EOR in organic-rich shales. Therefore, the
application of lattice Boltzmann method (LBM) for CO, sequestration in kerogen nanopores
focusing on the effect of adsorption was applied.

5.1. Mechanisms of CO, sequestration in shales

In addition to the trapping mechanisms in conventional reservoirs, organic-rich shales have
an added advantage of trapping CO, through adsorption in the presence of kerogen [30].
Kerogen is the insoluble component of organic matter, and measured in the lab as the total
organic carbon (TOC) through pyrolysis. Thus, both hydrodynamic trapping and trapping
through adsorption are dependent on the wettability of CO, in in shales.

Tao and Claren [19] developed a linear relationship between TOC and adsorption capacity
using a number of published data sets as input into (Egs. (2) and (3)), respectively for methane
(CH,) and carbon dioxide (CO,).

[CH,|(cm®/g) = 3.04+0.35(TOC(%)) 2)

[CO,|(cm®/g) = 0.08 +1.72(TOC(%)) 3)

The resulting plot showed the regression line of CO, adsorption capacity to be steeper than
that of CH,, implying that CO, is able to diffuse more readily than CH, into the porous kero-
gen due to its smaller molecular diameter [19]. Accordingly, we produced a TOC vs. gas
adsorption capacity plot but with a focus on the level of TOC and its effect on gas adsorption
capacity. Shale formations are in abundance and have diverse geologic settings throughout
the U.S. (Appalachian basin, Williston basin, Illinois basin, Michigan basin, Permian basin,
and Gulf Coast Region) for EOR and associated CO, storage [19, 23] but vary in kerogen con-
tent (TOC) and this variation in TOC has been found to impact the storage capacity of shales.

Figure 4 shows the TOC — gas adsorption capacity for a number of published TOC data [5,
19, 22, 23] ranging from low TOC (<1 wt. %), medium TOC (1 wt. % < TOC < 10 wt. %), high
TOC (10 wt. % <TOC <20 wt. %), and ultrahigh TOC (>20 wt. %) [24]. Highest CO, adsorption
capacity is seen in the ultrahigh TOC region, followed by significant adsorption capacity in the
high TOC region; the least adsorption capacity is observed at low TOC region. This implies
that, the higher the kerogen content in shales, a significant amount of CO, sequestration is
expected through adsorption trapping with subsequent production of significant amounts
CH, displaced in the process. Therefore, conventional structural trapping becomes dominant
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Figure 4. Gas adsorption capacity as a function of different levels of TOC.

in low TOC regions, where shale only serves as a cap rock/seal to prevent dissolved CO, from
leaking to the surface since the mechanism of adsorption into porous kerogen (TOC) surface
is close to negligible. On the other hand, within high TOC (>2 wt. %) regions, the adsorption
trapping mechanism onto the kerogen surface prevails and render shale as storage medium in
itself. In other words, shales with high TOC tend to be strongly CO,-wet, whereas shales with
low TOC content exhibit water-wet conditions, with medium TOC in between strongly CO,
—-wet and water-wet conditions [24]. Furthermore, the presence of interlayering clay minerals
(illite) in shales also creates a large surface area for adsorption, although the weight of TOC
has a much larger influence [25].

The properties of supercritical CO, inside small pores are of interest for subsurface carbon
storage and as such require an understanding of the processes that govern the gas trans-
port process [19, 23]. Molecular dynamics (MD) among other microscopic computational
fluid dynamics as well as analytical models based on Fick’s law for gas have been applied
to understand the diffusion of CO, and CH, into organic pores. While, molecular dynamics
simulates kerogen pore structures with the use of molecular sieves to investigate gas trans-
port, analytical models modify continuum approaches by incorporating slip flow and diffu-
sion. However, molecular dynamics is not feasible to simulate gas flow in porous media at
large scale due to computational time and memory constraints [25, 26] and analytical models
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fall short of capturing molecular pore wall effects. On the other hand, the lattice Boltzmann
method (LBM), a mesoscopic numerical method is more flexible and less time consuming
since a unit of gas molecules is assigned a distribution function for simulation [25, 26].

As previously outlined, the injected gas first contacts the fracture/matrix interface and then
chooses to either (1) dissolve into the organic material (kerogen) and diffuse through a nano-
pores network or (2) enter the inorganic material and flow through a network of irregularly
shaped voids [6, 18]. Therefore, the interaction of supercritical CO, (scCO,) with porous kero-
gen needs to be investigated for long-term reservoir storage of CO, in organic-rich shales. We
provide a simulation study that reveals the interaction of scCO, with porous kerogen focusing
on two key features of adsorption and diffusion.

5.2. Lattice Boltzmann simulation (LBS) of CO, sequestration

The lattice Boltzmann method (LBM) is a numerical method for simulating fluid at the molecu-
lar scale. This method is ideal for simulating gas flow in nanoporous kerogen since the contin-
uum flow (Darcy’s law) fails due to dominating pore-wall effects at the microscale. LBM stems
from the Boltzmann kinetic theory of gases, where fluids are assumed to be made up of a large
number of small particles in random motion, which undergo elastic collisions to conserve mass
and momentum [19, 23, 24]. However, the LBM replaces the fluid molecules with fractious
particles to reduce the number of possible particles to a handful [28]. The fractious particles are
then confined to the nodes of the lattice and assigned lattice velocities (¢) at each node as shown
in Figure 4, where the direction indexi=0, 1, ..., 8, for a D2Q9 model [29] (Figure 5). Following
the kinetic theory, the fractious particles stream along defined lattice links and collide locally
at varying lattice sites [23-25]. The streaming and collision of fluid particles by the Bhatnagar-
Gross-Krook (BGK) approximation gives the lattice Bolzmann BGK equation as [19, 23-26].

fx+e, At t+ A~ f(x, 1) = —2[f(x, )~ f(x, )] (4)

7

Figure 5. D2Q9 (2-D, 9-velocities) lattice nodes and velocities. Modified from [29].
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where, f(x, ) is the density distribution function, £%x, #) is the equilibrium distribution function,
7 is the relaxation time. The left-hand side (LHS) of (Eq. (2)) represents the streaming step,
while the right-hand side (RHS) constitutes the collision step.

In effect, collision of fluid particles is considered as a relaxation towards a local equilibrium,
and defined for every model with varying dimensions (2-D, 3-D) and velocities (5, 9, 15, etc.).

The LBM models the distribution of and changes in the density function, from which the
velocity profile is determined. Accordingly, the macroscopic fluid density and velocity are
given respectively as [19, 23, 24].
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where, p is the macroscopic fluid density and « is the macroscopic fluid velocity.

Several works [18, 29] have been carried out on modeling the convection problem encoun-
tered in deep saline aquifers during CO, sequestration with the lattice Boltzmann method
(LBM). The findings include the fact that brine with a high CO, concentration was found
to invade into the underlying unsaturated brine, causing an increase in the interfacial area
between the CO,-rich brine and CO, — deficient brine. In effect, this phenomenon enhanced
the migration of CO, into the fracture and pores.

However, in organic-rich shales, most of the sequestration process takes place within the
kerogen nanopores through adsorption [30, 31]. In so doing, there is the need to understand
the interaction of supercritical CO, (scCO,) with porous kerogen for long-term reservoir stor-
age of CO, in organic-rich shales.

In a typical kerogen nanopore, the velocity is discontinuous at the pore wall due to the
mean free path of the gas molecules exceeding the characteristic length (pore size). This
phenomenon is characterized by the Knudsen number (x ); slip flow regime falls within
0.001 < K < 0.1. For chosen characteristic length 20 nm for our LBS (k= 0.0243), fluid flow
falls within the slip flow regime. Slip flow boundary condition was modified for CO, mol-
ecules, which are predicted to not reflect at the walls but rather adsorb and desorb after
some time lag [26, 27]. In effect, the velocity of the pore wall is defined to be dependent
on the surface diffusion coefficient of CO, gas as well as Langmuir adsorption parameters
based on the amount of adsorbed gas. Hence, the slip velocity at the pore-wall is given by
[26, 27, 30].

Uy = 1-a u tau, 7)
where, uis the slip velocity, u is the fluid velocity away from the wall, u_is the local wall
velocity dependent on the surface diffusion coefficient, and ais the amount of adsorbed gas at
the solid surface through Langmuir isotherm.
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Figure 6. Composite velocity distribution of both CH, (center) and CO, (at the walls) in a 20 nm pore-slit.

Marcellus shale reservoir conditions were implemented at a high pressure of 12 MPa and
temperature of 300 K. The D2Q9 LBM diffusion coefficient is known to be given in (Eq.(8)) and
is directly comparable to the kinematic viscosity [28, 32].

D = 3(7,-3) ®)

where, D is the diffusion coefficient of the D2Q9 LBM and < is the relaxation time for each
fluid component.

A 20-nm pore-slit is filled with both CH, and CO, at 12 MPa. Hydrodynamic velocity bound-
ary condition is implemented at the upper and lower walls, while the pressure boundary
condition is applied to the east and west ends. Figure 6 shows the static velocity profile of
both fluids in the pore-slit; CO, occupies the surface of the pore walls on both ends as the
wetting phase, while methane occupies the center as the non-wetting phase.

Estimating the amount of adsorbed gas for CO, and CH,, respectively, it was found that CO,
adsorption capacity was much more than that of CH, for the same pore dimension and pre-
vailing temperature and pressure. Furthermore, the diffusion coefficient CO, at = = 1is higher
than the diffusion coefficient of CH, at r = 0.8. The estimated magnitude of CH, diffusion
coefficient is given in the range of 10°~107° m?/s in carbon molecule sieves [19].

6. Conclusions

CQO, sequestration in organic-rich shales to mitigate greenhouse gas (GHG) effects is proven
to be very feasible through experimental and numerical simulations. Our literature review
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and LBS suggest that organic-rich shales are capable of storing CO, in substantial quantities
in its adsorbed state in the presence of higher TOC levels. In addition to shales being widely
distributed and in abundance, the natural confining seals of the formation reduces the risk of
leakage. On the other hand, CO,-EGR/EOR can be achieved as part of the CO, sequestration
process; CO,-EGR/EOR produces relatively clean fuel and sustains energy demands.

However, to accurately benefit from CO, - sequestration in organic-rich shales, there is the
need to overcome developmental challenges and understand the rock-fluid and fluid—fluid
interactions in organic-rich shales for large scale pilot test and implementation.
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Appendices and nomenclature

EGR/EOR enhanced gas recovery/enhanced oil recovery
ooI1P original oil-in-place

ECBM enhanced coalbed methane

CO, carbon dioxide

scCO, supercritical CO,

CH, methane

Gt giga tons

TOC total organic carbon/content



Carbon Dioxide Utilization and Sequestration in Kerogen Nanopores
http://dx.doi.org/10.5772/intechopen.78235

Ro % vitrinite reflectance
LBM lattice Boltzmann method
LBS Lattice Boltzmann simulation
BGK Bhatnagar-Gross-Krook
fexb) velocity distribution function
£ix, 1) equilibrium distribution function
T relaxation time
e lattice velocities
p macroscopic density
u macroscopic velocity
GHG greenhouse gas
MPa mega Pascal
K Kelvin
Kn Knudsen number
nm nanometer
" slip velocity
D diffusion coefficient of D2Q9 LBM
D2Q9 2-dimensional, 9 velocity/speed model
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Abstract

Carbon capture aims to mitigate the emission of CO, by capturing it at the point of
combustion then storing it in geological reservoirs or applied through enhanced oil recov-
ery (EOR) in a technology known as miscible flooding, so reduce CO, atmospheric emis-
sions. Miscible CO,-EOR employs supercritical CO, to displace oil from a depleted oil
reservoir. CO, improve oil recovery by dissolving in, swelling, and reducing the oil
viscosity. Hydrocarbon gases (natural gas and flue gas) used for miscible oil displacement
in some large reservoirs. These displacements may simply amount to “pressure mainte-
nance” in the reservoir. In such flooding techniques, the minimum miscibility pressure
determined through multiple contact experiments and swelling test to determine the
optimum injection conditions.

Keywords: miscible flooding, enhanced oil recovery, swelling test, minimum miscibility
pressure

1. Background

CO; concentration in atmosphere increases due to the industrial revolution that attributed to the
combustion of fossil fuels [1]. CO, is responsible of 64% of environmental pollution [1], so there
is a dire need to mitigate its concentration to avoid global warming emissions. CO, miscible
flooding in crude oil reservoirs is a currently successful technique to reduce its amount in the
atmosphere, in addition to increasing the mobility of the oil and, consequently, increase the
reservoir productivity [2]. It is preferred other than hydrocarbon gases since it does not only
increase oil recovery but also causes a reduction of greenhouse gas emissions [3]. Moreover, it is
a cheap technology as an ultimate long-term geologic storage solution for CO, owing to its
economic productivity from incremental oil production offsetting the cost of carbon sequestra-
tion, and exhibit high displacement efficiency and the potential for environmental contamination

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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decrease through its disposal in the petroleum reservoir [1, 4]. This chapter aims to provide basic
technical information concerning enhanced oil recovery by CO, flooding.

2. Enhanced oil recovery (EOR) processes

Owing to increased oil demand, improved oil recovery become a challenging task [3], since fossil
fuels are the dominant source of the global energy supply [2] and represent about 85% of energy
needs. Crude oil production occurs through three distinct phases [5-9]. The first stage is known
as primary recovery, in which oil is recovered by natural reservoir energy including expansion of
rock, fluid and dissolved gases, gravity drainage, and aquifer influx, or combination of these
factors, which drive the hydrocarbon fluids from the reservoir to the wellbores. Primary oil
recoveries range between 5 and 20% [10] of the original oil-in-place (OOIP). As reservoir pressure
declines with the sustained production process, so the reservoir pressure must be built-up by
injecting either water or natural gas, which drive reservoir fluid to wellbore [11]. This stage is
known as secondary oil recovery, in which the recovered oil estimated to be in the range of 20-
40% of the OOIP [10]. At the end of secondary recovery, a significant amount of residual oil
remains in the reservoir and becomes the target for additional recovery using tertiary recovery or
enhanced oil recovery (EOR) methods. EOR refers to the displacement of the remaining oil in the
reservoir through injection of materials not normally present in the reservoir [10, 12-17]. Gener-
ally, EOR processes comprise the following three categories:

2.1. Thermal EOR

Injection of steam has historically been the most widely applied EOR method. Heat from steam
or hot water dramatically reduces heavy oils viscosity, thus improving its flow. The process
involves cyclic steam injection (“huff and puff,” where steam is first injected, followed by oil
production from the same well); Continuous steam injection (where steam injected into wells
drives oil to separate production wells); hot water injection, and steam assisted gravity drain-
age (SAGD) using horizontal wells. Another set of thermal methods include, in situ combus-
tion or fire flooding are currently implemented [18-20].

2.2. Miscible EOR

Miscible EOR employs supercritical CO, to displace oil from a depleted oil reservoir. CO,
improve oil recovery by dissolving in, swelling, and reducing the viscosity of the oil. CO is a
cheap injection source for increasing recovery factor by the rate of 1-2$/Mscf [21]. Most CO,
flooding processes occur in United States [22]. Hydrocarbon gases (natural gas and flue gas) in
addition to compressed nitrogen used for miscible oil displacement in high deep reservoirs.
These displacements may simply amount to “pressure maintenance” in the reservoir [23-25].

2.3. Chemical EOR

Chemical flooding was, up to 2000s, a less common EOR method than thermal and gas
flooding, but now, huge projects are retrieved. The chemical flooding processes involve the
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injection of three kinds of chemicals; alkaline, surfactant and polymer (soluble and cross-linked
polymers), in addition to other chemicals such as foaming agents, acids and solvents [26] and/
or combination of alkaline-surfactant-polymer flooding (ASP) [27]. In the polymer flooding
method, water-soluble polymers aimed to shut-off the high-permeability areas of the reservoir
and increase injected water viscosity to increase the swept areas in the reservoir [28, 29]
leading to a more efficient displacement of moderately viscous oils. Addition of a surfactant
to the polymer formulation may, under very specific circumstances, reduce oil-water interfa-
cial tension (IFT) and hence remobilizing the trapped oil [30], changing surface wettability, so
enhance the oil production. For some oils, alkaline may convert some naphthenic acids within
the oil to surfactants that increase oil recovery. The alkaline may also play a beneficial role in
reducing surfactant retention in the rock [31-34].

3. Fundamentals and mechanism of CO, flooding

Improvement of oil recovery occurs through different techniques, one of which is CO, flooding
in low permeable and light-oil reservoirs [35, 36], as it can increase recovery factor from 10 to
20% [37]. Moreover, it reduces atmospheric gas emissions through CO, storage [38]. Gas
miscible flooding implies that the displacing gas is miscible with reservoir oil either at first
contact or after multiple contacts, which in turn improve the volumetric sweeping and dis-
placement efficiencies (E, and Eg) respectively [39, 40]. A transition zone will develop between
the reservoir oil and displacing gas, where the miscibility of the injected gas depend on
reservoir pressure, temperature, and oil properties [41, 42]. CO, miscible flooding comprises
two mechanisms.

3.1. Miscible flooding

Miscible flooding depends on mobilizing the oil light components, reduction of oil viscosity, the
vaporization and swelling of the oil, and the lowering of interfacial tension [41]. The injected CO,
completely dissolve through crude oil at the minimum miscibility pressure (MMP) which deter-
mined experimentally through slim-tube tests or by mathematical correlations [3, 43, 44] and
defined as, the pressure at which more than 80% of original oil-in-place (OOIP) is recovered at
CO; breakthrough [45]. However, on an industrial scale, an oil recovery of at least 90% at 1.2
pore volume of CO; injected is used as a rule-of-thumb for estimating MMP [46, 47]. When the
reservoir pressure is above the MMP, miscibility between CO, and reservoir oil is achieved
through multiple-contact or dynamic miscibility, where the intermediate and higher molecular
weight hydrocarbons from the reservoir oil vaporize into the CO, (vaporized gas-drive process)
and part of the injected CO, dissolves into the oil (condensed gas-drive process) [48]. This mass
transfer between the oil and CO, allows the two phases to become completely miscible without
any interface and helps to develop a transition zone [49] that is miscible with oil and CO,. CO,
miscible flooding comprises; 1 first contact; vaporizing gas drive, and condensing gas drive [10].

A. First contact: in which miscible solvents mix with reservoir oil in all proportions and the
mixture remains in one phase. Either through single or multiple contacts, and resulting in
much improved oil recovery [50].
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B. The vaporizing gas-drive process (high-pressure gas drive): achieves dynamic miscibil-
ity by in situ vaporization of the intermediate-molecular-weight hydrocarbons from the
reservoir oil through injection of lean gases or CO, [51].

C. The condensing gas-drive process (enriched gas drive): achieves dynamic miscibility by
in situ transfer of intermediate molecular weight hydrocarbons from rich solvent to lean
reservoir oil through condensation process [52].

3.2. Immiscible flooding

Immiscible flooding depends on oil viscosity reduction, oil phase swelling, the extraction of
lighter components, and the fluid drive [53]. When the reservoir pressure is below the MMP or
the reservoir oil composition is not favorable, the CO, and oil will not form a single phase (i.e.,
immiscible). However, CO, will dissolve in the 0il causing oil swelling, viscosity reduction and
solution gas derive which in turn improve sweeping efficiency and facilitate further oil recov-
ery [54]. Like hydrocarbon gases, CO, miscibility through crude oil increases with pressure
and decreases with temperature [55, 56].

4. Properties of CO,

In order to fully understand CO,-EOR flooding, it is important to look at the properties of CO,
and the fundamentals of the CO,-EOR process. Under ambient conditions, CO is a colorless,
odorless gas and about 1.5 times heavier than air. CO, is (2-10 times) more soluble in oil than
in the water. CO, increases the water viscosity and forms carbonate acid, which has a beneficial
effect on shale and carbonate rocks [57]. Its properties under standard and critical conditions
are summarized in Table 1. Above critical pressures and temperatures, CO, is in the supercrit-
ical state and forms a phase whose density is close to that of a liquid, even though its viscosity

Properties at standard conditions (14.7 psia, 0°C)

Molecular weight 44.010 g/mol
Specific gravity 1.529
Density 1.95 kg/m®
Viscosity 0.0137 mPa/s

Critical properties

Critical pressure (P.) 1070.6 psia
Critical temperature (T.) 87.98°F
Critical volume (V) 94 cm®/mol
Critical viscosity (uc) 0.0335 cp

Table 1. Properties of CO, under standard and critical conditions.
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remains quite low (0.05-0.08 cp). This dense CO,phase can extract hydrocarbon components
from oil more easily than gaseous CO, [49].

5. CO, flooding and injection designs

Depending on the reservoir geology, fluid and rock properties, the CO, flooding involves the
following;

5.1. Continuous CO, injection

This process requires continuous CO, injection with no other fluid. Sometimes a lighter gas,
such as nitrogen, follows CO, injection to maximize gravity segregation.

5.2. Continuous CO, injection followed with water

This process is the same as the continuous CO, injection process except for chase water that
follows the total injected CO, slug volume.

5.3. Conventional water-alternating-gas (WAG) followed with water

In this process, a predetermined volume of CO, is injected in cycles alternating with
equal volumes of water. The water alternating with CO, injection helps overcome the
gas override and reduces the CO, channeling consequently, improving overall CO, sweep
efficiency.

5.4. Tapered WAG

This design is similar in concept to the conventional WAG but with a gradual reduction in the
injected CO, volume relative to the water volume.

5.5. WAG followed with gas

This process is a conventional WAG process followed by a chase of less expensive gas (e.g., air
or nitrogen) after the full CO, slug volume has been injected.

6. CO,-EOR flooding projects and case studies

Several literatures stated about implementation of CO, and carbonated water to improve oil
recovery since 1951 [45, 54, 58, 59], owing to its availability in adequate amounts from both
natural and industrial sources [60]. The first field-wide application occurred in 1972 at the
SACROC (Scurry Area Canyon Reef Operators Committee) unit in the Permian Basin, where
the CO, was transported via a 200-mile-long pipeline from the Delaware-Val Verde Basin
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[10]. Hashemi and Pouranfard [1] reported about the investigation of immiscible miscible
CO;, injection southwest of Iranian oil field, which has two reservoirs: Gurpi and a shallower
Asmari reservoir. Main reservoir in this field is the Asmari formation with Oligocene and
Miocene ages, which is divided into seven zones. Therefore, only the Asmari formation has
been producing oil at commercial scale. The Asmari formation in this field consists of
fractured carbonates with a low permeability matrix. The matrix has a porosity and perme-
ability of about 0.088% and 3.4 md, respectively [1]. They concluded that the minimum
miscibility pressure (MMP) was 4630 psia, The optimum injection rates for immiscible and
miscible CO, injection scenarios were 17,000 and 30,000 Mscf/day, respectively and oil
recovery factor reach 36.59% [1]. Al-Aryani and others [61] have reported on the first CO,-
EOR pilot test in the Middle East where pulsed neutron logging was used to monitor the
performance of a CO, flood in one of the largest oil fields in Abu Dhabi, United Arab
Emirates. The results of this test will be viewed with great interest based on the fact that it
will have a significant impact on the application of CO,-EOR in many oil-rich countries in
the Middle East with the potential for very large additional oil recoveries. In India, a CO,-
EOR feasibility study was implemented in an oil field on the west coast, but the results are
not yet publically available [62]. In China, there is ongoing research and pilot testing of CO,-
EOR and carbon sequestration in the Jilin oil field with plans to expand to other fields [63].
As of 2012, there were 15 CO,-EOR projects outside of the United States—six in Canada,
three in Brazil, five in Trinidad, and one in Turkey [64]. Of the six CO,-EOR miscible projects
in Canada, the Weyburn project is the most significant because it was the first project with
the primary objective of injecting CO, for additional oil recovery as well as for carbon
sequestration to help mitigate climate change. In recent years, there have been some serious
efforts by Scottish Carbon Capture & Storage (SCCS), the Scottish Government, and other
companies to investigate the possible application of CO,-EOR in the North Sea. This interest
is based on the potential for additional oil recovery from depleted oil fields using CO,
captured from power plants and industry [10]. The objective is to gain a better understand-
ing of the use of CO, in EOR operations with the goal of extending the producing life of
North Sea oil fields using CO, captured from large emitters, such as power plants and
industrial facilities, and permanently store the greenhouse gas in offshore oil reservoirs. It
is estimated that there is the potential to recover 24 billion barrels of additional oil in the
North Sea using the CO,-EOR process. About 60 active miscible CO, projects were in
operation in the United States in 1996, whereas in Canada, hydrocarbon miscible floods
reach nearly ~40 active projects [35, 65]. Most CO,-flooding projects carried out in the
United States in Colorado, Louisiana, Mississippi, New Mexico, Michigan, Oklahoma, Texas,
Utah, and Wyoming. During 2014, about 22 companies implemented CO; flooding projects;
where 128 projects contributed about 126 million tons of oil [66], applied through carbonate
and sandstone reservoirs with a percentage of 55 and 37% respectively, while the other 6%
were implemented in tripolite reservoirs [67]. The range of porosity is from 4 to 29.5% with a
permeability of 100 mD. The main operators and their productions reported in Table 2. The
increased implementation of CO, flooding projects resort to its availability from natural and
industrial sources in addition to its relatively low cost as a displacing agent compared to
other alternatives [68]. It is observed that the outcome of these projects summarized in
Table 2, where the recovery factor ranged from 0.15 to 36.37%. The reservoirs properties are
summarized in Table 3.
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Operator No. of projects Improved production (x10* tons) Recovered oil (%)
Occidental 33 459.63 36.37
Kinder Morgan 3 138.34 10.94
Chevron 7 126.30 9.99
Hess 4 106.89 8.46
Denbury Resources 18 86.82 6.87
Merit Energy 7 71.12 5.63
Anadarko 6 55.79 441
ExxonMobil 1 45.36 3.59
Breitburn Energy 5 36.87 2.92
ConocoPhillips 2 28.42 2.25
Whiting Petroleum 1 24.51 1.94
Apache 5 23.88 1.89
XTO Energy Inc. 4 13.43 1.06
Chaparral Energy 8 9.18 0.73
Fasken 5 4.30 0.34
Core Energy 9 1.90 0.15
Others 12 31.19 2.47

Table 2. CO, miscible flooding operator and production dataset [66, 69, 70].

Property Minimum Maximum Median Mean
Porosity 4 29.5 12 14.25
Permeability, mD 2 700 14 44.35
API gravity 27 45 38 37
Viscosity, cp 0.4 6 18 13
Temperature, °F 83 260 108.5 133.9
Depth, ft 1150 11,950 5500 6107.3
Qil saturation (% PV) 26.3 89 46 49.6
Net thickness, ft 15 268 90 110
Minimum miscibility pressure (MMP), psia 1020 3452 1987.5 2058.4

Table 3. Properties of reservoirs subjected to CO, flooding.

7. Screening criteria for CO, flooding

Screening criteria for miscible CO, flooding comprise reservoir depth, pressure and tempera-
ture, minimum miscibility pressure (MMP), residual oil saturation, net pay thickness, crude oil
gravity, and viscosity in addition to permeability, porosity, and reservoir heterogeneity [40]. In



86 Carbon Capture, Utilization and Sequestration

Criteria Optimum condition

Depth, ft 2500 [73]-3000 [74]

Reservoir temperature, °F <120

Reservoir pressure, psi >3000

Total dissolved solids (TDS) <10,000 mg/L

Oil gravity Medium to light oils (27-39° API)
Qil viscosity, cp <3

Reservoir type Carbonate reservoirs preferred than sandstone one
Minimum miscibility pressure (MMP), psi 1300-2500

Oil saturation >20% [73]

Net pay thickness, ft 75-137

Porosity >7%

Permeability >10 mD

Table 4. Optimum screening criteria for CO, miscible flooding.

preliminary screening, according to National Petroleum Council, the optimum reservoir
criteria for CO, miscible flooding [64, 71] are summarized in Table 4. Any deviation from
these criteria would depend on the size of the reservoir and potential hydrocarbon recovery.
For example when reservoir temperatures are greater than 120°F, additional pressure ranges
from 200 to 500 psi is required to achieve miscibility. The density of CO, depends on the
injection depth, which controls the ambient temperature and pressure and range from 0.6—
0.8 g/cc [72]. The CO, should be injected at depth greater than 800 m, where it is in a dense
phase (either liquid or supercritical) [2]. High saline reservoirs are more susceptible to CO,
storage than low salinity reservoirs.

All reservoir lithology, including carbonate and siliciclastic are appropriate for CO,-EOR
flooding as long as they have interconnected pore space for fluid accumulation and flow.
Proper reservoir characterization leads to accurate estimates of OOIP and a convenient evalu-
ation of reservoir behavior. The OOIP calculated volumetrically, by the following equation;

(7758* A*H*®* Soi)

OOIP = Boi

1)

7758, multiplying factor, (barrels/acre-feet); A, reservoir area,(acres);h; average net reservoir
thickness, (feet); J; average porosity of formation; S,;; initial oil saturation in pore space; B;
oil formation volume factor at initial reservoir pressure (bbl/STB).

8. CO,-miscible flooding performance and simulation

Before conducting a CO,-flooding, its miscibility with the reservoir is determined through
measurement of MMP. After that, a pilot test is conducted to check the success of the CO»-
EOR process on a small scale in the field. If all results are positive, reservoir simulation is
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carried out to (a) scale-up the EOR process to an entire oil field and (b) define the optimum
design of the WAG ratio and hydrocarbon pore volume injection volumes for maximum oil
recovery [75]. The performance of a flooding process evaluated by exploring the slug of CO,
and water, the performance of oil-production wells, gas-oil ratio and water cut, and the
injection wells for fluid distribution among various reservoir layers, since these parameters
greatly effect on the recovery factor [76].

9. Operational aspect

In order to implement a successful CO,-miscible flooding several parameters are considered;

9.1. CO, source

There are three possible sources of CO,: (1) natural hydrocarbon gas reservoirs containing CO,
as an impurity (generally less than 25%), (2) industrial or anthropogenic sources with wide
variation of CO, percentage in the effluent like power plants and so on [2], and (3) natural CO,
reservoirs [49].

9.2. Surface facilities

The facility requirements for CO,-EOR include the following items.

i.  CO; extraction: it is extracted from the separator gas, which begins to show increasing
quantities of CO, after its breakthrough in producing wells [77].

ii. CO, processing: it is purified to specification after its extraction from the separator gas
and is dehydrated before compression [78].

iii. CO, compression: it is compressed to raise its pressure for injection [79].

9.3. Technological challenges

Technical challenges of CO, flooding can be summarized in the following [80].

1. Increasing CO, injection volumes,

2. Optimizing flood design and well placement for extracting more of the residual oil,

3. Improving the mobility ratio by increasing the viscosity of water by use of polymers, and

4. Extending miscibility by reducing the miscibility pressure through the use of liquefied
petroleum gas (LPG).

10. Conclusion

The primary and secondary oil recovery produces about 20-40% of the OOIP [48]. Consequently,
there is a huge amount of potentially unrecovered oil left in the reservoir, which becomes the
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target for suitable EOR processes. One of the widely implemented EOR processes is CO,-miscible
flooding which recovers high amounts of crude oil and reduces environmental pollution results
from gas emissions. CO, can be injected either as a continuous stream, water-alternating gas
(WAG). Implementation of successful CO, miscible flooding require an accurate investigation of
reservoir screening criteria comprising reservoir porosity and permeability, API gravity, oil
viscosity, reservoir temperature, depth, oil saturation, and net pay thickness.
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Abstract

India as a fast growing economy is pursuing strategic knowledge mission for focused
research in the area of climate change. Our R&D in Carbon Capture & Sequestration (CCS)
will be initially focused on post combustion carbon capture on coal fired power plants. India
is 3rd largest emitter of world after China and US with a share of 6.9% in global emission of
CO,, however, India’s per capita GHG emission is only 1.6 MT per annum (MTPA) which
is well below the world average 7.5 MTPA. National Mission on Strategic Knowledge for
Climate Change aims to develop a better understanding of Climate Science impacts and
challenges. The planning commission has announced the Government’s interest in adding
a ninth mission i.e. “Clean Coal Technologies mission’ that would include Carbon Capture &
Sequestration. As regards Carbon Capture & Sequestration (CCS) on coal fired power plants
in India is concerned, an innovative concept of integrating solar thermal for steam produc-
tion will pave way for reducing energy penalty in regeneration of solvents from a level of
over 15% to around 05%. This chapter deals with an innovative approach of CCS in which the
major issues of energy penalty reduction have been taken care of through use of Solar Steam
Generation, through concentrated solar plant (CSP) with 24 x 7 thermal energy storage (TES).

Keywords: carbon capture, sequestration, amine solvent, post combustion carbon
capture, concentrated solar plant, MEA solvent, energy penalty, oil fired boiler, thermal
energy storage (TES), halide salt

1. Introduction: current climate change policies in India and targets

India is rich in coal and is third largest coal producer in the world with estimated coal reserves
of the order of 257 billion tons [1]. Coal continues to be the dominating energy source and
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meets nearly 58% of total requirement of commercial energy, but accounts for over 50% of the
gross emissions. Out of total annual emission of about 2100 million tons per annum (MTPA),
CQO, emitted by the coal based thermal power plants amounts to about over 1000 MTPA. With
the developmental activities using fossil fuels on the anvil, the aggregate emission in the
country would increase. The coal-based power plants totaling to 192 GW out of total installed
capacity of 330 GW would remain main stay of India’s power sector for at least 2-3 decades.
India, though has lower contribution to the historical GHG accumulation, it holds a large
potential for options like cost effective CCS to tackle the adverse effects of climate change [2].
Coal fired power plants in India account for more than half of the energy production in the
country annually and about 52% of the total GHG emissions of the country [3, 4]. With a large
number of new coal power plants, sub and supercritical, being installed, the problem of GHG
emissions is likely to increase.

India has world’s largest sedimentary basins. Ganga Basin and adjoining Rajasthan and
Vindhya Basins offer a potential site for CO, storage [5].

India has made a voluntary commitment at paris agreement; COP-21, that it would decrease
its carbon intensity by 30-33% by 2030 from 2005 level. To address the threat of climate
change, India has further declared in UNFCC’s Conference of Parties (COP21) at Paris, that it
will augment 175 GW of renewable energy, out of which 100 GW would be solar PV and solar
thermal. Carbon sequestration of the order of 2.5-3.0 billion tons of CO, through additional
forest is also aimed at in the perspective five year plans and focus on adaptation in agricul-
ture, forest, water and livelihood would be accelerated [1, 7].

The path chosen makes it imperative that the CO,, which forms 95% of the GHG emissions
be reduced. The reduction of 33% intensity as promised by India at COP-21: Paris; would
translate to a decrease of CO, emissions from our coal plants from 0.9 kg/kWh to a level of
0.58 kg/kWh by 2030. This decrease is possible by a combination of adaptation and mitigation
measures like acceleration of present pace of Low Carbon Technologies (LCT) particularly
and Clean Coal Technologies (CCT) and setting up of Carbon Capture & Sequestration (CCS)
plants primarily for post combustion carbon capture on our fossil fuel based sub and super-
critical thermal power plants.

The Indian Power Ministry and the Department of Science & Technology have considered
CQO, capture and its sequestration through options like conversion to fuels as a far economical
option than storage in sedimentary basins by [6, 7]. As per the Global Assessment Report,
there is limited geological storage capacity [8], however a better potential will be found, if the
concept of CO, storage in Basalt formations can be advanced into a matured option through
focused R&D [9, 10].

Expected benefits for the environment and society at large due to the CCS implementation

plan are:

¢ Adoption and implementation of Low Carbon Technologies will pave way for sustainable
society prepared to meet the challenges of climate change.
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* CO, sequestration is a multi-dimensional aspect involving capture of carbon from
atmosphere followed by transportation, injection into favorable sites and post-injection
monitoring. The favorable sites for storage of CO, must be reliable in the sense that CO,
will be stored there permanently at least for 1000 years and no leakage is preferable. In
this backdrop, the most suitable storage sites where CO, could be fixed permanently
by chemical absorption and reaction respectively are depleted coal beds and saline
aquifers [7].

¢ Carbon Capture & Sequestration would play an important role in reducing GHG emis-
sions at the same time enabling low carbon electricity generation from Power plants.
Considering a CCS integrated 500 MW unit, which emits over 3 million tons of CO,
per annum, would be equivalent to: (a) planting over 60 million trees and maintaining
them to grow for 10 years; (b) avoiding energy related emission of about 0.3 million
houses [7].

R&D efforts under the aegis of various Ministries of Government of India including
Department of Science & Technology, would be required to estimate the economic implica-
tions of implementing CCS in the existing coal Fired plants [11]. Nine national missions for
managing climate change have been set up by the Planning Commission, which include Clean
Coal Technologies and CCS as a prime mitigation measure.

It has been recommended at several forums of Ministry of Power that a better option could
be carbon capture and sequestration (CCS) through the technologies of conversion of CO,
into multipurpose fuels including biodiesel through Algae route. In a post combustion amine
based CCS Plant the Energy Penalty in regeneration of solvent has been identified as a main
issues in CCS deployment, as such India is taking conscious steps in the area of CCS as under
following stage wise program:

e Stage-1 (1-5 years): CO, sequestration to selected species of Algae in ash pond in the plant
area.

* Stage-2 (5-10 years): sequestration to depleted coal mines for pit-head coal based power
stations.

* Stage 3A (10-15 years): sequestration to basalt rocks, saline aquifers & EOR as per site
specific options.

* Stage-3B (10-15 years): for costal power stations: CO, hydrate formation in seabed
sediments.

Innovative concept of energy penalty reduction through integration with the solar thermal could
also be an option for India and other countries between tropic of cancer & capricorn viz. under
International Solar Alliance launched recently with India in lead role. The CCS option towards
sustainability may lead to an opportunity for course-correction in line of thinking of our Planners,
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Engineers & Scientists working in the arena of Green Power technology and its development.
The time appears to be ripe for implementation of CCS on an actual thermal power plant.

2. Detailed methodology of post combustion CCS on a thermal
power plant: a pilot study

A pilot plant of CCS having rated capacity of curbing carbon dioxide of 500 kg/day was
installed at RGPV University, Bhopal in Central India in the year 2008. The source of carbon
dioxide was a baby boiler of rated capacity of producing 100 kg/h of steam. Desired amount
of steam is extracted for catalytic conversion and other heating processes. Another source of
flue gases is a biomass gasifier fired engine of capacity 10 kWe, which is also coupled with
the system. Scrubbing of flue gas is done using solution of NaHCO,, NaOH and lime for
removal of SOx and Nox; and for capturing carbon dioxide from flue gas an aqueous solvent
of 1-2 M monoethanolamine is used. The strip of CO, is sent to the three MEA solvent tanks
where the MEA solvent in the three tanks absorb the CO, up to their saturation point. The
saturated MEA containing CO,, from the three MEA solvent tanks are sent to the saturated
MEA tank. In order to remove CO, from the MEA saturated solvent, a striping tank is pro-
vided. The CO, is released from the MEA solvent in striping tank with the help of steam
generated from the diesel-fired boiler. Data are recorded by combustion gas analyzer, which
was customized to record data as per requirement [12]. The scheme diagram of the plant is
shown at Figure 1. Catalytic converters/reduction units for methane, hydrogen and CO are
installed for this pilot unit.

The long term “Objectives” behind setting up of a pilot plant are to provide ground for
‘Feasibility study’ on a large thermal units of future having CCS facility with least energy
penalty. To this end, the development of Concentrated Solar Power for Steam generation
for Regeneration of CO, captured MEA Solvent & System optimization studies are on the
anvil.

The pilot plant will also provide a study and prove the viability of sequestration of CO, to
selected species of Algae for getting optimum lipid content from the increased growth of
species.

The pilot plant together with the combustion gas analyzer & data acquisition system has been
used for 4000 h. Trail run for “Uncertainty Analysis’ in the experimentation. CO, capture level
of 90-93% was achieved for the above post combustion CO, sources viz. a boiler and a gasifier.
It was seen that H, formation to the extent of 21% by volume was also achieved.

The pilot plant (Figure 2) was utilized for variety of application during trial run of 4000 h for
process stabilization such as: the study of CO, capture in mono ethanol amine (MEA) ranging
from 1 molar to 5 molar strength; sequestration of CO, released from the stripper unit to vari-
ety of algae and development of lipid content for bio-diesel production. The pilot plant is also
being used for development of low cost catalysts for production of fuel elements like CH, [13].



An Innovative Approach in Post Combustion Carbon Capture and Sequestration... 99
http://dx.doi.org/10.5772/intechopen.78394

LEGEND

— Sleam
— Finc lias
=
— MEA

gee~n

Figure 1. Scheme diagram of CO, capture & sequestration pilot plant.

Figure 2. CO, capture & sequestration plant (CO, & steam source—oil fired baby boiler).
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A need was established soon after the 4000 h trail runs of this pilot plant to explore:

i. Optimum value of molar strength of MEA solvent for highest efficiency of capture with
minimum cost penalty of regeneration.

ii. Optimum value of carbon dioxide recycling for conversion to CO to attain heat gain up to
the calculated theoretical limit of 21.88%.

Simulation studies were carried out and a 1.5 molar strength was found to be optimum for
CQO, capture to the level over 90%. Further, using lignite Gasifier the carbon monoxide of the
order of 20% was produced for recycling to the boiler using short-flame burners, which is
close to the theoretical limit of 21.88%. The pilot plant was also used for the feasibility study
of installation of CCS plant on a 500 MW thermal power plant as discussed further.

The objective of this pilot project is also to carry out feasibility study, prototype design &
development of a 30% CO, capture & sequestration unit for installation on a 500 MW coal-fired
thermal power plant as per the broad scheme given below (Figure 3). The project proposal
also provides details of plant modification to be done by plant engineers for steam tapping
from turbine extractions, as well as design and consultancy scope, etc. A full-scale plant on
a 500 MW Pulverized Coal Fired Unit would require a plant of 510 tonnes/h capacity. This
interdisciplinary project is expected to resolve certain frontline issues in CO, sequestration
such as energy intensive process optimization in terms of cost of generation and development
of effective catalyst for methane, hydrogen and biodiesel recovery through Algae route. This

Feasibility study of Post Combustion Capture and CO; Usage
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Figure 3. Conceptual diagram of a power project with CCS.
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Figure 4. Scheme of implementation of CCS plant through integration with solar thermal.

scheme of retrofitting of existing 500 MW unit with CO, capture & recycling of CO is being
discussed with power utilities like NTPC, TOSHIBA and BHEL and the broad outline of the
same are given at Figure 3.

The methodology of implementation of CCS plant on a 500 MW unit is broadly shown in this
figure. The scheme also shows steam turbine extractions for providing steam for regeneration
of solvent which will cause energy penalty of the order of 15%. The same can be reduced to
4-5% level by combination of solar thermal generated steam coupled with thermal energy
storage using a concentrated solar plant (CSP) as shown below in the conceptual Figure 4.
The incorporation of solar thermal with CCS will pave way for reduction of energy penalty in
regeneration of solvents [1, 7].

An amine solvent based plant with 30% CO, capture would mean an energy penalty of about
25% including about 15% for sequestration to mineral rocks, gas hydrates and ocean. In any
case the energy penalty in our case when we are going for CO, conversion to multipurpose
fuels the energy penalty still remains at level of 12-15% [1, 7]. The reduction to about 10% has
been calculated using MATLAB simulation and shall be verified after establishment of pilot
scale CO, capture and sequestration plant integrated with Concentrated Solar Power (CSP)
for carrying out system optimization studies (Figure 4).

3. Solar thermal technology application in post combustion CCS on
a thermal power plant

Concentrated Solar Plant (CSP) is presently a matured technology in which several ther-
mal energy storage options are being deployed. Energy storage in form of heat offers a
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potential pathway for small (local) and large (utility power plants) scale applications.
Thermal storage systems provide a unique opportunity to store energy locally in the form
of heat that cannot be transported over long distances. Current thermal storage systems
are still in its infancy. The most common ones are large, water-heating storage tanks and
molten salt-based systems at solar power plants. These systems have been designed based
on the economics of water and salt, the heat capacity of water, and the latent heat of salts.
Research on a large host of sensible heat storage and phase-change materials have been
conducted over the past two decades. The materials parameters that are relevant for this
application are: melting point, boiling point, vapor pressure, density, heat capacity, ther-
mal conductivity, latent heat of fusion and chemical reactivity. While it is intuitive that
increasing the temperature of storage could pack in more energy, barriers to the develop-
ment and deployment of high energy density storage remain, including handling materials
at high temperatures, associated systems costs, and operating costs. Thus sensible thermal
storage systems are cost prohibitive. Phase change materials (PCM) do provide a viable
economical solution for higher energy storage density. However, operation temperatures
limit current PCM systems; higher temperatures cause chemical instability and reactivity
with containers. Development of affordable high-density thermal storage system will only
be possible by utilizing low cost earth abundant thermal storage materials in conjunc-
tion with suitable thermally insulating container materials. Current heat storage systems
utilize either sensible heat storage (i.e. water in storage tanks) or latent heat storage (i.e.
phase-change materials such as molten salts). The relatively low operating temperatures
of these systems limit their capacity to store thermal energy; storage systems with higher
temperatures would be more economical.

The technologies which hold promise for achieving temperatures in the range of 150-600°C
and beyond can be categorized by the phases of matter of the materials used: liquid, gaseous,
solid, as under:

* Aliquid pathway is considered to look much like today’s molten salt two tank tower con-
figuration, but using a suitable high temperature and cost effective HTF/TES.

* Gaseous pathways use an inert gas flowing through a receiver to absorb the solar energy
and then transfer the thermal energy to a storage system and/or the turbine working fluid.

* Solid pathways involve solid inert media which absorbs solar radiation and stores that
energy as heat. When electric power is needed, the turbine working fluid is heated by the
solid media.

In this CCS integrated with CSP project we examined several options of ‘Solid Pathway” such
as cast iron core of Mount Abu 1 MW solar plant used for steam generation, CL-CSP plant
at the State technological University of MP, RGPV, in Central India in which pebbles/rock
storage has been proposed for energy storage for heating air in primary cycle and steam in
secondary cycle.

In this CSP to CCS integration project, we are developing an affordable high energy density
(in excess of 300 kWh/m?®) thermal storage system, that can store heat at temperature around
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1000°C [14, 15]. The unique aspects of this system are the selection of an alkali halide salt with
high melting temperature and a corrosion resistant cheap ceramic container material. The
thermal storage unit will be coupled with a high solar concentrator system (1000-10,000x).
As a part of an on-going project at RKDF University in near vicinity of RGPV, funded by
MNRE, the project collaborator in Solar thermal, the Rensselaer Polytechnic Institute of USA
has developed flux grown crystals of high melting temperature (700-1500°C) mixed alkali
halide compounds doped with metallic impurities to enhance thermal conductivity. The
trade-off between material density, specific heat capacity, thermal conductivity and cost of
raw material has been evaluated to develop a material system that could meet the system’s
specification at cost of energy storage lower than current electrochemical systems (batteries).
In addition, a SiC based composite polymeric coating solution has been developed to avoid
corrosion of steel containers used for the thermal storage unit [16]. These materials have been
shipped to RKDF University and incorporated into the field unit (test-bed). The test-bed at
RKDF comprises of a thermal storage unit, Fresnel lens based solar tracking unit to focus sun-
light into the thermal storage media and a steam generation unit (for future electricity genera-
tion using a steam turbine). Figure 5 shows the installation and initial evaluation activities of
the solar thermal storage unit at RKDF University.

The expected physical outcomes of the project of CSP integration with CCS as discussed above
are in terms of establishment of the pilot plant of CO, capture and sequestration on an actual
thermal power station for future development of technology of CCS in India and countries
between tropic of cancer & capricorn bestowed with high solar DNI [1, 7].

Test results have shown that the innovative halide salt used as thermal storage material
stores heat to such an extent that it retains heat for over 5 days to be able to produce steam
(Figure 6). This innovative halide salt was also tested in the pilot plant shown at Figure 5.
The biggest challenge in this project is, however, the development of Alkali Halide Salt
indigenously for which efforts are under way at RKDF University to procure some of the
key components for growing crystals with high energy density, capable of retaining heat.
Also efforts are underway towards indigenous development of Heliostats, Fresnel lens
and low cost trackers.

Figure 5. Solar thermal storage unit at RKDF University.
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Figure 6. Thermal cooling profile testing of the halide salt at RPI, USA.

4. Conclusion & way forward

Low Carbon Technology Vision for India together with strategies, challenges & opportunities
in Green Power for energy security environmental sustainability are put forward in this paper
covering Carbon Capture & Sequestration as a key factor. While there is growing trend of
carbon dioxide emissions by energy sector since coal continue to play role in primary energy
consumption, the urgency of CCS deployment in countries where coal is the main stay is
very important. A pilot plant has been developed at RGPV University, for capture of CO,
and converting the same into useful fuel like hydrogen for fuel cell application, methane for
multiple applications and bio-diesel production through algae route. MATLAB simulations
have shown that the recycling of CO back to the boiler will provide heat gain up to theoretical
limit of 21.88%. Further, the energy penalty in regeneration of solvent using steam produced
by solar thermal plant with an innovative Halide salt as thermal energy storage material will
reduce by about 10%.

Climate change has already been experienced in many parts of the world therefore state poli-
cies need to support practices that successfully keep carbon in the ground, prevent deforesta-
tion, support agricultural practice that sequesters carbon and promote sustainable land use
practices that reduce emissions. Policies should push especially the more prosperous com-
munities towards less carbon intensive lifestyles, either through taxes or incentives or both. In
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addition, the path to zero-emissions must be progressive and in line with the progress of new
and renewable technologies of hydro, solar and wind. The first step towards in this progres-
sive path should be CCS.

Indigenous development of critical components of solar thermal plants for integration with
CCS is nevertheless important. The following is a list of identified components that will be
necessary to be developed within India at ultra-low cost by technology licensing and manu-
facturing technology transfer approaches by commercial entities (from abroad) to translate
the existing technology for large scale adoption:

1. Large area high optical quality Fresnel lens/Heliostats/Fresnel Reflectors manufacturing
with low cost.

2. High thermal storage density material development for 24 x 7 heat storage.
3. Corrosion resistance nano-coating process.
4. Ultra-low cost solar trackers.

5. Energy efficient, low maintenance cost thermal transport systems for heat exchange.
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Abstract

Carbon capture is proposed as a viable way of exploiting the fossil resources for power
plants and industrial processes. The post-combustion capture by chemical absorption
in amine aqueous solutions has been in use in chemical and petrochemical areas for
decades. As an alternative, the absorption in aqueous ammonia has received great atten-
tion recently. The carbon capture by aqueous ammonia is based on the conventional
absorption-regeneration scheme applied to the ternary system CO,-NH,-H,O. It can be
implemented in a chilled and a cooled process, depending upon the temperatures in the
absorber and, hence, the precipitation of salts. The process simulation can be conducted
in two manners: the equilibrium and the rate-based approaches. The specific heat duty is
as low as 3.0, for the cooled process, and 2.2 MJ/kg..,, for the chilled one. Moreover, the
index SPECCA is as low as 2.6, for the cooled, and 2.9 MJ/kg_., for the chilled one. The
overall energy performances from the simulations in the rate-based approach, compared
against those in the equilibrium approach, result only slightly penalized. From an eco-
nomic perspective, the carbon capture via chemical absorption by aqueous ammonia is a
feasible retrofitting solution, yielding a cost of electricity of 82.4 €/ MWh_and of avoided
CO2 of 38.6 €/t_,, for the chilled process.

CcOo2

Keywords: carbon capture, post-combustion capture, chemical absorption, aqueous
ammonia, salt precipitation, ammonia slip

1. Introduction

The ongoing scientific debate does not focus on whether fossil fuels will have to meet a
major portion of the short- and the mid-future energy demand, but rather on how they will
be exploited most effectively in terms of primary energy use, environmental impact, and

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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end-user cost. Meanwhile, renewable sources are expected to be implemented more and more
diffusely to allow independence from fossils in a later future.

Carbon capture is proposed as a viable way of effectively exploiting the conventional
resources. It can be implemented in a pre-combustion, a post-combustion, or even an oxy-
combustion configuration. Among them, the post-combustion option has the large benefit of
being readily applicable to the already existing power plants as well as industrial processes
that are fueled by coal and natural gas.

The post-combustion carbon capture can be accomplished by adsorption on solid materials
or by chemical absorption in liquid solutions. The chemical absorption in amine aqueous
solutions has been in use for decades in a number of chemical and petrochemical areas, such
as the Oil & Gas or the urea preparation. Currently, the so-called advanced amines are under
research with the goal of reducing the energy demand when applied to power plants and
industrial processes. As an alternative to amines, the chemical absorption in ammonia aque-
ous solution has received great attention during the last decade.

This chapter covers the chemical absorption of carbon dioxide by an aqueous solution of
ammonia. The next sections will present, in sequence, an overview of a number of works
retrieved from the open literature, the simulation by either an equilibrium- or a rate-based
approach, the environmental as well as economic assessments and, lastly, the future develop-
ments of the process itself.

2. Bibliographic review

The possibility of obtaining carbon dioxide from gas mixtures attracts the attention of inven-
tors and investigators toward the end of the nineteenth century, as narrated by Wellford
Martin and Killeffer [1]. In 1937, the two authors turn to be among the first ones to recognize
the possibility of producing CO, from the flue gases of power plants.

In the first decades of the twentieth century, the process employing aqueous ammonia for
the removal of CO, and H,S is used extensively for the purification of coke-oven gas. Carbon
dioxide is indeed a major component that must be removed to greatly increase the heating
value of that gas. During the following years, amines, specifically alkanolamines, become
preferred over ammonia for few reasons [2]. First, the use of amines leads to lower issues of
pipe plugging and air polluting. Second, amines are characterized by higher effectiveness
in capture H,S, which can be used as an affordable source of elemental sulfur. Ultimately,
ammonia is still an expensive substance because the industrial ammonia production is still to
be established. Historically, the first alkanolamine to become commercially viable is trietha-
nolamine (TEA) in the year 1930.

Through the last few decades, the amines that reach commercial maturity for gas purification
are monoethanolamine (MEA), diethanolamine (DEA), and methyldiethanol-amine (MDEA).
In particular, MEA is taken frequently as the reference process for the carbon capture in
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post-combustion configuration. By contrast, the aqueous ammonia is reconsidered explicitly
for carbon capture only quite recently by both research centers and industrial companies.

The following sections provide an overview of the information about the general absorption-
regeneration scheme, the chemistry of solution, the thermodynamic equilibrium models, the
kinetics investigations, and the aqueous ammonia process for carbon capture.

2.1. General absorption-regeneration scheme

The carbon capture by aqueous ammonia as well as aqueous amines is based on the conven-
tional absorption-regeneration scheme, which is illustrated in Figure 1. In simple words, the
gas to be treated flows upward through the absorber, countercurrent to the falling absorbing
solution, and purified from CO,. The generated rich solution from the bottom of the absorber
is heated in a heat exchanger, recovering energy from the lean solution (see subsequent text),
and enters the regenerator at a point near to its top. In the regenerator, a heat source (such as
steam) releases the captured CO,, which exits from the top of the column, while the gener-
ated lean solution from the bottom. The lean solutions flow, through the mentioned heat
exchanger, to the top of the absorber closing the scheme. An exhaustive description of the
absorption-regeneration scheme is provided by Kohl and Nielsen [3].

2.2. Chemistry of the solution

The carbon capture by aqueous ammonia is based on the ternary system CO,-NH.-H,0, which
yields an electrolyte solution. At the absorber conditions, the main reactions are [4] as follows:

2H,0 s H,0"+OH" (1)
CO,+2H,0 s H,0"+HCO, 2)
HCO;+H,0 s CO¥*+H,0* 3)
NH,, +H,0, S NH;+OH" 4)
NH,, +HCO; 5 NH,COO +H,0, (5)
NH; +HCO; s NH,HCO, 6)

The ternary system is explored by Burrows and Lewis as early as 1912 [5]. In a more recent
work, 1982, Pawlikowski et al. [6] investigate vapor-liquid equilibria of many systems, includ-
ing CO,-NH.-H,O, by way of the gas-liquid chromatography for temperatures ranging from
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Figure 1. Process flow diagram of the absorbtion-regeneration scheme for ammonia and amines [3].

100 to 150°C. Kawazuishi and Prausnitz [7] provide measurements from previous works by
other scientists with the scope of calibrating the expressions of dissociation equilibrium con-
stants and Henry’s constants for temperatures in the 100-205°C interval and for total liquid-
phase concentrations to 10 molal. Goppert and Maurer [8] report vapor-liquid equilibrium
data between 333.15 and 393.15 K at pressures up to about 7 MPa for water-rich mixtures and
concentrations to about 16 molal for ammonia and 13 molal for carbon dioxide. In 1992, Pelkie
et al. [9] use conductivity measurements to estimate the ammonium ion, NH4*, concentration
at a temperature of 25°C and over a wide span of pressures and concentrations. The vapor-
liquid-solid equilibrium is considered in the work by Kurz et al. [10], which focuses on the
solubility of weak electrolyte gases into the aqueous phase in the temperature range from 313
to 353 K at pressures up to 0.7 MPa. In a subsequent study, the enthalpy changes upon partial
evaporation of aqueous solutions, including CO,-NH,-H,O, are reported by Rumpf et al. [11]
at temperatures from 313 to 393 K. Finally, speciation is measured with 13C NMR by Holmes
et al. [12] at 25 and 35°C and by Mani et al. [4] at room temperature.

2.3. Thermodynamic equilibrium models

As indicated, the ternary system is an electrolyte solution. The thermodynamic model for
such a complex system shall account for the electric interactions among the species, including
strong and weak forces. The strong forces are described by long-range terms that represent
electrostatic interactions between ions. The weak forces instead by short-range terms that
represent the ion dipole interactions and the non-electrostatic interactions.

Two common equilibrium descriptions are the Electrolyte Non-Random Two Liquid (e-NRTL)
model [13] and the Extended UNIQUAC model [14]. A comparison between them is proposed
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by Darde et al. [15]. The most recent improvement of the Extended UNIQUAC model [16]
comprises a full set of equilibrium reactions. First, speciation reactions are as follows:

NH,, +H* S NH; )
C0,,, +H,0, 5 HCO;+H" ®)
HCO; s CO* +H" 9)

NH,, +HCO; 5 NH,COO +H,0, (10)

Moreover, three vapor-liquid equilibrium relations are as follows:

Co,, s CO,,, (1)
NH, s NH, (12)
H,0, s H,0, (13)
Lastly, the four solid formations are as follows:
NH;+HCO; s NH,HCO, (14)
NH;+NH,COO" s NH,COONH, (15)
2NH;+CO; s (NH,) CO,-H, O (16)
2NH;+CO* +2HCO; s (NH4)2 CO,-2NH,HCO, (17)

Figure 2 illustrates a comparison of the experimental data by Kurz et al. [10], indicated by hol-
low markers, and the computed values by way of the improved extended UNIQUAC model,
indicated by lines. The agreement is generally high.

2.4. Kinetics investigations

There are relatively few investigations on the kinetics for the ternary system NH,-CO,-H,O.
Hsu et al. [17] describe the absorption reaction kinetics of amines and ammonia solutions with
carbon dioxide in flue gases. The temperature of investigation is 50°C, which is relatively high
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Figure 2. Comparison of the computed values via the Extended UNIQUAC model [16] (indicated by Ex-UQ) of the
partial pressure of CO, and NH, against the experimental data by Kurz et al. [10]. Left: at 313 K and 6.3 molal of NH,.
Right: at 353 K and 11.8 molal of NH..

for the carbon capture process. Similarly, Diao et al. [18] investigate the removal efficiency
of the sole ammonia solution in the 25-55°C interval and regress the parameters of the rate
constant for the capture reaction in the Arrhenius form.

Among the reactions that describe the system, only a subset is expected to significantly influ-
ence the kinetics of the overall process. These kinetics-affecting reactions are as follows:

CO,+OH" — HCO; (18)
HCO; —» CO,+OH" (19)
NH,+CO, - NH,COO +H* (20)
NH,COO +H' — NH,+CO, (21)

Among them, reactions (R18) and (R20) are considered to be the slowest. The first is studied
by Pinsent et al. [19], while the second by five different works as discussed subsequently.

Reaction (R18) is investigated by Pinsent et al. [19] via the rapid thermal method in the range
0-40°C. The fitting yields the Arrhenius constant with a second order as follows:

-d CO
TZ =r = kz* [COZ][OH_] 1)
A . kmol [
k, = Axew with A = 432%10" ¢ 5% and E, = 13249 )

Moreover, Pinsent et al. [20] assess reaction (R20) by the rapid thermal method in the range
of ammonia concentration between 0.027 and 0.19 mol/l. By contrast, Puxty et al. [21] study
it by measuring the rate of CO, absorption into a falling thin film using a wetted wall column
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for aqueous ammonia between 0.6 and 6 mol/L, temperature between 5 and 20°C, and the
initial thin liquid film CO, loading between 0 and 0.8 mol.,,/mol, .. Wang et al. [22] assess the
kinetic of reaction (R20) by the stopped flow apparatus in the range of temperature between
15 and 45°C, ammonia concentration between 2.0 and 16 mmol/L, and the initial CO, between
3 and 10 mmol/L. Lastly, Jilvero et al. [23] study it by a different perspective. They implement
an adsorption column in a commercial code taking the design parameters of an existing pilot
plant and they tune the kinetics parameters against the experimental data.

Lillia et al. [24] conduct a comparison of these four investigations and the resulting param-
eters, reported in Table 1, for the Arrhenius equation written as follows:

—-d NH,

- =7 =k [NH][CO,] 3)

-,
k2 = Axexr 4)

Figure 3 visualizes the trends with respect to the (reciprocal of the) temperature and
against the experimental data from the investigations. Each Arrhenius law fits the data well
for each work. Apparently, though, the data themselves are not in complete agreement.
The results from Pinsent et al. and Wang et al. are in mutual agreement, but in disagree-
ment with those by Puxty et al. and Jilvero et al. Noticeably, Pinsent et al. and Wang et al.
measured the data at low ammonia concentrations, while Puxty et al. and Jilvero et al. at
high concentrations. In short, there is likely a dependence of the kinetic parameters on the
ammonia concentration.

Subsequently, Lillia et al. [25] propose an alternative kinetics based on the two-film theory [26]
as represented in Figure 4. Their study covers the region typical for the absorption columns:
temperatures from 15 to 35°C, NH, concentrations from 5 to 15%, and CO, loadings from
0.2 to 0.6. The study yields an Arrhenius constant with a pre-exponential factor of 1.41 x 108
[mol/(m’s)] and an activation energy of 60,680 [J/mol]. It has a linear dependence on the CO,
concentration and a dependence on the NH, concentration with an exponent of 1.89.

2.5. Aqueous ammonia process for carbon capture

The concept on what was going to be referred to as the novel ammonia-scrubbing process for
the carbon capture is proposed by Bai and Yeh in 1997 based on experimental data [27].

Their work highlights the remarkable potential of high removal efficiencies, over 95%, and
absorption capacities, around 0.9 kg of CO, per kg of NH.. Shortly after, Yeh and Bai [28]
complete another experimental campaign with the scope of comparing amine and ammonia
scrubbing and they confirm the potential of the second over the first solvent. Experiments are
conducted at room temperature in their first work and between 10 and 40°C in the later one.
In 2005, Yeh et al. [29] publish the results of three-cycle absorption-regeneration tests con-
ducted on MEA and ammonia in a batch reactor maintained at about 25°C. They also reported
an approximate estimate of energy usage that is lower than the one for MEA.
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Source Arrhenius parameters of k, in Eq. (4)

A [kmol/(m3s)] E, [cal/mol]
Pinsent et al. [20] 1.35 x 10" 11,585
Puxty et al. [21] 1.66 x 10" 14,577
Wang et al. [22] 5.01 x 10" 12,279
Jilvero et al. [23] 6.51 x 10" 14,362

Table 1. Arrhenius parameters of the rate of reaction (R20) from different experimental works.
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Figure 3. Comparison among values for k2 and experimental data from cited works: Puxty et al. [21], Wang et al. [22],
and Pinsent et al. [20]. The dashed lines are obtained fitting the experimental data. The dashed line for Jilvero et al. [23]
is the trend proposed by the authors of that work.

In 2006, EIG Inc. [30] applies for a patent on the chemical absorption of the carbon dioxide into
aqueous ammonia at chilled conditions. The company Alstom is engaged in its intensive devel-
opment, establishing the commercial name Chilled Ammonia Process (CAP). As summarized
by Lombardo et al. [31], the chilled process is tested first at bench scale with SRI International.
Later, it is verified at pilot scale with the Electric Power Research Institute and two utilities:
WE energies in its Pleasant Prairie (WI, USA) and E.ON in its Karlshamm (Sweden) plant.
Ultimately, the product validation is executed in the facility of the American Electric Power
in Columbus (OH, USA) and in the world’s largest test facility of the Technology Center of
Mongstad (Norway). The process has evolved during the years and it is still under develop-
ment by the company General Electric, which has acquired it recently [32].

At the same time, the process is investigated by a number of research centers. Ullah et al. [33]
analyze the use of a capacitive deionization in the conventional scheme of the ammonia-based
process to reduce the regeneration energy requirement, concluding that the reduction can be
as much as 37.5%. Sutter et al. [34] propose instead the controlled solid bicarbonate formation
to decrease the energy requirement. Precipitation, separation, and dissolution of the solid
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Figure 4. Representation of the two-film theory [26] applied to the ternary system CO,-NH,-H,O. Left: the CO, partial
pressure profile in the gas and the CO, concentration profile in the liquid phase. Right: the CO, partial pressure profile
in both the gas and liquid phases.

phase are realized in a dedicated process section, while the packed absorption and desorption
columns operate free of solids. A similar approach is proposed by Gao et al. [35], pursuing
the decreasing energy consumption by the addition of alcohols to reinforce the crystallization.

Bonalumi et al. [36] suggest to operate the process at cool conditions (20-35°C) rather than
chilled (5-20°C), to minimize the load on the chillers in favor of the load on air coolers. The
two processes are visualized in Figure 5. In the cool process, one chilling load is still present

EXHAUSTS CHILLING (1)
AMMONLA REMOVAL (4)

|

EXHAUSTS COOLING (1)

Figure 5. Process flow diagram of the chilled (top) and cooled (bottom) aqueous ammonia process.
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for the water wash on top of the absorber. Water wash is required indeed to minimize the
tendency of ammonia to escape from the absorber, which is called ammonia slip.

The ammonia-based capture is proposed typically for existing coal- and natural gas-fired
power plants. Nonetheless, Bonalumi and Giuffrida [37] consider it for an air-blown inte-
grated gasification combined cycle (IGCC) fired with high-sulfur coal, while Pérez-Calvo
et al. [38] for cement plants, both achieving promising indications.

3. Process simulation with the equilibrium approach

In general, the computer simulation of a chemical process can be conducted in two different
manners: the equilibrium- and the rate-based approaches, depending on whether the kinet-
ics is not taken or it is taken into consideration, respectively. The results at the equilibrium
represent the performance theoretically achievable, while the rate-based the realistic one.

Evaluating the integration of a power plant with the ammonia-based capture using the equi-
librium approach, as both chilled and cooled processes, Bonalumi et al. [36] focus on the flue
gas from a coal-fired plant, as opposed to a gas-fired. The main difference is the CO, concen-
tration, which is in the neighborhood of 15%, on a volume and dry basis, for coal- and of 4%
for gas-fired. The reference power plant is the one defined by the European Benchmark Task
Force [39] with the scope of establishing a framework for the consistent comparison of capture
technologies. The plant has a nominal net electric power output and efficiency of 754 MW
and 45.5%. The carbon dioxide flow is 160.7 kg ,/s at a concentration of 15.2%.

In their evaluation, Bonalumi et al. [36] adopt values of the design parameters differentiated
between the chilled and the cooled process, as indicated by Table 2. Moreover, in the chilled
process, the temperature of the streams entering the absorber is 7°C, leading to a maximum
temperature in the absorber of around 18°C, despite the reaction of absorption being exother-
mic, and promoting the salt precipitation in a wide range of concentrations of the reactants. In
the cooled process, instead, the temperature of those streams is 20°C, leading to a maximum
temperature in the absorber of around 27°C and preventing the solid formation.

Different indexes can be defined to assess the carbon capture performance. First, the carbon
capture efficiency is defined as the ratio of the flow rates [kmol/s or kg/s] of the carbon dioxide
exiting the compression island and of that entering the exhaust chilling island. As a second

Parameter Unit Chilled Cooled
Ammonia initial concentration Y%(mass) 20 7.5
Ammonia-to-carbon dioxide ratio kmol/kmol 3.2 5
Recycle fraction - 0.8 0.2
Regeneration pressure bar 20 5
Regeneration temperature °C 95.4 105.6

Table 2. Design parameters for the chilled and the cooled aqueous ammonia capture proposed by Bonalumi et al. [36].
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common performance index, the specific heat duty [M], /kg,] is defined as the ratio of the
reboiler heat duty [MW,, ] and the mass flow rate [kg ., /s] of effectively captured carbon diox-
ide. However, this second index does not include the information on the capture efficiency
(first index) nor on the temperature at which the heat duty is required (or, in equivalent terms,
the loss of electric power generation from the steam turbine due to the steam bled for the
regenerator).

A third index is adopted to solve this issue about the specific heat duty. Consequently, the
new index allows to compare consistently plants characterized by different capture efficien-
cies, regeneration temperatures, and electric efficiency penalties. The Specific Primary Energy
Consumption for Carbon Avoided (sPEccA) [M], /kg.,] is defined as

HR - HR 3600(% —rl..)
def REF = e ¢,REF
SPECCA = F—F = E_F (5)

REF

where all parameters refer to either the power plant equipped with the carbon capture or
the reference plant without it: HR is the heat rate [MJth/MWh ], E the specific CO, emission
[kg.oo/MWh ], n [-] the net electric efficiency, and REF stays for reference.

Electric power, MW, Chilled Cooled Electric power, MW, Chilled Cooled
Exhaust cooling (1)
AC11 2.357 2.351 CH24 0.045 0.000
AC12 0.000 0.132 FN21 3.154 3.342
CH11 4.860 0.000 PM21 1.629 1.410
CH12 1.058 0.000 PM22 2.362 1.121
FN11 3.943 4.177 PM23 <0.001 0.003
PM11 0.597 0.592 PM24 0.010 0.010
PM12 0.201 0.142 Subtotal 64.380 17.219
PM13 0.102 0.000 Power island
Subtotal 13.148 7.394 RB21 45.131 57.207
ABS-RGN-GW (2) RB22 1.878 15.321
AC21 0.220 0.671 Subtotal 47.009 72.528
AC22 0.144 4.626 CO, Compression (3)
AC23 0.018 1.770 AC31 0.226 0.326
AC24 0.000 0.952 AC32 0.775 0.957
AC25 0.000 0.018 CM31 6.771 15.421
CH21 36.349 2.801 CM32 6.019 14.825
CH22 20.310 0.495 PM31 1.784 0.652
CH23 0.139 0.000 Subtotal 15.575 32.181
Total loss 140.112 129.323

Table 3. Predicted electric consumption of the capture island for the chilled and the cooled aqueous ammonia capture
computed by Bonalumi et al. [36].
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Parameter Unit Reference MEA Chilled Cooled
Electric power loss MW, NA 198.9 140.1 129.3
Net electric power MW, 754.0 562.4 613.9 624.7
Net electric efficiency % 45.5 33.5 37.05 37.70
Specific heat duty MJ/Kg o, NA 3.70 2.19 2.98
Specific CO, emission kg.,/MWh, 763 104 141.4 138.9
SPECCA MJ/Kg 0, NA 4.16 2.86 2.58

Table 4. Overall performances of the chilled and the cooled processes compared against a reference power plant (without
carbon capture) and a plant integrated with MEA aqueous solution computed by Bonalumi et al. [36].

Regarding the results for the chilled and the cooled process, Table 3 compares the predicted
electric consumptions. The exhaust cooling and the absorption-regeneration sections are more
penalizing for the chilled process due to the major consumption of the chillers. By contrast,
the power island is more penalizing for the cooled process, on one side, because of a large
contribution due to the higher amount of NH, that must be recovered by the water wash sec-
tion. On the other, because of another major contribution due to the higher specific heat duty
and the higher regeneration temperature that require more steam bleeding at a higher value
of pressure and enthalpy from the turbine. In addition, the compression stage is more penal-
izing for the cooled process since the regeneration pressure is lower. Hence, from the electric
consumption, the chilled process is less penalizing than the cooled one.

In its turn, Table 4 summarizes the performances for the chilled and the cooled processes and it
compares them against those of the reference power plant (without any carbon capture) and a
plant integrated with carbon capture in MEA aqueous solution. From the index SPECCA, which
is as seen the most consistent perspective for evaluating a capture technology, the cooled pro-
cess is less penalizing than the chilled one, by far, than MEA.

4. Process simulation with the rate-based approach

In a recent work, Bonalumi et al. [40] adopt the rate-based approach to assess the same cooled
aqueous ammonia process that they investigated earlier with the equilibrium approach [36].
Table 5 summarizes the main results from the comparison of the performances predicted by
the two approaches. The overall energy balance for the kinetic study, compared against the
equilibrium study, turns to be only slightly penalized. The authors explain that this penaliza-
tion originates from the larger request of energy to achieve a higher level of CO, purity in the
lean stream from the regenerator. The differences being moderate, though, the study of an
absorption capture plant with the equilibrium approach can be considered a valid method for
a preliminary assessment of an ammonia-based process.



Chemical Absorption by Aqueous Solution of Ammonia
http://dx.doi.org/10.5772/intechopen.78545

Parameter Unit Cooled equilibrium Cooled rate based
Electric power loss MW, 129.3 136.4

Net electric power MW, 624.7 617.6

Net electric efficiency % 37.70 37.27

Specific heat duty MJ/Kg o, 2.98 3.02

Specific CO, emission kg..,/MWh, 138.9 1412

SPECCA MJ/kg., 2.58 2.77

Table 5. Performances of the cooled process computed with the equilibrium and the rate-based approaches by Bonalumi
et al. [34, 36].

5. Economic and environmental assessments

The integration of the chilled process and an ultra supercritical power plant is analyzed by
Valenti et al. [41] via a parametric analysis from the energy and the economic perspectives. The
capture island is simulated with an equilibrium approach. In the parametric investigation, five
parameters are varied singularly: (1) ammonia initial concentration in the aqueous solution,
(2) ammonia-to-carbon dioxide ratio in the absorber, (3) regeneration pressure, (4) regenera-
tion temperature, and (5) absorber chiller evaporation temperature. The economic analysis,
with respect to a reference power plant rated at the net electric production of over 750 MW,
shows that the capital investment of the capture island is estimated to be a relatively small
portion of that of the power island. However, due to other costs and due to the performance
penalties, the cost of electricity increases significantly by 37.5%, from 59.90 to 82.38 €/ MWh,;
ultimately, the resulting cost of avoided CO, is approximately 38.64 €/t

Cco2*

A detailed environmental life cycle analysis for an ultra supercritical power plant with and
without carbon capture is proposed by Petrescu et al. [42]. Three capture islands are consid-
ered: (1) gas-liquid absorption with MDEA (monodiethanolamine), (2) gas-liquid absorption
with aqueous ammonia, and (3) gas-solid absorption with calcium oxide. The environmen-
tal evaluation is performed using the “cradle-to-grave” methodology considering several
upstream and downstream processes. Eleven environmental impact categories, according to
the method CML 2001, are compared using GaBi software. The study highlights that carbon
capture technologies decrease the global warming potential indicator, but they may increase
other indicators. The amine technology achieves a good performance from the perspective of
global warming, but not satisfactory from that of all others. Aqueous ammonia adsorption
and calcium looping prove to be better. Some indicators, such as acidification potential, eutro-
phication potential, or those related to lethal concentrations (e.g., human toxicity potential,
freshwater aquatic ecotoxicity potential, and marine aquatic ecotoxicity potential), are better
in the case of aqueous ammonia. By contrast, some others, such as abiotic depletion fossil and
abiotic depletion elements, are better in the case of calcium looping.
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6. Future developments

A highly promising solvent-based CO, capture process, named the mixed-salt technology, is
being currently developed, as reported by Jayaweera et al. [43]. This technology adds potas-
sium carbonate to the system in order to exploit the advantages of both ammonia-based and
potassium carbonate-based technologies. The simplistic representation of the CO, absorption
and removal reaction is as follows:

K,CO,-NH, H,0-xCO, s K,CO,-NH,-H,0-yCO, (6)

where the CO, loading is the numerical difference between y and x. The left and right side of
the equilibrium represent the lean and rich solutions, respectively. Despite the system being
characterized by the presence of several ionic species that could form a solid phase, precipita-
tion is avoided by operating the absorber at relatively high temperatures and at concentra-
tions below the solid-forming conditions. The expected advantages are a limited heat duty at
the regenerator and a limited load for the water wash on top of the absorber.

7. Conclusions

This chapter covers the chemical absorption of carbon dioxide by an aqueous solution of
ammonia for coal- and natural gas-fired power plants and industrial processes. It reports the
literature review, the simulation by equilibrium- or rate-based approach, the economic as
well as environmental assessments, and the future developments. Conclusions are as follows:

1. The ammonia-based technology confirms to be attractive compared to conventional
amines. It can be implemented in a chilled as well as in a cooled process depending upon
the temperature and, consequently, the precipitation of salts in the absorber.

2. The predicted specific heat duty, in the equilibrium approach, is 3.0 for the cooled process
and 2.2 MJ/kg.., for the chilled one. Moreover, the index SPECCA is 2.6 for the cooled and
2.9 MJ/kg_, for the chilled. Overall, the cooled process combines the advantage of a mod-
erate energy requirement with the absence of solid formation.

3. The predicted performances in the rate-based approach, compared against those in the
equilibrium approach, result slightly penalized. The difference is due to the need of a
higher level of CO, purity in the lean stream from the regenerator. The index SPECCA value
changes from 2.6, as seen in the equilibrium, to 2.8 MJ/kg_,, in the rate-based approach,
yielding an increase of the prediction of about 6%. Hence, the study of an absorption cap-
ture plant with an equilibrium approach is a valid methodology for a preliminary investi-
gation and optimization process.

4. From an economic perspective, the carbon capture via chemical absorption by aqueous
ammonia is a feasible retrofitting solution, yielding a predicted cost of electricity of 82.4 €/
MWh_ and a cost of avoided CO, of 38.6 €/t.,, both for the chilled process (those for the
cooled process are not reported yet in the open literature).
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5. The mixed-salt technology is a promising evolution of the process to further reduce the
specific heat duty and the load for the water washing on top of the absorber.
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Abstract

Carbon dioxide (CO,) injection at the Citronelle oil field in Alabama has been deployed
to determine the feasibility of carbon storage and enhanced oil recovery (EOR) in the
depleted oil field. Citronelle is a small size city right above the oil field, hence, to detect
geohazard risks, geophysical testing method using wireless sensor, and passive seismic
technique is used: the non-intrusive measurements were made at well sites along two
linear arrays. The outcomes of the geophysical monitoring at the Citronelle oil field are
shear-wave velocity profiles that are correlated to the static stress distribution at different
injection stages. Injection history interpretation using the stress wave monitoring indi-
cates that CO, injection resulted in the stressing of the strata.

Keywords: geophysical testing, Citronelle oil field, CO,-EOR, carbon sequestration,
strata stressing

1. Introduction

Carbon dioxide (CO,) is a greenhouse gas, and the relationship between global warming and
greenhouse gases has become more and more of a concern to the scientific community [1-3].
Because there is continual rise in what is already a high concentration of CO, in the atmo-
sphere, it is imperative that a viable solution be implemented. Carbon capture and geologic
storage is a promising method for reducing the concentration of CO, in the Earth’s atmosphere
[4-7]. The technology involves collecting CO, from an emission heavy source, compressing
and transporting the CO, to a qualified site and injecting the now supercritical CO, at high-
pressure into the reservoir. The qualified storage reservoir must satisfy stringent geological
storage criteria, which may include anticline, porosity, permeability, void volume, pressure

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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limits, seepage characteristics, and cap rock characteristics. The reservoir should be sufficiently
distanced from any potable groundwater acquifers to avoid contamination issues. Using
underground depleted oil and gas reservoirs as CO, storage sites may have secondary advan-
tages of enhanced oil recovery (EOR) or enhanced gas recovery (EGR) [8-10]. The additional
fossil resources recovery can provide the economic incentives for CO, storage. Currently, there
are several hundreds of oil field injection sites worldwide and in the US [11, 12].

While no CO, leakage has been reported at any injection sites, it is important to instate care-
ful monitoring programs for such practices to avoid potential geohazards. Recent studies of
remote sensing data indicate that some of the injection sites may have experienced surface
deformation [13-15]. Effective monitoring programs should be adopted at the injection sites
in order to detect changes in geological formation (geomorphology) and the presence and
migration of CO, within the storage reservoir [16-19].

Since 2010, CO, has been injected for possible CO,-EOR at a highly heterogeneous and discon-
tinuous sandstone reservoir of the Citronelle oil field, Alabama. Citronelle oil field is a matured
oil reservoir and an ideal site for CO,-EOR and sequestration, from both reservoir engineering
and geological perspectives [20, 21]. The Citronelle oil field is located about 50 km north of
Mobile on the crest of the Citronelle Dome, which is a giant salt-cored anticline in the eastern
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Figure 1. Structural cross sections showing Citronelle dome and location of Citronelle field.
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Production Wells

Figure 2. Typical locations of the oil wells at Citronelle, Alabama.

Mississippi Interior Salt Basin (Figure 1). The field covers an area of 16,400 acres directly below
the city of Citronelle. In 1955, oil was first discovered by the Gulf Oil Company in the Zack
Brooks Drilling Company No. 1 Donovan well. Since then, over 500 wells have been drilled
and cumulative oil production has exceeded 169 million barrels at Citronelle Field.

Citronelle is a small city with a population of 3900 (2010 consensus). With most of the oil wells
integrated into the cityscape, possible geohazards such as CO, leaks can be detrimental to
the local citizens, live stocks, and the environment. Some of the wells exist within residents’
backyards and farmlands (Figure 2). To detect risks of geohazards and monitor the injection
process, geophysical testing has been performed at the site. This paper reports the outcomes
of the field tests due to CO, injection into the Unit B-19-10 #2 well (Permit No. 3232). The goal
of the geophysical testing is to establish possible relationships between shear-wave velocity
profiles and the static stress distribution before, during and after the injection. Such relation-
ships are helpful in understanding the site condition changes due to the injection activity.

2. Geophysical monitoring strategies

The intent of the carbon injection is to explore the feasibility of EOR in the tertiary produc-
tion of an existing oil reservoir, as well as the potential of subsequent CO, sequestration. The
geophysical monitoring strategy is used to assess the site geostability and potential geohaz-
ards. Site geostability for mineral extractions can be associated either with the site geological
conditions pertaining to sustained production or with the large geological deformations such

129



130 Carbon Capture, Utilization and Sequestration

as land subsidence or landslides. In the context of the current study, the association is with
the latter definition. The key purpose of a geostability analysis is to determine the possibilities
of significant geohazards due to formation instabilities, which may result from the CO,-oil
replacement in the Rodessa formation.

Geo-instability of an oil-producing stratum can result from the collapse of voids during the
oil extraction process. The repercussions may include global subsidence, localized straining
and possible microtremors to earthquakes. Figure 3 shows a schematic of the geomaterial
straining at an oil extraction well. The hypothesis is that as oil is being depleted, the surround-
ing geomedium may experience straining due to interfacial shear stresses resulting from the
settlement and collapse of the strata. Geostability in a narrow oil field within a deep stratum,
such as the Citronelle oil field, is typically not a major concern since relatively small settlement
is anticipated. The geo-instability concerns in such cases can be generalized as compressibility
potential assessment as well as localized stability projection.

The compression or settlement issue may involve both local elastic settlement (non-permanent
deformation) and long-term creep (long-term deformation due to sustained loading). Elastic set-
tlement is instantaneous and is a function of the weight of overburden above the layer of interest.
For an oil-producing layer, elastic settlement is also a function of the system pressurization, where
pressure is kept to ensure the injection fluids remain in the oil layer. Creep is difficult to assess
since it is a function of time. Current geostability analysis does not include considerations of ther-
moelastic effects or micro-poroelastic effects for the pressurized system, for example, the Biot’s
equations. The rationale is that the difficulties in establishing geomaterial properties based on cur-
rent geophysical measurements and assumed values only allow a grossly simplified bulk material
analysis. As a result, the extensive works by Biot on poroelasticity has been greatly simplified.

Stresses in geomaterials are derived essentially from the self-weight of the overburden mate-
rials (predominantly the geo-matrix), the liquid within the voids (pore water pressure), and

Figure 3. Poroelastic stresses due to extensive oil extraction (hollow arrows indicate surface strains and line arrows
indicate interplanar shear stresses).
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the externally induced pressures. Hence, the total stress within the geomaterial system is
equal to the summation of stress within geo-matrix and pore water pressure. The geostability
study considers the effective stress, 0’, which is defined as the stress carried by geomaterial
skeletons and not pore water that causes elastic deformation of the oil-producing layer:

o =o-p )

where o is the vertical total stress derived from unit weight of material and p is the pore pres-
sure. Neglecting thermal effects, the effective stress equation is further modified to include
injection pressure g,

mfcrfmu:
0 =0~ (Ginj(’ctian - ‘l) (2)

The effective stress pressure is then used to compute the producing layer elastic deforma-
tion (non-permanent settlement) using simplified computation of rock bulk modulus (P-wave
modulus), M [22]:

M=pV? 3)

where p is the rock density, v is the P-wave velocity derived from geophysical testing con-
ducted at Citronelle.

2.1. Geophysical testing at Citronelle field

Micro-seismicity tests have been successfully applied to address specific issues in the oil
and gas industry [23, 24]. The basic principle of passive seismic monitoring is to detect small
movements (regarded as microseismic events) from unknown seismic sources that can be
recorded on geophones placed on site. Contrast to active geophysical testing, the passive
seismic monitoring is a testing method that does not rely on a source of ground excitation.
The main advantage of the passive monitoring is that it can be carried out at any time and
does not require regulated field access. The disadvantage of passive sensing is the uncertainty
introduced due to the lack of controlled input energy, which can result in both poor data
sensitivity and poor detection accuracy.

A modified passive sensing Refractive Microtremor (ReMi) technique, Derivative of ReMi
(DoReMi), as discussed below, is used at the Citronelle oil field, Alabama [25]. To improve
mobility and avoid the cumbersome wiring, wireless triaxial micro-electro-mechanical system
(MEMS) accelerometers have been used for the field testing. The MEMS sensors are encased
in hard metal boxes and buried into the ground at sufficient depth to ensure good coupling
between the sensor and the surrounding soil (at least 1 ft. (0.3 m) deep with fully compacted
soil on top). The wireless sensor unit with the three directional acquisition channels can
record seismic energy in three Cartesian directions (vertical and two horizontal directions).
The vibration signals obtained by the wireless accelerometer are acceleration time histories,
which are processed in spectral domain using p-t transformation, or slant-stack analysis [26].
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Since passive sensing assumes the signals are random in nature and the analysis is done in
the spectral domain, time sequence of the sampled data is not considered. Only the vertical
direction has been used in the wave motion analysis for this study.

To monitor the responses of the reservoir throughout the CO, injection process, two linear
test arrays were conducted at the Citronelle oil field. Each test array consists of 24 mea-
surement points, which are all located near the oil wells. The site test layout is shown in
Figure 4. The Line 1 is generally aligning with the north to south direction, whereas, Line 2
is in general in the northeast to southwest direction. Line 1 covered approximately a distance
of 30,102 ft. (9175 m) in total with approximately 1309 ft. (399 m) for sensor spacing. Line 2 is
25,603 ft. (7804 m) in total span and has a sensor spacing of 1113 ft. (339 m) between pickup
points. CO, is injected in well No. B-19-10 #2, which is located near the intersection of the two
survey lines and is in the top north end of the Citronelle oil field. The sensors were buried
at each measurement point, and the recording duration for each set was set at 39.06 s. The
sampling frequency was set at 512 Hz.

Background measurement was deployed prior to the start of CO, injection in the field. It should
be noted that in order to restore the pressure in the well to the level suitable for production,
water injection at the well has been conducted since 2007. CO, injection in well No. B-19-10 #2
started in December 2009 and at the rate of 46.5 tons/day. The CO, injection was stopped from
December 30, 2009 to January 26, 2010, due to the triplex pump not being able to maintain the
injection pressure. After a thorough problem detection process, the pumping was resumed
and, as a result, the average injection rate of CO, was stabilized at 31.5 tons/day. The CO, injec-
tion history in short tons until late September 2010 is presented in Figure 5. Final amount of
CQO, injected in the pilot well is about 8036 short tons. The record of well head pressure at Well
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Figure 4. The testing lines at the Citronelle oil field.
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B-19-10 #2 from the beginning of CO, injection to the end of the injection is shown in Figure 6.
The pressure has been normalized in order to compare it with the normalized stresses at the
oil-bearing layer quantified based on the geophysical testing results to be presented later.

In the first month of CO, injection, the well head pressure changed from 2400 psig (16,547.4
kPA) to 3800 psig (26,200.1 kPA). After CO, injection was resumed on January 27, 2010, the range
of well head is between 3800 psig (26,200.1 kPA) and 4200 psig (28,957.9 kPA). Passive tests were
conducted at the Citronelle oil field in December 2009 when the start of significant CO, injection,
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u 1 L il L L
1128 01182010 0302010 04282010 0817010  OBOSI0I0 09232010
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Figure 5. Record of CO, injection during Phase II at Well B-19-10#2.
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Figure 6. Normalized well head pressure at Well B-19-1042 during CO, injection with geophysical test data.
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and during steady CO, injection in March 2010, May 2010, and September 2010, respectively.
Water injection was switched back immediately after CO, injection was completed. In addition,
measurements were made after CO, injection in November 2010, March 2011, and May 2011,
respectively. A summary of the monitoring history at the Citronelle oil field is shown in Table 1.

2.2. Injection history analysis

Since the monitoring process involved the three injection stages, namely, water injection
(pressure building), CO, injection, and post-injection, it is of interest to interpret the results
according to the stages. For each stage, at least three monitoring tests were performed. Hence,
there are three test group data. To compare the field pressure responses at different injection
stages, statistical parameters have been adopted including average shear-wave velocities and
coefficient of variations.

Statistical analysis is performed first by determining the averaged shear-wave velocities at
different strata for each test group along each of the test lines. The average wave velocities are
defined as [27]:

@
I
z|=
=

=

i
o

4)

where 0 represents the average wave speed, x represents the wave speed data at the corre-
sponding depth for each test group, and N represents the number of tests in each test group.
After calculating the average shear-wave velocities, the standard deviations, «, of the cor-
responding data are determined as:

@ =y X (x - 0f 6)
Test no. Injection Monitoring date
1 Water 8-10 October 2008
2 Water 21-22 January 2009
3 Water 15-16 June 2009
4 Co, 9-10 December 2009
5 CO, 11-12 March 2010
6 CO, 18-19 May 2010
7 CO, 8-9 September 2010
8 Water 17-18 November 2010
9 Water 16-17 March 2011
10 Water 17-18 May 2011

Table 1. Summary of monitoring history at the Citronelle oil field.
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The average and standard deviation values are then used to compute the coefficient of varia-
tion (COV), C:

=4 (6)

The coefficient of variation illustrates how far a set of numbers deviates from the average
value —an indication of the consistency of the layer responses as well as the repeatability of the
measurements. The CO, injection process instigated a continuous stress building within the
oil-bearing layer at the Citronelle oil field. Due to the presence of the anhydrite layer, the CO,
remains within the oil-bearing rock and will slowly flow into the oil-bearing rock resulting in
the stress built-up dissipating throughout the oil-bearing layer. As long as the anhydrite retains
its integrity and that there are no break-throughs within the rock medium, the pressure at the
oil-bearing layer should be consistently higher than in the strata above. Thus, the stress wave
velocity at the oil-bearing layer should be higher than in the strata above. The COV and average
values of the wave speed profile will be used to determine the stress state in the strata system.
Table 2 lists the C values from both Line 1 and Line 2 tests. Table 2 shows that the C_ values for
each layer are reduced during the injection history, indicating a stressing of the strata.

The C, values of the wave speed at the oil-bearing layer is an indication of the stabilization
of the strata pressurization process: as the oil-bearing layer pressure is building up, a larger
C, value is expected, which dropped later indicating stable pressure in the oil-bearing rock.

Layer Before CO, injection During CO, injection After CO, injection
Line 1 Line 2 Line 1 Line 2 Line 1 Line 2

1 0.05 0.06 0.03 0.07 0.02 0.05
2 0.06 0.06 0.09 0.11 0.01 0.07
3 0.08 0.07 0.06 0.18 0.02 0.03
4 0.16 0.08 0.05 0.20 0.01 0.05
5 0.15 0.08 0.10 0.17 0.03 0.04
6 0.13 0.05 0.14 0.15 0.03 0.04
7 0.16 0.07 0.14 0.14 0.01 0.03
8 0.14 0.03 0.15 0.14 0.02 0.01
9 0.13 0.05 0.11 0.11 0.01 0.03
10 0.17 0.05 0.04 0.09 0.01 0.03
11 0.16 0.06 0.05 0.06 0.01 0.04
12 0.08 0.05 0.07 0.06 0.002 0.02
13 0.04 0.06 0.05 0.03 0.004 0.003
14 0.07 0.03 0.06 0.05 0.01 0.001

Table 2. Summary of C, values for results from both Line 1 and Line 2 tests.
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Table 2 shows the C values for each layer and each survey line. The table shows that in all
cases, C_ values are less than 0.2 indicating that the strata responses are slow, and consistent
and that there are no drastic events occurring during the whole injection process. The C_ val-
ues also are consistently dropping during the three stages indicating that the pressurization is
gradually stabilized during the process.

Careful evaluation of Table 2 indicates that there is a difference between the results from both
survey lines: for the after CO, injection stage, it is seen where the C, value is shown to be 0.01
for Line 1 and the value is 0.001 for Line 2 (Layer 14). This is an order of magnitude different.
For the before CO, injection (initial water pumping) stage, where the C value is 0.07 for Line
1 and is 0.03 for Line 2. This observation may be detrimental considering the experimental
resolution of the geophysical testing method, which is discussed below.

3. Geophysical response analysis and interpretations

3.1. Shear-wave speed determination

As mentioned earlier, each test line has 24 measurements points representing a total of 24
channels in data processing. To process the shear-wave velocity data, SeisOpt ReMi software
was used [26]. The procedure of stress wave signal processing involves first a wave field
data transformation (ReMi Vspect module was used), which converts the time domain data
acquired in the field to frequency domain. An interactive Rayleigh-wave dispersion modeling
was then conducted with the outcomes is 1-D shear-wave velocity models. At the end, the
dispersion curves were generated [28].

Figure 7 shows the typical averaged shear-wave velocity profiles as a function of depth (mea-
sured from Line 1 and Line 2). The shear-wave velocity curve was obtained based on the
averaging of the test data sets during each test stage and is shown to have a total of 14 strata.
The 14th strata correspond to the measurements of shear-wave velocity to depths at around
12,500 ft. (3810 m), which is about the oil-bearing Donovan sand. As described earlier, most
of the injection pressures were retained within the oil layer at around 12,500 ft. (3810 m).
Hence, the test results confirmed about the pressurization of the Donovan sand and that the
anhydrite layer has maintained its leak prevention integrity.

In order to compare the changes of the shear-wave velocity obtained from the geophysical
tests, the data were divided into three groups: before CO, injection, during CO, injection,
and after CO, injection. Figures 8-10 show the shear-wave velocity curves from both Line 1
and Line 2 tests for the three stages: Figure 8 shows the results of average shear-wave veloc-
ity versus depth curve for test 1, test 2, and test 3 (before CO, injection) for Line 1 and Line
2, respectively. Error bars are used to indicate the deviation of shear-wave velocity in the
measurements of each group.

Both Line 1 and Line 2 show that different strata experienced different stress histories: for
Line 1, the top seven layers (approximately at 6000 ft. (1829 m) depth) are shown to experience



Geophysical Monitoring of CO, Injection at Citronelle Field, Alabama
http://dx.doi.org/10.5772/intechopen.78386

initial increase in wave speed (during CO, injection) and then decreasing wave speed (after
CQ, injection); the trend reversed after 6000 ft. (1829 m) depth showing increasing wave
speeds for both during and after CO, injections; and finally, the oil-bearing layer [around
12,000 ft. (3658 m) depth] showed slowly decreasing wave speeds. Line 2, on the other hand,
showed an increase decrease trend up to 3000 ft. (914 m) depth; followed by an increasing
pattern above the oil-bearing layer; and decreasing wave speeds at the oil-bearing layer. The
explanation of the response history is that the oil-bearing layer experienced strata expan-
sion due to the injection pressure and the inability of oil to escape quick enough from the
oil sand; hence, the pressure is transferred to the strata above the oil-bearing layer (mostly
salient saturated material), which experienced stressing (increasing wave speed). This trend
reversed for the upper layer above the salient layers, which is dependent upon the balancing
act of the weight of the overburden and the upward lifting of the injection pressure.

Figure 9 shows the results of average shear-wave velocity versus depth curve for test 4, test
5, test 6, and test 7 (during CO, injection) for Line 1 and Line 2, respectively. Wave speeds
results of the last four layers shown in Figure 9 are higher than the corresponding results
shown in Figure 8. The increase in shear-wave velocity is associated with CO, injection, which
caused an increase in the effective stresses in layers above the injection zone (pressurization).
Figure 10 shows the results of average shear-wave velocity versus depth curve for test §,
test 9, and test 10 (after CO, injection) for Line 1 and Line 2, respectively. The deviations on
the graphs shown in Figure 10 are significantly smaller when compared to Figures 8 and 9
indicating that the strata pressurization has stabilized.
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Figure 7. Average shear-wave velocity profiles versus depth from sensor survey Line 1 (left) and Line 2 (right), September
8-9, 2010.
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Figure 8. Average shear-wave velocity profile versus depth before CO, injection, average of test 1, test 2, and test 3 (Line 1
and Line 2).
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Figure 9. Average shear-wave velocity profile versus depth before CO, injection, average of test 4, 5, 6, and 7 (Line 1 and
Line 2).

It is important to point out that the test line selection is constrained by available monitoring
sites and is selected in order to help determine possible directional effects of the CO, migra-
tion at the oil field. Hence, the first test line would determine the likely CO, migration in
the north-east direction, and the second test line would determine the flow in the northeast
and southwest directions. When comparing the average velocity at the oil-bearing layer, the
results from Line 1 indicates that the wave speed has reached 12,392 ft./s (3,777 m/s) dur-
ing water injection, 11,365 ft./s (3,464 m/s) during CO, injection, and has dropped slightly to
11,109 ft./s (3,386 m/s) after the CO, injection. This indicates that there is a possibility that the
supercritical CO, may be migrating slowly in the north-east direction.
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Figure 10. Average shear-wave velocity profile versus depth during CO, injection, average of test 8, test 9, and test 10
(Line 1 and Line 2).

On the other hand, Line 2 has wave velocity reaching 12,667 ft./s (3,861 m/s) during water
injection, 11,570 ft./s (3,527 m/s) during CO, injection, which has dropped to 11,236 ft./s
(3,425 m/s) post CO, injection. Again, there is a possibility of mobilization of 0il/CO, flow —a
likelihood of enhanced oil production in the months to come.

It is noticed that the strata pressure above the oil-bearing layer is slow in building up as it
takes time for the pressure to dissipate into the upper strata. To study this effect, the wave
speed responses above the oil-bearing layers are studied: it is shown for Line 1, the wave speed
above the oil-bearing layer has increased from 8144.6 ft./s (2,482.5 m/s) initially, to 9512.9 ft./s
(2,899.5 m/s) during CO, injection, and finally, increased to 9963.7 ft./s (3,036.9 m/s) post-injec-
tion. This indicates a slow building up of pressure. For Line 2, the wave speed immediately
above the oil-bearing layer has increased from 8207.6 ft./s (2,501.7 m/s) before injection to
9664.0 ft./s (2,945.6 m/s) during CO, injection, and finally, to 9935.8 ft./s (3,028.4 m/s) post-
injection. The interpretation of this observation is that the oil pressure is pushing against the
strata above the Donovan sand and has resulted in the strata pressurization. It is concluded
that the pressure build-ups are almost identical in both directions indicating uniform build-
up of pressures at all directions at the Citronelle oil field.

3.2. Discussion on geophysical sensing for CO, injection studies

Geophysical testing has been applied to projects similar to the Citronelle field study for the
purposes of determining production induced stress changes in the oil-bearing strata and site
anisotropy changes. In most high-resolution seismic detections, the tests are performed with
controlled excitations such as the use of explosions, seismobile vibrations, or gun shots. The
results have sensitivities that can indicate possible migration of injected fluids. However,
the interpretation of strata stress changes based on wave speed changes is inherently chal-
lenging, as a result of the constrained temporal and spatial resolutions. As a result, the
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velocity change ratio function (Av/v) has been suggested as a means to establish the detection
of geomechanical condition changes due to oil production or fluid injection [29] and has
been successfully implemented in a study to synchronized field measurements to localized
microtremors [30].

To determine the stress wave speed changes, the velocity change functions are computed for
before, during and after CQO, injection:
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Figure 11 shows (Av/v) for different stages of the injection process at Citronelle field indicating
different strata stress plays: for both Line 1 and Line 2, it is shown that the stress waves have
reduced in the injection layer (Layer 14) after CO, injection indicating that the CO, gas may
have migrated at this stage. The velocity change functions for Layers 8-10 (corresponding to
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Figure 11. Velocity change functions vs. strata layers for (a) injection histories for Line 1; (b) injection histories for Line 2
and (c) injection histories for Line 1 and Line 2.
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salient layer) are negative, most likely indicating a reduction in effective stress. Following
Eg. (1), this may be interpreted as an increase in pore water pressure in the salient formation.

The last figure in Figure 11 shows a comparison between Line 1 and Line 2 using Eq. (9). This
figure shows that the two trends are in consistent in general and that both show the same
trend of velocity increase right above the oil production strata (which shows negative velocity
change functions). This further enhances the interpretation that the stress within the injection
may be reduced due to migration of CO, plum.

A reduction of the strata pressure (shear-wave velocity) could mean a likely leak occurs
within the system, which has not been identified at the Citronelle field. The shear-wave
velocities at the Donovan oil-bearing layer are normalized by their average value and are
plotted against the normalized well head pressure in Figure 6. Assuming the shear-wave
velocity is a good representation of the stress level within the oil-bearing stratum, the well-
fitting of the two sets of data represents that the geophysical testing method has accurately
quantified the stresses within the reservoir.

4. Conclusions

Carbon sequestration through injection into a depleted oil field is an effective method to
reduce atmospheric CO,. However, proper monitoring of the CO, injection process is essen-
tial in order to ensure the geomechanical stability of the storage reservoir and to minimize
risks of potential geohazard to the terrestrial and sub-terrestrial environments. This chapter
reports the use of a passive microseismic sensing technique to monitor the CO, injection
process at the Citronelle oil field, Alabama. The ability of the passive DoReMi technique to
monitor the CO, sequestration process in the heterogeneous oil reservoir is demonstrated
through analysis of the wave speed profiles indicating that there are strata stress build-ups
during and after the injection of CO,, which resulted in the pressurization of the Rodessa
oil-bearing layers. Clear demarcation of the shear-wave velocity profile is shown for before,
during, and after the CO, injection in the field. The detection of geomechanical deformation
within the overburden of the reservoir is important for monitoring the long-term CO, stor-
age—continued monitoring may provide information on possible reservoir breakthroughs
and possible pathways for CO, leakage.

The COV value associated with the shear-wave velocity changes is suggested as a measure of
the conditions at the oil field and is observed to drop in value during the CO, injection pro-
cess, indicating that the stress state in the oil-bearing layer has reached a stable state. Thus, the
COV values can be used as an indication of oil field stability during the CO, injection opera-
tion and have the potential for long-term monitoring of the strata stress change throughout
the field operations. Further studies are needed to develop the COV value into risk index that
can be used to indicate geohazard. The strata stressing is especially important to the City of
Citronelle, where the oil wells (potential CO, leak sites) are in close vicinity to humans and
livestock. Continued geophysical monitoring of the strata stress changes can help mitigate
potential geohazards due to the CO, injection operation.
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Abstract

Monitoring technologies for CO, in geological carbon sequestration are based upon the
physico-chemical and electromagnetic properties of the CO,-water/brine and rock system
as well as the induced events such as micro-seismicity. As CO, migrates in the subsurface,
its interactions with elements like rock, water/brine can be used to track its presence and
direction. For deep subsurface storage of CO,, methods like electrical resistivity tomogra-
phy (ERT), seismicity, capillary pressure and relative permeability as well as geochemical
measurements can be reliably employed in monitoring CO,. Other methods like mem-
brane-sensor technique and gas accumulation chamber are mainly suitable for shallow
geological sequestration. However, prior to the full-scale deployment, it is necessary to
understand the principles of operations and limitations of the adopted technologies as
well as obtain experimental and practical information from them. In the field application,
pre-injection baseline assessment is necessary followed by critical assessments during
the storage process and post-injection period. Accuracy in leakage quantification and
identification of sinks are also important. Factors that can influence the results of these
technologies include fluctuations of pressure, temperature, initial salinity level, initial pH
level, porosity, fluid properties, porosity, tortuosity, pore size distribution, wettability,
reservoir mineralogy and surface chemistry.

Keywords: CO,, sequestration, leakage, two-phase flow, geophysical technologies
membrane

1. Introduction

Climate change and the accompanying global warming are of concerns to science, engineer-
ing and political stakeholders. Particularly, the effects of climate change on the living and
non-living species and the possible future impacts have led to global efforts at curtailing

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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the emission of greenhouse gases. The current problem of global warming emanated from
anthropogenic activities, mainly from excessive use of fossil fuel for energy as well as the
degradation of natural carbon sinks, especially by deforestation [1, 2]. Emissions from fossil
energy source have been shown to aggravate the climate change by forming a blanket of
gases which accumulate at the lower part of the atmosphere, trapping the reflected radia-
tion from the earth, thereby raising the surface temperature [2, 3]. According to DOE [4],
90% of world’s primary sources of energy still come from fossil fuel. As a result, the readi-
ness to cut the reliance on this source of energy presents a daunting challenge. Continuous
dependence of man on fossil fuel is based on the desire for an improvement in the stan-
dard of living, education, health care, and so on. These goals are directly related to energy
consumption.

CO, concentration in the atmosphere should be reduced to the maximum of 350 ppm in
order to restore the planet to the similar level obtainable in the pre-industrial revolution era
(200 to ~385 ppm) [5, 6]. To mitigate the problems of climate change, efforts are being made
by scientists and many technologies are under investigations and implementations to cur-
tail the emissions of greenhouse gases into the atmosphere. To reduce human dependence
on fossil fuels, energy sources from wind and sun are being considered globally. However,
carbon emissions will realistically persist till the near or foreseeable future owing to the
derivations of many industrial and household products from crude oil. As a result, carbon
capture and storage (CCS) is a viable route to check accumulation of greenhouse gases in
the atmosphere.

CCSis providing methods and procedure to deal with the CO, emitted from various emission
sources. Advanced capture technologies have emerged from the development and discovery
of novel solvents together with optimised capture procedures like pre and post-combustion
capture techniques [7, 8]. CO, can be stored in several natural media. These storage media
include ocean and saline aquifers, unminable coal seams and depleted oil reservoirs [9, 10].
Storage of CO, can also be made economical through its use to recover remnant oil in depleted
oil reservoir [11]. Among the possible storage sites, geological carbon sequestration in saline
aquifers is considered as the most viable option as it seems to have the largest carbon storage
potential [12, 13]. The reasons for this include the stability and capacity of these geological
media. Stable sedimentary basins are essential for dependable sequestration activities, and
such basins are found in most continents [14] with estimated capacities of around 1000-100,000
gigatonnes of carbon dioxide [13]. Across the globe, Figure 1 shows the carbon sequestration
projects that are either ongoing or completed.

The current issues in the practice of geological carbon sequestration are those of safety of the
process. There are concerns about the possible leakage of the CO, back to the atmosphere. If
this occurs, humans and plants are in danger. In the case of leakage, CO, migrating through
the subsurface may encounter potable water, with which it forms acid that can affect the plant
and animal lives. In case the leakage gets into the atmosphere, at a concentration of CO, above
4%, its inhalation produces fatal results in humans and animals [16]. Thus, there is a need for
effective monitoring of CO, movement and reactions at the geological sequestration site and
the adjoining areas.
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Figure 1. Carbon dioxide sequestration operations at pilot and commercial scales worldwide [15].

Many techniques for monitoring CO2 in the Earth’s surface are available. But, the effective
monitoring of CO, in the subsurface is still posing challenges. Meanwhile, it is important that
we develop effective subsurface monitoring techniques in order to avert dangers to humans,
animals and plants on the Earth, animals in the ocean as well as the potable water aquifers in
the subsurface that might lie along the CO, leakage path. For example, if CO, leaks from the
geological sequestration site as a result of fault in the cap rock or seismic effects, subsurface
monitoring measures should be efficient enough to alert the monitoring team immediately
in order to possibly curtail the movement of the plume before it contaminates the subsurface
potable water aquifers or before it reaches the surface. In this scenario, humans and animals
can be moved away from the leakage site on time. Effective monitoring will also provide the
possibility of preparing for the plume before reaching the surface by making provisions for
its containment.

This chapter examines the existing monitoring techniques for the CO, activities in the geo-
logical carbon sequestration. The challenges inherent in these techniques are identified, and
the implications of these challenges are discussed under different conditions and in different
porous media.

2. CO, leakage and characteristics

Several mechanisms guide the leakage of CO, and its migration through the geological pore
networks. For example, gravity override and viscous instability are phenomena that cause
the CO, to move to the top of the injection layer bypassing large quantities of brine [14, 17, 18].
Also, if the caprock has fault line that is permeable enough for the plume, this can cause favour-
able pathways via which CO, could escape, thereby compromising the intention of the seques-
tration process. Also, gravity override together with viscous instability can create the vertical
buoyant pressure, which the CO, applied on the caprock. This pressure arises mainly as a result
of difference in density between the formation water and the CO,, and the thickness of the
carbon dioxide plume accumulation.
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Monitoring technologies for CO, in geological carbon sequestration are built upon the
physico-chemical and electromagnetic properties of the CO,-water/brine and rock system
or the identification of the reaction by-products and/or the coupled process effects such as
micro-seismicity [19]. Monitoring can provide vital information for verification, account-
ing and risk assessment at storage site, and is fundamental to ensure that the effective
containment of the gas has actually taken place. Monitoring also contributes to building
public acceptance of the geologic storage as a viable method for mitigating greenhouse
gas emissions [20]. Existing monitoring techniques include electromagnetic techniques [21],
temperature signals [22] and infrared monitoring [23]. Some of these techniques have been
widely demonstrated both in the laboratory and pilot applications. Electromagnetic tech-
niques make use of the wide difference between the electrical/dielectric characteristics of
CO, and water/brine as well as those of other geological elements to create contrasts among
the phases, which can then be used to monitor the migration of the CO2 in the aquifer or
to understand the displacement of the aquifer brine by the injected CO,. Traditionally, this
electromagnetic method is often employed in the monitoring and control of two-phase flow
in porous media [1, 24-26].

For the temperature signal technique, the principle employed in its use includes the fact
that the dissolution of CO, in water is an exothermic process. As a result, the temperature
of the solution is raised as CO, dissolves in the brine/water. Also, the change of phase of
CO, from, for example, supercritical state to liquid or gas is accompanied by change in
enthalpy. These effects are utilised in non-isothermal detection of CO, presence in water/
brine using the temperature signal method. But the dissolution of CO, in water is limited.
This confines the method to limited time and space because once the water/brine is equili-
brated with CO,, detecting plume migration or other activities of the CO, becomes difficult.
Furthermore, CO, is known to have characteristic infrared wave absorption property. This
is harnessed in the infrared monitoring technique. How well these methods can be utilised
in the subsurface and large-quantity monitoring of the gas in the subsurface still poses
questions.

Monitoring the region around the storage aquifers should be coupled with near-surface
and surface monitoring [1]. These regions of monitoring are important because migration
or leakage of CO, can extend to the atmospheric space. Near-surface monitoring techniques
are well developed and are essential in the detection and monitoring of the gas emanat-
ing from different emission sources and even leakage from geological sequestration sites.
Near-surface monitoring techniques involve the analysis of near-surface water, air and soil
samples on a regular basis as CO, leaks can acidify the water and create conspicuous con-
trast between the original and current soil and air compositions [19]. Also, on the surface,
gravity method [27] can be employed based on the fact that CO, is heavier than air and
lighter than water. Thus, increase in air density and/or reduction in density of water may
signify the presence of CO,. Remote sensing of air composition [28] and surface analysis of
carbon content by inelastic neutron scattering (INS) [29] are techniques also known for the
surface monitoring of CO,.
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Among the monitoring methods described above, electromagnetic techniques like dielectric
permittivity (¢ ), electrical resistivity (p) and conductivity (o) as well as wave propagation are
common in reservoir applications [1, 21, 24]. Also, tracers like SF6 are applied in the monitor-
ing of fluid movement. To ensure safety in the case of advancing plume of CO,, the monitor-
ing methods should extend several hundred metres beyond the injection region. This has the
potential of protecting the potable water aquifers that lie in the possible path of migrating
CQO,. Apart from electrical parameters (e.g., €, p and o), capillary parameters are commonly
employed in the study of two-phase flow, for example, oil and water, gas and water, and
so on, and can as well be included in the monitoring techniques. This chapter is primarily
concerned with the safety of the geological carbon sequestration and the techniques to ensure
it. These techniques are expatiated in the following subsection.

3. CO, monitoring techniques

Monitoring techniques can be classified according to the different mechanisms of operations
and the principles as well as the environment of applications. The following classes are popu-
lar in the literature.

With the exception of the (3) in Table 1, most of the techniques are mainly suitable for shallow
injection layer or atmosphere. Worldwide, monitoring technologies have been in operations
at many pilot sites like in Nagaoka (Japan) [30], Frio (USA) [31] and Ketzin [32]. Several other
projects under the USDOE were involved in the trial of the technologies (www.fossil.energy.
gov/sequestration/partnerships/index.html). Multiple monitoring technologies applied in
these pilot projects were able to track the CO, plume in different subsurface geological envi-
ronments [20].

S. No. Classification/application environment Techniques/parameters

1 Atmospheric CO, Eddy covariance

2 Soil CO, Soil accumulation chambers

3 Geophysical monitoring Geoelectrical, seismic, ground penetrating radar, etc.

4 Biological stress Multispectral image analysis of plants and
microorganisms

5 Geochemical analysis Monitoring water quality changes

6 Satellite-borne Interferometric Synthetic Aperture ~ Detection of ground deformation or surface

Radar (InSAR) movement

7 Capillary-based parameters Capillary pressure-saturation-relative permeability

relationship

Table 1. Monitoring techniques for CO,.
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It is conventional to perform monitoring operations in three stages. The first stage is the
pre-injection monitoring where background data about the CO, level as well as lithological
parameters before injection of CO, can be obtained. This gives the baseline data. The injection
stage monitoring follows, where ongoing changes in the soil, water and surrounding space
are recorded as CO, is being released. Lastly, post-injection monitoring comes after the stop
of the CO, injection.

3.1. Geophysical techniques

Geophysical monitoring techniques involve the deployment of a variety of electromagnetic
and electrical surveying methods to study subsurface CO, activities and its interactions with
the rock/soil, water/brine and other gases. These methods include geoelectrical, seismic,
ground penetrating radar, gravity and electromagnetic assessment. These techniques make
use of the electrical behaviours of the CO,, water and the surrounding geological materials.

To monitor CO, sequestration at deep geological layer, electrical resistivity tomography (ERT)
is an effective technique. Following injection of CO,, increase will occur in the resistivity level
of the bulk reservoir domain owing to the non-conductive nature of the gas. The resistivity
profile may remain stagnant following steadiness in injection operation or after the stop of
injection. In addition, after the stop of injection, there may occur a dip in the resistivity profile
from the repeal of the contact surface of CO,/brine and subsequent inflow of brine into the
near-wellbore area [33].

From the resistivity data, saturation of CO, (s_,) in the reservoir can be evaluated using inverse
petrophysical relation [33] by assuming the applicability of Archie’s second law:

Seo, = 1- (%)1/ (1)

where p is the baseline resistivity and » is the saturation exponent.

ERT works effectively if properly calibrated and is well suitable to track dissolved and gas-
eous CO, [34]. Application of electrical resistivity tomography (ERT) has been demonstrated
at various pilot sites (see, e.g., [33, 34]) for detecting and tracking the CO, and brine distribu-
tion and their migrations in the subsurface. ERT has the advantage of imaging the injection
reservoir and the migration activities of the fluids. It consists of the array of borehole elec-
trodes which can be arranged to serve as a permanent reservoir monitoring tool. It possesses
the ability to map quantitative CO, saturation in the subsurface. ERT has been found suitable
for deep geological layer survey. Example of this technique in field application is found at
Ketzin pilot site, Germany. The method was used to acquire data on resistivity changes with
the injection of CO,. Also acquired was the CO, saturation in the storage reservoir as well as
imaging of CO, induced resistivity change.

For near-surface measurement of CO, activities in shallow aquifers, direct current geoelectric can
be employed [20]. As CO, passes through the water-filled and wetted pores, owing to dissolution
and ionisation, carbonic acid is formed. This process activates the electrical characteristics of the
system. The formation of acid promotes dissolution of minerals in the aqueous media which
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further enhances the electrical characteristics of the system. Thus, the determination of changes
in resistivity of the domain will be of immense advantage in monitoring the presence and impact
of CO, and its subsurface movement. In pores saturated with water, migrating CO, can displace
part of the resident water to replace its position with the gas. In this case, resistivity will increase.
This phenomenon of changing electrical characteristics which occurs with the displacement and
replacement of water by CO, was explained in the work of Abidoye and Bello [35]. They stated
that for the scenario where the movement of the CO, into the pore led to the displacement of
the resident pore water, the bulk dielectric permittivity (¢,) of the system decreases. if the pore
water was not displaced by the migrating CO,, the presence of CO, in the system increases
the ¢,. Direct current geoelectric is currently being used at Ressacada Farm, Brazil. The method
was used to acquire resistivity changes in the course of CO, injection. The changes in resistivity
are compared to the baseline values. At the Ressacada Farm, the resistivity value in the vicinity
of the injection well increased by 50% in comparison with the baseline value. However, 8 days
after the injection stopped, the resistivity change dropped to less than 14% [20].

Laboratory demonstrations and mathematical simulations of geoelectrical monitoring system
were well demonstrated in the works of Abidoye and Das [36, 37], Abidoye and Bello [35],
Rabiu et al. [38], Lamert et al. [39] and Dethlefsen et al. [40]. Abidoye and Das [36, 37] and
Rabiu et al. [38] used unconsolidated porous media of silicate and carbonate soil samples in
a sample holder of 10 cm diameter and 4 cm height. They performed simultaneous measure-
ments of bulk relative permittivity (¢,) and electrical conductivity (o,) measurements using
three-pin time domain reflectometry probes (TDR probes), which was connected to the wave
generator, TDR100 reflectometer (Campbell Scientific Ltd., Shepshed, UK). Using this system,
the effects of pressure, temperature and salt concentration on bulk ¢, -S and o,-S relationships
were investigated for carbonate (limestone) and silicate porous media (both unconsolidated
domains) under dynamic and quasi-static supercritical CO, (scCO,)-brine/water flow. Their
results show that the ¢, in the silica sand sample decreases as the temperature rises in the
scCO,-water system. For the carbonate porous medium, ¢, rises only slightly with tempera-
ture. The ¢ -S curve also rises as the domain pressure increases. Furthermore, the bulk elec-
trical conductivity (0,), at any particular saturation for the scCO,-brine system rises as the
temperature increases with a more significant increase found around full water saturation.
These findings were corroborated by the work of Wraith and Or [41] where ¢, and o, values
were found to be greater in the limestone than silica sand porous samples for similar poros-
ity values. From their results, it can be inferred that the geoelectrical techniques are highly
dependent on water saturation. Furthermore, Rabiu et al. [38] performed similar investiga-
tions with the inclusion of basalt as porous medium. Similar findings were recorded.

Field demonstrations of geoelectrical monitoring techniques were performed by Lamert et al.
[39] as well as Dethlefsen et al. [40]. As in the work of Abidoye and Das [36, 37], time domain
reflectometry method was used by Lamert et al. [39]. They Installed several copper electrodes
at various depths up to 18.5 m below the ground level around the CO, injection site in order
to monitor the movement of injected CO,. They found the suitability of geoelectrical methods
for monitoring injected CO, and geochemically altered groundwater. Similar to the conclu-
sion of Abidoye and Das [36, 37], they also found that the site-specific conditions influence
the electrical characteristics.
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Apart from the abovementioned methods, other geophysical tools exist with varying capacity
to monitor subsurface gas activities. For example, ground penetrating radar (GPR) is another
well-established tool that can be used in subsurface CO, tracking. However, it has limited
depth of penetration as compared to others. However, in the zone of CO, leakage, it can give a
deeper signal penetration [42]. GPR and other technologies like magnetic resonance sounding
(MRS) have depth of penetration of <60 cm [43]. Logging tools like sonic, neutron and pulsed
neutron techniques also offer some effectiveness in CO, monitoring.

The abovementioned discussions show that myriads of geophysical monitoring techniques
are in existence. But the parameters of measurements can be affected by operational condi-
tions as well as the porous media characteristics. Monitoring strategies should, therefore, take
these factors into consideration to minimise deviations of the results from the realities. This
can be achieved by taking notes of site-specific characteristics that are key to effective predic-
tion of the fate of CO,.

3.2. Membrane-sensor system

Membrane-sensor technique only assesses the presence of subsurface CO, without consider-
ing its interactions with other elements of the sequestration domain. Selectively, permeable
membrane having high selectivity for CO, can be utilised. Coupling the membrane with
sensor device, the system can accumulate gas like CO, in its chamber which can then be
quantified with signals from the sensor. Example is shown in Figure 2 from Abidoye and
Das [44]. Methods of collecting CO, into the gas chamber vary and depend on the conve-
nience of the investigators. Abidoye and Das [44] demonstrated membrane-sensor technique
in a laboratory experiment using a high-pressure experimental rig. The chapter shows how
silicone membrane-sensor system can be employed in the monitoring of subsurface gases,
especially in the leakage scenario. In their work, mass permeation, membrane resistance to
gas permeation and the gas flux across the membrane are reported for two gases, namely,
CQO, and N,. In their results, mass permeation of CO, through the membrane was more than
10 times higher than that of N,, under similar conditions. It was also found to increase with
the geological depths. The gas flux remains higher for CO, as compared to N,. The authors
established a simple criterion for distinguishing the presence of the different gases at vari-
ous geological depths based on the rate at which the mass permeation of gas through the
membrane occurs.

silicone rubber

Figure 2. Photographs of (A) the sample holder showing silica sand and pressure transducer (B) the pressure transducer
and the silicone rubber sheet (metal cap not shown). Sample holder size: internal diameter=10cm, sample height=4cm [44].
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Silicone was used by the authors due to its favourable selectivity for CO, permeation. Other
suitable membrane can, as well, be used. Silicone membrane is a non-porous flat sheet mate-
rial. Gas permeates the membrane by diffusion under the influence of the driving force, for
example, the pressure difference across the membrane. This membrane-sensor method is use-
ful in the early detection of CO, migration or leakage from geological reservoirs. Early detec-
tion at depth will allow for more time to prepare and plan for the CO, plume before its arrival
in shallow groundwater or the earth’s surface [45]. In application, alarm system can be trig-
gered to signify the presence of CO,, if the mass permeation rate follows the power law model
provided in Eq. (2). This equation can be used to program the membrane-sensor system.

y=1 08 y 10652 )

where y is the rate of mass permeation into the membrane-sensor chamber in kg/h and x is the
geological depth in metre (m). The equation conforms to the profile of CO, permeation curve
through silicone membrane. Other gases will very likely deviate from the pattern.

The abovementioned analysis shows that the CO, has unique mass permeation rate that is
different from that of N, and conceivably other gases found in the porous media. With the
relation of the mass permeation rate to geological depth, using Eq. (2), the authors showed
that the membrane-sensor system can be used to monitor gas leakage under different geologi-
cal conditions. Thus, at any depth, the system can be applied to give unique indication of gas
present. Membrane coupled with miniaturised sensor can be installed at depth to perform the
monitoring operations.

Field applications of similar monitoring method were performed by Zimmer et al. [45]. They
demonstrated the applicability of silicone rubber as a membrane in the detection of gases
present in the underground and boreholes. Investigations by Zimmer et al. [45] were con-
nected to the geological carbon sequestration project (CO2SINK) in Ketzin, Germany. They
successfully demonstrated the detection of the CO, front at observation wells, located at dif-
ferent distances to the injection well, using the gas membrane sensor that includes the silicone
rubber. However, the analyses of the gases through the device rely on the mass spectrometer
located on the ground surface.

3.3. Gas accumulation chamber

Measuring subsurface gas and monitoring its movement can be used for the delineation of fault
zones and for the characterisation of migration process dynamics [20]. According to Chiodini
et al. [46], such measurements have been used for environmental research in geothermal and
volcanic areas to determine CO, flux rates. Oliva et al. [20] used the technique of gas accu-
mulation chamber to measure CO, emissions, soil temperature and moisture on PVC collars
arranged in a square grid with 1 m spacing centred on the injection well. They performed the
measurements before CO, injection, during the whole injection period and 7 days after the
injection stopped. Field application of this method was demonstrated at the Ressacada Farm,
Brazil, where parameter like CO, flux rate was collected. The authors were able to establish rela-
tionship between resistivity changes in injection aquifer to the CO, flux rates in the same area.
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3.4. Geochemical measurement technique

Geochemical monitoring techniques for subsurface CO, activities are aimed at acquiring
information about interactions and reactions of CO, with rock, soil, water and other gases in
the subsurface. Products of such interactions and reactions are often the main targets in the
monitoring and measurements. Following dissolution of CO, in the aquifer water, carbonic
acid is produced, which makes the solution acidic and lowers the pH. Furthermore, increase
in acid level may lead to the dissolution of rock minerals, thus, raising the concentration
of major and trace minerals in the solution. Dethlefsen et al. [40] stated that the most sig-
nificant geochemical processes, which occur during the CO, contamination of potable water
are the changes in the pH and the resultant changes in the electrical conductivity (o) of the
fluid—fluid-porous media system (i.e., CO,-water-porous media system). Popular mineral dis-
solution that occurs includes carbonates, sulphides, iron oxy-hydroxide minerals and surface
reactions such as adsorption/desorption and ion exchange [20].

Geochemical monitoring techniques involve the use of chemical parameters and their appropri-
ate sensors to detect the interactions of CO,, water, soil/rock and the subsurface gases. Oliva et al.
[20] performed geochemical monitoring of CO, activities in shallow well by sampling multilevel
wells installed in the vicinity of the injection well. From such observatory wells, groundwater
samples can be collected before, during and after the injection periods at intermittent schedules.
Measurements of temperature, pH, electrical conductivity, oxidation—reduction, salinity and
dissolved oxygen can be performed in-situ. Indicator parameters like alkalinity, acidity, fer-
rous iron (Fe*') and anions bromide (Br"), chloride (CI"), nitrate (NO,), nitrite (NO,") phosphate
(PO,*), sulphate (S0,*) and acetate (CH,COO") can be obtained from such measurements.

Geochemical activities of CO, can vary based on the chemical characteristics of the domain
rock/soil. That was why Abidoye and Das [37] performed geochemical monitoring of CO,
activities in silicate and carbonate porous minerals, to investigate the characteristics of the
water-saturated porous media contaminated by CO,, in the laboratory. They used pH mea-
surements, silicone rubber membrane in the monitoring of CO, diffusion in the porous media
and the geoelectrical measurement techniques for the determination of the bulk dielectric
constant (g,) and the bulk electrical conductivity (o,) of the CO,-water-porous media system.

Their results showed three stages in the profile of pH change with time as CO, dissolved
and diffused in water-saturated silica sand. The initial stage was characterised by quick fall
in the pH value from the start of the experiment. This behaviour was connected with quick
dissolution of CO, and the formation of carbonic acid along with bicarbonate. At the second
stage, there was a short rise in pH value. This was explained to be owing to the reverse reac-
tion, which resulted into the formation of aqueous and gaseous CO, and water. At the last
stage, static equilibrium has been attained in the system which was marked by constant pH
value, which remained unchanged till the end of the experiment. During these stages, the
bulk electrical conductivity (0,) changed in accordance with the fluctuation of the pH values.
Since ionic species are formed during the dissolution, o, increased accordingly. According to
the authors, the rise in o, coincided with the initial stage of the change in the pH of the sys-
tem. The o, was higher in limestone than silica sand, and it increased with depth or domain



Tracking CO, Migration in Storage Aquifer
http://dx.doi.org/10.5772/intechopen.79296

pressure. Furthermore, the authors provided a mathematical relationship showing that o, is
dependent on the pH and its initial value, o, . This is shown in Eq. (3):

o, = 3.870)%pH?* 3)
The equation has a regression value of 0.997 and SSE of 0.0023. o, is the bulk electrical conduc-
tivity in S/m. o, is the value of the o, in the domain before the injection of CO,. o, is the ratio
of the steady state to the initial values of the o, (i.e., value of 0,, when the pH is at the steady

state, divided by the value of o,, before the injection of CO,). pH, is the ratio of the steady-state
value to the initial value of the pH.

3.5. Capillarity-based monitoring technique

Capillary pressure (P°) and relative permeability (K) for wetting (water) and non-wetting
phases (CO,) are parameters of key importance in modelling the two-phase flow processes
encountered during transport of immiscible phases in the underground [47] and they consti-
tute critical parameters used to history match and design field-scale injection projects using
reservoir simulators [48]. On two-phase flow, several publications exist concerning capillary
pressure-saturation relationship (P*-S) [49-55] while several others are based on the K -S rela-
tionship [56-59].

In the context of geological carbon sequestration, flow of supercritical CO,-water (scCO,-
water) can be considered as a two-phase system. Characterisation of such flow can be per-
formed with capillary pressure-saturation-relative permeability relationships (P--S-K) [1].
This is because CO, is only slightly soluble in brine. The solubility occurs briefly, and after-
wards CO, continues as separate phase in the porous medium.

Injected CO, moves through permeable pore networks of the storage reservoir. This move-
ment determines its distribution and stability within reservoirs used for carbon sequestration
(Tokunaga and Wan 2013), and this process is dependent on capillary interactions with the
displaced brine [60, 61]. Multiphase flow models are powerful tools to understand and pre-
dict the capillary activity and trapping of supercritical-CO, (scCO,) in deep saline geologic
formations. The constitutive relationship between capillary pressure (P°) and saturation (S,)
is the essential input parameter into these multiphase models. Reliable predictions of CO,
storage require understanding the capillary behaviour of supercritical CO, [62].

However, capillary pressure measurements are influenced by the sand and fluid properties.
During injection, the distribution of CO, and brine in the pore space varies with distances
from the well, and is controlled by the drainage P*-S relation of the reservoir. After the stop
of CO, injection or relaxation of injection pressure, the displaced brine attempts to reoccupy
original position by displacing some of the CO,. This is referred to as imbibition and is also
described by reverse cycle of P*-S  curve. The incomplete rewetting or incomplete displace-
ment of the CO, by the imbibing brine will lead to major storage mechanism- capillary trap-
ping, which relies on the path- and history-dependent saturation characteristics to control
distributions of multiphase fluid flow in pore spaces [63-65].
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Routine measurements of P*-S  relationship include by porous plate, mercury injection or
centrifuge methods. Plug et al. [26] measured drainage and imbibition relations in quartz
sand packs of different grain sizes using CO, and water with the porous plate technique.
They determined the drainage and imbibition cycles of the P*-S_ relationship and were able to
determine residual trapped CO, saturation (s ). The parameter, s, is key to determin-
ing the success of the storage process because it indicates the amount of the CQ, that is per-
manently immobilised. Tokunaga et al. [62] also used drainage and imbibition processes to
determine P*-S  relationship on quartz sand for scCO,-brine at pressures of 8.5 and 12.0 MPa
(45°C). They also determined s . Their results show that scCO, will easily enter silica-rich

reservoirs and be stored through capillary trapping at fairly high s

nwr,CO, "
g

In relation to field applications of P*-S  technique, the work of Pini et al. [66] report P*-S _ rela-
tionship for consolidated media, namely, the Berea and Arqov sandstone samples. Discussing
the relation in reference to temperature, the curves for the Berea sandstone showed that
capillary pressure decreases as temperature reduces, and this behaviour was attributed to
an increase in CO, dissolution as the temperature decreases reducing the interfacial tension.
Thus, PC—SW relationship curve can be influenced by subsurface conditions, reservoir charac-
teristics and fluid properties. Complex dependence of P*-S_ behaviour on fluid properties,
porosity, pore geometry and tortuosity, pore size distribution, wettability, reservoir mineral-
ogy, geochemistry, and surface chemistry make the relationship difficult to predict [65].

Field applications of these techniques involve coring of rock samples from the injection res-
ervoir. On these samples, core-flooding operations are performed often in the laboratory.
Capillary pressure, relative permeability and residual gas saturations are often the targeted
parameters for measurement. The techniques have been used to assess safety and perfor-
mances of geological carbon sequestration in the UK and Australia [66] and at Ketzin pilot site
in Germany [67].

4. Conclusion

Myriads of techniques are currently in existence to detect and monitor CO, interactions with
water/brine, rock/soil and other gases as well as its migration through complex pore net-
works. These techniques utilise the physico-chemical and electromagnetic properties of the
CO,-water/brine and rock/soil system as well as the induced events such as micro-seismicity.
However, prior to the full-scale deployment of the monitoring technologies, it is necessary to
understand the principles of operations and limitations of the adopted technologies as well as
obtain experimental and practical information from them. Some of them are suitable for deep
geological layer while many are appropriate at the shallow aquifers.

Among the monitoring technologies, geophysical tools have gained more grounds in moni-
toring pilot sequestration projects across the globe. Techniques like seismic method, electrical
resistivity tomography (ERT) offered good promise, especially at deeper levels in the scale
of hundred metres to kilometres, while the likes of direct current geoelectric and ground
penetration radar (GPR) are only good for monitoring at near-surface or shallow storage
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reservoirs. However, in order to effectively assess the potential effects of CO, leakage for any
of the methods, a pre-injection baseline is critical followed by critical assessments during the
storage process and post-injection period.

Among the challenges in the majority of the field applications are the accuracy in leakage quan-
tification and the myriads of factors that can influence the outputs of the measurement tech-
niques, making them non-unique. Accuracy in leakage quantification is often due to the offset
in background natural variability and the detection limits of the techniques currently available.
Factors that can influence the results of these technologies include pressure, temperature, initial
salinity level, initial pH level, porosity, fluid properties, porosity, pore geometry and tortuosity,
pore size distribution, wettability, reservoir mineralogy, geochemistry and surface chemistry.

Finally, it is encouraging that important instruments and tools for laboratory and shallow
aquifer monitoring techniques are readily available and may be affordable by intended users.
However, the cost of the deployment of full-scale monitoring technique for deep geological
layer sequestration remains a challenge. Thus, focus should be on bringing down the cost
by encouraging price competition among potential manufactures while governments should
also make necessary fund available.
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Abstract

Interfacial tension (IFT) between “native reservoir fluid” and “injected CO,” and the
contact angle (CA) among the reservoir rock, native reservoir fluid, and injected CO,
are major factors that dictate the relative permeability and capillary pressure character-
istics which in turn control the fluid flow and distribution characteristics in the reser-
voir and cap rocks. This chapter is a comprehensive review on the state-of-the-art of the
experimentally measured and theoretically predicted IFT and CA data of water/brine-
CO,-quartz/calcite/mica systems that are relevant to CO, sequestration. Experimental
techniques used to generate the IFT and CA data and details of molecular simulations
used to predict the data are discussed. Respective comparisons of the IFT and CA data
reported by various research groups are also made. Possible reasons for disagreements
in the published literature are discussed, and suggestions are made for future research
in this area to address the potential technical issues in order to obtain reproducible data.

Keywords: CO, sequestration, contact angle, interfacial tension, wettability, quartz,
calcite, mica

1. Introduction

CQO, (or carbon) sequestration is a process of injecting CO,, that is typically captured at point
sources such as coal gasification plants, and oil & gas production and refining facilities, into
subsurface formations that have sufficient storage volume and stratigraphic confinement for
it to be stored indefinitely to reduce its atmospheric concentration levels in order to mitigate
the adverse effects of global warming [1-5]. Saline aquifers, depleted oil & gas reservoirs,
and unminable coal seams are commonly considered host sites (shown in Figure 1) with
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Figure 1. CO, sequestration methods (Source: SRCCS Figure TS-7, IPCC).

their respective advantages and disadvantages [6]. For example, saline aquifers are present
in widespread areas so the CO, transportation cost is minimum but their storage and safety
potentials are not well characterized, whereas depleted oil & gas reservoirs are well charac-
terized but are scarcely present and hence the transportation cost from source to storage site
is higher. CO, injection into oil & gas reservoirs and unminable coal seams may potentially
recover enhanced oil and coalbed methane, respectively [6].

An ideal carbon sequestration site would consist of a reservoir rock with high porosity and
permeability and a caprock with adequate sealing integrity. High porosity and permeability
of the reservoir rock are important to have sufficient storage volume and efficient injection
process, respectively. The low permeability caprock would facilitate the structural and strati-
graphic confinement, which is a primary storage mechanism in the early years of the storage
process, of the injected CO, [7].

Structural/stratigraphic trapping, residual/capillary trapping, solubility trapping, and min-
eral trapping are different types of trapping mechanisms for the injected CO,. These trap-
ping mechanisms are effective at various time scales during and after the injection process
as shown in Figure 2. Structural/stratigraphic trapping is very critical during and in the first
few years after the injection process. The injected CO, is normally lighter than brine or oil in
the host site; hence, the buoyant force leads CO, towards caprock where it is stratigraphically
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Figure 2. Post-injection contributions of CO, trapping mechanisms (Source: Figure 5.9 from IPCC 2005).

confined. During the injection process, CO, displaces the native reservoir fluid(s) (water and/
or oil) and the displacement is usually a drainage process since CO, is usually the non-wetting
phase (NWP). During injection, CO, moves forward and/or upward in the porous media,
under the influence of positive capillary pressure (i.e., pressure in NWP—-pressure in WP) and
gravitational force, displacing the WP until irreducible wetting phase saturation (S, ). After
the injection is stopped (or pressure in NWP is reduced), WP moves back (imbibition) until
the capillary pressure becomes zero. During the imbibition, WP displaces a fraction of the CO,
while trapping the remaining fraction of the CO, as immobile disconnected ganglia [8]. This
capillary immobilization of the CO, is termed as capillary or residual trapping. Later, portions
of the immobile and mobile CO, dissolve in the native reservoir fluid(s), and the process is
called solubility trapping [4]. The dissolved CO, reacts with minerals in the reservoir rock and
forms solid carbonate minerals and is called as mineral trapping [4]. The percent trapping
contributions of the four trapping mechanisms after the injection period are schematically
shown in Figure 2.

The four trapping mechanisms, especially stratigraphic and residual trapping, are dependent
on IFT and CA of the rocks and fluids involved [9]. The stratigraphic trapping depends upon
the caprock’s capillary entry pressure for CO,. The capillary entry pressure is a function of the
pore size, IFT between the native fluid (usually brine) in the caprock and injected CO,, and
relative wetting preference (CA) of the fluids to the caprock. The CA is the angle between the
two tangent lines drawn at a point on three-phase contact line, one along fluid-fluid interface
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and the other drawn along solid-fluid interface, as shown in Figure 4(a), and is normally mea-
sured into the denser fluid phase. If the CA is higher than 90°, the rock has more preference
to CO, compared to the native fluid, and hence it can easily imbibe into the caprock and leak
through it. An ideal caprock for stratigraphic trapping would have strong wetting preference
to native fluid (i.e. a CA value close to 0°).

Akbarabadi and Piri conducted 30 unsteady- and steady-state drainage and imbibition
coreflooding tests in a medical CT scanner for CO,-brine (10 wt.% Nal, 5 wt.% NaCl, and
0.5 wt.% CaCl)) system in three different types of sandstone rock samples with 14.3-21.2%
and 50-612 mD ranges of porosities and permeabilities [9]. They reported that at a given
initial brine saturation (S ), less scCO, (11 MPa, 55°C) was trapped compared to gaseous
CO, (3.46 MPa, 20°C) and the observed difference was attributed to brine being relatively
less wetting to the rock in the presence of scCO,. However, it should be noted that the above
saturations were volume fractions and in terms of actual mass of the fluids trapped, scCO,
is nearly 4 times higher than the gaseous CO,. They also reported that about 49-83% of the
initial CO, was capillary trapped during secondary brine imbibition. The influence of wet-
tability on residual trapping of CO, was investigated by Rahman et al. [10]. They conducted
microcomputed tomography (microCT) core-flooding experiments using 5 mm diameter
and 10 mm length water-wet and oil-wet (originally water-wet sample was treated with
99.9 mol% purity Dodecyltriethoxysilane) Bentheimer sandstone samples having 22% poros-
ity and 1800 mD permeability and CO,-brine (7 wt.% Nal doped) fluid systems at 10 MPa and
318 K. The reported air-water CAs on the water-wet and oil-wet porous core samples were
0 and 130°, respectively. From the experimental findings, they concluded that lesser residual
trapping occurs in oil-wet reservoirs (17.7% of initial CO,) compared to water-wet reservoirs
(29.4% of initial CO,). The range of %capillary trapped CO, reported by Akbarabadi and Piri
is much higher compared to the range reported by Rahman et al. [9, 10]. The difference in the
%capillary trapped CO, ranges may be due to the differences in porosities and applied capil-
lary pressures, as both the properties are known to affect the residual NWP saturation [8]. It
should also be noted that the pore volumes of the core samples used by Akbarabadi and Piri
[9] and Rahman et al. [10] were 24.1-36.3 cc and 0.044 cc, respectively.

Tokunaga et al. and Wang and Tokunaga conducted drainage and imbibition capillary pres-
sure measurements for CO_-brine (1 M NaCl) system in unconsolidated quartz [11] and lime-
stone [12] sandpacks at 45°C and 8.5 and 12 MPa. The reported porosities of the sandpacks
were ~38%. Based on the capillary pressure curves, they concluded that higher capillary
trapping is possible for scCO, at higher pressures. The measured S, in both fresh and
1.5 months aged sandstone packs were 8% at 8.5 MPa, whereas the saturations for limestone
sand were 11 and 25%. At 12 MPa, the measured Spr,r in 3 months aged and 4.5 months
aged sandstone packs were 20 and 32% and in fresh, 1.5 months aged, and 4 months aged
limestone sand were 29, 25, and 44%, respectively. It should be noted that the above SNWP,r
were measured at zero capillary pressure. By using capillary scaling criteria, they inferred
that long-term (in the order of months) exposure of scCO, alters the wettabilities of the sands

towards less brine-wet state.

For a safe and efficient sequestration process, an accurate representation of IFT and CA that
strongly influence the relative permeability and capillary pressure is essential [13]. Further,
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both IFT and CA data trends with pressure, temperature, and native and injected fluids com-
positions are of paramount importance during and post-injection periods [14]. Quartz/silica,
calcite, and mica are dominant mineral species both in the reservoir and caprock systems; so,
in this chapter, we review the current understanding on the effects of relevant process param-
eters on IFT and CA, the agreements and disagreements in the published data (both from the
experimental and molecular simulation works), and potential reasons for the disagreements.

2. Measurement techniques

Sections 2.1 and 2.2 discuss key details of measurement techniques used for the IFT and CA
data, respectively.

2.1. Interfacial tension

Drop shape analysis techniques (e.g.,, ADSA and ADSA-NA) that are suitable for direct
measurement of IFT at high pressure and temperature conditions were used for most of the
reported CO,-water/brine IFT data [13, 15-28]. In general, the drop shape analysis meth-
ods involve: (1) formation of aqueous phase droplet in continuous CO, phase as shown in
Figure 3(a) or CO, bubble/droplet in continuous aqueous phase as shown in Figure 3(b), via a
needle inside a pressure cell; (2) capturing the droplet image; (3) inputting the phase densities;
and (4) obtaining IFT by matching the drop profile to the solutions of the Laplace equation
[18, 25]. Capillary rise method was also used for the IFT data [29].

The following are the critical factors suggested to obtain reproducible IFT and/or CA data by:
mutual saturation of the fluids and using saturated fluid densities [15]; placing thermocouple
close to droplet phase [19]; avoiding contamination caused either due to low purity fluids
and/or dissolution/rusting of wetted parts in fluids due to chemical incompatibility [30];

Meedle

Water/
brine

CO,

(a)

Figure 3. (a) Aqueous fluid droplet in CO, and (b) CO, bubble/droplet in aqueous fluid.
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preventing droplet evaporation due to leakage of fluids and/or using unsaturated fluids [31];
and using same type of substrates with similar surface chemistry and morphology [32, 33].

2.2. Contact angle

Wettability of an inert solid surface is its relative affinity towards a fluid in the presence of
another immiscible or sparingly soluble fluid. CA measurement is a widely used and accepted
method for quantifying wettability of a surface. Direct and indirect measurement methods
have been used for the published CA data [12, 16, 23, 31-38]. Direct methods include static

T ———————
External CO, Phase
0
N
Substrate -~ Water drop 6
~ 'l
| &

CO, drop/bubble
External Water Phase

(d)

A

(e) ()

Figure 4. (a) Sessile aqueous fluid droplet on substrate in CO,; (b) captive CO, bubble/droplet on substrate in aqueous
fluid; (c) sessile aqueous fluid droplet on inclined substrate in CO,; (d) captive CO, bubble/droplet on inclined substrate
in aqueous fluid; (e) advancing aqueous fluid droplet on substrate in CO,; and (f) receding aqueous fluid droplet on
substrate in CO,. Notation: 0 —static CA; 6, —aqueous fluid advancing CA; and 6, —aqueous fluid receding CA.
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(sessile-drop and captive-bubble) and dynamic (advancing and receding) CA measurements.
Both the static and dynamic CAs were conducted using aqueous fluid as the droplet phase
(called as sessile drop method, shown in Figure 4(a)) or the CO, phase as the bubble/droplet
phase (captive bubble method, shown in Figure 4(b)).

For static CA measurement, the droplet phase is slowly released through a needle and depos-
ited on the substrate immersed in external phase. In the case of advancing CA (w.r.t. droplet
phase) measurement, either the droplet phase volume is slowly increased so that the three-
phase contact line advances to an area where it was previously occupied by the external phase
as shown in Figure 4(e) or the substrate is slowly titled so that the droplet phase advances on
it due to gravitational or buoyant force. In the tilting base method, both the advancing and
receding CAs can be measured simultaneously as shown in Figure 4(c) and (d). Similarly,
in the case of receding CA measurement, the droplet phase volume is slowly decreased so
that the three-phase contact line recedes as shown in Figure 4(f). CO, advancing (water/brine
receding) CA is relevant for CO, injection into the reservoir and also to determine the capil-
lary entry pressure of the caprock and thus to estimate the capacity of the host site to hold the
injected CO,. CO, receding (water/brine advancing) CA is required to estimate the amount of
CQ, that can be capillary trapped in the host site [39].

With the recent advancements in CT and microCT technologies, some researchers performed
in-situ pore-scale CA measurements [37]. The procedure involves: (1) loading the core sample
in an X-ray transparent coreholder; (2) scanning dry and wet core samples at various fluid
saturations; (3) identifying rock and fluid phases in the collected tomographs; and (4) mea-
surement of CA values either manually or using an automated algorithm.

CA data can be indirectly estimated from relative permeability or capillary pressure curves.
Based on endpoint relative permeability of CO, in a core-flooding experiment where CO,
displaces aqueous phase, relative wetting preferences of the fluids for the rock can be inferred.
Typically, the endpoint relative permeability value less than 0.2 represents a strongly CO,-wet
porous media, whereas a value from 0.7 to 1 represents a strongly CO, non-wetting porous
media. An endpoint relative permeability value close to 0.5 indicates an intermediate wetting
state [36]. Advancing and receding CAs can also be estimated through capillary scaling of the
drainage and imbibition capillary pressure curves [11, 12].

3. Fluids and substrate preparation methods

Sections 3.1 and 3.2 discuss the fluids and substrate preparation methods and their potential
impact on the IFT and CA data.

3.1. Fluids

Various compositions of aqueous-rich phase and CO,-rich phase fluids, ranging from pure
water and CO, to brines containing different types of salts and salinities, and CO, streams
with impurities such as H,S, SO,, N,, and Ar have been used for both the published IFT and
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CA data. The details of the compositions of the fluid phases, ranges of pressure and tempera-
ture, whether the fluids had been mutually saturated before the IFT and CA measurements,
whether the saturated fluid phase densities were used for the IFT measurement, and how the
phase densities were obtained are provided in Table 1.

3.2. Substrates

Quartz is one of the polymorphs of silica (SiO,). The other polymorphs include tridymite,
cristobalite, coesite, stishovite, etc. There are two types of quartz based on the geometrical
positions of the atoms: a-quartz and p-quartz [51]. The published CA data were collected on
a-quartz asitis related to typical pressure and temperature ranges of CO, sequestration. Calcite
and aragonite are the two polymorphous groups of carbonate minerals. Calcite (CaCQ,) is a
mineral in calcite group. Generally, these minerals are impure, but majority of the CA data
were collected on Iceland Spar calcite crystals which are pure CaCQO, [33, 34, 52]. Mica group
is a subdivision of phyllosilicates. Muscovite (KALSi,O, (OH),), also known as common mica
or potash mica, is the most common form of mica. Phlogopite (KMg.(AlSi,O, (OH,F),), called
as Mg-Mica, is another form of mica. Mica is usually soft and has perfect basal cleavage [53].
Both muscovite [27, 35, 40, 54, 55] and phlogopite [34] micas have been used for CA data
related to carbon sequestration.

In a short communication, Iglauer et al. attempted to identify possible reasons for the
observed scatter in the reported CA data of quartz/glass-CO,-water/brine systems [30].
Different cleaning procedures such as acetone washing followed by DI water rinsing, piranha
solution (5:1 v/v H,SO, and H,0,) cleaning (etching), and air plasma cleaning were evaluated.
Approximately 0° CAs on the surfaces cleaned using piranha solution and air plasma were
reported. It was also reported that the CA of piranha solution cleaned substrate increased
to about 25° when a clean paper towel was used to wipe the substrate and to 70° when the
substrate was kept in the laboratory atmosphere for several weeks. Even though both the
piranha solution and plasma cleaning could give near 0° CA, plasma cleaning was suggested
based on its relative merits in terms of health and environmental hazards. However, there is a
significant scatter in the CA data of plasma cleaned quartz/silica surfaces. For example, water
advancing CAs reported for Ar plasma and 20% O,-80% Ar plasma cleaned quartz surfaces
were 40 and 16°, respectively [56]. The publication also reported advancing and receding CAs
of about 39 and 23° for piranha solution cleaned quartz surface. Another study reported an
air-water CA of about 45° on silica that had been cleaned using reactive ion etching oxygen
plasma [57].

As Iglauer et al. [30] pointed out, surface contamination is one of the critical factors that
affects wettability of a substrate; however, severe surface cleaning methods such as plasma
or piranha etching could also alter the surface chemistry and/or morphology both of which
are known to modify the wettability of a substrate [58, 59]. Quartz/silica surface cleaning has
been done using degreasing chemicals such as acetone, methanol, and trichloroethylene and
strong oxidizing agents such as hot nitric acid, hydrogen peroxide, and hydrofluoric acid that
may remove surface layer [56].
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Author (Year) Aqueous-rich  CO,rich phase P T (K) Pre- Densities Cleaning
phase (MPa) equilibrated? for IFT chemicals

Chun et al. DIW Co, 0.1-18.6 278-344 No Water: NM
(1995) [29] NM,

CO,: Pure
Chiquet et al. 0-0.34 MNaCl CO, 5-48 308-383 Yes DM C:NM
(2007) [18]
Chiquet et al. 0.01-1 M NaCl CO, 1-11 NM No NA S: TND
(2007) [55]
Bachu et al. 0-5.72MNaCl CO, 2-27 293-398 Yes DM NM
(2008) [20]
Shah et al. Water CO,HLS, 0.45- 313-393 Yes Water: NM
(2008) [21] 70:30 mol% 15.6 PRSW,

CO,:

PRSW
Chalbaud etal.  0-2.75 M NaCl CO, 4.5-25.5 300-373 Yes Brine: C: DIW
(2009) [13] SWRC,

CO,: Pure
Espinoza et al. 0-342mNaCl CO, 0.1-20 2965+15 No Brine: NM
(2010) [23] PGM,

CO,:DS
Georgiadis etal. DIW Co, 1-60 298-374 No NIST C: HITC
(2010) [24]
Aggelopoulos 0.045-1.5M CO, 5-25 300-373 Yes Brine: C:EDC
etal. (2011) [22]  NaCl: CaCl,, SWRC,

50:50 mol% O, Pure

Bikkina et al. DIW CO, 1.48- 298-333 Yes Water: C: ADC
(2011) [15] 20.76 HB,

CO,: MS
Bikkina DIW Co, 1.48-  298-323 Yes NA C:AD,
(2011) [31] 20.76 Quartz: AD,

Calcite: DIW

Broseta et al. 0.08-6 M NaCl CO, 0.5-15.5 282-413 Yes NA NM
(2012) [40]
Jung et al. 0-5 M NaCl Co, 0.1-25 318 Yes NA C:DIW,
(2012) [41] S: Ethanol
Shariat et al. DIW Co, 6.89-  323-478 No BM NM
(2012) [25] 124.1
Farokhpoor etal. 0-0.8 MNaCl  CO, 0.1-40  309-339 No NA S: DDN
(2013) [35] C:WMC
Saraji et al. DIW Co, 3.45-  308-333 Yes DM S: THND
(2013) [16] 11.72
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Author (Year) Aqueous-rich  CO,rich phase P T (K) Pre- Densities Cleaning
phase (MPa) equilibrated? for IFT chemicals
Iglauer et al. 0-0.342M CO, 0.1- 296-323 No NA Piranha
(2014) [30] NaCl& 1M 13.89 solution or
NaHCO, air plasma
Saraji et al. 02-5MNaCl  CO,+SO, 13.89-  323-373 Yes DM S: THND
(2014) [42] (0-6 wt%) 27.68
Al-Yaseri et al. 0.084 MNaCl  CO,+N, 13 333 No GS S: Acetone
(2015) [26] (0-50 mol%) and air
plasma
Arif et al. 0-5.13M NaCl CO, 0.1-20  308-343 No NM S: Air plasma
(2016) [27] for 45 min
Kravanja et al. 0.3 M Brine* CO, +Ar 0.140  313-363 Yes DM NM
(2018) [28] (0-100 vol%)

DIW: DI water; C: cell; S: substrate; NM: not mentioned; NA: not applicable; DM: Anton Paar DMA density meter; PRSW:
Peng and Robinson [43] and Sereide and Whitson [44]; SWRC: Sereide and Whitson [44] and Rowe and Chou [45]; PGM:
Perry and Green [46] and McCutcheon et al. [47]; DS: Duan and Sun [48]; NIST: National Institute of Standards and
Technology Chemistry Webbook; BM: Blue M Model CSP-400A; HB: Hebach et al. [49]; MS: modified Spycher et al.
[50]; GS: from Georgiadis et al. [24]; TND: tensioactive solution, 10% nitric acid solution and DI water; HITC: hexane,
isopropanol, and/or toluene, CO, flush; KID: KOH-isopropanol solution and DI water; CNE: cyclohexane, nitrogen, and
ethanol; EDC: ethanol, DI water, and CO,; ADC: acetone, DI water, and CO,; DA: DI water and acetone; DDN: DI water,
Deconex, and 6% nitric acid solution; WMC: water, methanol, and dry CO,; IHND: IPA, H,SO, with 10% Nochromix, DI
water [43-50].%(10.88 g/L KCl, 6.68 g/L. NaHCO,, 3.14 g/L. NaCl, and 2.38 g/L. K,CO,).

Table 1. Details of fluids, process conditions, and cleaning chemicals used for published IFT and CA data.

Iglauer et al. concluded that a clean quartz/silica surface should have a 0° air-water CA;
however, since the wettability of quartz/silica is primarily determined by surface silanol
(Si-OH) group density that could vary from a sample to sample, the CA does not necessarily
be 0° [30, 60, 61]. For example, as reported in [58], even a freshly prepared silica surface has
an air-water CA of about 45°. The publication also mentions that cleaning methods such as
acid washing would hydroxylate the surface and correspondingly reduce the CA (or make
it hydrophilic). Suni et al. mentioned that plasma treatment induces a highly disordered
surface structure and significantly increases the surface silanol group density [59]. Lamb
and Furlong reported that when the surface silanols on a quartz substrate are changed to
siloxane (Si-O-Si) bridges, the substrate becomes less water-wet with an advancing CA of
44° and a receding CA of 39° [60].

Quartz, calcite, and mica substrates used for published CA data have many orders of magni-
tude difference in their surface roughness values. For example, quartz and calcite substrates
with surface roughness values ranging from 0.5 to 1300 nm [16, 32, 34, 38] and 7.5 to 250 nm
[33, 34], respectively, were used for the CA measurements. CA values are known to be affected
by the surface roughness values and cleaning methods [32, 33, 56, 62]. The trends of the effect
of surface roughness on CAs measured on quartz and calcite substrates are discussed in CA
data comparison section.
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4. Theoretical studies on IFT and contact angle data

Molecular dynamics simulations for the prediction of IFT and CA data were performed by
various research groups for systems pertaining to CO, sequestration [19, 63-70]. The simula-
tion procedure consists of choosing potential models for molecules, intermolecular interac-
tion models for short-range and/or long-range interactions, initial and boundary conditions,
and the ensemble (NVE, NVT, NPT, etc.), followed by simulation until equilibration criteria
is satisfied. After simulation, the results (IFT/CA data) are analyzed and compared with
experimental values. The models evaluated were CO,—DZ, EPM2, flexible EPM2, PPL and
TraPPE; Water—SPC, SPC/E, TIP4P2005, F3C, and flexible F3C; and NaCl brine—SD and
DRVH [19, 63, 64, 66, 68].

The predictions on the effect of temperature and pressure on IFT for CO,-water system were
found to be in good agreement with experimental data for the models used by Nielsen et al.
(PPL-TIP4P2005 and renormalized PPL-SPC/E) and Liu et al. (TraPPE-TIP4P2005 (and SD
model for NaCl) below 250°C except at 150°C and EPM2-SPC at 150°C), whereas EPM2-
TIP4P2005 model combination used by Iglauer et al. and Liu et al. resulted in overpredic-
tion of IFT [64-66]. EPM-SPC/E model combination used by Kvamme et al. and Nielsen et al.
underpredicted IFT data in the low-pressure region (<4 MPa) and overpredicted in the high-
pressure region (>10 MPa) [19, 65]. Nielsen et al. [65] observed the similar trend for DZ-SPC/E
model combination, and they also observed that PPL-SPC/E model combination underpre-
dicted IFT throughout 0-40 MPa. In agreement with experimental data [20, 22, 41, 42], IFT was
found to increase with salinity by Zhao et al., Iglauer et al., and Liu et al. [63, 64, 66].

Various research groups performed CA predictions for water/brine-CO,-quartz/silica systems
using molecular dynamics simulations [64, 67, 69, 70]. Iglauer et al. and McCaughan et al.
considered fully coordinated quartz (i.e., siloxane bridges (Si-O-5Si) and no silanol groups)
surface structure and they only used short-range force field parameters Si-O (bonded) and
O-O (non-bonded) retrieved from Beest and Kramer [64, 67, 71] in their simulations. Iglauer
et al. [64] reported an abrupt increase in CA (0-80°) for water-CO,-quartz system at 300 K in
the low-pressure region (0-6.7 MPa) and a nearly constant CA above 6.7 MPa. Simulations
performed by McCaughan et al. [67] for 1 M CaCl, brine-CO,-quartz system at 300 K yielded
similar CA values with pressure showing negligible effect of the divalent ions. At 350 K, sig-
nificantly smaller CA values near both sides of the phase changing pressure were reported by
Iglauer et al. [64] and the CA values at pressures above 17 MPa were found to be identical for
300 and 350 K. They also reported no significant effect of salinity (1 and 4 m NaCl) on CA at
300 K and ~4 MPa.

Liu et al., McCaughan et al., and Chen et al. considered hydroxylated quartz surfaces with different
silanol group densities ranging from 1.6 to 9.4 OH/nm? for CA measurements [67, 69, 70]. Liu et al.
[70] modeled a pristine silica plane having silicon atoms on the surface as hydrophobic surface
and its partially hydroxylated variant with a silanol density of 1.6 OH/nm? as hydrophilic surface.
They reported that CA on the hydrophilic surface increased from ~60 to ~90° when the CO, density
increased from 0 to 1 g/cc. In the case of hydrophobic surface, water droplet with a CA of 115° at
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0.2 g/cc CO, density lost its contact from the surface upon further increase in CO, density. At 300 K
and 10 MPa, McCaughan et al. [67] reported that the CA reduced with increasing silanol group
density (42° at 1.7 OH/nm? to 35° at 3.7-4.5 OH/nm?). Chen et al. [69] performed molecular simula-
tions, on fully hydroxylated silica surface with 9.4 OH/nm? silanol group density, using force field
parameters for Si-O, O-H, O-5i-O, Si-O-5i, and Si-O-H groups to predict CAs for brine-CO,-quartz
systems. 0-3 M NaCl and CaCl, brines were used in the study. The predicted static CAs (e.g.,
22.6° for water) agreed well with their experimental results (20-21°). Their results indicate that CA
slightly increases (about 7-13°) with ionic strength (0-3 M), and the trend is similar for both mon-
ovalent and divalent ions. They also reported that CA dependence on pressure and temperature is
insignificant within the conditions tested (7 and 9.6 MPa at 318 K and 10.9 MPa at 333 K).

Tenney and Cygan performed molecular dynamics simulations for brine-CO,-clay system at
330 K and 20 MPa and reported CO, CAs for hydrophilic gibbsite and hydrophobic siloxane
surfaces in the presence of water, NaCl, and CaCl, brine solutions. The reported CO, CAs
were 169° in water and 180° in both brines on the hydrophilic surface, whereas on the hydro-
phobic surface, the reported CO, CAs were 145° in water, 141° in 0.78 M NaCl brine, and 145°
in 0.26 M CaCl, brine [68].

5. Interfacial tension data comparison

There have been a significant number of experimental and simulation studies on the IFT data
of CO,-water/brine systems at typical reservoir pressure and temperature conditions. In gen-
eral, a fair agreement in the trends and values can be observed in the data reported by various
research groups [15, 20, 28, 29, 72]. Figure 5 shows reproducibility of the effect of pressure on
IFT data for CO,-water system at 298 K.

Asshown in Figure 5, IFT sharply decreased with pressure when the CO, is gas and it becomes
nearly constant when the CQO, is liquid. It should be noted that Hebach et al., Bachu and
Bennion, Bikkina et al., and Kravanja et al. used pendant drop method, whereas Chun et al.
used capillary rise method [15, 20, 28, 29, 72]. The lowest IFT reported by Chun et al. [29] near
the phase changing pressure was explained by Hebach et al. [72] as a potential consequence
of the placement of thermocouple away from the droplet.

Similarly, IFT vs. pressure trends were also observed at above critical temperature of CO,-
rich phase, as shown in Figure 6 [15]. Majority of the reported experimental and molecular
simulations IFT data for CO,-water system show an increase in IFT with temperature when
the CO,-rich phase is gas and the temperature is above the critical temperature and when
CQ, is gaseous phase [15-17, 20, 24, 29, 64, 72]. The increase in IFT with temperature is higher
near the phase changing pressure from gaseous to supercritical CO,. At very low pressures
(of about 2.5 to 3.5 MPa), the IFT vs. temperature isotherm crossover was reported by Hough
etal. [17], Chun et al. [29], and Hebach et al. [72], but Hebach et al. [72] hypothesized that the
observed crossover of the isotherms could be due to the use of pure component phase densi-
ties instead of saturated phase densities for CO, and water. Bikkina et al. [15] used saturated
phase densities for their IFT data and did not observe the crossover point to a pressure as low
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Figure 6. IFT isotherms for the CO,-water system at various pressures [15].

as 1.48 MPa, as shown in Figure 6. For pressures above ~13 MPa and temperatures above the
critical temperature (i.e., supercritical state), no or insignificant effect of temperature on IFT
was reported [15, 17, 29, 64, 65, 72]. Whereas, a decrease in IFT with temperature between
212 and 400°F and pressure up to 18,000 psia was reported by Shariat et al. [25]. It should be
noted that the experimental temperatures used for Shariat et al. [25] data are much higher

than others.
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As shown in Figure 7, an invariant IFT vs. “aqueous and CO, phase density difference (Ag)”
irrespective of the pressure and temperature until a Ag of about 600 kg/m?® and then a steep
increase in IFT with Agp was reported by Bikkina et al. [15]. Similar trends were reported by
Chalbaud et al. for CO,-NaCl brine system [13].

There has been a common agreement on the effect of salinity on IFT data (from experimental
measurements and molecular simulations) of COZ-brine systems [13, 15, 20, 22, 42, 63-65].
At a given pressure and temperature condition, IFT was observed to increase with salinity.
Aggelopoulos et al. [22] reported that the increase in IFT, at a given molality of aqueous
phase, is more than double for CaCl, solution compared to that of NaCl solution reported by
Chalbaud et al. [13], and this increase was attributed to the presence of divalent cations in the
case of CaCl, solution.

The influence of HZS, SOZ, N, and Ar contamination in CO2 stream on IFT were investigated
by Shah et al., Saraji et al., Al-Yaseri et al., and Kravanja et al., respectively [21, 26, 28, 42].
Shah et al. [21] conducted water-H,S IFT measurements up to 15 MPa and at 120°C and
water-(30, 70 mol% H,S:CO,) IFT measurements up to 15 MPa and at 77°C. Upon combined
analyzation of their IFT data along with Chiquet et al. [18] water-CO, IFT data, they con-
cluded a strong decrease of IFT with increase in H,S content in CO,. A significant linear
decrease in IFT (i.e. from 29 mN/m in the case of pure CO, to 18 mN/m in the presence
of 6 wt% SO,) was reported by Saraji et al. [42]. The presence of weakly bounded surface
complex between SO, and water molecules at the supercritical fluid/liquid interface was
suggested as the probable reason for the decrease in IFT. Pressure, temperature, and salinity
conditions used in their experiments were 3000 psig, 60°C, and 1 M brine, respectively.
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Figure 7. Effect of phase density difference on IFT for the CO,-water system at various temperatures [15].
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Effect of N, contamination on IFT was studied by Al-Yaseri et al. [26]. About 5000 ppm NaCl
brine and 50:50 mol% CO,-N, mixture were used as aqueous and gas phases, and the IFT mea-
surements were conducted at 13 MPa and 333 K. It was found that 50 mol% N, has negligible
effect on IFT (CO,-brine IFT of 38.7 + 3.9 mN/m and 50:50 mol% CO,/N, mixture-brine IFT of
40.6 = 3 mN/m) within experimental uncertainty. Kravanja et al. [28] measured IFT between
CO, stream containing Ar impurity and 23.26 g/L salinity brine and found that the presence of
5 and 10 vol.% Ar impurity in CO, stream has negligible effect on IFT within the temperature
and pressure ranges of 40-90°C and 7.5-40 MPa.

6. Contact angle data comparison

There is a significant scatter in the reported CA (wettability) data [30, 54]. The reported CA
data include static [23, 30, 31, 41] and dynamic [16, 27, 30, 32, 33, 35, 38, 42, 55] CAs. The data
also include measurements of water/brine droplet on substrate in CO, [23, 26, 27, 30, 31, 33,
38, 41] and CO, bubble/droplet on substrate immersed in aqueous phase [34, 35, 41, 42, 54, 55].
One of the major reasons for the apparent spread in CA data is in fact due to the comparison
of the data collected at significantly different process parameters. For example, the CA data
collected on quartz substrates having orders of magnitude, different surface roughness val-
ues, and at different temperatures and salinities were compared [38]. Similar inappropriate
comparisons were also made for calcite [33] and mica substrates [27]. It should also be noted
that even static and dynamic CAs have been compared [27, 33].

It is possible that the so-called smooth and pure substrates used for some of the published
data may have surface chemical and physical heterogeneity which could cause significant
CA hysteresis (i.e., the difference between advancing and receding CAs). In general, static
CA falls somewhere between the advancing and receding CAs [73]. Hence, it is inappropri-
ate to compare static and dynamic CAs. Some researchers reported surface roughness data
of their substrates [16, 27, 32-34, 38, 41, 42, 74]. The reported quartz surface roughness data
range from 0.5 to 1300 nm (5 orders of magnitude). In the case of mica, Wang et al. [34] used
phlogopite mica with 250 nm surface roughness and Arif et al. [27] used muscovite mica with
a roughness value of 12 nm.

Al-Yaseri et al. thoroughly investigated the influence of surface roughness on advancing and
receding CA trends of quartz-CO-water system using the substrates of different surface rough-
ness (RMS) values: 56, 210, 560, and 1300 nm [32]. They found that as the roughness increases
from 56 to 1300 nm, advancing and receding CAs at 296 K and 10 MPa decrease by ~6.5 and ~2°,
respectively, whereas at 323 K, the CAs decrease by ~14 and ~14°, respectively. The effect of sur-
face roughness on advancing and receding CA trends of calcite-CO_-water system was studied
by Arif et al. using calcite substrates of surface roughness (RMS) values: 7.5, 30, and 140 nm [33].
They noted that as the roughness increases from 7.5 to 140 nm, both the advancing and receding
CAs at 323 K and 15 MPa decrease by ~10°. There have not been any systematic experimental
studies reported on the influence of surface roughness on CA of mica-CO,-water system.
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Al-Yaseri et al. and Arif et al. measured advancing and receding CAs on quartz and calcite
substrates placed on 12° and 15° (w.r.t horizontal) tilted bases, respectively. About a 6 pl
water droplet that was not pre-saturated with CO, was dispensed on to the titled substrate
and the advancing and receding CAs were measured on droplet images extracted from the
recorded video [32, 33].

Al-Yaseri et al. [32], Arif et al. [27], and Arif et al. [33] also investigated the effect of pressure,
temperature, and salinity on advancing and receding CAs of quartz-CO,-water, mica-CO,-
water, and calcite-CO,-water systems, respectively. The pressure, temperature, and salinity
ranges studied for quartz, mica, and calcite substrates were: 0.1-20 MPa, 296-343 K, and
0-35 wt% (NaCl, CaCl, and MgCL); 0.1-20 MPa, 308-343 K, and 0-30 wt% NaCl; and 0.1-
20 MPa, 308-343 K, and 0-20 wt% NaCl, respectively. For both quartz and calcite substrates,
advancing and receding CAs increased with pressure, but the effect of temperature was dif-
ferent for the substrates. Both the advancing and receding CAs increased with temperature
in the case of quartz, but the opposite trend was reported for calcite. In the case of quartz,
both the advancing and receding CAs increased with salinity and the increase was higher
for MgCl,, followed by CaCl, and NaCl. Whereas in the case of calcite, salinity has negligible
effect on both the advancing and receding CAs up to 5 wt% NaCl and the CAs increased
with salinities above 5 wt% NaCl. The effect of pressure and temperature on advancing and
receding CA trends of mica was similar to that of calcite. The effect of salinity on mica CA was
similar to that of quartz.

Broseta et al. conducted water/brine advancing and receding CA measurements on quartz,
calcite, and mica substrates [40]. For quartz, insignificant change in receding CAs with pres-
sure (0.5-14 MPa) and salinity (0.08-6 M NaCl) was observed, whereas increase in the advanc-
ing CAs with the pressure and salinity was reported. For calcite, the receding and advancing
CAs increased by 8 and 15°, respectively, with pressure (0.5-14 MPa) at 0.08 M and 308 K. In
case of mica, the change in receding CAs with pressure was less than 10°, but a significant
increase (up to ~40°) in advancing CAs with pressure was observed when there was CO,
adhesion to mica. However, when there was no CO, adhesion, the increase in advancing CAs
with pressure was only about 10°. Wan et al. also observed CO, adhesion on mica and similar
levels of hysteresis in CA; however, they did not observe any clear CA trends with pressure
and salinity [54].

Espinoza and Santamarina [23] and Bikkina [31] measured static CAs by placing a single
aqueous fluid droplet on substrate (quartz/calcite) at a given temperature and pressure and
successively injected CO, into the measurement cell to increase the system pressure. For
quartz substrate at 298 K (below critical temperature of CO,, T_,)),
significant effect of pressure on CA, both in gaseous and liquid regions; however, the values
reported by Espinoza and Santamarina [23] and Bikkina [31] were ~20 and ~45°, respec-
tively. At 313 and 323 K (i.e., above T_ ), Bikkina [31] observed about 5° increase in CA in
gaseous region compared to 298 K and the CA gradually decreased in supercritical region.
The surface roughness values of the substrates used were not reported in both the above
studies. Bikkina [31] used equilibrated fluids and the droplet was placed on the substrate
at 1.48 MPa, whereas Espinoza and Santamarina [23] used non-equilibrated fluids and the

they did not observe any
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droplet was placed at 0.1 MPa. Bikkina [31] reported a significant shift in CA towards less
water-wet state upon repeated exposure of the substrates to liquid or scCO,. Desorption of
physisorbed water and subsequent capping of the silanols (on quartz surface) by CO, were
proposed as the possible mechanism for the observed CA shift, and hence the CA measure-
ment systems with CO, as droplet phase may not observe this phenomenon due to insuf-
ficient CO, volume [75]. Kim et al. (2012) observed a dewetting phenomenon in brine-filled
silica micromodels upon exposure to scCO,. The tested pressure, temperature, and salinities
were 8.5 MPa, 318 K, and 0.01-5 M NaCl. The pore-scale CAs were observed to increase from
near 0 to 80° upon exposure to scCO,, and the highest CA increase was observed in the case
of 5 M brine [76].

For calcite substrate, at ~298 K, both Espinoza and Santamarina [23] and Bikkina [31] reported
a sudden dip (~6°) in the CA at the phase changing pressure. The CA values reported by
Bikkina [31] were 45-48° in CO, gaseous region and 42—40° in the CO, liquid region. The cor-
responding values reported by Espinoza and Santamarina [23] were 35 and 30°, respectively.
Andrew et al. performed pore-scale CA measurements for CO,-brine-carbonate (99.1% calcite
and 0.9% quartz) system at 10 MPa and 323 K, after secondary imbibition. The observed CA
values were in the range of 35 and 55° [37].

Wang et al. [34] reported CAs of dissolving CO, bubble/droplets as water/brine advancing
CAs, so it appears that the CAs are neither static nor dynamic. It should be noted that the
dissolution occurred irrespective of using pre-equilibrated fluids. If there exists evaporation/
dissolution of the droplet, the corresponding CA can increase, decrease, or stay constant
depending upon the relative molecular forces among the three phases involved and the
triple line movement [77-79]. Farokhpoor et al. [35] reported that water/brine receding CAs
on quartz and calcite and no significant effect of pressure on the CAs were observed. They
reported increase in CAs with temperature and salinity for quartz substrate, but a decrease in
CA with salinity for calcite substrate.

Three significantly different CA trends with pressure have been reported for quartz/silica: (1)
no or insignificant change in CA [23, 31, 35, 69]; (2) sudden increase in CA near the phase
changing pressure [40-42]; and (3) asymptotic increase in CA with increase in pressure [32, 64].
Al-Yaseri et al. found a remarkable linear correlation between CA and density of gas for quartz-
brine (4.48 M =20 wt% NaCl +1 wt% KCl) system [80]. The correlation is applicable for a wide
range of gases. Temperature was found to change the slope of the correlation.

Saraji et al. [42] studied the influence of SO, contamination in CO,-rich phase on advancing
and receding CAs (using drop addition and withdrawal method) on quartz at 3000 psig, 60°C,
and 1 M NaCl. They observed insignificant difference in the CAs with 1 and 6 wt% SO, com-
pared to those measured for pure CO, at the same pressure, temperature, and salinity. Effect
of N, contamination on water advancing CA on quartz was studied by Al-Yaseri et al. [26]
using drop addition method. About 5000 ppm NaCl brine and 50:50 mol% CO,:N, mixture
were used as aqueous and gas phases, and the CA measurements were conducted at 13 MPa
and 333 K. They reported 47 + 3.4°, 33.9 + 6°, and 40.6 + 3.9° water advancing CAs for CO,-
brine, 50:50 mol% CO,:N, mixture-brine, and N, -brine systems, respectively.
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7. Recommendations for future work

We believe that the potential reasons for the scatter in the CA data are due to the differences in:
substrate types used (e.g., muscovite mica and phlogopite mica, quartz and silica), their prepa-
ration methods, and surface roughness values and patterns; fluid types (i.e. purities of droplet
and external phase fluids and whether the fluids had been mutually saturated in the presence
of substrate material); chemical compatibility of the materials used in the experimental facili-
ties with the cleaning and process chemicals; types of CA data reported (e.g., static or dynamic
CAs, sessile or captive, one droplet/bubble for a given pressure range or new droplet/bubble
at each pressure). Repeatability in the data is necessary but not sufficient. Reproducibility is
what is important. So, comparisons should only be made among the data collected using same
system of solid and fluids, purities and preparation methods, measurement techniques, and
especially type of CA data. We suggest microCT-based in-situ CA measurement with auto-
mated three-phase contact line detection for simultaneously obtaining several hundreds of
thousands of CA values, as performed by AlRatrout et al. [81]. The method may also provide
relative permeability and capillary pressure data for indirect estimation of wettability. One
disadvantage of the suggested method is the requirement of doping the fluids. We also sug-
gest in-situ surface chemical analysis as performed by Tripps and Combs [75] during the CA
measurement in order to know any surface chemical alterations responsible for CA changes.

8. Conclusions

A detailed overview on the published IFT and CA (experimental and molecular simulation)
data relevant to CO, sequestration is presented. Overall, the IFT trends reported by various
research groups are found to be in good agreement, but there exists significant scatter in the
reported CA data. Potential reasons for the disagreements in CA data are discussed, and
recommendations are made for future research to obtain reproducible CA data.

Acknowledgements

The authors convey their sincere gratitude to Intergovernmental Panel on Climate Change
(IPCC), Geneva, Switzerland, for kindly providing the permission to use Figure TS.7; Figure 5.9
from IPCC 2005: IPCC Special Report on Carbon Dioxide Capture and Storage, prepared by
Working Group III of the IPCC (Metz, B., O. Davidson, H.C. de Coninck, M. Loos, and L. A.
Meyer (eds.)). Cambridge University Press, Cambridge, United Kingdom and New York,
NY, USA. The authors would like to convey their sincere appreciation to ACS publishers for
kindly granting the permission to use Figures 8(a), 10, and 12 from [15].

Conflict of interest

The authors declare no competing financial interest.



Interfacial Tension and Contact Angle Data Relevant to Carbon Sequestration
http://dx.doi.org/10.5772/intechopen.79414

Notes/Thanks/Other declarations

The lead author, Dr. Prem Bikkina, would like to express his sincere appreciation for Drs.
Jiamin Wan and Tetsu Tokunaga (Lawrence Berkeley National Laboratory, USA), Dr. Stefan
Iglauer (Edith Cowan University, Australia), and Dr. Daniel Broseta (Université De Pau Et
Des Pays De L'adour, France) for their participation in the scientific discussions with him on
the topics related to this chapter.

Author details

Prem Bikkina* and Imran Shaik
*Address all correspondence to: prem.bikkina@okstate.edu

Oklahoma State University, Stillwater, USA

References

[1] BachusS. Sequestration of CO, in geological media: Criteria and approach for site selection
in response to climate change. Energy Conversion and Management. 2000;41(9):953-970

[2] Oldenburg CM, Pruess K, Benson SM. Process modeling of CO, injection into natural
gas reservoirs for carbon sequestration and enhanced gas recovery. Energy & Fuels.
2001;15(2):293-298

[3] Shaw ], Bachu S. Screening, evaluation, and ranking of oil reservoirs suitable for CO,-
flood EOR and carbon dioxide sequestration. Journal of Canadian Petroleum Technology.
2002;41(9):51-61

[4] Bachu S, Adams J]. Sequestration of CO, in geological media in response to climate
change: Capacity of deep saline aquifers to sequester CO, in solution. Energy Conversion
and Management. 2003;44(20):3151-3175

[5] Benson SM, Cole DR. CO, sequestration in deep sedimentary formations. Elements.
2008;4(5):325-331

[6] Haefeli S, Bosi M, Philibert C. Carbon Dioxide Capture and Storage Issues— Accounting
and Baselines Under the United Nations Framework Convention on Climate Change
(UNFCCC). Paris, France: International Energy Agency; 2004. Available from: http://
www/.iea.org/papers/2004/css.pdf

[7] Holloway S. Underground sequestration of carbon dioxide—A viable greenhouse gas
mitigation option. Energy. 2005;30(11-12):2318-2333

[8] Holtz MH. Optimizing Permanent CO, Sequestration in Brine Aquifers: Example from
the Upper Frio, Gulf of Mexico. Carbon dioxide sequestration in geological media—
State of the science. AAPG Studies in Geology. 2009;59:429-437

181



182  Carbon Capture, Utilization and Sequestration

(%]

(10]

[11]

(12]

[13]

(14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

Akbarabadi M, Piri M. Relative permeability hysteresis and capillary trapping charac-
teristics of supercritical CO,/brine systems: An experimental study at reservoir condi-
tions. Advances in Water Resources. 2013;52:190-206

Rahman T et al. Residual trapping of supercritical CO, in oil-wet sandstone. Journal of
Colloid and Interface Science. 2016;469:63-68

Tokunaga TK et al. Capillary pressure and saturation relations for supercritical CO, and
brine in sand: High-pressure Pc (Sw) controller/meter measurements and capillary scal-
ing predictions. Water Resources Research. 2013;49(8):4566-4579

Wang S, Tokunaga TK. Capillary pressure-saturation relations for supercritical CO, and
brine in limestone/dolomite sands: Implications for geologic carbon sequestration in
carbonate reservoirs. Environmental Science & Technology. 2015;49(12):7208-7217

Chalbaud C et al. Interfacial tension measurements and wettability evaluation for geo-
logical CO, storage. Advances in Water Resources. 2009;32(1):98-109

LiZ etal. CO, sequestration in depleted oil and gas reservoirs —Caprock characterization
and storage capacity. Energy Conversion and Management. 2006;47(11-12):1372-1382

Bikkina PK, Shoham O, Uppaluri R. Equilibrated interfacial tension data of the CO,-
water system at high pressures and moderate temperatures. Journal of Chemical &
Engineering Data. 2011;56(10):3725-3733

Saraji S et al. Wettability of supercritical carbon dioxide/water/quartz systems: Simul-
taneous measurement of contact angle and interfacial tension at reservoir conditions.
Langmuir. 2013;29(23):6856-6866

Hough E, Heuer G, Walker ]. An improved pendant drop, interfacial tension apparatus
and data for carbon dioxide and water. Transactions of the American Institute of Mining
and Metallurgical Engineers. 1959;216:469-480

Chiquet P et al. CO,/water interfacial tensions under pressure and temperature condi-
tions of CO, geological storage. Energy Conversion and Management. 2007;48(3):736-744

Kvamme B et al. Measurements and modelling of interfacial tension for water + carbon
dioxide systems at elevated pressures. Computational Materials Science. 2007;38(3):506-513

Bachu S, Bennion DB. Interfacial tension between CO,, freshwater, and brine in the
range of pressure from (2 to 27) MPa, temperature from (20 to 125) °C, and water salinity
from (0 to 334 000) mg L. Journal of Chemical & Engineering Data. 2008;54(3):765-775

Shah V et al. Water/acid gas interfacial tensions and their impact on acid gas geological
storage. International Journal of Greenhouse Gas Control. 2008;2(4):594-604

Aggelopoulos C, Robin M, Vizika O. Interfacial tension between CO, and brine (NaCl
+ CaCl,) at elevated pressures and temperatures: The additive effect of different salts.
Advances in Water Resources. 2011;34(4):505-511



[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

[35]

Interfacial Tension and Contact Angle Data Relevant to Carbon Sequestration
http://dx.doi.org/10.5772/intechopen.79414

Espinoza DN, Santamarina JC. Water-CO,-mineral systems: Interfacial tension, contact
angle, and diffusion—Implications to CO, geological storage. Water Resources Research.
2010;46(7)

Georgiadis A et al. Interfacial tension measurements of the (H,0+CO,) system at ele-
vated pressures and temperatures. Journal of Chemical & Engineering Data. 2010;55(10):
4168-4175

Shariat A et al. Laboratory measurements of CO,-H,O interfacial tension at HP/HT con-
ditions: Implications for CO, sequestration in deep aquifers. In: Carbon Management
Technology Conference. 2012

Al-Yaseri A et al. N, + CO, + NaCl brine interfacial tensions and contact angles on quartz
at CO, storage site conditions in the Gippsland basin, Victoria/Australia. Journal of
Petroleum Science and Engineering. 2015;129:58-62

Arif M et al. Impact of pressure and temperature on CO,-brine-mica contact angles
and CO,-brine interfacial tension: Implications for carbon geo-sequestration. Journal of
Colloid and Interface Science. 2016;462:208-215

Kravanja G, Knez 7, Hrnéié MK. The effect of argon contamination on interfacial tension,
diffusion coefficients and storage capacity in carbon sequestration processes. International
Journal of Greenhouse Gas Control. 2018;71:142-154

Chun B-5, Wilkinson GT. Interfacial tension in high-pressure carbon dioxide mixtures.
Industrial & Engineering Chemistry Research. 1995;34(12):4371-4377

Iglauer S et al. Contamination of silica surfaces: Impact on water-CO,—quartz and glass
contact angle measurements. International Journal of Greenhouse Gas Control. 2014;22:
325-328

Bikkina PK. Contact angle measurements of CO,~water—quartz/calcite systems in the
perspective of carbon sequestration. International Journal of Greenhouse Gas Control.
2011;5(5):1259-1271

Al-Yaseri AZ et al. Receding and advancing (CO, + brine + quartz) contact angles as a
function of pressure, temperature, surface roughness, salt type and salinity. The Journal
of Chemical Thermodynamics. 2016;93:416-423

Arif M et al. CO, storage in carbonates: Wettability of calcite. International Journal of
Greenhouse Gas Control. 2017;62:113-121

Wang S, Edwards IM, Clarens AF. Wettability phenomena at the CO,~brine-mineral inter-
face: implications for geologic carbon sequestration. Environmental Science & Technology.
2012;47(1):234-241

Farokhpoor R et al. Wettability behaviour of CO, at storage conditions. International
Journal of Greenhouse Gas Control. 2013;12:18-25

183



184  Carbon Capture, Utilization and Sequestration

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

Levine JS et al. Relative permeability experiments of carbon dioxide displacing brine
and their implications for carbon sequestration. Environmental Science & Technology.
2013;48(1):811-818

Andrew M, Bijeljic B, Blunt MJ. Pore-scale contact angle measurements at reservoir con-
ditions using X-ray microtomography. Advances in Water Resources. 2014;68:24-31

Sarmadivaleh M, Al-Yaseri AZ, Iglauer S. Influence of temperature and pressure on
quartz-water-CO, contact angle and CO,-water interfacial tension. Journal of Colloid
and Interface Science. 2015;441:59-64

Peters EJ. Advanced Petrophysics: Dispersion, Interfacial Phenomena. Vol. 2. Austin, TX:
Live Oak Book Company; 2012

Broseta D, Tonnet N, Shah V. Are rocks still water-wet in the presence of dense CO, or
H,S? Geofluids. 2012;12(4):280-294

Jung J-W, Wan ]. Supercritical CO, and ionic strength effects on wettability of silica sur-
faces: Equilibrium contact angle measurements. Energy & Fuels. 2012;26(9):6053-6059

Saraji S, Piri M, Goual L. The effects of SO, contamination, brine salinity, pressure, and
temperature on dynamic contact angles and interfacial tension of supercritical CO,/
brine/quartz systems. International Journal of Greenhouse Gas Control. 2014;28:147-155

Peng D-Y, Robinson DB. A new two-constant equation of state. Industrial and Enginee-
ring Chemistry Fundamentals. 1976;15(1):59-64

Sereide I, Whitson CH. Peng-Robinson predictions for hydrocarbons, CO, N,, and H,S
with pure water and NaCl brine. Fluid Phase Equilibria. 1992;77:217-240

Rowe AM Jr, Chou JC. Pressure-volume-temperature-concentration relation of aqueous
sodium chloride solutions. Journal of Chemical and Engineering Data. 1970;15(1):61-66

Perry RH, Green DW. Perry’s Chemical Engineering Handbook. 7th ed. New York:
McGraw-Hill; 1997

McCutcheon SC, Martin JL, Barnwell TO Jr. Water quality. In: Handbook of Hydrology.
Vol. 11. 1993. p. 73

Duan Z, Sun R. An improved model calculating CO, solubility in pure water and
aqueous NaCl solutions from 273 to 533 K and from 0 to 2000 bar. Chemical Geology.
2003,;193(3-4):257-271

Hebach A, Oberhof A, Dahmen N. Density of water + carbon dioxide at elevated pres-
sures: measurements and correlation. Journal of Chemical & Engineering Data. 2004;49(4):
950-953

Spycher N, Pruess K, Ennis-King J. CO,-H,O mixtures in the geological sequestration of
CO,. I. Assessment and calculation of mutual solubilities from 12 to 100 C and up to 600
bar. Geochimica et Cosmochimica Acta. 2003;67(16):3015-3031

Lecture Notes—Silica Polymorphs. [Cited: June 3, 2018]. Available from: http://www.
science.smith.edu/geosciences/min_jb/SilicaPolymorphs.pdf



[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Interfacial Tension and Contact Angle Data Relevant to Carbon Sequestration
http://dx.doi.org/10.5772/intechopen.79414

Carbonates. [Cited: June 3, 2018]. Available from: http://www.minerals.net/mineral_
glossary/carbonates.aspx

Mica group. [Cited: June 3, 2018]. Available from: http://www.minerals.net/mineral
glossary/mica_group.aspx

Wan ], Kim Y, Tokunaga TK. Contact angle measurement ambiguity in supercritical
CO,-water-mineral systems: Mica as an example. International Journal of Greenhouse
Gas Control. 2014;31:128-137

Chiquet P, Broseta D, Thibeau S. Wettability alteration of caprock minerals by carbon
dioxide. Geofluids. 2007;7(2):112-122

Eske LD, Galipeau DW. Characterization of SiO, surface treatments using AFM, contact
angles and a novel dewpoint technique. Colloids and Surfaces A: Physicochemical and
Engineering Aspects. 1999;154(1-2):33-51

Alam AU. Surface Analysis of Materials for Direct Wafer Bonding. 2014

Horn R, Smith D, Haller W. Surface forces and viscosity of water measured between
silica sheets. Chemical Physics Letters. 1989;162(4-5):404-408

Suni T et al. Effects of plasma activation on hydrophilic bonding of Si and SiO,. Journal
of the Electrochemical Society. 2002;149(6):G348-G351

Lamb RN, Furlong DN. Controlled wettability of quartz surfaces. Journal of the Chemical
Society, Faraday Transactions 1: Physical Chemistry in Condensed Phases. 1982;78(1):
61-73

Bolis V et al. Hydrophilic and hydrophobic sites on dehydrated crystalline and amor-
phous silicas. Journal of the Chemical Society, Faraday Transactions. 1991;87(3):497-505

Sneh O, George SM. Thermal stability of hydroxyl groups on a well-defined silica sur-
face. The Journal of Physical Chemistry. 1995;99(13):4639-4647

Zhao L et al. Molecular dynamics investigation of the various atomic force contributions
to the interfacial tension at the supercritical CO,~water interface. The Journal of Physical
Chemistry B. 2011;115(19):6076-6087

Iglauer S, Mathew M, Bresme F. Molecular dynamics computations of brine-CQO, inter-
facial tensions and brine-CO,-quartz contact angles and their effects on structural and
residual trapping mechanisms in carbon geo-sequestration. Journal of Colloid and
Interface Science. 2012;386(1):405-414

Nielsen LC, Bourg IC, Sposito G. Predicting CO,-water interfacial tension under pres-
sure and temperature conditions of geologic CO, storage. Geochimica et Cosmochimica
Acta. 2012;81:28-38

Liu Y et al. Simulations of vapor-liquid phase equilibrium and interfacial tension in the
CO,-H,0-NaCl system. AICHE Journal. 2013;59(9):3514-3522

McCaughan J, Iglauer S, Bresme F. Molecular dynamics simulation of water/CO,-quartz
interfacial properties: Application to subsurface gas injection. Energy Procedia. 2013;37:
5387-5402

185



186  Carbon Capture, Utilization and Sequestration

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

Tenney CM, Cygan RT. Molecular simulation of carbon dioxide, brine, and clay mineral
interactions and determination of contact angles. Environmental Science & Technology.
2014;48(3):2035-2042

Chen C et al. Water contact angles on quartz surfaces under supercritical CO, sequestra-
tion conditions: Experimental and molecular dynamics simulation studies. International
Journal of Greenhouse Gas Control. 2015;42:655-665

Liu S, Yang X, Qin Y. Molecular dynamics simulation of wetting behavior at CO /water/
solid interfaces. Chinese Science Bulletin. 2010;55(21):2252-2257

Van Beest B, Kramer GJ, Van Santen R. Force fields for silicas and aluminophosphates
based on ab initio calculations. Physical Review Letters. 1990;64(16):1955

Hebach A et al. Interfacial tension at elevated pressures measurements and correla-
tions in the water + carbon dioxide system. Journal of Chemical & Engineering Data.
2002;47(6):1540-1546

Marmur A et al. Contact angles and wettability: Towards common and accurate termi-
nology. Surface Innovations. 2017;5(1):3-8

Jafari M, Jung J. Variation of contact angles in Brine/CO,/Mica system considering short-
term geological CO, sequestration condition. Geofluids. 2018;2018

Tripp C, Combes J. Chemical modification of metal oxide surfaces in supercritical CO,:
The interaction of supercritical CO, with the adsorbed water layer and the surface
hydroxyl groups of a silica surface. Langmuir. 1998;14(26):7348-7352

Kim Y et al. Dewetting of silica surfaces upon reactions with supercritical CO, and brine:
Pore-scale studies in micromodels. Environmental Science & Technology. 2012;46(7):
4228-4235

Shi L et al. Wetting and evaporation behaviors of water—ethanol sessile drops on PTFE
surfaces. Surface and Interface Analysis. 2009;41(12-13):951-955

Anantharaju N, Panchagnula M, Neti S. Evaporating drops on patterned surfaces:
Transition from pinned to moving triple line. Journal of Colloid and Interface Science.
2009;337(1):176-182

Bikkina PK. Reply to the comments on “Contact angle measurements of CO,~water—
quartz/calcite systems in the perspective of carbon sequestration”. International Journal
of Greenhouse Gas Control. 2012;7:263-264

Al-Yaseri AZ et al. Dependence of quartz wettability on fluid density. Geophysical
Research Letters. 2016;43(8):3771-3776

AlRatrout A et al. Automatic measurement of contact angle in pore-space images.
Advances in Water Resources. 2017;109:158-169






81838 -716-




	Carbon Capture, Utilization and Sequestration
	Contents
	Preface
	Section 1
Carbon Capture and Sequestration
	Chapter 1
Carbon Sequestration in Soils: The Opportunities and Challenges
	Chapter 2
Enhancing Carbon Sequestration Using Organic Amendments and Agricultural Practices
	Chapter 3
Blue Carbon on Polar and Subpolar Seabeds
	Chapter 4
Carbon Dioxide Utilization and Sequestration in Kerogen Nanopores
	Chapter 5
CO2 Miscible Flooding for Enhanced Oil Recovery
	Chapter 6
An Innovative Approach in Post Combustion Carbon Capture and Sequestration towards Reduction of Energy Penalty in Regeneration of Solvent
	Chapter 7
Chemical Absorption by Aqueous Solution of Ammonia

	Section 2
Monitoring and Tracking of CO2 Migration
	Chapter 8
Geophysical Monitoring of CO2 Injection at Citronelle Field, Alabama
	Chapter 9
Tracking CO2 Migration in Storage Aquifer
	Chapter 10
Interfacial Tension and Contact Angle Data Relevant to Carbon Sequestration


