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Preface

In recent decades there has been growing concern over the impact of greenhouse
gas (GHG) emissions on global warming and climate changes. Fossil fuel use,
deforestation, intensive livestock farming, use of synthetic fertilizers and industrial
processes have been pointed out as the main human sources of GHG emissions. As
population growth around the world is contributing to this global warming, several
efforts have been made to mitigate GHGs by agricultural practices and industrial
processes.

The Intergovernmental Panel on Climate Change (IPCC) has reported different
strategies to promote atmospheric CO, sequestration. However, as the methodologies
and new strategies are constantly updated, the dissemination of this information
becomes important within the current scenario of climate change.

As such, this book provides the reader with a comprehensive overview of the
current state of the art of the strategies that contribute to reducing GHG emissions
and promoting CO, sequestration. Chapters broadly discuss alternatives such

as soil carbon sequestration through conservationist management systems in
agriculture, improvement of industrial processes and reuse of residues, adsorption
processes that can be performed using activated carbon and effective methods of
carbon capture and storage such as geological sequestration of CO,. The book is
divided into eight chapters written by thirty-five researchers in different fields and
organized by subjects related to CO, sequestration in several regions of the world.
The results presented here are directly from the authors’ research as well as from
studies in important publications.

This book contains relevant information about atmospheric CO, sequestration and
contributes to discussions on reducing the impacts of global warming and climate
change. We recommend this reference to the general public, undergraduate and
graduate students, and researchers who aim to deepen their knowledge on the topics
discussed within.

Leidivan Almeida Frazio and Junio Cota Silva
Universidade Federal Minas Gerais,
Brazil

Adriana Marcela Silva-Olaya
Universidad de la Amazonia,
Colombia






Chapter1

Introductory Chapter: CO,
Sequestration

Leidivan A. Frazdo, Junio C. Silva
and Adriana M. Silva-Olaya

1. Introduction

The Special Report from the Intergovernmental Panel on Climate Change
(IPCC) [1] revealed that recent trends in greenhouse gas (GHG) emissions and the
level of international ambition indicated by nationally determined contributions,
within the Paris Agreement, deviate from a track consistent with limiting warming
to well below 2°C. This will require a drastic reduction in greenhouse gas emissions
by 2030 and thereafter removal of carbon from the atmosphere in large quantities.
The IPPC reports found that many climate models can only meet the two-degree
Celsius goal when carbon removal strategies are included among the potential
policy options.

There are several strategies to promote carbon dioxide (CO,) sequestration
by agriculture and industry. So, it is necessary to evaluate the methodologies that
have been used and to understand the gaps to achieve more sustainable production
systems.

In agriculture, the management of agricultural systems that promote soil carbon
sink depends on depth, clay content and mineralogy, plant available water holding
capacity, nutrient reserves, landscape position, and the antecedent SOC stock
[2]. As the soil carbon fluxes vary according to environmental and anthropogenic
driving factors [3], soil carbon sequestration can be a short-term solution of
reducing CO, concentration in the atmosphere.

In addition to agronomic practices, several effective methods of carbon capture
and storage (CCS) have been proposed to reduce the amount of emitted CO, in the
atmosphere. Adsorption processes can be performed using activated carbon [4]
where the adsorptive process can use adsorbents derived from low-cost agro-wastes.
Another way to reduce CO, emission into the atmosphere is by capturing CO, from
the flue gases and storing that in deep geological formations [5]. The CCS provides
financial offsets in terms of CO, sequestration cost.

Therefore, this book provides a comprehensive overview of the current state of
the art about the strategies that contribute to reducing GHG emissions and promote
CO; sequestration by agricultural techniques and carbon capture and storage.

2. Opportunities and challenges for CO, sequestration
Several studies have indicated the storage in biomass, soils, adsorption pro-
cesses, and geological formations as viable techniques for CO, sequestration. All

these technologies have the potential to mitigate global warming and climate
change [2-6].

1 IntechOpen
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Improving agricultural land management techniques is an efficient way to
increase carbon uptake and storage. Strategies to ensure soil carbon sequestra-
tion can be obtained through the adoption of different agronomic management
practices [2]. Land use with grassland species can also maintain and increase soil
organic carbon storage over time [7]. Other studies have reported that land use with
perennial crops can also be adopted to promote CO, sequestration in biomass, and
soil is the main component storing the highest amount of carbon in these agroeco-
systems [8, 9].

Carbon removal can also be achieved through the technology of adsorption on
activated carbon from low-cost raw material. Agricultural and forestry residues or
biomass residue wastes could be used as suitable raw materials for the production
of activated carbon [10]. Furthermore, CCS by geological sequestration is another
technological form for carbon removal and can be applied to different indus-
tries [5].

3. Perspectives
As the population is growing around the world and indirectly contributes to
global warming, several efforts have been made to mitigate GHG emissions. So, the

adoption of CO, sequestration technologies in the agricultural and industrial sectors
has become essential to reduce the impacts of global warming and climate change.
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Chapter2

Soil Carbon Sequestration through
Agronomic Management Practices

Sikander Khan Tanveer, Xingli Lu, Shamim-Ul-Sibtain Shah,
Imtiaz Hussain and Muhammad Sohail

Abstract

Improper soil and crop management practices have resulted in loss of soil
carbon. Worldwide, about 1417 Pg of soil carbon is stored in first meter soil depth,
while 456-Pg soil carbon is stored in above-below ground vegetation and dead
organic matter. Healthy soils can be helpful in combating the climate change
because soils having high organic matter can have higher CO, sequestration poten-
tial. Main agronomic practices responsible for soil carbon loss include improper till-
age operations, crop rotations, residue management, fertilization, and similarly no
or less use of organic fertilizers that have resulted in the loss of soil organic matter
in the form of CO,. The share of agriculture sector in the entire emissions of global
GHGs in the form of CO,, N,0, and CH, is about 25-30%. Studies have shown that
by adapting proper tillage operations, the use of such kind of crop rotations that can
improve soil organic matter and similarly the application of organic fertilizers, i.e.,
FYM, compost, and other organic amendments such as humic acid, vermicompost,
etc., can be useful in soil carbon sequestration.

Keywords: soil carbon, agronomic practices, tillage, crop rotation, crop residues,
organic fertilizers

1. Introduction

Soil carbon (C) sequestration implies the removal of atmospheric CO,, by
plants and storage of the fixed C through incorporation into soil organic matter [1].
Carbon exists in a variety of forms, mainly as plant biomass, soil organic matter,
and gas carbon dioxide (CO,) in atmosphere and dissolved in sea water. Soil organic
carbon (SOC), which is a main component of SOM, can be separated into stable and
labile fraction [2], and soil organic matter and its contribution play a very vital role
during its humification formation of stable humus fraction and in the management
of fertilization [3]. Worldwide, about 1417 Pg of soil carbon is stored in first meter
soil depth, while 456-Pg soil carbon is stored in above-below ground vegetation and
dead organic matter. The Earth’ soils include approximately 1500 Pg of C, which
is about 2-3 times larger than the amount of C stored in Earth’s vegetation [4, 5].
The atmospheric carbon pool contains ~800 Pg of CO,-C and is escalating at the
rate of 4.2 Pg C per year, 0.54 percent per year. Over the past 150 years, the amount
of carbon in the atmosphere has enlarged by 30%. An increase in the atmospheric
concentration of CO, from 280 ppm from the pre-industrial era to 390 ppm in
2010 (an enrichment of 39%) and other greenhouse gases (GHGs) has changed the

5 IntechOpen
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Earth’s mean temperature and precipitation [6]. There is much interaction among
the terrestrial and atmospheric C pools through the processes of photosynthesis
and respiration. Due to land use, conversion factors, and deforestation, biotic pool
also contributes in the rise of atmospheric CO, concentration at the rate of ~1.6 Pg C
per year. Different anthropogenic sources include the combustion of fossil fuel,
deforestation, land use conversion, soil tillage, animal husbandry, cement manufac-
turing, etc. According to an estimate, 8.3 Pg C year™" is emitted by combustion of
fossil fuel [6, 7], and 1.6 Pg C per year is emitted by deforestation, land-use change,
and soil cultivation. It is anticipated that terrestrial ecosystems have contributed

as much as half of increases in CO, emissions from human activity in the past two
centuries [4, 8], and about 50 Pg CO, additions to the atmosphere has been contrib-
uted by cultivated soils [9], through the process of mineralization of soil organic
carbon (SOC). Terrestrial C pool is estimated approximately 3120 Pg, which is the
combination of both pedologic and biotic C pools.

Historically, agricultural soils have lost more than 50 Gt (1 Gt = 1 billion tons) of
carbon and agriculture is responsible for soil carbon reductions up to 60-75% [9].
Total anthropogenic emission of CO, is 9.9 Pg C per year, of which 4.2 Pg C per year
is absorbed by atmosphere and 2.3 Pg C per year by the ocean while remaining may
be absorbed by unidentified terrestrial sinks.

In 1-m soil depth, estimated carbon pool is 2500 Pg, in two diverse forms
including soil organic C (SOC) pool which is likely about 1550 Pg and soil inorganic
C (SIC) pool at 950 Pg [10]. Soil inorganic C pool mostly consists of elemental C
and carbonate minerals, i.e., calcite, dolomite, and likewise primary and secondary
carbonates, whereas soil organic C (SOC) pool contains highly active humus and
relatively inert charcoal C. According to United Nations Framework Convention
on Climate Change (UNFCCC), carbon sequestration is the process of removing
C from atmosphere and depositing it in a reservoir. It entails the transfer of atmo-
spheric CO; and its secure storage in long-lived pools [11].

The estimation of global carbon sequestration potential of agricultural soils is
typically made for sequestration on annual basis, and its range is from 0.4 to 1.2
gigatons per year [1]. Land use, land use change, and forestry (LULUCF) activities
can be a relatively cost-effective ways to offset emissions through increasing remov-
als of greenhouse gases from the atmosphere (e.g., by planting trees or managing
forests) or through dropping emissions (e.g., by deforestation) [12]. Likewise,
emissions of CO, from soil can be reduced by the adoption of such practices that can
increase C input in soils and similarly can lessen the decomposition potential of soil
organic matter. These kinds of practices have a vital role in storage and in release of
C within terrestrial C cycle [13]. Nowadays, intensive agriculture usually results in
a considerable soil degradation and soil carbon depletion [14], because in present
agriculture and human’s food chain, intensive soil utilization is very essential but it
is very imperative so it should be followed and coupled with appropriate conserva-
tion practices [15]. Agriculture sector is responsible for the emissions of about
30% global greenhouse gases emissions, and primarily, inappropriate soil and crop
management practices have resulted in the loss of soil carbon. In agricultural soils,
C sequestration means the increase of soil C storage.

Main agronomic and related practices that can be helpful in SOC sequestration
include:

* adoption of no-tillage (NT) or minimum tillage;
* adoption of environmental and soil health friendly farming systems;

* incorporation of cover crops;
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* use of mulch either in the form of crop residues or synthetic materials;
* minimization of soil and water losses by surface runoff and erosion;

* adoption of integrated nutrient management practices for the increase of soil
fertility;

* use of organic amendments; and

* promotion of farm forestry.

Benefits of soil carbon sequestration include the following:

* It can be helpful in the reduction of CO, emissions.

* It can reduce the emissions of different GHGs.

* It can be helpful in the reduction of atmospheric temperatures.

* It helps in maintaining suitable biotic habitat.

* It decreases nutrients losses.

¢ It can improve soil health and productivity.

* It can increase water conservation.

* It can promote and sustain root growth.

* It can reduce soil erosion.

Agriculture sector can be supportive in the lessening of emissions of GHGs, and
if suitable agronomic practices are to be adopted, then agricultural soils have the
potential to act as a sink for CO, sequestration. Healthy soils can be supportive in
combating the climate change because soils having high organic matter can have
higher CO, sequestration potential.

2. Agronomic practices

Different agronomic and related practices that can be supportive in CO, seques-
tration are given below.

2.1 Tillage

The main aim of tillage is the physical disturbance of upper soil layers for the
preparation of soil bed, incorporation of fertilizers, crop residues, and similarly
to control weeds. Tillage methods in world vary depending upon the soil, climate,
crop management, and availability of technology. The relationship between till-
age, soil structure, and soil organic matter dynamics is essential to C sequestration
ability of agricultural soils. Tillage effects on soil carbon dynamics are complex and
often variable [16]. Global reductions in natural SOC due to cultivation by humans
are obvious, and it is estimated to cause a loss of 60 (temperate regions) to 75%
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(temporal regions) of the original SOC [17]. Conventional tillage practices led to
decline in soil carbon from 30 to 50% globally [18] to low as 20% [19]. Plowing is
the basic cause of SOC oxidation and emissions of CO, to the atmosphere [20], and
when NT, CP, and MP are under a nonsteady state, all these types of tillage systems
may fail in the sequestration of significant amount of soil organic carbon [21]. The
large losses of C typically follow initial cultivation [22, 23]. Moldboard plow, fol-
lowed by secondary tillage operations, is commonly used in world, which is basically
intensive tillage practice, but over the several years, intensive tillage has replaced by
less intensive tillage in which soil is minimum disturbed. No tillage often increases
the stability and numbers of soil aggregates, but conventional tillage is detrimen-
tal to soil structure, which increases the decomposition of soil organic matter.
Conservation tillage systems keep more crop residues on the soil surface and have a
higher SOC concentration in surface layer than conventional tillage [24, 25].

Tillage and cropping systems can influence microbial activity, which ulti-
mately affects SOC dynamics and stability [26, 27], and soil mineralization can be
decreased by reducing or eliminating soil tillage and increasing cropping intensity
and plant production efficiency. In case of no-tillage as litter accumulates at the
soil surface, which reduces evaporation from the soil because surface residues [28]
and similarly standing stubbles [29] decrease wind speed at the soil surface, which
ultimately results in less turbulent exchange of water and heat. Reduction in soil
temperature through the use of surface mulches and no-till practices is important
for maintaining stocks of soil organic matter especially in tropical soils [30].

SOC is a prime determinant of biological activity and soil macro fauna, which
controls most of the different soil functions, i.e., organic matter dynamics, nutrient
release, soil structure, and its different associated physical properties
[31, 32]. In no-tilled soils, there are generally higher densities of biota and especially
microorganisms. A large number of studies have shown that no-tillage can increase
soil carbon rapidly, particularly at the soil surface [33], and this increase is linked
to increases in aggregation [34, 35]. Compared to the PT and RT systems, strong
SOC gradients have been observed under NT systems in the surface to subsurface
layers in paddy soil. Moreover, it has been observed that the impacts of tillage on
SOC concentration are dependent on crop species and soil depth in paddy soil [36].
However, according to Grandy and Robertson [37], tilling a previously untilled soil
quickly losses the previously reserved carbon gains by exposing carbon molecules
to microbial attack due to the disruption of aggregates. This accelerated turnover
also reduces the formation and stabilization of more recalcitrant organic matter
fractions within micro aggregates that have a longer residence time in soil [38].
The results of a study, which was conducted to find out the influence of conserva-
tion tillage, land configuration, and residue management practices on soil health
in a Pigeon pea+ Soybean intercropping system. The study consisted of six tillage
systems, i.e., CTy: conservation tillage with BBF and crop residue retained on the
surface, CT,: conservation tillage with BBF and the incorporation of crop residue,
CT;: conservation tillage with flatbed with crop residue retained on the surface,
CTy: conservation tillage with the incorporation of crop residue, CTs: conventional
tillage with the incorporation of crop residue, and CTs: conventional tillage without
crop residue. The conservation treatments significantly improved soil health. The
pooled data of the study showed that all the conservation tillage systems, i.e., CTy,
CT,, CT;, and CTy, had significantly higher soil organic carbon at 0-15 cm depth
(0.62, 0.64, 0.60, and 0.62%, respectively) and at 15-30 cm depth (0.56, 0.56,
0.54, and 0.55%, respectively) in higher soil carbon sequestrations (15.07, 15.39,
14.58, and 14.72 t ha™, respectively), over conventional systems. The study also
revealed that however biological soil quality, such as soil microbial biomass carbon
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and nitrogen, was significantly higher in all the tillage systems except conventional
tillage without crop residue [39]. It is estimated that the adoption of conservation
tillage globally can sequester 25 Gt C over the next 50 years, which can be helpful in
the stabilization of atmospheric carbon [40].

All this indicates that the adoption of conservation tillage practices can be help-
ful in the reductions of emissions of CO, into the atmosphere and similarly can be
supportive in the sequestration of carbon in the soil.

2.2 Nutrient management

Chemical fertilizers are a source of emission of GHGs, especially N,O. In addi-
tion to it, fertilizer production and its transportation are also associated with the
emissions of GHGs. Judicious use of fertilizers increases crop yields and profit-
ability, and about 50 Pg CO, additions to the atmosphere has been contributed by
the cultivated soils [9], through the process of mineralization of soil organic carbon
(SOC). The use of fertilizers has dramatically increased agricultural productiv-
ity, but studies reveal that the chronic use of nitrogen fertilization decreases soil
microbial activity [41-44]. Continuous use of balanced fertilizers is necessary for
sustainable soil fertility and productivity of crops [45]. Crop residues and nutrients,
especially N, help in carbon sequestration up to 21.3-32.5% [46]. However, ultimate
effects of continuous nitrogen fertilization on soils are complicated and remain
unclear. For example, in the long-term experiments in Canada, SOC sequestration
were 50-75 g cm ™ per year in well-fertilized soils with optimum cropping systems
[47]. Research in the Great Plains shows that SOC sequestration is improved by the
application of N fertilization [48-52], but opposite to it, long-term experiments
in the Northern Great Plains (ND) have also shown that N fertilizer increased
crop residue returns but generally did not increase SOC sequestration [53]. Liu
Enke et al. [54] reported the results of a long-term study which was initiated in
Northwest China in 1979, to find out the effects of fertilization on SOC and SOC
fractions for the whole soil profile such as (0-100 cm) soil depth. The experiment
included six treatments, i.e., unfertilized (control), N fertilizer (N), nitrogen and
phosphorous fertilizer (NP), straw plus N and P fertilizers (NP + S), Farmyard
manure (FYM), and Farmyard manure (FYM) plus N and P fertilizers (NP+ FYM).
Results showed that SOC storage in 0-60 cm in NP + FYM, NP + S, FYM, and NP
treatments increased by 41.5, 32.9, 28.1, and 17.9%, respectively, as compared to
control treatment. Application of organic manure plus inorganic fertilizer also
enlarged labile pool in 0-60 cm soil depth. These results show that long-term
applications of organic manure have the most beneficial effects in building carbon
pools among the investigated types of fertilization.

The results of Morrow plots, which is the world’s oldest experimental site
under continuous corn (Zea mays L.), revealed that after 40-50 years of synthetic
fertilization that exceeded grain N removal by 60-190%, a net decline occurred in
soil C despite increasingly massive residue C incorporation, the decline being more
extensive for a corn-soybean (Glycine max L.) or corn-oats (Avena sativa L.) rota-
tions than for the continuous corn rotation and of greater intensity for the profile
(0-46 cm) than the surface soil [55]. Nayak et al. (2012) [56] reported that the
application of combined inorganic fertilizers with or without manure can sequester
carbon in the 0-60 cm soil layer at the Indean Sub-Himalayas. Majumder et al. [57]
reported the results of a study that was conducted in hot humid subtropical Eastern
India. According to them after 19 years in a puddle rice-wheat (Triticum aestivum
L.) system, NPK + FYM treated plots had 14% larger labile C pools compared with
the control plots in the 0-60 cm soil depth.
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It can be concluded that the appropriate use of fertilizers according to the soil
condition can be helpful in the maximum sequestration of carbon along with
maximum crops production and in the reductions of emissions of different GHGs.

2.3 Animal manure and compost application

Animal manure is animal’s excreta which is collected from livestock farms and
barnyards and is used to enrich the soil, while compost is the material which largely
consists of decayed organic matter and is used for fertilizing and conditioning of
agricultural soil. Application of manures is important for the maintenance of soil
health [58, 59] and is the source of C, and its application to different crops fields has
effects on C contents [60]. As compared with the application of only NPK, applica-
tion of FYM along with NPK increased C sequestration in the rice-wheat cropping
system [61], while green manuring, as compared with the application of FYM along
with green manure, sequestered more C in a Maize-Wheat cropping system [62].
Composting not only increases the net primary production but also enhances the
C contents of the soil [63]. It has been reported that decreasing of manures and
organic fertilizers application influences not only stable organic compounds but
also soil microorganisms and nutrient regimes [64, 65]. Liu et al. [53] supported
the positive effect of incorporation of mineral fertilizers with organic manures.
Similarly, application of different organic wastes, i.e., municipal solid waste
(MSW), farm yard manure (FYM), sugar industry waste (filter cake), and maize
cropping residues, at 3t C ha™" alone and with a full or half dose of NPK mineral
fertilizer showed that the addition of organic wastes (filter cake or MSW) has the
best potential for improving SOC retention, WUE, and wheat yield in an irrigated
maize-wheat cropping system [66].

This all indicates that the use of animal manure, compost, etc. along with other
inorganic fertilizers is beneficial for both soil health and environment.

2.4 Crop rotations

Crop rotations mean the sequence of crops grown in regularly recurring succes-
sions on the same area of land. The succeeding crops may be for 2 or more years.
Differences in crop rotations, climates, soils, and different crop-related manage-
ment practices also affect carbon sequestration. Intensive cropping systems result
in the depletion of SOM, but the use of balanced fertilization with NPK, application
of organic amendments, and similarly application of crop residues can increase
carbon sequestration levels to 5-10 Mg ha™ per year because these amendments
contain 10.7-18% C, which can also be helpful in the sequestration of carbon [67].
Different legume crops, such as peas, lentils, alfalfa, chickpea, sesbania, etc., can
serve as substitute sources for nitrogen. Applications of crop rotations especially by
using legume cover crops, which contain carbon compounds that are likely more
resistant to microbial metabolism, can make soil carbon more stable [68]. Syswerda
et al. [69] reported the results of a long-term study (over a 12-year period) of an
organic management system that involved various crop rotations. According to
them despite of extensive tillage for weed control, increase in soil carbon sequestra-
tion was recorded. The results of a long-term study, which was conducted in Dingxi,
Northwest China, during 2013-2015, were shown in-spring wheat-field pea rotation
in a rain-fed semi-arid environment. The treatments were: conventional tillage with
stubble removed (T); no tillage with stubble removed (NT); no-till with stubble
retained (NTS), and conventional tillage with stubble incorporation (TS). The
SOC, microbial biomass carbon, and root biomass in NTS increased over T and NT,
and similarly, average grain yield across the 3 years in NTS was better than T and
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NT [70]. Recently, much attention has been given to alternate tillage and cropping
systems as a means to mitigate the agricultural emissions of CO, [27, 71]. Different
types of cropping systems, i.e., cover cropping, ratoon cropping, and companion
cropping, can be helpful in carbon sequestration. Intercropping which includes row
inter cropping, strip inter cropping, mixed cropping, and relay intercropping can
increase the income and can also raise soil fertility [72]. Some of the examples of
inter cropping are wheat and mustard, cotton and peanut, peanut and sunflower,
wheat and chickpea, etc. [73]. Organic farming can also improve soil organic carbon
as compared with the conventional farming [68, 74]. Research regarding the resto-
ration of grassland also shows that through their biotic and biotic effects, legume
species have more positive effects on the restoration of grasslands as compared with
the application of mineral fertilizers [75].

This above shows that keeping in view the economic considerations, selection of
appropriate crop rotations according to the soil and environmental conditions can
be helpful in the sequestration of carbon, which not only improve soil fertility but
also reduce the emissions of CO, into the atmosphere and increase farmer’s income.

2.5 Residues management

Crop residues are detached vegetative parts of crop plants that are intentionally
left to decay in agricultural fields after crop harvesting. Worldwide, the annual
production of crop residues is about 3.4 x 10° tones, and if 15% of these total
residues are applied to the soil, it can increase the C contents of the soil, because, for
example, one ton of cereal residue contains 12-20 kg N, 1-4 kg P, 7-30 kg K, 4-8 kg
Ca, and 2-4 kg Mg. Mulching is detached vegetation, which includes wheat straw,
compost, or may be plastic sheets, which are spread around plants to protect them
from excessive evaporation and cold stress and similarly to promote SOM contents
in soil.

Crop residues play an important role in the SOC management and improve-
ment of soil quality [76]. Mulching improves soil moisture, reduces soil erosion,
and similarly reduces the loss of carbon from the soil and crop residues, which
are incorporated into the soil to enhance the soil organic matter. A direct seedling
mulch-based cropping system increases soil organic matter, as a result of increased
carbon inputs and decreased soil disturbance [27]. Mulch can increase soil organic
matter (SOM) and carbon sequestration in the top 0-5 cm soil depth. It improves
soil’s physical and chemical properties and can increase carbon sequestration in
agricultural soils up to 8-16 Mg ha™" per year. Mulch-based cropping systems
enhance the buildup of soil organic matter, principally as a result of increased
carbon inputs and decreased soil disturbance [27]. Direct seedling straw mulch
has the potential to ameliorate the heat stress, and it improves the infiltration rate,
reduces evaporation [77, 78], and similarly increases soil organic carbon and N
efficiency [79]. Increasing residues inputs to soils entails increasing net primary
productivity (NPP). Many agricultural soils, which have been significantly reduced
from their original C levels through cultivation, will show C gains in proportion to
increases in C inputs. Soil C levels are governed by the balance between the inputs
of C through plant residues and the losses of C basically through decomposition.
Therefore, C can be increased in soil by increasing residues inputs and or reducing
decomposition rates (i.e., heterotrophic soil respiration). Litter quality also affects
rates of its decomposition [80]. The results of a 4-month study, which was con-
ducted in a greenhouse controlled condition and in three rates of straw residue and
farm yard manure, were added to uncultivated and cropland soils. Two treatments
of straw residue and farm yard manure incorporation were used into: a soil surface
layer and a 0-20 cm soil depth revealed that the application of organic matter,
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especially the incorporation of farm yard manure, led to significant increase in the
final soil organic carbon content, and higher amount of soil organic carbon were
stored in the cropland soil than in the uncultivated soil. The results showed that
carbon sequestration ranged farm yard manure > straw residue and cropland soil >
uncultivated soil. The results revealed paying more attention to the role of organic
residue management in carbon sequestration [81].

This all shows that the application of mulch and the use of crop residues can
improve soil microbial activity, ameliorate the heat stress, and help in water storage
and improvement of soil organic carbon.

2.6 Cover crops

Cover crop is grown for the benefit of soil rather than the crop yield. Cover
crops improve soil quality by increasing soil organic carbon through biomass, by
improving soil aggregates and stability, and by protecting the soil from surface
runoff. Similarly, green manuring increases the biomass returned to the soil, which
results in the form of enlarged soil carbon sink. Studies reveal that the adoption of
cover crops is an efficient measure to mitigate climate change [82]. According to
Olson 2010 [83], the use of cover crops in intensive row crop rotations with dif-
ferent tillage treatments has been found to sequester soil organic carbon (SOC).
Kenneth et al. [84] reported the results of a study which included different kinds of
tillages, i.e., no-till (NT), Chisel plow (CP), and moldboard plow (MP) with and
without cover crops. The average annual corn and soybean yields were statistically
same with or without cover crops. The average annual corn and soybean yields were
statistically same for NT, CP, and MP systems with or without cover crops for the
same soil depth layer and for tillage treatments. However, all tillage treatments, i.e.,
NT, CP, and MP, sequestered SOC with cover crops.

Keeping in view the cropping systems, suitable selection and planting of cover
crops can be helpful in improving the soil organic carbon.

2.7 Use of improved crop varieties

Selection of improved varieties of different crops, which can improve both
above and below ground biomass, can also improve the soil organic carbon.
Machado et al. [85] reported that crop species that have massive rooting systems
have the potential to improve SOC in soils under NT. Similarly, according to Kell
[86, 87] by improving root growth in agricultural crops, soil carbon storage can
match anthropogenic emissions for the next 40 years. This all indicates that the
use of improved crop varieties having extensive root systems and better yields can
increase both yields and soil fertility.

2.8 Soil biota management

Soil microbial activities can be helpful in the biological carbon sequestration
because microbes improve the soil physical, chemical, and biological proper-
ties. The soil biota consists of a large number and a range of micro- and macro-
organisms and is the living part of soils. They interact with each other and with
plants, directly providing nutrition and other benefits. Their physical structure
and products help a large to soil structure. They are also responsible for organic
matter decomposition and for the transformations of organically bound nitrogen
and minerals that are available to plants. Through biological control mechanisms,
these organisms regulate their own populations and as well as those of incoming
microorganisms. Micro- and macro-organisms are very crucial in maintaining
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ecosystem function, and their populations are significantly affected by the differ-
ent crop management practices. Microorganisms include bacteria, fungi, fungi,
protozoa, and some nematodes. These also include a range of invertebrates such as
micro- and macro-arthropods, termites, and earthworms. According to an estimate,
micro-organisms constitute about one quarter of the total biomass on the Earth
[88]. These organisms are affected by the management of soils in the agricultural
and forest ecosystems. Soils also differ in their ability to support the survival and
growth of different groups of micro- and macro-organisms. Research findings show
that carbon sequestration was higher up to 49.9 g C kg™ in soils which were rich in
soil microbes such as soil bacteria and fungi [89]. Therefore, the use of different
kinds of microbes, which are beneficial both for soil and environment, will increase
soil carbon sequestration and improve the crops yields.

2.9 Bio char

Bio char is carbonized biomass, which is obtained from sustainable sources and
sequestered in soils. It can also be obtained by pyrolysis synthetically. Application
of Bio char can also improve the soil health through carbon sequestration, because it
improves the crop yield and maintains the cation exchange capacity, water holding,
and nutrient retention capacity of the soil. It remains stable for thousands of years
and thus reduces the release of terrestrial C to the atmosphere in the form of CO,
[90]. It has been reported that Bio char can improve carbon sequestration in soil due
to prolonged residence time [91]. Another study also reveals that the application of
Bio char reduces the co-localization of polysaccharides-carbon and aromatic carbon
by reducing the carbon metabolism due to carbon stabilization in Bio char-activated
soil [92]. It has also been reported that soil management by using different kinds
of organic amendments and their incorporation by earthworms can also support
micro-aggregates formation, C, and N retention in agricultural soils [93].

2.10 Agroforestry

Agroforestry is the combination of agriculture and forestry in which perennial
trees and shrubs are grown in combination with agricultural crops. Planting of
different kinds of trees, including orchards, fruit plants, and woodlands into the
croplands, can improve soil carbon sequestration. Agroforestry has an enormous
potential for carbon sequestration in croplands [94] because agroforestry practices
accumulate more C than forests and pastures because they have both forest and
grassland sequestration and storage patterns active [95-97]. Young [98] have also
reported the estimated potential of C gains from agroforestry. Agricultural soils
can sequester more quantities of carbon by the adoption of agroforestry. The
carbon sequestrations potential of agroforestry systems is estimated between 12
and 228 Mg ha™", so on the Earth’s total suitable area for crop production, a total of
about 1.1-2.2 Pg C can be sequestered in the agricultural soils in the next 50 years
[99]. The results of a meta-analysis from 53 published studies, regarding changes in
soil organic carbon (SOC) stocks at 0-15, 0-30, 0-60, 0-100, and 0 > 100 cm, after
land conversion to agroforestry, revealed a significant decline in the SOC stocks of
26 and 24% in land-use changes from forest to agroforestry at 0-15 and 0-30 cm,
respectively. The transition from agriculture to agroforestry significantly enhanced
the SOC stock of 26, 40, and 34% at 0-15, 0-30, and 0-100 cm, respectively.

The results also showed that conversion from pasture/grassland to agroforestry
produced significant SOC stock increases at 0-30 cm (9%) and 0-30 cm (10%).
Switching from uncultivated/other land-uses to agroforestry increased SOC by 25%
at 0-30 cm, while a decrease was observed at 0-60 cm (23%) [100].
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The carbon sequestration potential by agroforestry is estimated up to 9, 21, 50,
and 63 Mg Cha™" in semiarid, subhumid, humid, and temperate regions, respec-
tively; however, it has been reported that intensively managed agroforestry practice
in combination with annual crops is like conventional agriculture, which does not
contribute in carbon sequestration [101].

Agroforestry also helps in the optimization of water use, and similarly, it
improves the farmer’s income. So, the promotion of agroforestry keeping in view
the soil condition, climate, and along with crops production is beneficial for soil,
environment, as well as the farmers.

3. Conclusion

CO, is increasing at the rate of 2.3 ppm per year, which is resulting in the
increase of global warming and environmental pollution. Agriculture sector is
responsible for up to 30% emission of GHGs. Sustainable agriculture is essential for
the survival of humankind. Adoption of different agronomic management practices
can be helpful in the sequestration of carbon. Such practices include no-tillage or
reduced tillage, nutrient management, cover crops, crop rotations, green manur-
ing, application of animal manures, agroforestry, etc. Adoption of these different
agronomic practices will not only improve the crops yields but will also improve
farmer’s income.
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Chapter 3

Landuse and Physiographic
Region Effects on Soil Carbon
and Nitrogen Sequestration in
Arkansas

Marya McKee, Kristofor R. Brye and Lisa Wood

Abstract

Increasing understanding of soil carbon (C) sequestration dynamics and general
functioning in disappearing native grassland ecosystems, has the potential to
enhance soil rehabilitation and ecosystem restoration. The objective of this study
was to evaluate the effects of landuse (native tallgrass prairie and managed agricul-
ture) and physiographic region (northwest Arkansas and east-central Arkansas)
on the change in soil C and nitrogen (N) storage and other soil properties over a
15-year period. Despite the native prairie losing soil C at a rate of 4.7 Mg ha™" year™
over the 15-year duration of this study, soil C storage in 2016 was more than 2.5
times greater in the native prairie than in the cultivated agroecosystems in the
Grand Prairie. Averaged across landuse, TC concentration (P < 0.01) and content
(P < 0.01) changed more over time in the Ozark Highlands region of northwest
Arkansas (0.02% year‘1 and 0.28 Mg ha™? year‘l, respectively), than in the Grand
Prairie region of east-central Arkansas. This study demonstrates the value of
direct measurements over time for assessing temporal changes in soil properties
and results can potentially direct future restoration activities to be as successful as

possible.

1

Keywords: carbon sequestration, silt-loam soils, managed grassland, cultivated
cropland, and native prairie

1. Introduction

Greenhouse gas (GHG) concentrations in the atmosphere have been on the
rise since the Industrial Revolution began in the eighteenth century and have led
to an enhancement of the greenhouse effect and dramatic increases in global air
temperatures. The combined average land and surface air temperatures from 1880
to 2012, calculated from a linear trend with 90% certainty, showed mean warming
of 0.85°C, which ranged from 0.65 to 1.06°C, across the globe [1]. This striking
increase in air temperature over such a short period of time has evolved into the
climatic variations witnessed today that scientists have termed global climate
change. The scientific consensus is that the rising air temperatures are the result of
an unprecedented rise in GHG emissions over the last 150 years, due primarily to
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human activity in the form of burning fossil fuels, agricultural land conversion and
management, and deforestation [1].

Carbon dioxide (CO,) is the most abundant GHG in the atmosphere and has
risen from 280 mg L™" before the Industrial Revolution in 1730 to over 400 mg L™
in 2015 and is predicted to continue increasing by 2 mg L™" per year [1]. In 2010,
the CO, derived from burning fossil fuels and industrial processes contributed
around 65% of total global GHG emissions, while forestry, land clearing for
agriculture, and soil degradation collectively accounted for 11% of the global
emissions [1]. In 2015, agricultural production alone accounted for 9% of total US
GHG emissions [2]. Fossil fuels are burned during agricultural production, from
heavy machinery and equipment, and these emissions account for nearly 25% of
the total global GHG emissions originating from fossil fuels [1]. However, other
sources of CO, emissions associated with agricultural production result from the
initial conversion and continued tillage of soils that contain substantial amounts of
soil organic carbon (SOC).

Carbon flows through the global C cycle between five primary pools: the oceanic
pool, geologic pool (fossil fuels), pedologic (soil) pool, atmospheric pool, and
biotic pool. Most of the C held within the terrestrial ecosystem is stored within
the soil (~2500 Pg), with only a fraction of the total terrestrial C stored within
plant biomass (~560 Pg) [3]. The global C cycle and SOC creation are fueled by the
photosynthetic activity of plants and other autotrophic organisms, which convert
CO; into glucose (C¢H;,06) or energy that is used to develop biomass. Following
the decomposition of autotrophic organisms and the heterotrophic organisms that
consume them, a portion of the C captured during photosynthesis remains stored
in the soil in a process known as soil C sequestration.

Soil C sequestration potential within an ecosystem is dependent on the same fac-
tors that lead to pedogenesis: parent material, climate, biota, topography, and time.
Climate and biota tend to play a more significant role in the C cycle and therefore
are often more important to the soil C sequestration process. Colder climates are
more likely to accumulate SOC because soil microbial decomposition of soil organic
matter (SOM) is slowed and sometimes paused when temperatures reach below
freezing (0°C) [4]. In addition to temperature, the other main climatic factor that
affects soil C sequestration is moisture, where a fine line exists between optimal soil
moisture and too much or too little soil moisture. Optimal soil moisture contributes
to increase in above- and belowground autotrophic productivity, which leads to
greater available plant biomass. Too much soil moisture decreases soil microbial
decomposition rates of SOC when soil moisture levels reach a point where periodic
reducing conditions occur. However, increased moisture levels that do not reach
reducing conditions have the potential to increase soil microbial decomposition
rates, as microbes gain more access to the soil pores through the movement of water.
In contrast, too little soil moisture limits plant productivity, hence the potential
production and input of SOM for soil microbes to consume and convert to SOC.

The C compounds returned to the soil during microbial decomposition, in the
form of SOM, consist of three separate pools: active, intermediate or slow, and
passive. These pools are classified by the amount of time the SOM remains stable
before further decomposing and returning to the atmosphere, mostly as CO,, via
microbial respiration. Soil organic matter within the active pool consists of labile
or easily decomposable particulate organic matter [5]. The active pool of SOM
contributes most of the beneficial effects of soil structural stability, which enhances
a soil’s infiltration capacity and resistance to erosion and can be readily increased by
adding fresh plant and animal residues. However, due to the potential instability of
the organic material, the active C pool can be easily lost due to reductions in organic
additions or increased tillage.
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Agricultural production is one of the leading disturbances of the SOC pools
because of the management practice of conventional tillage [6]. Over the years,
due to reduced C inputs and continual disturbance through conventional tillage,
between 40 and 60% of SOC has been lost following the conversion of lands from
tallgrass prairie to cultivated agriculture [7]. The decrease can be explained by
the initial land conversion to non-native vegetation, followed by the rapid oxida-
tion of SOM from conventional tillage and minimal vegetative cover and biomass
inputs back to the soil. Rapid declines in SOC are due partly to the mechanical
disintegration of soil aggregates during repeated annual tillage, which exposes
organo-mineral surfaces that had otherwise been unavailable for decomposition by
microbes when previously undisturbed and the physical loss of SOC due to erosion
[8]. However, some level of SOM turnover is necessary to incorporate and protect
fresh C inputs from rapid decay and mineralization, whereas SOM turnover that
occurs too quickly or too often can lead to decreases in microaggregate stability and
formation, therefore decreasing soil C sequestration potential [9].

Soil formation and resulting soil properties are inextricably linked with climatic
factors and parent material. Arkansas resides in a unique climatic transition zone
in the mid-southern United States, with arid to semi-arid grassland to the west and
northwest and humid-temperate deciduous forest to the south and southeast. The
climate gradient that spans through Arkansas also controls the botanical composi-
tion and interacts with distinct topographic and geologic gradients. Consequently,
Arkansas is separated into at least two distinct climates and parent material sources.
The northwest region of Arkansas, known as the Ozark Highlands [Major Land
Resource Area (MLRA) 116A] [10], is relatively warm and wet and dominated by
deciduous forest vegetation both presently and as the climax vegetation commu-
nity. Cherty limestone residuum is the soil parent material for much of the Ozark
Highlands. Soils in the Ozark Highlands are typically moderately deep and medium-
to fine-textured Udults and Udalfs. The Ozark Highlands also contains remnants of
the Osage Prairie, which once extended through south-central and southwestern
Missouri, as well as northwest Arkansas [11]. Presently, less than 0.5% of the original
Osage prairie exists, due to the conversion to pasture and hay meadows now popu-
lated with naturalized (i.e., introduced) species [11]. East-central Arkansas contains
the remnants of the tallgrass prairie regionally referred to as the Grand Prairie,
within MLRA 134—Southern Mississippi Valley Silty Uplands [10], which is an area
that is also relatively warm and wet, with fertile alluvial parent material.

Comparing native prairies across these two physiographic regions in Arkansas,
Brye et al. [12] reported that SOM concentrations in the top 10 cm in native prairie
ecosystems generally increased south and eastward across Arkansas, due to increas-
ing precipitation in the Grand Prairie region compared to the Ozark Highlands,
therefore leading to increase above- and belowground productivity. In contrast, a
study conducted by Brye and Gbur [13] reported that, averaged across landuse, soils
in the Grand Prairie region had the lowest average SOC sequestration rate (—0.04 kg
SOC m™ year™) in the top 10 cm compared to that observed in the Ozark Highlands
(0.05kg SOC m™ year ™). Brye and Gbur [13] also reported that, averaged across
physiographic region, soils under agricultural management had a lower average SOC
sequestration rate (—0.03 kg SOC m™ year™") in the top 10 cm compared to that
observed for native prairies (0.04 kg SOC m > year™).

A study conducted within the Ozark Highlands region evaluating the effects of
grassland management on soil physical and chemical properties, including SOC, in
the top 10 cm over a 6-year period in silt-loam soil reported that certain manage-
ment schemes, including grazing and haying, had minimal effect on near-surface
soil properties, indicating that contemporary managed forage lands in the Ozark
Highlands are not being degraded by agricultural management, but are in fact
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remaining similar to the remnant prairies from which they were converted [14]. In
contrast, a study conducted, within the Grand Prairie region, on a chronosequence
of four Typic Albaqualfs in adjacent fields in Prairie County, Arkansas, varying only
in time under cultivation with the control as a native, undisturbed tallgrass prairie,
reported an exponential decrease in SOC in the top 10 cm as years of cultiva-

tion increased [15]. Brye and Pirani [16] showed a significant difference in soil C
concentration and content in the top 10 cm between native prairie (2.3-3.2% C;
2.5-3.4 kg C m™) and adjacent tilled agricultural systems (1.0-1.7% C, 1.3-2.0 kg

C m™?) in the Grand Prairie region of east-central Arkansas. Specifically, the differ-
ence in soil C tended to be greater when the agricultural fields had been tilled for 30
or more years than when the agricultural fields had been tilled for less than 30 years
[16]. Following the conversion from native prairie to intensely tilled agriculture,

a 17-52% decrease in soil-quality-related parameters was observed, including soil
OM, total N, and total C [16].

Many of these examples of losses in SOC, and other resulting soil-quality
parameters, can be interpreted positively as the potential to enhance and regain soil
C storage in soils affected by long-term agricultural activity. With a combination of
site-specific best management practices, like conservation tillage, no-tillage, cover
crops, and elimination of fallow periods, which increase C input into the system,
agricultural fields have the potential to become C sinks instead of their historic
role as C sources. The objective of this study was to evaluate the effects of landuse
(i.e., native tallgrass prairie and managed agriculture) and physiographic region
on the change in soil C storage and other soil properties over a 15-year period. It
was hypothesized that soil C and N storage in the top 10 cm would remain constant
or slightly increased within the prairie remnants, while soil under agricultural
management (i.e., managed pastureland, and cultivated agriculture) would likely
decrease over a 15-year period between 2001 and 2016. Cultivated row-crop agricul-
ture on alluvial soils was hypothesized to have lower C and N storage than managed
pastureland on residual soils due to the long history of intensive tillage, despite
alluvial soils typically being considered more fertile than residual soils.

2. Materials and methods
2.1 Site description

The Stump and Chesney Prairies in Benton County in the Ozark Highlands region
of northwest Arkansas have various degrees of disturbed, agricultural landuse
adjacent to the prairies in the same soil map unit as exists in the prairies (Table 1).
Specifically, adjacent to the Stump Prairie resides a managed grassland, dominantly
tall fescue (Lolium arundinaceum [Schreb.] Darbys.), that has been infrequently
cultivated in the last 20 years for cutting and removing the aboveground vegetation
(i.e., haying) multiple times a year. In addition, a managed pastureland that has never
been cultivated, but has been consistently grazed multiple times per year for the
past 20 years with varying head of cattle, also resides adjacent to the Stump Prairie.
Adjacent to the Chesney Prairie resides an area that has been periodically cultivated
and planted with a row crop [i.e., corn (Zea mays L.) or soybean (Glycine max L.)]
in the last 20 years; however, the area has been left fallow for the past 15 years
without a row crop being planted.

The Seidenstricker Prairie, in Prairie County, Arkansas, resides in an area
known as the Grand Prairie and has three adjacent agricultural fields, with similar
soil mapping units as exists in the prairie, that were once part of the prairie itself
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Region/parent Site Landuse Years Soil Soil Slope
material managed series taxonomic (%)
description
Ozark Stump Periodically >20 Jay Oxyaquic 0
Highlands/ cultivated Fragiudalf
residuum hayfield
Stump Never >20 Jay Oxyaquic 0
cultivated Fragiudalf
managed
pasture
Stump Native 0 Jay Oxyaquic 1
prairie Fragiudalf
Chesney Periodically >20 Jay Oxyaquic 2
cultivated Fragiudalf
agriculture
Chesney Native 0 Jay Oxyaquic 2
prairie Fragiudalf
Grand Prairie/ Seidenstricker Cultivated 31 Dewitt Typic 0
alluvium agriculture Albaqualf
Seidenstricker Cultivated 42 Dewitt Typic 0
agriculture Albaqualf
Seidenstricker Cultivated 60' Dewitt Typic 0
agriculture Albaqualf
Seidenstricker Native 0 Dewitt Typic 0
prairie Albaqualf

“Indicates years before 2016, therefore native prairie was converted to cultivated agriculture in 1986, 1975, and 1957,
respectively.

Table 1.
Summary of site characteristics by geographic region.

that have now been consistently annually intensively cultivated and cropped
under a rice (Oryza sativa L.)-soybean-wheat (Triticum aestivum L.) rotation in
most years since 1957, 1975, and 1986 (Table 1). Consequently, as of 2016, the
native prairie and three adjacent agricultural fields represented a chronosequence
with varying years under cultivated agriculture (i.e., 0, 31, 42, and 60 years,
respectively).

2.2 Regional characteristics

The Ozark Highlands (36-38°N lat., 91-95°W long.), MLRA 116A [10], occupies
portions of southwest and south-central Missouri, eastern Oklahoma, and north-
west and north-central Arkansas. The area is a low-elevation, disjointed mountain-
ous region, covering roughly 2.1 million ha [13]. Soils in the Ozark Highlands are
typically Udults and Udalfs with deep, medium- to fine-textured cherty residuum
weathered from limestone [17]. Oak (Quercus spp.) forests dominate the vegetation
in the Ozark Highlands, but a large extent of tallgrass prairie was also historically
present. The Chesney and Stump Prairies are located within the Springfield Plateau,
aregion that extends over 640,000 ha, which consisted of low, undulating plains
(240-430 m in elevation) covered in prairie, savannah, hardwood forest, and acidic
glade ecosystems [10]. Historic prairie ecosystems covered >30,000 ha within the
Springfield Plateau. The Chesney and Stump prairies are the only remnants of a
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much grander historical prairie that spanned over 4000 ha in northwest Arkansas
known as the Lindsley Prairie [18].

The Grand Prairie (34°0'-35°30" N lat., 91°15'-92°10’ W long.), part of MLRA
134, is in east-central Arkansas and covers roughly 0.5 million ha [10]. Soils in
the Grand Prairie are typically deep to very deep Udalfs, with medium texture
and mixed mineralogy [17], that are developing in fertile alluvial parent material
sourced from the historic flooding of the Mississippi River, with or without a thin
loess cover. The historic land cover in the Grand Prairie region was grasslands,
which historically covered ~130,000 ha as tallgrass prairie, of which <1% remains
today due primarily to the introduction and expansion of mechanized agriculture
[19]. Consequently, presently, the predominant landuse within the Grand Prairie
region is cultivated, row-crop agriculture, where rice, soybean, and wheat are the
dominant crops.

The regions also vary by climate. The climate of the Grand Prairie region is, on
average, warmer than the Ozark Highlands, with mean annual temperatures of
16.6 and 14.5°C, respectively [20]. Average annual precipitation in the northwest
Arkansas portion of the Ozark Highlands is approximately 116 cm, while that in the
Grand Prairie region is 126 cm [20].

2.3 Soil sampling scheme

Between early August 2001 and mid-April 2002, initial soil samples were
collected at Stump and Chesney Prairies in the Ozark Highlands region of
northwest Arkansas and at the Seidenstricker Prairie in the Grand Prairie region
of east-central Arkansas. Soil property data in the top 10 cm from the initial soil
samples collected in 2001/2002 were determined and reported in Brye and West
[11] and Brye et al. [21] for the Stump and Chesney prairies and in Brye and
Slaton [22] and Brye et al. [12] for the Seidenstricker Prairie. At the same time,
between early August 2001 and mid-April 2002, the above-described, adjacent
agricultural areas were sampled at all three prairie sites. Between late October
and early November 2016, a subsequent set of soil samples were collected in all
three prairie sites and in their adjacent agricultural areas. In each soil map unit
represented within each prairie and in the same or similar soil map unit in the
adjacent agricultural areas, soil samples were collected from the top 10 cm along
a 60-m transect at five sampling points spaced 15 m apart (i.e., at the 0-, 15-, 30-,
45-, and 60-m marks). A slide hammer, with a 4.8-cm-diameter, stainless steel
core chamber, was used to manually collect the soil samples, which were subse-
quently oven-dried at 70°C for 48 h, weighed for bulk density determinations,
and crushed and sieved to pass through a 2-mm mesh screen for soil chemical
property determinations.

Percentages of sand, silt, and clay in the top 10 cm from the initial soil samples
collected in 2001/2002 were determined and reported in Brye and West [11] and
Brye et al. [21] for the Stump and Chesney prairies and in Brye and Slaton [22]
and Brye et al. [12] for the Seidenstricker Prairie. Soil pH was potentiometrically
measured using an electrode in a 1:2 (wt/vol) soil-to-water paste. Soil organic
matter was determined by weight-loss-on-ignition after 2 h at 360°C. Total C and
N were determined by high-temperature combustion (Elementar Variomax CN
Analyzer, Elementar Americas, Inc., Mt. Laurel, NJ). No soil among sampled tran-
sects effervesced upon treatment with dilute hydrochloric acid, thus all measured
soil C was assumed to be SOC. The C:N ratio and fractionation of C and N in the
SOM were calculated for each sample using measured concentrations. In addition,
for each soil sample, TC, TN, and SOM contents (kg ha™!) were calculated from
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measured concentrations (g kg™"), measured bulk densities, and the 10-cm depth
interval. To calculate C and N sequestration rates, the 2001/2002 contents were then
subtracted from 2016 contents and the differences were divided by the number of
years between sampling (~15 years).

2.4 Statistical analyses

A two-factor analysis of variance (ANOVA) was conducted using SAS 9.4 (SAS
Institute, Inc., Cary, NC), based on a completely random design, to evaluate the
effects of physiographic region (i.e., Ozark Highlands and Grand Prairie), landuse
(i.e., native prairie and managed agriculture), and their interaction on changes in
soil bulk density, pH, EC, SOM, C, and N storage, C:N ratio, and C and N fractions
of SOM in the top 10 cm over time. A second two-factor ANOVA was conducted
using SAS to evaluate the effects of physiographic region, landuse, and their inter-
action on soil bulk density, pH, EC, SOM, C, and N storage, C:N ratio, and C and N
fractions of SOM in the top 10 cm from the 2016 sampling only to assess the current
state of soil property differences among treatments. In addition, a linear regression
analysis was conducted in Minitab (version 13, Minitab, Inc., State College, PA)
using the 2016-measured data only for the Grand Prairie sites to assess soil C storage
trends over time under cultivation. For all statistical analyses, significance was
judged at P < 0.05; thus, when appropriate, means were separated by least signifi-
cant difference (LSD) at the 0.05 level.

3. Results and discussion
3.1 Soil property differences after15 years

In 2016, after 15 years of consistent management or natural time progression,
all measured soil properties, with the exception of bulk density, C:N ratio, and the
C and N fractions of SOM, differed (P < 0.05) between regions within landuses
(Table 2). Soil bulk density and the C and N fractions of SOM differed (P < 0.03)
between physiographic regions and differed (P < 0.04) between landuses, while the
soil C:N ratio was unaffected (P > 0.05) by region or landuse (Table 2), thus was
similar and averaged 13.5 across all region-landuse combinations (Table 3). Table 3
also summarizes the means and standard errors among ecosystem-landuse combi-
nations for soil properties from the original 2001/2002 soil sampling.

Soil pH and EC were greatest (P < 0.01; Table 2) in the Grand Prairie region
within the agricultural landuse (6.7 and 0.168 dS m™" respectively), and lowest in
the native prairie landuse in the same region (4.7 and 0.072 dS m™" respectively),
but only pH and EC in the agricultural landuse in the Grand Prairie differed from
the other region-landuse combinations (Table 3 and Figure 1). Soil pH and EC
were likely more regulated in the more conventional agricultural landuses in the
Grand Prairie from annual fertilizer additions and irrigation, respectively. Brye and
Pirani [16] similarly concluded that soil pH and EC were generally greater under
tilled agricultural than under native prairie landuse.

In 2016, after 15 years of consistent management, SOM concentration and
content were both more than two-fold greater in the Ozark Highlands under both
landuses and in the Grand Prairie under prairie landuse, which did not differ, than
in the Grand Prairie under cultivated agricultural landuse (Figure 2). Similarly,

TN concentration and content were lowest, by more than 50%, in the Grand Prairie
under cultivated agricultural landuse, while TN concentration was greatest under
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Soil property Region Landuse Region x landuse
P
BD (gcm™) 0.03 <0.01 0.83
pH <0.01 <0.01 <0.01
EC(dSm™) 0.16 <0.01 <0.01
SOM (%) <0.01 <0.01 <0.01
SOM (Mg ha™) <0.01 <0.01 <0.01
TN (%) <0.01 0.02 0.04
TN (Mgha™) <0.01 0.10 <0.01
TC (%) <0.01 <0.01 0.03
TC (Mgha™) <0.01 <0.01 <0.01
C:N ratio 0.26 0.45 0.32
TN fraction of SOM (%) <0.01 0.04 0.92
TC fraction of SOM (%) <0.01 0.03 0.60
Table 2.

Analysis of variance summary of the effects of physiographic region (Ozark Highlands and Grand Prairie),
landuse (managed agriculture and native prairie), and their interaction on the change in soil bulk density
(BD), pH, electrical conductivity (EC), soil ovganic matter (SOM), total nitrogen (TN), and total carbon
(TC) concentration and content, C:N ratio, and the C and N fractions of SOM in the top 10 cm over a 15-year
period in silt-loam soils in Arkansas.

prairie landuse in both regions, which did not differ, and TN content was greatest
under prairie landuse in the Grand Prairie (Table 4 and Figure 1). Total N con-
centration and content were also greater under prairie than managed agricultural
landuse in the Ozark Highlands (Table 4 and Figure 2). Similar to TN, TC concen-
tration and content were more than twofold greater under prairie landuse in both
regions, which did not differ, than under cultivated agriculture in the Grand Prairie
(Table 4 and Figure 2). Total C concentration and content were also greater under
prairie than agricultural landuse in the Ozark Highlands (Figure 2). Differences in
TC and TN content among region-landuse combinations were likely the result of
combined differences in TC and TN concentrations and bulk density, where, aver-
aged across landuse, bulk density was 1.1 times greater in the Grand Prairie than in
the Ozark Highlands and, averaged across region, was also 1.1 times greater under
managed agricultural than native prairie landuse (Table 3). However, the differ-
ences in TC and TN concentrations alone (Table 4 and Figure 2) clearly demon-
strate that there are substantial differences in the net balance between above- and/
or belowground C and N inputs and losses.

Averaged across landuse, TN and TC fractions of SOM were both 1.3 times
greater in the Ozark Highlands than in the Grand Prairie (Table 3). Averaged across
region, TN and TC fractions of SOM were both 1.1 times greater under managed
agricultural than native prairie landuse (Table 3). The differences in TC and TN
fractions of SOM between regions and between landuses indicate that, in the Ozark
Highlands and in the managed agricultural landuse use in general, the SOM pool
is less diverse with other soil nutrients than in the Grand Prairie and native prairie
landuse.

In contrast to the results of this study, Brye and Gbur [13] reported greater SOM,
TN, and TC contents under the native prairie in the Grand Prairie, citing warmer
and wetter annual climatic conditions that would promote greater belowground
root biomass and OM, N, and C inputs compared with the Ozark Highlands.
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Treatment Soil properties'
BD pH EC SOM TN TC C:N N/SOM C/SOM
(gem™) (dSm™) (Mg (Mg (Mg (%) (%)
ha™?) ha™) ha?)
Region
Grand 121 5.7 0.120 395 1.24 17.0 13.7 322 44.0
Prairie (GP)
Ozark 114 4.9 0.108 54.3 233 30.7 133 4.29 56.8
Highlands
(OZH)
Landuse
Agriculture 1.23a 5.8 0.146 40.0 1.67 21.8 134 3.97a 52.6a
(AG)
Prairie (PR) 111b 48 0.082 53.8 191 25.9 136 3.54b 48.2b

Ecosystem x landuse

GP-AG 127 6.7a 0.168a 26.5b 0.89d 12.2¢ 13.7 3.38 46.4
GP-PR 115 4.7b 0.072b 52.5a 1.59¢ 21.7b 13.7 3.05 41.7
OZH-AG 1.20 4.9b 0.125b 53.6a 244a 31.3a 131 4.55 58.9
OZH-PR 1.07 4.8b 0.092b 55.0a 2.23b 30.1a 13.6 4.03 54.7

Ecosystem x landuse combination means (+ standard error) from the 2001/2002 sampling™"

GP-AG 115 59  0.098(0.01) 323(1.3) 137 151 11.0 434 479 (2.3)
0.02)  (01) (0.03) (03) (<01)  (0.2)

GP-PR 113 47 0.072 581(1.8) 233 289 124 402  499(12)
(0.01)  (<0.1) (<0.01) (0.07) (08  (0.2) (0.1)

OZH-AG 013  51(01) 0.104(0.01) 54.0(27) 268 266 10.0 494  49.0 (1.0)
(0.04) 017)  (16)  (03) (0.1)

OZH-PR 0.06 48 0.072  492(21) 218 241 11.0 443 487(1.0)
0.02)  (<0.1) (<0.01) 011) (14  (02) 0.1)

"Different lower case letters for a soil property within a treatment category indicates a significant difference
(P < 0.05).
""Data reproduced from Brye and West [11], Brye et al. [21], Brye and Slaton [22], and Brye et al. [12].

Table 3.

Summary of mean soil property changes by treatment (i.e., physiographic region, landuse and their
interaction) over a 15-year sampling period for soil bulk density (BD), pH, electrical conductivity (EC),
soil organic matter (SOM), total nitrogen (TN), total carbon (TC), C:N ratio, and the N (N/SOM) and
C (C/SOM) fractions of SOM in the top 10 cm in silt-loam soils in Arkansas.

Similarly, comparing soil properties among only native prairies, Brye et al. [12]
concluded that SOM and SOC concentrations and C:N ratio were at least numeri-
cally greater in the Grand Prairie than in the Ozark Highlands. However, Brye et al.
[12] also reported that, based on a significant linear relationship, both TN and TC
increased with increasing SOM concentration faster in the Ozark Highlands than in
the Grand Prairie. Brye and West [11] reported that neither TN nor TC concentra-
tion differed in the top 10 cm between landuses in 2001/2002 when comparing the
same sites used for this study in the Ozark Highlands. However, TN and TC concen-
tration data were obtained through high-temperature combustion, whereas SOM
concentration, which is obtained by weight-loss on ignition at a lower temperature,
was significantly greater in the grazed than in the ungrazed pasture or native prairie
soils [11]. These results indicate that the proportion of SOC within SOM likely
differs between management systems, in which the quality of substrate entering

31



CO, Sequestration

12
W G
i PR
g -
A
I
o B B B
4 -
0
GF OzZH
0.25
W »G

GP OZH
Region

Figure 1.

Lagnduse effects by physiographic region on the change in soil pH and electrical conductivity (EC) in the

top 10 cm over the 15-year sampling period under either agricultural management (AG) or undisturbed praivie
(PR) landuse in the Grand Prairie (GP) region of east-central Avkansas or the Ozark Highlands (OZH)
region of northwest Avkansas. Different letters associated with mean values on a panel are different at P < 0.05.
An asterisk (*) indicates mean value is greater than o (P < 0.05).

the SOC pool through humification is likely more recalcitrant or physiochemically
protected in the native prairie, indicating more C storage is occurring within the
passive SOC pool.

3.2 Soil property changes over time

Most of the soil property differences measured in this study in the top cm over a
period of 15 years from 2001/2002 to 2016 were affected by physiographic region,
landuse, or both (Table 5). Changes in soil pH (P < 0.01) and EC (P = 0.01) over
the 15-year period differed among regions within landuses (Table 5). In contrast,
changes in SOM content, TC and TN content and concentration, C:N ratio, TC and
TN fractions of SOM over time differed (P < 0.05; Table 5) between regions, while
changes in TC content, C:N ratio, and TC fraction of SOM over time also differed
(P < 0.05; Table 5) between landuses. Neither changes in soil bulk density nor SOM
concentration over time were affected by region or landuse (P > 0.05; Table 5).

Soil pH and EC in the top 10 cm increased the most over time under cultivated,
row-crop agricultural management in the Grand Prairie, which was a greater
change over time than for the other three region-landuse combinations, which did
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Soil properties'
Treatment SOM (%) TN (%) TC (%)
Region
Grand Prairie (GP) 3.33 0.12 144
Ozark Highlands (OZH) 4.88 0.21 2.75
Landuse
Agriculture (AG) 331 0.14 1.81
Prairie (PR) 4.90 0.21 2.39
Region x landuse
GP-AG 2.09b 0.07c 0.97c
GP-PR 4.58a 0.14b 1.92b
OZH-AG 4.53a 0.21a 2.64a
OZH-PR 5.23a 0.21a 2.86a

"Different lower case letters for a soil property within a treatment category indicates a significant difference
(P< 0.05).

Table 4.

Summary of mean soil property changes by treatment (i.e., physiographic region, landuse, and their
interaction) over a 15-year sampling period for soil organic matter (SOM), total nitrogen (TN), total carbon
(TC) concentrations in the top 10 cm in silt-loams soils in Arkansas.

not differ (Table 6 and Figure 3). However, soil pH and EC also decreased the
most over time under non-cultivated agricultural landuse in the Ozark Highlands
(Table 6 and Figure 3). The differences in soil pH and EC change over time under
agricultural landuse likely were due to periodic lime applications and exposure to
bicarbonate-rich irrigation water for row-crop production in the Grand Prairie.
In contrast, soil pH and EC did not change over time under native prairie landuse
in either region, which may have occurred due to already having achieved some
level of equilibrium that maintained the soil in a well-buffered state. Similar to the
results of this study, based on samples collected in 1987 to a depth of 10 cm, also at
the Seidenstricker site in the Grand Prairie, Brye et al. [15] concluded that soil pH
levels were greater in the oldest cultivated, agriculturally managed soils, 12- and
30-year-old at the time, than in the native prairie and the youngest (1-year-old)
cultivated, agriculturally managed soil. Following a resampling of the same sites
in 2001, Brye et al. [15] reported that soil pH was still greater in the cultivated
agroecosystems than in the prairie, but that soil pH did not differ among the three
cultivated agroecosystems by 14 years later. Brye and Gbur [14], who compared
soil property differences in the top 10 cm between native, undisturbed, and
managed grasslands in the Ozark Highlands between 2001 and 2008, concluded
that, although numerically greater in the agroecosystems, soil pH did not differ
in the top 10 cm between native prairie and managed forage landuse, but soil pH
levels had decreased by 8% in the 7 years between samplings. The soil pH decrease
was attributed to a lack of liming in the managed forage lands and the presence of
natural mineralization of the SOM and nitrification processes that had been slowly
acidifying the soil [14].

In contrast to soil pH and EC, averaged across landuse, SOM content in the
top 10 cm decreased over time in the Grand Prairie (—0.37 Mg ha™' year™"), but did
not change over time in the Ozark Highlands (Table 3). Soil bulk density did not
differ over time (Table 5), but, despite the change in SOM concentration over time
being unaffected (P > 0.05) by region (Table 5), SOM concentration decreased
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Figure 2.

Landuse effects by physiographic region on soil pH and electrical conductivity (EC) in the top 10 cm from the
2016 sampling only under either agricultural management (AG) or undisturbed prairie (PR) landuse in the
Grand Prairie (GP) region of east-central Arkansas and the Ozark Highlands (OZH) region of northwest
Arkansas. Different letters associated with mean values on a panel are different at P < 0.05.

more in the Grand Prairie than in the Ozark Highlands (Table 6), which was

likely responsible for the decrease in SOM content in the Grand Prairie over time.
Furthermore, the Grand Prairie region, on average, is slightly warmer and wetter
than in the Ozark Highlands. Consequently, microbial decomposition of SOM was
likely somewhat greater over time in the Grand Prairie than in the Ozark Highlands.
Brye and Gbur [14] also concluded that SOM content did not change over time in
either the native prairies or the managed grasslands in the Ozark Highlands region.
In a study comparing landuse effects between the Ozark Highlands and the Grand
Prairie regions among silt-loam-textured soils to a depth of 10 cm, between 2001
and 2007, Brye and Gbur [13] also demonstrated that, averaged across landuse,
SOM content decreased in the Grand Prairie, but did not change over time in the
Ozark Highlands and attributed the results to the regional climate differences. The
Grand Prairie region also typically experiences longer durations of warmer temper-
atures, which stimulate microbial activity and lead to greater microbially mediated
SOM decomposition rates.
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Soil property Region Landuse Region x landuse
P
BD (gemyr™) 0.55 0.08 0.87
pH (yr™) <0.01 0.01 <0.01
EC(dSm™yr™) 0.17 <0.01 0.01
SOM (% yr™) 0.08 0.22 0.44
SOM (Mg ha™'yr™) <0.01 0.59 0.68
TN (% yr™) 0.05 0.76 0.15
TN (Mgha™' yr™) <0.01 0.57 0.16
TC (% yr™) <0.01 0.67 0.19
TC (Mgha™'yr™) <0.01 0.04 0.22
C:N ratio (yr™") 0.04 <0.01 037
TN fraction of SOM (% yr™") 0.02 0.99 0.96
TC fraction of SOM (% yrfl) <0.01 0.06 0.76
Table 5.

Analysis of variance summary of the effects of physiographic region, landuse, and their intevaction on soil bulk
density (BD), pH, electrical conductivity (EC), soil organic matter (SOM), total nitrogen (TN), and total
carbon (TC) concentration and content, C:N ratio, and the TN and TC fractions of SOM in the top 10 cm
[from the 2016 sampling in silt-loam soils in Arkansas.

Similar to SOM content, averaged across landuse, TN concentration (—0.004%
year '; Table 4) and content (—0.04 Mg ha™' year™'; Table 6) decreased by
more than a factor of two over time in the Grand Prairie respectively; table than
in the Ozark Highlands, which also decreased over time (—0.002% year_1 and
—0.01 Mg ha™ year™’, respectively; Tables 6 and 7). Despite the annual input
of fertilizer N for optimal row-crop production in the Grand Prairie, which only
meant to meet the crop N requirement, no other mechanisms of N input are enough
to overcome the net loss of N over time from the top 10 cm by likely leaching
and/or volatilization. In contrast to the results of this study, Brye and Gbur [13]
reported that, averaged across landuses, TN content increased over time at a rate
of 0.04 Mg ha™' year™" in the Ozark Highlands, but decreased at the same rate
(=0.04 Mg ha™"year™") in the Grand Prairie in the top 10 cm between 2001 and
2007. However, in a chronosequence of tallgrass prairie restorations in the Ozark
Highlands, TN content in the top 10 cm decreased over time with restoration age
and trended toward that in a nearby native prairie, which contained the lowest TN
content [23]. The variation in results among studies highlights the multifaceted and
highly limiting nature of N in both natural and cultivated ecosystems.

Similar to TN, averaged across landuse, TC concentration (—0.03% year_l; Table7) and
content (—0.33 Mg ha™ year_l; Table 6) decreased over time in the Grand Prairie. However,
in contrast, TC concentration (0.02% year_l, Table 7) and content (0.28 Mg ha™ year_l,
Table 6) both increased over time in the Ozark Highlands. There are many complex
processes that have been linked to fluctuations and accumulations of C within soils, such
as plant physiological responses to atmospheric CO,; light; and environmental stressors,
like temperature, nutrients, and water, as well as microbial responses to soil moisture
and temperature variations. In the case of this study;, all of these factors are potentially at
work, with likely a stronger influence stemming from microbial responses to differences
in soil moisture and temperature between physiographic regions, where greater microbial
decomposition is occurring in the slightly warmer and wetter climate of the Grand Prairie
than in the Ozark Highlands. Erosion from wind and water can also play a major role in SOC
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Treatment Soil properties’

BD pH EC SOM TN TC C:N N/SOM C/SOM
Region
Grand 0.005 0.027 0.002 -037b —0.04b —033b 0.13b 0.25 -0.32b
Prairie
(GP)
Ozark 0.003  -0.006  0.001 0.04a —0.01a 028 0182 —0.04 0.52a
Highlands
(OZH)
Landuse
Agriculture  0.006 0.019 0.003 -021 —0.02 0.06a 0192 044 0.29
(AG)
Prairie 0.001 0.001 0.000 -013 -0.03 -012b 0126  0.05 -0.09
(PR)
Region x landuse
GP-AG 0.008  0.053a"" 0.0058¢ —-038 —-0.03 -019 018  —0.09 -0.10
GP-PR 0.001  0.000b —0.000b -036 —-0.05 —047  0.08 042 —-0.54
OZH-AG 0.005 —0.015b 0.001b —0.03  —0.02 032 0.21 0.03 0.68
OZH-PR 0.000  0.003b  0.000b 0.11 -0.01 0.24 016  -0.06 035

"An asterisk indicates mean value is greater than 0 (P < 0.05).

7LUm'tsfor the soil properties are as follows: BD, g cm’3y771; pH, yril; EC, dS m’lyV’I; SOM, TN, and TC, Mg ha™t
yr'l; C:N, yr’j; and N/SOM and C/SOM, % yr'l.

7LfDiffeVent lower case letters for a soil property within a treatment category indicate a significant diffevence (P < 0.05).

Table 6.

Summary of mean soil properties in the top 10 cm by treatment (i.e., physiographic vegion, landuse and their
interaction) for soil bulk density (BD), pH, electrical conductivity (EC), soil organic matter (SOM), total
nitrogen (TN), total carbon (TC), C:N ratio, and the N and C fractions of SOM from the 2016 sampling in
silt-loam soils in Arkansas.

loss in soils, as well as the oxidation of SOC associated with cultivation, which could also be
contributing to the overall loss of soil C in the Grand Prairie. Conventional tillage is carried
out on an annual basis in the agricultural sites from the Grand Prairie used in this study,
thereby increasing the potential loss of topsoil and C from erosion and the loss of SOC from
oxidation and decomposition. Similar to the results of this study, Brye et al. [15] reported
anetloss of SOC from the top 10 cm in the Grand Prairie during a 14-year period from the
same Seidenstricker sites used in this study, where, averaged by landuse, SOC decreased at
arate of 0.1 Mg SOC ha™" year™. Over a 6-year period between 2001 and 2007, Brye and
Gbur [13] also reported, averaged across landuse, soil C sequestration rates in the top 10 cm
were 0.5and —0.4 Mg SOC ha™" year " in the Ozark Highlands and the Grand Prairie,
respectively. Similarly, Brye and Gbur [14] reported that, on average, SOC increased by

0.13 Mg SOC ha year " in the top 10 cm in the Ozark Highlands. In contrast to the results
of this study, a field experiment conducted on a silt-loam soil under soybean production

in the Mississippi River Delta region of eastern Arkansas, approximately 80 km east of the
sites in the Grand Prairie used for this study, showed that TC in the top 10 cm increased at an
average of 0.6 Mg SOC ha™ year " over a 6-year study period across numerous tillage-burn-
residue-level treatment combinations [24]. A study conducted across Texas (e.g., Bushland,
Temple, and Corpus Christi) determined the linear relationship between SOC sequestration
and average annual temperature was stronger ( = 0.99) than with rainfall (+* = 0.40),
where SOC decreased by 0.17 Mg ha™" year " for every degree increase in the annual
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Figure 3.

Landuse effects by physiographic region on soil organic matter (SOM), total nitrogen, and total carbon content
and concentration in the top 10 cm from the 2016 sampling only under either agricultural management (AG)
or undisturbed prairie (PR) landuse in the Grand Prairie (GP) region of east-central Arkansas and the Ozark
Highlands (OZH) region of northwest Arkansas. Different letters associated with mean values on a panel are
different at P < 0.05.

temperature, and SOC only decreased by 0.0023 Mg ha™" year™" as rainfall increased [25].
Results of the current study support the well-documented pattern that SOC sequestration
is greater in cooler (i.e., the Ozark Highlands) compared to warmer climates (i.e., the Grand
Prairie); however, the relationship between soil moisture levels and SOC sequestration is
more difficult to predict and does not follow a linear relationship.

As aresult of decreased TN and increased TC, averaged across landuse, the soil
C:N ratio increased in both regions, but increased more over time in the Ozark
Highlands (0.18 year_l) than in the Grand Prairie region (0.13 year_l, Table 6).
Similar to the results of this study, Brye and Gbur [13] concluded that the soil C:N
ratio increased between 2001 and 2007, but only under the agricultural landuse in the
Grand Prairie and that the soil C:N ratio did not change over time under native prairie
in the Grand Prairie and the Ozark Highlands, as well as under agricultural landuse in
the Ozark Highlands. In contrast, Brye and Gbur [14] showed that the soil C:N ratio
increased by 3.6% between 2002 and 2008 in grasslands in the Ozark Highlands.

Averaged across landuse, the TN fraction of SOM changed more over time in
the Grand Prairie (0.25% year_l) than in Ozark Highlands (—0.04% year‘l), but
both did not differ from a change of zero (Table 6). In contrast, the TC fraction of
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Soil properties
Treatment SOM (% yr_l) TN (% yr_I) TC (% yr_l)
Region
Grand Prairie (GP) —0.04b —0.004b —0.03b
Ozark Highlands (OZH) -0.01a -0.002a 0.02a
Landuse
Agriculture (AG) -0.04 -0.003 -0.00
Prairie (PR) -0.01 -0.003 -0.01
Region x landuse
GP-AG -0.05 —-0.003 —0.02
GP-PR —-0.04 —-0.004 —-0.04
OZH-AG -0.03 —0.003 0.01
OZH-PR -0.01 —-0.001 0.02

"An asterisk indicates mean value is greater than 0 (P < 0.05).

Table 7.

Summary of mean soil properties by treatment (i.e., physiographic region, landuse, and their interaction) for
soil organic matter (SOM), total nitrogen (TN), total carbon (TC) concentrations in the top 10 cm from the
2016 sampling in silt-loam soils in Arkansas.

SOM, averaged across landuse, increased over time in the Ozark Highlands (0.52%
year '), where the TC fraction of SOM decreased over time in the Grand Prairie
(-0.32% year’l) (Table 6). Increased TN within the available above- and below-
ground biomass and the resulting SOM, especially in N-limited ecosystems such as
native prairies or agricultural fields, can lead to increased microbial decomposition
and therefore loss of C and N within the soil until periods of anaerobic conditions
or cooler temperatures slow down decomposition process, therefore resulting in
an accumulation of SOC. Brye and Gbur [14] reported that TC and TN fractions
of SOM did not change over time in the Ozark Highlands, whereas the difference
in results could be the result of the shorter sampling period of only 7 years used by
Brye and Gbur [14] compared to the longer 15-year sampling period used in this
study.

In contrast to the other measured soil properties, changes in TC content, C:N
ratio, and TC fraction of SOM in the top 10 cm differed (P < 0.05) over time
between landuses (Table 5). Averaged across physiographic region, the change in
TC content and the TC fraction of SOM over time were greater in the agricultural
compared to the native prairie landuse, but neither soil property change over time
differed from a change of zero (Table 6). In contrast to TC content and the TC
fraction of SOM, averaged across physiographic region, the C:N ratio increased
more over time in the agricultural (0.19 year ") than in the native prairie landuse
(012 year’l; Table6).

These results are somewhat contradictory to the stated hypothesis, where
greater SOC sequestration was expected to occur in the native prairie landuse over
time. However, the disagreement between the results and the stated hypothesis was
likely driven by the fact that the largest numeric increase in TC content occurred
within the agricultural landuse (0.32 Mg ha™" year™") in the Ozark Highlands and
the greatest numeric decrease occurred in the native prairie in the Grand Prairie
(~0.47 Mg ha " year™"). Since the agriculturally managed soils in the Ozark
Highlands were not tilled on any regular basis and were used as grazed pastureland
and mowed hayland, it is within reason that SOC would be increasing within these
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ecosystems, as there are likely fertilizers added annually or semi-annually to these
agroecosystems in the form of both inorganic fertilizers and/or manure, which
would stimulate plant growth and increase above- and belowground biomass to add
to the SOM and SOC pools.

Managed grazing practices (i.e., rotational grazing) have also been known to
increase SOC storage in soils. A grazing study conducted in a northern mixed-grass
prairie in Wyoming under both light and heavy stocking rates reported increased
SOC in the top 30 cm (0.30 Mg C ha™" year™") compared to the non-grazed sur-
rounding exclosures [26]. However, a meta-analysis conducted on C sequestration
in native rangelands of the North American Great Plains revealed that, although
there was no statistical relationship between the change in SOC content and the lon-
gevity of a grazing management practice, the general trend suggested a decrease in
SOC sequestration as the age of the grazing management system increased, where
the range of years under management were between about 20 and 80 years [27]. The
duration under consistent grassland management for the sites in this study within
the Ozark Highlands was roughly greater than 20 years, thus was at the younger end
of the age range evaluated by Derner and Schuman [27].

The decrease in TC in the native prairie within the Grand Prairie was unex-
pected, where the most likely explanation was the combination of severe fragmen-
tation and periodic vehicle traffic and compaction from agricultural machinery
in order to reach the cultivated fields surrounding the prairie. Contrary to the
results of this study, Brye et al. [15] reported that, in the same native prairie at
the Seidenstricker site in this study, a significant increase in SOC concentration
occurred from 1987 to 2001. Brye and Gbur [13] also reported that landuse dif-
ferences in SOC content change over time, averaged across physiographic region,
equated to SOC sequestration rates of 0.4 and —0.3 Mg ha™" year™ in the top 10 cm
of the native prairie and agricultural landuse, respectively. The loss of SOC by the
conversion of natural vegetation to cultivated landuse, as well as the continued
loss of SOC as duration under cultivation increases, is well known, despite varying
results due to factors such as soil texture, cropping system, residue management,
and climate [6, 8, 28-30]. Tillage can have one of the greatest influences on SOC loss
over time due the disturbance of the macroaggregates that form around and protect
particles of undecomposed SOM, leading to the mineralization of that SOM, and
consequently a loss of SOC. A study conducted on a silty-clay-loam soil in south-
central Texas reported an average 50% increase in SOC storage in the top 5 cm
over a 20-year sampling period under a no-tillage management plan compared to a
conventional tillage practice [30].

Jones and Donnelly [31] conducted a meta-analysis study among landuses
ranging from native undisturbed grasslands to poorly managed rangelands and
concluded global soil C sequestration rates in the top 15 and/or 30 cm ranged
from 0 to approximately 8 Mg SOC ha™' year™. In the current study, the larg-
est mean soil C sequestration rate was measured in the agriculturally managed
soils within the Ozark Highlands (0.32 Mg C ha™" year™'). However, greater SOC
sequestration rates were expected to occur in the native prairies compared to the
agricultural landuse and greater accumulation of SOM, TC, and TN was expected
in the Grand Prairie region compared to the Ozark Highlands based on results
of previous studies conducted at these sites [11-15]. Differences between studies
conducted previously at these sites could stem from variations in sampling and
analytical methods over time; however, differences are more likely the result of
actual changes over time, identified by direct measurements, over a longer period
(i.e., 15 years) in this study instead of using regression analyses or linear relation-
ships and shorter study periods (i.e., <8 years) that were used in several of the
previous studies [11-15].
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Considering only the Grand Prairie sites consisting of a native tallgrass prairie
and three agroecosystems that varied in duration under cultivation that originated
as part of the native prairie tract, regression analysis revealed no significant rela-
tionship between soil C sequestration rate in the top 10 cm over the 15-year period
from 2001 to 2016 (P > 0.05) or TC storage from 2016 alone (P > 0.05) and duration
of years of annual cultivation. Severe fragmentation and mismanagement of the
native tallgrass prairie could be the cause of this lack of a significant linear relation-
ship. Brye et al. [15] somewhat similarly concluded that the relationship between
SOC and years of cultivation did not change significantly over a 14-year period
between 1987 and 2001 in the same study sites within the Seidenstricker site.

4, Conclusions

Changes in near-surface soil C and N and related properties, assessed by direct
measurement, over a 15-year period in silt-loam soils in Arkansas differed between
physiographic regions and landuse and among their treatment combinations. Similar
to that hypothesized, averaged across region, SOM, TC, and TN in the native prairie
landuse did not change over time, indicating some degree of equilibrium exists in the
less-disturbed, more natural ecosystems. However, in contrast to that hypothesized,
SOM, TC, and TN also did not change over time in the managed agricultural landuse
when averaged across region. Though not significant, cultivated row-crop agricul-
ture on alluvial soils was shown to have at least numerically lower C and N storage
and C and N decreased more over time than that in managed pastureland on residual
soils, likely due to the long history of intensive tillage, despite alluvial soils typically
being generally considered more fertile than residual soils.

Results of this study demonstrate how the combination of climate and soil
parent material, which constituted the major differences between physiographic
regions that were investigated in this study, can have a large influence on SOM, C
and N storage, and change over time. Despite differing types of managed agricul-
tural landuse between the two regions, physiographic region clearly had a greater
influence than landuse, as evidenced by more soil property changes over time
evaluated in this study differing between regions when averaged across landuse
than differed between landuses when averaged across regions.

Results also showed that more numerous differences between regions and
landuses were identified when only a single measurement set in time was consid-
ered compared to much fewer differences between regions and landuses recognized
when assessing change over time based on direct measurements. In the absence of
direct measurements, any inferences drawn about temporal trends in soil proper-
ties, particularly those like SOM, C, and N, that are key to improving understanding
about the effects of rising mean annual air temperatures, rising atmospheric green-
house gas concentrations, and global climate change in general must be tempered
with numerous caveats because those inferences could be misleading.

Many types of ecosystems are resilient and conditioned to resist change. Though
inconvenient for numerous reasons, direct measurement over time in long-term
studies, as were conducted in this study, perhaps offers the most appropriate
methodology to assess temporal variation in soil properties and ecosystem char-
acteristics toward understanding global climate change. Therefore, long-term,
direct-measurement studies should be maintained and expanded to increase the
accuracy of cataloging important ecosystem processes, such as soil C sequestration
and other beneficial soil properties, particularly in disappearing native prairie
ecosystems in Arkansas and elsewhere. The results of long-term studies will provide
more useful and effective guidance for rehabilitating and/or restoring areas of
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degraded land and/or minimally productive agricultural land. Ecosystem restora-
tion projects will not only likely increase soil health and sustainability, but applying
similar restoration principles to agricultural lands may increase productivity and

collectively contribute to slowing, or potentially reversing, the global threat of
rising greenhouse gases in the atmosphere and climate change.
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Abstract

Understanding management-induced C sequestration potential in soils under
agriculture, forestry, and other land use systems and their quantification to
offset increasing greenhouse gases are of global concern. This chapter reviews
management-induced changes in C storage in soils of grazing grassland systems,
their impacts on ecosystem functions, and their adaptability and needs of protec-
tion across socio-economic and cultural settings. In general, improved management
of grassland/pasture such as manuring/slurry application, liming and rotational
grazing, and low to medium livestock units could sequester C more than under high
intensity grazing conditions. Converting cultivated land to pasture, restoration of
degraded land, and maximizing pasture phases in mixed-cropping, pasture with
mixed-livestock, integrated forestry-pasturage of livestock (silvopastoral) and
crop-forestry-pasturage of livestock (agro-silvopastoral) systems could also main-
tain and enhance soil organic C density (SOCp). In areas receiving low precipitation
and having high erodibility, grazing exclusion might restore degraded grasslands
and increase SOCp. Yet, optimizing C sequestration rates, sowing of more produc-
tive grass varieties, judicial inorganic and organic fertilization, rotational grazing,
and other climate-resilient approaches could improve overall farm productivity and
profitability and attain sustainability in livestock farming systems.

Keywords: carbon sequestration, grazing grassland, silvopastoralism,
integrated land uses, livestock farming
1. Introduction
Soil stores 2-3 times more carbon (C) than the atmosphere. Soil organic carbon
(SOC) pools under contrasting long-term management systems provide insights into

the potential for sequestering C, sustaining soil productivity and maintaining func-
tions in the biosphere-atmosphere interface. The broadest division of grassland, both
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natural and anthropogenic, is between temperate and tropical grasslands. Globally,
grasslands (pasture, silage and hay) dominate major agricultural areas and contribute
20-30% to the SOC pool by sequestering atmospheric CO,, thus mitigating climate
change [1, 2]. Livestock graze mostly on pasture and meadows, and the production
systems are highly diverse, ranging from low-input grasslands in arid and semiarid
regions to highly intensive pasture in more mesic environments, integrating livestock-
crop-forage systems. Grazing is one of the most important factors that could change
the soil C density in grassland systems. Understanding the impacts of grazing inten-
sity and livestock types under different management systems on SOC sequestration is
a key to providing the most effective soil C management strategies.

Soil C storage depends on the C input mainly through the root biomass, added
C, and its release mediated by soil processes. Belowground processes may respond
differently from aboveground vegetation to grazing whereas change of plant com-
munity structure induced by grazing does not necessarily lead to decreased soil
C storage [3]. Although grazing in some cases decreases vegetation growth, good
management can improve its growth on many degraded lands [4]. In addition to
biogeochemical processes and environmental factors, SOC storage under grasslands
and the associated land uses is regulated importantly by biotic factors, e.g., livestock
type, grazing intensity, grass species, and their heterogeneity [1]. Some recent
studies show that intensification of livestock management could enhance C losses in
association with emissions of GHGs [5]. Others show that intense grazing pressure
and large additions of manure over short periods (e.g., rotational grazing) increase
soil C and water infiltration and retention, and eventually enhance plant production
[4]. Soil C sequestration in grasslands varies between 0.03 and 1t C ha™" year™,
depending on land type, land use, climatic factors, and treatments [6].

Grazing intensity and management may modify soil physical structure, func-
tion, and SOC storage capacity that could reduce or increase nutrient retention,
water storage, pollutant attenuation, soil fertility, plant productivity, and species
composition [7]. For sustainable management of pastures and rehabilitation of
degraded lands, tailoring flexible and site-specific grazing management, depend-
ing on climate conditions and the availability of local resources, and avoidance
of the extreme process of land degradation that may deteriorate further with cli-
mate change are in need. Carbon balance is controlled by the nature, frequency,
and intensity of disturbances in grassland ecosystems [8]. However, the relation-
ship between grazing intensity and SOC is generally nonlinear [9]. Previous
studies have found mixed results [10], with some showing increases [11], no
effect [12], or decreases [13] in SOCp. Other recent reviews [10] state that high
grazing intensity significantly decreases belowground C and N pools, and those
effects depend on livestock type and climatic conditions. However, some mecha-
nisms are not well understood, and mixed results are common. Animal manure
and other offsite organic applications have significant potential for sequestering
C in soils, but the proportion stabilized may depend on local climatic and edaphic
conditions and the decomposability/degradability of the materials added [14].
Grazing also accelerates N cycling and promotes N losses through NH; from urine
and dung patches [15] which, in nutrient limited systems, may constrain C inputs
and humification rates.

Globally, most soils are responsive to management changes to increase SOCp. The
greatest response comes from retirement and restoration of degraded agricultural lands,
manure/bio-solid applications [10], improvements of pasture lands, adaptive grazing
management systems, inclusion of woody species into the pasture system, and conver-
sion from cropland to pasture [6]. This chapter advances evidence-based C sequestra-
tion potential in soils of pasture and associated lands under various livestock systems
(Figure1). The main aims are to (a) improve the knowledge base and understanding of
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Figure 1.

Lii:tock grazing in grassland and other related land uses. (a) Grazing grassland in Temperate vegions (Source:
ARC 2020), (b) Grazing grassland in Tropical regions (Source: SLU), (c) Grazing grassland in Meditervanean
regions (Source: Dreamstime), (d) Grazing grassland in Arid regions (Source: NMSU), (e) Integrated crop-
livestock system (Source: People Food & Nature) and (f) Integrated silvo-pastural system (Source: Aftaweb).

management practices and technologies to increase and maintain SOC while reducing
climate change footprint and achieving productivity and environmental benefits; (b)

identify region/biome-specific management practices to enhance/maintain SOC and

combat environmental degradation without sacrificing food security; and (c) outline
economic, ecological, social, and policy options for storing additional SOC.

2. Carbon sequestration potential in soils under livestock-associated
pasture management practices

2.1 Grazing grassland/pasture management

Adjustment of grazing/management intensity to climate and soil type could
increase SOC. Positive and negative impacts of grazing on SOC storage compared
to unharvested rangeland have been reported for semi-arid regions of the USA
[5], Western Canada [16], the Netherlands [17] and the United Kingdom [18]. In
many cases, grazing favors C sequestration via animal returns and heterogeneity of
vegetation with the exception of very intensive systems. This can be considered as
amosaic of patches of variable vegetation height, with or without the presence of
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urine and dung. In contrast, very intense grazing, or short periods between succes-
sive grazing can lead to a trade-off between biomass production and C inputs to soil
(i.e., root production and litter), and subsequent C sequestration [8].

Even so, managed grasslands have the potential to act as C sinks, sequestrat-
ing on average 0.7 + 0.16 t C ha " year™ [19]. However, there is a large variability
in soil C accrual due to differences in climate, soil, and vegetation conditions as
well as due to varying biomass removal. Under low biomass removal [~30% of
present biomass], soil C sequestration of European grasslands may reach up to
1.27 + 0.40 t C ha™! year™’, while at medium biomass removal (30-70%) to high
(>70%) values are lower, depending on fertilization level and climate (Table 1).
Indeed, high biomass removal (>70%) may lead to SOC losses. In North Dakota,
USA, along-term study in three mixed prairie sites (mainly Blue grama: Bouteloua
gracilis) found that the moderately grazed pasture (2.6 ha steer™") contained 17%
less SOC than the exclosure treatment, but heavy grazing (0.9 ha steer™") did not
reduce it further (Table1) [5, 18]. For 12 years, the annual rate of change in SOC
(0-90 cm) followed the order: low grazing pressure (117t C ha™' year™") > unhar-
vested (0.64) = high grazing pressure (0.51) > hayed (0.22). Moreover, grazed
(cattle) tall fescue-common bermudagrass pasture (20 years old) had greater
SOC (31%) at a depth of 0-20 cm than adjacent 24-year old conservation-tillage
cropland [19]. Improved C sequestration for extensive grazing, showing a sink of C
(0.86 + 0.74tCha™ year‘l) , vs. mown systems was also confirmed for Hungarian
sandy grasslands, during which the mowing management (cut once per year)
became a source of C (=122 + 0.35tC ha™? year_l) [20]. These C losses were attrib-
uted to a higher herbage use intensity of the mowed grassland compared to the
grazed one. In addition to intensive biomass removal, soil erosion can contribute to
reducing SOC in pastures heavily grazed by cattle.

Even so, under some conditions, high biomass removal may improve C sequestra-
tion. Such as the semi-arid grasslands in Colorado (shortgrass steppe), where changes
in SOC were higher with heavy grazing (60-75% utilization; 2.27t C ha™" year™")
compared to light grazing (20-35% utilization; 0.55t C ha™" year™") (Table1) [21].
Significantly higher soil C (0-30 cm) was measured in grazed pastures (1.06 + 0.03 t
Cha™' year™") compared to nongrazed exclosures (0.20 + 0.14). In fact, heavy stocking
rates in shortgrass steppe resulted in a plant community dominated by the C4 grass,
blue grama, while exclusion of livestock grazing increased the production of C3 grasses
and prickly pear cactus (Opuntia polyacantha) [22]. In addition to plant community
changes, grazing exclusion leads to an immobilization of C in excessive aboveground
plant litter of forbs and grasses and lack of dense fibrous rooting systems conducive to
SOM formation and accumulation. Accordingly, outcomes indicate that stimulation of
annual shoot turnover and redistribution of C within the plant-soil system contributes
to an increase in SOC. Furthermore, the higher SOC in heavily grazed grassland may
be attributable to higher inorganic C (SIC), than the nongrazed treatment, and long-
term grazing could decrease the readily mineralizable fraction of SOM. These effects
emphasize the importance of inorganic C in assessing the mass and distribution of
plant-soil C, and in evaluating the impacts of grazing management on C sequestration
particularly in semiarid and arid ecosystems.

C sequestration, of course, should not be the only priority when making deci-
sion of pasture-based livestock farming systems located in less productive areas,
(e.g., southern Europe and mountainous regions), which are highly relevant in both
environmental and social terms. Although, C sequestration should be promoted
to mitigate climate change and improve soil quality (water holding capacity and
nutrient turnover). Solutions such as adaptive multi-paddock grazing or rotational
grazing systems may increase carrying capacity and restore soil C. In other systems
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Biomes/regions Livestock Livestock density Fertilization SOCp changes
category (LSU:L, M, (N, P)and (tCha™ year“l)
and H) *and liming
management (kg ha™)
Ppractices
The EU and Cattle L = LSU <0.6; HUI Zero and 1.27 + 0.40*
France (managed <0.3 >100 N
grassland) [23] M = LSU 0.6-1.3, Zeroand 112+ 032
HUI0.3-0.7 >100N
H=HUI0.7-1 Zero —0.57 +nd
>100 kg N 0.74 £ 0.30
Australia Mixed (cattle/ M — 0.50 + nd
(perennial and sheep) Liming + 040 + 0.06*
annual pasture) .
nutrients
[24-28]
Liming + 0.35 + nd*
phosphate
Density = 0%, — 0.10 + 0.10
L to H = 50-200% —0.45 + 0.53*
Rotational grazing M — 0.35+nd
[29]
Hungary (extensive Cattle L = 0.64 NLSU, — 0.86 + 0.74
grazing) (mowed) HUE: 04
(Grazing +1 cut)
[20]
L=HUEO0.6 — -1.23+0.35
Hungary [30] Mixed L (Cattle, sheep, — 0.0013 + nd
goat, and horses)
Mediterranean, L=0.7-25eweeq — 0.05-0.10
Spain (extensive ha™
grazing) (cattle, sheep, pigs,
and goats)
USA (mixed Steers H+M Inorg. (N: 0.03 + 0.00
prairie) [5] 200-270),
(Grazed Bermuda inorg-org.
grass) [31, 32] (73.6), and
-Mixed prairie broiler litter
- Short-grass steppe
[21,22]
Cattle L — 117+ nd
Angus Steers H 0.51+nd
M — 0.65 + nd
Sheep L — 0.20 + nd*
H 1.51 + nd*
L = YH (20-35% Long-term 0.55+nd
utilization) grazing 227 +nd
H = YH (60-75% Heavy
utilization) grazing

LSU = Livestock density unit (ha™" year™); L = Low; M = Medium; H = High; nd = Not determined; YH = Yearling
heifers; SOCp = SOC density; * = Pooled/Averaged.

Table 1.
Annual SOC density changes (t C ha™ year™) in grazing grassland/pasture and the associated management
practices.
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such as marginal grasslands, introducing perennial grasses can increase pasture pro-
ductivity [33] and build SOC storage, while minimizing surface erosion. Perennial
grasses, compared to annuals, generally allocate a greater fraction of productivity

to the maintenance of a deeper and more extensive root system [24, 25], resulting

in an average increase of 0.15-0.50 t C ha™" year™". Also, the introduction of more
productive species [34], improved grazing regimes, fertilization practices, and
irrigation management has been proposed for intensively managed pastures in
North America for further potential C gains of 0.2t C ha™" year™".

Practices, including liming, gypsum amendment (e.g., 125 kg ha™"), and nutri-
ent managements, could increase SOC within a range of 0.29-0.55t C ha™" year™
(e.g., Australia). These gains are primarily attributed to increased plant production.
In general, mineral phosphate fertilizers are applied to pastures on granite-derived
soil, while gypsum is applied to address inherent deficiencies on basalt-derived soil.
The application of P either alone or coupled with lime sequestrated C in soils at 0.41
and 0.29 t C ha™" year™". However, for land occupied by low to medium intensity
grazing (~90% of Australia’s agricultural land), soil and climate conditions are not
suitable for other more intensive agricultural practices. Given the large area occu-
pied by these lands, a small gain in SOC per hectare would translate to a high total
sequestration [26].

2.2 Integrated farming with grazing

Adoption of sustainable practices is needed to maintain soil fertility and sub-
sequent productivity, and to avoid soil degradation and SOC depletion. Integrated
farming systems often provide a combination of good management practices. The
success of integrated system in promoting SOC accumulation largely depends on
successful maintenance of good management practices over time. Besides, C accu-
mulation and the capacity of the soil to maintain its levels depend on a variety of
factors such as clay soils contribute to higher SOCp and its maintenance [35, 36] and
above-ground species diversity such as co-existence of shallow and deep-rooting
species [37] influence below-ground diversity [38] and provide a constant soil cover
and biomass inputs to combat erosion and maintain nutrient inputs balance at vari-
ous soil depths through.

Incorporating legumes into grazed grasslands and woodlands/savannas can
address the N deficiency as common in mature, unfertilized rangeland soils. This
practice has been used in tropical/subtropical regions of northeastern Australia
[39] and in areas of Western Australia with a temperate climate. Here, growing
Leucaena leucocephala in rows in C4 grassland in subtropical regions increased SOC
by 17-30% over 40 years (sequestration rate of 0.28 t ha™! year_l, Table 2). Also,
improved management practices (fertilization, liming, irrigation, seeding legumes,
planting more productive grasses, and using appropriate grazing regimes) have
been reported to increase C sequestration (0.72 t C ha™* year™") in 22 municipalities
of the Brazilian states of Rondénia and Mato Grosso [40].

A number of integrated farming systems (IS) such as crop-livestock (agropas-
toral system, ICL), crop-forestry (silvoarable system, ICF), forestry-pasturage
of livestock (silvopastoral system, ILF), and crop-forestry-pasturage of livestock
(agro-silvopastoral system, ICLF) are reported to improve C sequestration. For IS
in Southern Amazon and Cerrado (neo-tropical savanna) of Brazil, C sequestration
rates of 0.60 and 1.30 t C ha™" year " were reported for 0-30 and 0-100 cm soil
depth, respectively (Table 2) [37]. In the Mediterranean area of Italy with Dystric
Cambisols, the conversion of cork oak forests to grasslands (i.e., silvopastoral
ecosystems) showed that the C sequestration rate in topsoil (20 cm depth) was
0.71 + 0.13 under frequent crop rotation (with 5 years of cereals or legumes, oats,
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Italian ryegrass, and annual clovers or vetch followed by spontaneous herbaceous
vegetation in the sixth year), and 1.20 + 0.07 t C ha™" year™’, under temporary
pasture (5 years of spontaneous herbaceous vegetation and 1 year of hay crop),
respectively (Table 2) [41].
In agrosilvopastoral system of the Iberian Peninsula (Mediterranean woodlands,
Dehesas or Montados in Spain and Portugal, respectively), the improvement of C
sequestration was mainly attributed to permanent pastures with mixed livestock
raising at low stocking densities without external fodder inputs, exploitation of
holm and/or cork oaks and arable systems with long rotations, and closed nutrient
cycles. This was in opposite to soil tillage required in many Mediterranean soil/cli-
mate conditions to allow production of arable crops likely to reduce C sequestration.

Biomes/regions Livestock Livestock density Fertilization SOCp
category and/or No. LSU* (NandP) changes (t C

and liming ha™ year™)

(kg ha™)
Queensland, Cattle LtoM =045 P=22 0.28 + 0.00
Australia AEha™%1 S=28
(grassland and AE = 400 kg steer
planted tree legumes
mixed) [39]
Southern Amazon, Cattle H=2127AUha™? 370 NPK; 318 0.60 + 0.12
Brazil SP; 105 130+ 0.23
(integrated crop- KCl; 3245
livestock-forestry) NPK; 86 urea +10
[37] KCl; 400 SP + 69

KCI; Pasture:
30 SP
Amazon, Brazil Beef cattle M — —0.03 to
(nominal) 0.72+nd
Improved with Fertilization, 0.61 + nd
legume and lime, and
productive varieties irrigation
[40]
Mediterranean, Italy Sheep L = 34 sheepha™ 50-39 (N-P) 071013
il 41

(silvopasture) [41] L - 6 sheepha™ 50-39 (N-P) 120 +0.07
Inner Mongolia Cattle/sheep L Season long 0.10 + 0.00
(semi-arid steppe) grazing grazing
[9] exclusion
China M 0-30 cm 0.23+0.03
(degraded 0-100 cm 0.19 + 0.04
grassland) [42]
Northern China M — 0.10 = 0.00
(semi-arid,
grassland) [43]
China H — 143 +0.00

(desert steppe) [44]

LSU = Livestock density unit (ha™" year™); L = Low; M = Medium and H = High; SOCp = SOC density change; nd:
Not determined.

Table 2.
Annual SOC density changes (t C ha™ year™) in integrated farming with grazing grassland, shrublands, and
the associated management practices.
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2.3 Grazing shrublands and exclusions

Overgrazing is one of the main causes of desertification in semiarid grasslands,
and grazing exclusion (GE) is an effective management practice globally, to restore
degraded grasslands and improve SOCp significantly via plant biomass and soil
microbial biomass compared to grazing management [44]. The C dynamics in
grassland ecosystems with GE showed a positive impact of GE on vegetation and
SOCp at most sites [42]. The mean values for SOCp change were 0.23 + 0.03 and
0.19 + 0.04 t Cha™ 'year™ " in 0-30 and 0-100 cm, respectively. Changes in SOCp
rates showed an exponential decay trend since GE and reached steady state at a
later stage. Also, reduction in grazing pressure was reported (medium grazing,
cattle/sheep) to result in a considerable increase of SOC and that the rate due to GE
(10 years) was 0.10 t C ha™' year™" (Table 2), suggesting that degradation of the
grassland is being reversed [43].

For instance, the Alexa desert steppe has been strongly degraded by over-
grazing, contributing around 22% of the total springtime dust originating
from Asia. The effects of 7 years of GE on C dynamics showed lower SOC and
higher SIC pools in areas with GE [44]. The total C pool in the GE plant-soil
system was 10% greater than that in the area grazed over that time period
(primarily due to 21% greater SIC), with a sequestration of 1.43 t C ha™" year™
(Table 2). In semiarid steppes, recovery of heavily declined SOC caused by
overgrazing is difficult and influences of long-term grazing on depression
of nutrient cycling could be observed. For instance, in the semiarid steppes
typical of Inner Mongolia, SOCp was found comparable between grazed
sites (average of 3 locations with sheep) and nongrazed GE sitesat 0.1t C
ha ' year™ (Table 2) [9]. Soil organic C levels in Artemisia frigida grassland
was about 70% of that in Leymus chinensis, and in A. frigida grassland, it was
significantly lower in grazing compared to nongrazing sites.

However, contrasting effects of overgrazing have also been reported [43, 45].
Soil IC pools could markedly contribute to the total C pool following GE, possibly
due to the enhanced formation of pedogenic carbonates, higher soil water content,
or increased carbonate capture in dust by recovering vegetation. On the other hand,
the pool of SOC can be decreased by 11.5% in exclosure soils compared with the
grazed site [46], linked mainly to the decrease in surface soil bulk density. These
findings are potentially important because the Inner Mongolia grassland is the
largest in the world and its degradation under heavy grazing is a source of dust
storms that have major regional and global impacts. The positive impact of GE on
vegetation and SOCp [42] could improve enzyme activities and basal soil respira-
tion in degraded sandy grassland, suggesting that degradation of the grassland is
being reversed [13, 43]. A viable option for sandy grassland management could
be to adopt proper exclosure in a rotation grazing system in the initial stage of
degradation.

In Mediterranean regions, livestock take advantage of shrubs and grass during
grazing while producing and dispersing manure. This represents the acceleration of
transformation of plant OM into SOM, leading to an increase in SOCp and makes
them more resilient to future scenarios of global change [14]. Revegetation is very
important especially to stop desertification processes and thereby increase SOC
storage and improve soil health. Grazing management and cultivation of fodder
have a high level of structural diversity both on a within and between habitat scale
[47]. Greater SOCp directly underneath the tree canopy suggests that maintaining
or increasing tree cover may increase long term storage of soil C in Mediterranean
silvopastoral systems.

1
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2.4 Land use change from pasture to cropland and vice-versa

Multiple factors such as soil properties, land management, vegetation types,
LUC, and climatic conditions influence soil C sequestration. Overall, the conversion
of pasture into arable land leads to SOC loses with a balance up to 50 Pg [6] and
up to 59% [48]. In the humid temperate zone of Europe, conversion of permanent
grassland/pasture to arable land by plowing is associated with high SOC losses,
especially in the first year after conversion (Table 4) [49].

Carbon loss after grassland conversion to cropland are often rapid (—36 + 5%;
on average estimated 1.81 t ha™" year ") with a new SOC equilibrium being reached
after 17 years [50]. Conversely, grassland establishment on cropland can be a long-
lasting C sink with a relative density change of 128 + 23% with no new equilibrium
reached within 120 years (Table 3). Comparing sites, SOC increased with tempera-
ture and precipitation but decreased with depth and clay content. Regarding depth,
top and subsoil SOC changes follow the same trend, but changes are often smaller in
subsoil (25 + 5% of the total SOC changes). Results of a meta-analysis from 74 pub-
lications indicate that overall, SOCp declines after land use change from pasture to
crop (=59%; -19 + 7t ha™') and increases when converting crop to pasture (+19%;
18+ 11tha % on average 0.56 t ha'of 32 years; Table 4) [48, 50], while mean SOC
changes mostly occurred in the upper 30 cm.

Biomes/regions Livestock Livestock Fertilization (N and SOCp changes (tC
category density P); liming (kg ha™) ha™ year™)
(LSU*) and slurry (tC
ha™! year“l)
Germany (grassland Cattle M=22, ~46 N, ~7 P (7 yrs); 277 +179°
to cropland) [49] 0-1cut Slurry: ~0.1-0.2tC
ha™? yeaf1
M=19; ~64 N (1year); Slurry: —272 +11.70"
2-3 cuts ~0.2-04
Ireland [51] — — 87-316 N (mineral and -12.88°
organic fertilizers)
Temperate zone [50] — — — —1.81+0.55¢
Europe [52] - — — —19.00 + 7.00
Europe (cropland to — — — 1.99 + 0.55°
pasture) [50-53]
0.56 + 0.34f
0.22+nd
Australia (cropland — — — 0.33-0.70 + nd

to pasture) [2, 37, 54]

LSU = Livestock density unit (ha™ year™); L = Low; M = Medium and H = High; SOCp = SOC density change;
nd: Not determined.
“7-year average.
1-year average.
°2.5-year average.
dZO—yem' average.
°20-year average but reaching an equilibrium may take >100 years.
132-year average, yet to veach equilibrium.

Table 3.
Annual SOC density changes (t C ha™ year™) in land uses change from graging grassland/pasture to cropland,
from cropland to grazing grassland/pasture, and the associated management practices.
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2.5 Degraded and other grassland areas

Soil carbon can be lost from grassland areas due to degradation, sometimes in
association with management for grazing. For example, evaluation of the effects of
management on SOCp in grasslands compared to native vegetation in 22 municipal-
ities of the Brazilian states of Rondénia and Mato Grosso showed that in degraded
grassland, SOCp declined by about 0.27-0.28 t C ha™" year™" [39]. This indicates
that degraded unmanaged grasslands in tropical regions lose C from the system
(Table 4). Similar losses were found in temperate regions. In a shortgrass steppe,
28% less SOC was measured at locations with little or no plant input for about 45
years [55].

To assess the impact of animal trampling on soil properties, a study was con-
ducted at a sub-alpine pasture in the Canton of Fribourg, Switzerland that had
been used for summer grazing for over 150 years with a livestock density of about
4 cattle ha™" (Table 4) [56]. The SOCp in the 0-25 cm depth for areas of intensive
trampling (“Bare steps”) was 60 t C ha™", vegetated shoulder between trampled
areas 74 t C ha™", and unaffected slope 76 t C ha™". The loss of SOC by trampling
accounted for about 15 t C ha™, 20% of the total stock in this layer, or 30% on an
equivalent soil mass basis (16 t C ha™" over 150 years = 0.11t C ha™' year™). In the
bare steps, physical protection and aggregate stability are reduced, exposing soils
to the eroding power of raindrops, making them susceptible to overland water-
flow, and depletion of organic C and N. Decrease in SOCp is most probably the
result of three different processes, (i) erosion of the unprotected bare soils, (ii)
reduced C input due to the lack of vegetation, and (iii) soil aggregate disruption
through trampling.

Sequestration estimates for more marginal and less-managed rangelands
generally fall below 0.5t C ha™ year™" [7]. With recommended management, it
was assessed that rangelands could sequester SOC at a rate of 0.1t C ha™" year™"
with an additional 0.2-0.3 t C ha™" year™" mitigation through avoided emissions
[57]. In addition to a general increase in sequestration rates, planting of perma-
nent vegetation in degraded and marginal lands could act as larger C sinks with
sequestration rates in soils from nil to 1.1t C ha™" year™' depending on the use of
manure/bio-solid applications [7, 15]. In summary, sequestration potential for
numerous management practices could be 0.44 + 0.20 t C ha™" year™" [15]. While
most studies have shown increased sequestration rates with improved grass-
land management, nil or negative effects on C sequestration in soils have been
reported, possibly associated with poor experimental design or climate and soil
limitations [2].

Biomes/regions Livestock Livestock density (LSU*) and SOCp changes (t C
category management practices ha™ year™)
Switzerland (summer Cattle L = Bare steps = 4 cattle ha™ —0.10 + nd
grazing pasture) [56] L = Vegetated shoulder = 4 0.09 +nd
cattleha™ 0.11+nd
L = Unaffected slope = 4 cattle
ha™
Brazil (Amazon) [40] Beef cattle — —0.28 + nd

LSU = Livestock density unit (. ha™? ymr’l); L = Low; nd: Not determined.

Table 4.
Examples of SOC density changes (t C ha™ year™) in degraded and other land areas and the associated
management practices.
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3. Challenges and opportunities to improve SOC storage in pasture
management systems

3.1 Livestock management impacts on soil carbon sequestration potential

Anthropogenic land use decreases soil C storage worldwide and often contributes
to soil degradation and erosion. Loss of SOC occurs due to reduced organic matter
inputs, deforestation, plowing, and sealing and animal impacts such as trampling.
Globally, grazing lands comprise the largest and most diverse single land resource
and represent an important component of terrestrial C cycling and sequestration [1].
Trade-offs among productivity, GHG emissions and SOC sequestration should be
considered for the management of livestock farming to ensure sustainable production
and climate mitigation. Climatic variables, particularly rainfall and temperature, and
soil characteristics are major factors in determining potential storage of C in soils
under managed livestock systems [58]. The data available suggest that C content var-
ies widely among different grassland types as well as livestock management practices.

The effects of grazing management on the ecosystem processes that control C
cycling and distribution have not been sufficiently evaluated in native grassland
ecosystems. Current literature suggests no clear general relationships between
grazing management and C sequestration. Some studies have reported no effect
of grazing on SOC [43] while several others reported increases [13, 59] and a few
reported decreases [42] as a result of grazing. Land use change is a major factor in
determining SOC density in agricultural systems [52]. Conversion of permanent
grassland or pasture into cropland results in loss of SOC, with the rate of decline
dependent mainly on soil type, climate, ecosystem productivity, plant species,
and intensity of management [60]. In addition, ecosystem function is affected
through altered biodiversity and soil quality, with impacts differing across biomes
and continents. In the tropics, the extent of degradation is normally greater due
to higher temperature and often less sustainable soil management practices that
accelerate decomposition and nutrient loss [60]. Similarly, conversion of native
pasture and forest soils into cropland may increase soil bulk density (16%), plastic-
ity index (30%), and soil erodibility (51%), as well as decrease SOC (50%), total N
(50%), tilth index (40%), and available water capacity (40%) for surface soils [61].
There is a potential for restoration to a higher SOC level over time if arable lands
are reverted to pasture. In the Mediterranean region, the recent dramatic changes
in the development of industrial and tourism economies, with alteration of the
composition and spatial structure of the traditional landscape, have had critical
consequences for soil processes and management. European agricultural policies
and the growing population have promoted intensive production systems, showing
a negative effect on SOC storage in areas like Southern Spain.

3.2 Cultural and socio-economic views of grassland management

Livestock farming systems differ widely in terms of their use of resources,
degree of intensification, species and orientation of production, local/regional
socio-economic and market context, cultural roles, etc. [15]. Pasture-based live-
stock farming systems in the European Mediterranean basin play a key role in the
management and conservation of large high nature value lands and that are highly
relevant in both environmental and social terms, with great ecological, landscape,
and cultural diversity. Accordingly, agricultural policies have begun to recognize
their productive, environmental, and societal functions [62]. In the second half of
the twentieth century, modernization and intensification of agriculture and the
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establishment of new economic and commercial relationships with urban areas
have caused depopulation and a continuous reduction or abandonment of livestock
farming in rural areas across Europe [63]. Within this context, the continuity of
small family farms is a key aspect when assessing the sustainability of agropastoral
systems. Within the EU, approximately 74 M ha of permanent grassland (including
17 M ha in upland areas), 10 M ha of temporary grassland, and 35 M ha of land in
forage cereal crops (equal to 60% of the total planted area) are dedicated to feeding
the European livestock herd [64]. Though grass-based systems require more land
area than poultry or swine, ruminants can make use of grasslands and rangelands
or land unsuitable for cultivation, thus not competing with biomass production for
human food.

There are potential risks and benefits of diverse grazing land management
due to the numerous episodes of land degradation associated with drought and
overgrazing [27]. There is strong need for adopting sustainable practices at lower
intensification management to prevent and avoid further soil degradation [65].
Implementation of land management practices with positive C storage outcomes
may have a large impact on the economic factors of livestock production and can
be limited by social and cultural issues. It has been suggested that reducing stock-
ing rates to improve perennial grass basal cover could sequester 315 M t of C in
the top 10 cm of soil over a 30-year period [66]. Besides, allocation of more time
to grazing in pastures, rather than to feeding on mown herbage could be ben-
eficial. Possibilities to expand grazing areas and period should also be explored.
Abandonment of grasslands should be avoided to enrich biodiversity and limit the
spread of invasive species [67].

Moreover, many farms are technically producing organic meat, although not
yet officially accredited due to the high administrative procedures required [68].
Expansion of grazing management is possible but its feasibility and the full climate
change mitigation potential in time and space on broader ecological, socio-
economic, and political aspects should be evaluated [20]. The achievement of inte-
grated systems promoting SOC accumulation and maintenance largely depends on
good management practices successfully followed over time. Grasslands are among
the ecosystems with the highest SOC density and stocks, and that serious concern
is imperative [69]. Indeed, the EC Regulation1782/03 has introduced the concept of
cross-compliance, with direct payments for farmers if they meet specific environ-
mental requirements (Good Agricultural Environmental Conditions—GAEC).

3.3 Possible synergies and co-benefits or conflicts of livestock management
with other practices

The emerging environmental and resource vulnerabilities may help adjustments
in land use and farm practices, motivation and application of cultural beliefs, and a
broader understanding of economic value associated with markets, technology, and
administrative and policy frameworks. Importantly, we should consider the SOC
stock in permanent grassland and the losses due to land use change and allocate C
emission to milk and to the other products and ecosystem services to reduce the
emission of GHGs from extensive systems [15]. Extensive livestock farming and
pastoralism is a synergistic practice with the FAO recommendations to reduce meat
consumption per capita, that is, to eat less meat but of higher quality and in the
context of environmental sustainability [15]. On average, carbon emission is 4 times
higher and erosion prevention is 10% lower in areas with a high grazing intensity
compared to areas with a low grazing intensity [70].

Site-specific management practices could play a key role to moderate intensifica-
tion of grassland production systems [71], and to mitigate some environmental
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impacts resulting from intensive agriculture. There are enormous opportunities
across landscape mosaics to achieve an equilibrium between crops and grasslands to
optimize trade-offs between food production and environment preservation as well
as for offsetting unavoidable enteric CH, by C sequestration in grassland soils [72].
Integration of livestock systems with other agricultural activities (e.g., produc-

tion of grain crops or biomass for energy) increases diversity within agricultural
systems, better regulates biogeochemical cycles, decreases environmental fluxes,
and supports diverse habitats and trophic networks. Thus, modern integrated
crop-livestock-forestry systems could improve many ecosystem services, such as C
sequestration, and environmental sustainability.

Trampling by livestock may reduce the cover and connectivity of plant, lit-
ter, and biocrust cover [73] and make soil vulnerable to wind and water erosion
[74]. Strategic integration of crops, livestock, forage, and agroforestry increases
the complexity of production systems, thus reducing problems of specialization,
captures economic and ecological synergies, and offers a range of novel opportuni-
ties to conduit natural processes, from carbon sequestration and site remediation
to nonchemical vegetation management. Mixed cropping-pasture rotation systems
are likely to be significant in increasing SOC at low N application during cropping
phases.

While increased complexity likely brings about ecological and economic ben-
efits over highly specialized production systems, it may hamper its adoption and
long-term maintenance. Land tenure, common property, and privatization issues
also control competition from cropping, including biofuels and other land uses that
limit grazing patterns and areas. Technical support for producers is imperative for
the continued practice of mixed production, particularly for small- and medium-
scale farmers, as well as sound complementary policies and good governance so that
a “rebound effect” does not lead to any social and environmental impacts. Public
extension services, in collaboration with the private sector, that strengthen infor-
mation flow and enable investment in infrastructure have been and remain crucial
to the success of integrated systems [37].

4, Conclusions

Globally, grazing is the largest anthropogenic land use, and a clear understanding
of potential impacts of livestock management practices is essential to sequester C in
the soils. Over-grazing decreases productivity, feeding efficiency, and C sequestra-
tion and increases GHG emissions from the systems. To enhance SOCp and attain
environmental sustainability in the systems, improved livestock management and
the associated measures to cover soils, maintain biodiversity, select appropriate
grazing time, control animal density and trampling, distribute dung and urine
properly, keep soil moisture favorable, and improve livestock quality and productiv-
ity could have huge benefits. Further measures to make the system a C sink to offset
any increased GHGs are to (i) optimize stocking rates to reduce land degradation,
(ii) introduce improved pasture species and legumes to increase biomass produc-
tion and SOCp, (iii) apply recommended rate of inorganic fertilizers and manure to
stimulate biomass production, and (iv) bring degraded land under pasture to reduce
erodibility.

It is vital to understand the spatial pattern of livestock grazing intensity and
its effects on ecosystem functions, address the range of natural resources and
social dimensions, and encourage holistic approaches and partnership processes
to achieve effective sustainable livestock-based systems. These include adapta-
tion to climate change, promotion of technically advanced management options,
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introduction of consistent policies to enhance development capacity, and minimi-
zation of desertification, drought, and loss of biodiversity. Besides, recognition,
awareness, behavioral change, and investments with due worldwide pro-extensive
livestock policies are essential. Involvement of stakeholders, various organizations,
development agencies/practitioners, community donors, relevant networks, and
researchers is desirable to fully exploit the opportunities lying within the systems.
Emphasis on spatially explicit global studies should be given to explore the impacts
of livestock managements, adopt better technologies, and quantify trade-offs/
off-setting potential and synergies among ecosystems. Further research should be
targeted to value natural grasslands and livestock-based ecosystems, developing
quantifiable methods for SOC measurement, strategic monitoring and verification
of management-induced C sequestration. This is to ensure full GHG accounting and
balance while generating improved understanding of the economic and institu-
tional aspects of C sequestration involving people engaged in livestock farming.
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Chapter 5

Leaf Litter Decomposition and
Mitigation of CO, Emissions in
Cocoa Ecosystems

Askia M. Mohammed, James S. Robinson, David J. Midmore
and Anne Verhoef

Abstract

Studies simultaneously quantifying litter weight losses and rates of CO,-C evolved
are few, though essential for accurate estimates of forest carbon budgets. A 120-day
dry matter loss and a 130-day carbon emission experiments were concurrently
conducted at the soil laboratory of the University of Reading, UK. Leaf litters of tree
species comprising cocoa (Theobroma cacao), Newbouldia laevis (dominant shade tree
in Eastern region (ER)) and Persea americana (dominant shade tree in Western region
(WR)) of Ghana were incubated using a single tree leaf litter and/or a 1:1 mixed spe-
cies leaf litters to determine and predict the litter decomposition and C dynamics in
cocoa systems with or without the shade trees. Decomposition and C release trends in
the ER systems followed: shade > mixed cocoa-shade = predicted mixed litter > cocoa;
and in the WR, the order was: cocoa = mixed cocoa-shade > predicted mixed > shade.
Differences between released C estimated from litter weight loss and CO,-C evolution
measurement methods were not consistent. Regression analysis revealed a strong
(R*=0.71) relationship between loss of litter C and the CO,-C evolution during litter
decomposition. The large C pool for shaded cocoa systems indicates the potential to
store more C and thus, its promotion could play a significant role in atmospheric CO,
mitigations.

Keywords: cocoa system, mineralization, mineralizable C, oxidizable C

1. Introduction

Soil organic matter is the main source of plant nutrients in low input agriculture
[1], whilst the primary regenerative source of soil organic matter on agricultural
lands is the decomposition of retained plant residues. Therefore, sustainable agri-
cultural production based on nutrient cycling would operate only in systems where
enough plant biomass is generated and retained on agricultural land. Hence, the
success of forest ecosystems lies on their ability to store large amounts of organic
matter aboveground in woody plant tissue and fibrous litter. Conceivably, biomass
production, leaf litter decomposition and root biomass turnover in forest ecosystems
have much influence on agro ecosystems’ nutrient cycling and sustainability [2].

Nutrients are returned to soil through leaf falls and decomposition processes.
Thus, their nutrient cycling starts during litter decomposition, where organically
bound nutrients are released as free ions to the soil solution that then become
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available for uptake by plants. As the bulk of cocoa farmers are poor and therefore,
do not apply external fertilizers to their croplands because of its high cost, litter
decomposition from both cocoa and non-cocoa (or shade) trees plays a central role
in the nutrition of the system. Although cocoa systems accumulate less leaf biomass
than native forests, several studies have reported sizeable leaf litter-falls per hectare
in cocoa systems (Table 1). The high biomass of leaf litter in cocoa systems indi-
cates a high potential source of nutrient cycling when retained to undergo decom-
position on the floor of the ecosystem but also a lot of CO, emissions.

Land use change is arguably the most common anthropogenic activity that
interferes greatly with most biogeochemical cycles. Its impact on C and nutrient
cycling in the soil has been the subject of much attention [3-6]. Understanding the
effects of land use/land cover change on ecosystem functions is often derived by
quantifying changes in C and nutrient stocks and fluxes. Indeed, changes in forest
cover have been implicated in the rising levels of carbon dioxide (CO,), the main
greenhouse gas (GHG), in the atmosphere [4, 7, 8]. This is because large amounts of
organic C are often stored in forest trees and which upon clear-felling, decompose
and release the stored C to the atmosphere [9].

Since plant litter decomposition involves carbon dioxide (CO,) emissions, and
fragmentation and leaching of organic matter to the soil, many studies have been
conducted to investigate the factors controlling litter decomposition. These studies
have often followed one of three approaches. The first approach simply measures
the annual litter-fall in vegetation and equates that to the amount of organic mate-
rial being decomposed. This approach acknowledges that the soil organic matter
level in most natural vegetation types attains an equilibrium state where the amount
of material being decomposed annually is equal to the amount of annual litter-fall.
The second approach is the weight loss of buried litter over time, whilst the third
approach measures the microbial activity on litter via CO, evolution.

Using weight loss of buried litter contained in nylon mesh bags over time,
many studies concluded that the rate of leaf litter decomposition depended on tree
species, the chemical composition of the leaves, and environmental factors such as
temperature and soil moisture [2, 10, 11]. Hitherto, several researchers considered
the C/N ratio of plants as the main plant composition factor that controls decompo-
sition rates [10]. Increasingly, other litter constituents such as lignin and polyphenol
concentration, especially in the tropics, are considered to play important roles in the
decomposition process [11-14].

Country Annual litter-fall
Age cocoa (years) Cocoatree  Shadetree Total Reference

Malaysia 8-10 5460 2660 8120 [17]
Venezuela 30 7630 13,571 21,201 [18]
Costa Rica® 10 nd® nd 7071 [19]
Costa Rica® 10 nd nd 8906 [19]
Brazil nd nd nd 9000-14,000 [20]
Ghana nd nd nd 5000 [21]

“Cocoa with Cordia alliodora as shade tree.

No data.

‘Cocoa with Erythrina poeppigiana as shade tree.

Source: from [22].

Table 1.

Annual litter-fall of cocoa ecosystems (in kg dry matter (DM)/ha).
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Although the use of litter bags makes it possible for buried litter recovery,
their use for decomposition studies has been criticized for creating unrealistic
‘microclimate’ conditions; e.g. moisture may be elevated to levels not found in
unconfined conditions and can contribute to litter decomposition [15, 16]. Losses
due to earthworm consumption or litter fragmentation overestimate those mediated
by microbial activities. Frankland [23] studied the weight loss pattern of Bracken
rachids through the unconfined method i.e., using plastic labels to mark the litter
before placing it on the soil surface. The study noted that retrieval of decomposing
litter under this method is tedious and presents large potential errors in estimating
the decomposition rates. Also, it does not protect the litter from the interferences
of larger organisms and fragmentation. Therefore methods to overcome these
drawbacks are imperative when investigating the factors that control leaf litter
decomposition.

As an alternative, numerous studies have measured decomposition rates of litter
by the CO, evolution or carbon mineralization method [14, 24-29]. This method has
the advantage of measuring decomposition during shorter periods (hour scale); i.e.,
through early decomposition stages when weight loss cannot be accurately quanti-
fied [30]. However, the CO, evolution method requires an experimental set-up that
often deviates farther from the natural conditions than weight loss measurement.
Studies simultaneously quantifying litter weight losses and investigating rates of
CO,-C evolved are few; however they are essential for accurate estimates of forest
nutrient cycling. Nonetheless, results from the few studies on litter decomposition
studies using the CO, releasing method have been comparable to the weight loss
method [27, 31, 32].

Many litter decomposition studies have focused on individual plant species when
investigating the factors influencing litter decay [33-38]. However, leaf litters in
ecosystems with more than one dominant plant species do not fall separately, either
in time or space, but create an admixture of litters. Although the potential of litter
interactions was hypothesized to have a marked effects on their decomposition in
agro ecosystems many years ago by Thomas [39], Staaf [40], Seastedt [41] and many
others, studies on potential interactions in mixed leaf litter decomposition are still
few and not well understood, and so require further investigations to aid planning
for nutrient management through decomposition and nutrient release in agrofor-
estry and similar systems [42]. Hansen and Coleman [43] noted some changes in the
chemical environment (increased nutrient availability) due to litter mixing during
decomposition studies of mixed litters of yellow birch (Betula alleganiensis Britton),
red oak (Quercus rubra L.) and sugar maple (Acer saccharum Marsh).

This chapter reports on the findings from laboratory incubation experiments
carried out on separate leaf samples of cocoa and shade species and 1:1 mixed
cocoa-shade leaf litters. Dry mass loss and C emission from unconfined leaf
samples were analyzed to (i) determine the decomposition dynamics of cocoa
litter, and of the dominant shade species in cocoa ecosystems, (ii) investigate the
effects of leaf interactions on decomposition (iii) assess the relationship between
decomposition rates and C release patterns, (iv) determine the C emission rates
during leaf decomposition, and (v) assess the relationship between leaf weight
loss and C emissions during decomposition, and (vi) determine the CO, mitiga-
tion potentials of cocoa systems. The study hypothesized that the decomposition
rates of the mixed leaves of cocoa-shade systems would (1) differ from the rates of
decomposition of the separate litter components decomposing alone (i.e., separate
cocoa and shade leaves), (2) be equal to the pooled rates of the separate litter com-
ponents decomposing alone, (3) the amount of C in the litter loss is the same as the
C emitted during litter decomposition and (4) cocoa systems have the potential to
mitigate CO, emissions.
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2. Materials and methods
2.1Leaf sampling and site

Leaf samples from three tree species (cocoa, Newbouldia laevis dominant species
in Eastern Region (ER) and Persea americana dominant in Western Region (WR))
were collected from cocoa ecosystems in ER and WR of Ghana. Farms were selected
in the ER at the Duodukrom community within the Suhum District (6°2’ N, 0°27’
W), and the in WR at Anyinabrim found in the Sefwi-Wiawso District (6°57' N,
2°35' W).

The ER covers a land area of 19,323 km” representing 8.1% of the total land area
of Ghana [44]. It lies between latitude 6° and 7° N and longitude 1°30’ W and 0°30’
E. The region has been producing cocoa long before cultivations started in the
Western region. The WR occupies a land area of 23,921 km” which is approximately
10% of the total land area of Ghana [44]. The region is the wettest part of Ghana
and harbors about 24 forest reserves that account for about 40% of the forest
reserves in Ghana. The sampled leaf litters from these regions were transported
to the Soil Research Centre of the University of Reading, UK, where the following
experiments were conducted.

2.2 Initial chemical properties of the oven-dried leaf litters
2.2.1 Total carbon

The total carbon (C) in the samples was determined using the Europa Roboprep
connected to a VG 622 Mass Spectrophotometer. Weights of 0.90-1.10 mg (oven
dry) of plant components (root, stem, branch, leaf and litter), and 8.00-12.00 mg
(air dry) of soil samples, in triplicate, were put into small pre-weighed alumi-
num cups and pressed to seal completely using forceps. The sealed samples were
arranged in a labeled sample holder and transferred to the Mass Spectrometry
System for analysis. The analytical output was in % C of the samples.

2.2.2 Total nitrogen

The total N in the leaf and soil samples was determined using the Europa
Scientific ANCA System. Samples of 5-6 mg leaf and 8-12 mg soil were weighed
into small aluminum cups and pressed to seal using forceps. The sealed samples
were transferred to the Europa system for analysis. The analyzed data were
expressed as % N (w/w).

2.2.3 Total B, K, Ca, Mg and S

Approximately 0.5 g oven dry plant samples (i.e., root, stem, branch, leaf)
were accurately weighed and transferred into 100 mL Kjeldahl digestion tubes.
About 10 mL of concentrated AnalaR nitric acid were added to each tube in a
fume hood. Each tube was then covered with a glass marble and left to stand
overnight. The tubes were placed on a digestion block the next day and cautiously
heated to 60°C for 3 h followed by a gradual increase to 110°C and allowed to
digest for 6 h. The digestion tubes were then removed, allowed to cool and the
digest filtered through prewashed No. 540 (12.5 cm diameter) filter papers into
100 mL volumetric flasks. The flasks were made up to volume with ultra-pure
water. Aliquots of 5 mL from each flask were diluted by a factor of two and
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analyzed for concentrations of P, K, Ca, Mg and S using the inductively coupled
plasma-optical emission spectrometry (ICP-OES).

Standards of multi-element solution (0.5, 1, 50 and 100 mg/L K, Ca, Mg, Mn,
Zn, Fe, and Al), sulfur (50 mg/L) and phosphorus (50 mg/L), as well as a blank
(0 mg/L) were prepared to contain the same nitric acid concentration as in the
digest to calibrate the ICP-OES. The data generated by the ICP-OES were reported
in concentrations (pg/L) which, after correcting for the blank reading, was con-
verted to mg/kg dry weight based on the sample weights digested, volume of extract
and the dilution factor [45].

2.2.4 Lignin concentration

As outlined in Anderson and Ingram [46], a1 + 0.001 g sample of leaf for each
tree species was weighed (W1) into 200 mL Berzelius beaker. A 100 mL of acid
detergent solution (20 g of cetyltrimethyl ammonium bromide (CTAB) was dis-
solved in 27.84 mL of sulfuric acid (98% purity) in a 1000 mL volumetric flask and
brought to the mark with distilled water and to form a clear solution by heating)
was then added and heated to boil for 1 h. The content was filtered hot through a
vitreosil crucible (No. 1) of known weights (W2). The residue was washed with
3 x 50 mL aliquots of hot water and then with acetone until no more color was
removed. The residue was then oven-dried at 105°C for 2 h, cooled in a desiccator
and weighed whilst still in the crucible (W3). The sample remaining expressed as
a percentage of the initial weight of the sample, estimated the acid detergent fiber
(ADF) content of the sample:

_ (W3 -W2) x 100
ADF(%) R 1)

A saturated potassium permanganate solution was prepared by dissolving 50 g
KMnO, and 0.05 g Ag,SO, in a 1000 mL volumetric flask and brought to the mark
with distilled water. Lignin buffer solution was also prepared by dissolving 6 g
Fe(NO;)39H,0 and 0.15 g AgNO; in water followed by addition of 400 mL meth-
ylpropan-2-ol and diluted to 1000 mL with distilled water. A combined solution of
the saturated KMnO, and lignin buffer solution in the ratio of 2:1 was prepared. The
crucible containing the ADF was then placed in a shallow enamel containing cold
water carefully without wetting the fiber and 25 mL of the combined KMnO,/buf-
fer added. The content was stirred with a glass rod to break up lumps and to wet all
the fiber particles in the crucible with the solution and allowed to stand for 3 h. The
content in the crucible was then filtered under suction and washed with demin-
eralizing solution (50 g oxalic acid dehydrate dissolved in 700 mL 95% ethanol,
followed with addition of 50 mL conc. HCl and diluted to 1000 mL with distilled
water) until white. This was filtered and washed thoroughly with ethanol under
continuous suction and washed in a similar manner with acetone. The crucible was
then oven-dried at 105°C for 2 h, cooled in a desiccator and weighed (W4). The
percentage lignin in the sample was then calculated as:

Lignin(%) = W @

2.3 Sample preparation for experimentation

Approximately 100 g each of 2-mm sieved air-dried plant materials (viz.
cocoa, N. laevis and P. Americana, 1:1 (w/w) mixture of cocoa: N. laevis and cocoa:
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P. americana leaf litters) were weighed into a 500 mL beaker. Water (300 mL) was
gradually added to each weighed litter sample with continuous stirring to produce
a moist litter treatment that was not saturated [27]. They were kept in a fridge at

a temperature of 4°C for 72 h to attain an equilibrated moisture status in all treat-
ments. Three weighed sub samples (6 g) of each treatment were oven-dried at 80°C
for 24 h and used to determine a conversion factor to an oven dry basis.

2.4 Leaf decomposition experiment

A known weight (approx. 6 g) of each leaf treatment was transferred into a
labeled 15 mL beaker separately. Soil (~5 mg) from the region specific to the leaf
treatment was added to the beaker to serve as an inoculant. Each beaker unit was
replicated 12 times to give the total of 72 experimental units. These units were
weighed and randomly arranged for incubation in a 30°C controlled dark room
located in the Soil Chemistry laboratory of the Soil Research Centre, University of
Reading, UK. Three (3) replicates of each treatment were retrieved after 0, 20, 50,
80 and 120 days of incubation. The beakers so retrieved following each incubation
period, were oven-dried at 80°C for 24 h and weighed. The residual oven-dried
litters were appropriately labeled and stored for chemical analysis.

2.5 CO,-C emission experiment

A sample (3 g) of each litter treatment was transferred into a 250 mL conical
flask. As shown in Figure 1, the neck of the flask was closed with a rubber bung
from which was suspended a vial containing 20 mL of 1 M NaOH solution to trap
CO; evolved as outlined by Rowell [47]. A similar conical flask was set-up without
leaf treatment as a blank. Each flask unit was replicated 3 times to give a total
of 21 experimental units comprising 18 litter treatments and 3 blanks. Also, the
treated conical flasks were randomly arranged for incubation in a 30°C controlled
dark room located in the Soil Chemistry Laboratory of Soil Research Centre,
University of Reading, UK. At 0, 3, 5, 11, 16, 28, 43, 60, 75, 90, 103 and 130 days
of incubation, the vials were removed, and the NaOH was carefully transferred
quantitatively (with rinsing) into an empty 50 mL conical flask for titration. Ten
milliliters (10 mL) of 1 M BaCl, was added to precipitate the carbonate compounds
(NaHCO;) formed as a result of reaction between NaOH and CO, (Figure1). The
vials were thus, removed 12 times and replaced after refilling with fresh NaOH
solution before closing the incubation beaker to continue the capture of released
CO; from the decomposing leaves. The amount of CO, captured was determined
by titrating the unreacted NaOH in the 50 mL flask with 0.5 M HCl using phenol-
phthalein as the indicator.

2.6 Data analysis

The data on per cent mass remaining, carbon and nutrient concentrations of
pure cocoa leaf and shade species leaf decomposing alone were used to estimate
expected data for mixed cocoa and shade litter denoted as predicted mixture, using
the simplified form of similar relations used by others as:

Cocoa (x) + Shade(x) (3)

predicted (x) = 5

where x = per cent mass remaining, carbon or nutrient concentration, and C
emission of the leaf treatments at each retrieval day [28, 48, 49]. Any significant
difference between the estimated predicted mixture value and the actual mixed
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Figure 1.
Photograph of CO,-C emission experiment.

cocoa-shade leaves treatment indicated an interaction in the decomposition of the
mixed leaves, either negative or positive [49]. The data on % residual leaf were
fitted to the exponential decay Eq. (2) that was proposed first by Olson [50] to
describe the decomposition rates of the leaf litter treatments:

R, =R, x exp(-kyt) 4)

where R, = % residual weight at time ¢, R,= initial litter per cent at day zero
(1. 100%) and k,; = decomposition rate constant.

The data on C emission were fitted to the single exponential rise-to-maximum
(growth) model.

Ci=C,* [1-exp(-k,t)] (5)

where C, = amount of C emitted after time ¢ of the incubation; C,= amount of C
that can be potentially emitted within the period of incubation; and k,, = mineral-
ization rate constant.

The amounts of C accompanying the loss leaves during the decomposition
processes were calculated as:

(100 - %leaf omaineac)

[C] loss(t) = 100

x [C]; ©)

where [Clioss(r) is amount of C in the leaf loss (g/kg) at timez (i.e., 0, 20 40, 80
and 120 days), and [C]; is the initial carbon concentration in the litter (g/kg).

The comparison was carried out statistically using ANOVA to test for significant
differences of all data parameters (% residual litter mass, C and nutrient concentra-
tions and release, C emission, C,, and k;). Tukey’s mean separation procedure at
the 0.05 level of significance was used for all data. All figures were produced with
SigmaPlot 10.0 using the means of % residual litter mass, C and nutrient concen-
trations and release and also C emission. Also the fitted model parameters were
estimated using the SigmaPlot 10.0 regression analysis module.
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3. Results and discussion
3.1 Chemical characteristics of the leaf sample
3.1.1 Eastern vegion of Ghana

Literature is replete with the important role that litter chemistry plays in
decomposition and nutrient release in top soils [14, 26, 51-53]. The initial con-
centrations of some elemental nutrients of the leaf litter samples are presented in
Table 2. The leaf litter treatments did not differ significantly (P > 0.05) in their
C and S concentrations in the Eastern region (ER). The leaf litters generally had
low oxidizable carbon concentration by weight with less variability as indicated
by the narrow range of 337.0-382.6 g/kg. The cocoa-shade mixture had the high-
est C and the leaf litter of shade tree contained the least (Table 2). Honeycutt
et al. [54], Woomer et al. [55], and Kuo et al. [56] noted that plant residues have
stable carbon concentration of about 40% by weight. Other studies have used a
constant value from 450 to 500 g/kg as the C concentration for all parts of a tree
biomass including the leaves [57-60]. Thus, the present C concentrations of the
leaf litters from cocoa ecosystems in the ER of Ghana are lower than the com-
monly used ranges. The C concentration of 357.2 g/kg for the leaf litter of cocoa
is lower than that reported by Anglaaere [16] as 413 g/kg for cocoa leaf samples
from Atwima District in the same Eastern region of Ghana where the pres-
ent study was carried out. However, the present litter C ranged confirmed the
reported C data of 364 to 400 g/kg on similar cocoa leaf litter by Ofori-Frimpong
and Rowell [27].

Among the nutrients that varied significantly between the leaf samples, that of
the shade tree Newbouldia laevis, had significantly (P < 0.05) higher K, Ca and lignin
but lower Mg concentration than the cocoa leaf litter (Table 2). The N, P and S con-
centrations in the leaf litters of the cocoa and shade trees did not differ significantly
(P > 0.05). The predicted mixture contained higher P and Mg concentrations than

Leaflitter C N P K Ca Mg S L C/N
g/kg ratio

Eastern region

Cocoa 3572a 18.4ab 113 4.58c 12.9¢ 5.94a 1.89a 215.7c 194a

Shade 337.0a 13.8b 1.07a  736a  163a  3.00d 1.89 288.0a 25.2a

Coc-shade 382.6a 19.5a 09%  561b 141b 412 1.83a 256.9b 19.6a

Predicted 3471a 16.1b 110a  597b  14.6b  447b 1.89 251.8b 223a

Western region

Cocoa 378.7a 174a 0852 8572 11.0a 525 1.65b 220.0c 21.9a
Shade 3424a 15.2a 0.79a 4.43b 9.1b 2.67b 1.78a 289.1a 23.6a
Coc-shade 360.2a 18.5a 0.85a  655c  10.0c  3.96¢ 1.72ab 265.4b 19.5a
Predicted 360.6a 16.3a 0.82a 6.50b 10.0b 3.96b 1.72ab 254.5b 22.7a

"Newbouldia laevis in Eastern region, Persea americana in Western region.
“Different letters within same vegion and column indicate significant difference at P < 0.05 using Tukey’s method.

Table 2.

Initial chemical composition and lignin (L) content (mean) and nutrient vatios of the leaf litters of cocoa,
shade (Newbouldia laevis, Persea americana)® and mixed cocoa-shade under cocoa ecosystems in eastern and
Western regions and the predicted mixed litter in Ghana.?
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the analyzed mixture of cocoa-shade leaf litter. The lower P and Mg concentrations
in mixed cocoa-shade litter than expected or predicted is an indication of non-
additive response or negative interaction when cocoa and shade leaves are mixed
together. The other nutrient elements, however, were similar in the mixed cocoa-
shade and predicted mixed litters, indicating an additive response for those nutrient
elements in mixed litter systems such as shaded or agroforestry systems (Table 2).

The initial N concentrations of all the leaf litters were higher than the criti-
cal level for cocoa foliage N concentration (9.0 g/kg), below which point net N
immobilization would be expected [61]. Thus, with the high N concentration of
the leaves, net N mineralization is highly possible during the leaf decomposition.
Several researchers have considered the N and/or its ratios such as C/N, lignin/N
and polyphenol/N of residues as major factors controlling decomposition processes
[14, 34, 52]. The C/N and lignin/N ratios of the leaf litters from ER ranged from
19.4 to 25.2 and 11.7 to 21.8, respectively (Table 2). Thus, the C/N ratios of the
litters are so close to the critical level of 25 noted for decomposition and N mineral-
ization to occur [62, 63].

Where nutrient ratios are used as indices of nutrient status to microbial growth,
Girisha et al. [64] put forward that nutrient retention during decomposition
depends on their initial status in the litter. The C-element ratio has been commonly
used to explain nutrient status where a nutrient element, say R, is said to be limiting
when the C/R ratio is above a certain critical level set for microbial growth. In this
case, nutrient element R will be retained resulting in immobilization but where C/R
ratio is below the critical level, the nutrient element R is released during decom-
position of the litter [65]. The C/N ratios were statistically similar in the leaf litter
treatments under ER (Table 2).

Table 2 revealed that the P, K and Mg concentrations of all the leaves from the ER
were less than the critical range of 2.0 to 2.5 g/kg, 20 and 5 g/kg respectively. As such, P,
K and Mg immobilization would be expected during decomposition [61, 66-68]. The
Ca concentrations of the litters were higher than the critical 6 g/kg value. The lignin
content of the leaf litters from the ER ranged from 220.0 to 289.1 g/kg dry matter (DM).
The cocoa leaf litter had significantly (P < 0.05) lower lignin status when compared
with the shade and the mixed cocoa-shade leaf litters, as well as the predicted mixture
(Table 2). However, the lignin concentration (215.7 g/kg DM) in the cocoa leaf litter in
this study is higher than the data (141-146 g/kg DM) of Dawoe [69] on cocoa leaf lignin
status in Ghana. The lignin concentration in mixed cocoa-shade litter was similar to the
predicted mixed litters (Table 2). Lignin has been considered a determinant of litter
quality and a predictor of decomposition by previous researchers [34, 70, 71].

3.1.2 Western region of Ghana

The leaf litters from the Western region (WR) varied considerably in their ini-
tial nutrient and lignin concentrations (Table 2). The variations in the C, N and P
concentrations did not however, differ significantly (P > 0.05) among the leaf litter
treatments (Table 2). The C concentration of cocoa leaves in the present study was
lower than the reported data by Anglaaere [16]. This study found the N (1.74%) in
leaf litter of cocoa to corroborate previous studies in other parts of Ghana [16, 69].
Anglaaere [16] reported N of 18.5 g/kg for cocoa leaves, whilst Dawoe [69] found an
N range of 9.5 to 14.8 g/kg for cocoa leaves from 3 to 30 year old cocoa trees. It thus
appears that foliar N concentration for cocoa is highly variable. With the N concen-
tration of all the leaf litters being lower than the critical N level of 20 g/kg, net N
immobilization would be expected during decomposition [29, 62, 63].

Differences in total P concentration of the leaf litters from the WR were not
significant (P > 0.05) and were all low when compared to the leaf litters from ER

73



CO, Sequestration

(Table 2). Anglaaere [16] also found the P to be low, at 1.3 g/kg in Ghanaian cocoa leaf,
confirming the low P status of cocoa litters in Ghana found in the two regions by this
study. Compared with critical levels of nutrient elements, the cocoa leaf litter in this
study is deficient in P, K and Mg concentrations [61]. It is thus expected that during
decomposition of the leaf litters from WR, as with ER, the deficient elements would
not be released easily resulting in temporal nutrient immobilization [61, 66, 67].

The K, Ca and Mg concentrations in the leaf litter of the WR shade tree P
americana were significantly (P < 0.05) lower than those in the cocoa litter but
higher in lignin concentration (Table 2). With respect to K and Mg, the leaf litter
of the cocoa in the WR contained approximately twice as much as that in the shade
tree litter. Compared with data on cocoa foliar nutrients in Anglaaere [16], the cocoa
leaf nutrients from the WR appeared to be similar.

The initial chemical composition of the leaf litter of mixed cocoa-shade was
generally similar to that of the predicted mixture treatment with the exception of P
and Mg in the ER; and K, Ca and Mg in the WR, suggesting a high predictability of
mixed litter nutrients from the single component species nutrient concentrations
(Table 2). Overall, there were significant variations in the nutrient balance of the
leaf litters and also high variability in nutrient ratios as shown in Table 2. These
nutrient variations were more pronounced in the single litter treatments than the
mixed and predicted mixed litters.

3.2 Decomposition trends of the leaf samples

Figure 2a presents the decomposition patterns of leaf litters of cocoa ecosystems
in the ER obtained during a 120-day laboratory incubation experiment. During
the first 20 days of incubation, the shade litter lost approximately 9% of its initial
weight whereas the cocoa leaf litter lost only 2.8% of its weight, indicating a lag
phase in the decomposition of the cocoa leaf litter (Figure 2a). Anglaaere [16]
reported mass loss of 3.45% of cocoa leaf litter within the first one month of initial
decomposition. However, the % leaf litter of cocoa and shade trees that remained
did not differ significantly during the first 20 days of incubation. Thereafter, sig-
nificant differences occurred in the per cent mass remaining between the leaf litters
of cocoa and shade trees, with the leaf litter of the latter continuously decomposing
at a higher rate than the former as incubation time progressed (Figure 2a). At the
end of the 120 days of incubation, the leaf litter losses were 17.6 and 30.7% in the
cocoa and shade litters, respectively. These litter loss percentages compared well
with the reported losses between 16 and 33% of cocoa leaf litters within 80 days of
incubation by Ofori-Frimpong and Rowell [27].

Overall, the decomposition pattern of the mixed cocoa-shade litter treatment
indicated an additive response and thus, appeared predictable from the decom-
position patterns of the component litters decomposing alone. Although the litter
remains of the mixed cocoa-shade litter could not be separated into the individual
components at any stage of the incubation, both the predicted and the actual
mixed cocoa-shade litter treatments indicated higher (P < 0.05) decomposition
rates than the pure cocoa leaf litter treatment (Figure 2a); this indicates that
mixing leaf litter has the potential to enhance litter decomposition in the cocoa
ecosystems in the ER.

The decomposition patterns of the leaf litter gathered from the cocoa farms in
the WR is presented in Figure 2b. The decomposition pattern of the leaf litter
of the shade species (P, americana) displayed a lag phase within the first 20 days of
incubation where only about 3.6% had undergone decomposition (Figure 2b). The
leaf litter of cocoa had significantly lower % remaining when compared with the
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Figure 2.
Decomposition patterns of leaf litters in cocoa ecosystems: (a) Eastern region and (b) Western region. Bars
indicate standard ervor (n = 3).

leaf litter decomposition pattern of the shade species as the incubation progressed.
By the end of 120 days of incubation, the mass loss of cocoa was 29.1% of the initial
weight whilst the shade litter decomposed by only 15.1% of its initial dry weight
(Figure 2b). The mass loss of 29.1% for cocoa leaf litter from WR is greater than
that (17.6%) from ER and, also, the reported mass loss of 22.35% by the 4th month
of incubation of cocoa leaf litter from the Ashanti region of Ghana [16].
Comparison between the decomposition patterns of mixed cocoa-shade and
the predicted mixed litter treatments showed no significant (P > 0.05) difference
up to the first 20 days of incubation. Thereafter, there was a clear difference in the
decomposition patterns between them for the next 100 days of incubation with
the mixed cocoa-shade litter treatment decomposing at faster rates. As the time for
decomposition progressed beyond 50 days, the cocoa-shade mixed litter decompo-
sition pattern tended to behave like the pure cocoa leaf litter (Figure 2b). Thus, the
mixed cocoa-shade treatment showed a non-additive response with positive interac-
tion after 20 days of incubation and therefore, its decomposition is not predictable
from the component species of the mixture. Over the 120-day incubation period,
the amounts of leaf litter that decomposed were 26 and 20% for the mixed cocoa-
shade litter and predicted mixed litter, respectively. The implication is that shaded

75



CO, Sequestration

cocoa system in the WR would be more efficient in nutrient cycling than expected.
However, decomposition of cocoa leaf litter alone (unshaded system) was similar to
that of mixed cocoa-shade litter (shaded systems).

3.2.1 Decay constant

The leaf decomposition patterns shown in Figure 2a and b, conformed well
(R* = 0.81-0.99) to the single exponential decay model proposed by Olson [50] for
similar mass loss studies. However, the plots of the model were observed not to go
through 100% weight remaining at the start (i.e., day zero) of the incubation, indi-
cating some degree of deficiency associated with the model [2]. Notwithstanding,
the same model has been used by other researchers in recent times to fit similar
litter decomposition data [46, 72-74]. From the fitted model for the % leaf litter
remaining, the decomposition rate constants (k4) of the leaf litter treatments were
estimated for a period of 120 days of decomposition and are presented in Table 3.
The k4 measures the proportion of the material that decays per unit time. Therefore,
the lower the k4 of a decomposing organic material, the slower it decomposes.

In the Eastern region (ER), the decomposition rate constants varied consider-
ably and ranged from 1.65 x 10~*/day for the leaf litter of cocoa to 2.72 x 10~*/day for
leaf litter of shade tree (Table 3). The k4 for the mixed cocoa-shade and predicted
mixture treatments were intermediate between that of the cocoa and the shade,
in support of their decomposition patterns described earlier (Figure 2a). The leaf
litter of the shade species had a much higher (P < 0.05) decay rate constant than the
cocoa leaf litter treatment. Anim-Kwapong and Osei-Bonsu [75] found a similar
high k4 value of 2.51 x 10~/day (recalculated from authors’ half-life value of 9.22 for
N. laevis) for N. laevis also collected from the same ER of Ghana. In respect of the
decomposition rate of cocoa leaf litter in the present study, comparable leaf litter
decay rates have been reported by Owusu-Sekyere et al. [76] and for some forest
tree species [77]. The decomposition rate of the predicted mixed leaves and the
actual mixed cocoa-shade treatments (2.14 x 10’3/day) were exactly the same; this
agrees with the earlier assertion of additive response for mixed leaf decomposition

Leaf litter treatment Decomposition constant, kq/day Potential C mineralizable, C, g/kg

Eastern region

Cocoa litter 0.00165b” 107.7b
Shade litter 0.00272a 114.8ab
Mixed cocoa-shade 0.00214ab 118.5a
Predicted mixed litter 0.00214ab 111.2ab

Western vegion

Cocoa litter 0.00240a 119.9b
Shade litter 0.00127b 61.10d
Mixed cocoa-shade 0.00259a 209.7a
Predicted mixed litter 0.00187ab 90.40c

"Newbouldia laevis in Eastern region, Persea americana in Western region.
“Different letters within same vegion and column indicate significant difference at P < 0.05 using Tukey’s method.

Table 3.

Decomposition constants and potential mineralizable C (% of initial oxidizable C) of cocoa, shade
(Newbouldia laevis, Persea americana)’, mixed cocoa-shade and predicted cocoa-shade mixture under cocoa
ecosystems in eastern and Western regions of Ghana.
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simulating the litter state of shaded cocoa ecosystems in the ER. Based on the k4
values, the order of the leaf litter decomposition in the ER followed:

Shade > mixed cocoa-shade = predicted mixed litter > cocoa.

The higher rate of decomposition in mixed leaves of cocoa-shade than pure
leaves of cocoa suggests that nutrient cycling in cocoa ecosystems of the ER would
be favored by shaded cocoa ecosystems. Owusu-Sekyere et al. [76] attributed the
slow decomposition rate constant of cocoa to high lignin and polyphenol concen-
trations in the cocoa leaves. However, in their case the data showed no significant
difference between leaves of forest species and cocoa with respect to C/N ratios, yet
the forest species exhibited a significantly higher decay rate.

Indeed, several works on litter decomposition have reported significant cor-
relation between initial chemical composition of decomposing materials and the
decay constants. Some of the litter constituents that have indicated significant
correlations with k4 in previous studies included the initial C, N, P, Ca concen-
trations, lignin, polyphenols and ratios of C/N, lignin/N and polyphenol/N of
decomposing organic materials [10-14, 32, 76]. In contrast, the kq values esti-
mated for the leaf litters from ER did not show significant correlations with C, N,
P, Sand C/N (Table 4). Rather, the k4 values correlated positively (P < 0.05) with
K, Ca, and negatively (P < 0.05) with Mg (Table 4). The cations; K, Ca and Mg
are known to activate enzymes that promote metabolism [78] implicating their
role to driving litter decomposition. Similar correlations between decomposition
rates and initial concentrations of K, Ca, and Mg have previously been observed
by Briones and Ineson [31]. The lack of correlations between kg values and N
concentration or C/N ratios could partly be due to the narrow ranges of the C
and N concentrations of the leaf litters under study and/or partly indicates the
insensitivity of the k4 to assess the decomposability of the litters [79-82]. The cur-
rent study agreed with McTiernan et al. [83] who found a significant correlation
between k4 and Ca, and none for kg and N concentration for a mixture of tree leaf
litter during decomposition. Elsewhere, others also found C/P ratios to correlate
with litter decomposition [84].

In the Western region (WR), decomposition rate constants of leaf litters under
cocoa ecosystems ranged from 0.00127 to 0.00259/day (Table 3). The estimated k4
values for cocoa systems are higher than the k4 values ranging from 0.221 to 0.227/y
(i.e., 0.00060 to 0.00062/day) in Dawoe [69] for cocoa systems in the Ashanti

Element Eastern region Western region
C 0.359 0.362
N -0.549 0.301
P -0.390 0.799"
K 0.766 0.726"
Ca 0.726" 0.689'
Mg -0763" 0.715
S -0.392 -0.496
L 0.766" -0.591
C/N 0.664 -0.195

i‘Correlation is significant at the 0.05 level (2-tailed).
Correlation is significant at the 0.01 level (2-tailed).

Table 4.
Correlation coefficients (r) between initial chemical composition and lignin (L) of leaf litter and decay
constant (kd) from cocoa ecosystems in the Eastern and Western regions of Ghana.
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region of Ghana. The author used data on monthly litter fall to estimate the k4
values using the annual litter-fall over litter-stock formulae, which has a greater
source of variability due to seasonal effects on monthly litter-fall. Depending on
the season, particularly during wet seasons, less litter fall may be recorded lead-
ing to lower estimates for k4 values. Anglaaere [16] reported much lower litter-fall
biomass from April to November which coincided with the wet season period in the
cocoa cultivation regions of Ghana.

The decomposition of the cocoa leaf treatment was significantly faster than that
of the shade species (Table 3). The difference in the decomposition rates of leaves
from cocoa and the shade species is attributable to the differences in the biochemical
composition of their leaf structures as similar attributions have been made by many
workers to explain variations in decomposing organic materials [28, 64, 81, 82].
Indeed, the present study found significant (P < 0.05) positive correlations between
kq values and K, Ca, and Mg but negative correlations with C and S (Table 4). Briones
and Ineson [31] also reported significant correlations between k4 and K, Ca, and Mg
in decomposition of eucalyptus, ash and birch individually, and as litter mixtures
during decomposition. Of the initial concentrations of chemical parameters, the
cocoa leaf litter was significantly higher in all the positively correlated parameters and
lower in all the negatively correlated parameters than the leaf litter of the shade tree,
hence the higher estimate of its decomposition rate constant (Table 3).

The decomposition rate appeared faster in leaf litter treatments of mixed cocoa-
shade than the predicted mixture from the single decomposition rates of the com-
ponents, but the difference was not significant (P > 0.05, Table 3). The observed
faster rate of decomposition in the mixed cocoa-shade is an indication of a possible
synergistic effect under shaded cocoa systems in the WR during litter decomposi-
tion. Compared with the single plant species leaf litter decomposition rate constant,
the mixed leaf litter decomposed at a rate similar to leaf litter of pure cocoa, both of
which were faster (P < 0.05) than the pure leaf litter of the shade tree. The signifi-
cance of the above finding is that, litter decomposition and nutrient release patterns
would not differ between shaded cocoa and unshaded cocoa ecosystems in the WR
but will be lower in a forest of only P americana trees.

3.2.2 Carbon release patterns

The carbon and nutrient contents of the residual litters were determined as the
product of their concentration and the litter dry mass; this allowed C and nutrient
release to be plotted as a percentage of the initial C and nutrient contents of the
litters. Similar plots have been provided by other researchers [48, 49]. Figure 3
presents the C release patterns for the various litters during the course of decom-
position. Leaf litters from the ER all released C in the course of the decomposition.
The C release patterns were similar and linear except in the mixed cocoa-shade
where the pattern was curvilinear with an initial faster C release within the first
20 days, then a gentle release between 20 to 80 days, and a slow release followed
thereafter to 120 days (Figure 3ER: (C)). However, the amount of carbon released
among the litters did not differ significantly (Fi, 40 = 0.64, P = 0.797) during the
decomposition. Released C during litter decomposition has been attributed to losses
of soluble C and mineralization [65]. After 120 days of incubation, the C released
from litters of ER varied between 23.3 and 26.8% of the initial litter C contents.

With regard to decomposition of litter from WR, the C release patterns showed
significant (Fy,, 40 = 3.67, P < 0.001) differences among the decomposed litters dur-
ing the course of the incubation. The C released from mixed cocoa-shade was the
slowest and the cocoa litter released the greatest amount of C during the decom-
position process (Figure 3WR: (C)). However, the % C released from the cocoa
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Figure 3.
Carbon released patterns (% of initial C) during a 120-day decomposition of leaf litters from cocoa ecosystems
at various stages.

litters were not significantly (P > 0.05) different from those of shade and predicted
mixture. The % carbon emitted after the 120 days of incubation varied from 11.5%
in the mixed cocoa-shade litter to 27.4% in cocoa leaf litters. The implication of the
slower C releasing rate of mixed litter than the expected is that, nutrient cycling
through decomposition under shaded cocoa system would lead to nutrient limita-
tion and, most likely, could cause nutrient deficiency for growing crops.

3.3 Carbon emission patterns during leaf decomposition

Decomposition processes in agro-ecosystems have been implicated as enriching
the atmosphere with carbon dioxide (CO,). During leaf litter decomposition, the
decomposing litter is accompanied with losses of carbon. Although the amount of
litter decomposed would be expected to be proportional to the C loss, consider-
able variations do occur due to different biochemical composition of different
plant species [83]. There have not been many studies to monitor the fate of the C
loss through the decomposed litter. This requires a method that will capture the C
released as litter undergoes decomposition. If C loss data from such a method tends
to be comparable to those from the litterbag technique, then the problem of having
to retrieve decomposing litter is overcome.
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Figure 4.
Carbon mineralization patterns of leaf litters in cocoa ecosystems: (a) Eastern region and (b) Western region.
Bars indicate standavd error (n = 3).

As aresponse to the above concern, Figure 4a and b present the patterns and
cumulative amounts of CO,-C emissions measured during the decomposition of leaf
litters collected under cocoa ecosystems of ER and WR of Ghana. The patterns of C
emitted from the decomposing leaf litter were somewhat similar. Overall, C emis-
sions increased rapidly during the first 16 days followed by a relatively slow rate as
time progressed (Figure 4a and b). Previous works have also shown double-phase
patterns for CO,-C emissions during soil organic carbon mineralization [82, 85-88].
Even though the C emission patterns were similar, the litter treatments differed sig-
nificantly (P < 0.05) in the amounts of C released at all times during the incubation.

Among the litter treatments from the ER, the mixed cocoa-shade consistently
released significantly more C than the other treatments which did not differ in
their C emissions (Figure 4a). Thus, whilst there was no difference between the
pure cocoa and shade treatments, the C emission of their mixture was higher than
expected and could not be predicted from the separate litter treatments as indicated
by the significantly (P < 0.05) lower C emission pattern of the predicted mixture.
At 130 days of incubation, the amounts of C emitted from the litter treatments
ranged from 106.0 to 119.2 g/kg for cocoa and mixed cocoa-shade treatments,
respectively (Figure 4a). The higher C mineralization in mixed cocoa-shade
appeared to be the effect of P which is the only nutrient element that differed
between the mixed cocoa-shade and the other samples from ER (Table 2).
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Leaf treatments from the WR exhibited similar C release patterns as earlier
stated; each showing a double phase comprising of an initial rapid rate and a subse-
quent decreasing rate as the incubation advanced (Figure 4b). However, in the case
of the litter treatments from WR, the cocoa leaf treatment emitted significantly
(P < 0.05) more C than the other treatments until 43 days of incubation when there
was no longer significant difference from the C emissions of mixed cocoa-shade
treatment (Figure 4b). The lowest C emission pattern was observed from the treat-
ment with shade leaf litter. The C emission patterns of the mixed cocoa-shade and
predicted mixture treatments exhibited fluctuations such that higher C emission
was estimated by the predicted mixture from 5 to 16 days. The C emitted from both
did not differ between 28 and 75 days, and thereafter, the C emissions of the mixed
cocoa-shade treatment exceeded the predicted emissions towards the end of the
observation (Figure 4b).

At 130 days, the range of C emitted from the treatment with leaf litters from WR
was 64.3 to 135.8 g/kg for the shade and mixed cocoa-shade treated litters. Previous
works on soil carbon mineralization reported that the initial biochemical composi-
tion plays a major role in driving the process and C/N ratio of decomposing organic
material is said to be a good indicator of its mineralization potential [89]. However,
the findings herein are unable to confirm or deny the importance of C/N ratio since
the litters did not differ significantly and were all less than the critical C/N ratio of
25 below which mineralization would be expected [62, 63].

3.3.1 Potential mineralizable C for 130 days incubation

The potential mineralizable C pools from the leaf litters at the end of 130 days of
incubation were estimated by fitting the C emission patterns (Figure 4) to a single
exponential rise-to-maximum (growth) model (Eq. (6)). The same model has been
used previously on similar data by others [82, 87, 90]. The data on emitted C con-
formed well to the model (R” = 98.0-99.9) and the estimated parameters provided
estimates of potential mineralizable C and the mineralization rate constants of the
litter treatments as presented in Table 3.

The potential mineralizable C (C,) estimated for the litters from ER during the
130-day incubation had a narrow range of 107.7-118.5 g/kg for cocoa and mixed
cocoa-shade treatments, respectively (Table 3). The estimated potential mineral-
izable C represents approximately 26.4-29.6% of the oxidizable C in leaf litters of
cocoa and mixed cocoa-shade, respectively. This indicates that the leaf litters had
close potential for releasing similar amounts of C. However, these estimated min-
eralizable carbon values differed significantly (F3 4 = 11.50, P = 0.020) according
to the litter treatments. The differences in amount of estimated mineralizable C
appear to reflect the quality of the oxidizable carbon source. Indeed, a correlation
analysis indicated the presence of significant relationships between the estimated
mineralizable C of leaf litters from ER and some initial chemical properties of
the litter treatment as follows: N (r = 0.713, P = 0.047), P (r = —0.784, P = 0.021),
and C/N (r = —0.883, P = 0.004). However, other researchers found high miner-
alizable C from decomposing Mucuna litter and attributed this to its low lignin
content rather than its C/N ratio [85, 87]. This means that the amount of potential
mineralizable C from decomposing organic material is partly controlled by its
biochemical quality.

There were considerable variations in the estimated mineralizable C among
the leaf litter obtained from the WR (Table 3). The results indicated a wider
range of mineralizable C pools of 61.10-209.70 g/kg respectively for the shade
and mixed cocoa-shade litter treatments. The estimated potential mineralizable C
range for the WR litters represented a potential C loss range of 13.4-49.6% of the
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initial oxidizable C content of the litters within 130 days of incubation. The pres-
ent estimate for C loss relative to the period is much higher when compared with
Saffigna et al. [91] who reported a decline in mineralizable C by 29% when sorghum
residues were removed for 6 years from a hitherto amended soil. However the lower
C loss associated with sorghum residue partly reflects its lower oxidizable carbon
content relative to cocoa litter. The cocoa litter contained approximately twice as
much mineralizable C as contained in the shade litter, but the mixed cocoa-shade
contained more than twice as much potential mineralizable C as expected by the
predicted mixture capacity (Table 3).

There were no significant correlations between the estimated mineralizable C
pools from the WR leaf litter treatments and the biochemical composition of the
decomposing litter although there were indications of moderate relationship with
each one of the following: C (r = —0.672, P = 0.068), N (r = —0.564, P = 0.145), and
P (r = 0.530, P = 0.176). It thus confirms that the amount of potential mineralizable
C estimated from the litter incubation partly reflected the initial chemical composi-
tion and the amount of oxidizable C in the decomposing litter.

3.4 Comparison of C from leaf weight loss and CO,-C evolution methods

Although leaf decomposition is generally measured by weight loss, it is also
measured by carbon dioxide release in numerous studies [24, 25]. These methods
have several sources of variations as mentioned in the introductory section that
potentially could confound the results and cause deviations from litter decomposi-
tion under natural vegetation types. Comparison of methods is an option through
which interference from the methods with the results can be isolated.

Table 5 presents the measured amounts of C released from cocoa systems in
ER and WR during leaf litter decomposition averaged over the incubation period
(120 days) by the weight loss and carbon dioxide evolution methods. Under the
cocoa systems in the Eastern region, the C released measured by the CO, evolution
method was significantly higher than measured by the weight loss method in cocoa
leaf (Fy 5 =38.1, P = 0.009), mixed litter (F; 3 =23.5, P = 0.017) and predicted
mixed litter (F;, 3 = 18.4, P = 0.023) decomposition but their difference was not
significant (Fy, 3 = 0.07, P = 0.810) with respect to shade tree leaf decomposition
(Table 5). These higher amounts of C from the released CO, measurements are usu-
ally unexpected under natural unconfined environments since the release of CO,

Region Litter
Cocoa leaf Shade leaf Mixed leaf Predicted mixed litter
litter litter litter

Eastern region

Loss litter C 167.7b 329.0a 230.8b 248.4b

Evolved CO,-C 304.0a 326.4a 371.1a 315.2a

Western vegion

Loss litter C 371.3a 153.8b 324.7a 262.5a

Evolved CO,-C 338.3a 185.1a 326.9a 261.8a

1Different letters within same region and column indicate significant difference at P < 0.05 using Tukey’s method.

Table 5.
Cumulative C released (g/kg) over 120 days during litter decomposition under cocoa systems in Eastern and
Western regions as measured by the weight loss and CO,-C evolution methods.”
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during litter decomposition is but one of several ways including fragmentation and
organic matter leaching that contributes to the weight loss of buried litter [24, 25].
However, the confinement of the current experiment as described earlier meant
that weight losses through fragmentation and leaching of organic matter were disal-
lowed. Therefore, the litter weight loss solely depended on the release amounts of
CO,-C during the period. Thus, the expected weight loss from decomposing litters
must at most, be equivalent to the amounts of CO, released in the absence of leach-
ing of other organic material. The many steps such as initial total C determination of
the decomposing litter, weighing litter remains that have not been dried well or have
attached soil particles to determine weight loss and the use of larger time intervals
are all sources of variations associated with the determination of C release by the
weight loss method. These steps have the potential of being over estimated and
might explain the lower amounts C losses by the weight loss method when compared
to the CO,-C evolution method. On the other hand, the short time intervals of the
CO,-C evolution methods with regard to the frequent replacement of the adsorbent
creates room for atmospheric CO,-C to interfere with the decomposition and conse-
quently leads to over estimation of release C from the litter decomposition alone.
Apparently, the above sources of deviations associated with the two methods
were minimal under the litter treatments of WR cocoa systems. Hence, the expecta-
tion of equality between litter weight loss C and CO,-C released was confirmed
in all but the shade tree leaf litter decomposition. Differences between released C
estimated from litter weight loss and CO,-C evolution measurement methods were
not statistically significant under decomposing cocoa litter (Fy, 3 = 3.9, P = 0.143),
mixed litter (F, 3 = 0.008, P = 0.933) and predicted litter (F; 3 = 0.008, P = 0.934)
in the WR (Table 5). In contrast, the shade tree leaf litter decomposition from WR
released significantly (F; ; = 11.5, P = 0.043) different amounts of C, where the
measured C by CO,-C evolved was higher than that in loss litter (Table 5).
Although the measured differences varied between regions, regression analysis
of pooled data from the two regions indicated the existence of a strong relationship
between weight loss of litter C and the CO,-C evolution during litter decomposi-
tion (Figure 5). The line of best fit to the scatter suggests that CO,-C emission is
proportional to litter decomposition in the cocoa ecosystems. Quantitatively, litter
decomposition accounts for 70.9% of the variations in measured CO,-C emissions
from the cocoa ecosystems (Figure 5). Other researchers have also found strong
agreements between the two methods with respect to measuring the C released
during decomposition [27, 31, 32].

3.5 Mitigation of CO, emissions

The quantity of carbon released from the decomposition of dead materials
into the atmosphere contributes significantly to the global carbon budget. It
is estimated that about 70% total annual carbon flux (this is equivalent to 68
Pg Cly) derives from the decomposition of plant materials [92]. Forests are
recognized as an important component for climate mitigation and adaptation.
Conceivably, promoting agroforestry practices such as cocoa ecosystems in the
tropics on cleared lands would mitigate the atmospheric CO, loads through
photosynthesis and C storage in their tissues. The amount of C stored is propor-
tional to the biomass of the tree components and consequently the amount of
CO, removed from the atmosphere.

In comparing the C stored in cocoa systems with annual crops, many stud-
ies have reported higher C storage in the cocoa systems [22, 93, 94]. Lavelle and
Pashanasi [95] noted that forest ecosystems and pastures contain more biomass C
than cropland. On a vertisol in Ethiopia, Lulu and Insam [96] observed positive
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Relationship between measurements of C released during litter decomposition by the litter weight loss and the
CO,-C evolution methods.

effects of agroforestry practice with Sesbania on soil organic carbon (SOC) pool.
Dowuona et al. [97] reported a 25.6 g/kg SOC on a ferric acrisol under Leucaena
leucocephala woodlot in Ghana compared to the 15.6 g/kg SOC for its Chromolaena
odorata native fallow adjacent soil.

The recognition of the potential of sequestering carbon in plantations has
attracted the attention of many researchers on C sequestration projects. These
researchers have predicted a potential market for C in developing nations as a result
of the investments from companies and governments wishing to offset their emis-
sions of greenhouse gases as directed by the Kyoto Protocol’s Clean Development
Mechanism [98, 99].

Whether the soil acts as a source or sink of carbon gases depends greatly on the
type and intensity of activities of human management on the land. Soil manage-
ment practices have been documented to have tremendous effects on soil organic
matter (SOM) storage. In a study from adjacent forested and cultivated soils
in eight agro-ecosystems from the Ethiopian highlands and Nigerian lowlands,
SOM content was two to four times higher in the forested than in the cultivated
soils [100]. In an 11-year experiment to assess the potential of different cropping
systems to sequester C in the soils, Bostick et al. [101] noted significant reductions
of soil organic carbon from a continuous fallow of 0.53% C to 0.46, 0.37, 0.35 and
0.33% C for sorghum-fallow, continuous cotton, continuous sorghum and cotton-
maize-sorghum rotations, respectively, in Burkina Faso. Haynes and Francis [102]
have reported high amounts of C under pasture relative to cultivated soils. Pichot
et al. [103] observed that average soil C increased between 116 and 377 kg/ha/y in
a 10-year study in Burkina Faso when soils were amended with low and high levels
of inorganic and organic fertilizer, respectively.

4, Conclusions

Litter decomposition helps to replenish soil nutrient pools. Therefore, plant litter
decomposition plays a key role in biogeochemical nutrient cycling, the rate of which
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determines the productivity of natural and in part agro ecosystems. The findings
of this study have contributed to our understanding of litter decomposition and C
dynamics in cocoa ecosystems of Ghana.

Trends of leaf litter decomposition and C mineralization indicated that mixed
cocoa-shade litter treatments decomposed faster than the cocoa leaf litter alone;
this suggests that litter mixing has a positive interaction effect in cocoa ecosystems.
The management implication of this finding is that if the release of nutrients into
the soil is a consequence of litter decomposition, then the mixed litter systems as in
shaded cocoa ecosystems would be more effective in releasing plant nutrients than
the single tree species litter systems.
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Abstract

As the palm oil production is expanding in Brazilian Amazon region, this study
aimed to determinate the greenhouse gas (GHG) emissions since the agricultural
phase to transportation of crude palm oil (CPO) and then indicate strategies to
achieve the CO, sequestration. The scope of this study comprised since the stage of
oil palm seedlings production until the transportation of CPO. Inventory data for
the year of 2009 included the agricultural production of fresh fruit bunches (FFB)
and the extraction and transportation of CPO. The management of palm oil mill
effluent (POME), use of fertilizers, fuels, pesticides, and electricity contributed to
66.5,17.9, 15.1, 0.4, and 0.1% of the total emissions, respectively. Agricultural phase,
CPO extraction, and transportation emitted 32,131, 79,590, and 1,104 t CO,-eq,
respectively. The carbon (C) footprint was 0.79 t CO,-eq / t CPO, and the highest
GHG emissions were associated to the management of POME. On the other hand,
the use of all residues from the mill as fertilizer substitute can minimize the GHG
emissions and increase soil C stocks. In addition, the methane (CH,) from POME
captured and used for steam or electricity is also a viable alternative to reduce the
GHG emissions.

Keywords: carbon dioxide, crude palm oil, fresh fruit bunches, methane,
nitrous oxide, palm oil mill effluent

1. Introduction

Oil palm (Elaeis guineensis Jacq.) is the most produced oil crop in the world due
to its high productivity in relation to other oleaginous crops (e.g., soybean, sun-
flower, and rapeseed), and could meet growing global demand that is estimated to
reach 240 million tons of palm oil by 2050 [1]. In Brazil, the cultivated area with oil
palm is about 236,000 ha, including areas of agro-industries, small- and medium-
sized farmers, family farmers and members of agrarian reform. It is estimated that
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88% of Brazilian palm oil production was located at Par4 State, while and Bahia and
Roraima States account for 11 and 1% of production, respectively [2].

There is a great potential for development of palm oil chain in Brazil. The
Brazilian government envisions a 35% expansion of oil palm production in the
Amazon region due to its favorable soil and climate conditions and large amount of
available lands. The Program for Sustainable Production of Palm Oil in Brazil has
been promoting oil palm plantations but limiting the expansion only to degraded
lands [3]. There was an encouragement for the cultivation of oil palm in the north-
ern region due to its high productivity and potential for inclusion in the biodiesel
agenda. Para State continued to be targeted as the largest potential producer, and
there was an estimated expansion of 330,000 ha until 2020 [4].

The environmental impacts of palm oil production can be accessed from a life
cycle point of view, where the greenhouse gas (GHG) emissions can be accounted
since from oil palm cultivation, crude palm oil (CPO) extraction, CPO transpor-
tation, and recycling or disposal of residues from the mill [5, 6]. According to
Menichetti and Otto [7], the impacts depend on the consumption of conventional
fuels, fertilizers, and the wastes generated. We hypothesized that the main source of
GHG emissions in the palm oil production is related do CPO extraction and disposal
of liquid waste from the mill.

Therefore, the aim of this study was to access the GHG emissions derived from
the agricultural production, CPO extraction and transportation in an agro-industry
farm located at Para State, Amazon region, Brazil. Additionally, we aim to propose
strategies for reducing GHG emissions and for promoting the CO, sequestration.

2. Materials and methods
2.1 Location of the study area

The study was carried out in 2009 in a commercial farm located in the munici-
pality of Tailandia (48°46'W, 2°27'S), Para State, Brazil (Figure 1). The company
had a total area of 107,000 ha, where 60% is occupied with native vegetation, 36%
with oil palm plantation, and 4% with infrastructure. The native vegetation is
tropical rainforest. According to Képpen classification, the climate is Afi (tropical
monsoonal). The rainfall for 2009 was 2705 mm year " and the mean temperature
was 26.5°C. The temperature ranged from 22.6 to 33.4°C and the mean of annual
relative humidity was higher throughout the year. The mean altitude of the region
is 30 m, and the soil is well drained with medium clay content (18-29%), and
classified as “Latossolo Amarelo distréfico tipico” in the Brazilian System of Soil
Classification [8] and as Oxisol (Xanthic Hapludox) in the USDA classification [9].

2.2 Palm oil system description

The palm oil supply chain consists of three subsystems (Figure 2): seedlings pro-
duction, fresh fruit bunches (FFBs) production, and crude palm oil (CPO) extraction.
Several processes are involved in the production of FFB, including planning, nursery
establishment (seedlings cultivation), soil preparation, field establishment, field
maintenance, harvesting and collection of FFB and replanting [10]. Considering all
steps, the agricultural phase of oil palm production lasts for around 25-30 years [1].

The industrial phase consists of CPO extraction. The palm oil mill is located near
to the oil palm plantations to facilitate the timely transportation and effective pro-
cessing of FFB. Processing in the palm oil mill involves four major unit operations:
sterilization, threshing and stripping of fruits, digestion, and oil extraction [11].
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Subsequently, the CPO, the main product from the palm oil mill, is transported
to a refinery aiming to produce refined palm oil (RPO). Although it is possible to
use CPO as raw material, the biodiesel production is based on fatty acids extracted
from palm oil fruit through the refining process [12].
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2.2.1 Agricultural phase

In the oil palm cultivation, the first stage in the agricultural phase is the seed-
lings production. In prenursery, seeds are sown in small polyethylene bags (0.5 L)
where the seedlings are kept under the shade to protect them from direct sunlight
until they are 3 months old. In the subsequent main nursery stage, the seedlings are
transferred to large polyethylene bags (18 L) and grown without a protective shade
until they are 12 months old, when they are considered ready to be shifted to the
plantations. Sprinkler systems are used to provide sufficient water in prenursery
and nursery (8 mm day ). The seedlings are supplied with nutrients by fertilizer
applications.

The palms from nursery are transferred to oil palm plantations and planted at
a density of 143 plants/ha on a mineral soil with low and medium clay content.
About some time after palm plantation, a legume used as cover crop (Pueraria
phaseoloides) is sown. The cover crop prevents erosion and fixes nitrogen from the
atmosphere in their root nodules, especially during the stage when the palms are
young. A circle with no vegetation is established around each plant, preventing
competition of weeds. The circle allows the herbicide application and the easy
access for harvesting and picking of loose fruits.

The fertilizers applied in the oil palm plantations are potassium chloride,
ammonium sulfate, kieserite, and rock phosphate. The herbicide glyphosate is used
mainly to make the circles around the plant. The insecticide acephate is used in a
small quantity due to use of integrated pest management, where natural enemies
are used instead of pesticides.

The harvest operations start at 3 years of age and continue until the oil palm
plantations are 25 years old. Harvesting of ripe FFB is manually carried out every
12 days using a sickle mounted on an aluminum pole. Normally, two fronds beneath
the fruit bunch are pruned before harvesting. The pruned fronds are placed in
the field between the palm rows for mulching. Detached FFBs are placed by the
roadside, collected and disposed in dumpsters, and later taken by truck to a palm
oil mill.

Replanting of oil palm is carried out after 25 years due to difficulty in harvesting
tall palms and to low FFB yield. So, the palms are felled, chipped, and left in the
plantation as a nutrient source for the new palm plants.

2.2.2 CPO production

In the palm oil mill, the FFBs are transferred into the sterilizer. The fruits are
sterilized by steam (135°C) under a pressure of 3 kg cm ™ for 80-90 min. The
sterilization process avoids loosens of the individual fruits from the bunch and also
deactivates the enzyme which the breakdown of the oil into FFA.

The sterilized FFBs are sent to a thresher where the fruits are separated from
the bunch. The empty fruit bunches (EFBs), which are abundant, may be used to
produce steam and power, and the ashes used as fertilizers [13]. However, in the
Agropalma farm, the EFBs also are applied on the organic plantations as organic
fertilizer.

The fruits from the thresher are then sent to a digester that converts the fruits
into a homogeneous oily mash by means of a mechanical stirring process. The
digested mash is then pressed using a screw press to remove the major portion of
the CPO. At this point, the CPO comprises a mixture of oil, water, and fruit solids,
which are screened through a vibrating screen to remove as much solids as possible.
The oil is then clarified in a continuous settling tank whose decanted CPO is then
passed through a centrifugal purifier to remove remaining solids and then sent to
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the vacuum dryer to remove moisture. The CPO is then pumped to storage tanks
before it is sent off to the refining process.

The nuts with the pressed mesocarp fibers are separated at the fiber cyclone
and then cracked to produce kernels and shells. The kernels are shipped to kernel
crushing plants to be processed into crude palm kernel oil (CPKO), while the shell
and pressed mesocarp fiber are used as boiler fuel.

The main solid residues from the milling process are EFBs, pressed mesocarp
fiber, shell, and boiler ash, while the liquid waste is palm oil mill effluent (POME)
(Figure 2). In the studied plantations, the POME is conveyed from the mill and
disposed in anaerobic ponds and later is used for palm tree irrigation purposes. All
the residues from the palm oil extraction process are reused in the oil palm cultiva-
tion (EFB, ashes, and POME) or palm oil mill (fiber and shell).

2.2.3 Transportation of CPO from palm oil mill

The CPO stored in tanks is transported by trucks to the barge docks 24 km away
from the mills and then is taken by barge to the refinery located 200 km from the
farm. Each barge carries 1100 t of CPO. Besides being cheaper due to geographical
conditions of the palm oil mill, the CPO transportation by the waterway is easier
than it is by road in the region of study.

2.3 Scope definition and data collection

The scope of this study comprised since the stage of oil palm seedling produc-
tion until the transportation of CPO. Inventory data included the main steps of
the palm oil supply chain: agricultural production of FFB, extraction of CPO, and
transportation of CPO to a refinery. We considered the year of 2009 (January 1 to
December 31) to evaluate the carbon footprint of CPO production and transporta-
tion at Agropalma farm. In this study, the functional unit (FU) is 1 t of CPO.

We evaluated the GHG emissions related to seedlings production, planting and
cultivation of juvenile and mature oil palm plantations, considering a FFB yield
of 21.2 t ha™’. The study measured direct and indirect emissions from the use of
fuels, fertilizers (i.e., nitrogen, phosphorous, and potassium) and defensives in the
production system.

The GHG emissions from industrial processes (by the use of fossil fuels, bio-
fuels, biomass, and electricity) and FFB transportation from the field to the palm
oil mill (by the use of fossil fuels) were calculated. In addition, we evaluated the
GHG emissions from CPO transportation by trucks to the barge docks and then to
the refinery. The GHG sources associated to inputs and outputs from the palm oil
production, extraction, and transportation are described in Figure 2. The input
data used to calculate the GHG emissions are listed in Table 1. Table 2 presents the
emission factors (EFs) used in this study.

The international standards ISO 14040 and ISO 14044 on life cycle assessments
were used in this study to determine the GHG emissions from CPO production
based in the methodology proposed by IPCC [18]. When allocation could not be
avoided in the treatment of coproducts and residues, the resulting emissions of a
process were portioned between its different products in a way that reflected the
underlying physical relations between then. The rationale in using mass allocation
is that physical portioning is most consistent as it contains the least uncertainties.
According to the production at Agropalma in 2009, the weight allocation was 92%
of CPO and 8% of PKO. To measure GHG emissions, we have used the inputs
presented in the inventory data (Table 1) and their respective emission factors
(Table 2). The EFB and POME are used in the plantations as fertilizers, while the
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GHG source Production stage

Agricultural Industrial Transportation
Nitrogen (N) 362 — —
Phosphate (P) 256 — —
Potassium (K) 3634 — —
Pesticides (L)
Glyphosate 52,745 — —
Organophosphate 6678 — —
Fossil fuel (L)*
Diesel 3,708,216 854,458 365,909
Gasoline 124,834 64,476 —
Energy
Electricity energy (kW/h) — 1,685,636 —
Biomass (fiber + shell) (t) — 80,064 —
Residue
POME at anaerobic ponds (m?) — 693,193 —

"The quantities of biodiesel and ethanol mixed in diesel and gasoline, respectively, were computed.

Table 1.
Fertilizers, pesticides, fossil fuel and energy inputs, and waste generated in the crude palm oil (CPO)

production in Pard State, Brazil.

Source Unit Emission factor Reference
Fuel
Diesel kg CO,/L diesel 3.11 [14]
Gasoline kg CO,/L gasoline 2.85 [14]
Ethanol kg CO,/L ethanol 0.46 [15]
Biodiesel kg CO,/L biodiesel 0.39 [15]
Fertilizer
Nitrogen kg CO,/kg N 314 [16]
Phosphate kg CO,/kg P 0.61 [16]
Potassium kg CO,/kg K 0.44 [16]
Electricity
2009 (medium value) t CO,/MWh 0.0245 [17]
Herbicide
Glyphosate kg CO, eq/kg AL} 15.95 [14]
Insecticide
Organophosphate kg CO, e/kg A.L 768 [14]
Residues
POME at anaerobic ponds kg CO, e/kg DQO 5.00 [14]
Biomass (fiber + shell) kg CO, e/t 22.53 [18]
1AL, active ingredient.
Table 2.
gzziv;;on factors used to calculate the GHG emissions from crude palm oil (CPO) production in Pard State,
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pressed fiber and shell are burnt as fuel in the palm oil mill boiler. Nevertheless, the
savings for the use of solid residues and POME are not included in this study.

Based on the input data, it was possible to estimate GHG emissions in terms of
equivalent CO, (CO,-eq). Emissions of N,O and CH, are compared based on the
global warming potential (GWP), since CH, and N,O have a GWP 25 and 298 times
larger than CO,, respectively [18].

3. Results and discussion
3.1 Total GHG emissions

The total GHG emissions resulting from the production of FFB, extraction and
transportation of CPO were 112,825 t CO,-eq (Figure 3). The main source of GHG
was the management of POME, followed by fertilizer application, fuel combustion,
pesticide application, and electricity use. The high CH, emissions in the anaerobic
ponds, when converted into CO,-eq represented 66.5% of the total emissions. The
use of fertilizers and fuels contributed to 17.9 and 15.1% of the total emissions,
respectively. The application and electricity use represented less than 1% of the total
GHG emissions (Figure 4).

The highest GHG amount emitted from POME is related to CH, emissions in
the anaerobic ponds. The anaerobic ponds located in Agropalma farm are over 2 m
deep and the POME has a large amount of C available and, consequently, high COD
(chemical oxygen demand). In this study, the COD had an average of 21.65 kg m>,
which is considered a high value by the standards of the Intergovernmental Panel on
Climate Change [18] for effluents generated in the vegetable oil industry.

Similar results were found by Choo et al. [19] determining the GHG contribu-
tion by subsystems in the oil palm supply chain at Malaysia. The highest emissions
were associated to POME without biogas capture. After POME disposal into the
ponds, the CH, content is higher in the outlet region [20]. This is explained by
excess concentration of organic matter in the inlet region that would influence the
methanogenic activities [21]. As a result, lower CH, and higher CO, are emitted
from the inlet region.

The fertilizers applied in the seedlings production and oil palm plantations
resulted in the second largest GHG emission source. It is important to notice that
GHG emissions are released both during the industrial production of fertilizer and
through the application of these fertilizers on the field. The cultivation of oil palm
requires high inputs of nitrogen fertilizer, which can create high soil emissions due
to a conversion into N,O [22].

The oil palm cultivation in Agropalma farm uses small amount of pesticides,
resulting in low GHG emissions due to the use of these products (Figure 3). In
20009, glyphosate (herbicide) and acephate (insecticide) were used, so that GHG
emissions were lower than other results previously reported in Malaysia [13, 19] and
in Brazil [12].

The measured fuel combustion was related to agricultural operations, FFB
transportation, extraction and transportation of CPO to a refinery. According to
previous studies [13, 23], GHG emissions associated to use of diesel in plantations,
internal transport and machinery are in order of 180-404 kg CO,-eq ha™" yr. ™",

If the FFB yield is setat 21.2 t ha™}, the total emissions would be in order of
8.5-19.1 kg CO,-eq/t FFB. We found a total emission of 23.08 kg CO,-eq/t FFB and
this value can be attributed to the highest number of mechanized operations at
Agropalma farm compared with the most part of palm oil companies in Southeast
Asia. Moreover, we also include the emissions from the combustion of fibers and
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Figure 3.
Total GHG emissions (t CO,-eq) in 2009 from crude palm oil production in the Brazilian Amazon region.

Figure 4.
Partition of total GHG emissions from crude palm oil production in the Brazilian Amazon region.

shells used in the boilers, which represent 10.5% of total emissions from the use
of fuels.

The electricity is derived from hydroelectric power plants, which are considered
a clean energy source. So, the GHG emissions were low, in agreement with previ-
ous results reported by Souza et al. [12]. The use of biomass (shell and fiber) in the
boilers also contributed to the reduced use of electricity. In Malaysia, Yee et al. [24]
have reported that from the amount of energy generated from the fibers and shell,
about 55-77% is being utilized in the milling processes in the form of heat (steam)
and power (electricity). The combustion of coproducts in high-efficiency boilers
and turbines for power production reduces life cycle GHG emissions even when the
most part of the electricity consumed comes from hydroelectric power plants [12].

3.2 GHG emissions in the agricultural phase

The agricultural phase (seedling production, juvenile and mature plantations)
contributed to 28% of the total GHG emissions in the palm oil production, emitting
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Figure 5.
GHG emissions (t CO,-eq) from agricultural phase, CPO extraction and transportation in the Bragilian
Amazon region.

32,131 t CO,-eq in 2009 (Figure 5). The use of fertilizer was the main source of
GHG emissions, followed by the use of fuels and pesticides. We found that in the
production of FFB, 88% of GHG emissions are related to mature crop stage, while
1 and 9% are from the nursery and juvenile stands, respectively (Figure 6). These
results are in agreement with other studies analyzing the GHG emission sources in
the agricultural phase of oil palm production [23, 25].

In the oil palm nursery, the inputs of fertilizers and pesticides are relatively low
compared to the other stages, and the activities for the seedlings cultivation are
performed manually. The use of fuel is required only for the seedlings transporta-
tion and irrigation. So, this step contributed to insignificant amounts to the GHG
emissions, corroborating with the results reported by Choo et al. [19].

In the oil palm plantations (juvenile and mature stands), the fertilizer application
rate is dependent on a number of factors including yield potential, age of palm plant,
nutrient balance, field conditions, and soil types. In 2009, the medium amount or
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Figure 6.
GHG emissions (t CO,-eq) in the agricultural phase of CPO production in the Brazilian Amazon region.
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fertilizer applied for juvenile stands (1-3 years) was 36 kg N ha™, while in the mature

stands (FFB production areas), it was 48 kg N hat. We found that the use of fertil-
izer contributes to 63% of GHG emissions in the agricultural phase, agreeing with
previous results reported by Yee et al. [24], Souza et al. [12], and Choo et al. [19].

The application of fertilizers and harvesting operations and the transportation
of FFB from the field to the mill require the use of fossil fuels and biofuels. GHG
emissions from the use of fossil fuels and biofuels accounted for 36% of total GHG
emissions in the agricultural phase.

3.3 GHG emissions in the CPO extraction

In the palm oil milling stage, the GHG emissions were from the use of fuels,
electricity, and disposal of POME. We observed that CPO extraction was the largest
source of GHG emissions (71%) in 2009 (Figure 5).

As mentioned before, the use of fuels in the palm oil mill is represented by fossil
fuels, biofuels, and residues of CPO extraction (fiber and shells). In the Agropalma
farm, 80,000 t of fiber and shells were used as fuel in 2009. Normally, biomass is
used for heat and/or power production through direct combustion. Yee et al. [24]
have reported that palm oil mills in Malaysia are self-sufficient in terms of electric-
ity consumption due the use of fiber and shells as source of power. The use of fossil
fuels blended with biofuels, and residues of CPO extraction contributed to 3.4 and
2.3% of the total GHG emissions (Figure 7).

The CH, from POME in anaerobic ponds represented 94.3% of the total GHG
emissions in the palm oil mills. In Malaysia, Shirai et al. [26] and Yacob et al. [27]
have reported that the CH, composition was between 35 and 45% for the anaerobic
treatment of POME, while Yacob et al. [20] recorded an average of 54.4%. After
1 year of observation at the anaerobic ponds, these authors observed that CH4 emis-
sion pattern is governed by the oil palm seasonal cropping and mill activities. In this
study, we used the default value proposed by IPCC, so the continuous monitoring is
necessary to obtain the seasonal fluctuations in GHG emissions.
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Figure7.
GHG emissions (t CO,-eq) in the palm oil milling stage in the Bragilian Amazon region.
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Determining the GHG emissions by subsystems in the oil palm supply chain,
Choo et al. [19] also reported the highest emissions associated to POME production.
Their results showed reduction of GHG emissions from oil palm mill when the CH,
was captured. Reijnders and Huijbregts [23] reported a reduction on GHG emis-
sions of about 0.15 t CO,-eq/t CPO produced when 95% of control efficiency for the
treatment of POME is assumed.

3.4 GHG emissions from the CPO transportation

The fuel combustion during the CPO transportation from the palm oil mill to
the refinery represented 1% of the total GHG emissions in 2009 (Figure 5). As
mentioned before, the transportation of CPO from oil palm mill to refinery at
Agropalma farm is performed by barge where one roundtrip carries 1100 t of CPO
and consumes 3500 L of diesel. Since 105 roundtrips were performed in 2009, the
GHG emissions from the use of diesel at Agropalma farm during the transportation
of CPO were 1104 t CO,-eq.

According to Majer et al. [22], the GHG emissions from transportation process
typically represent only a small share of the overall balance results in the biodiesel
production. In contrast to our results, Choo et al. [19] reported higher GHG emis-
sions from the transportation process in Malaysia due the distance of oil palm mill
until the refinery. The authors point out those GHG emissions could be reduced by
improving transport logistic by routing delivery of CPO, for the shortest distance
between the supplier and the refinery.

3.5 Carbon footprint of CPO production and transportation

In the palm oil mill, CPO and KPO are obtained as main products among the
several by-products from the extraction process (Figure 2). Several studies have
reported the GHG emissions considering the production area or the quantity
produced [12, 19, 23, 28]. We calculated the GHG emissions related to CPO produc-
tion using mass allocation based on a specific agricultural year. The carbon footprint
was calculated considering the GHG emissions per t of CPO produced at Agropalma
farm. In 2009, the CPO and KPO production were 130,210 and 11,205 t, respectively.

Considering the agricultural production of FFB, CPO extraction, and CPO
transportation from the mill to the refinery, we found an emission of 0.79 t CO,-
eq/t CPO produced at Agropalma farm in 2009. As we mentioned before, 66.5% of
the total emissions are related to management of POME in the anaerobic ponds. The
C footprint of CPO can be reduced significantly since oil palm and palm oil process-
ing wastes are used to replace the input of fossil fuel in palm oil processing stage
[29]. This can be combined with a reduction in the amount of CH, emitted from oil
palm processing waste [23]. The company could adopt the system of CH, capture
from POME and use it as electricity or power source [19, 20].

3.6 Comparative GHG emissions in CPO production

Our study is the first to approach carbon footprint considering the different
stages (agricultural, industry, and transportation) of CPO production in Brazil. We
found that industry is the main source of GHG emissions (71%) due the manage-
ment of POME in anaerobic ponds. Another study in Thailand [6] has reported
similar results, and the GHG emissions in CPO extraction (industry) allocated by
energy value were 0.55 t CO,-eq/t CPO. But contrary to what was observed in this
study, the authors have considered the carbon stocks.
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Determining the GHG contributions by subsystems in the oil palm supply chain
using the LCA approach in Malaysia, Choo et al. [19] have reported that the produc-
tion of 1t of CPO in a mill without and with biogas capture emitted 0.97 and 0.51 t
CO,-eq, respectively. As we found is this study, the contribution of nursery subsys-
tem was found to be minimal, and in the plantation subsystem the major sources of
GHG were from nitrogen fertilizers.

Regarding the soil GHG emissions in Indonesian oil palm plantations, Rahman
et al. [5] have reported that the use of inorganic fertilizers led to significantly
higher N,O emissions. Therefore, as we found is this study that the use of fertilizers
accounted for 63% of GHG emissions in the agricultural phase, the use of organic
amendments (empty fruit bunches, enriched mulch, and pruned oil palm fronds)
can be an option for reducing GHG emissions.

3.7 Mitigation of GHG emissions and opportunities do achieve CO,
sequestration

The GHG emissions have been reported along the palm oil production chain
from the roundtable on sustainable palm oil (RSPO) [30]. Methane (CH,) emis-
sions from wastewater in open ponds at the milling phase and nitrous oxide (N,0)
emissions from nitrogen fertilizer application in the cultivation phase are the most
related sources of GHG emissions [31, 32].

In this study, the C footprint associated to CPO production was about 0.79 kg
CO,/kg CPO and the main source of GHG emissions is associated to management
of POME in the anaerobic ponds. Previous study in Thailand also has reported that
wastewater treatment and empty-fruit-bunch disposal in mills are a main source
of CH, emissions and cause global warming, with up to 47 and 45% of total global
warming impact [33]. So, the effluent treatment in the anaerobic ponds and the
combustion of CH, during anaerobic decomposition [34] are cited as viable strate-
gies to reduce the GHG emissions at the milling phase.

According to Chai et al. [35], energy content in wastewater, in the form of
chemical oxygen demand (COD), is usually converted into CO, or CH, and biosol-
ids through either aerobic treatment or anaerobic treatment. Therefore, decreasing
the degree of aerobic treatment and maximizing energy recovery from CH, and
biosolids are crucial to lower carbon footprint. An efficient anaerobic digestion
could contribute to the decrease of the degree of subsequent aerobic treatment, by
removing certain amount of COD and reducing CO, emissions, and recover energy
from CH, by anaerobic digestion.

When the POME is converted into biogas (CH,4) through a gasification process
and then used to fuel gas engine and generate electricity, it is possible to reduce the
environmental impact of CPO production. In addition, other recent technological
advances have turned POME to useful sustainable feedstock that can be used to
produce valuable by-products like biohydrogen [36] and biomethane [37].

Regarding the oil palm plantations, there are four main steps that contribute to
GHG emissions: soil preparation, fertilizer management, weed control, and FFB
transportation. In this study, we reported that the use of fertilizer was the main
source of GHG emissions, followed by the use of fuels and pesticides. The use of
EFB for infield application in young and mature palm areas has been used in the
management of soil nutrients and organic matter and promoting the increase
of organic carbon in the soil over time [38, 39]. So, the continuous use of EFB as
mulching could play a significant role in reducing CO, emissions into the atmo-
sphere through soil C sequestration [39].

As also mentioned before, the use of Pueraria phaseoloides as cover crop can also
reduce the use of nitrogen fertilizers in the young and mature palm plantations.
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Previous study has reported that the use of legumes contributes about 150 kg
nitrogen ha™" year™ to the system through biological nitrogen fixation [40]. So, the
use of EFB and legumes in the agricultural phase can reduce the mineral fertilizer
demand and consequently minimize GHG emissions.

In the Brazilian Amazon region, the maintenance of native vegetation and the
use of degraded areas to introduce new oil palm plantations can promote envi-
ronmental benefits to commercial farms, reducing the GHG emissions. Brazilian
government approved a bill to expand 4.3 million ha of previously deforested lands
to oil palm plantations [41]. Para State is intensively studied because the majority of
the land deemed suitable for oil palm expansion by the government is located in this
state. According to Yui and Yeh [42], the encouragement of oil palm plantations on
deforested lands could drastically reduce the conversion of forest land, thus reduc-
ing GHG emissions from deforestation.

4, Conclusions

Considering the production of seedlings and FFB, the extraction and trans-
portation of CPO in a Brazilian commercial farm at Amazon region, it emitted
0.79 t CO,-eq/t CPO produced in 2009. Main contributing factor to GHG emissions
during the cultivation step is the use of industrial fertilizers, which accounted
for 17.9% of the total GHG emissions mainly due the high input of nitrogen. The
management of POME from palm oil mill is the main source of GHG emissions to
the atmosphere, representing 66.5% of the carbon footprint during the evaluated
period. Regarding the use of fuels in all evaluated stages, they accounted for 15.1%
of the total GHG emissions.

The POME treatment in the anaerobic ponds and the use of CH, for steam or
electricity production and the use of EFB and legumes in the agricultural phase are
cited as the main strategies to reduce the GHG emissions in the palm oil produc-
tion system.

Our results may be used to encourage new researches and improve the life cycle
assessment and the measurements of GHG emissions associated to palm oil produc-
tion chain in Brazil and other regions of South America.
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Chapter 7

Experimental Study of Adsorption
on Activated Carbon for CO,
Capture

Hesham G. Ibrahim and Mohamed A. Al-Meshragi

Abstract

The adsorption of carbon dioxide (CO,) on activated carbon (AC) prepared
from olive trees has been investigated by using a fixed bed adsorption apparatus.
The adsorption equilibrium and breakthrough curves were determined at different
temperatures 30, 50, 70, and 90°C in order to investigate both kinetic and thermo-
dynamic parameters. Maximum CO, sorption capacity on AC ranged from 109.5 to
35.46 and from 129.65 to 35.55 mg CO,/g of AC for initial concentrations 10 and
13.725% vol., respectively. Different isotherm models are applied to mathematically
model the CO, adsorption, and on the basis of the estimated adsorption capacity by
model and determination coefficient (r*), the Langmuir model provides a perfect fit
to the experimental data owing to closeness of the r” to unity. From the correlation
coefficient, it is found that the pseudo-second-order model is well-fitted with the
experimental data. In addition, it indicates that CO, adsorption is a physical
adsorption process and demonstrates a behavior of an exothermic reaction, which is
consistent with the thermodynamic analysis. The results obtained in this study
conclude that AC prepared from olive trees can be considered as adequate for
designing a fixed bed cycle to separate carbon dioxide from flue gases and serve
as a benchmark while searching for inexpensive and superior activated carbon
production in future studies.

Keywords: adsorption, breakthrough, equilibrium, kinetic, thermodynamic

1. Introduction

The emissions of CO, from burn fossil fuels are the major reason for the increase
in the concentration of this gas in the atmosphere [1]. The amount of carbon
dioxide in the atmosphere is currently increasing globally by around 6 billion tons
per year [2].

A feasible technique method used industrially in reduction of CO, emissions is
capture and storage. CO, capture means separating the CO, from other gases in flue.
The advanced technologies being used worldwide for CO, capture in different
arrangements are post-combustion, pre-combustion, and oxy-fuel processes [1].

Numerous investigations have been done for CO, capture field by using adsorp-
tion, which are indicating to the effective usage of a post-combustion treatment of
gas emissions of flue. The proposed schemes in a cycle process of capture by
adsorption include pressure swing adsorption (PSA) and temperature swing
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adsorption (TSA) [1, 3-5]. The capture of carbon dioxide by adsorptive process is
mainly based on preferential adsorption of this gas on a porous adsorbent. Thus, the
first and most important step is to find a suitable adsorbent [1]. Carbon materials
are relatively insensitive to moisture and are suitable candidates for CO, capture
due to their pore structure and surface chemistry properties [6].

In recent years, considerable attention has been focused on removal of
pollutants by using adsorbents derived from low-cost agro-wastes. Olive trees (Olea
europaea) are abundantly found and easily available in the Mediterranean countries
generally and especially Libya. Thus, the aim of the present study is to describe
the dynamics and equilibrium of CO,-N, mixture adsorption on local activated
carbon (AC) prepared from olive trees using the breakthrough curve method.
Experimental breakthrough curves are used to obtain equilibrium data, and then
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich equilibrium adsorption
models were applied. Kinetic models examined herein are simple first-order,
pseudo-first-order, pseudo-second-order, and intra-particle diffusion. Model
validity with experimental data is assessed by using the coefficient of
determination (r?); the closer the value to unity means that the model will be better.
Thermodynamic analysis of adsorption of CO, on AC estimates the values of
enthalpy, free energy, and entropy. Also, effects of the interaction between CO,
and NO are studied.

2. Materials and methods
2.1 Preparation of activated carbon

The prepared activated carbon based on charcoal was prepared from olive trees
for low cost and was abundantly available. The used activated carbon was obtained
from the local area. The raw material of charcoal as received was crushed, ground,
and sieved, and only the fraction of particle size 5 mm was chosen as the mean
particle diameter. Then it is heated in an oven for 48 h up to 115°C to dry and
activate (to remove the absorbed gases and moisture it contains) [7, 8]. The pro-
duced activated carbon is then stored in a tightly closed container to be used as
required. The total pore volume and surface area of AC were determined using
Gemini VII 2390a analyzer. The particle size is obtained by using standard mesh
sieves (standard sieve AS 200), and average value of bed porosity is calculated in
terms of the average diameter of particles [9].

2.2 Dynamic adsorption capacity of carbon dioxide
A laboratory system used for measuring breakthrough curve was set up and
shown in Figure 1. The adsorber which is made of carbon steel tube, consists of

three zones:

* Calming zone with 6.5 cm diameter and 8 cm length containing spherical
particles of carbon steel.

* Active zone with 8.44 cm diameter and 39 cm length containing the activated
carbon particles, and it was surrounded by a shell containing a heating medium.

* Ending zone with 6.5 cm diameter and 8 cm length containing spherical
particles of carbon steel.
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Figure 1.
Schematic of the experimental set-up.

N, and CO, were supplied by pressurized cylinders. The purity for CO,, NO, and
N, cylinders was 99.9, 99, and 99.99% (vol.%), respectively. The used concentrations
of CO, were 10 and 13.725% (vol.%). Delivery of the feed gas was controlled by mass
flow meter. After mixing in a mixing chamber (2.45 cm diameter and 15 cm length),
simulated gas was fed into the inlet of the adsorber. Prior to all measurements, an
initial degassing of the sample was performed at a given temperature (30, 50, 70, and
90°C) by the flow of nitrogen until reaching steady state. Then mixed gas was passed
through the fixed bed column at constant temperature. The inlet and outlet concen-
trations were analyzed by a Testo 350XL flue gas, which has a resolution for N,, NO,
and CO, of 0.1 ppm, 0.1 ppm, and 0.1% vol., respectively. The total flow was kept
constant for 12 I/min; whereas the N, and CO, were controlled precisely according to
the required balance gas N2 during binary experiments. The dynamic adsorption
capacity of CO, onto AC column was calculated using Egs. (1) and (2) [10]:

t:J(l_ci)dt 1)

0

g, = QJ’TW 1000 )

where ¢ is the time of adsorption (min.), C is the outlet concentration of CO, gas
(mg/1), C, is the inlet concentration of CO, gas (mg/l), g; is the amount of adsorbed
gases (mg gas/g adsorbent), Q, is the volumetric flow rate of CO, gas (I/min.), y;
is the mole fraction of inlet CO,, p; is the density of inlet gas (mg/1), and m is the
weight of the adsorbent (g).

The interval times for measurements were 5, 10, 15, 20, 25, 30, 35, 40, 50, 60,
70, and 80 min. The experimental procedures and measurements are replicated
three times for accuracy.

2.3 Adsorption isotherm studies

In order to optimize the design of a sorption system to capture CO, on AC, the
suitable isotherm model for equilibrium curves must be established. Equilibrium
models that have been examined herein are Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich. The conformity between the predicted values of models
and experimental data is expressed by comparing the experimental adsorption
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capacity with the adsorption capacity estimated by these models, by means of the
determination coefficient (r?, values close or equal to 1) [11, 12].

2.3.1 The Langmuir isotherm

The widely used Langmuir isotherm found as a successful application in many
real sorption processes [12] is expressed as

K.C,
—_be 3
1. 14+ a.C, 3)
A linear form of this expression is
1
C_limg, )
qe I(L I(L

where g, is the amount of adsorbed CO, per unit weight of AC at equilibrium
(mg/g) and C, is the unadsorbed CO, concentration in effluent at equilibrium
(mg/1). K}, is the Langmuir equilibrium constant, and K;/a;, value is used to estimate
the theoretical monolayer capacity of AC, Q, (mg/g). Therefore, the plot of C./q,
versus C, enables one to determine the constants 4; and K;.

2.3.2 The Freundlich isotherm

The well-known Freundlich isotherm is often used for heterogeneous surface
energy systems [12]. The Freundlich equation is given as

q, = KeCl )
A linear form of this expression is
1
log q, = log Kr + log C, (6)

where K is the Freundlich constant (mg/g) and # is the Freundlich exponent. K
and 7 can be determined from the linear plot of log ¢, versus log C..

2.3.3 Temkin isotherm
The Temkin isotherm [13, 14] has been used in the following form:

RT
g, = In(AC) @
A linear form of the Temkin isotherm can be expressed as

q, :Rh—TlnA +RITT1nCe (8)

where A is the Temkin isotherm equilibrium binding constant (1/g), b is the
Temkin isotherm constant, R is the universal gas constant (8.314 J/mol.K), T is the
temperature, and B (=RT/b) is the constant related to heat of adsorption (J/mol).

The sorption data can be analyzed according to Eq. (8). Therefore, the plot of ¢,
versus In(C,) enables one to determine the constants A and B.

114



Experimental Study of Adsorption on Activated Carbon for CO, Capture
DOI: http://dx.doi.org/10.5772 /intechopen.85834

2.3.4 Dubinin-Radushkevich isotherm
The Dubinin-Radushkevich equation in Eq. (9) is as follows [15]:
g =g, ¢’ 9)
A linear form of Dubinin-Radushkevich isotherm is
Ing, =Ing,, — p¢ (10)

where ¢,, is the Dubinin-Radushkevich monolayer capacity (mg/g), § is the
Dubinin-Radushkevich isotherm constant (mol*/kj?), and ¢ is the Polanyi potential,
and it’s related with equilibrium concentration as follows:

RT 1
s—ﬁln <1—|—a> (11)

where R is the universal constant of gases (8.314 J/mol.K), T is the experiment
temperature (K), and M is the molecular weight of CO,. The constant j gives the
mean free energy of adsorption (E) for CO, molecules transported from the gas
bulk to the surface of AC which is calculated by using Eq. (12) [14, 16]:

E=— (12)

2.4 Kinetic models of adsorption

To determine an appropriate kinetic model is necessary to analyze the experi-
mental data to investigate the mechanism of adsorption process that may include
mass transfer or chemical reaction. Also, other extensive models applied to many
models such as homogenous surface diffusion model and heterogeneous diffusion
model (also known as pore and diffusion models, respectively) have been exten-
sively applied to expound the adsorbate transfer onto the particles of adsorbent
[17-19]. The determination coefficient (r*) is used to examine the confirmation of
the predicted values of models with experimental data (determination coefficient
value close or equal to 1). The validity of these models is evaluated by the determi-
nation coefficient (r?), which is within the range of 0-1, in which 2 closer to unity
implies the best fitting toward the particular kinetic model [20].

2.4.1 Simple first-order model

The sorption kinetic may be described by a simple order equation [21, 22]. The
following simple first-order equation describes the change in bulk concentration:

Ce = Coe™ (13)
that can be rearranged to obtain a linear form

kl

2.303t + logC, (14)

log C; =

where C, and C, are the concentration of adsorbate at time t and initially (mg/1),
respectively, and k; is the first-order rate constant, (1/min).
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Furthermore, Sparks [23] and Hossain et al. [21] proposed that the simple
kinetic models such as first- or second-order rate equations are not applicable to the
adsorption system with solid surfaces.

2.4.2 Pseudo-first-order model
The sorption kinetics may be described by pseudo-first Eq. (15) [13, 21, 24-26]:
dq, _
% . —a) (15)

Integration of Eq. (15) and using the initial conditions g, = 0 at¢z = 0 and ¢, = ¢, at
t =t yield

q k1
1 ¢ = 1
%8 (qe —qt) 2303" (16)

By rearrangement of Eq. (16), a linear form is obtained:

k
log (4, —¢) = logq, — 3353t (17)

where ¢, is the amount of CO, adsorbed at equilibrium (mg/g), g is the
amount of CO, adsorbed at time ¢ (mg/g), and k; is the pseudo-first-order
constant (1/min).
The pseudo-first-order constant k; and equilibrium adsorption ¢, are determined

by plot of log(q.-q) versusz.

2.4.3 Pseudo-second-ovder model

The adsorption kinetics may also be described by pseudo-second-order Eq. (17)
[13, 26-30]:

dq 2
d_tt =ka (Qe - %) (18)

Integrating Eq. (18) and applying the initial boundaries yield

L. S (19)
4. —4,) 4.

By rearrangement Eq. (19), a linear form is obtained:

r_t .1, (20)

q; kzqez 9.
where k; is the equilibrium rate constant of pseudo-second-order adsorption
(g/mg.min).
The slopes and intercepts of plots t/q, versus ¢ are used to calculate the
pseudo-second-order rate constants k, and g..
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2.4.4 Intra-particle diffusion model
The intra-particle diffusion model is expressed as [31-33]
q, = kpto's +c (21)

where k,, is a rate factor (present CO, adsorbed per minute). The plot of this
model is multi-linear that indicates there are two or more steps occurring consecu-
tively. The external surface/instantaneous adsorption stage occurred first in sharp
portion. Then a gradual adsorption stage is in the second portion, where the con-
trolled rate is the intra-particle diffusion. Final equilibrium stage occurs where
intra-particle diffusion begins to slow down because of extremely low adsorbate
concentrations in the bulk [24, 34].

2.5 Thermodynamic studies

Thermodynamic parameters were estimated from Langmuir isotherms by using
the Van’t Hoff’s equation as in Eqgs. (22) and (23). The thermodynamic parameters
can be estimated from Langmuir isotherms by using the Van’t Hoff’s equation as
follows [12, 35]:

AG°’ = —RTlnay, (22)
AS°  AH°
1 = — — —— 2
ML= T T RT (23)

where 4, is a Langmuir constant (1/mol), R is the universal constant of gases
(8.314 J/mol.K), and T is an absolute temperature of gas.
3. Results and discussion
3.1 Adsorbent characterization

The main characteristics of AC (particle diameter, bed porosity, weight of bed,
BET surface area, and pore volume) are shown in Table 1. Due to a high value BET
surface area for used AC, its good pore structure makes it a suitable candidate for
CO; capture.

3.2 Dynamic studies

Two mixtures of CO, and N, gases have been used in experiments (initial
concentrations of CO, are 10 and 13.725% vol., respectively). Figure 2 shows that

Characteristic Value Unit

Particle diameter 5 mm

Bed porosity 0.304 —

Weight of bed 500 g

BET surface area 602 m?/g

Pore volume 0.61 cm®/g
Table 1.

Characteristics of used AC depending on particle diameter.
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the rate of CO, adsorption gradually decreased with time, until equilibrium condi-
tion was achieved. This behavior is observed for each line in Figures 2 and 3
throughout a gradual increase of the concentration ratio of (outlet/initial) concen-
trations of CO, (C/C,).

The CO, adsorption was most intensive during 50 min. and thereafter remains
unchanged until saturation was attained. Adsorption process to carbon dioxide for
different temperatures (30, 50, 70, and 90°C) on AC reaches equilibrium for
increased temperature. The same behavior is shown in Figure 3 when using a high
concentration of carbon dioxide but fast (30 min. to reach the equilibrium), due to
high CO; concentration, and this behavior is compatible with previous results when
using AC prepared from coconut residue to remove carbon dioxide [36]. It is noted
that breakthrough curves become shorter and steeper for high temperatures; this
indicates the adsorption process here is exothermic and that’s compatible with
previous results for some of the previous adsorption of carbon dioxide on the zeolite
[1]. The adsorption of carbon dioxide carbon process was not affected by the
presence of nitrogen gas, and this is due to the strength of the links formed by
carbon dioxide with AC particles [36].
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Figure 2.
Breakthrough curve for CO, adsorption onto AC (initial conc. = 10%vol., avg. particle diameter = 5 mm, and
volumetric rate = 12 I/min).
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Figure 3.

Breakthrough curve for CO, adsorption onto AC (initial conc. = 13.725%vol., avg. particle diameter = 5 mm,
and volumetric rate = 12 l/min).

118



Experimental Study of Adsorption on Activated Carbon for CO, Capture
DOI: http://dx.doi.org/10.5772 /intechopen.85834

In post-combustion process, the flue gas temperature is typically within the
range of 50-120°C [36, 37]. Thus, an adsorption study was conducted at 30-90°C to
investigate the CO, adsorptive properties at elevated temperatures. Figures 4 and 5
show that the CO, adsorption capacity of solid adsorbent decreases with tempera-
ture, and it implies the existence of physical adsorption (physisorption) between
the CO, molecules and carbonaceous adsorbent. Adsorption capacity decreased
with increasing temperature because of exothermic adsorption process as shown in
Figures 4 and 5. This behavior is also identical with the results of previous studies
[3, 38]. The adsorption capacities recorded in Figure 4 are 109.529, 74.57, 50.61,
and 35.46 mg(coz)/gac, whereas they recorded in Figure 5 as 129.651, 89.2, 53.079,
and 35.546 mg(co2)/gac at temperatures 30, 50, 70, and 90°C, respectively. Thus,
the optimum temperature for the removal process is 30°C. It also notices that the
adsorption process occurs in the beginning quickly and be a decline in the curves
and clear because of the abundance of the active sites and the presence of small
surface resistance on the surface of adsorbents, then more smoothness gradually
less steep and alignment over time because of the fullness of all the active sites on
the surface of adsorbents and that the process has become controlled by internal
diffusion within the adsorbents in accordance with what has been presented previ-
ously [39]. Also the results of comparison for both Figures 4 and 5 together note
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Figure 4.

Adsorption capacity of CO, onto AC (initial concn. = 10%vol., avg. particle diameter = 5 mm, and volumetric
rate = 12 l/min.).
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Figure 5.

Adsorption capacity of CO, onto AC (initial conc. = 13.725%vol., avg. particle diameter = 5 mm, and
volumetric rate = 12 l/min.).
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that the amount of the CO, adsorbed onto AC increases due to increase of the
concentration difference of CO, between bulk and surface of AC leading to an
increase of mass transfer [9, 40].

3.3 Equilibrium isotherm studies

The equilibrium data can be approximated using common and practical adsorp-
tion isotherms, which provide the basis for the design of adsorption systems. The
amount of adsorbed CO, onto adsorbent (AC) as a function of its concentration at
constant temperature can be described by different adsorption isotherm models
(Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich). The predicted iso-
therm constants for the CO, adsorption and the determination coefficient r* value
from the linear regression method are shown in Table 2.

Based on tabulated data, the maximum capacity (Q,) of AC and 4;, values
(Langmuir parameters) for CO, adsorption decreased with increasing temperature;
this reveals a physisorption process occurred. The decline in values of maximum
adsorption capacity with increased in the adsorption temperature is due to the
exothermic nature of the CO, adsorption on AC. It is confirmed by 7 values higher
than 1 in the Freundlich isotherm model that the adsorption is favorable for AC.

C, T Langmuir Freundlich constants Q.xp Qr 7 Qr v
constants

Vol. °C ar, Q, K (mg/g) n(—) (mg/g) (mg/g) — (mglg) —

% (I/mg) (mg/g)

10 30 0.0492 120.482 0.00081 0.3865 109.53 108.03 0.997 522.49 0.955
50 0.01835 99.009 0.04223 0.527 7457 90.633 0.9976 685.26 0.954
70 0.01076 81.301 0.2138 0.5998 50.61 50.92 0.9865 966.67 0.964
90 0.00778 66.667 0.5181 0.6342 3546 49.835 0.9829 1358.19 0.972

13.725 30 0.01171 161.29 0.002202 0.5324 129.65 129.693 0.9976 649.62 0.936

50 0.0921 133.333 0.0933 0.5821 89.2 89.92 0.9919 1024.09 0.959

70 0.0782 85.47 0.1711 0.5596 53.08 53.2934 0.9964 2453.47 0.982

90 0.0466 67.11 0.6192 0.5996  35.55 3578 0.9872 6014.59 0.984
C, T Temkin D-R constants Qexp Qr r? Qp.r r

constants
Vol. °C B A (I/g) 3 Im e (kJ/ (mg/g) (mgl/g) — (mglg) —
% (J/mol) (mol?/ (mg/g) mol)
KJ%)

10 30 22305 0.746 0.0078 93.841 8.006 109.53 108.84 0.998 93.76 0.806

50 22582 0.167 0.0881 70.316 2382 7457 75.009 0.997 69.48 0.909

70 19.114 0.092 0.221 51.07 1506 50.61 50.965 0.994 49.16 0.955

90 15473 0.067 0339 37.68 1123 3546 3558 0996 35.02 0.982

13.725 30 35.826 0.164 0.104 117.47 2193 129.65 13145 0.989 11678 0.86

50 30.949 0.0813 0.308 86.59 1.27 89.2 89.93 0.996 8462 0.923

70 20395 0.0642 0.519 54.806 0.981 53.08 5324 0998 5221 0.968

90 16.048 0.0378 1.276 39.186 0.626  35.55 35.63 09947 3543 0.996

Table 2.
Parameters of isotherm models at different temperatures via linearized technique for adsorption of CO, onto
AC.
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In addition, the Dubinin-Radushkevich isotherm will provide a useful
information related to the energy parameters, in terms of E (mean free energy of
adsorption). The calculated E values which are within the range of 1.213-8 and
0.626-2.193 kJ/mol for both initial concentrations 10 and 13.725% vol., respectively,
suggest that the CO, adsorption is physical in nature, as the magnitude of E is below
8 kJ/mol, whereas the value of 8 < E < 16 is an indicator of the chemical adsorption
[41]. Also, B (value of heat adsorption) in Temkin isotherm ranged between 15.47
and 35.826 J/mol indicating a physisorption process occurs.

On the basis of corresponding r* values and adsorption capacity estimated
by each model shown in Table 2, the Langmuir model gives the best fit toward the
experimental data over the entire temperature range. Therefore, it implies that the
surface of the activated carbon is heterogeneous and a restricted monolayer CO,
adsorption occurs, as results of adsorption CO, onto activated carbon prepared
from coconut fiber studied by Hauchhum and Mahanta [3].

3.4 Kinetic studies

An analysis of kinetic adsorption process is a useful tool to estimate the time of
residence for the adsorption process to complete and to determine the dynamics of
adsorption and its performance in industrial scale of fixed bed or in flow-through
systems. Thus, simple first-order, pseudo-first-order, pseudo-second-order, and
intra-particle diffusion models were performed in this study. Kinetic parameters of
these models are shown in Table 3.

Table 3 shows the simple first-order kinetic model for activated carbon did not
fit well with the experimental data, with r* value found to be within the range of
0.4344-0.7873 and 0.319-0.734 for both initial concentrations 10 and 13.725% vol.,
respectively. Also, Table 3 shows the pseudo-first-order kinetic model for activated
carbon did not fit well with the experimental data, with r* value found to be within
the range of 0.9521-0.967 also from 0.9175 to 0.9487 for both initial concentrations
10 and 13.725% vol., respectively.

Comparing the values of determination coefficients as stated in Table 3,
pseudo-second-order model gives better fit than the pseudo-first-order and
intra-particle diffusion models with experimental data, with 2 value within the
range of 0.963-0.996 and 0.955-0.998 for both initial concentrations 10 and
13.725% vol., respectively. Also, the values of adsorption capacity of equilibrium
(q.) were observed to decrease with respect to temperature. The kinetic
energy of CO, adsorbed at elevated temperatures is high, and it leads to its
increasing tendency to escape from the AC surface. Maroto-Valer et al. [42]
reported that physisorption process involves high surface adsorption energy and
molecule diffusion at elevated temperatures, which result in instability of the
adsorbed gas on the surface of activated carbon, and consequently desorption
process will occur.

In similarity to pseudo-first-order and pseudo-second-order models, the intra-
particle diffusion model provides insight of the mechanism in adsorption process.
Adsorption contains of few steps involved in the transfer of adsorbate (CO,) from
the phase of bulk to the solid surface of AC and is followed by the molecule
diffusion into the interior of the pores of AC. Intra-particle diffusion is typically
described as a slow process and is a limiting step in many adsorption processes.
Theoretically, if the adsorption process obeys the intra-particle diffusion model, a
straight linear plot that passes through the origin is expected. However, results of
the variation of gradient with respect to time show that the intra-particle diffusion
is not the sole rate-limiting step in this adsorption process. Note that the first
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Kinetic model C, Parameter Temperature (°C)
(vol.5) 30 50 70 90
Simple first-order 10 kg 2,633 1.974 1.394 0.955
C, 41x10° 175x10* 1.67 x 103 6.73 x 10*°
? 0.787 0.667 0.539 0.434
13.725 kg 3.293 2.404 1.457 1.091
G, 3.04 x 107 8.414 x 10°° 6.52 x 10°° 1.023 x 10%°
r 0.734 0.624 0.427 0.319
Pseudo-first-order 10 kq 0.0972 0.1521 0.1864 0.2367
4. 159.48 143.481 84.94 62.22
r 0.967 0.96 0.915 0.952
13.725 ky 0.1508 0.182 0.2116 0.282
4. 292.89 195.45 78.25 49.47
r 0.918 0.927 0.944 0.949
Pseudo-second-order 10 k> 1.6 x 10° 6.59 x 10*  3.14 x 10*  1.69 x 10*
4. 144.93 87.719 55.56 37.45
r 0.968 0.976 0.989 0.995
13.725 k, 2.88 x 10° 129 x 10° 576 x 10*  3.23 x 10*
qe 161.29 102.04 56.179 36.496
r 0.96 0.982 0.955 0.998
Intra-particle 10 ke, 13.974 8.755 5.436 3.489
diffusion c 7.686 12.25 13.025 11.775
? 0.874 0.8123 0.7417 0.6811
13.725 ky 15.976 10.169 5.219 3.151
¢ 14.137 17.633 17.693 14.578
? 0.841 0.788 0.677 0.601
Table 3.

Kinetic parameters of CO, onto AC.

steeper region (2-4 min.”?) could be due to surface sorption, while the second
region (4-9 min."’?) may be attributed by the intra-particle diffusion rate
controlled.

3.5 Thermodynamic studies

The values of thermodynamic parameters of CO, adsorption process on AC
based on Van’t Hoff plot for Egs. (22) and (23) are shown in Figure 6.

The estimated values of the thermodynamic parameters are tabulated in
Table 4. For significant adsorption to occur, the Gibbs free energy change of
adsorption (AG’) must be negative [43]. Table 4 shows that the (AG’) was negative
values for all five temperatures studied, which indicates the feasibility and sponta-
neity of the adsorption process. In addition, decreased negative AG’ value with
increasing temperature implies that the CO, adsorption process is more favorable at
30°C rather than at 90°C; this behavior is also noticed by Rashidi et al. [44] and
Hauchhum and Mahanta [3].
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Figure 6.
Van’t Hoff plot for adsorption of CO,/AC system.
Conc. Temp. ar, AG® AH’° AS°
(vol.%) (K) (mol/1) (J/mol) (J/mol) (J/mol.K)
10 303 2164.79 —19347.21 —28038.965 —29.7716
323 807.71 —17976.75
343 473.45 —17566.61
363 342.50 —17613.77
13.725 303 753.38 —16688.24 —18630.843 —6.748
323 405.31 —16124.99
343 344.14 —16065.94
363 204.91 —16063.38

Table 4.
Thermodynamic parameters of CO, adsorption onto AC.

According to findings of the experimental data, the negative sign of AH’ value
indicates an exothermic nature of the CO, adsorption process onto AC, and the
negative value of AS® suggests high orderliness of the adsorbate molecules (CO,)
upon adsorption. Zhao et al. [45] mentioned that the negative value of AS® can be
interpreted by the behavior of the CO, molecules upon the adsorption process,
which is from randomized to an ordered form on the surface of the adsorbent. The
decline in the entropy value upon the adsorption process is due to a lesser degree of
freedom of the CO, molecules, due to minimum free space on the surface of AC.
Moreover, the value of AH” indicates the type of CO, adsorption process, whether it
belongs to the physisorption or chemisorption. It has been reported that the value of
AH? for the physisorption process is <20 kJ/mol, while for the chemisorption
process, the value is within 80-200 kJ/mol [45, 46]. Therefore, the calculated values
of AH’ approximately ranging between 18 and 28 kJ/mol suggest that the CO,
adsorption can be attributed to a physi-intra-particle diffusion adsorption process
rather than a pure physisorption or chemisorption process. Also, this supports the
isotherm study results that reveal the adsorption mechanism is physisorption and
obeys Langmuir isotherm model.
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3.6 Effects of interaction between gases in mixture

The adsorption amount for each component in a complex mixture of (CO,, NO,
and N;) was compared with that under the single-component conditions, with the
results shown in Figure 7. In the single-component condition, the adsorption
amount was 109.24 mgco,/gac and 0.245 mgno/gac in 50 and 40 min for each one,
respectively. When all of the components were present in a mixture of CO,, NO,
and Ny, the CO, adsorption amount decreased by 6%, and the NO adsorption
amount also decreased by 7.6%. The adsorption capacity of CO, in complex mixture
is not changed compared with that under the single-component conditions but is
favorable due to decreased equilibrium time required. The adsorption capacities of
complex mixture were 103.2 mgco,/gac in 40 min and 0.229 mgno/gac in 30 min.
This decrease in adsorption capacity is due to the competition between both gases
on the active sites, whereas the CO, adsorption capacity is higher than NO gas
because of the presence of CO, gas at high concentrations. NO and CO, display fast
breakthrough, and high adsorption amounts were observed in the pure component
adsorption experiments. When the interaction effect of CO, and NO was consid-
ered, a very interesting phenomenon appeared. After the initial breakthrough, the
CO, concentration descends to a minimum and then gradually ascends with the
breakthrough ending point of NO. This is observed from the arrival time of the
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Figure 7.
Breakthrough curves for mixture gas (CO,, NO, and N,) (initial conc. = 10% vol. of CO,, and 550 ppm of
NO, avg. particle diameter = 5 mm, temperature = 30°C, and volumetric rate = 12 l/min.)
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Breakthrough curves for mixture gas (CO,, NO, and N,) (initial conc. = 13.725%vol. of CO,, and 550 ppm of
NO, avg. particle diameter = 5 mm, temperature = 30°C, and volumetric rate = 12 l/min.)
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equilibrium state which was 30 min for the NO gas and 40 min for the CO, gas; the
same behavior is shown for the single-component conditions; the difference
between them was reached in the equilibrium stage fast approximately 10 min. In
Figure 8 the adsorption capacities of complex mixture were 124.4 mgco,/gac in

40 min and 0.22 mgno/gac in 30 min by using different initial concentrations of
gases. This is confirmed by the fact that free Gibbs energy values of both gases are
very different, as they have NO gas higher in value, while in the case of CO,, they
are much lower. This behavior is shown in previous study for adsorption on
activated carbon prepared from coconut husk residues [47].

4. Conclusion

In this study, the fixed bed adsorption of carbon dioxide from CO,/N, mixtures
on activated carbon was studied. The adsorption dynamics was investigated at
different operating temperatures (30-90°C). The results show that the low-cost
activated carbon can be prepared from olive trees as potential carbonaceous mate-
rial serving as porous media for CO, capture. Based on the experimental results, it is
concluded that the CO, adsorption onto the olive tree activated carbon follows the
physisorption behavior, whereby the CO, adsorption capacity decreases with
respect to increasing temperature. Based on the equilibrium models of isotherm
used herein to fit the experimental data of adsorption, the Langmuir model was the
best fit with experimental data over the whole temperature range, due to the
highest estimated adsorption capacity and determination coefficient (r*) closeness
to unity, thus implying a perfect fit to the experimental data. Besides, thermody-
namic analysis proves that the CO, adsorption is a spontaneous process at low
temperature, physisorption, and intra-particle diffusion and exothermic in nature.
Also, the negative values of the entropy of the adsorption manifest the restricted
randomness of the adsorbate molecules on the surfaces of adsorbent. CO, adsorp-
tion capacity has been reduced slightly when NO appears, but the process of
adsorption has been faster as a result of competition on carbon-active sites.

Olive trees are dominant and easily available in the Mediterranean countries
generally and especially Libya, and because charcoal is prepared from olive trees, it
is cheap in Libya. According to the obtained result, this study concludes that AC
prepared from olive trees can be considered as adequate for designing a fixed bed
cycle to separate carbon dioxide from flue gases and serve as a benchmark while
searching for inexpensive and superior activated carbon production in future stud-
ies that concerned of capturing CO, from flue gases of the industrial sectors (such as
cement plants and power stations) that are prevailing in Libya.
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Chapter 8

Carbon Capture and Storage
(CCS): Geological Sequestration
of COZ

Nediljka Gaurina-Medimurec and Karolina Novak Mavar

Abstract

The European Union greenhouse gas emission reduction target can be
achieved only by applying efficient technologies, which give reliable results in a
very short time. Carbon capture and storage (CCS) into geological formations
covers capturing CO; at the large point sources, its transportation and under-
ground deposition. The CCS technology is applicable to different industries
(natural gas processing, power generation, iron and steel production, cement
manufacturing, etc.). Due to huge storage capacity and existing infrastructure,
depleted hydrocarbon reservoirs are one of the most favourable storage options.
In order to give overall cross section through CCS technology, implementation
status and other relevant issues, the chapter covers EU regulation, technology
overview, large-scale and pilot CCS projects, CO,-enhanced oil recovery (EOR)
projects, geological storage components, CO, storage capacity, potential CO,
migration paths, risk assessment and CO, injection monitoring. Permanent
geological sequestration depends on both natural and technical site performance.
Site selection, designing, construction and management must ensure acceptable
risk rates of less than 1% over thousands of years.

Keywords: carbon capture and storage (CCS), geological sequestration,
enhanced oil recovery, trapping mechanisms, risk assessment, monitoring

1. Introduction

Global warming issue and commitments towards reducing greenhouse gas
emissions of at least 40% in 2030 and up to 95% in 2050 compared to 1990 level
have initiated the development of certain strategies for CO, removal from the
atmosphere, which recognised storage in underground formations as a most practi-
cal and suitable option. Although potential underground formation could be in
the form of depleted oil and gas fields, deep saline formations or deep unmineable
coal seams, commercial implementation is only possible if acceptable risk level is
ensured. Huge practice, existing infrastructure and remaining storage capacities
are the most important advantages of using depleted hydrocarbon reservoirs for
those purposes. Furthermore, residual oil production, when carbon capture and
storage is connected to enhanced oil recovery, is additional initiative. On the other
hand, lack of research when it comes to other storage options requires different
research programs to be performed in order to confirm projects feasibility and the
safety of technology.
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Formation storage possibility has to be defined through characterisation and
assessment of potential storage complex, comprising data collection, static and
dynamic modelling, sensitivity characterisation and risk assessment. Underground
storage must meet relevant capacity and injectivity requirements, while storage
efficiency depends on different physical and geochemical trapping mechanisms,
which occur during the storage lifecycle [1]. Nevertheless, permanent storage
is ensured by existing geological and equipment barriers; a certain risk of CO,
migration has to be considered, assessed and controlled [2]. Special attention must
be paid to the injected fluid migration issue, which implies identification of poten-
tial migration routes, such as faults and fractures, wells (active and abandoned)
and seal rocks [3, 4]. In line with legal requirements, performed risk analysis and
established monitoring plan, the effectiveness of storage complex has to be con-
stantly evaluated. Comprehensive monitoring, which covers CO, plume tracking
and surrounding environment monitoring, represents a very important part of the
overall risk management strategy.

2. CCS deployment legal background

The international climate goal, set within the United Nations Framework
Convention on Climate Change (UNFCCC) in Paris in 2015, seeks the limitation of
the average temperature increase to below 2°C, compared to preindustrialisation
reference level. That quite ambitious climate target depends on economy decarboni-
sation through increasing energy efficiency, enhancing the share of renewables in
energy production and reducing greenhouse gas emissions. In order to achieve low
carbon economy, the EU strategy targeted greenhouse gases emission reduction by
40% by 2030, and up to 95% by 2050 compared to the base year (1990) level [5, 6].

However, despite the efforts to enhance “green energy” sources, the society is
still largely dependent on fossil fuels and it is evident that conventional carbon
technologies cannot be removed easily from the industry processes in close future.
Therefore, a systematic approach is needed.

The EU Directive 2009/31/EC on the geological storage of carbon dioxide [7]
entered into force in 2009, establishing a legal framework for safe CO, geological
sequestration in Europe. The Directive attempted to prevent any significant CO,
leakage risk or damage to health and/or the environment by setting requirements
for the entire storage cycle. It excludes potable water aquifers and tectonically active
zones as potential sites for permanent disposal of CO,.

The EU-requested emission reductions are expected to be achieved through the
main instrument—the European Emission Trading Scheme (EU ETS) (Figure1).
The system is based on the EU Directive 2003/87/EC, establishing a scheme for
greenhouse gas emission allowance trading within the Community [8]. It operates
on a cap and trade principle, which considers behaviour in line with installations
emission permits and market trading of EU emission unit allowances. Temporarily,
the third phase of the system is operational (2013-2021). The main issue at the
beginning of the third trading period was the imbalance between allowances supply
and demand on the market, caused mainly by lower industrial activity. In order to
overcome such unsustainable situation and increase the CO, price, which would
encourage system participants to apply emission reduction measures comprising
the CCS projects, a radical legislation revision was needed. It included the increase
in the allowances reduction factor, auctioning the postponement of 900 million of
allowances and establishment of the market stability reserve [9].

Carbon capture and storage technology is often observed as a transitional solution
to low-carbon economy, due to possibility of further usage of fossil fuels in power
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Figure 1.
The European Emission Trading Scheme (EU ETS) principles.

generation while simultaneously reducing CO, emission [10]. Since the demanding
climate goals require about 4000 Mt/y of CO, to be removed from the atmosphere by
2040 [11], alot of further effort has to be invested. Inclusion of CCS in clean develop-
ment mechanisms (CDMs) is one step ahead in its global deployment [12].

The success of the CCS project is only possible if stable, clear and efficient regula-
tory framework and supporting public acceptance are ensured [13]. A political deci-
sion on CCS is influenced by different factors, such as national CO, emission level and
emission reduction commitments, available storage capacity and public awareness.
This means that most of the research and development activities occur in the states
with the highest emissions intensity (e.g., Germany, the UK, Italy, France, Spain, the
Netherlands and Norway). On the other hand, strong local public resistance (e.g., in
Denmark, Germany, the UK, Poland and the Netherlands) resulted with the cancella-
tion of more projects and the postponement of CO, storage acceptance [14].

Still, most of the EU Member States transposed the Directive without any restric-
tions and continue to support research in order to improve the technology (Figure 2).

Since the CCS initiatives in the EU originate from climate changes mitigation
intention, projects in North America are mostly connected to the EOR activities,
with CO, sales as a major incentive. Viability of such projects is strongly dependent
on the oil price.

Due to instability of market oil prices, financial support is crucial to provide
a certain level of certainty. CCS projects are supported by different policies at
Federal, State and local levels. The Department of Energy (DOE) provides financial
assistance and grants in line with the Energy Improvement and Extension Act
(2008) and the American Recovery and Reinvestment Act (2009) [13]. In EU,
additional funding may refer to the EU Energy Program for Recovery (EEPR),
the NER300, FP7 or some national government funding schemes [15]. The ETS
Innovation Fund is a new EU funding scheme, scheduled for 2021. Based on the
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CO, storage permitting in European countries [14].

NER300 platform, it is going to support innovative low-carbon technologies,
including CCS demonstration projects, by monetizing 400 million of CO, emissions
unit allowances (EUA) from the New Entrants’ Reserve [16].

3. CCS technology overview

Capturing CO, from the exhaust gases generated by different energy intensive
industries (e.g., power generation, oil refineries or iron, steel and cement produc-
tion), its transportation and permanent sequestration are fundamental parts of the
CCS processes.

Exhaust gas is a mixture, which, besides nitrogen, steam, particulate matters and
some other pollutants, contains only a small share of CO, (3-15%). That means that
pure CO, must be extracted using different capture technologies: (a) pre-combustion
capture system, (b) post-combustion capture system, (c) oxyfuel combustion system
and (d) industrial separation (Figure 3). Technology selection depends on the
concentration of CO, in the gas stream, pressure and fuel type [1, 17].

A pre-combustion capture processes comprise adding steam or oxygen to
primary fuel, which results in synthesis gas (gas containing H, and CO) production.
Further reaction of CO and steam in the shift reactor produces a mixture of H, and
CO; in concentration between 5 and 15% volume. After separation, CO, is extracted
by physical or chemical adsorption. In a post-combustion capture system, CO,
is extracted from nitrogen after combustion by different physical or chemical
solvents, or it is separated by adsorbents or membranes. This common technology
can be an upgrade to existing thermal power plants and different industrial facili-
ties, etc. An oxyfuel combustion capture system considers oxygen addition in the
process of fossil fuel combustion, resulting in more concentrated CO, stream (more
than 80% volume), which is prone to easier separation. Although this technology
is simple and highly efficient in CO, removal, wide application is still prevented by
the high cost of pure oxygen production. Industrial separation has had the longest
usage: the CO,, as unwanted compound, is separated in different industrial pro-
cesses, comprising natural gas, hydrogen and ammonia production [1, 2, 17].
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Figure 3.
Carbon capture processes [2].

The Carbon Capture R&D program has been implemented by the US National
Energy Technology Laboratory (NETL) in order to develop cost-effective technolo-
gies based on different concepts (solvent, sorbent or membrane) [18].

After capturing, the CO, can be transported at solid, gaseous or liquid state or
in the form of supercritical fluid. Although ships can be used, pipeline transport is
often preferred as the most practical and the cheapest solution.

Application of CCS compared to other carbon sequestration options is pre-
ferred due to costs. The cost of geological storage of CO, depends on several factors
such as the depth of the storage formation, the number of wells needed for injec-
tion and whether the project is onshore or offshore. For instance, capture system
installed at fossil fuel power plant is between 15 and 75 USD/t (CO,), where the
coal-fired plants are the higher cost option. The costs are something lower in case
of hydrogen, ammonia production or gas sweetening (from 5 to 55 USD/t (CO,),
while application to other industries is even more expensive, with costs between
25 and 115 USD/t (CO,). Taking into consideration the costs of transportation of
5-40 Mt/y CO, by pipeline, which are on the level of 1-8 USD/t (CO,), and geolog-
ical storage and monitoring costs, which range from 0.6 to 8 USD/t (CO,), it can be
concluded that capture costs make up the majority of the price. However, consider-
ing the largest emissions belong to the fossil fuel power plants, it is important that
research priority is focused on developing cost-effective capture technologies for
power sector [19].

4. CCS projects

As is the case with all new technologies, implementation of CCS is facing differ-
ent obstacles, which prevent a shift from the project planning phase to construction
and operation phase. Commercial scale implementation requires a certain level of
experience in technical, operational and economic feasibility of projects, which is
substantial for risk decreasing and cost reduction.

Several decades of worldwide implementation of CCS research programs have
resulted in a huge amount of experience and important knowledge on carbon
capture and storage technology. The data obtained during large- and small-scale
projects implementation are collected by different associations. Comprehensive
databases founded by, for example, Carbon Capture and Sequestration
Technologies at the Massachusetts Institute of Technology (MIT) [15], Global
CCS Institute [20], National Energy Technology Laboratory (NETL) [18], Zero
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Emissions Platform [21], British Geological Survey [22], etc., can serve as a valuable
source of information in further research and design [2].

A large-scale facility captures at least 0.8 Mt of CO, from a coal-based facility for
power generation or at least 0.4 Mt of CO, from other industry on yearly basis [20].

Due to insufficient capture capacity or absence of full integration, a number of
the CCS projects cannot be declared as large scale, but since they are focused on the
targeted parts of the CCS chain, they contribute to the development of technology.
The small-scale projects can be used for demonstration or on a pilot scale.

The Global Carbon Capture and Storage Institute database counts 23 large-scale
CCS facilities both in operation and under construction, having capture capac-
ity of approximately 30 Mt/y. Realisation of further 5 projects, which are now in
advanced planning phase, as well as another 15 projects, which are in early plan-
ning, could significantly increase capture capacity by more than 60 Mt/y.

Temporarily ongoing large-scale CCS projects are located in the USA, Canada,
China, Saudi Arabia, United Arab Emirates and Europe. In Europe, the lack of national
policy support and negative public opinion resulted in cancellation of some of the most
promising CCS projects. However, successful operation of two Norwegian large-scale
projects (Sleipner and Snehvit) is enabled by high national carbon taxation. Future
CCS activities in Europe are going to be expanded to two new offshore storage projects:
Norway full chain CCS and Port of Rotterdam CCUS Backbone Initiative (Porthos).

Some of CCS projects are in the advanced planning or in the early planning
phase. They are going to geologically store emissions from power generation and
chemical industry. As regards CO, capture process, high cost of oxyfuel technology
is the reason that only post-combustion technology has been applied [2, 20].

According to Carbon Capture and Sequestration Technologies at MIT database,
there are substantial numbers of small-scale demonstration and pilot projects
worldwide applied on different industries. Most of them are performed in Asia
(China, Japan and South Korea), but also and to a lesser extent in the North
America and Europe [15].

4.1 CO,-EOR projects

Production from oil reservoirs is carried out in three phases: primary, secondary
and tertiary. During the primary recovery stage, the reservoir pressure is sufficient to
force the oil to the surface and recovery factor is typically 5-15%. During exploita-
tion, reservoir pressure decreases and at one point, it becomes insufficient to force
the oil to the surface. After that, secondary recovery methods are applied. They
include water injection or natural gas reinjection to increase the reservoir pressure
or gas lift (injection of gas into an active well to reduce the density of fluid in the
well). The typical recovery factor from secondary operations is about 30%. Further
increase of oil production is possible by the application of tertiary oil recovery meth-
ods or enhanced oil recovery (EOR) methods (including thermal recovery, chemical
flooding and miscible gas injection), which increase the mobility of oil. Tertiary
recovery provides additional production of 5-15% of oil.

CO,-EOR is one of the tertiary oil recovery methods. The petroleum industry
has been injecting CO, into partially depleted oil reservoirs for dozens of years. It
is based on injection of CO, and usually water into the oil reservoir with the aim to
enhance oil recovery by maintaining pressure in the reservoir and by improving oil
ability to flow in the direction of the production well (Figure 4).

The CO, is produced along with the oil and then recovered and reinjected to
recover more oil. When the maximum amount of oil is recovered from the reservoir,
the CO, is then “sequestered” in the underground geologic zone that formerly
contained oil and the well is shut in, permanently sequestering the CO,.

136



Carbon Capture and Storage (CCS): Geological Sequestration of CO,
DOI: http://dx.doi.org/10.5772/intechopen.84428

Gas Procesing Facility
or

Storage Facility Soparation Faclily Water Injoction Pump
Indusireal Sources of CO, o

T

Well Stream

Figure 4.
The process of CO, and water injection in order to improve oil recovery [23].

EOR sites offer several advantages such as (1) well-understood geology and
geologic seals, (2) proven capacity to hold volumes of CO, and (3) existing infra-
structure such as surface facilities, pipelines, injection and monitoring wells.

CO,-EOR can be employed onshore and offshore. It could lead to negative
storage costs of 10-16 US$/t CO;, for oil prices of 15-20 US$ per barrel and more for
higher oil prices [1].

CO,-EOR was first attempted in 1972 in Scurry County, Texas. In the 1970s, Shell
was one of the first companies to inject naturally occurring carbon dioxide (CO,) to
increase oil recovery from fields in Texas, USA [24].

While initial CO,-EOR developments used naturally occurring carbon dioxide
deposits, technologies have been developed to inject CO, created as by-products
from industrial operations. For example, Dakota Gasification Company’s plant in
Beulah, North Dakota, is producing CO, and delivering it by a 204-mile pipeline to
the Weyburn oil field in Saskatchewan, Canada.

According to the CCS institute database, within the last 2 years, four large-
scale projects were launched. Large-scale Emirates Steel Industries (ESI) CCS
project running in Abu Dhabi represents the first application of CCS to iron and
steel industry, where 0.8 Mt/y of CO, is injected underground for the purpose
of hydrocarbon recovery [2, 20]. The Illinois Industrial CCS project enabled the
capture of 1.0 Mt/y of CO, generated at the corn to ethanol facility in Decatur
(Illinois, USA) and its permanent geological disposal, while the Petra New
Carbon Capture project in Texas stands out for the largest power plant post-
combustion CO, capture system. Captured gas at 1.4 Mt/y capacity is transported
by pipeline and injected for EOR purposes. Another recent example where CO,
is injected to improve oil recovery is the Chinese CNPC Jilin Oil Field CO, EOR
project. After 12 years of testing, commercial operation started in 2018. The CO,
source is at a natural gas processing plant. Capturing capacity is on the level of
600,000 t/y of CO,.
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In Croatia, the first application of CO,-EOR started in October 2014 by the
INA—OQil Industry Ltd. oil company. The project’s aim is to enhance hydrocarbon
production by alternating injection of carbon dioxide and water into mature oil
fields Zutica and Ivanié¢ [25]. The EOR project involves dehydration, compression
and transportation of 600,000 m*/day of CO, by 88 km long gas pipeline (20 in.)
from the Gas Processing Facilities Molve to the Fractionation Facilities Ivanié Grad.

After its compression and liquefaction at the location of Fractionation
Facilities Ivani¢ Grad, CO; is transported by pipeline at high pressure (200 bar)
to the injection wells of the Ivani¢ and Zutica fields, in quantities of 400,000 and
200,000 m*/day, respectively. During the period of 25 years, which is the expected
duration of the project, about 5 x 10° m? of CO, will be injected in the reservoirs
of these fields. That will result in additional hydrocarbon production (3.4 x 10°t
of oil and 599 x 10° m® of gas). Due to geological and physical conditions, about
50% of injected CO, will be permanently trapped in the reservoirs, while another
50% of CO, will be produced together with associated gas. Currently, the solution
regarding the further use of CO,, which will be extracted from associated gas at the
location of the Compressor Station Zutica, is being developed. To implement the
EOR project, it was necessary to carry out workover operations and construction
modifications of existing wells. Keeping in mind corrosive features of CO,, special
attention was paid to the selection of surface and underground equipment.

According to Heidug et al. [26], CO,-EOR practice can be modified to deliver
significant capacity for long-term CO, storage. EOR expansion to storage of CO, can
be achieved through at least four major activities: (1) additional site characterisa-
tion and risk assessment to evaluate the storage capability of a site, (2) additional
monitoring of vented and fugitive emissions, (3) additional subsurface monitoring
and (4) changes to field abandonment practices.

5. Geological storage complex and surrounding area characterisation

Potential sites for geologic storage are depleted oil and gas fields, deep saline for-
mations and deep unmineable coal seams. According to EU Directive 2009/31/EC
[71, the characterisation and assessment of the potential storage complex, including
the cap rock and surrounding area, including the hydraulically connected areas,
should be carried out in three steps according to best practices at the time of the
assessment: (1) data collection, (2) building the three-dimensional static geological
earth model and (3) characterisation of the storage dynamic behaviour, sensitivity
characterisation and risk assessment (Figure 5).

Collecting data about the storage complex and the surrounding area is very
important because it serves as a base for making their volumetric and three-dimen-
sional (3-D) static earth model.

In the first step, for describing the storage complex, it is necessary to collect infor-
mation about its characteristics. In the second step, based on the collected data and
using computerised reservoir simulators, a three-dimensional static geological earth
model of the candidate storage complex, including the cap rock and the hydraulically
connected areas and fluids, is built. It characterises the storage complex.

In the third step, the characterisations and assessment of storage complex are
based on dynamic modelling, comprising a variety of time-step simulations of CO,
injection into the storage site using the three-dimensional static geological earth
model(s) constructed during the second step. The simulations are based on altering
parameters in the static geological earth model(s) and changing rate functions and
assumptions in the dynamic modelling exercise. Any significant sensitivity should
be taken into account during risk assessment.
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The characterisation and assessment of the storage complex.

6. Potential CO, leakage pathways

The injected CO, could leak or migrate from CO, storage formation upwards
(into upper rocks, aquifer or to atmosphere) if the following conditions are pres-
ent: (a) CO, gas pressure exceeds capillary pressure and passes through siltstone,
(b) free CO, leaks from siltstone into upper aquifer up the fault, (c) CO, escapes
through a “gap” in the cap rock into a higher aquifer, (d) injected CO, migrates up
the dip, increases reservoir pressure and permeability of fault, (e) CO, escapes
via poorly plugged new or old abandoned wells, (f) natural flow dissolves CO, at
CO,/water interface and transports it out of closure and (g) dissolved CO, escapes
to the atmosphere or into the ocean. Figure 6 shows the migration paths of
injected CO, from storage formation towards surface through a fracture in the cap
rock, along fault zones and via poorly cemented active or abandoned wells.

The integrity of the cap rock is assured by an adequate fracture gradient and by
sufficient cement around the casing across the cap rock and without a micro-
annulus. The permeability and integrity of the cement will determine how effective
itis in preventing leakage.

Figure 6.
Potential leakage pathways of injected CO, and CO, injection well design (modified after references [27, 28] ).
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Potential leakage pathways along an active injection well and/or an abandoned well
include leakage: through deterioration (corrosion) of the tubing, around packer, through
deterioration (corrosion) of the casing, between the outside of the casing and the set
cement, through the deterioration of the set cement in the annulus (cement fractures),
leakage in the annular region between the set cement and the formation, through the
cement plug and between the set cement and the inside of the casing [4, 29, 30].

A key concept related to the performance of an injection well, and the prevention
of CO, migration from the injection zone through an active or abandoned well, is its
mechanical integrity (internal and external). Internal mechanical integrity of the
well is achieved by ensuring that each of the components of the well is constructed
using corrosion-resistant materials such as 316 stainless steel, fibreglass or lined

(with glass reinforced epoxy, plastic or cement) carbon steel for casing and tubing.
External mechanical integrity of the well is achieved by successful primary cement-
ing operation with the use of CO,-resistant cement, resulting in a cement sheath to
bond and support casing and provide zonal isolation. The permeability and integrity
of the set cement will determine its effectiveness in preventing CO, leakage.

6.1 CO, trapping mechanisms

The possibility of potential leaks of CO, is one of the largest barriers to large-
scale CCS although well-selected storage sites are likely to retain over 99% of
the injected CO, over 1000 years. Four different storage mechanisms keep the
supercritical CO, securely stored inside the CO, storage formation: structural/
stratigraphic (or physical) trapping, (2) solubility trapping, (3) residual trapping
and (4) mineral trapping [1, 31]. The most important CO, storage mechanism dur-
ing an injection process of several decades is structural/stratigraphic trapping. The
other three mechanisms enable the trapping of CO, over a long period of time [1].
The effectiveness of geological storage depends on a combination of physical and
geochemical trapping mechanisms. Figure 7 presents four injection scenarios.
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Figure7.
The influence of a combination of physical and geochemical trapping mechanisms on CO, security stovage
(modified after reference [1]).
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Injection scenarios A, B and C show injection into hydrodynamic traps, essentially
systems open to lateral flow of fluids and gas within the injection formation. Scenario
D represents injection into a physically restricted flow regime, similar to those of many
producing and depleted oil and gas reservoirs. The level of security is proportional to
the distance from the origin. Dashed lines are examples of million-year pathways.

As time passes and more CO, is injected, the more secure trapping mechanisms
keep CO, in place, leading to increased security of storage [31].

7. Storage capacity

According to Bradshaw et al. [32], capacity calculation can be threefold, depend-
ing on the required category level: theoretical, realistic and viable capacity. Theoretical
capacity considers whole reservoir pore space available for storage, or saline aquifer,
which is saturated with salt water having maximum dissolved CO,. In practice,
different technical and economic restrictions prevent storage quantities to reach
the level of theoretical capacity. Realistic capacity takes into consideration reservoir
quality parameters (porosity, permeability, seal, depth, pressure, stress regimes,
etc.) as important indications of technical viability. Viable capacity includes legal
and regulatory limitations and considers social and environmental aspects of the
selected location while connecting the CO, source with the nearest storage site.

Storage capacity can be generally expressed as the quantity of CO, that may be
injected and stored in the geological layers.

According to the study of the Task Force for Review and Identification of
Standards for CO, Storage Capacity Estimation of Carbon Sequestration Leadership
Forum (CSLF), the regional CO, storage capacity in structural and stratigraphic
traps (Eq. (1)) can be calculated using a residual water saturation [33, 34]:

VCOZt = Vtrap : CI)(] - Swirr) =A-h-® (1 - Swirr) (1)

where Vo, theoretical storage volume CO, (m?); Viraps trap volume (m?); @,
average trap porosity (—); Swir irreducible water saturation (—); A, trap area (m?);
h, average trap thickness (m).

Similar approach is used by the United States Department of Energy (DOE). It
takes into account the porous space of the entire layer of saturated water and does
not distinguish between CO, storage mechanisms. It takes into account the storage
efficiency coefficient, which reflects the size of the space that can be filled with
COs,. The coefficient encompasses a wide variety of variables, ranging from petro-
physical reservoir properties (porosity and permeability) to the sweep efficiency
and effective porosity. According to the US DOE, for the regional salt water aqui-
fers, the coefficient of storage efficiency is suggested to be 2% [35, 36].

The storage capacity of depleted hydrocarbon fields [Egs. (2) and (3)] can be
calculated from cumulative production and reserve data following the methodology
described in [37].

M=/)-COzr(R'f‘N'Bfo_Wi+Wp) (2)

M =p.co,. Rf (1—Fig) : G'Bg (3)

where M, reservoir capacity for CO, storage (kg); pcoa, CO, density at reservoir
conditions (kg/m3 ); Rg, recovery factor (—); N, original oil in place (m®); B,, oil forma-
tion volume factor (—); Wj, water injection (m®); W,,, water production (m®); Fig, gas
injection (m?); G, original gas in place (m’) and By, gas formation volume factor ().
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Theoretical storage capacity obtained by these equations takes into account the
estimated recoverable hydrocarbon reserves as the product of original hydrocarbon
in place and recovery factor. For the effective capacity, it is necessary to consider
some additional factors such as the macroscopic displacement efficiency, buoyancy,
reservoir heterogeneity, water saturation, reservoir drive, etc.

Although the sweep efficiency has often been ignored in the case of depleted
hydrocarbons fields, instead of the total amount, only 75% replacement of original
oil or gas in place can be expected [38, 39].

The very first global assessment of CO, storage capacity was made back to the
1990s. Koide et al. [40, 41] assessed CO, storage capacity for deep saline aquifers
on the level of 320 x 10° t. According to Van der Meer [42], it was estimated
to 425 x 10° tons, calculation made by Ormerod et al. [43] was on the level of
790 x 10° t CO,. Hendricks and Blok [44] reported storage capacity of 150 x 10° t,
which was mainly related to depleted hydrocarbon reservoirs [25].

Preliminary estimation of CO, storage capacity for European deep aquifers
and hydrocarbon reservoirs was done within the framework of the proj-
ects GESTCO, CASTOR and GeoCapacity, financed under the 5th and 6th
Framework Program for Research and Technological Development [45]. In the
case of deep aquifers, a simplified methodology based on a volumetric approach
was applied, calculating with average values for layer thickness, temperature,
pressure and porosity for each storage location. Storage assessment of hydrocar-
bon reservoirs used material balancing method, assuming that extraction of
hydrocarbon releases certain pore volume available for CO, injection. The EU
GeoCapacity project estimated CO, storage capacity to be on the level of 127 Gt,
covering saline formations (97 Gt), hydrocarbon fields (20 Gt) and coal seams
(1 Gt). The storage capacity was evaluated in 17 countries as sufficient at national
level, while in one country (Norway), it was concluded that cross-border
storage is possible. However, storage capacity was defined as “insufficient” in
five countries [14].

7.1 CO, storage resources classification

The Society of Petroleum Engineers (SPE) published the document entitled CO,
Storage Resources Management System (SRMS), prepared by its subcommittee of the
Carbon Dioxide Capture, Utilization and Storage Technical Section (CCUS), which
establishes technically based capacity and resources evaluation standards [45]. This
document is based on the SPE PRMS (The Petroleum Resources Management System),
which is developed by SPE Oil and Gas Reserves Committee and used internation-
ally within the petroleum industry for consistent and reliable definition, classifica-
tion and estimation of hydrocarbon resources.

SPE CO, SRMS provides a consistent approach to estimating storable quantities
of CO,, evaluating development projects and presenting results within a com-
prehensive classification framework. The SRMS classification scheme is based on
the accessible pore volume in a geologic formation in which CO, could be stored.

It is intended for use in geologic formation completely saturated with brine such
as saline formations or saline aquifers and depleted hydrocarbon fields without
hydrocarbon production.

CO, storage resources are defined as the quantity (mass or volume) of CO, that
can be stored in a geological formation and include all quantities of naturally occur-
ring pore volume potentially suitable for storage within underground formations—
discovered and undiscovered (accessible and inaccessible storage resources), as well
as those quantities already used for storage (stored resources). The SPE storage
resources classification system is shown in Figure 8.
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Figure 8.
CO, resources classification framework [45].

8. Risk assessment

The risks associated with underground CO, storage depend on many factors,
including used infrastructure, type of reservoir dedicated to storage, geological
characteristics of selected layers, cap rock and stratigraphic heterogeneity, geo-
mechanical properties of rocks, existence of other wells, method of well abandon-
ment experience, etc. EU CCS Directive is developed on the basis of a risk-based
approach for safe storage and leakage. Therefore, it is necessary, before the applica-
tion of CCS, to determine whether identified risks are acceptable. The significant
risk of CO, leakage could not be permitted under the EU CCS Directive.

The risk assessment should comprise, among other things, hazard characterisa-
tion, exposure and effects assessment and risk characterisation. Characterisation
of the hazard is carried out by characterising the potential leakage from the storage
complex, as established by the dynamic modelling. It should cover the full range of
potential operating conditions to test the security of the storage complex.

Many papers are published with the aim of assessing the risk of CO, storage, and
various methodologies are currently applied to risk assessment of geological CO,
storage (e.g., [3, 4, 28, 46-48]).

Figure 9 shows risk concept profiles for a large CCS project over time. The blue
line represents a project with the pressure in storage formation increasing during
CO; injection and decreasing after injection stops. The red line represents potential
risk profile over time. The potential risk of failure and CO, leakage increases during
the injection, and after the injection stops, it decreases. Secondary risk increases
depend on local geochemical risks of transport processes.

Jewell and Senior [51] described scenarios and parameters for potential leakage
from active (CO, injection well, observation well or water extraction well) and
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Figure 9.

Risk concept profiles for a large CCS project over time (modified after references [3, 49]).

Parameters Scenarios
Active CO; injection well Abandoned well
Low-level Worse case: blow out Low-level Worse case: complete
leakage:viaCO,  on CO,injection well leakage: via breakdown of
injection well after failure of initial ~ abandoned well abandonment plugs
well control activities in old well
Probability of 0.0001-0.001 0.00001-0.0001 0.0012-0.005 —
leakage
Potential CO, 0.1-10.0 5000.00 0.60-6.00 1000.00
leakage rates
(t/day)
Duration 0.5-20 years 3-6 months 1-100+ years 3-6 months
(until well
abandoned)
Potential 18-73,000.00 (0.45-0.9) x 10° 220-220,000.00+ 90-180,000.00
amount of CO,
leakage (t)
% CO, stored 0-0.036 0.225-0.45 0.0001-0.1+ 0.045-0.09
(200 million

tonnes case)

Remarks Data represent the best efforts to represent leakage scenarios and risks in the North Sea for
a storage scheme:
With 5 CO, injection wells, 20-year With 6 abandoned wells, probability of
injection period and 200 million tonnes of leakage over 100 years and 200 million
stored CO,. tonnes of stored CO,.
Table1.

Scenarios and pavameters for potential leakage from active and abandoned wells (modified after reference [50]).

abandoned wells as well as via primary cap rock and fault to assist in the development
of a common understanding of CO, leakage and associated liabilities in the North Sea

(Tables1and 2).
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Parameters Scenarios
Primary cap rock Fault
Migration Low flux: vertical Moderate flux: High flux: migration
through primary migration vertical migration through fault
rock through existing through existing activated and
faults faults enhanced by injection
Probability of Negligible Not calibrated—highly site specific
leakage
Potential CO, Very low flux rates 1-50 50-250 1500.00
leakage rates
(t/day)
Duration 100-1000 years to 1-100 years for 1-5 years; includes 1-5 years; includes
breakthrough low flux; excludes remediation remediation

remediation

Potential Very low (0-1.8) x 10° (0.018-0.46) x 10° (0.55-2.7) x 10°
amount of CO, (100-year flux); including including remediation
leakage (t) no remediation remediation

% CO, stored N/A 0-0.9 0.0009-0.23 0.275-1.37

(200 million

tonnes case)

Remark — Data represent the best efforts to represent leakage scenarios and
risks in the North Sea if faults are present.

Table 2.
Scenarios and parameters for potential leakage via primary cap rock and fault (modified after reference [50]).

In case of leakages or significant irregularities, the operator is obliged to
immediately notify the competent authority and take the necessary corrective
measures, including measures related to the protection of human health. The
purpose of corrective measures is to prevent or stop the escape of CO, from the
storage formation, to ensure safe geological storage and to manage the risks
during the lifespan of the project and afterwards. According to the EU CCS
Directive and EC Guidance Document 2, corrective measures include but are
not limited to (1) limiting CO, injection rates or stopping injection and pressure
buildup, (2) reducing the reservoir pressure by extracting CO, or water from
the storage complex, close to an identified leakage area or applying peripheral
extraction, (3) sealing areas of leakage such as identified fault or cap rock
leakage pathways by injecting low permeability materials, creating a hydraulic
barrier that stops CO, migration in sensitive areas by increasing the pressure
in the above formations, (4) well remediation for active wells (for example,
repair of wellhead, damaged tubing or collapsed casing; packer replacement,
squeeze cementing and so on) and (5) well control, including killing the well by
injecting heavy fluids and after that cementing the well or drilling a new well to
intersect and plug the leaking well.

9. CO, injection monitoring

Monitoring of injection facilities, storage complex (including where possible
the CO, plume) and, where appropriate, the surrounding environment present a
very important part of the overall risk management strategy for geological storage
projects. It should be based on a monitoring plan established according to the risk
assessment analysis.
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Preoperational Operational Closure
Basic monitoring Monitoring program
Well logs — —
Wellhead pressure Wellhead pressure —
Formation pressure — —
Injection- and production rate Injection- and production —
testing rates
Atmospheric-CO, monitoring Wellhead atmospheric-CO, —
monitoring
Seismic survey Seismic survey Seismic survey
— Microseismicity —
Enhanced Additions to the basic monitoring program
monitoring - Well logs o
— — Wellhead
pressure
CO,-flux monitoring Continuous CO,-flux CO,-flux
monitoring monitoring
Gravity survey
Electromagnetic survey
Pressure and water quality above the storage formation
Table 3.

Monitoring program for geologic stovage of CO, (modified after [51]).

Benson et al. [52] provided examples of basic and enhanced programs that could
be deployed for geologic storage of CO,. They include preoperational, operational
and closure monitoring program and could be used over the lifetime of a geologic
storage project. Their application in practice will enable the implementation of
the CO; injection project and increase security and reduce the risk of migration of
injected gas, thus protecting the environment (Table 3).

The choice of monitoring technology should be based on best practice available
at the time of the design.

The parameters to be monitored are identified so as to fulfil the purposes of
monitoring. However, the monitoring plan should in any case include continuous
or intermittent monitoring of (1) fugitive emissions of CO, at the injection facility;
(2) CO, volumetric flow at injection wellheads; (3) CO, pressure and temperature at
injection wellheads (to determine mass flow); (4) chemical analysis of the injected
material and (5) reservoir temperature and pressure (to determine the CO, phase
behaviour and state).

The monitoring plan should be updated if new CO, sources, pathways and flux
rates or observed significant deviations from previous assessments are identified.

Post-closure monitoring is based on the information collected and modelled
during the implementation of the monitoring plan.

10. Conclusions
Increment of greenhouse gases in the atmosphere is a direct consequence of
industrial development. It manifests itself in rise of the average earth temperature

being responsible for a series of unfavourable climate changes. CCS can help in
mitigating climate changes through a distinctive huge sequestration capacity, which
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ensures global utilisation. Technology applicability and safety have been testing by
several large- and small-scale demonstration projects currently under way.

Switching CCS technology from demonstration to commercial deployment
depends on CO, market price. Although current value is not encouraging, more
stringent emission reduction strategy (80-95% by 2050) will lead to commercial
applications. However, besides emission reduction initiatives, there are many proj-
ects connected to EOR activities. Viability of such projects is strongly dependent on
the oil price.

Since geological storage permanence is enabled by natural and engineered barri-
ers functionality, there is a certain risk of migration of CO, from the storage forma-
tion. The potential leakage risk increases during injection phase, and with time, it
decreases due to activation of different trapping mechanisms. Therefore, structural/
stratigraphic trapping represents the most important CO, storage mechanism in the
first storage period. The other mechanisms take over with storage life progressively.
Mineral tapping of CO; is the safest mechanism, as CO, reacts with the reservoir
rock minerals and remains permanently trapped.

Well-selected, designed and managed geological storage sites pose the risks
comparable to those associated with current hydrocarbon recovery activities. Such
risks, determined by leakage rates of less than 1% over thousands of years, are well
below levels that could endanger public safety or environment. Nevertheless, for
all CCS projects, a comprehensive monitoring, including baseline, operational and
post-closure state, is mandatory.
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