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Abstract

In this study, a comparative literature-based assessment of the impact of operational factors
such as climatic condition, vegetation type, availability of land, water, energy and biomass,
management practices, cost and soil characteristics was carried out on six GGR methods. These
methods which include forestation, enhanced weathering (EW), soil carbon sequestration
(SCS), biochar, direct air capture with carbon storage (DACCS) and bioenergy with carbon
capture and storage (BECCS) were accessed with the aim of identifying the conditions and
requirements necessary for their optimum performance. The extent of influence of these factors
on the performance of the various GGR methods was discussed and quantified on a scale of 0-
5. The key conditions necessary for optimum performance were identified with forestation,
EW, SCS and biochar found to be best deployed within the tropical and temperate climatic
zones. The CCS technologies (BECCS and DACCS) which have been largely projected as
major contributors to the attainment of the emission mitigation targets were found to have a
larger locational flexibility. However, the need for cost optimal siting of the CCS plant is
necessary and dependent on the presence of appropriate storage facilities, preferably
geological. The need for global and regional cooperation as well as some current efforts at
accelerating the development and deployment of these GGR methods were also highlighted.

Keywords
Forestation; Enhanced weathering; Soil carbon sequestration; Biochar; Carbon capture and
storage

1 Introduction

In order to mitigate against climate change, the need to limit the average global temperature
rise to under 2 °C by the end of the century as stated in the Paris Agreement cannot be
overemphasised (UNFCCC, 2015). Meeting this target will involve a combination of proactive
zero emission technological approach as well as a reactive approach of reducing the amount of
greenhouse gases (especially carbon dioxide (CO.)) currently present in the atmosphere (IPCC,
2018; Smith, 2016). For the latter approach, a number of greenhouse gas removal (GGR)
methods, sometimes referred to as negative emission technologies (NETS) or carbon dioxide
removal (CDR) techniques (McLaren, 2020), have been proposed. These include forestation,
enhanced weathering (EW), soil carbon sequestration (SCS), biochar, direct air capture with
carbon storage (DACCS), bioenergy with carbon capture and storage (BECCS), ocean
fertilisation and wetland restoration among others. While some of these methods like
forestation and SCS have been fully developed and can be conveniently deployed for the
purpose of CO2 removal, the other technologies are at various levels of technological readiness
(Lomax et al., 2015; The Royal Society, 2018).

Several reviews on the state of development of these GGR methods have been reported in the
literature. These studies which cover diverse areas provide salient information that are
necessary for the development of these technologies to levels of safe and efficient deployment.
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A summary of these review studies and reports on multiple GGR methods published over the
past decade are presented in Table 1.

Table 1. Summary of existing review studies/reports on a suite of GGR methods

Reference

Study area of focus

McLaren (2011)

McGlashan et al. (2012)
Smith et al. (2015)

Minx et al. (2018)
Fuss et al. (2018)
Nemet et al. (2018)

The Royal Society
(2018)

Haszeldine et al. (2018)

Hepburn et al. (2019)

Roe et al. (2019)

Smith et al. (2019)

Hilaire et al. (2019)

Gough & Mander (2019)
Pires (2019)
Goglio et al. (2020)

Waller et al. (2020)

Technical assessment of NETs and their implications for climate
policy.
Techno-economic assessment of NETS.

Assessed the potential biophysical and economic limits to be
associated with the large-scale deployment of NETS.

Assessed the role of NETs in mitigation scenarios, ethical
implications and deployment challenges.

Reviewed and assessed the costs, potentials and side-effects of
seven selected GGR technologies.

Reviewed the innovations and scaling challenges to be
addressed to ensure effective NETs deployment.

Provided a robust report on the range of globally available GGR
methods with special focus on their effective deployment
potential in the UK.

Assessed the progress journey of NETs within the framework of
their readiness for deployment and contribution in meeting the
emission mitigation target.

Reviewed ten CO- utilisation and removal pathways with focus
on their techno-economic prospects.

A combined review of modelled pathways and literature on
mitigation strategies aimed at assessing the contribution of the
land-based GGRs to attaining the mitigation target.

Assessed the opportunities and risks of land management based
GGR options based on their impacts on ecosystem services and
United Nations Sustainable Development Goals (SDGs)

Reviewed NETs systematically while providing adequate
linkage between the literature findings and the 1.5 °C/ 2 °C
scenario evidence data.

Assessed the contribution of social science in enhancing the
large-scale implementation of CCS and BECCS technologies.

Assessed recent works on NETs with the focus on project
findings and probable challenges.

Reviewed the challenges and advances associated with life cycle
analysis of GGR technologies.

Reviewed the political and social dimensions of large scale GGR
with focus on BECCS and forestation.

Though the various reviews covering suites of GGR methods do address different focus areas
as seen in Table 1, they however do generally agree that no single GGR method will be
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sufficient in meeting the climate warming target alone. There is therefore a need for a
combination of various technologies which will also reduce risks of poor performance that
could be associated with adopting a single method (McLaren, 2020). Though no particular
combination of methods has been explicitly adopted on account of the uncertainties associated
with large-scale deployment (Thoni et al., 2020), Integrated Assessment Models (IAMs)
scenarios however consider BECCS and forestation as major applicable options in meeting the
mitigation target (IPCC, 2018).

As summarised in Table 1, several existing review works have been reported covering broad
focus areas ranging from techno-economic to scaling and deployment issues as well as socio-
political aspects. While reviews covering realistic deployment perspectives in regards to the
extent of carbon removal and cost (Fuss et al., 2018) as well as biophysical limits (Smith et al.,
2015) have been reported, a review to identify conditions for optimum performance of these
GGR methods as well as perspectives on quantification of the impact of operational factors on
the performance of these GGR methods are lacking.

With the performance of these GGR methods dependent on prevailing bio-geophysical, techno-
economic and socio-political factors, there is a great need to assess the conditions that will
ensure optimum performance of the various GGR methods regarding locational characteristics.
This knowledge is very important for the rapid scale up deployment of these technologies as it
will assist in providing a pool of information that will aid policy makers and stakeholders at
various levels in making decisions. Thus far, no review has been carried out in this regard,
hence the need for this work.

The study will involve a literature-based assessment of the impact of operational factors such
as climatic condition, vegetation type, availability of land, water, energy and biomass, cost and
soil characteristics on six GGR methods, namely: forestation, EW, SCS, biochar, DACCS and
BECCS. The assessment will be carried out with a view to identify conditions for optimum
performance. The choice of this six GGR method was made based on their carbon removal
potential, technological readiness level (shown in Figure 1) and relative social acceptability
especially considering their existing applications in agriculture and enhanced oil recovery.

The paper is divided into three main sections. The first section covers the review of the major
operational factors on the various GGR methods under consideration. In the second section, a
comparison and assessment of the levels of impact of the various factors on the respective GGR
methods will be carried out with a final section that briefly covers current trends and future
outlook on GGR methods development.

Figure 1. TRLs of assessed GGR methods



2 Assessing the GGR technologies

In this section, the applicable operational factors required for optimum performance of the six
selected GGR methods were assessed from published works obtained from available academic
literature. This section consists of six sub-sections dedicated to the respective GGR methods
under consideration. Each assessment is preceded by a concise introduction covering the
operational principle, co-benefits, advantages and disadvantages of the respective GGR method
and concludes with a summary table highlighting the identified conditions and requirements
for optimum performance.

2.1 Forestation

The growth and development of plants is dependent on the process of photosynthesis which is
characterised by CO> absorption from the environment as shown in Figure 2. As a means of
exploiting this natural means of CO, removal, the planting of trees which is collectively
referred to as forestation has been identified as one of the GGR techniques. This can be done
by planting of trees on lands not previously forested (afforestation) or on previously forested
lands that have been harvested (reforestation) as well as the restocking of recently depleted
land (restoration) with an emphasis on restoring ecological processes (Anderson et al., 2011).
The estimated potential for GGR from forestation has been reported to vary from 3 to 12 GtCO;
pa by 2100 with variations dependent on factors such as land availability, location, forest type
and management as well as economic and biophysical constraints (The Royal Society, 2018).

Figure 2. Carbon cycle in a single tree (TERC, 2020)

Aside carbon sequestration, co-benefits of this technique have been identified to include
production of food, fuels and fibre, regulation of water services and air quality (Bonan, 2008),
habitat for biodiversity (Ellison et al., 2017), erosion control, small floods mitigation, job
creation as well as recreation (Smith et al., 2019). Alternatively, risks and negative
consequences such as natural disturbances, fire, climate variability (e.g. drought), enhancement
of GHG fluxes from soils, permafrost thawing, deforestation, land use changes as well as
albedo change especially in northern latitudes have also been identified (Doelman et al., 2019).
The aspect of reversibility due to climate changes and/or direct human actions (Canadell and
Raupach, 2008) as well as reduction in effectiveness of forestation with time on account of
growth rate and land constraints have also been raised (Nunes et al., 2020). Smith (2016) even
reports that forestation, potentially, may not be available after 2050 or less effective if
implemented too soon.



In order to optimally apply this GGR technology, it is necessary to assess the major factors that
affect its implementation with a view to identifying the optimum conditions for performance.

2.1.1 Land availability

The availability of land has been identified as a major constraint to the effective
implementation of this GGR method on account of its competing use in agricultural, social and
economic applications (Kreidenweis et al., 2016). Smith et al. (2015) reported a global land
requirement of 320 to 970 Mha (about 2.3 — 6.5% of the global land mass) in order to attain
the expected GGR potential by 2100 with a land intensity of forestation estimated at around
0.1 -0.6 ha per tCO:pa. In order to maximise this scarce resource for GGR while ensuring that
other land uses don’t suffer, various forest management techniques and practices such as
thinning optimisation, improved rotation as well as agroforestry among others have been
prescribed. Abbas et al. (2017) identified agroforestry as a favourable management practice
that ensures a good combination of environmental sustainability and agro-based activities.

2.1.2 Climatic condition

It is generally reported that carbon sequestration rate declines as latitude increases (Hartman,
2017; Mykleby et al., 2017). Tropical forests have been reported to have the highest
aboveground carbon density and carbon sequestration potential compared to the subtropical,
temperate and boreal forests and are thus best suited for GGR by forestation (Bala, 2014;
Goodman and Herold, 2015). This is due to factors such as higher productivity, increased
evapotranspiration and increased surface reflectivity (albedo) effects which results in net
cooling in the tropical forests (Fuss et al., 2018). Aside from local cooling, The Royal Society,
(2018) also reports other favourable effects such as air and water filtering as well as rainfall
recycling.

Figure 3. Climate services in tropical, temperate and boreal forests (reprinted with permission
from Bonan (2008), Copyright 2008 Science)

Tropical forests are typically characterised by high tree growth rate and carbon sequestration
rate of about 1 to 3.4 tC/ha pa (Abbas et al., 2017) capturing about 2.2-2.7 GtC pa (Goodman
and Herold, 2015) which is up to three times that of boreal forests per unit of land (Arora and
Montenegro, 2011). The effects of afforestation in the various climatic regions with variations
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in details (shown in Figure 3.) was summarised as follows: cooling in the tropics, negligible or
variable effects in temperate regions, and warming in higher latitudes. This warming effect is
generally attributed to the reduction in albedo (heat-absorbing forest), changes in land cover as
well as rate and magnitude of evapotranspiration (Favero et al., 2018; Kreidenweis et al., 2016).

2.1.3 Vegetation

While Hartman (2017) reported varying results for the impact of coniferous and deciduous
forest species on carbon sequestration potential, Naudts et al., (2016) reported how an increase
in afforestation in Europe (for over two and half centuries) did not result in net CO> removal
from the atmosphere on account of reversibility effects (release of carbon stored in the biomass,
litter, dead wood, and soil carbon pools) and change in vegetation type (from the deciduous
broadleaf species to evergreen coniferous species (27% increase)). This change in species,
which was commercially motivated, led to a reduction in evapotranspiration, thus decreasing
atmospheric emissivity due to changes in albedo and canopy structure leading to warming (0.08
°C increase) rather than mitigating it. They therefore recommended deciduous species for GGR
via forestation. Similar recommendation was made by Bonan (2008) and Anderson et al. (2011)
who reported that deciduous species generally had a higher albedo and higher
evapotranspiration in comparison to evergreen coniferous species.

In regards to choice of species and distribution, there is general agreement on the need to use
diverse species of native origin (Mader, 2019; Matthies and Valsta, 2016). Hall et al. (2012)
and Locatelli et al. (2015) explained that the use of native species in afforestation was
considered superior in comparison to plantations for habitat quality and species diversity. They
listed benefits to include reduced vulnerability to local conditions, greater variety of
subsistence products and services, enhanced local management and acceptability. Hartman
(2017) also identified reduction in catastrophic losses due to insect outbreak, disease, and
fungal infection. Alvarez et al. (2016) reported a higher carbon sequestration potential for forest
comprising of mixed wood species in comparison to monocultures. Similar result was reported
by Hartman (2017), for both native and non-native mixed species plantations.

2.1.4 Other considerations

GGR using forestation is characterised by relatively very low if not negligible energy
requirement thus making it applicable in areas of poor energy availability. In regards to water
requirement, the proper siting of forest in high rainfall regions ensures that this requirement is
typically low and mostly insignificant as irrigation is often not required.

In regards to forest management practices, Naudts et al. (2016) reported that not all forest
management practices contributed to climate change mitigation. Practices such as application
of fertiliser can sometimes lead to emission increase depending on fertiliser type, application
rate and soil characteristics (Snyder et al., 2009). For soil characteristics, Bouwman et al.
(2002) on analysis of over 900 NOx emission measurements reported increased nitrous oxide
(N20) emission to be favoured by fine soil texture, restricted drainage and neutral to acidic soil
conditions with that of nitric oxide (NO) emissions enhanced by well-drained, coarse textured
neutral soils. Monoculture planting has also been reported to increase runoff and reduce
evapotranspiration (Anderson et al., 2011). As a means of managing competing land uses and
conserving existing biomes, agroforestry (planting trees within agricultural environments)
(Abbas et al., 2017; Ellison et al., 2017) and reforestation (Bond et al., 2019) have been
recommended.



In regards to cost, Raihan et al. (2019) identified afforestation to be the most low-cost carbon
sequestration option in comparison to other forestry options such as reforestation and forest
management. While Fuss et al. (2018) reported the global afforestation cost per tCO, to range
from US$2-150/tCO3, Raihan et al. (2019) reported that a consideration of other management
options will give a larger marginal cost per tCO> captured ranging from US$0-433/tCO: in
2011 prices (US$0-497.75 in 2020 prices). At the regional level, they reported that the cost of
afforestation to be highest in Europe ranging from US$158-185/tCO, (US$180-210/tCO:> in
2020 prices) and lowest in tropical regions ranging from US$0-7tCO, (US$0-8.08/tCO; in
2020 prices). This was corroborated by Fuss et al. (2018) who opined that the global cost of
afforestation could be reduced to a range of US$5-50/tCO, if afforestation were to be
constrained for deployment in 500 Mha of tropical lands. This regional cost discrepancy is
hinged on factors such as higher tropical tree growth rate and carbon sequestration rate, labour
availability, labour cost as well as land opportunity cost.

2.2 Enhanced Weathering

Figure 4. Enhanced weathering process

Enhanced weathering involves the artificial stimulation (acceleration) of the natural weathering
process thus transforming it from a geological to a humanly relevant time scale (Andrews &
Taylor, 2019; Hartmann et al., 2013). As shown in Figure 4, it involves the grinding of selected
rocks usually of calcium or magnesium content and spreading the resulting small grain sized
rock over land (top-soils) or ocean surfaces which serve as storage sites for the CO2 removed
from the atmosphere. The grinding is aimed at increasing the reactive surface area and thus
enhancing the mineral dissolution and CO. removal either as dissolved inorganic carbon and/or
as carbonate minerals (Bach et al., 2019). Aside natural rocks, Fuss et al. (2018) identified
other applicable materials to include mine waste, concrete or alkaline waste. Global removal
potential by this GGR method assuming application in 900 Mha (two-thirds of croplands) is
estimated to be between 0.5 and 4.0 GtCO2 pa by 2100 (The Royal Society, 2018).

Some of the advantages of this GGR method include; little or no additional land requirement
as it can be co-deployed with the feedstocks for BECCS and biochars as well as no carbon
capture and storage requirement. Aside carbon sequestration, a number of potential co-benefits
include; soil productivity improvement, reduced N.O loss through pH buffering, ocean acidity
reduction, reduced usage of fertilisers as well as reduced cultural eutrophication (De Oliveira
Garcia et al., 2020; Strefler et al., 2018). Alternatively, the mining process could lead to
challenges in health (e.g. respiratory issues), ecological and environmental negative impacts
(Edwards et al., 2017) as well as ethical considerations (Lawford-Smith and Currie, 2017).
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With temperature, pH, biological vectors (worms, fungi) and moisture generally identified as
the major factors regulating the rate of natural weathering (Oelkers et al., 2018), it is necessary
to assess these and other factors that affect enhanced (artificial) weathering process with a view
to determining the optimum conditions for performance and application of this GGR method.

2.2.1 Climatic condition

Considering the factors of water availability (for the chemical weathering reaction) throughout
the year as well as elevated temperature to enhance a faster weathering process, warm tropical
climates as well as humid regions have been generally reported to be most suitable for the
application of this GGR method (Bach et al., 2019; Meysman and Montserrat, 2017). Strefler
et al. (2018) while recommending average ambient temperature requirement of 25 °C also
identified best suited locations capable of realizing 75% of the global potential to include India,
Brazil, South-East Asia and China. Water requirement is typically low estimated at 1.5 m*tCO;
(Smith et al., 2015) and it is expected to be based on precipitation.

2.2.2 Geology

The two major rocks with a GGR potential of 4 GtCO, pa recommended for the application of
this method are basalt and dunite rock (Kohler et al., 2010; Schuiling, 2017). The dunite rock
is an ultramafic, low silica rock consisting of forsteritic olivine. Though it would ordinarily be
considered as best suited on account of its high weathering efficiency, its usage is however
hindered by the presence of harmful trace elements (specifically Ni and Cr), which can
potentially be released into the environment during dissolution (Amann et al., 2020; Strefler et
al., 2018). Basalt (a mafic rock with olivine) on the other hand, though characterised by a lower
weathering efficiency (higher grinding cost) is the most recommended option. This is as a result
of its advantages and co-benefits such as widespread abundance accounting for about 6.8M
km? of the earth’s surface (about 4.56% of the world's land mass), and significantly more
beneath the surface and under the oceans (Kantola et al., 2017). It is also characterised by fewer
trace elements as well as the presence of nutrients such as phosphorus, magnesium, and
calcium, whose application are highly beneficial to croplands (Strefler et al., 2018).

In regards to the most suitable soil for spreading of the weathered rocks, deeply weathered
acidic tropical soils have been generally recommended (De Oliveira Garcia et al., 2020; Taylor
etal., 2016). This is on account of the soil alkalinity-increasing effect of the added rock powder.

2.2.3 Energy and Cost

GGR by enhanced weathering is characterised by significant energy requirement estimated at
46 GJCO, pa covering the areas of rock extraction (mining and crushing), grinding and
transportation which account for 77-94% of the energy requirements collectively (Renforth,
2012). In addition to this high energy requirement, additional CO. emissions released during
the mineral processing are expected to reduce gains made by enhanced weathering by an
estimated 5-30% of potential C sequestered (Kantola et al., 2017). Strefler et al. (2018)
reported a target grain size-dependent electricity demand for grinding with a best estimate
ranging from 0.07 GJ/t rock for 50 um to 3 GJ/trock for 2 um. This shows that the smaller the
target grain size, the higher the overall energy demand.

Closely associated with the energy requirement of this GGR method is the significant cost
covering the already identified process areas as well as the distribution on croplands. Fuss et
al. (2018) estimated the annual cost requirement for a potential of 2-4 GtCO> from 2050 to be
in a range of US$50-200/tCO,. This estimate did not include biological storage in plants
brought about by soil fertilisation effect of the applied weathered rock. They also explained



that the cost was very much dependent on the chosen technology for rock processing and
transport adopted as well as the rock source. The impact of rock source on the cost was reported
by Strefler et al. (2018) with costs of carbon removal for dunite around US$60 per tCO; and
that of basalt about US$200 per tCO». This result was corroborated by Renforth (2012) who
assessed the impact of the rock source on the operational costs. He reported operational cost of
US$24-123/tCO; for ultramafic rocks (dunite) and US$70-578/tCO2 for mafic rocks (basalt).
The relative cheapness of dunite over basalt as shown in these assessments lies in the high
weathering efficiency characteristics of dunite which ensures a lesser grinding energy
requirement. Despite this seemingly advantage, basalt still remains the most suitable option on
account of its previously discussed advantages and co-benefits.

Overall, Renforth (2012) estimates the cost of enhanced weathering to be in the range of
US$52-480/tCO., dominated by mineral processing and transport. While this significant
energy and associated cost requirement could hinder the application of this GGR method in
developing areas of the world (characterised by insufficient energy despite having an
abundance of the suitable rocks and required climatic conditions), Fuss et al. (2018) offers hope
by insisting that the energy requirement would decrease significantly in the future on account
of expected transition to renewable energies and technological advancement.

2.2.4 Other considerations

The need for dedicated land requirement is very minimal with land intensity value reported to
be less than 0.01 ha/tCO> (Smith et al., 2015). This is because aside the mining site and space
for processing, the distribution of the milled rocks can be co-deployed on land serving other
functions like forests, feedstocks for BECCS and biochars. Agricultural and arable lands have
been recommended as most viable options for application of the weathered rocks on account
of the logistics cost associated with distribution of the weathered rocks and biological impact
(plant roots, organic acids) in increasing weathering rates (Amann et al., 2020; Andrews and
Taylor, 2019). Kantola et al. (2017) however called for caution on the choice of farm
management practice adopted as carbon losses from agricultural soils could occur due to soil
disturbance, crop harvest and microbial activity. To minimise respiratory issues, Strefler et al.
(2018) recommends the use of slurry in the application of fine particles as a means of
minimising the risk of dust and respiratory hazards.

2.3 Soil carbon sequestration (SCS)

Soil carbon sequestration (SCS) is a GGR method that involves deliberate change in land
management practices with the aim of increasing the soil organic carbon (SOC) content, thus
removing CO> from the atmosphere (Lal, 2013). Stockmann et al. (2013) however added that
not all increases in SOC were a true net transfer of carbon from the atmosphere to land as some
are just a movement from one terrestrial carbon pool to another, and have no influence either
positive or negative, on climate change. Hence the land management practice should be
deliberately applied for the GGR purpose relating to either crop, soil nutrient, vegetation,
animal or fire. Common forms of SOC include surface plant residue, buried plant residue,
particulate organic matter, humus, resistant organic carbon (biochar).

The global annual potential of SCS stands between 1.1 and 11.4 GtCO- as reported by The
Royal Society (2018). The advantages of this GGR method includes low impact on land, water
use, albedo, energy requirement and cost (aside the usual cost incurred by farm practices). Co-
benefits include improvement in soil health, plant growth and production, thus enhancing food



security, increasing biodiversity as well as environmental protection (Abdullahi et al., 2018).
Alternatively, SCS is limited by issues of reversibility, feasibility and cost of measuring,
monitoring, verification and sink saturation. Smith (2016) reported a default saturation time of
20 years and Goh (2004) gave a range of 15-50 years (longer in colder regions). The rate of
SCS decreases with time with its efficacy reported to be greatest in the short to medium term
(Lassaletta and Aguilera, 2015). Sykes et al. (2019) also identified issues of environmental
heterogeneity and differences in agricultural practices as challenges to the practical
implementation of SCS.

SCS depends on a variety of factors such as existing SOC, soil type, climate and management
practices coupled with social and economic conditions in place such as labour cost and food
production needs (Kumar, 2017). The impacts of these factors are assessed in the following
sections with a view to identifying the conditions for optimal performance.

2.3.1 Management Practices

Figure 5. Land management practices for SCS (reprinted with permission from Mulligan et al.
(2020), Copyright 2020 World Resources Institute). Biochar sequestration is discussed in a
separate section.

Sykes et al. (2019) identified the broad classes of management practices to include: soil
structure (prevent or control soil erosion, optimise fire frequency and timing, practise reduced
or zero tillage), grazing land (optimise stocking density, renovate unimproved pasture),
improved rotation (extend perennial phase of crop rotations, implement cover cropping),
inorganic resource (optimise soil synthetic nutrient input, practise mineral carbonation of soil,
manage soil pH), organic resource (optimise use of organic amendments, retain crop residues,
apply biochar), soil water (optimise irrigation (Olsson et al., 2014)) and agroforestry systems
implementation (Magnusson et al., 2016). Some of these practices are presented in Figure 5.

Considering the large number of management practices in existence, the specific choice
applicable to a particular land area is dependent on factors such as region (climate and
vegetation), use, maturity and resource availability. Aside these factors, it is recommended that
the ease of deployment of the chosen management practice by farmers and land managers
should also be considered. For GGR application, it is recommended that chosen practice should
be able to sequester carbon for a long time and improve soil characteristics. Conservation
agriculture (including no-till agriculture, cover cropping, and crop rotation) have been reported
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to perform fairly well in this regard as it ensures that the soil structure isn’t disturbed while
carrying out agricultural activities (Hunt et al., 2020; Kumar, 2017). Powlson et al. (2014) and
Powlson et al. (2016) however added that its implementation was however limited by factors
such as land area constraint, availability of suitable machinery as well as likelihood of rapid
decomposition at elevated temperatures. They therefore recommended other practices related
to water and nutrient management (manure) as well as through improved feeding practices and
management of ruminant livestock. The use (planting) of perennial grass on account of its deep
root system that assists in hiding carbon has also been recommended (Franzluebbers, 2012;
Whitmore et al., 2015).

In regards to land use change, Stockmann et al. (2013) reported based on reviewed literature
that land use change from cropland to pasture or cropland to permanent forest resulted in the
greatest gains of SOC. De Stefano & Jacobson (2017) in a meta analytic study went further to
report changes in SOC on account of land use change with increase for cropland-agroforestry
(26-34%), pasture-agroforestry (9-10%), uncultivated land to agroforestry (25%) and decrease
in the case of forest-agroforestry (26-24%) in top soil layer. These changes were mainly due to
minimised carbon losses brought about by tillage and other soil structure distorting activities.

Lal (2008) outlined best management practices for temperate and tropic climatic regions on the
basis of potential rates of carbon sequestration. Conservation tillage and soil restoration in
humid conditions had highest sequestration for temperate climatic biomes (0.5 — 1.0 tC/hapa).
For tropical climatic biomes under humid condition, soil restoration (0.8 — 1.2 tC/ha pa),
improved grazing (0.4 — 0.8 tC/ha pa) and agroforestry (0.4 — 0.8 tC/ha pa) had highest
sequestration potentials.

2.3.2 Climate

The impact of temperature and precipitation on the sequestered carbon has also been assessed.
While Sykes et al. (2019) reported that the high susceptibility of SOC to erosion in areas with
high amount of rainfall could impede SCS performance, Stockmann et al. (2013) explained
that there was room for further investigation on erosion impact as eroded SOC were likely to
be reburied in a different location via terrestrial sedimentation. Godde et al. (2016) reported
that SOC sequestration decreased with increase in both temperature and rainfall on account of
increased soil water content and high soil temperature that enhanced SOC decomposition.
There is a general agreement in the literature on the enhancing effect of high temperature on
the SOC decomposition with Stockmann et al. (2013) making a case for cool/cold, humid
climate regions as viable options for this GGR method. This was corroborated by Anderson et
al. (2011) and Lal et al. (2015) who reported that the rate of SOC sequestration was higher in
soils of cool and humid than warm and dry climates. Godde et al. (2016) however, reported
that high temperature and rainfall could also increase SOC sequestration under certain
conditions by enhancing plant growth and subsequent biomass return to the soil. They
concluded that the influence of climate on SOC was dependent on other variables such as soil
characteristics and adopted farming practices.

2.3.3 Vegetation and Soils

In regards to SOC sink capacity, boreal or snow forest (Taiga), tropical forest as well as
temperate grassland/ savannah were reported to have the highest storage capacity (471 GtC,
316 GtC and 295 GtC respectively) in comparison to other biomes regardless of the soil depth
considered (Stockmann et al., 2013). They also reported a fairly large SOC storage capacity
for tropical grassland/shrubland as well as wetlands and added that increased plant diversity
could increase SOC.

11



For soil type, Laganiere et al. (2010) reported that clay-rich soils (>33%) had a greater SCS
capacity than soils with lower clay content on account of its fine particles which assist in the
stabilisation of organo-mineral complexes. This was corroborated by Lal et al. (2015) who
reported that the rate of SOC sequestration was higher in soils of heavy or clayey than light or
sandy texture and added that soils of agroecosystems (such as croplands, grazing lands,
drastically disturbed and degraded lands) were also favourable or SCS on account of their large
carbon sink capacity (high potential for SOC).

2.3.4 Other considerations

Additional land requirement is almost negligible on account of no land use associated
competition in the deployment of this GGR method. Smith (2016) however puts the average
land requirement per-t-C of negative emissions at 1-33 ha (which could be cropland, grassland
and/or degraded land restoration). Cost is typically low and dependent on adopted management
practice with Fuss et al. (2018) reporting an estimate of US$0-100/tCO.. Lal et al. (2015)
reported the effect of governance policy in regards to land right and supporting policy as a
major factor that could contribute to soil degradation especially in the developing countries of
the world.

2.4 Biochar

Biochar is obtained from the thermal degradation of organic material in the absence of oxygen
(pyrolysis) (Shackley et al., 2013). Other thermochemical processes for producing biochar
include gasification, hydro thermal carbonization (HTC) and torrefaction (Qambrani et al.,
2017). Considered to be more stable than soil organic matter, biochar ensures long time
sequestration of carbon on the soil in which it is applied with mean residence time estimated
between 1000 — 4000 years (Brassard et al., 2016; Lorenz and Lal, 2014). Though this method
has an estimated global GGR potential in the range of 1.8 to 4.8 GtCO> pa, its application has
been partly limited by cost factors as well as limited availability of pyrolysis facilities and
biomass (The Royal Society, 2018). Considering these limitations, Fuss et al. (2018) estimated
a lower potential range of 0.3-2 GtCO. pa by 2050.

The advantages of GGR using biochar have been reported to include lower impact on land,
water use, nutrients, albedo, energy requirement and cost (Blanco-Canqui, 2017). In addition
to soil carbon sequestration, other co-benefits of biochar application include energy production
from the pyrolysis process (syngas), soil improvement, waste treatment and as fuel (bio-oil)
(Tisserant and Cherubini, 2019). Negative aspects of biochar application covering
contamination (heavy metals, polycyclic aromatic hydrocarbons (PAHS)), alteration to soil
properties, alterations to soil biota, probable wind and water (erosion) effects, soil darkening
leading to increase soil temperature, as well as increase in GHG emissions in some cases
brought about by factors such as abiotic release of inorganic carbon, the decomposition of labile
components of biochars, and the decomposition of organic matters or humus by biochar have
been reported in the literature (V. D. Nair et al., 2017; Tisserant & Cherubini, 2019).

This GGR method is dependent on factors such as biomass availability and source, land use,
climatic condition, soil characteristics as well as socio-economic factors (Bajamundi et al.,
2019; Zimmerman et al., 2011). An assessment of the impact of these factors is carried out in
the succeeding sections with a view to identifying the optimal conditions suitable in applying
this GGR method.
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2.4.1 Land availability

GGR by biochar application has a very low land requirement estimated to be less than 1ha/tCO>
(Smith, 2016). For the annual GGR potential of 1.8 to 4.8 GtCO., The Royal Society (2018)
estimated the land requirement for biochar spreading to range from 14 and 26 Mha (less than
0.18% of global land area) at an application rate of 50 t biochar per ha. Both studies agreed on
the need for additional land to cultivate dedicated biomass feedstock, with the latter reporting
a value of over 50 Mha to account for over 50% of the total required biomass.

2.4.2 Biomass Feedstock

Several sustainable sources of biomass feedstock for biochar production have been identified
in the literature to include biodegradable materials such as forestry slash, dead biomass, crop
residues, and urban yard wastes from carpentry, municipal areas, mills, and factories as shown
in Figure 6. Brassard et al. (2016) and Tisserant & Cherubini (2019) recommended
lignocellulose and woody biomass as a viable option for biochar production on account of their
carbon richness and enhanced stability in soils. the former however cautioned on the need to
ensure that biomass cultivation did not compete with food production. Blanco-Canqui (2017)
however argued that biochar from herbaceous feedstocks enhanced soil physical properties
better than woody biomass with Liu et al. (2019) suggesting the use of feedstock from crop
residue as best option for biochar production on the basis of overall cost reduction. Though the
literature mostly recommends plant-based biomass for biochar production, there is need to also
incorporate available animal biomass or manure, as biochar from this source has been reported
to have higher pH than those pyrolyzed from plants (Li et al., 2018; Zhang et al., 2019).

2.4.3 Soil

The potential of biochar as a GGR method when applied to soils is very much determined by
the complex interaction of various factors such as the soil type, soil moisture content, initial
soil pH, biochar type, biochar application rate as well as soil organic carbon (SOC) effect (Nair
etal., 2017). Itis also important to note that in most reported studies, the extent of performance
of GGR by biochar varied for the different greenhouse gases (Li et al., 2018; Wang et al.,
2020).

In regards to the impact of soil pH and texture, conflicting results do abound in the literature.
Tisserant & Cherubini (2019) and Zhang et al. (2019) reported that the greatest positive
influence of biochar occurred in acidic and neutral soils. This was attributed to the liming effect
of biochar which generally has a high pH with Brassard et al. (2016) reporting an average value
of 8.6. Senbayram et al. (2019) on the other hand, reported an increase in greenhouse gas
(GHG) emissions (CO2 and N20) in acidic sandy soils on addition of the biochar which they
linked to stimulated microbial activity and positive priming driven by biochars liming. A 12%
reduction in CO. emissions with no significant effect on N2O emissions was however reported
for alkaline clay soil.

For soil texture impact, Zhang et al. (2019) reported that sandy and paddy soils (wet/flooded
arable soil for planting crops like rice) had significant GHG reductions. Tisserant & Cherubini
(2019) however favoured soils of high clay content on account of their decomposition reducing
property. The results of these studies were further compounded by that of Liu et al. (2019) who
reported that soil pH and texture generally had little impact on the response of GHG intensity
to biochar application. A general explanation for these discrepancies of observations which is
largely reported in most literature lies in the fact that biochar effects on soil are biochar-, soil-
, and plant-specific.
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Figure 6. Sources of biomass (Ladanai and Vinterback, 2009)

More often than not, the biochar sequesters carbon in the soil alongside existing SOC. While
Zhang et al. (2019) explained that such interactions could accelerate SOC loss, thus reducing
biochar carbon sequestration potential, Brassard et al. (2016) and Majumder et al. (2019)
reported that such interactions could enhance biochar stability in high clay content soils as well
as well-drained sandy soils with lower SOC and lower total nitrogen contents. Qambrani et al.
(2017) made a case for soil moisture content impact noting that higher contents of greater than
70% moisture promoted the anaerobic conditions that enhanced denitrification, thus mitigating
N20 production.

In order to ensure that the co-benefits of soil improvement and increased yield are optimised,
it has been largely suggested that biochar be applied on soils with naturally low fertility (Lorenz
and Lal, 2014; Woolf et al., 2010; Yadav et al., 2017). Brassard et al. (2016) recommended
agricultural soils for biochar application with Li et al. (2018) making a case for forest soils.
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Overall, the extent of impact of GGR using biochar is specific to the particular soil
characteristics, the biochar as well as the management factors.

2.4.4 Other considerations

Biochar is typically one of the products of an energy generation process. According to Sykes
et al. (2019), except in cases involving wet feedstock, the energy required for biochar
production can be recovered from the gases produced in pyrolysis. Smith (2016) estimated an
energy generation potential of 20-50 GJ per tC of biochar, out of which 10% and 20% are
process energy cost and energy loss in pyrolysis plants, respectively.

A key characteristic of biochar that distinguishes it from SOC is its stability in the soil over a
very long period of time. This high residence time can be lowered under higher temperature
typical in tropical and sub-tropical regions coupled with acidic soils (Zimmermann et al.,
2012). Brassard et al. (2016) recommended areas with mean annual temperature of 20 °C to
ensure stability over a few centuries.

For cost, Fuss et al. (2018) on assessment of the various literature-based cost estimates,
reported between US$90-120/tCO; with actual cost expected to be dependent on factors such
as feedstock availability, applied biochar production technology and application (spreading)
strategy adopted.

2.5 Direct Air Carbon Capture and Storage (DACCYS)

This GGR technology involves the exposure of sorbents with high CO. affinity to the
atmosphere with the aim of removing the atmospheric CO. through the formation of chemical
bonds with these materials. These sorbents are then recovered by a regeneration process for re-
use with the captured CO. separated and either utilised or stored as presented in Figure 7. It is
important to note that this technology is not fully developed with a number of demonstration
and pilot scale efforts reported in the literature (Fasihi et al., 2019; Viebahn et al., 2019) and
large-scale commercial application predicted to be available from 2030 (Bui et al., 2018). With
a global GGR potential estimate of between 0.5-5 GtCO, annually in 2050 and around 40
GtCO2 by 2100 (Fuss et al., 2018), this technology is expected to play a major role in attaining
the goals of the Paris Agreement on climate change contributing about 15-20% of global CO-
emissions reduction by 2050 (Haszeldine et al., 2018).

Figure 7. Schematic illustration of DACCS (reprinted with permission from Mulligan et al.
2020), Copyright 2020 World Resources Institute).
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Some advantages of this technology, though with uncertainties as reported by Gambhir &
Tavoni (2019) includes its minimal overall land use, water removal and ecosystem health
impact in comparison to other GGR technologies. Though it can be applied at any location
worldwide thus making capture possible in regions without concentrated CO> sources, herein
also lies some of its major challenges of decreased system efficiency brought about by the large
flows of air required for a relatively small amount of CO> captured with Bui et al. (2018)
reporting about 80,000 m?/s of air required to capture 1 MtCO; pa. While this will increase the
overall capture cost, other constraints and concerns have also been identified to include storage,
monitoring and leakage considerations, energy and material intensiveness as well as probable
environmental impact (Fasihi et al., 2019; Sanz-Pérez et al., 2016).

Though the captured CO- could be utilised as feedstock for power, transport and industrial
applications with its attendant benefits of value addition and probable offset of capture cost
(Anwar et al., 2020), this however poses a risk to the carbon mitigation effort with large scale
deployment (enhanced oil recovery (EOR)-CCS industry) reported to account for about 4-8%
of the mitigation challenge (Mac Dowell et al., 2017). Other concerns associated with the
utilisation option include its low incentive offering for investment since CO> supply vastly
exceed demand (Boot-Handford et al., 2014), efficiency of the conversion process as well as
the high likelihood of reversibility (Hepburn et al., 2019), thus making it a distraction and a
not-so-good idea if emissions targets are to be met.

Various types of DACCS technologies exist mainly dependent on the type of sorbent used
which could be in aqueous solution form with common examples being potassium hydroxide
(KOH) and sodium hydroxide (NaOH), or in the solid state like the amine-based sorbents
(Boot-Handford et al., 2014). On the basis of sorbent type and regeneration mechanism, Fasihi
et al. (2019) reviewed and categorised the major DACCS technologies into high temperature
aqueous solutions (HT DAC) and low temperature solid sorbent (LT DAC) systems. Examples
of these technologies (which are best identified by the name of their respective developing
companies) are shown in Figure 8.

Figure 8. Companies active in the field of CO> DAC. Abbreviations: moisture swing
adsorption, MSA, temperature swing adsorption, TSA (reprinted with permission from Fasihi
et al., (2019), Copyright 2019 Elsevier).

Aside these major adsorption based technologies (TSA and MSA), other approaches such as
electrochemical systems, ion-exchange resin systems, nanofactory based filters, photocatalytic
approach, membranes technology and crystallisation-based systems have also been proposed
and reviewed (Fasihi et al., 2019; Sanz-Pérez et al., 2016). It is important to note that pressure
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swing adsorption (PSA) technology which is highly effective in point source capture from flue
gases has been generally reported as a non-viable option for direct air capture on account of
the energy-intensive compression requirement of the feed air (Elfving et al., 2017; Stuckert and
Yang, 2011; Wurzbacher et al., 2011). A faradaic electro-swing reactive adsorption system has
also been proposed with high CO; capture effectiveness reported to be limited to flue gases and
confined ambient environments (0.6-0.8% CO: concentration) (VVoskian and Hatton, 2019).

To ensure economic viability, it is recommended that DACCS plants be sited anywhere that
assures the availability of low-carbon energy inputs, appropriate CO> Storage and/or transport
facilities to appropriate storage sites (Bui et al., 2018). It is therefore necessary to assess the
impact of these and other factors on DACCS performance with a view to identifying the
optimum conditions.

251 Land

The annual estimated specific land use of the various types of DAC processes has been reported
to be less than 0.001ha/tCO> (Smith et al., 2015; Viebahn et al., 2019). Though these values
did not include the area set aside for energy generation and other auxiliary facilities. A positive
aspect of DACCS land use is that lands existing between the units can be co-applied for other
purposes like agriculture.

25.2 Water

The water requirement for this GGR technology is dependent on the sorbent and regeneration
process adopted, with the HT aqueous solution DAC systems reported to require varying values
ranging from 1-30 m3/tCO- (Viebahn et al., 2019). While this could serve as a constraint to the
locational flexibility of this technology especially in dry and remote desert regions, Fasihi et
al. (2019) however reported that this constraint can be avoided by the application of the LT
DAC systems which have no demand for external water. Quite to the contrary, the LT DAC
produces water as a by-product which can be utilised for other industrial applications. They
reported the amount of water produced to be about 0.9-2.7 m*/tCO; captured.

2.5.3 Energy

While passive DACCS processes, like artificial trees require significant land areas and have
very low power requirement as they depend on natural circulation of air through the capturing
agent, energy (whether electrical or thermal) plays a major role in the operation of most
DACCS technologies. This includes the energy for releasing CO. from the sorbent,
regenerating the sorbent, for fans and pumping, as well as for pressurizing the CO. for
transportation (Fuss et al., 2018). On account of the CO2 concentration in the atmosphere,
Viebahn et al. (2019) reported that DACCS would require two to four times as much energy as
the capture of exhaust gases from a power plant (point source capture) with (Smith et al., 2015)
placing the annual energy requirement value at 47 GJ/tCO> removed.

In regards to consumption rate, while The Royal Society (2018) reported a theoretical
minimum thermal energy requirement estimate of 0.68 GJ/tCO>, Fajardy et al. (2019) reported
a much larger estimate of about 9-10 GJ/tCO and recommended the need for low carbon
energy sources to ensure economic viability and sustainability of the system. Gambhir &
Tavoni (2019) suggested probable low carbon sources applicable to include renewable energy
sources as well as natural gas combined with capture of the CO. released by the gas’
combustion.
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Fasihi et al. (2019) however recommended the use of the LT DAC systems characterised by
lower energy requirement (200-300 kWhei/tCO2, 1500-2000 kWh/tCO2) and costs on account
of the possibility of using cheaper low-grade waste heat from other systems (such as
electrolysers, industrial plants, or synthesizing plants).

2.5.4 Storage

Fuss et al. (2018) reported a broad estimate of 200-50,000 GtCO; covering aquifers, depleted
oil and gas fields, coal beds and structural traps. Underground geological storage option has
been generally recommended as the most viable choice on account of favourable economic
factors, wide geographical distribution and environmental concerns (Aminu et al., 2017; Bui
et al., 2018). The Royal Society (2018) reported an estimated global capacity of 900 GtCO: if
only currently existing depleted oil and gas field are to be used. It is also important to note that
geographical storage poses some risks such as leakage, unfavourable seismic events and water
contamination, hence the need for adequate monitoring.

2.5.5 Cost

DACCS cost requirement is quite high consisting of capital investment, energy costs of capture
and operation, energy costs of regeneration, sorbent loss and maintenance as well as post
capture costs covering CO2 compression, transportation and storage. Current studies estimate
the cost to range from US$600-1,000/tCO, with general expectation of decrease to US$100-
300/tCO2 by 2050 on account of expected technological advancement with time (Fuss et al.,
2018; Psarras et al., 2017). The overall cost can however be minimised by locating DAC
systems in cost optimal sites considering factors such as proximity to storage facilities,
renewable energy applicability as well as co-locating with waste heat emitting industries,
minimal transport and grid cost. Choice of sorbent is also an important factor to consider with
Azarabadi & Lackner (2019) stating that a sorbent is expected to survive between tens to
hundreds of thousands of loading and unloading cycles to be considered economically viable.
Fuss et al. (2018) while making a case for the probable use of wastewater treatment as a means
to capture ambient CO> also recommended solid sorbent systems (LT DAC) as a cheaper option
in comparison to the aqueous solution type as it required less heat for regeneration. This was
also corroborated by Fasihi et al. (2019) who referred to it as the more favourable option for
today and the future.

2.6 Bioenergy with Carbon Capture and Storage (BECCS)

It involves a combination of biomass combustion in various applications (through power
generation, biofuels production, hydrogen plants, bio-synthetic natural gas, heating, and
industrial processes) and carbon capture and storage (CCS) (Bhave et al., 2017; Fajardy et al.,
2019a). This combination achieves GGR by taking atmospheric CO> temporarily locked in
plants and storing it permanently in geological formations, while using the biomass to generate
energy in various form as shown in Figure 8. With an annual bioenergy potential of over 100
EJ (Smith, 2016) and global GGR potential ranging from 1.3-10 GtCO. pa, BECCS
implementation offers a great option for the achievement of the less than 2 °C warming target
by the end of the century.

Despite its seemingly high prospects coupled with low vulnerability to reversal, it is however
characterised by uncertainties and limitations such as availability of land and sustainable
biomass (Al-Qayim et al., 2015), the availability of suitable and secure CO> sequestration sites
globally, environmental and ecological impacts, technical considerations, costs, financing,
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legal liabilities (Bhave et al., 2017) and public acceptance (Gough and Mander, 2019). Other
concerns include impact on food security and prices, biodiversity, water and nutrients.

Figure 9. Schematic illustration of BECCS (reprinted with permission from Consoli (2019),
Copyright 2019 Global CCS Institute).

Unlike DACCS which has a very high flexibility in choice of location, the siting of BECCS
plant is very much dependent on a consideration of factors such as proximity to biomass source,
carbon storage site as well as transport cost (either in moving the biomass or the captured
carbon). These and other factors are assessed briefly as presented in various literature in the
following sections with a view to identifying applicable options that will ensure optimal
performance of the BECCS system.

2.6.1 Land and water requirement

With these requirements dependent on the choice of biomass feedstock, The Royal Society
(2018) reported annual land requirement to range from 0.03 to 0.06 ha/tCO, removed and water
requirement of about 60 m3*tCO; (not including the CCS use). Higher range of 0.1-1.7 ha/tCO;
was reported by Smith et al. (2015) with forest residue feedstock accounting for the highest
land requirement. They also reported a very large water requirement of about 218 m3/tCO; pa
which was obtained by adding bio-energy water use to CCS water use. Aside the probable need
for water in the biomass production, water is also needed in the capture process with the amount
required dependent on the cooling technology adopted.

2.6.2 Biomass

There exists a relatively wide range of applicable sustainable biomass. These include
lignocellulosic and herbaceous bioenergy crops (primary sources requiring dedicated plant
growth), urban and industrial wastes, agricultural and forest residues (secondary sources), as
well as algae (see section 2.4.2). Lignocellulosic feedstocks like wood, Miscanthus,
switchgrass and agricultural residues have been generally recommended in the literature either
for dedicated planting or importation as they are less likely to compete with food supply (Smith
etal., 2015; The Royal Society, 2018). This biomass can be used as single fuel source for power
generation (dedicated use) or in combination with other conventional fossil fuels, such as coal
and gas (co-fired generation) especially considering its higher moisture content and a lower
heating value in comparison to conventional fossil fuels (Pires, 2019).
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2.6.3 Other considerations

Same storage concerns as discussed under DACCS (section 2.5.4) also apply for BECCS
coupled with the added aspect of likely carbon emissions from the soil brought about by land-
use practices that might be associated with the biomass management.

In regards to energy generation, Smith et al. (2015) reported the net generating capacity of
BECCS to range from 3-40 GJ/tCO- pa with actual value dependent on the biomass source
ranging from forest biomass to crop residues respectively. In regard to cost of deployment,
Fuss et al. (2018) reported literature estimates to range from US$15-400/tCO> with actual cost
highly sensitive to factors such as biomass cost, electricity sales price, transport and logistics,
technology adopted, plant lifetime and efficiency. They however projected a range of US$100-
200/tCO2 by 2050 hinged on the management intensity that will be required to ensure
sustainable deployment and land use.

3 Discussion

The review of the major operational factors required for the optimum performance of the
various GGR methods under consideration has been carried out with a summary of identified
factors presented in Table 2. The importance of this assessment cannot be over-emphasised as
it provides a guide (point of reference) to policy makers at various levels as well as investors
in the type of GGR technology that can be deployed in a particular area based on the locational
characteristics and available resources. In this section, a comparison and assessment of the
extent of influence of the various factors on the respective GGR methods is presented. It is
concluded with the assessed levels of impact being quantified using a weighting scale of 0 -5
(where zero (0) represents no impact and five (5) represents maximum impact) based on the
authors’ perspective as presented in Table 3.

In regards to land availability and considering the competing uses of this resource, there is need
for a conservative approach in the deployment of the various GGR technologies (Fajardy et al.,
2019b). While Afforestation typically has the highest requirement, EW and DACCS have the
least, thus making them viable options for most areas as they can be co-applied alongside other
activities. Land requirement for SCS is mostly dependent on the management practice adopted
which could be very low if applied alongside forestation and high for no-tillage practice. Land
requirement for BECCS and biochar are largely dependent on the choice of biomass feedstock.

Climate is a major factor in the performance of forestation, EW, SCS, and biochar though with
varying levels of impact as shown in Table 3, thus limiting their global deployment to areas of
favourable climate features. The performance of BECCS and DACCS are largely independent
of climatic factors and thus applicable in most locations. Despite the seemingly locational
flexibility of these latter GGR technologies, the need for selection of cost-optimal sites cannot
be over-emphasised with factors such as proximity to geological storage and biomass
availability (in the case of BECCS) playing an indispensable role in their operation and
performance.
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With vegetation closely linked with climate, biomass availability for BECCS and biochar could
be impacted by climatic factors especially in cases where the feedstock is sourced from
dedicated local seasonal crops. This is however minimal on account of the diverse options of
feedstock sources ranging from domestic to industrial waste as well as importation from other
locations that can be adopted. Extreme temperature however does affect biochar mean
residence time (Fuss et al., 2018).

In the deployment of GGR technologies, energy requirement and cost are closely related with
DACCS and EW ranking highest. While this could serve as a hindrance to the deployment of
these GGR technologies especially in areas still grappling with sufficient energy and/or using
fossil fuel-based power systems which could reduce the emission removal gains, the need to
adopt low carbon emission energy sources in the operation of these technologies have been
generally advanced coupled with optimistic projections of DAC cost reduction on account of
technological improvement. BECCS and biochar are less expensive than DACCS and EW with
the co-benefit of being a source of energy, thus making them viable options for areas with
insufficient energy (Fajardy and Mac Dowell, 2018). Energy and cost requirement for
forestation and SCS are typically low but could increase depending on the management system
adopted which are subject to the prevailing ecological factors of the particular area.

Table 3. Impact weighting of GGR factors with respect to the various methods

Forestation EwW SCS Biochar DACCS BECCS

Climatic condition 5 4 4 3 1 2
Soil Type 3 2 4 3 0 2

pH 1 3 3 4 0 1
*Land Availability 4 2 2 2 1 2

Quiality 3 0 1 1 0 2

Accessibility 1 3 3 3 1 2
Vegetation 4 0 3 2 0 3
*Water requirement 3 0 2 0 1 2
Energy requirement 1 4 1 2 3 2
Geography 2 4 2 2 1 1
Geological Storage 0 0 0 0 5 5

Cost 1 4 1 2 4 3
*Data for the GGR technologies, except SCS, is adapted from Fajardy, Patrizio, et al. (2019).

Using the comparative analysis in Table 2 and discussions in the preceding paragraphs, a
quantification of the importance of these factors on the performance of the six GGR methods
is presented in Table 3. This quantification which is based on the authors’ perspective was
carried out by ranking each factor on a scale of 0 — 5. While a weight of zero (0) indicates that
a factor has no impact and not required for the deployment of a GGR method, a weighting of
five (5) indicates that a factor is highly important and indispensable in the deployment of a
GGR method. For instance, while geological storage has been ranked a weight of 5 for DACCS
and BECCS on account of its importance in the deployment of these two technologies; it was
ranked O for the other four methods as they do not require geological storage. The other
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intermediate scores indicate varying levels of importance of these factors and the extent of
dependence of the GGR methods on them as discussed in the preceding paragraphs.

With CCS-based technologies expected to play a major role in attaining the mitigation target
on account of their versatility and potential and bearing in mind that no single GGR technology
can individually shoulder the emission mitigation burden, an understanding of how these
factors impact on the performance of the various GGR is key in making the appropriate choice
of combination of the various technologies for particular areas.

4 Recent trends and outlook

It is agreed that the deployment of GGR methods is an indispensable option in meeting the 1.5
°C warming target with forestation and BECCS featuring prominently in most IAMs scenarios
(IPCC, 2018). While natural solutions such as forestation and SCS, though having a lower
carbon storage permanence, are matured and already being deployed at various scales. Other
GGR methods with emphasis on the CCS-based methods are still at relatively lower TRLs as
captured in Figure 1. These engineered solutions ensure high storage permanence thus require
more attention and funding both from government and corporate bodies to deliver their prompt
deployment.

On the commercialisation front, there has been an increased interest in investment in GGR
methods in recent times. In January 2020, Microsoft announced a US$1billion climate
innovation fund aimed at achieving a carbon negative goal by 2030. This commitment which
is exclusively focused on projects that remove carbon from the atmosphere is currently funding
projects from 15 organisations representing a combined removal potential of more than 1.3
MtCO:2 pa (Chay et al., 2021; Microsoft, 2021). Stripe, a global financial service company has
also made its negative emission commitment with a pledge to invest a minimum of US$1
million per year in projects involving direct removal of carbon dioxide from the atmosphere
(Cullenward et al., 2020; Orbuch, 2020). Other organisations providing major investments,
incentives and collaborations for the development of GGR methods include Shopify, Audi,
ExxonMobil as well as Elon Musk and the Musk Foundation who are currently funding a
US$100 million XPRIZE carbon removal competition. These and other efforts if continued,
will ensure an acceleration in the development and deployment of these GGR methods,
providing continued governmental commitments to net zero and decarbonisation targets.

On account of the economic downturn and overall drop in energy demand brought about by
the global coronavirus pandemic, the International Energy Agency estimated an 8% (about 2.8
Gt) drop in global COz emissions in 2020 (IEA, 2020). This drop which had no detectable
impact on atmospheric CO2 or climate change is expected to be temporary as they do not
actually reflect structural changes in economic, transport or energy systems (Le Quéré et al.,
2020). The post-COVID era however offers governments of the global community a great
opportunity to put in place structural adjustments that will maintain and even enhance this
emission drop in the coming years. This can be achieved through the adoption of economic
stimuli programmes centred around low carbon emission pathways (Le Quéré et al., 2020),
increased investment as well as favourable policy incentives and legislations that will enhance
technological development and social awareness regarding the scaling and deployment of GGR
methods. With GGR methods expected to feature more prominently in the next round of
submissions of countries’ nationally determined contributions (NDCs), the need for sustainable
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global and regional co-operation will be key in the development and deployment of these GGR
methods.

5 Conclusions

In this study, an assessment of the impact of operational factors on six GGR technologies
(forestation, EW, SCS, biochar, DACCS and BECCS) has been carried out from the literature
with a view to identifying the conditions and requirements necessary for optimum performance
of these technologies. The factors considered include climatic condition, management
practices, availability of land, water, energy and biomass, cost and soil characteristics. From
the assessment, the extent of influence of these factors on the various GGR technologies have
been discussed and highlighted on a 0 — 5 scale with the major findings as follows;

e For forestation, the tropical climatic region has been identified for deployment with
afforestation and/or reforestation with agroforestry practice recommended to maximise
land use and minimise cost while using deciduous broadleaved native mixed species.

e In the case of EW, warm tropical and humid regions have been identified for optimum
deployment using the more common basaltic rocks on preferably arable land with acidic
soil. Low carbon renewable energy sources have also been prescribed as means of
reducing the high energy and cost requirement.

e For SCS, the boreal or snow forest has been identified for deployment with adopted
management practices generally dependent on particular regions: conservation tillage
(temperate region) and improved grazing (tropical region). Soils of heavy and clayey
texture and agroecosystems lands have also been recommended for SCS deployment.

e For biochar, temperate and humid regions have been highlighted for optimum
deployment in arable land characterised by well drained sandy soil with low SOC and
naturally low fertility with pH preferably acidic and neutral. Plant-based biomass
(preferably crop residue and herbaceous feedstock) have also been recommended as
feedstock.

e Lastly, the CCS technologies (BECCS and DACCS) which have been largely projected
as major contributors to the attainment of the emission mitigation target have been
found to have a larger locational flexibility. However, the need for cost optimal siting
of the CCS plant is very much necessary and dependent on the presence of appropriate
geological storage facility.

Though specific regions have been identified for optimum performance of these GGR methods
on account of favourable resource availability, the need for international co-operation and
collaboration cannot be over-emphasised if the mitigation target is to be met. Socio-political
factors are expected to also play a major role, with nature-based solutions like forestation and
SCS expected to be highly favoured in this regard ahead of the engineered solutions (CCS).
While these nature-based solutions are already being deployed owing to their low cost,
technological maturity and social acceptance, their reliability and sustainability in the long run
is however limited by factors such as permanence of storage, competing land use and lower
removal potential. Hence, there is need for accelerated social sensitization and technological
development of the CCS based methods which offer a higher removal potential and more
reliable permanence of storage of the captured carbon.
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