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Carbon dioxide removal (CDR) is essential to deliver the climate objectives of the Paris Agreement. Whilst
several CDR pathways have been identified, they vary significantly in terms of CO, removal efficiency,
elapsed time between their deployment and effective CO, removal, and CO, removal permanence. All
these criteria are critical for the commercial-scale deployment of CDR. In this study, we evaluate a set of
archetypal CDR pathways—including afforestation/reforestation (AR), bioenergy with carbon capture and
storage (BECCS), biochar, direct air capture of CO, with storage (DACCS) and enhanced weathering
(EW)—through this lens. We present a series of thought experiments, considering different climates and
forest types for AR, land types, e.g. impacting biomass yield and (direct and indirect) land use change,
and biomass types for BECCS and biochar, capture processes for DACCS, and rock types for EW. Results
show that AR can be highly efficient in delivering CDR, up to 95-99% under optimal conditions. However,
regional bio-geophysical factors, such as the near-term relatively slow and limited forest growth in cold
climates, or the long-term exposure to natural disturbances, e.g. wildfires in warm and dry climates,
substantially reduces the overall CO, removal efficiency of AR. Conversely, BECCS delivers immediate and
permanent CDR, but its CO, removal efficiency can be significantly impacted by any initial carbon debt
associated with (direct and indirect) land use change, and thereby significantly delayed. Biochar achieves
low CDR efficiency, in the range of 20—-39% when it is first integrated with the soil, and that regardless of

Received 29th March 2022, the biomass feedstock considered. Moreover, its CO, removal efficiency can decrease to —3 to 5% with
Accepted 31st August 2022 time, owing to the decay of biochar. Finally, as for BECCS, DACCS and EW deliver permanent CO,
DOI: 10.1039/d2ee01021f removal, but their CO, removal efficiencies are substantially characterized by the energy system within

which they are deployed, in the range of —5 to 90% and 17-92%, respectively, if currently deployed. However,
rsc.li/ees the CDR efficiency of EW can increase to 51-92% with time, owing to the carbonation rate of EW.

Broader context

Following COP26, carbon dioxide removal (CDR) is increasingly being recognised by national governments and the climate community as an integral part of
2050 net zero strategies. Owing to a combination of inherent characteristics and regional variations, e.g. climates, biomass yields, local energy systems, each
CDR pathway is characterized by a distinctive CO, removal efficiency, timing—required for any pathway to effectively remove the CO, from the atmosphere, and
permanence. With growing public and private efforts directed towards CDR, the competition for natural and financial resources in crucial activities, such as
food production, energy supply and emission mitigation, will inevitably increase. As a result, CDR options will inevitably be scrutinized for their potential to
deliver sufficient, permanent and timely CO, removal. To this end, this study presents a comparative analysis of each CDR pathway in terms of their potential
climate change mitigation benefits and identifies options that can provide a meaningful contribution towards net-zero carbon emission targets. The findings of
this work could potentially guide the strategy for CDR deployment globally.

1. Introduction

The Paris Agreement aims at keeping global warming to
well-below 2 °C and pursuing efforts to limit it to 1.5 °C.!

Owing to the relationship between cumulative anthropogenic
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that global net CO, emissions be reduced to zero at some
point.>”

Since the close of COP26, many national and international
governments, including the United Kingdom (UK), the Eur-
opean Union (EU), Japan, and South Korea, have committed to
legally-binding 2050 net-zero targets, while others, such as
China and India, are set to do so by the second half of this
century.®’

Achieving these goals entails the rapid decarbonization of the
energy systems, combined with the scale up of carbon dioxide
removal (CDR) technologies to offset residual emissions from
hard-to-abate sectors, such as aviation and agriculture. Whilst
the role of CDR has been extensively discussed by the inter-
national community, explicit CDR targets remain absent from all
newly or re-submitted Nationally Determined Contributions
(NDCs), with some exceptions related to the agriculture, and
the land use, land-use change and forestry (LULUCF) sectors. "

Crucially, the reliance on CDR is expected to increase over
time, as (a) most governments are not on track with their 2030
and/or long-term NDCs,"? and (b) existing NDCs are insufficient
to achieve most recent net zero commitments.®*® Thus, it will
be vital to deploy CDR as efficiently as possible—maximizing
CO, removal with the minimum use of resources. To do so,
careful consideration of the time required for CO, removal to
be impactful, i.e., the time lapse between the deployment of any
CDR pathway and its effective CO, removal, and of the time
over which it will remain impactful, i.e., permanence, is necessary.
Importantly, CO, removal must be clearly, comprehensively and
consistently defined and assessed, as first suggested by Tanzer
and Ramirez,"* and further emphasized by Terlouw et al.*®

There is a vast range of CDR pathways that can be cate-
gorised by Earth system (e.g., land or ocean), storage medium
(e.g., geological formations, minerals, vegetation, soils and
sediments, or even buildings), but also by removal process
(e.g, land-based biological, ocean-based biological, geochemical
or chemical). The most prominent are (1) bioenergy with carbon
capture and storage (BECCS), (2) direct air capture of CO, from
ambient air by engineered chemical reaction (DACCS), (3) affor-
estation/reforestation (AR) to fix atmospheric carbon in biomass
and soils, (4) enhanced weathering of minerals (EW), and
(5) converting biomass to biochar.’®'” Ocean-based biological
CDR pathways, e.g. blue carbon or ocean fertilisation, have also
received some attention, but their CDR potential remain uncer-
tain or even controversial."®'® Finally, alternative CDR pathways
have also started to be proposed, e.g. CO, mineralisation or
biochar in the cement industry,'*>" with some being at demon-
stration or even commercialization stage.”>®> However, their
technical feasibility and regional/global scale-up potential are
still scarcely assessed.>**> Overall, these pathways all have the
potential to generate net negative CO, emissions, but differ
significantly in terms of CO, removal efficiency, timing, and
permanence. In this study, these characteristics are defined as
follows:

e CO, removal efficiency: the fraction of CO, captured that is
permanently removed from the atmosphere, once the GHG emis-
sions arising along the supply chain have been accounted for;
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e Timing: the period of time from the deployment of a CDR
pathway, e.g. tree planting, or mineral spreading, to its effective
CO, removal impact; and

e Permanence: the potential for CO, removal to be sustained
for a sufficient period of time to deliver climate repair.

Owing to differences across these key characteristics, the
CO, removal potential of different archetypal CDR pathways
varies with location and evolves with time. For each archetypal
CDR pathway, the CO, removal potential also varies with the
configuration deployed. For example, the CO, removal potential
associated with EW is contingent on the type and particle size of
minerals that are applied to soil (i.e., configuration-specific), in
addition to other characteristics including soil pH and tempera-
ture (ie., region-specific).>*>® The CO, removal potential of
biochar depends on the biomass feedstock considered, pyrolysis
conditions and soil characteristics.>® Finally, Fajardy et al>°
shows that (direct and indirect) land use change, ie. (I)LUC,
can significantly impact the CO, removal efficiency and time to
removal of BECCS.

Timing is particularly crucial in the climate repair impact of
different CDR pathways. For instance, in the case of AR, forest
sinks require a certain period of time to be established and
then saturate within a period of decades to centuries. In the
case of EW, the time required for mineral carbonation to
proceed to completion can range from a few months to many
years, or even decades.’’*> However, quantitative comparisons
of the timing of CO, removal for a comprehensive range of CDR
pathways remain a lacuna in the literature.

Permanence has been increasingly discussed in the literature.
Herzog et al*® originally defined an economic framework for
valuing temporary sinks and quantified the economic conse-
quences on carbon price and discount rate. More recently, Bednar
et al.** proposed intertemporal instruments to provide the basis
for widely applied carbon taxes and emission trading systems to
finance a net-negative carbon economy. However, permanence is,
overall, considered in isolation, ie., without making the connec-
tion to CO, removal efficiency or timing. Yet, because (a) CO,
uptakes can be immediate, e.g. for DACCS, or initially slow, e.g.
forest growth for AR or carbonation process for EW, (b) CO, sinks
can saturate, e.g AR, and (c) predictable/unpredictable CO,
releases can occur, e.g. decay process for biochar or natural
disturbances for AR, the CO, removal efficiency of all CDR path-
ways is inherently intertwined with their timing and permanence.

Moreover, in the IPCC***?*® and other carbon accounting
frameworks,*”*® there is a convention of equating CO, removal
with a duration greater than 100 years as being permanent.
However, from a physical science perspective, CO, persists in
the atmosphere for much longer—on the order of tens of
thousands of years.>**° Thus, removing CO, over one century
is not equivalent to permanent CO, removal.

Whilst temporary CO, removal can have some climate repair
value when deployed as a mechanism to ‘buy time’ before
deploying permanent CO, removal*'—arguably, temporary
CO, removal can limit climate damage by delaying, reducing,
and flattening CO, levels, and temperature overshoots*’—this
is invariably gambling on the future. If peak warming has

This journal is © The Royal Society of Chemistry 2022
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occurred by the time of reversal of the temporary CO, sink, then
the temporary CO, removal has had a positive impact on
climate change. However, if peak warming has not yet occurred,
or if temperatures have not sufficiently reduced, then the
temporary CO, removal could well have a negative impact,
overall increasing the risk of reducing and/or delaying climate
change mitigation. Thus, for temporary CO, removal to be of
equivalent climate repair value to permanent CO, removal, it
requires continuous maintenance of that CO, sink, or subse-
quent replacement by permanent CO, removal. This could well
be difficult to ensure in practice.

Finally, in any commercial-scale deployment of CDR, there
will be a normal commercial imperative to recoup the asso-
ciated investment as soon as possible. Whilst this is, in
principle, feasible with BECCS and DACCS, the same is not
true for many alternative CDR pathways, e.g. AR, biochar or EW.
There is an important need to (a) understand and make the
distinction between the cost of CO, stored and the cost of CO,
permanently removed, and (b) appropriately value the climate
repair benefits of the different CDR pathways, i.e. permanent
vs. temporary, and immediate vs. delayed. As the service that
should be remunerated is the permanent removal of CO, from
the atmosphere,'*"” it is difficult to imagine ex ante payments
where the period between deploying the CDR pathway, e.g.
exposing a carbonatable material to the atmosphere for EW,
and its impactful removal of CO,, is significant. If nothing else,
the monitoring, reporting and verification (MRV) costs associated
with understanding the marginal degree of carbonation in any
given year could be significant, and possibly prohibitive.

The remainder of this paper is structured as follows. In
Section 2, we identify the main sources of CO, leakage across the
CDR value chain of a non-exhaustive set of CDR pathways—AR,
BECCS, biochar, DACCS and EW—, and we compare their CDR
efficiencies over 100 years. In Section 3, we assess the time
required for each CDR pathway to provide CO, removal beyond
the Paris Agreement’s 2100 timeframe, ie. over 1000 years.
Finally, we conclude in Section 4.

2. Life cycle CO, removal efficiency

In this section, we perform a comparative analysis of the CO,
removal efficiency of a non-exhaustive set of CDR pathways,#
and discuss their key challenges. The aim of this analysis is to
provide important insights to policymakers, potential investors,
technology developers and purchasers, on the key factors that
influence the CO, removal efficiency of different archetypal
CDR pathways. Note that, whilst the key factors that influence
the CO, removal efficiency of each of these CDR pathways are
identified here, the amount of associated CO, emissions is
highly region-specific (i.e., climates, bio-geophysical factors,
carbon intensity of the energy systems), and configuration-
specific (ie., configurations of the different archetypal CDR

i Whilst this study focuses on 5 archetypal CDR pathways, it is important to note
that the concept of CDR efficiency introduced here can be, in principle, applied to
any other CDR pathway, subject to sufficient data availability.

This journal is © The Royal Society of Chemistry 2022
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pathways deployed). Results should therefore be interpreted as
such. Also note that climate change is expected to modify the
CO, removal efficiency of the different archetypal CDR pathways
presented here, by disrupting all the systems (e.g., environmen-
tal, energy, economic or social) on which our society depends.
However, given (1) the urgency to deploy CDR immediately to
future scales that will be consistent with the Paris Agreement,
and (2) the complexity of climate models, and the difficulty to
predict comprehensively and accurately the impacts of climate
change on these systems, and subsequently on the CO, removal
efficiency of CDR pathways over time, climate change is, here,
not accounted for, although recommended for further research.

Here, we define CDR efficiency, 1n°°X, considering the
amounts of CO, stored and CO, leaked over the supply chain via:

Cogtored _ Cogeaked

CDR __
n - Cogtored (1)

It is important to note that this is a deliberately simple presenta-
tion of the CDR efficiency concept. In practice, the rate of CO,
uptake/capture or CO, release/leakage may well vary over the
lifetime of a given CDR project, as, e.g. the broader energy system
is decarbonized. Thus, this metric should be evaluated in the
same way as the well-known levelized cost of electricity.

2.1. Afforestation/reforestation (AR)

Afforestation/reforestation (AR) (see Fig. 1) can generate net
negative CO, emissions, as growing forests remove CO, from
the atmosphere via photosynthesis and store it in living bio-
mass, dead organic matter, and soils.*>** Additional CO,
emissions also arise from forestry activities associated with
the establishment and the ongoing management of forests.
As such, only when the net balance of CO, emissions by forests
is negative—and remains so over time—do forests contribute to
mitigating climate change by acting as a CO, sink.

The first challenge with AR is the inherently slow and
limited growth of forests. The CO, sequestration rate of forests
increases very slowly initially as the forests are in their estab-
lishment phase. Within less than a century, the sequestration

co,

it
¢ @

Afforestation/Reforestation

Fig.1 Value chain of afforestation/reforestation (AR) and associated
forest management. Grey arrows (CO,) account for CO, uptake, ie.,
capture, and release, i.e., emissions. Orange arrows account for the energy
consumption.
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Fig. 2 Sankey diagrams showing the CO, removal efficiency of AR, deployed in 2020, over different periods of time in the UK.

rate decreases to zero once the forests finally reach maturity—the
CO, sink of forests is essentially saturated (see SM.2, ESIt). Con-
sequently, the overall CO, removal potential of AR is inherently
constrained by land availability, and extensive land-use competition
could be expected with other land-based CDR pathways**** and
other sectors, e.g. food and bio-fuels.

Forests are also subject to a wide range of anthropogenic
disturbances, e.g. harvest or deforestation, and natural distur-
bances, e.g. wildfires, pests, droughts or windstorms.*®*° Natural
disturbances pose the greatest challenge to AR owing their scale
and inherent unpredictability.® Importantly, they are highly
climate- and region-specific, and their frequency will increase
with climate change.’® In this study, the risk of wildfires is
accounted for, used as a proxy for any natural disturbances, and
reduces AR’s CO, removal efficiency over time. This is further
detailed in SM.2 (ESIt). Note that, recognising the broader range
of disturbances of which AR, but also other CDR pathways, are
subject to and that are not explicitly evaluated here, a more
comprehensive analysis could well be extended to consider other
risks, e.g. geo-political.

As shown in Fig. 2, the permanence, and thus efficiency, of
CDR delivered by AR, illustrated here for the UK,§ is a strong
function of time.*' Importantly, the CO, removal efficiency of
AR is negligibly impacted by forestry activities, even over 1000
years or more. At most, results show that the CO, emissions
associated with the forest establishment reduce the CDR effi-
ciency of AR by 13% if we consider only the first decade. This is
because the CO, sequestration potential of AR is still very low at
this stage. Then, over several decades to a millennium, the CO,
emissions associated with forest management activities reduce
the CDR efficiency of AR by only 1-3%. Importantly, whilst AR is
highly efficient at removing CO, from the atmosphere—peaking
at 99%—it still takes between 50-100 years to reach its maximum
CO, removal potential, which coincides with the saturation of the
forest CO, sink. Forward planning is therefore necessary, as well
as sustained management to prevent CO, from being returned to
atmosphere.

§ In the UK, temperate oceanic forests are predominant—=88% of the land cover®"
—with 49% broadleaves and 51% conifers.**
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Ultimately, the key factor that reduces the CO, removal
efficiency of AR is the increasing risk of natural CO, reversal
over time—up to 35% over a millennial time period in the UK
(see Fig. 2). When the risk of wildfires starts reducing AR’s CO,
removal efficiency, and by how much, differ from a climate to
another. It is directly related to the probability and severity of
wildfires. This is further discussed in Section 3.

Overall, the CO, removal efficiency of AR, although very
high, is only temporary, due to the increasing risk of (natural
and anthropogenic) disturbances over the long term. Given
the negligible impact of forestry operations on CO, removal
efficiency over time, intensifying the management of forests, as
well as monitoring the CO, sink will contribute to reduce some
risks, e.g. wildfires. However, not all natural disturbances can
be anticipated and may well be completely unpredictable, e.g.
pests or disease. Nor can they be entirely controllable and of
minimum impact on the CO, sink of forests.

This introduces the challenge of managing temporary CO,
sinks, such as with AR, in the long term. If their management
in the future is ultimately deemed unfeasible or unnecessary,
e.g. investors find it unlikely to be economically and financially
viable, or future climate policy focuses primarily on adaptation
as opposed to mitigation, this might translate into an effective
subsidy for pollution in the near term. Thus, this is essentially a
restatement of the “moral hazard” concern, which can only be
addressed with rigorous standards for climate repair via CDR, such
that the CDR deployed fully compensates for the damage done by
the initial emission of CO, to the atmosphere, and that over
timescales consistent with stabilising the Earth’s carbon cycle.

2.2. Bioenergy with carbon capture and storage (BECCS)

Bioenergy with carbon capture and storage (BECCS) (see Fig. 3)
refers to the combination biomass-based energy, with the capture
and geological storage of associated CO, emissions. Upstream
CO, emissions including (I)LUC, biomass cultivation, harvest,
processing, and transport, and downstream CO, emissions asso-
ciated with the capture, transport and storage of CO,, can be a
challenge with BECCS and must be carefully accounted for.
Importantly, depending on the BECCS conversion pathway,
the percentage of biogenic carbon that is captured and

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Value chain of bioenergy and carbon capture and storage (BECCS). Local biomass is assumed to be transported via road over short distances
(i.e., 100 km), whereas imported biomass can be transported via ship over longer distances, e.g. approximately 8000 km for biomass imported from the
South-East of the USA to the UK. Grey arrows (CO,) account for CO, uptake and leakage across the value chain. Orange arrows account for the energy

consumption/production, i.e., W is power, and Q is heat.

sequestrated can vary significantly.”’ This obviously directly
impacts CO, removal efficiency. For example, the conversion of
biomass to biofuels via fermentation or gasification processes
split the bio-carbon into two portions; process carbon that is
available for capture and storage, and product carbon that is
ultimately emitted to atmosphere. Biofuels pathways are limited
to capture rates of approximately 66-71% in the case of FT
biodiesel and bioethanol, respectively,”>>* whereas electricity or
hydrogen BECCS pathways typically capture up to 90-95% of the
bio-carbon.>° Note that algae could also be considered as an
alternative biomass feedstock, both for biofuel or electricity
BECCS (the latter referred as ABECCS in the literature®”). Thus,
when considering the optimal use of biomass, one needs to
carefully consider which is more important, carbon removal or
energy service, with recent work by Fajardy et al.>® implying that
the carbon removal service is ultimately most valuable. Hereafter,
in this study, we assume BECCS to be a bioelectricity pathway.

As shown in Fig. 4, the CO, removal efficiency of BECCS over a
100 year time period ranges between 62.5-86% and varies with the
type of land, ie. (I)LUC, and biomass feedstock considered for
bioenergy production, as well as the configuration of the biomass
supply chain, ie. transport distances and mode (road and sea).
Usually, upstream activities are responsible for the largest share of
CO, emissions.

The CO, emissions associated with biomass cultivation and
processing reduced CO, removal efficiency by 3-27%. Owing to
the variation in moisture content at harvest and energy required
for drying, ligno-cellulosic biomass accounts for a significantly
greater release of CO, than of herbaceous biomass.

Thus, the carbon removal efficiency of BECCS pathways can vary
substantially as a function of the biomass source and the impact of
(DLUC, with CDR efficiencies in the approximate range of 69-85%.

2.3. Biochar

Biochar (Fig. 5) is a recalcitrant, carbon rich material produced
via pyrolysis. Once applied on soil, the biochar acts as a soil-

This journal is © The Royal Society of Chemistry 2022

amendment additive, with the soil acting as a CO, sink, thus
generating negative CO, emissions. During the pyrolysis,
approximately half of bio-carbon is retained to the solid bio-
char, while the remaining bio-carbon is emitted as volatile
and gaseous organic compounds, i.e. bio-oil and syngas, during
pyrolysis.>®

However, over time, much of the carbon content of the
biochar is returned to the atmosphere, with decay rates ranging
from a few decades to several centuries.>*°"®" Woolf et al.*’
suggested that between 54-84% of the carbon content of
biochar is stable over a time period of 100 years, but only
6-35% over 1000 years. The biochar decay rate is a function of
both its composition, i.e. the molar hydrogen to organic carbon
ratio H/Cyg of biochar,?*"*>%? and soil characteristics, i.e. soil
temperature.”>®® This is discussed further in SM.4 (ESI{). In
the UK, the average soil temperature is approximately 11 °C,
thereby the permanence of biochar equals to 70% over 100
years and is reduced to 12% over 1000 years.

Finally, the yield of biochar, bio-oil and syngas vary as a
function of the pyrolysis process employed. The choice of
pyrolysis process also leads to different biochar properties,
and thus, different biochar decay rates.”®® For the purposes
of this study, we assume that the process is optimized for
higher biochar production, i.e. slow pyrolysis at 350/450 °C
(see SM.4, ESIt).

Fig. 6 shows the CO, removal efficiency of biochar for
different types of biomass and land in the UK, deployed in
2020, and over a 100 year time period. The key factor that
reduces the CDR efficiency of biochar is the pyrolysis yield, i.e.
the mass of biochar produced per unit of dry mass of biomass
used as a feedstock. Biochar yield is approximately 40% for
slow-pyrolysis.®> Combined with biochar C content ranging
between 57-75%,%* this results in approximately 50% of the
CO, being sequestrated in the biochar.

The CO, emissions associated with the release of labile
carbon contained in the biochar also reduce its CO, removal

Energy Environ. Sci., 2022, 15, 4389-4403 | 4393
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Fig. 4 Sankey diagrams showing the CO, removal efficiency of BECCS for different types of biomass cultivated on different types of land, and for
different transport modes and distances, deployed in 2020, and over 100 years in the UK. Local energy-dedicated crops, agricultural residues and forest
residues are transported over 100 km via road, whereas imported forest residues from the South-East of the USA are transported over 8000 km via road

and sea.

efficiency by a further 14-18%, based on the UK scenario over
100 years.

Finally, similarly to BECCS, (I)LUC can significantly reduce
biochar CDR efficiency by 11.5%, as shown by the Sankey
(Fig. 6) for biochar produced from energy-dedicated crops
cultivated on existing cropland. Thus, the overall carbon
removal efficiency of biochar is observed to be in the range of

4394 | Energy Environ. Sci., 2022, 15, 4389-4403

16-38% on a centennial timescale, and reduced further to —3 to
5% over a millennium.

2.4. Direct air capture of CO, with storage (DACCS)

Direct air capture of CO, with storage (DACCS) refers to
technologies that directly separate CO, from the atmosphere

This journal is © The Royal Society of Chemistry 2022
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biochar is transported over short distances via road (i.e., 100 km).
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Fig. 6 Sankey diagrams showing the CO, removal efficiency of biochar for different types of biomass and land, deployed in 2020, and over 100 years in
the UK. Energy-dedicated crops and agricultural residues are transported over 25 km whereas forest residues are transported over 100 km. Biochar is
then transported over 100 km. Over 100 years, we assume that 70% of biochar carbon (C) content is still sequestrated in the UK.

and geologically sequester it, thus generating negative emis-

sions (see Fig. 7).

A key challenge with DACCS is the processing of large
volumes of diluted CO, in ambient air, resulting in high energy
requirements.®® In particular, due to the large air flows, DACCS
requires a significant amount of electricity to run the fans and

This journal is © The Royal Society of Chemistry 2022

pumps, as well as the CO, compression and transportation.®®
Thermal energy of various qualities is also required for DAC
technologies that involve sorbent regeneration.®”>*® Whilst not
capturing CO, from directly from the air, emerging approaches
such as seawater mineralisation processes significantly smaller
volumes—water contains 150 times more CO, than air per unit
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Fig. 7 Value chain of direct air capture and CO, storage (DACCS).

volume—and produces a solid carbonate, thus, avoiding the
need for CO, compression & storage. As carbon depleted sea-
water is understood to equilibrate with the atmosphere within
one year, this can be considered a promising form of indirect
air capture.

As shown in Fig. 8, the CDR efficiency of DACCS over a
100 year time period, when assuming its immediate deployment,
i.e. the carbon intensity of the current (2020) UK energy system,
ranges between 52-80%. It is a function of the electricity
and thermal energy requirements, which differ with each type
of DAC technology (see SM.5, ESIt). Liquid solvent and solid
sorbent DACCS use a combination of heat and electricity, where
the use of this energy reduces DACCS’s CDR efficiency by 16—
19%. The seawater mineralisation DACCS only uses electricity
for the electrochemical mineralisation process, which reduces
the CDR efficiency of DACCS by 45%. Overall, the decarbonisa-
tion of the energy sector will play a significant role in improving
the climate repair value of DACCS over the century. Importantly,
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in the UK, the CO, leakages associated with the use of energy is
within similar range for both liquid solvent and solid sorbent
DACCS archetypes. However, the former relies on high-grade
heat, so far provided with natural gas, whereas the later relies on
low-grade heat only, which can be entirely provided with elec-
tricity. Considering the complexity of international geo-political
relations, when and if possible, energetic independence should
also be taken into consideration.

2.5. Enhanced weathering (EW)

Enhanced weathering (EW) accelerates the natural process of
mineral carbonation (see Fig. 9). However, the carbonation
process that sequestrates CO, into the rocks is not immediate,
with carbonation rates ranging from a few months to a few
decades.”’®*”*%7° In this study, we assume that between 21-
100% of the rocks used have been weathered in the UK over a
100 year-period, depending on the rock type (basalt or dunite)
and particle size in the range of 10 or 50 um. The carbonation
rate of EW is a function of a combination of mineral composi-
tion, particle size, and soil temperature and pH. This is
discussed further in SM.6 (ESIT).

The supply chain is also a key challenge with EW, with CO,
emissions resulting from the excavation of rocks from mineral
formations, rock grinding, transport, and the application to the
land. Moreover, owing to the limited sequestration potential
per unit mass of rock—maximum CO, sequestration potentials
of basalt and dunite rocks are ~0.2 and ~ 0.9 t CO, per t rock,
respectively — very large amount of carbonatable material are
required. Consequently, the overall CO, removal potential of
EW is inherently constrained by rock availability and extraction
potential.

As illustrated in Fig. 10, the CO, removal efficiency of EW
can decrease by up to 24% owing to carbon leakage during the
process of crushing and grinding the rocks. However, as the
energy requirements for rock size reduction and the carbona-
tion rate are both a function of the rock type (different mineral
compositions) and targeted particle size, there is, in fact, a

co, co, R
Heat  Power Transport Heat Power Transport ?)iarr\]ﬂa};er M'"s:;é':::"’”
7.5% 7.6% & Storage 11.9% 7.4% & Storage ping
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52.4%
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UK

Fig. 8 Sankey diagrams showing the CO, removal efficiency of different DACCS technologies in the UK. Current energy carbon intensities, i.e. electricity

and natural gas are considered. Over 100 years, it is assumed that 0.005% of CO, has leaked from geological CO, reservoirs.
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Fig. 9 Value chain of enhanced weathering (EW). Rocks are transported over short distances via road (i.e., 100 km) before being applied on soil.

trade-off between increased CO, emissions associated with
targeting smaller particle sizes and the increased carbonation
rate. For a rock size of 10 pm, 77% of the basalt and 100% of the
dunite are weathered in the UK over 100 years. If particle size
increases to 50 pm, only 21% of basalt and 91% of dunite are
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Mining Reduction  Transport Application
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Dunite - 10 pm

UK
Rock Rock Size Rock Rock
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CDR
efficiency
68.9%

Basalt - 10 um
UK

weathered over 100 years. Therefore, smaller rock size reaches
maximum CO, sequestration potential faster, thereby increas-
ing CDR efficiency of EW. Conversely, targeting a smaller
particle size requires more energy and results in more CO,
emissions, thus reducing EW’s CDR efficiency. Producing rock

Rock Rock Size Rock Rock
Mining Reduction  Transport Application
0.1% 0.9% 1.1% 0.6%

CDR
efficiency
97.2%

Dunite - 50 um

UK

Rock Rock Size Rock Rock
Mining Reduction  Transport Application
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|
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Fig. 10 Sankey diagrams showing the CO, removal efficiency of EW for alkaline rocks such as basalt and dunite over 100 years in the UK. Rocks are
ground to 10 or 50 pm particle sizes and transported over 100 km before application to soil. The sequestration potential of EW over 100 years varies
between 21% and 100% of the maximum potential of the rock, depending on the type and size of the rock.

This journal is © The Royal Society of Chemistry 2022

Energy Environ. Sci., 2022, 15, 4389-4403 | 4397


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ee01021f

Open Access Article. Published on 14 September 2022. Downloaded on 6/15/2026 7:23:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

particles of 10 um consumes about 180 kW h per t rock,>®”"
whereas producing 50 pm particles only consumes 25 kW h per t
rock. For basalt rocks, results show that smaller 10 pm particles
are more efficient than 50 um (69% versus 63%). In contrast, for
dunite rocks, 10 pm particles are less efficient than 50 um (92%
versus 97%), owing to the higher maximum CO, sequestration
potential achieved with dunite rocks.

Finally, whilst it is also possible to use alkaline industrial
waste as a feedstock for carbonation processes, it will important
to consider potential health and environmental hazards posed
by the distribution of this material on the land, e.g. toxicity.”>”
These factors should also be carefully considered when evaluat-
ing EW projects as a CDR strategy around the world.

Overall, the CO, removal efficiency of EW pathways is
strongly influenced by the rock type and particle size. Similarly
to DACCS, the decarbonisation of the energy sector will play a
significant role in improving the climate repair value of EW.

3. Timing & permanence

As discussed in Section 2, the CO, removal efficiency of
different archetypal CDR pathways can vary significantly with
location, configurations, and importantly with time. In this
section, the CO, removal efficiency of each archetypal pathway
is illustrated over a 1000 year time period, so that to assess the
impact of time. Here, we use 5 archetypal regions/climates to
illustrate location-specific effects, e.g. climates, bio-geophysical
factors or carbon intensity of the energy systems:

e Brazil (Rio de Janeiro) - tropical rainforests;

e China (Shaanxi) - temperate mountain systems (not far
from the green belt);

¢ EU (UK) - temperate oceanic and boreal coniferous forests;

e India (Madhya Pradesh) - tropical shrubland (20% of the
country); and

e USA (Louisiana) — subtropical humid forests.

3.1. Afforestation/reforestation (AR)

Fig. 11 shows the evolution of AR’s CO, removal efficiency over
1000 years for different climates and regions (i.e. for different
risks of wildfires). An important metric is the carbon break-
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Fig. 11 Evolution of the CO, removal efficiency of AR over 1000 years for
different climates and regions.
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even time—the time it takes for AR to capture enough atmo-
spheric CO, to compensate for the CO, emissions associated
with forest establishment and management operations, and
achieve net CO, removal from the atmosphere. As can be
observed, AR’s carbon break-even time is around 5 years in
all climates and regions. Similarly, AR’s CO, removal efficiency
increases to more than 95% in less than 30 years across all
climates and regions. Therefore, although AR is highly efficient
to generate negative CO, emissions, it is not immediate due to
the time required for forests to grow.

Moreover, in the long term (>100 years), the increasing risk of
wildfires reduces the CO, removal efficiency of AR. Results show that
the warmer the climate, the greater the rate of reduction of AR CO,
removal efficiency. Further, forests in dryer climates are observed to
have reduced CO, sequestration potential are (see SM.2, ESIT). For
example, Brazil and India are both tropical climates, but Brazil is
mainly dominated by rainforests, which is typically more humid
than the shrublands which dominate India. The maximum CO,
sequestration potential of AR is around 710 t CO, per ha in Brazil
and 170 t CO, per ha in India. Therefore, although CDR efficiencies
of AR start decreasing at the same time and rate for both Brazil and
India, Brazil is more efficient to generate CO, removal than India
over a 1000 year time period (36% versus 31%). Conversely, in boreal
coniferous forests, such as in the North of the UK, the risk of wildfire
is negligible owing to relatively low temperatures and humidity
typically associated with the boreal climate.

However, it is also important to note that the CDR potential
of AR also decreases with colder climates. For instance, the
maximum CO, sequestration potential of boreal forests in the
UK is only around 120 t CO, per ha, which is 5.7 times less than
that of Brazilian rainforests. Furthermore, AR in boreal cli-
mates can potentially increase local warming, due to albedo
effects, which could offset any temperature decrease achieved
from carbon sequestration.”* Thus, all these factors should be
carefully considered when evaluating AR projects as part of a
climate repair strategy around the world.

3.2. Bioenergy with carbon capture and storage (BECCS)

Due to the inherent reliability of geological reservoirs,”> BECCS
is considered a permanent CO, sink. In the near-term (Fig. 12),

BECCS
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Fig. 12 Evolution of the CO, removal efficiency of BECCS over 1000
years for different types of biomass feedstock and land.
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its CO, removal efficiency is mainly a function of bio-
geophysical factors, i.e. the type of land and biomass used for
bioenergy (see Section 2.2). Since forestry or agricultural resi-
dues have no (I)LUC effects (see SM.2, ESI{), BECCS using these
feedstocks has an immediate and constant CDR efficiency of
81-87%, which is in line with observations in Fig. 4.

However, for feedstocks grown on former cropland, grass-
land or forest, the carbon debt initiated by land conversion for
biomass production, i.e. (I)LUC, needs to be paid off before the
BECCS pathway can generate net negative CO, emissions.>
This carbon break-even time depends on the type of land that
has been converted.”®”® As shown in Fig. 12, payback periods
range from 14 to 36 years for former cropland, or natural forest,
respectively, resulting in CO, removal efficiencies ranging
between 52% to 70% over the first 100 years, compared to
78-80% over 1000 years. Thus, the socio-economic viability of
BECCS pathways as a CDR strategy using biomass associated
with substantial (I)LUC is highly dubious.

3.3. Biochar

Fig. 13 shows the evolution of biochar’s CDR efficiency over a
1000 year time period for different types of biomass feedstocks
and different regions. As explained in Section 2, the pyrolysis
yield (40% in the case of slow pyrolysis) has a major impact on
the CDR efficiency of biochar, which ranges between 19-38%
over 100 years, depending on the type of biomass feedstock
used. However, due to the decay of biochar over time, this range
reduces to below 5% over a millennium. In tropical climates,
such as Brazil, where biochar’s decay rates are accelerated
owing to higher soil temperatures (see SM.4, ESIt), the CO,
emissions resulting from the biochar supply chain exceed the
amount of CO, sequestrated in the biochar after a period of
about 550 years. Thus, the overall CDR efficiency of biochar
becomes negative, i.e. the pathway emits more CO, into the
atmosphere than the amount removed. Thus, the viability of
biochar-based CDR pathways is even more dubious than that of
BECCS. Given their potential competition for land and biomass
feedstock, and considering the impact of time on long-term
permanence, BECCS pathways are more efficient than biochar
pathways.

Biochar
100

—— UK - Energy-Dedicated Crops
—— UK - Agricultural Residues

80
----- UK - Forestry Residues

—— Brazil - Energy-Dedicated Crops
60

CDR Efficiency (%)

0 200 400 600 800
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1,000

Fig. 13 Evolution of the CO, removal efficiency of biochar over 1000
years for different types of biomass feedstock in different regions.
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3.4. Direct air capture of CO, with storage (DACCS)

Similarly to BECCS, DACCS is a permanent CDR pathway.
However, the CDR efficiency of DACCS is significantly influ-
enced by the carbon intensity of the energy used, which varies
with DAC technology and region. Solid sorbent and liquid
solvent DACCS use heat and electricity, whereas seawater
mineralisation DACCS only utilises electricity. As the current
CO, emissions intensities of the heat supply and electricity grid
vary with region, the CDR efficiency of DACCS differs for each
country and technology type, as shown in Fig. 14.

Importantly, the CDR efficiency of DACCS increases as these
energy systems decarbonise over time. The CO, emissions
intensity of electricity is assumed here to reduce to net zero
by 2050, following the trajectory of the IPCC P2 illustrative
option”® (see SM.1, ESIt). For solid sorbent and seawater
mineralisation DACCS pathways, the increase in CDR efficiency
is directly proportional to the rate of decarbonisation of the
electricity grid. Particularly, when zero carbon energy is available,
the seawater mineralisation option achieves a CDR efficiency of
100% owing to the direct formation of a solid carbonate, which
avoids leakage of CO,.

The CO, emissions intensity of heat is another important
factor, as shown for liquid solvent DACCS pathways using
natural gas and hydrogen. If we assume that natural gas steam
methane reforming (SMR) in combination with CCS will be the
least-cost option for low carbon hydrogen in the near term, and
account for the upstream carbon leakage associated with this
option,®® the liquid solvent hydrogen-based DACCS has the
lowest CDR efficiency for the first 50 years. But as this carbon
leakage is reduced to zero over time, the CDR efficiency of this
pathway increases. Once the broader energy system is fully
decarbonised, all DACCS are observed to reach a CDR efficiency
of approximately 100% (assuming 0.005% CO, leakage during
transport and storage over a 100 year period”®).

Thus, the climate repair value of DACCS, via CDR, will
disproportionally increase relative to the other CDR pathways
as time goes by. Similarly, the near-term value of DACCS (and
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Fig. 14 Evolution of the CO, removal efficiency of DACCS over 1000
years for different regions and DACCS archetypes.
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Fig. 15 Evolution of the CO, removal efficiency of EW over 1000 years for
different alkaline rock characteristics (i.e., type, composition, or size) and
different regions.

other) CDR options which is powered by zero carbon power, e.g.
nuclear or renewable energy, is also significant.

3.5. Enhanced weathering (EW)

As shown in Fig. 15, owing to the time between producing
carbonatable materials, i.e. when energy is used and carbon
emitted, and effectively removing CO, from the atmosphere,
the CDR efficiency of EW steadily increases over time until its
maximum CO, sequestration potential is reached. As rocks
increasingly weather over time, the negative CO, emissions
generated by EW is permanent.”®

The maximum and long-term CDR efficiency of EW results
from a combination of factors, including: the rock type-specific
CO, sequestration potential, the energy use of alongside the
rocks supply chain, particularly for grinding, and associated
CO, emissions (e.g., 10 pum rather than 50 um), and the carbon
intensity of the region of deployment (e.g. the carbon intensity
of the energy mix is lower in Brazil and higher in China).
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Therefore, over a period of 1000 years, once the rocks are fully
weathered, the maximum CDR efficiency of EW can range
between 51% and 92%.

However, in the near-term, the carbon break-even time of
EW can range between 5-77 years, depending on the carbon
intensity of the energy used for the supply chain and the type of
rock. For example, it only takes 5 years for fast-weathering
basalt deployed in Brazil to become carbon negative, whereas it
takes 77 years in China, owing to China’s highly carbon
intensive energy mix. In the UK, it only takes a few months
for dunite to provide CDR, whereas slow- and fast-weathering
basalts will take up to 35 and 52 years, respectively.

4. Discussion & conclusion

Large-scale CDR will be indispensable in delivering the 1.5-2 °C
objectives of the Paris Agreement, as well as in achieving
intermediate net-zero targets. Owing to the intrinsic character-
istics and differences of CDR pathways, the degree to which
they can deliver permanent CDR in a time and resource
efficient way vary significantly.

We find that AR can be highly efficient to remove CO, from
the atmosphere (up to 95-99%)—the CO, leakage associated
with the establishment and the ongoing management of forests
is negligible in comparison to the CO, sequestration potential
of AR, and that even over millennial time period. However,
similarly to other nature-based solutions, e.g. peatland conser-
vation/restoration or agroforestry, the CO, removal potential,
and thus carbon removal efficiency, of AR increases very slowly
owing to the time that forests require to grow before any CO,
removal is achieved, and is saturated once forests reach matur-
ity. Moreover, owing to the increasing risk of unpredictable
natural and anthropogenic disturbances, e.g. weather events
such as wildfires or deforestation, the permanence of AR’s CO,

Table1 Summary of key characteristics for each CDR pathway. CDR efficiency ranges, as calculated here for different archetypal CDR pathways, when
deployed in 2020, are indicated over time periods of 100 years and 1000 years. For DACCS pathways, CDR efficiency ranges are also indicated when such
pathways are deployed later this century, i.e. assuming decarbonised energy systems

CO, removal efficiency

Timing Permanence

(Is CDR immediate? If not, why?) (Is CDR permanent? If not, why?)

CDR

pathway Over 100 years Over 1000 years (Is CDR efficient? Why?)

AR 63-99% 31-95% Very high
Forest establishment & manage-
ment has a negligible impact on
CDR efficiency

BECCS 52-87% 78-87% Moderate to high
Biomass supply chain emissions

Biochar 20-39% -3 to 5% Low
Pyrolysis (conditions with low
biochar yield), biomass supply
chain emissions

DACCS® —5 to 90% —5 to 90% Moderate to high

(92-100%) (92-100%) CO, intensity of the energy
consumed
Moderate to high

Rock supply chain emissions

EW 17-92% 51-92%

% Considering current and future decarbonised energy systems.
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Decades
Forest growth takes time

Very low

Owing to the risk of natural dis-
turbances, such as wildfires or
weather events

High/very high

Permanent CO, storage in geolo-
gical reservoirs

Immediate Low/very low

The carbon of biochar is relatively Decay rate of biochar reduces
stable and sequestered in soil stored carbon over time

Immediate to decades
()LUC change effects

Immediate
CO, capture from the air/ocean

Very high

Permanent CO, storage in geolo-
gical reservoirs

Immediate to decades High/very high

Carbonation rate (residence time) Chemical reactions permanently
store carbon in rock minerals
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removal decreases with time, hence concurrently reducing CO,
removal efficiency of AR.

Conversely, BECCS, biochar or EW rely on more sophisti-
cated supply chains than AR, resulting in potentially substan-
tial CO, leakage, and therefore reducing their CO, removal
efficiencies. Biochar is found to be highly inefficient owing to
the low pyrolysis yield for biochar, resulting in almost half of
the biogenic CO, being emitted back into the atmosphere.
Although biochar can provide immediate CDR, its CO, removal
efficiency decreases within decades or centuries due to its decay
rate and can ultimately have a negative impact on the climate.

We find that BECCS is more efficient at removing CO, from
the atmosphere than biochar, owing to its higher CO, capture
rate and high permanence of the CO, stored in geological
reservoirs. However, both BECCS and biochar are subject to
potential (I)LUC effects, which can delay CDR by a few years to a
few decades.

Similarly to BECCS, both DACCS and EW deliver permanent
CDR, with DACCS storing in geological reservoirs, and EW in
rocks. However, for both pathways, we find that the CO,
removal efficiency is greatly reduced by the carbon intensity
of the energy used for either sorbent regeneration/seawater
mineralisation in the case of DACCS, and for crushing and
grinding rocks in the case of EW. EW’s CO, removal efficiency
increases within months to decades owing to its carbonation
rate and can ultimately have a positive impact on the climate.
This is summarised in Table 1.

Thus, whilst the importance CO, removal in meeting the
Paris Agreement’s objectives remains unchallenged, the role
and value of each individual CDR pathway in contributing
durably and in a time- and resource-efficient manner to these
objectives will be observed to vary substantially with the bio-
geophysical, broader energy system, and socio-political con-
texts within which it will be deployed across the world.
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