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1 Introduction

CO, removal and 1.5 °C: what, when, where,
and how?

¢ and Niall Mac Dowell*®®

Solene Chiquier, 22 Mathilde Fajardy
The international community aims to limit global warming to 1.5 °C, but little progress has been made
towards a global, cost-efficient, and fair climate mitigation plan to deploy carbon dioxide removal (CDR)
at the Paris Agreement's scale. Here, we investigate how different CDR options—afforestation/
reforestation (AR), bioenergy with carbon capture and storage (BECCS), and direct air carbon capture
and storage (DACCS)—might be deployed to meet the Paris Agreement's CDR objectives. We find that
international cooperation in climate mitigation policy is key for deploying the most cost-efficient CDR
pathway—comprised of BECCS, mainly (74%), and AR (26%)—, allowing to take the most advantage of
regional bio-geophysical resources and socio-economic factors, and time variations, and therefore
minimising costs. Importantly, with international cooperation, the spatio-temporal evolution of the CDR
pathway differs greatly from the regional allocation of the Paris Agreement's CDR objectives—based on
responsibility for climate change, here used as a proxy for their socio-economically fair distribution. With
limited, or no international cooperation, we find that the likelihood of delivering these CDR objectives
decreases, as deploying CDR pathways becomes significantly more challenging and costly. Key domestic
bio-geophysical resources include geological CO, sinks, of which the absence or the current lack of
identification undermines the feasibility of the Paris Agreement’'s CDR objectives, and land and biomass
supply, of which the limited availability makes them more costly—particularly when leading to the
deployment of DACCS. Moreover, we show that developing international/inter-regional cooperation
policy instruments—such as an international market for negative emissions trading—can deliver,
simultaneously, cost-efficient and equitable CDR at the Paris Agreement's scale, by incentivising
participating nations to meet their share of the Paris Agreement's CDR objectives, whilst making up for
the uneven distribution of CDR potentials across the world. Crucially, we conclude that international
cooperation—cooperation policy instruments, but also robust institutions to monitor, verify and accredit
their efficiency and equity—is imperative, as soon as possible, to preserve the feasibility and sustainability
of future CDR pathways, and ensure that future generations do not bear the burden, increasingly
costlier, of climate mitigation inaction.

halting global warming to 1.5 °C requires CO, emissions to
stay within a remaining carbon budget of about 420 Gt CO,.®™°

1.1 Carbon dioxide removal (CDR) and the Paris agreement

Through the 2015 Paris Agreement, Parties to the UNFCCC
agreed to hold global warming to “well below” 2 °C and pursue
efforts to limit it to 1.5 °C by reducing global CO, emissions as
soon as possible and reaching net-zero by mid-century.'
Because of the near-linear relationship between cumulative
anthropogenic CO, emissions and temperature increase,””
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If future anthropogenic CO, emissions are not reduced
promptly enough and “overshoot” this remaining carbon
budget, then negative CO, emissions will be required to return
to it, i.e. the CO, emissions level (and the temperature increase
target of 1.5 °C) is first exceeded and then return to by
deploying carbon dioxide removal (CDR). However, delaying
short-term climate mitigation will ultimately result into a more
aggressive mid-term transformation of energy systems, higher
long-term costs, and stronger transitional economic and socie-
tal impacts.'®™*® Particularly, the increased reliance on CDR
might render the feasibility of the 1.5 °C objectives of the Paris
Agreement questionable.'*"°

Most Parties have committed to legally-binding net-zero
targets by the second half of this century—mostly 2050 but

© 2022 The Author(s). Published by the Royal Society of Chemistry
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also, for instance, 2060 in China or 2070 in India—since the
close of COP26.7"'® However, almost none are on track with
their nationally determined contributions (NDCs),"® which
themselves, moreover and anyway, still fall short of the Paris
Agreement’s 1.5 °C ambition."”*>*" Therefore, large-scale
deployment of CDR is critical not only (1) to achieve net-zero
by compensating for on-going CO, emissions, particularly
residual ones from hard-to-abate sectors such as transport or
agriculture, but also (2) to provide net negative emissions to
return from any overshoots of the remaining carbon budget.>>

In Integrated Assessment Models (IAMs), most 1.5 °C-
consistent scenarios require CO, emissions to decrease from
2030, reach net zero by 2050, and become net negative after-
wards in order to return from overshoots.*** “No or limited
overshoot”” scenarios (categorised as P1, P2 and P3 in the
Special Report on Global Warming of 1.5 °C (SR15) published
by the IPCC) rely on cumulative CO, removal of 246-689 GtCO,
by 2100,T and “higher overshoot” scenarios (categorised as P4)
on as much as 1186 GtCO,.>” Such deployments of CDR are
estimated to start immediately (i.e., between 2020-2030) and
reach up to 4-24 GtCO, per year in 2100.%’ For these reasons,
this study focuses on the 1.5 °C-consistent CDR scenarios of the
IPCC SR15, rather than on the mid-century net-zero objectives
set out by the Parties’ NDCs.

1.2 The techno-economic challenges of CDR

Various CDR options has been suggested—including afforesta-
tion/reforestation (AR),>* bioenergy with carbon capture and
storage (BECCS),”® direct air capture with carbon capture
and storage (DACCS),>**” ocean fertilisation,”® enhanced
weathering (EW) of minerals,>*° biochar*** or soil carbon
sequestration®***—but have scarcely been taken up in IAMs.
To that date, they have included mainly AR and BECCS, DACCS
as well (yet only recently), and seldom EW,***® and that mainly
because other CDR options are still highly speculative.* Parti-
cularly, only BECCS*® and DACCS*""** have been deployed at
the demonstration scale, yet nowhere near the scales required
to deliver the Paris Agreement’s 1.5 °C ambition, and whilst AR
is a well-established and mature practice, projects with the aim
of removing CO, from the atmosphere have only recently
emerged, mostly in China.****

The nascent nature of most CDR options has raised heigh-
tened concerns about the feasibility and sustainability of the
large-scale deployments of CDR in 1.5 °C-consistent scenarios,
especially if achieved via such limited portfolios of CDR options
(e.g., only BECCS and AR).**™*® Particularly, Fuss et al*
reduced the CDR potential of BECCS in 2050 from 8 to 0.5-5
GtCO, per year for sustainability safeguard, and suggested
therefore that BECCS alone would be insufficient to deliver
the Paris Agreement’s most stringent CDR targets, such as in
the P4 scenario of the SR15. Despite the increasing focus on
CDR in the academic literature, emphasising on CDR potential,
cost, and up-scaling, as well as interactions with the

+ These numbers account for negative emissions arising from both “CCS/
Biomass” and “CO2/AFOLU”, as categorised by the IPCC.
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sustainable development goals (SDGs), the CDR efficiency
and permanence of most CDR options are still uncertain, and
remain major challenges to their deployment.*>4749>°

1.3 International cooperation and CDR policy

With the principle of “common but differentiated responsibil-
ities and respective capabilities” lying at the heart of the Paris
Agreement, there has been recently an increasing reflection on
the role and value of CDR at the national scale and the need
for equity in sharing its global burden.>"** Different burden-
sharing principles,” based on equity, climate change respon-
sibility, or financial capacity for instance, have been investigated
in the context of CDR.>***

Importantly, the amounts of CDR deployed in global and
cost-optimal IAMs scenarios fail to reflect the responsibility of
each nation for climate change, or any other socio-economically
fair establishment of its share of the global CDR burden. As the
CDR potentials (as well as feasibilities) of each nation vary due
to bio-geophysical and socio-political factors—including the
availability of bioenergy resources, geological and/or biogenic
CO, sinks and low-carbon and affordable energy, and the
acceptability of the various CDR options—, they don’t necessa-
rily match with national CDR targets, and that, regardless of
how the global CDR burden is shared.

As promoted by the Paris Agreement (in the general context
of climate mitigation), international cooperation would certainly
allow to deploy most-cost efficiently, sustainably, and feasibly CDR
in line with the Paris Agreement 1.5 °C ambition. For instance,
Fajardy et al.”®> emphasised the value of collaboration in delivering
CDR at large-scales, via BECCS, in a most cost-effective manner.
Bauer et al.>® investigated the trade-off between cost-efficiency and
national sovereignty—the nation’s ability to maintain governing
control of economic resources by limiting international transfer
payment, while contributing to climate mitigation actions—in
delivering the Paris Agreement, and showed the value of coopera-
tion via an hybrid combination of financial transfers and differ-
entiated carbon prices. Finally, Strefler et al>* also showed that
large international financial transfer and strong international
institutions would be required for delivering CDR at the Paris
Agreement’s 1.5 °C scale, while meeting fairness and sustainability
criteria.

Deploying CDR with international cooperation will certainly
involve the adoption of international/inter-regional policy
instruments, such as markets for internationally transferred
mitigation outcomes (ITMOs) (i.e., transfers between domestic
ETS) or voluntary emission reductions (VERs) (i.e., interna-
tional market). Such market-based approaches have been intro-
duced in the Article 6 of the Paris Agreement,' the rulebook of
which was recently completed at COP26. Importantly, these
instruments should be combined with a transparent assess-
ment of sustainable development implications, e.g. the SDGs of
the Paris Agreement, as advocated by Honegger and Reiner.’’
For example, at the EU-scale, Rickels et al.>® considered the
integration of BECCS into the EU emissions trading system
(ETS) and its potential implications for the EU ETS. It is still
unclear, however, how CDR options might be integrated within
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such international/inter-regional market-based approaches, nota-
bly do to many challenges around the permanence, additivity,
measurability, and verifiability of their CDR potentials.”>®°

1.4 Contribution of this study

This study investigates the spatio-temporal potential, composi-
tion, and evolution of a portfolio of CDR options (AR, BECCS
and DACCS) by exploring different climate policy options, while
delivering CDR targets that are consistent with the Paris
Agreement’s 1.5 °C objectives in the context of 5 regions (Brazil,
China, the EU-28, India and the USA).

By doing so, and considering a range of feasibility and
sustainability criteria, we aim to keep within reach the Paris
Agreement’s 1.5 °C objectives by helping policymakers to
understand (1) the real-world potential, implications and chal-
lenges of the different nascent CDR options, and (2) the
benefits of international cooperation policy, at high spatio-
temporal resolution. Particularly, we aim to bridge the gap
between the IAMs top-down approach and the CDR assess-
ments bottom-up approach. Note that this study doesn’t con-
tribute to define how much CDR should be required to meet the
Paris Agreement’s 1.5 °C objectives, nor how it should be
shared, i.e. allocated regionally. It doesn’t either aim to deter-
mine policy design for the integration of negative emissions
within carbon markets.

Firstly, Section 2 describes the Modelling and Optimisation
of Negative Emissions Technologies (MONET) framework used in
this study. In Section 3, cost-optimal CDR pathways (i.e., portfolios
of CDR options), subject to alternative climate policies are out-
lined. Section 4 discusses the role and value of international
cooperation in climate policy, via an international market for
negative emissions trading, and Section 5 emphasises the urgency
of shifting towards international cooperation policy, and discusses
the impacts of delaying it. Lastly, we present some conclusions in
Section 6.

2 Methods

In this study, we use the Modelling and Optimisation of
Negative Emissions Technologies (MONET) framework to pro-
vide insights on the composition (i.e., what is deployed?) and
spatio-temporal evolution (i.e., when and where is it deployed?)
of cost-optimal CDR pathways deployed to deliver the Paris
Agreement’s 1.5 °C objectives. MONET is a spatio-temporally
explicit framework, that (1) provides whole-system analyses
(e.g., CDR potential, cost, land use) for different CDR options,
and (2) determines cost-optimal deployments of a portfolio of
such CDR options between 2020-2100, subject to long-term
CDR targets, CDR deployment conditions (i.e., build/expansion
rates and operating lifetimes), and bio-geophysical constraints
(i.e., land and geological CO, storage availabilities, maximum
water stress). All together, these constraints aim to encompass
criteria of feasibility and sustainability.

The current implementation of MONET describes the
deployment of 3 CDR options—AR, BECCS, and DACCS—across

526 | Energy Adv, 2022,1, 524-561
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Fig. 1 Transition of the worldwide economy towards net-zero. Following
a decreasing carbon intensity (as projected by the IPCC P2 scenario),®” the
electricity system becomes carbon neutral in 2050. Fossil-fuels (i.e., diesel
and petrol) are progressively replaced by 100% bio-fuels (i.e., bio-diesel
and bio-ethanol) in 2080. Natural gas is switched to 100% wood as early as
2040 for biomass drying for BECCS.

5 regions—Brazil, China, the EU (EU-27 + UK), India and the
USA. The spatial resolution is at the state/province scale
(national scale for the EU), that is 169 sub-regions, and the
temporal resolution (i.e., time-step) is 10 years. Consistently
with 1.5 °C scenarios, we assume that the worldwide economy
transitions towards net-zero, particularly the electricity and the
transport/fuel sectors, as presented previously.®>®> This is
illustrated in Fig. 1.

The MONET framework, developed initially for BECCS, has
been presented previously.®'** Appendix A briefly describes the
key characteristics of the BECCS archetype, as it has been already
implemented in the MONET framework, and further details the
key characteristics of AR and DACCS archetypes. Appendix B
presents the mathematical formulation of the optimisation model,
adapted from previous publications to include AR and DACCS
archetypes, and Appendix C describes the recently added (or
updated) datasets (ie., land and geological CO, storage avail-
abilities) used to constraint the optimisation model.

2.1 Key optimisation constraints

2.1.1 Long-term CDR targets. Cumulative CDR targets con-
sistent with the IPCC scenarios limiting global warming to
1.5 °C are selected in this study as follows.®” The P3 scenario-—-a
middle-of-the-road scenario, in which societal and techno-
logical development follows historical trends—is used in our
reference scenarios. The P4 scenario—a fossil-fueled develop-
ment scenario, in which economic growth and globalisation
lead to the widespread adoption of greenhouse-gas-intensive
lifestyle—is used in sensitivity analysis scenarios, in which
higher CDR targets are imposed (see Appendix E).

However, because of the complexity and sophistication of
IAMs, the spatial resolution of climate mitigation scenarios is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Implications of the responsibility-based burden-sharing principle—
based on cumulative historic GHG emissions—on the regional allocation of
the IPCC P3 and P4 CDR targets in this study. The USA and the EU are the two
largest GHG emitters here, on a cumulative-basis. They are allocated 21.3%
and 19.9% of the IPCC CDR targets, respectively. Conversely, Brazil's historical
GHG emissions are very low, and is allocated only 1.8% of the IPCC CDR
targets

Cumulative GHG

emissions Proportion Cumulative P3 Cumulative
1850-2019 of CDR target 2100 P4 target
Nations (GtCO,)* targets (%) (GtCO,) 2100 (GtCO,)
Brazil 47 1.8 7 21
China 357 13.7 56 161
EU-28 521 19.9 81 235
India 128 4.1 20 58
USA 557 21.3 87 252
Total 1610 61.6 251 727
MONET
nations
World 2612 100 408 1179

% Cumulative historic GHG emissions excluding Land Use, Land Use
Change, and Forestry (LULUCF) between 1850-2019,°° as categorised by
the IPCC 2006 Guidelines for National Greenhouse Gas Inventories.®”

necessarily limited, i.e. the world is usually represented with a
limited number of regions. Particularly, these regions don’t
exactly coincide with the ones considered in this study.
Moreover, the different levels of CDR deployed in IAMs are the
result of global and cost-optimal climate mitigation pathways, and
therefore, they don’t reflect on the responsibility for climate
change of each nation, nor on its capability to address it.

For these reasons, we apply here a responsibility-based
burden-sharing principle to allocate regional CDR targets, i.e.
to each region considered in the MONET framework.®* In both
IPCC scenarios of the SR15 (P3 or P4), global CDR targets are
distributed in proportion to each region’s cumulative historic
GHG emissions.®®® This is presented in detail in Table 1. Note
that we don’t intend to be prescriptive in our selection of the
burden-sharing principle, but rather provide a proxy for a socio-
economically fair regional distribution of 1.5 °C-consistent CDR
targets. Recognising that the distribution of the global CDR
burden will likely be decided upon via international negotia-
tions rather than via deterministic analytical approaches, we
direct interested readers to Pozo et al.>* and references therein
for a broader discussion of burden-sharing principles in the
context of CDR.

Particularly, the 5 regions considered in this study are
responsible for 61.6% of the cumulative historic GHG
emissions.®® Together, they also accounted for 50% of the
global population and 68% of the global GDP in 2018.°® There-
fore, the case-study presented here can be reasonably consid-
ered representative of the international landscape, as well as
the insights obtained here can be found valuable for policy-
makers in climate change mitigation.

2.1.2 CDR deployment rates. The deployment of CDR
options is limited here by lifetime-operating conditions and
deployment rates. We assume that BECCS and DACCS plants

© 2022 The Author(s). Published by the Royal Society of Chemistry
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have a lifetime of 30 years. Following previous work, they are
operating base-load.®®”’> Conversely, AR has a “perpetual”
lifetime, ie. once established, forests need to be maintained
in perpetuity in order to avoid any reversal of CO, emissions
back to the atmosphere.

We assume a maximum build rate for BECCS plants of 2 GW
per year at the sub-region scale, based on the literature sur-
veyed on energy system and climate mitigation strategy
modelling.”? Note that if BECCS plants were maximally-
deployed (i.e., as much is built as allowed by the build rate
constraints), given an average BECCS CO, capture capacity of
4.2 MtCO, per year per plant,i this would be equivalent to 16.8
MtCO, per year at the sub-regional scale, and 2.8 GtCO, per
year at the MONET scale.

Because of the relative immaturity of the DAC technology,
little build rate estimates can be found for DACCS in the
literature. To ensure fair comparison across CDR technologies,
a maximum build rate for DAC plants of 16.8 MtCO, per year at
the sub-regional scale is also used, i.e. the same rate as BECCS.
If both BECCS and DACCS were maximally-deployed, the
maximum CO, capture capacity would thus be equivalent to
5.7 GtCO, per year at the MONET scale.

Based on a maximum worldwide deployment rate of 47 Mha
per year for AR reported in the IPCC SR15,§ we downscaled this
number to 8.5 Mha per year at the MONET scale, then 50 kha
per year at sub-regional scale (equal sub-regional rates), using
forest areas at both the global and MONET scales.’* For
context, note that historical rates between 1990-2020 reported
by the FAO are usually much lower, with afforestation rates of
2095 kha per year in China, 470 kha per year in the EU, 274 kha
per year in India, and 245 kha per year in the USA, and with a
deforestation rate of 3076 kha per year in Brazil.”

Recognising that the assumptions made here on maximum
deployment rates are relatively optimistic in comparison to
historical afforestation/deforestation rates, as well as owing to
the highly speculative and non-commercial status of CDR
options, we also run a sensitivity analysis on higher deployment
rates (see Appendix E).

2.1.3 Land & biomass availabilities. Sustainability criteria
are also considered here, particularly for the deployment of
land-based CDR solutions, such as AR and BECCS. AR is limited
by the availability of ecologically appealing areas with a
potential for reforestation”® (RP) (see Appendix C.2 for a detail
overview of the dataset used here). Biomass for BECCS is
restricted to dedicated-energy crops (DEC) cultivated on mar-
ginal agricultural lands”” (MAL), and agricultural residues,
particularly wheat straw, collected from harvested wheat
areas.”® Finally, to avoid exacerbating potential water stress
and creating or intensifying water scarcities, the cultivation of
biomass for BECCS and the deployment of AR are further

+ The CO, capture capacity of a BECCS plant is calculated here for a 500 MW
dedicated biomass power plant, with a capture rate of 90%, as presented
previously.®>

§ After comparing all scenarios of the IPCC SR15 (P1, P2, P3 and P4), we found
that the maximum deployment rate for AR was 47 Mha per year, between 2020-
2030, in the IPCC P2 scenario—a sustainable development scenario.”

Energy Adv, 2022,1, 524-561 | 527
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limited to areas with low water stress, ie. areas wherein the
overall water risk is less than or equal to 3 on a 5-point scale””
as described previously.’>*"** Therefore, the production of
biomass for BECCS in our study has no negative impacts on
the agricultural sector and its associated food supply.

2.1.4 Geological CO, storage availability. Regional geologi-
cal CO, storage availability and capacity are used here to
constrain the deployment of geological CDR options, such as
BECCS and DACCS. Quantitative assessments of varying levels
of detail were available for the USA®*® and China®"®* at the
sub-regional scale, and for the EU**"®° at the national scale.
However, with the exception of one quantitative study on the
Campos Basin oil fields in Brazil,*” only qualitative national
assessments were identified for Brazil®® and India.®® Therefore,
the reference scenarios presented in this study are based
exclusively on quantitative data on geological CO, storage
capacity (see Appendix C.1 for a detail overview of the CO,
storage capacity datasets used here).

Recognising the current uncertainty surrounding CO, sto-
rage capacity and availability, especially the strong probability
for CO, storage sites to exist both in Brazil and India, in spite of
not being identified yet, we also run a sensitivity analysis on
higher CO, storage availability and capacity, based on both
quantitative and qualitative data (see Appendix E).

2.2 Key metrics

We used different metrics in this study to describe the cost-
efficiency of the CDR pathways deployed in the different policy
scenarios.

2.2.1 Cumulative total net cost. The cumulative total net
cost—CTNC—quantifies the total net investment for the
deployment of any CDR pathway, as shown in eqn (1). For the
BECCS archetype, the CNTC is equal to BECCS total cost minus
the revenues from electricity generation. For AR and DACCS
archetypes, the CNTCs are equal to their total costs only.

CTNC(£) = CTC*®(¢) + CTNCPES(¢) + CTCPA9S(t) v ¢

(1)

where: CTNC(¢) is the cumulative total net cost of the CDR
pathway until the year ¢ ($); CTC*¥(¢) is the cumulative total cost
of AR until the year ¢ ($); CTNCP “S(¢) is the cumulative total
net cost of BECCS - total cost minus revenues from electricity
generation - until the year ¢ (§); and CTC"*“5(¢) is the
cumulative total cost of DACCS until the year ¢ ($). Note that
t € {2020, 2030,.. ., 2100}, and by default, CTNC (2020) = 0.

2.2.2 Cumulative net cost of CDR. The cumulative net cost
of CDR - CNC - quantifies the averaged cost of deploying CDR,
as shown in eqn (2):

CTNC(1)

CNC() = ERcoa())

Vi @)

where: CNC(t) is the cumulative net cost of CDR until the year ¢
($ per tCO,); CTNC(t) is the cumulative total net cost of the
CDR pathway deployed until the year ¢ ($); and CRCO2(?) is
the cumulative total CDR until the year ¢ (tCO,). Note that
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t € {2020, 2030,.. ., 2100}, and by default, CTNC (2020) = 0 and
CRCO2 (2020) = 0, therefore CNC (2020) = 0.
2.2.3 Marginal net cost of CDR. The marginal net cost of
CDR - MNC - quantifies the actual/real cost of deploying CDR,
as shown in eqn (3):

CTNC(1) -
CRCO2Y ¥ £ = 2020
MNC(1) = 3)
CTNC(1) - CTNC(7 - 1)
CRCO2(1) — CRCO2(1 —1) " !> 320%0

where: MNC(¢) is the marginal net cost of CDR until the year ¢
($ per tCO,); CTNC(¢) is the cumulative total net cost of the CDR
pathway deployed until the year ¢ ($); and CRCO2(¢) is the
cumulative total CDR until the year ¢ (tCO,). Note that
t € {2020, 2030,..., 2100}, and by default, CTNC (2020) = 0
and CRCO2 (2020) = 0, therefore MNC (2020) = 0.

2.3 Alternative policy scenarios

The MONET framework is used here to determine the cost-
optimal co-deployment of AR, BECCS and DACCS to deliver the
Paris Agreement’s 1.5 °C-consistent CDR objectives—here, the
IPCC P3 CDR targets®’—subject to the following alternative
policy options:

¢ International cooperation policy scenario: in this scenario
(referred as COOPERATION scenario), CDR targets are pursued
in an international cooperation paradigm. We assume that an
international policy instrument (such as one of the carbon
market approaches defined in Articles 6.2 and 6.4 of the Paris
Agreement') has been developed, allowing regions to share the
effort to meet 1.5 °C-consistent CDR targets. Therefore, the
regions considered in this study can meet the cumulative CDR
targets together, based on their shared (as opposed to indivi-
dual) responsibility for climate change (see Section 2.1.1). They
can also trade bio-geophysical resources, particularly biomass,
and therefore deploying inter-regional biomass supply chains
for BECCS.

e “Current policy” scenario: in this scenario (referred as
CURRENT POLICY scenario), CDR targets are pursued in a
climate policy paradigm envisaged by the current policy land-
scape. For context, domestic emissions trading systems (ETS),
such as the EU ETS, the UK ETS, or the California (USA) ETS, are
currently creating incentives to reduce CO, emissions via a
“cap-and-trade” principle. However, these ETS are not linked,
i.e. there are no bilateral or multilateral transfers between
them, and negative emissions are not yet integrated within
them. In light of this, we assume that the regions considered in
this study must meet individual cumulative CDR targets, based
on their respective responsibilities for climate change (see
Section 2.1.1). Bio-geophysical resources, particularly biomass,
can still be traded inter-regionally (ie., local or imported
biomass for BECCS). This scenario is equivalent to an inter-
national climate policy landscape in which CDR has been
incorporated into domestic ETS, but cannot be transferred
from one to another.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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e ‘“National isolation policy” scenario: in this scenario
(referred as ISOLATION scenario), the 1.5 °C-consistent CDR
targets are pursued in a national isolation paradigm. We
assume that no international policy instrument framework
has been developed to distribute the effort to meet the 1.5 °C-
consistent CDR targets (i.e., individual CDR targets), and that
there is no inter-regional trading of bio-geophysical resources
(i.e., only local biomass supply chains for BECCS).

3 Optimal co-deployment of CDR
options

Here, we identify the deployment of cost-optimal CDR pathways
under the 3 policy scenarios described in Section 2.3 in order to
deliver CDR targets that are consistent with the Paris Agree-
ment’s 1.5 °C objectives. As discussed, we use the IPCC P3 CDR
targets®” for these reference scenarios. The composition of
these CDR pathways—AR, BECCS and/or DACCS—and their
spatio-temporal evolution—between 2020-2100 and across
Brazil, China, the EU, India and the USA—are discussed in this
section.

3.1 The international cooperation policy paradigm

In the COOPERATION scenario, CDR is successfully delivered
at the Paris Agreement’s 1.5 °C scale by 2100. This is achieved
via BECCS mainly, with 186 GtCO, (74%), and AR, with 65
GtCO, (26%) (Fig. 2A).

Given the anticipated large scale of CO, removal over the
century (i.e., high CDR targets increasing over time), con-
strained here by maximum deployment rates of the different
CDR options, we find that the prompt deployment of the CDR
pathway, starting in the 2020s, is required to deliver the Paris
Agreement’s CDR objectives by 2100. Particularly, the amount
of CDR achieved is systematically greater than pre-2100 CDR
targets. As illustrated in Fig. 2C, BECCS starts delivering CO,
removal straightaway, and increasingly up to 3.2 GtCO, per year
in 2100. This is equivalent to 154 GW of BECCS capacity. For
context, this is 4% of the current electricity capacity of China,
the EU and the USA, all together (2200 GW in China in 2020,
1117 GW in the USA in 2020 and 946 GW in the EU-28 in
2019°°79%),

Importantly, AR is also deployed in the early 2020s, but its
CO, removal is delayed owing to the period of time required for
trees to grow (see Appendix A for a description of the AR model
used here). Then, because of a combination of CO, sinks
saturation, ie. trees reach maturity and hit their maximum
CDR potential, and optimisation edge effect, i.e. trees planted
after 2070 would only play an important role in the 22nd
century but not before, AR’s CO, removal peaks at a rate of
approximately 1.5 GtCO, per year in 2090 and falls substantially
thereafter.

Note that in the COOPERATION scenario (as well as in any
other reference scenario), whilst BECCS plants are rarely
maximally-deployed, i.e. as much is built as allowed by the
build rate constraints, AR deployment is constrained by its

© 2022 The Author(s). Published by the Royal Society of Chemistry
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maximum deployment rate, assumed here to be 50 kha per year
per sub-region. However, the sensitivity analysis carried out in
Appendix E showed that higher AR deployment rates would
only increase its CO, removal moderately, due to the exhaustion
of land availability.

Overall, forward planning and strategic deployment of the
different CDR options is thus key to deliver the Paris Agree-
ment’s 1.5 °C ambition. Whilst all CDR options have specific
techno-economic and sustainability characteristics, which
influence the rate and scale at which they can be deployed,
they can also be distinguished by when they start to capture
and remove CO,, and how long they remove and store CO,. CO,
removal efficiency, timing and permanence will certainly have
to be carefully and clearly accounted for, when deploying the
different CDR options.

We also find that the spatial deployment of the CDR path-
way differs from a CDR option to another. As shown in Fig. 2B,
there is no silver-bullet to meet the Paris Agreement’s CDR
objectives, as the optimal portfolio of CDR options within a
given region, or even sub-region, varies around the world
(see Appendix D.1).

AR can be deployed in most parts of the world, given the
combination of available land and appropriate climate—a
balance between warm temperature and humidity. Specifically,
between 12-21.5 GtCO, by 2100 are removed via AR in most
regions (Brazil, China, the EU and the USA) whereas only
4 GtCO, by 2100 are removed in India, where, in spite of the
availability of land and good climates, they usually do not
coincide.

Conversely, because of its complex value chain, we observe
that BECCS deployment is more localized than AR deploy-
ment, owing to the combination of several bio-geophysical
and economic factors: well-characterised CO, storage capa-
city; cost-effective biomass supply (i.e., high MAL availability
and DEC yields, high agricultural residues availability,
and low-cost biomass produc