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Executive 
summary

To stabilise global temperatures at any 
level – whether 1.5˚C, 2˚C, 3˚C or 5˚C 
– carbon dioxide (CO2) emissions must 
reach net zero at some point, because 
of CO2’s long-term, cumulative effect. 
According to the Intergovernmental 
Panel on Climate Change (IPCC), 
limiting warming to 1.5˚C requires net-
zero CO2 to be reached by about 2050. 

According to the IPCC, a small proportion of emissions 
is likely to be unavoidable and must be offset by carbon 
dioxide removal (CDR), such as by tree-planting 
(afforestation/reforestation) or by technological 
approaches like bioenergy with carbon capture and 
storage (BECCS) or direct air carbon capture with 
storage (DACCS). 

Since the IPCC’s 2018 special report on 1.5˚C, 
numerous companies have committed to reducing 
their emissions to net zero. Over 300 companies 
have signed the Business Ambition for 1.5˚C pledge, 
and initiatives involving over 1,000 companies are 
part of the UN Race to Zero campaign. As 
companies publish the details of their climate plans, 
this briefing aims to help investors and others 
interpret what would be an appropriate role of CDR 
in a world that achieves the Paris goals. 

�Companies’ net-zero plans to date vary widely in 
how much they rely on CDR, in terms of scale, 
purpose and mechanism:

	~ �Some companies aim to avoid or minimise 
the use of CDR and have specific plans to 
directly prevent most emissions. Others 
plan to use CDR to offset a majority of 
current emissions. 

	~ �Some companies even in hard-to-abate 
sectors – such as cement, steel and marine 
freight – plan to cut emissions directly, by 
innovating where necessary. Conversely, 
others plan to use CDR to offset even easy-to 
-abate emissions, such as in power generation.

	~ �While a few companies plan to deliver CDR 
in specific projects, many plan to simply 
purchase credits on carbon markets, 
which have been beset with integrity 
problems and dubious accounting, even 
where certified.

Limits and uncertainties

The IPCC warns that reliance on CDR is a major 
risk to humanity’s ability to achieve the Paris goals. 
The uncertainties are not whether mechanisms to 
remove CO2 “work”: they all work in a laboratory 
at least. Rather, it is whether they can be delivered 
at scale, with sufficient funding and regulation, to 
store CO2 over the long term without unacceptable 
social and environmental impacts. 

To illustrate the need for regulation, the carbon 
dioxide captured by forests is highly dependent on 
their specific circumstances, including their 
species diversity, the prior land use, and future 
risks to the forest (such as fires or pests). In some 
cases, forests and BECCS can increase rather than 
reducing atmospheric CO2. Similarly, geological 
CO2 storage must be monitored and regulated 
centuries into the future. 

Both afforestation/reforestation and BECCS require 
large land areas to deliver significant removal. If 
deployed on agricultural land, they are likely to 
increase food prices; on wild land, they may reduce 
biodiversity. For example, using BECCS to remove 
12,000 Mt/year of CO2 (the median in 2100 in IPCC 
1.5˚C pathways with low overshoot) would require 
a land area devoted to bioenergy equivalent to one 
to two times the size of India, or 25-46 percent of 
total world crop-growing area. DACCS is highly 
energy-intensive. Capturing three quarters of 
present CO2 emissions would require half of 
present global electricity generation and heat 
equivalent to half of final energy consumption.

The IPCC reports that the maximum sustainable 
CO2 removal in 2050 by new forests is somewhere 
between 500 and 3,600 Mt per year. The maximum 
for BECCS is between 500 and 5,000 Mt. However, 
since they compete for land, these potentials 
cannot simply be added to each other. To put these 
in perspective, Eni and International Airlines 
Group each anticipate using forests to offset 30 Mt/
year of CO2 by 2050: just these two companies 
could thus exhaust up to 12% of the available total. 

2



About 500 Mha of previously-forested and currently 
unused land could be available for reforestation i.e. 
without necessarily impacting food or biodiversity. 
This could remove 3,700 Mt/year of CO2.

 1 2 To put 
this in perspective, Shell has proposed planting 50 
Mha of forest to offset its own emissions:3 doing so 
could thus effectively claim one tenth of the 
sustainably available total for just one company.

How much CDR?

In no modelled pathway can the Paris goals be 
achieved without rapid emissions reductions. It 
should thus be stressed that CDR is not an 
alternative to emissions reduction, and in fact can 
only play a minority role in mitigation. Most scientists 
and practitioners agree that CDR should be used to 
offset only the emissions that are hardest and most 
expensive to abate. This varies by industry sector. 

Integrated assessment models are useful tools for 
identifying cost-effective ways to meet energy 
needs within climate limits. 

According to 1.5˚C pathways reported by 
the IPCC and the (1.75˚C) Beyond 2 Degrees 
Scenario of the International Energy Agency, 
aligning with the Paris goals would imply 
a maximum reasonable use of CDR by 
companies, relative to their present absolute 
emissions, roughly as follows: 

�Power companies: 0%, before 2050;

�Car companies: 20% of emissions from 
vehicles on the road in 2050; sales should 
be close to 100% zero-emission vehicles 
by this point;

�Heavy industry: steel 25%, cement 35%, 
chemicals 45%, all in 2050;

Airlines: 30%, in 2060.

The remainder of emissions reductions (the vast 
majority) must be achieved by energy efficiency,  
by changing fuels, by end-of-pipe capture or by 
reducing activity levels. As new technological 
options become available, residual fossil fuel and 
industrial process emissions can be reduced further. 

Assessing companies’ CDR plans
Given the uncertainties and limitations of CDR, it is 
always better to reduce emissions directly. CDR 
should be used at most for a minority of net zero 
targets, and not to offset any activities that can be 
reasonably avoided by other means within the stated 
timescale (such as power and light-duty vehicles).

Companies’ climate plans should state clearly:

	~ �How much of the target is to be achieved 
by CDR rather than direct emissions 
reduction;

	~ �On what basis any remaining emissions are 
judged unavoidable;

	~ �What technological innovations are being 
pursued in order to reduce the unavoidable 
amounts;

	~ �Whether any CDR relied on or invested in is 
included in countries’ or other companies’ 
climate targets (to ensure it is not double-
counted);

	~ ��Where CDR is taking place, by what 
mechanisms, and with what governance to 
ensure its carbon integrity and to prevent 
negative social and environmental 
impacts.

��When engaging with companies on their climate 
plans, investors and other stakeholders might 
find these issues a helpful starting point.
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1. Introduction

Purpose of this briefing

Limiting global warming to 1.5˚C above pre-
industrial levels will require global CO2 emissions 
to reach net zero by around 2050, according to the 
Intergovernmental Panel on Climate Change 
(IPCC).4 5About thirty governments have so far 
committed to reduce CO2 emissions in their 
countries to net zero,6 and companies too are now 
setting their own net-zero targets. 

Over 300 companies have committed to net-zero by 
signing the Business Ambition for 1.5˚C pledge, an 
initiative of the UN Global Compact.7 Initiatives 
involving over 1,000 companies are part of the UN 
Race to Zero campaign.8 The Science-Based 
Targets Initiative – a collaboration of CDP, the UN 
Global Compact, World Resources Institute and 
WWF that has so far certified 529 companies’ 1.5˚C 
or 2˚C climate targets9 – is developing net zero 
guidance and criteria.10 

Many of these net-zero plans include use of carbon 
dioxide removal (CDR) to offset some emissions, 
mostly either by tree-planting or by technological 
approaches such as bioenergy with carbon capture 
and storage (BECCS) or direct air carbon capture 
with storage (DACCS), rather than reducing all of 
their actual emissions. Some companies go further 
than net-zero, committing to become net negative, 
in that they will remove more CO2 from the 
atmosphere than they emit (e.g. Microsoft11).  

Yet, while many model pathways used by the IPCC 
involve extensive use of CDR, the IPCC also warns 
that “CDR deployed at scale is unproven, and 
reliance on [CDR] is a major risk in the ability to 
limit warming to 1.5°C.”12 The uncertainties are 
not whether various CDR approaches “work”: all 
are capable of removing CO2 in the right 
conditions. Rather, the uncertainties are at what 
scale the approaches can be deployed, in terms of 
cost, governance, measurability and 
environmental and social impacts. 

As an influential 2015 paper put it, “A failure of 
[CDR] to deliver expected mitigation in the future, 
due to any combination of biophysical and 
economic limits examined here, leaves us with no 
‘plan B’.... ‘Plan A’ must be to immediately and 

aggressively reduce [greenhouse gas] 
emissions”.13 A precautionary approach would be 
to put efforts into developing CDR technologies, 
while also cutting emissions at the level that 
would be needed assuming limited CDR 
availability. 14

It is broadly agreed that CDR should be used only 
to offset emissions that cannot be avoided, and 
that reducing emissions directly is always the 
preferred and less risky option.15 However, the 
exact scope of what cannot be avoided is still 
debated.16

This briefing aims to help investors and others 
interpret and assess the feasibility of the role 
of CDR in companies’ climate plans. 17 It starts 
by reviewing some companies’ approaches, to 
illustrate the issues at stake. It then reviews the 
technological status of CDR, the uncertainties, 
risks and limits to CDR deployment, and how much 
CDR is possible or needed in energy models.  
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2. CDR in companies’ 
climate plans

Many of the companies that have committed to net-
zero emissions have now published plans for how 
they will achieve it. This section assesses how the 
plans vary in scale of CDR reliance, purpose to which 
it is put and mechanism by which it is to be delivered. 

Scale of CDR reliance

There is significant variation in how much companies’ 
climate plans rely on CDR. Several companies have 
committed to fully decarbonising the most emissions-
intensive parts of their business without CDR, such as by 
switching to 100%-electric vehicle fleets (e.g. 
AstraZeneca18) or 100% renewable energy (e.g. Unilever19) 
or selling 100% zero-emissions products (e.g. Ford for 
light-duty vehicles20). Cement manufacturer Lafarge has 

said, “Offsetting is a very last resort, to be used once 
everything else has been done.”21

At the other end of the scale, some companies rely 
on CDR to a very large extent, especially in the 
airline and oil & gas industries. For American 
Airlines, CDR will be used to offset emissions 
equivalent to about 50% of the present total;22 for 
International Airlines Group (British Airways), it is 
over 95%.23 24 Shell has not yet published details of 
its net zero plan, but has suggested it could 
include planting forests the size of Spain to act as 
carbon sinks.25 Eni plans to buy more than 30 
MtCO2 a year of forest credits.26 27  Given the 
uncertainties and physical limits of CDR (page 10), 
these companies’ plans could exhaust a 
disproportionate share of the globally available 
potential (page 13), leaving less for other 
companies, individuals and countries. 

Several companies that have published net-zero 
plans have not specified whether CDR is part of 
them, such as BP,28 29 EDF,30 Enel,31 Iberdrola,32 
Toyota33 and Volvo.34 
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For fossil fuel companies, the 
issue goes beyond their own 
emissions, to the size of the 
market for their products. In 
Shell’s “Sky” scenario, 
projected demand for oil and 
gas are already significantly 
higher than most IPCC 2˚C 
scenarios, as shown in the 
graph. However, to increase 
ambition to 1.5˚C, Shell states 
that adding new forest area 
the size of Brazil35 is 
“required” to offset global 
emissions, rather than further 
reducing fossil fuel 
consumption. 36 37 Based on 
this analysis, Shell concludes, 
“there is a low risk of Shell 
having stranded assets, or 
reserves that we cannot 
produce economically, in the 
medium term”.38

Shell’s Sky scenario –  
Large-scale CDR at a system level

Projected oil and gas demand in Shell Sky scenario and in IPCC median 1.5˚C and 2˚C scenarios
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Purpose of CDR

It is generally agreed that only unavoidable 
emissions should be offset by CDR, while easier-to-
abate emissions should be avoided directly, such 
as in power generation (page 13).

However, not all companies in hard-to-abate 
sectors rely on CDR in their climate plans: some 
are pursuing leading-edge innovation so as to 
directly cut emissions, sometimes faster than the 
techno-economic models suggest. Shipping 
company Maersk has committed to net-zero 
operations by 2050 without offsets, including 
having net-zero vessels on the water by 2030.39 
Steel producer ThyssenKrupp aims to be directly 
carbon neutral in its operations by 2050.40 
Heidelberg Cement, while not setting a company-
wide net-zero target, plans to offer a CO2-neutral 
concrete by 2050, not relying on offsets.41 

In contrast, some companies plan to offset even 
some (albeit a minority) of their easy-to-abate 
emissions in power generation: 5% of present 
emissions for Duke,42 10% for Southern.43 

Delivery of CDR

There are three main approaches companies take 
to CDR:

	~ �Applying CDR within their own supply 
chain (“insetting”), such as by funding 
suppliers to plant trees on their sites or 
manage soil such that it absorbs more 
atmospheric carbon: Burberry,44 
Unilever.4546

	~ �Develop/manage CDR projects: e.g. 
Southern Company,47 VW48,49 Walmart.50

	~ �Purchase CDR credits on carbon markets:51 
e.g. American Airlines,52 Duke Energy,53 
International Airlines Group.54

Issues with carbon markets are discussed on  
page 9.
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3. CDR 
technologies and 
their status

This section describes the three highest-profile 
approaches to CDR and their current state of 
development and deployment. Afforestation/
reforestation features most in company climate plans.55 
56 BECCS plays the largest role in IPCC scenarios; 
while DACCS has attracted much media attention.

Afforestation/reforestation (AR) 

The simplest and cheapest57 form of CDR is by 
growing trees, either in new areas that were not 
previously forested (afforestation) or restoring former 
forests (reforestation). AR relies on natural processes 
rather than new technologies, and so is in one sense 
“proven”. However, accounting for the reduced 
carbon dioxide is complex.58 The amount removed 
from the atmosphere depends on the stability of the 
new forest (including whether it is itself vulnerable 
to climate change), on its species content and on the 
previous land use it replaces: in some cases, a 
monoculture plantation on a previously rich 
ecosystem can increase rather than decrease 
emissions.59 Furthermore, forestry projects in the 
Global South have often been highly controversial, 
over their human rights and ecological impacts.60 

“�Natural climate 
solutions”

Many company plans put the 
primary emphasis of CDR on 
“natural climate solutions” 
(NCS), reflecting strong public 
acceptance for ecosystem 
protection and restoration, 
compared to distrust over 
technological approaches such 
as BECCS and DACCS.61 As 
well as forest, NCS can target 
wetland, peatland or coastal 
ecosystems.

However, the term is used 
ambiguously, sometimes 
meaning any approach relying 
on the biosphere, or sometimes 
limited specifically to wild and 
biodiverse ecosystems. In the 
former case, many industrial-
scale monoculture plantations 
cause severe social and 
environmental impacts, and 
are less effective at carbon 
mitigation than genuinely 
nature-based approaches. 
Natural forests store six times 
as much carbon as agroforestry 
and 40 times as much as 
plantations, according to one 
study.62

On the other hand, the least 
controversial approaches often 
involve protection of existing 
ecosystems. While such 
protection is necessary, it 
cannot be considered part of a 
net-zero plan, since it is 
required in addition to, rather 
than in alternative to, emissions 
reduction (see page 10). 

Bioenergy with carbon capture 
and storage (BECCS) 

While plants store carbon, sequestration capacity 
can be increased by periodically “harvesting” the 
carbon and storing it geologically, by burning the 
plants (trees or crops) to produce bioenergy, 
combined with carbon capture and storage (CCS). 
While bioenergy is a proven technology, 
accounting for how much carbon is captured in a 
given tree/forest/ecosystem is highly complex and 
often disputed. Bioenergy grown on the wrong 
soils, or replacing existing biomass, or using 
excessive inputs (such as fertiliser and machinery) 
can emit more CO2 than it absorbs.63 

CCS is more nascent: there are only 21 commercial-
scale plants in existence worldwide, with capacity 
to capture 40 Mt/year (about 0.1% of total global 
CO2 emissions). All but five of these are used for 
enhanced oil recovery64 rather than dedicated 
storage. Only one captures CO2 from bioenergy, 
from the fermentation of maize to produce 
bioethanol,65 and none from bioenergy combustion. 
Views on the viability of CCS are divided. While it 
is clear CCS has not been deployed in line with 
earlier hopes, some advocates see rising interest,66 
while others have abandoned the technology, in 
particular because of its high cost.67

With estimated cost of $100-200/tCO2 in 2050,68 
BECCS is likely to remain more costly than many 
other mitigation options.
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Direct air capture of carbon, with 
storage (DACCS)

A more purely technological approach – not using 
natural processes – is to capture CO2 from the 
atmosphere by reaction with chemical solvents or 
sorbents, and then store the CO2 using CCS. This 
has the advantage of requiring much less land, but 
the technologies are very early-stage and 
extremely expensive: currently $600-1,000/tCO2; it 
is hoped this can be reduced to $100-300/tCO2.

69 
There are 15 direct air capture pilot plants 
worldwide, operated by three companies,70 with a 
combined capture capacity of about 0.01 MtCO2/
year, although only one of them is combined with 
storage.71 As a result, their future availability 
remains very speculative,72 although “silver-bullet” 
hopes have led to high-profile media coverage.

Carbon capture and utilisation 
(CCU)
An alternative to storing captured CO2 is to use it 
as an industrial feedstock for manufacturing 
synthetic fuels or chemicals.73 This has received 
increasing attention in recent years, as proponents 
have sought some way to make a saleable product 
out of captured carbon, to recoup the capture 
costs,74 though others dispute whether CCU can be 
a useful stepping stone to CCS.75 Thus Carbon 
Engineering’s DAC plant in British Columbia, 
Canada, is not storing the removed CO2 but using 
it as an input in manufacturing fuels. 

In most cases, the captured CO2 ends up back in 
the atmosphere: when a fuel is combusted, or 
when chemicals break down.76 Therefore, unlike 
CCS, CCU delays rather than prevents atmospheric 
emissions, and combined with bioenergy or direct 
air capture, it recycles rather than removes CO2 

from the atmosphere. As such, it may be best 
considered as a separate technology rather than 
jointly as “CCUS”.77

The experiences of forest sinks 
and carbon markets

While BECCS and DACCS are new and unproven 
approaches, CDR is not a novel concept: forest-
based carbon sequestration has long been part of 
the climate toolbox. The IPCC’s First Assessment 
Report in 1990 proposed among its response 
strategies “expansion of forest areas as possible 
reservoirs of carbon,”78 and forest expansion is 
included in the UNFCCC’s REDD+ programme (as 
the “plus”, alongside Reducing Emissions from 
Deforestation and forest Degradation), introduced 
in 2005 to enable international funding for forest 
measures in the Global South. This history can 
provide useful lessons for future use of CDR.79

Unfortunately, the experience has been more often 
negative than positive, as attested by an extensive 
literature. In particular, failures to establish 
effective governance of REDD+ have left some 
researchers asking whether the programme has 
contributed at all to mitigating climate change.80 
Meanwhile, numerous forest-carbon projects have 
displaced local – often Indigenous – people from 
their homes and land, prohibited the subsistence 
forest uses on which they depend, and in some 
cases led to violence and militarisation.81

Carbon markets – both regulated and voluntary 
– have been part of climate mitigation since the 
Kyoto Protocol of 1997, and are now seen as a key 
tool for companies to deliver CDR. However, the 
experience here too has been sobering. Even 
where certified by professional consultancies or 
regulated by public bodies, it has generally been 
impossible to establish that projects generating 
carbon credits have been additional to what would 
have happened in any case.82 For example, a study 
for the European Commission in 2016 found that 
85% of Certified Emissions Reduction projects 
under the Clean Development Mechanism are 
unlikely to have delivered any climate benefit.83

A potential lesson then is that CDR projects must 
be designed holistically, taking into account not 
only carbon accounting but also wider social and 
environmental impacts, and within a framework of 
strong and effective regulation.84 These risks 
provide further reasons that reliance on CDR 
should be minimised.
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4. Uncertainties  
and limitations

While most IPCC scenarios include some amount of 
CDR (mostly BECCS, plus some AR), there has been 
significant debate in the scientific community 
about the risks of relying on unproven technologies 
and about their sustainability. Several studies have 
therefore explored the climate effectiveness 
(permanence and additionality) of CDR approaches, 
the social and environmental impacts (especially 
arising from AR’s and BECCS’ land requirements) 
and the challenges of establishing a large-scale 
governance system to ensure effectiveness and 
minimise negative impacts. In these three areas lie 
the greatest uncertainties and limitations to CDR.

Climate effectiveness

Due to the long lifetime of CO2 and its cumulative 
impact on the atmosphere, any that is removed 
must be stored safely for many centuries. 

However, biosphere-based carbon storage carries 
risks in this regard.85 For example, carbon stored in 
forests can be returned to the atmosphere if the 
forests die due to pests, fires or human activity, or 
if forests are degraded due to climate change.86 Not 
only must forests therefore be carefully monitored 
and regulated, there is a strong case for planting 
more than is required for a given temperature 
target, to allow for some to be lost.

Geological storage is therefore considered more 
permanent, as most scientists believe that CCS 
done properly is “safe”,87 and that there are 
sufficient suitable storage sites and appropriate 
techniques to make it unlikely that the CO2 will 
later leak out. However, experience to date with 
CCS gives cause for concern: CO2 pipelines have 
often leaked,88 and storage sites found to be less 
secure than previously believed.89 90 Regulation 
will be required to ensure that local geology is fully 
studied and that best practices are applied.

Even where removal and storage are effective and 
secure, an inherent conceptual problem with 
offsetting lies in the notion of additionality: for 
there to be a climate benefit, an offset must deliver 
something that would not have happened anyway. 
But in the history of carbon markets and forest 
offsets, the baselines against which to judge this 
have been all but impossible to meaningfully 
establish.91 

As a general guide, any CDR can be judged part of 
a net-zero plan only if it is not also counted in any 
other company’s or country’s net zero plan, because 
achieving the Paris goals requires all to meet net 
zero. Going a step further, CDR outside a 
company’s own supply chain should arguably occur 
in countries that have their own credible net-zero 
plans, and be additional to (not part of) those plans. 
This is a very high standard, but to do otherwise 
would be trading on others’ inaction and so cannot 
be considered consistent with the Paris goals.
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Unsustainable land and energy 
requirements 

The IPCC notes that “Most CDR technologies … 
raise substantial concerns about adverse side effects 
on environmental and social sustainability.”92 The 
most significant of these arises from the large land 
requirement for AR and BECCS: if deployed on 
agricultural land, they are likely to increase food 
prices; on wild land, they may reduce biodiversity.93 
94 In some scenarios, large-scale afforestation could 
cause increases in food prices of 80% by 2050, and 
CDR in general could cause a rise in 
undernourishment of 80-300 million people.95

Using BECCS to remove 12,000 Mt/year of CO2 (the 
median in 2100 in IPCC 1.5˚C pathways with low 
overshoot96) would require an estimated 380-700 
Mha of land devoted to bioenergy growing: this is 
equivalent to one to two times the size of India, or 
25-46 percent of total world crop-growing area.97 

About 500 Mha of previously-forested and currently 
unused land could be available for reforestation i.e. 
without necessarily impacting food or biodiversity. 
This could remove 3,700 Mt/year of CO2.

 98 99 To put 
this in perspective, Shell has proposed planting 50 
Mha of forest to offset its own emissions:100 doing 
so could thus effectively claim one tenth of the 
sustainably available total for just one company.

The largest potential for AR and BECCS is in the 
Tropics, due to land availability, productivity, 
albedo effects and costs;101 however, it is in such 
regions that the greatest threats to food security 
and biodiversity are likely to be experienced, and 
also where land-related human rights violations 
are especially prevalent (page 9).

In contrast to AR and BECCS, DACCS requires little 
land, but extremely large energy inputs, both to 
drive air through the machines (since air has very 
low CO2 concentration compared to power plant 
chimneys and industrial waste gas streams) and to 
generate high temperatures to separate captured 
CO2 from the sorbent. Capturing three quarters of 
present CO2 emissions would potentially require 
half of present global electricity generation and heat 
equivalent to half of final energy consumption.102 

Governance 

Given the above risks both to climate effectiveness 
and to wider sustainability, effective governance is 

vital to any use of CDR. Any company relying on CDR 
will need not only to demonstrate that such issues are 
effectively addressed, but also address how their use 
of CDR fits in a wider global picture. Engaging with the 
international dimension of governance is thus crucial.

There are several aspects to the governance 
required.103 First, there is a need to oversee CO2 
removal, to verify net removals are accurately 
accounted for, including reflecting prior land use and 
operational emissions.104 Second, regulation is 
required to manage sustainability impacts of CDR, 
such as to prevent use of land that is needed for food 
production or that has high biodiversity value, and to 
protect the rights of forest peoples.105 Third, CO2 
transport and processing for CCS must be monitored 
and regulated; geological and biological storage sites 
must be monitored generations into the future.106 

Across all of this, international institutions must be 
created to deliver incentives, funding and 
penalties. 107 One of the largest uncertainties in the 
scalability of CDR is thus the extensive institutions 
that would be required, at a global level, and these 
would have to remain effective over the very long 
term.108 This is a crucial dimension of feasibility, 
but is not addressed in the models that suggest 
large-scale usage of CDR.109
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The IPCC notes that “Most CDR 
technologies … raise substantial 
concerns about adverse side effects on 
environmental and social sustainability.” 
The most significant of these arises from 
the large land requirement for AR and 
BECCS: if deployed on agricultural land, 
they are likely to increase food prices; on 
wild land, they may reduce biodiversity. In 
some scenarios, large-scale afforestation 
could cause increases in food prices of 
80% by 2050, and CDR in general could 
cause a rise in undernourishment of 80-
300 million people.



5. How much CDR?

The amount of global warming depends on the 
cumulative global emissions of CO2: each 
additional ton of emissions adds to the 
temperature. Thus, to stabilise temperatures at any 
level – whether 1.5˚C, 2˚C, 3˚C or 5˚C – emissions 
must reach net zero at some point.110 111 Since some 
emissions are near-impossible to avoid, some 
amount of CDR will be necessary to offset them. 

In no modelled pathway can the Paris goals be 
achieved without rapid emissions reductions.112 It 
should thus be stressed that CDR is not an 
alternative to emissions reduction, and in fact can 
only play a minority role in mitigation. Rather, 
there is a balance to be struck between the amount 
of reliance on CDR (given its uncertainties and 
physical limits – page 10) and the pace of 
emissions reduction.

However, weighing the achievability and cost of 
present emissions reduction against the unknown 
achievability, cost and risks of future CDR is 
inherently somewhat subjective. The aim of this 
and the previous sections is to help readers make 
that judgment.

IPCC illustrative pathways

A key tool for analysing these trade-offs is 
integrated assessment models (IAMs – see box), 
the analytical workhorse underpinning IPCC 
mitigation reports. IAMs generally identify the 
least-cost ways113 of meeting energy service 
demands while staying within a given climate 
limit. CDR is thus used in the models where it is 
expected to be cheaper than direct abatement of 
emissions.

IPCC Illustrative Pathways

In no modelled pathway can the 
Paris goals be achieved without 
rapid emissions reductions. It should 
thus be stressed that CDR is not an 
alternative to emissions reduction, 
and in fact can only play a minority role 
in mitigation.
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The IPCC’s Special Report on 1.5˚C (SR15) used 90 
pathways generated from IAMs, focusing on the 53 
of these involving low or no “overshoot”,114 which 
are less environmentally risky.115 Since these 
pathways reflect a range of different assumptions 
and approaches to limiting warming to 1.5˚C, the 
report presented four illustrative pathways to 
represent the differences between them:116

	~ �P1: major societal and behavioural changes 
enable significant reduction in energy 
demand, while increasing living standards. 
No CCS is used: the only CDR approach is 
AR.

	~ �P2: moderate shifts towards sustainable 
behaviours and international cooperation; 
a limited role for BECCS alongside AR.

	~ �P3: societal and economic trends follow 
historical patterns; resulting growth in 
energy demand is offset mostly by 
technological substitution, including a 
large role for BECCS and some AR, with 
fairly low overshoot.

	~ �P4: more emissions-intensive economies 
and lifestyles drive large growth in fossil 
fuel use; after overshoot to 1.8˚C, 
considerable BECCS is required to bring 
temperatures back down to 1.5˚C by 2100: 
with such high overshoot, P4 is sometimes 
considered not to be a 1.5˚C pathway.117

A key finding from IAMs – as shown in the four 
illustrative pathways – is that the CDR 
requirement is greatest where energy demand 
grows the most: keeping CDR low requires a move 
to more sustainable economic patterns and 
behaviours. In other words, relying mainly on 
technological substitutions (rather than change in 
behaviours and economic structures) is likely to 
require larger use of CDR.118 Put the other way 
around, uncertainties about future availability of 
large-scale CDR suggest a need not only to change 
technologies but also to reduce activity levels 
relative to business-as-usual in some emissions-
intensive sectors such as aviation and fossil fuels.

Maximum sustainable potential

Several studies have raised concerns about a tendency 
of IAMs to favour (delayed125 126) technological 
solutions over other (near-term) mitigation 
approaches, resulting in unduly high levels of CDR 
reliance.127 They are complemented therefore by more 
detailed, bottom-up studies of CDR approaches.

Global CO2 emissions in 2018 were about 40,000 
Mt/year.128 Based on a review of hundreds of 
bottom-up studies,129 the IPCC’s SR15 report 
estimates the sustainable potential130 of each CDR 
approach in 2050, as lying within the following 
uncertainty ranges (for each approach in isolation; 
they cannot be added to each other, as the 
approaches compete e.g. for land):131

Integrated 
assessment models

One of the key tools for 
exploring energy and climate 
futures is integrated 
assessment models (IAMs). 
These provide detailed, 
bottom-up representations of 
the energy and land use 
systems,119 combined with a 
simple climate model, and 
explore their behaviour many 
decades into the future under 
a given set of assumptions.120 

IAMs are based on 
mathematical representations 
of techno-economic processes. 

Their strengths are that they 
reveal interactions across a 
whole system, and permit 
exploration of major change. 
Their weaknesses are that they 
are not suited to representing 
political, social or behavioural 
change; such drivers are 
generally pre-determined as 
(exogenous) input 
assumptions.121 Furthermore, 
IAMs are highly sensitive to 
assumptions on technological 
costs and energy demands.

Demand for energy services 
(such as heat, power or travel) 
is commonly treated 
exogenously,122 so that the 
models cannot look for 

solutions that change the 
structure of societal energy 
usage, only the technologies 
that deliver it. To explore 
these types of changes, they 
must be built into the design 
of the study (before running 
the model). Several modelling 
studies – one of which created 
the P1 pathway – have done 
this, proposing ways to 
significantly reduce or 
restructure these energy 
demands,123 124which leads to 
lower need for CDR. 

IAMs are thus powerful tools for 
exploring the future, but 
caution is required in 
interpreting their results.
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	~ AR:	  500 – 3,600 Mt/year132 133

	~ BECCS:	 500 – 5,000 Mt/year

	~ DACCS: 	 500 – 5,000 Mt/year.

Note that there remain large uncertainties in the 
potentials;134 135 the upper end is considered 
“extremely difficult” to achieve.136 In particular, the 
studies compiled to make these estimates focus 
largely on physical and economic factors: they do 
not address the availability of appropriate 
governance structures (see page 11).137

To put these in perspective, Eni and International 
Airlines Group each anticipate using forests to 
offset 30 Mt/year of CO2 by 2050 (page 6): just 
these two companies could thus exhaust up to 12% 
of the available total. 

Note that many IPCC pathways exceed the top end 
of this range; these pathways are likely to be 
unfeasible or unsustainable. The reason for the 
inconsistency is that these pathways are generated 
using IAMs that model the whole energy system, 
and do not look at CDR in sufficient resolution to 
assess feasibility.138 A 2018 report by the European 
Academies Science Advisory Council concludes, 
“These technologies offer only limited realistic 
potential to remove carbon from the atmosphere 
and not at the scale envisaged in some climate 
scenarios.” It recommends that such scenarios not 
be used as a basis for policy making.139

CDR use by sector

How much can a company reasonably rely on CDR 
to meet its net-zero target? The answer varies by 
sector, as it would make little sense to use limited 
CDR potential to offset emissions that are relatively 
easy to abate directly. In other words, CDR should 
be used where it is most needed, to offset the 
emissions that are expected to be most expensive 
(or technically difficult) to mitigate by other means, 
such as in heavy industry, freight transport and 
aviation. IAMs can help inform this judgment. 

Power generation must be fully decarbonised 
before 2050 (not offset elsewhere), a robust finding 
across almost all models, and reported by the 
IPCC.140 This is because zero-carbon alternatives 
are readily available and cost-competitive, such as 
wind and solar. 

IAMs include a high level of resolution, but 
detailed emissions breakdowns by sub-sector141 
are not often published. For this reason, detailed 
analysis of emissions reductions – including in the 
IPCC’s SR15 report and analyses by the Science-
Based Targets Initiative142 – tend to use the IEA’s 
Beyond 2 Degrees Scenario (B2DS). Published in 
2017, B2DS is not aligned with limiting warming to 
1.5C degrees but to 1.75˚C. 143  Accordingly B2DS  
should be considered at the lower end of the 
ambition required to meet even the “well below 2 
degrees C” goal of  the Paris Agreement. 

As an approximate guide, based on 1.5˚C 
pathways reported by the IPCC and in 
the B2DS, the Paris goals would imply 
a maximum reasonable use of CDR by 
companies, relative to their present absolute 
emissions, as follows: 

Power companies: 0%, before 2050;

�Car companies: 20% of emissions from 
vehicles on the road in 2050; sales should be 
close to 100% zero-emission vehicles by this 
point;144 

�Heavy industry: steel 25%, cement 35%, 
chemicals 45%, all in 2050;145

Airlines: 30%, in 2060.146

The remainder of emissions reductions must be 
achieved by energy efficiency, by changing fuels, 
by end-of-pipe capture or by reducing activity 
levels. These targets reflect absolute emissions 
rather than intensities. Similar information is not 
available for other sectors; however, heavy 
industry and aviation are considered the hardest-
to-abate sectors, so other sectors will generally 
need to make smaller use of CDR. 147

There is a need for more information on detailed 
mitigation pathways. It is recommended that 
multi-model findings by industry sub-sector should 
be published in the Working Group III (Mitigation) 
report of the IPCC’s Sixth Assessment Report, likely 
to be published in 2022.148 Modellers could usefully 
make such information available regularly and 
systematically, especially now that the IEA has 
discontinued the B2DS in favour of the less ambitious 
Sustainable Development Scenario (SDS). 149
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6. Conclusions

Given the uncertainties and limitations of CDR, it is 
always better to reduce emissions directly. CDR 
should be used at most for a minority of net zero 
targets, and not to offset any activities that can be 
reasonably avoided by other means within the stated 
timescale (such as power and light-duty vehicles).

For the UK’s net-zero target, the Committee on 
Climate Change recommends aiming to meet the 
target through domestic action, without use of 
international carbon credits,150 on grounds that all 
countries must deeply reduce emissions (leaving 
few cheap credits), that the UK has a responsibility 
to reduce its own emissions rather than outsourcing 
the problem, and that historically carbon markets 
have often not delivered additionality.151 The same 
arguments should apply to companies. 

The Science-Based Targets Initiative does not 
count emissions-reduction offsets towards 
achievement of company targets, but suggests 
they should be a voluntary extra.152 This suggests a 
possible way to think about CDR too. Achieving 
the Paris goals is likely to require removing some 
CO2 from the atmosphere; there are ways to do so 
without causing negative social and environmental 
impacts, such as by ecosystem restoration. 
Companies can helpfully support such initiatives. 

Problems arise however when CDR is seen as a 
vital plank of mitigation strategies, as limiting 
climate change may become subject to its inherent 
uncertainties. And when CDR is deployed at a large 
scale, negative impacts begin to become inevitable. 
Some researchers now propose that targets and 
accounting for CDR should be separated from those 
for emissions reduction, in order to help manage 
these risks and assumptions transparent.153 

In similar spirit, companies’ emissions reductions 
should be judged more important than their overall 
net-zero targets. Companies’ climate plans should 
state clearly:

	~ �How much of the target is to be achieved by 
CDR rather than direct emissions reduction;

	~ �On what basis any remaining emissions are 
judged unavoidable;

	~ �What technological innovations are being 
pursued in order to reduce the unavoidable 
amounts;

	~ �Whether any CDR relied on or invested in is 
included in countries’ or other companies’ 
climate targets (to ensure it is not double-
counted);

	~ �Where CDR is taking place, by what 
mechanisms, and with what governance to 
ensure its carbon integrity and to prevent 
negative social and environmental impacts.

When engaging with companies on their climate 
plans, investors and other stakeholders might find 
these five issues a helpful starting point.
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Appendix: Other 
CDR approaches

This briefing has focused on the three highest-
profile CDR approaches: AR, BECCS and DACCS. 
There are other approaches being considered at a 
smaller scale:

	~ �Soil carbon sequestration: Managing 
agricultural land in such a way as to increase 
the retention of CO2 (in organic matter from 
plants and animals) in soil. 154 

	~ �Biochar: Growing trees and burning them in 
low-oxygen conditions to form charcoal, 
which is then spread in soil.

	~ �Enhanced weathering: Crushing silicate 
rocks and spreading over wide land areas: 
dissolved CO2 in rainwater is then captured 
by a chemical reaction.

	~ �Ocean fertilisation: Adding nutrients 
– primarily iron – to the ocean so as to 
encourage phytoplankton growth, which 
absorb CO2 by photosynthesis.  

	~ �Ocean alkalinisation: Adding chemicals to 
the ocean that react with dissolved CO2 to 
form stable compounds, allowing the ocean 
to absorb more CO2 from the atmosphere.

The various approaches may be categorised by 
how they capture and how they store CO2. Capture 
is either biological (by photosynthesis) or chemical. 
Storage may be in biomass (plants), in soils, in the 
ocean or in geological reservoirs (by CCS).155 This is 
shown in the table below.

All approaches face barriers and limitations. The 
permanence of biomass, land and ocean storage 
may be at risk if the land use changes or higher 
ambient temperatures reduce storage capacity. 
The 2050 sustainable potentials for other CDR 
approaches are assessed as (again, non-
additively): 156

	~ SCS:	 2,300 – 5,300 Mt/year

	~ Biochar: 	     300 – 2,000 Mt/year

	~ EW: 	 2,000 – 4,000 Mt/year

	~ OF: 	 negligible.

Unlike for BECCS and DACCS, the 2100 potentials 
for these approaches are unlikely to be much 
higher than this.

Geological storage is costly and requires 
significant infrastructure to capture, transport and 
bury CO2. For all approaches, there are major 
uncertainties about measurement, funding and 
governance. 

A summary comparison of the barriers to all of the 
various approaches, based on a review of the 
literature,157 is shown in the table below.
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