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Abstract
Carbon dioxide removal from the atmosphere (CDR)—also known as ‘negative emissions’—features
prominently in most 2 °C scenarios and has been under increased scrutiny by scientists, citizens, and
policymakers. Critics argue that ‘negative emission technologies’ (NETs) are insufﬁciently mature to
rely on them for climate stabilization. Some even argue that 2 °C is no longer feasible or might have
unacceptable social and environmental costs. Nonetheless, the Paris Agreement endorsed an
aspirational goal of limiting global warming to even lower levels, arguing that climate impacts—
especially for vulnerable nations such as small island states—will be unacceptably severe in a 2 °C
world. While there are few pathways to 2 °C that do not rely on negative emissions, 1.5 °C scenarios
are barely conceivable without them. Building on previous assessments of NETs, we identify some
urgent research needs to provide a more complete picture for reaching ambitious climate targets, and
the role that NETs can play in reaching them.

1. Introduction
In 2015, the international community adopted the
‘Paris Agreement’ at the 21st Conference of the Parties
[1], focusing international climate policy on keeping
global warming ‘well below’ 2 °C above pre-industrial
levels, and to pursue further efforts to keep the
temperature increase below 1.5 °C. Scenario analysis
suggests that the 1.5 °C [2, 3] and 2 °C targets [4] are
technically and economically feasible. However, it
remains uncertain whether future emissions will
decline fast enough to be consistent with the requirements of low temperature targets, while trying to
achieve other ambitious sustainability targets (e.g.
biodiversity conservation) and development goals (e.g.
© 2016 IOP Publishing Ltd

food security). Most scenarios consistent with 2 °C [4],
and all of them consistent with 1.5 °C [3], require
large-scale carbon dioxide removal (CDR) using
negative emission technologies (NETs), deﬁned here
as any anthropogenic activities that deliberately extract
CO2 from the atmosphere.
Activities commonly considered to create negative
emissions include large-scale afforestation, bioenergy
combined with carbon capture and storage (BECCS),
direct removal of CO2 from the ambient air by means
of chemical reaction, enhanced weathering, biochar
formation, and soil carbon sequestration. Research on
NETs has been conducted for almost two decades [5–
13], but the topic has received more attention since the
IPCC’s AR5 [4] and beyond [14–17].
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Figure 1. Cumulative BECCS from 2015 to 2100 in 2 °C scenarios (430–480 ppm CO2-eq in 2100, IPCC AR5 DB). The 11 IAMs using
BECCS are shown; different colors refer to different start dates of global uniform climate policies (shifted in the axis to avoid overlap).
In each start date, some scenarios can overlap; all BECCS scenarios are shown—irrespective of whether they have technology
restrictions or not. Data source: IPCC AR5 Database [20]. Note: ideally, the quantity of CO2 stored in bioenergy production systems
should be used instead of cumulative energy. However, given that this variable is not available in the AR5 Database, cumulative
BECCS is used as a proxy.

Most mitigation strategies that depend on the
large-scale use of negative emissions begin deployment as soon as CCS becomes available, but only
achieve net negative emissions (i.e. net removal of carbon from the atmosphere at the global level) in the second half of this century. While there are some
temperature stabilization pathways associated with a
more than even chance to keep average global warming below 2 °C (i.e. without overshoot), current 1.5 °C
scenarios all feature a temporary overshoot [3]. In
these scenarios, net negative emissions would need to
offset this temporary overshoot later in the century
[18, 19]. Negative emissions also offer ﬂexibility for
sectors that are difﬁcult to decarbonize completely,
e.g. greenhouse gas emissions from food production
(i.e., methane, nitrous oxide). However, negative
emissions should be viewed as part of a wider mitigation portfolio, and not as an alternative to deep cuts in
emissions in the near term [14], as unabated emissions
of CO2 would have all associated side effects, such as
ocean acidiﬁcation, and would increase the risk of ultimately not achieving the target.
Of the 116 scenarios, that were assessed in the
IPCC’s AR5 [21] consistent with a high probability of
achieving the 2 °C target [4, 22], 104 scenarios use
BECCS and most of them at a large scale, with an IAM
median in 2100 of 160EJ/year and one of the models
using as much as 300EJ/year in the second half of the
century. The scatter between the data points and models shown in ﬁgure 1 represents different preferences
for BECCS in the IAMs and scenarios, many of which
include limited technology portfolios (e.g., no CCS,
limited bioenergy, no nuclear, etc). A subset of the
IAMs were run assuming global climate policy starting
in 2010 and in 2020 [23] or 2030 [24]. Except for one
2

model, there is no clear signal that delay in global climate policy leads to more BECCS, which may be due
to the limited availability of bioenergy in the IAMs, as
is the case when comparing 1.5 °C and 2 °C scenarios
[3]. Comparisons across IAMs and scenarios is hampered by the lack of model and scenario diversity, particularly in scenario subgroups (e.g., full technology
portfolio with climate policy starting in 2020). The
large spread between IAMs underlines the need for
further investigation to obtain a better understanding
of the underlying dynamics and the demand for negative emissions.
Large uncertainties and knowledge gaps remain in
all NET areas including supply (the actual negative
emissions potential that can be realized), demand (the
negative emission requirement to achieve a climate
target), and implications (the intended or unintended
socio-economic and environmental costs and consequences of deploying large-scale NETs). The four
dimensions of uncertainty we consider in this article
are outlined in ﬁgure 2: sustainable and available
potentials (1) dictate the rate and maximum supply,
which feeds back to achievability of the target and the
optimal mix of mitigation options. This potential
needs to be assessed through the lens of all sustainable
development goals (SDGs), i.e., go beyond the climate
dimension. Mitigation pathways (2) inform about
how to stay within the quota in a cost-optimal way
given a set of mitigation options and deployment rates.
Earth system modeling, (3) considers the carbon cycle
and determines the total carbon quota to achieve a
temperature target, but does not determine how to
stay within budget, i.e., there is no distinction between
net or gross positive or negative emissions. Governance (4) encompasses society’s choice about what is
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Figure 2. The four components of a consistent climate strategy interact to determine supply and demand of negative emissions
motivated by economic, technical, sustainability, governance and Earth System factors (adapted from [14] with examples).

‘dangerous’ climate change and sets a temperature target, decisive in turn for the remaining C budget and
the possible mitigation pathways. The rest of the article is organized according to these four dimensions,
starting with the potentials on the supply side and ending with governance factors inﬂuencing demand.

2. Background
2.1. Overview of negative emissions options
Earlier studies have listed various NETs and assessed
their strengths and weaknesses and the potential
contribution in creating negative emissions (e.g. [25–
27]). A list of the most commonly discussed options
includes:
• Bio-energy and CCS (BECCS)—the generation of
energy from burning biomass coupled to the
capture and storage of carbon dioxide (CO2) in
geological or other reservoirs. Because CO2 has been
captured from the atmosphere during biomass
growth, the process delivers net-negative emissions
to the atmosphere.
• Afforestation/reforestation and forest management
(AR)—the planting of trees which capture CO2 as
they grow, thereby removing CO2 from the atmosphere and storing it in living biomass.
• Direct air-capture and storage (DAC)—the use of
chemicals such as amines or sodium hydroxide to
absorb CO2 from the atmosphere, after which it is
mineralized for solid storage or pumped into
geological reservoirs.
3

• Soil carbon sequestration (SCS)—enhancing the
sequestration of carbon in soils by increasing inputs
or reducing losses, for example by reducing soil
disturbance.
• Biochar—the pyrolysis of biomass so that it
becomes more resistant to decomposition, which is
then added to the soil to store the embedded carbon
and, in some cases, enhance fertility.
• Enhanced weathering (EW)—the grinding and
spreading of rocks that naturally absorb CO2 to
increase their surface area so that they absorb CO2
more rapidly. The ground rock can be spread on
land or the ocean.
• Ocean fertilization (OF)—the fertilization of the
ocean, for example with iron, so that the ocean
phytoplankton absorb more CO2 through photosynthesis, and then potentially sink to the deep
ocean and sequester carbon after they die.
These technologies (except for OF; see [28]) were
assessed in terms of their negative emissions potential,
impacts on land, water and nutrient use, greenhouse
gas emissions, energy requirements and investments
costs in [15] (for BECCS, AF, DAC and EW) and [16]
(for SCS and biochar). Potentials vary from high
(BECCS, AR, DAC), to lower (EW, SCS and biochar).
All of these NETs run into their respective limits
when implemented at scale [15, 16]. For BECCS, there
are signiﬁcant issues with competition for land if
BECCS is implemented at the median rate projected
by IAMs, and water use is also signiﬁcant, while DAC
is energy-intensive, for example.
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Table 1. Negative emission potentials from BECCS, afforestation (AR), direct air capture (DAC), soil carbon storage
(SCS), biochar and enhanced weathering (EW) based on
range of 2100 negative emission requirement in AR5 2 °C
scenarios (3.67–12.1 GtCO2/year). Data adapted
from [15, 16].
Negative emission option
BECCS
AR
DAC
SCS
Biochar
EW

2100 potential (GtCO2/year)
3.67–12.1
4.03–12.1
3.67–12.1
1.47–2.57
1.47–2.57
0.73–3.67

In the following we take a closer look at afforestation and BECCS given they are the only NETs currently used at signiﬁcant levels in low-stabilization
scenarios.
2.2. The role of negative emissions in climate
stabilization
Afforestation can lead to negative emissions, but
requires land and is thus likely to compete with largescale biomass cultivation, bioenergy and ultimately
BECCS. In assessing its role in a climate change
mitigation portfolio, land and other resource requirements, economic costs and potential negative side
effects have to be weighed against their carbon
beneﬁts.
BECCS relies on the production of bioenergy,
which either is carbon-neutral or emits less carbon
than is sequestered by the cultivation of biomass and
captured and stored in underground reservoirs. Yet,
this mechanism has come under great scrutiny, and
scientiﬁc assessments vary widely in their estimates of
carbon beneﬁt. Concerns with respect to carbon-neutrality include indirect land use change, site-speciﬁc
barriers, and problems to achieve scale without
impacts on the environment [29–31].
Most NETs have not been commercially deployed
at large scales as required by low-carbon mitigation
scenarios. Afforestation generally already exists at
scale [46, 47] and considerable experience exists with
implementation and monitoring. However, to achieve
negative emissions as indicated in table 1, substantial
upscaling would be required. For BECCS, with the
individual components of these plants being bioenergy production, capture of CO2 and storage, only a
few projects exist [48, 49].
As summarized by the IPCC [4]—most scenarios
contain signiﬁcantly larger amounts of negative emissions using BECCS compared to afforestation. Afforestation tends to be more cost-efﬁcient for carbon
removal at low carbon prices, whereas BECCS
becomes more competitive as carbon prices rise
[32, 33]. The land requirement for afforestation would
also be substantially higher than for BECCS. The
assumptions concerning potentials, however, are
model and scenario speciﬁc: yield assumptions and the
4

dynamics of mitigation strategies vary widely across
IAMs [34]. Furthermore, different BECCS technologies can have different consequences for emissions, i.e.
the portion of emissions sequestered along the supply
chain may vary, and the bioenergy may substitute different technologies (e.g. [35, 36]). Finally, these more
aggregated studies will need to be reconciled with
more detailed analysis. NETs other than BECCS and
afforestation have achieved much less attention in the
work of IAMs—although some individual studies
exist. For instance, several studies have looked into the
consequences of enhanced weathering [37, 38], DAC
[39–43], and ocean fertilization [44, 45].
Some individual studies have assessed the implications of negative emissions in shifting the mitigation
effort from current to future generations, with the
amount of negative emissions being signiﬁcantly and
positively correlated with the discount rate [42]. The
use of NETs can allow for an overshoot of as much as
0.5 °C for standard assumptions on climate sensitivity
and other physical parameters—provided that temporary overshoot of the target is allowed [11]. However, this has not been fully incorporated in the
integrated assessment of NETs, yet. This prevents us
from drawing systematic conclusions across models
with respect to delay (see ﬁgure 1). In any case, a delay
in mitigation may prolong our reliance on fossil fuels,
although even with CCS, most fossil fuel reserves will
need to remain underground to achieve ambitious climate targets [50]. This is particularly important in case
of future technology failure, or limited deployment of
NETs for social reasons [51]. Uncertainties in negative
emissions, combined with future uncertainties in the
performance of the natural carbon sinks, have a signiﬁcant effect on NET deployment [52]. NETs appear
to be particularly advantageous in scenarios with
delays in mitigation in some key regions [37].
Finally, even if these uncertainties surrounding
beneﬁts, costs and risks of NETs could be resolved, the
technologies and the large-scale deployment will
require the acceptance by the public and thus policymakers ([53, 54] on CCS, and [55] on bioenergy). Currently, there is a vast gap between what is currently
being planned and developed and what would be needed based on the low-stabilization scenarios (e.g. [56]
for CCS).

3. Negative emissions: research challenges
3.1. Sustainable potentials: focus on BECCS and
afforestation
More detailed analysis of optimal land use is needed
that allows multi-functional uses for different products (e.g. food and bioenergy feedstock) to be derived
from the same land. For example, rice straw is among
the most abundant biomass resources with 550 Mt
annual production in Asia alone. The majority of this
potential feedstock is wasted when burned in the ﬁelds
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for easy disposal [57]. Logistical and ﬁnancial solutions
to utilizing this abundant renewable resource—not
competing with food production—are missing. Similarly, palm oil production generates considerable
residues and waste that are substantially under-utilized
for energy [58]. Clean energy services from oil palm
residues and waste provided to surrounding rural
areas could be a key contributor to SDG 7 ensuring
access to affordable, reliable, sustainable and modern
energy for all. Furthermore, breeding of new plants
needs more focus on multiple uses. Though not
commercially proven, mangrove palm is a promising
new feedstock for bioethanol production showing
higher productivity than sugarcane and not competing
with other crops for agricultural land or freshwater.
Planted in suitable areas, it can help to preserve and
restore mangrove (e.g. [59]).
A major challenge for land-based NETs remains
the selection of the optimal feedstock plant species for
a given location. Further suitability research is needed
—especially with feedstock plants that grow on deforested land and hence have a broad geographic range.
Canadell and Schulze [60] warn that many ﬁrst generation biofuels do not yield net GHG emission savings if their establishment requires the transformation
of native ecosystems: carbon debts for different biofuel
systems range from 17 years for sugarcane-based ethanol systems replacing Cerrado in Brazil up to 840 years
for speciﬁc oil palm-based biodiesel systems that
replaced original tropical forest on peat in Southeast Asia.
Careful suitability assessments are thus needed to
avoid incorrect assumptions and planning mistakes
when ramping up a large-scale BECCS system. Palm
oil production in particular has expanded greatly,
from 6 Mha in 1990 to 16 Mha in 2010. Much of this
expansion has come at the expense of biodiversity-rich
tropical forests [61]. On the other hand, it is an income
source greatly contributing to poverty alleviation. Pirker et al [62] found in their global oil palm suitability
study that—based on purely biophysical parameters
—land used for palm oil production could be doubled
without expanding into protected or highly biodiverse
forests. Such global suitability guidelines should be
paired with continuous efforts to strengthen governance and consumer-driven market tools such as certiﬁcation of forest and agricultural management
[63, 64]. Furthermore, ministerial initiatives such as
the ‘Bonn Challenge’—a global effort to restore
350 Mha of the world’s deforested and degraded land
by 2030—can help identify and assess marginal, degraded and abandoned land for restoration with suitable
plants for bioenergy feedstock production.
Unlike ﬁrst generation biofuels, forest-based
bioenergy and other ligno-cellulosic short rotation
crops/second generation crops such as Miscanthus,
poplar, willow and eucalyptus often do not compete
directly with food crops [60]. Sustainable
5

management of such systems is already recognized
under the REDD+ schemes.
For forest-based bioenergy and BECCS systems,
further to (certiﬁed) sustainable management [63], the
use of wood and harvesting residues is desirable from a
technological point of view. Many industries (e.g.,
pulp and paper, construction, furniture, ﬂooring,
bioreﬁnery, etc) compete for wood, which calls for a
careful distribution while burning wood for energy
should come as late as possible in the cascade (see
[65, 66]), unless other valuable services such as CO2
removal are accounted for. Preference shall be given to
long-living products from wood (e.g. for construction) for long-term carbon storage, but permanence
remains a challenge for carbon capture for utilization
(CCUS) of products (e.g. chemical products, construction materials). Furthermore, wood-forestrybased BECCS systems generally show higher efﬁciencies than those based on agricultural-herbaceous
systems. However, a recent study on the BECCS
potential in Brazil for sugarcane ethanol states that
CO2 can be captured twice along the BECCS supply
chain—during biofuel generation and combustion
[67]. Still, energy penalties that materialize in higher
land demand for compensation need to be accounted
for [68]. For any technology involving CCS, more
large-scale demonstration projects are required to
reduce costs and improve efﬁciencies ahead of largerscale rollout.
Additional risk management for all land-based
carbon mitigation should incorporate wildﬁres
(350 Mha burnt per year globally according to [69]),
extreme weather events (storm, hail, drought, ﬂooding, etc) and pests and diseases (infestations by e.g.
bark beetles and locust, plant diseases caused by fungi,
etc). Pests and diseases are particularly important for
monoculture systems, though signiﬁcant amounts of
food are produced in monoculture areas. There is a
need to better understand the interdependency
between bioenergy production and meteorological
processes across time and spatial scales [70, 71].
Negative emissions can be generated through
aquatic biomass as well. Green algae could be managed
either in ﬂoating pools or on land to produce biomass
with carbon separation after gasiﬁcation or combustion [72]. The technology is being developed in many
laboratories including with genetically modiﬁed
organisms but is far from commercialization. The
advantage of off-shore schemes would be that the
separated CO2 could be stored in the aquifers under
the seaﬂoor as is the case with the Sleipner platform in
the North Sea that separates CO2 from produced natural gas.
Research also needs to examine how possible
negative environmental impacts (e.g., effects on water,
biodiversity, etc) associated with land-based NETs
could be minimized or, in some places, improved. The
research needs to include the optimization of locations
for future BECCS plants and related logistics for
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feedstock and CO2 transportation, with highly
resolved geographically explicit studies at regional and
national levels [73]. Only the combination of processbased (biophysical and techno-engineering modeling), economic (IAMs) and Earth system models
(ESMs) will allow system dynamics to be fully
captured.
3.2. Mitigation pathways: beneﬁts and risks of NETs
for climate stabilization
A key set of knowledge gaps relates to further
quantiﬁcation and improved representation of the
land use and sustainability impacts of large scale NETs
in integrated assessments. IAMs already feature
energy-land use systems, which can compute the
trade-offs of using land to grow bioenergy [74]. Nevertheless, additional focus on modeling the ecosystem
and land use impacts of biological NETs is needed to
generate more realistic estimates of potentials [60, 75].
Similarly, integration of new knowledge on yield
developments and afforestation potential in IAMs will
aid the evaluation of the consequences of NETs for the
SDGs, as NETs have impacts not pertaining to climate
change alone, but also interacting with several of the
SDGs, such as poverty and hunger (SDG1 and 2), water
and land (SDG14 and 15) and energy (SDG7). By
moving mitigation effort in time and space, NETs
bring about signiﬁcant new challenges for equity, for
example. The emergence of other NETs—currently
not broadly integrated in the assessments—could
alleviate some of the unintended negative side effects
on other SDGs and still help to deliver sufﬁcient
potentials for carbon removal.
Technological uncertainties and the resulting
engineering challenges that can inﬂuence the mitigation mix and its timing include the ability to deploy
large-scale BECCS, in particular with respect to its
costs, systems integration, the ability of the technology
to deal with a feedstock that may vary in terms of its
exact composition and the capture rate. Global biomass-based electricity generation by 2015 reached
464 TWh with an installed capacity of 106 GW compared to more than 1000 GW of hydropower [76] or
over 1600 GW of coal-ﬁred power plants. Many of
these thermoelectric plants are of small size, which
could be an economic disadvantage if combined with
CCS. Still, research shows that both in Brazil and the
United States larger-scale bioenergy plants are already
available [77, 78].
On the storage side, a large-scale CO2 pipeline network will likely be needed—from power stations and
factories to the storage sites, unless BECCS plants are
optimally sited to take advantage of in situ storage
opportunities. In the IAM scenarios, transported
volumes are typically quite large, i.e. in the order of up
to 10 GtCO2 per year and sometimes even higher
(based on the AR5 Database). Such a network would
be similar in size to the current natural gas network.
6

Research should focus on the costs and risks that are
involved in such infrastructure.
3.3. Earth system: carbon cycle response to negative
emissions
The natural carbon cycle—land and ocean—acts as a
buffer to excess CO2 emissions from human activity.
More than half of all CO2 emissions are absorbed by
oceans and vegetation on land, thereby slowing by
about half the rate of atmospheric CO2 growth
[79, 80]. Although this ecosystem service has largely
kept pace with increasing emissions and maintained a
mean airborne fraction (AF) of 42% (the fraction of
emissions staying in the atmosphere), the efﬁciency at
which natural CO2 sinks work has declined [81].
The same processes that slow down the CO2
growth rate will respond to negative emissions in
reverse—to buffer the system and partially oppose
negative emissions. If more CO2 is removed from the
atmosphere than added, the CO2 fertilization effect on
vegetation will weaken and therefore reduce the land
sink. The oceans will reduce their uptake and ultimately even degas CO2 to equilibrate with the lower
CO2 concentration, also weakening the net ocean sink.
This implies that the resulting change in the atmosphere is only a fraction of the amount of CO2 removed
—exactly analogous to the response to positive emissions. [83] analyzed this response under the RCP2.6
scenario across CMIP5 ESMs and found that on long
timescales, natural sinks reverse. Therefore, the AF of
negative emissions must be treated in the same way as
for positive emissions—only a fraction of the CO2
reduction will persist in the atmosphere. However,
there are large uncertainties between ESMs over the
magnitude of this response, which hinders the usefulness of projections to policy makers. Models also lack
some crucial processes, leading to research gaps and
priorities for improving our understanding of the
Earth system response to negative emissions.
The highest priority is reducing the large model
spread in simulating carbon cycle sensitivity to climate
changes. With a focus on low mitigation scenarios,
ESMs need to be better evaluated, so that we can more
precisely and reliably determine the remaining carbon
budget associated with a chosen climate target. For
instance, the most up-to-date assessment on the
remaining carbon budget to comply with the 2 °C target is 590–1240 GtCO2 [82]. IAMs should continue to
draw on ESM outputs for their carbon cycle response,
but focus on testing these under low stabilization or
even peak-and-decline concentration pathways.
In addition to the overall impact of CO2 removal
from the atmosphere, different methods of extracting
CO2 will also interact differently with the Earth system. For example, land- or ocean-based uptake have
effects on the carbon cycle that are very different from
DAC and CCS with geological storage [82]. Little is
understood about the underlying mechanisms and the
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magnitudes involved. Yet, these insights can have
important impacts on the estimated negative emission
needs and their effectiveness in climate stabilization.
Research also needs to understand how reversible
the Earth system is and the potential for hysteresis.
One question is how to restore CO2 concentration to
the levels before the Industrial era, which is required in
scenarios that ﬁrst overshoot a target before converging to a temperature target using negative emissions.
While the atmospheric reservoir may converge to a
previous concentration level, it is unlikely that all
other carbon reservoirs will be restored. For example,
if the tropics have been originally deforested and the
same amount has been afforested in the high latitudes,
the same CO2 level may be achieved, but is the system
‘reversed’? Similarly, there is to date no robust evidence as to what extent the climate system reverses,
whether there are irreversible changes or hysteresis
(e.g. ocean overturning or permafrost). Are there some
thresholds which can be crossed (e.g. tropical forest
dieback) and does the system possess ‘temporary resilience’ in the sense that we can cross a threshold safely
for a few years or even decades before the tipping point
is triggered?
3.4. Governance: driver of demand and supply
The importance of governance and society is two-fold
for negative emissions. First, governance drives the
demand for negative emissions by achieving consensus
on temperature targets (ﬁgure 2). Second, the lack of
governance and societal concerns in the implementation phase can limit the timely supply and reduce the
demand for negative emissions, respectively. A further
complication is that both climate change and effects of
NET deployment raise cross-jurisdictional issues, for
which no governance structure currently exists. From
here, two major areas of research emerge: ﬁrst, to better
understand the inhibiting factors, their history and
potential for change. Second, to determine institutional
and governance structures required to ensure the trial
and eventual large-scale deployment of NETs.
Indicative of the current lack of commitment to
NETs is their complete absence in any of the Intended
National Determined Commitments (INDCs) submitted in support of the Paris Climate Agreement.
Furthermore, CCS is only mentioned as a priority area
in three INDCs [84]. At the same time, investments
from the private sector are too low compared to what
would be needed at a short timescale [85] and CCS is
far behind earlier projections [56, 86]. In contrast, 90
INDCs mention renewable energy, and there is constant government, civil society, and media attention to
the faster than expected growth in renewable energy,
except for bioenergy, which is the basis for BECCS
[75]. A possible explanation for this contrast is that
subsidizing some sources of renewable energy is seen
as politically expedient, while investing in CCS, NETs,
or other large-scale technologies is seen as having a
7

high political risk. NETs are also causing a strong
debate in civil society, where BECCS has been unpopular in many countries for two reasons: (1) bioenergy
has been one of the main culprits in the public debate
during the food price crisis in 2008, and (2) CCS has
been associated with environmental and safety issues
such as risks of leakage [87], and earthquakes [88], and
with prolonging the reliance on fossil fuels [89]. There
is a lack of understanding of how policy makers and
society receive and interpret information from emission scenarios, and why they favor certain technologies over others.
There are currently no institutional or governance
structures for dealing with some of the NETs, particularly with the one most widely used in climate stabilization scenarios, BECCS. Key issues for which new
developments are needed include biophysical and economic constraints [15], sustainability risks [17], and
even legal risks with respect to liability in the case of
leakage from geological storage or other negative side
effects. As described in the previous subsections, many
of these areas represent key knowledge gaps that need
to be addressed. On the practical side, these knowledge
gaps are also associated with the current lack of consistent emission accounting rules for all types of NETs.
In the case of BECCS, biomass harvest, combustion
and capture, and storage can occur in distinct countries, and while accounting rules do exist, there are
long-standing debates about their effectiveness, particularly for bioenergy [90].
Finally, the right set of policy instruments is needed to economically incentivize R&D, demonstration
and ultimately large-scale, sustainable deployment
(e.g. [86, 91]). BECCS has an added advantage with a
dual purpose to generate energy and remove carbon,
while other NETs only remove carbon. It is currently
not clear what policies would lead to the ramp-up of
NETs, particularly at the scale needed. Whether incentivisation best works through a combination of carbon
pricing (as in the IAMs) and sustainability standards or
short-run ﬁnancial support to get speciﬁc technologies on the road should be the subject of further
research. What could be the role of debt ﬁnance in the
face of negative interest rates? To what extent should
we support fundamental research and development,
as opposed to actual capacity development? Since
many NETs require CCS to work, it appears to be
important to align policies supporting CCS with the
need for BECCS and DAC.
3.5. Cross cutting issues
At the operational level, there are some cross-cutting
research needs emerging in all four dimensions
(ﬁgure 2). In particular, it is important to deﬁne a set of
‘system level’ indicators to assess unintended negative
consequences of the expected large-scale deployment
of NETs. In addition, there are trade-offs between
NET impacts and climate impacts. To stabilize
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temperatures at low levels may require substantial
NETs, but the aggregated unintended negative impacts
of NETs may be greater than the climate impacts. On
the other hand, there can be also positive consequences unrelated to carbon beneﬁts such as new
business opportunities in bioenergy or carbon revenues from afforestation offsets. The aggregation and
comparison of impacts between climate and NETs is
likely to be controversial. Metrics of the carbon cycle
response—e.g. AF—are easy to interpret, but might
not always be useful or even meaningful, whereas
‘process level’ metrics such as sink efﬁciency [81] may
be more meaningful to process experts, but not
necessarily useful for policy makers. The transient
climate response to cumulative emissions (TCRE) is a
metric used to relate surface air temperature increases
to cumulative emissions, and is often used to give a
remaining ‘quota’ [82, 92] before a given temperature
level is exceeded. Recently, studies have begun to use
the TCRE approach to relate carbon budgets directly
to impacts such as heatwave occurrence [93] or
regional temperature and precipitation extremes [94].
However, if a temporary overshoot in the cumulative
carbon budget and temperature is accepted for a
period that is sufﬁciently long [18, 19], then the NETs
in the long-term have to, at least partially, compensate
for excess CO2 emissions in the near-term. It is unclear
whether the TCRE/budget approach is sufﬁciently
robust when high levels of NETs allow the budget to be
temporarily exceeded. Some progress has been made
to assess indicators for the risks to sustainability of
climate change mitigation in general [95]. Economic
indicators, such as policy costs with and without
negative emissions, can readily be extracted from the
IAMs, but societal preferences are generally underrepresented. For example, there are only few studies
looking into public acceptability of technologies and
location-speciﬁc political realities coming up with
comparable metrics.

4. Conclusion
We have set out a research agenda across four dimensions, which interact to determine the demand for and
supply of negative emissions. The intersection—and
whether there is one—is not only determined by
technological parameters, but also by societal preferences, timing issues, economics, carbon cycle dynamics
and risks to sustainability. An interdisciplinary approach
is needed to comprehensively tackle these interactions.
The research priorities emerging from our analysis
of the literature across the four dimensions of ﬁgure 2
start with the potential capacities. Here, two research
and development areas require major advances. On
the one hand, CCS research, development and deployment is behind what roadmaps recommend particularly for 2 °C-compatible pathways; on the other hand,
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sustainable large-scale supply of second-generation
bioenergy will need to be ensured. In addition, due to
the limitation of individual NETs, more research and
development of NETs other than BECCS and afforestation is needed. Currently, these two options are the
only ones used to a large extent in stabilization pathways. However, if energy supply can be largely decarbonized and costs brought down, DAC and other
NETs could add to the total negative emissions potential at a negligible land footprint. Furthermore, carbon
cycle dynamics under net negative emissions need to
be examined in detail. Questions of reversibility and
asymmetry of processes as CO2 concentrations rise
and fall are central to this topic area. Finally, spanning
from potentials over mitigation pathways to governance challenges, further model development is needed
to incorporate multiple criteria for large-scale deployment of NETs that achieves consistency not only with
climate change mitigation aspirations, but also
other SDGs.
It needs to be reiterated that short-term abatement
is a necessary, but not sufﬁcient, condition to meet the
most ambitious climate targets (e.g., 1.5°C and most
likely 2°C). The research agenda set out here prioritizes the necessary biophysical and socio-economic
aspects required to initiate the deployment of negative
emission technologies in the short-term that is necessary to reach a scale capable of removing excess CO2
from the atmosphere in the longer term. Without sufﬁcient short-term emission reductions, however,
negative emissions will also prove ineffective in
enabling climate stabilization at ambitious targets.

Acknowledgments
This manuscript is an output of the Global Carbon
Project’s research initiative Managing Global Negative
Emissions Technologies (http://cger.nies.go.jp/gcp/
magnet.html). GPP was supported by the Research
Council of Norway (569980). CDJ was supported by
the Joint UK BEIS/Defra Met Ofﬁce Hadley Centre
Climate Programme (GA01101) and by the European
Union’s Horizon 2020 research and innovation programme under grant agreement No 641816 (CRESCENDO). The contribution of DvV beneﬁtted from
the funding from the European Union’s Seventh
Programme under grant agreement n°603942 (PATHWAYS). FK acknowledges support from IIASA’s
Tropical Flagship Initiative (TFI).

References
[1] UNFCCC 2015 Adoption of the Paris Agreement (http://
unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf)
(Accessed: 10 March 2016)
[2] Luderer G, Pietzcker R C, Bertram C, Kriegler E,
Meinshausen M and Edenhofer O 2013 Economic mitigation
challenges: how further delay closes the door for achieving
climate targets Environ. Res. Lett. 8 034033

Environ. Res. Lett. 11 (2016) 115007

[3] Rogelj J, Luderer G, Pietzcker R C, Kriegler E, Schaeffer M,
Krey V and Riahi K 2015 Energy system transformations for
limiting end-of-century warming to below 1.5 °C Nat. Clim.
Change 5 519–27
[4] Clarke L et al 2014 Assessing transformation pathways Climate
Change 2014: Mitigation of Climate Change. Contribution of
Working Group III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change ed O Edenhofer
(Cambridge: Cambridge University Press)
[5] Williams R H 1998 Fuel decarbonisation for fuel cell
applications and separated CO2 Eco-Restructuring: Implications
for Sustainable Development ed U A Robert and M W Paul
(Tokyo: United Nations University Press) pp 180–222
[6] Obersteiner M et al 2001 Managing climate risk Science 294
786–7
[7] Kraxner F, Nilsson S and Obersteiner M 2003 Negative
emissions from bioenergy use, carbon capture and
sequestration (BECS): the case of biomass production by
sustainable forest management from semi-natural temperate
forests Biomass Bioenerg. 24 285–96
[8] Read P and Lermit J 2005 Bio-energy with carbon storage
(BECS): a sequential decision approach to the threat of abrupt
climate change Energy 30 2654–71
[9] Van Vuuren D P, Den Elzen M G J, Lucas P L, Eickhout B,
Strengers B J, Van Ruijven B, Wonink S and Van Houdt R 2007
Stabilizing greenhouse gas concentrations at low levels: an
assessment of reduction strategies and costs Clim. Change 81
119–59
[10] Azar C, Lindgren K, Obersteiner M, Riahi K, van Vuuren D P,
Michel K, den Elzen G J, Möllersten K and Larson E D 2010
The feasibility of low CO2 concentration targets and the role of
bio-energy carbon-capture and storage Clim. Change 100
195–202
[11] Tavoni M and Socolow R 2013 Modeling meets science and
technology: an introduction to a special issue on negative
emissions Clim. Change 118 1–14
[12] Kriegler E, Edenhofer O, Reuster L, Luderer G and Klein D
2013 Is atmospheric carbon dioxide removal a game changer
for climate change mitigation? Clim. Change 118 45–57
[13] Van Vuuren D P, Deetman S, van Vliet J, van den Berg M,
van Ruijven B J and Koelbl B 2013 The role of negative CO2
emissions for reaching 2 °C—insights from integrated
assessment modelling Clim. Change 118 15–27
[14] Fuss S et al 2014 Betting on negative emissions Nat. Clim.
Change 4 850–3
[15] Smith P et al 2016 Biophysical and economic limits to negative
CO2 emissions Nat. Clim. Change 6 42–50
[16] Smith P 2016 Soil carbon sequestration and biochar as negative
emission technologies Glob. Change Biol. 22 1315–24
[17] Williamson P 2016 Emissions reduction: scrutinize CO2
removal methods Nature 530 153–5
[18] Azar C, Johansson D J A and Mattsson N 2013 Meeting global
temperature targets—the role of bioenergy with carbon
capture and storage Environ. Res. Lett. 8 034004
[19] Zickfeld K, MacDougall A H and Matthews H D 2016 On the
proportionality between global temperature change and
cumulative CO2 emissions during periods of net negative CO2
emissions Environ. Res. Lett. 11 055006
[20] Krey V et al 2014 Annex II: Metrics & Methodology. Climate
Change 2014: Mitigation of Climate Change. Contribution of
Working Group III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. ed O Edenhofer
et al (Cambridge: Cambridge University Press)
[21] IPCC 2014 Climate Change 2014: Mitigation of Climate Change.
Contribution of Working Group III to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Changeed
O Edenhofer et al (Cambridge: Cambridge University Press)
[22] Krey V, Luderer G, Clarke L and Kriegler E 2014 Getting from
here to there—energy technology transformation pathways in
the EMF27 scenarios Clim. Change 123 369–82
[23] Kriegler E et al 2013 What does the 2 °C target imply for a
global climate agreement in 2020? The LIMITS study on
Durban platform scenarios Clim. Change Econ. 04 1340008

9

[24] Kriegler E, Riahi K, Bauer N, Schwanitz V J, Petermann N and
Rao S 2015 Making or breaking climate targets: the AMPERE
study on staged accession scenarios for climate policy Technol.
Forecast. Soc. Change A 90 24–44
[25] The Royal Society 2009 Geo-engineering the climate Science,
Governance and Security (London: The Royal Society) (https://
royalsociety.org/topics-policy/publications/2009/
geoengineering-climate/)
[26] McLaren D 2012 A comparative global assessment of potential
negative emissions technologies Process Saf. Environ. Prot. 90
489–500
[27] Riahi K et al 2012 Energy pathways for sustainable
development. Global Energy Assessment—Toward a Sustainable
Future (Cambridge, Laxenburg, Austria : Cambridge
University Press and The International Institute for Applied
Systems Analysis) ch 17, pp 1203–306
[28] Schiermeier Q 2007 Convention discourages ocean
fertilization Nature (doi:10.1038/news.2007.230)
[29] Fargione J, Hill J, Tilman D, Polasky S and Hawthorne P 2008
Land clearing and the biofuel carbon debt Science 319 1235–8
[30] Plevin R J, O’Hare M, Jones A D, Torn M S and Gibbs H K 2010
Greenhouse gas emissions from biofuels’ indirect land use
change are uncertain but may be much greater than previously
estimated Environ. Sci. Technol. 44 8015–21
[31] Havlík P et al 2011 Global land-use implications of ﬁrst and
second generation biofuel targets Energy Policy 39 5690–702
[32] Humpenöder F, Popp A, Dietrich J P, Klein D,
Lotze-Campen H, Bonsch M, Bodirsky B L, Weind I,
Stevanovic M and Müller C 2014 Investigating afforestation
and bioenergy CCS as climate change mitigation strategies
Environ. Res. Lett. 9 064029
[33] Jackson R B and Baker J S 2010 Opportunities and constraints
for forest climate mitigation BioScience 60 698–707
[34] Popp A, Rose S, Calvin K, Van Vuuren D, Dietrich J,
Wise M and Kriegler E 2013 Land-use transition for bioenergy
and climate stabilization: model comparison of drivers,
impacts and interactions with other land use based mitigation
options Clim. Change 12 495–509
[35] Gough C and Upham P 2011 Biomass energy with carbon
capture and storage (BECCS or Bio-CCS) Greenhouse Gases:
Sci. Technol. 1 324–34
[36] Edmonds J, Luckow P, Calvin K, Wise M, Dooley J, Kyle P,
Kim S H, Patel P and Clarke L 2013 Can radiative forcing be
limited to 2.6 Wm−2 without negative emissions from
bioenergy AND CO2 capture and storage? Clim. Change 118
29–43
[37] Schuiling R D and Krijgsman P 2006 Enhanced weathering: an
effective and cheap tool to sequester CO2 Clim. Change 74
349–54
[38] Streﬂer J, Bauer N, Amann T, Kriegler E and Hartmann J 2015
Integrated assessment of enhanced weathering Int. Energy
Workshop 2015(www.irena.org/EventDocs/Session_4_
Parallel_E_Jessica_Streﬂer_Long_abstract.pdf)
[39] House K Z, Baclig A C, Ranjan M, van Nierop E A,
Wilcox J and Herzog H J 2011 Economic and energetic analysis
of capturing CO2 from ambient air Proc. Natl Acad. Soc. 108
20428–33
[40] Socolow R H et al 2011 A Technology Assessment for the APS
Panel on Public Affairs (College Park, MD: American Physical
Society)
[41] Lackner K S, Brennan S, Matter J M, Alissa Park A-H,
Wright A and van der Zwaan B 2012 The urgency of the
development of CO2 capture from ambient air Proc. Natl Acad.
Soc. 109 13156–62
[42] Chen C and Tavoni M 2013 Direct air capture of CO2 and
climate stabilization: a model based assessment Clim. Change
118 59–72
[43] Keith D W, Ha-Duong M and Stolaroff J K 2005 Climate
strategy with CO2 capture from the air Clim. Change 74
17–45
[44] Smetacek V, Klaas C and Strass V H 2012 Deep carbon export
from a southern ocean iron-fertilized diatom bloom Nature
487 313–9

Environ. Res. Lett. 11 (2016) 115007

[45] Matear R J and Elliott B 2004 Enhancement of oceanic uptake
of anthropogenic CO2 by macronutrient fertilization
J. Geophys. Resour. 109 C04001
[46] Jürgensen C, Kollert W and Lebedys A 2014 Assessment of
Industrial Roundwood Production from Planted Forests, Forest
Assessment, Management and Conservation Division, Forest
Economics, Policy and Products Division (FAO Forestry
Department) (www.fao.org/3/a-i3384e.pdf)
[47] Van der Walt I J, Struwig A and van Rensburg J R J 2004
Forestry as a streamﬂow reduction activity in South Africa:
discussion and evaluation of the proposed procedure for the
assessment of afforestation permit applications in terms of
water sustainability GeoJournal 61 173–81
[48] ADM–Archer Daniels Midland 2016 Illinois Industrial Carbon
Capture and Storage (IL-CCS) Fact Sheet: Carbon Dioxide
Capture and Storage Project (https://sequestration.mit.edu/
tools/projects/illinois_industrial_ccs.html)
[49] The Global CCS Institute 2015 The Global Status of CCS 2015,
Report (http://status.globalccsinstitute.com/)
[50] Bauer N, Mouratiadou I, Luderer G, Baumstark L, Brecha R J,
Edenhofer O and Kriegler E 2013 Global fossil energy markets
and climate change mitigation—an analysis with REMIND
Clim. Change 136 69–82
[51] Wiltshire A J, Gornall J and Jones C D 2016 Implications of
mitigating climate change through bio-energy carbon capture
storage Environ. Res. Lett. submitted
[52] Fuss S, Reuter W H, Szolgayová J and Obersteiner M 2013
Optimal mitigation strategies with negative emission
technologies and carbon sinks under uncertainty Clim. Change
118 73–87
[53] Shackley S, Reiner D M, Upham P, de Coninck H,
Sigurthorsson G and Anderson J 2009 The acceptability of CO2
capture and storage (CCS) in Europe: an assessment of the key
determining factors: II. The social acceptability of CCS and the
wider impacts and repercussions of its implementation Int. J.
Greenhouse Gas Control 3 344–56
[54] De Best-Waldhober M, Daamen D and Faaij A 2009 Informed
and uninformed public opinions on CO2 capture and storage
technologies in the Netherlands Int. J. Greenhouse Gas Control
3 322–32
[55] Trostle R 2008 Global agricultural supply and demand: factors
contributing to the recent increase in food commodity prices,
WRS0801 Report Economic Research Service USDA,
Washington, DC (www.ers.usda.gov/)
[56] Van Noorden R 2013 Europe’s untamed carbon Nature 493
141–2
[57] IRRI (The International Rice Research Institute) 2016 The Rice
Straw Energy Project (http://ricestraw.irri.org/) (Accessed: 4
August 2016)
[58] GIZ (Deutsche Gesellschaft für Internationale Zusammenarbeit)
2016 Energetic Use of Palm Oil Residues in Indonesia and
Thailand Report (http://lcore-indonesia.or.id/) (Accessed: 4
August 2016)
[59] Tsuji K, Ghazalli M N F, Arifﬁn Z, Nordin M S, Khaidizar M I,
Dulloo M E and Sebastian L S 2011 Biological and
ethnobotanical characteristics of Nipa Palm (Nypa fructicans
Wurmb.): a review Sains Malaysiana 40 1407–12 (www.ukm.
my/jsm/pdf_ﬁles/SM-PDF-40-12-2011/10%20Koji%
20Tsuji.pdf)
[60] Canadell J G and Schulze E-D 2014 Global potential of
biospheric carbon management for climate mitigation Nat.
Commun. 5 1–12
[61] Englund O, Berndes G, Persson U M and Sparovek G 2015 Oil
palm for biodiesel in Brazil—risks and opportunities Environ.
Res. Lett. 10 044002
[62] Pirker J, Mosnier A, Kraxner F, Havlík P and Obersteiner M
2016 What are the limits to oil palm expansion? Glob. Environ.
Change 40 73–81
[63] Fernholz K, Kraxner F, Novoselov I, Oliver R and Tissari J 2015
Policies shaping forest products markets UNECE/FAO Forest
Products Annual Market Review, 2014–2015, Geneva Timber
and Forest Study Paper 39 ECE/TIM/SP/39 (New York and
Geneva: United Nations Publications) ch 2, pp 11–23

10

[64] Giessen L, Burns S, Sahide M A K and Wibowo A 2016 From
governance to government: the strengthened role of state
bureaucracies in forest and agricultural certiﬁcation Policy Soc.
35 71–89
[65] Schwarzbauer P, Weinfurter S, Stern T and Koch S 2015
Simulating possible impacts of roundwood procurement
problems in Austria on wood-based energy production and
forest-based industries Biomass Bioenerg. 81 602–11
[66] Stern T, Ledl C, Braun M, Hesser F and Schwarzbauer P 2015
Bioreﬁneries’ impacts on the Austrian forest sector: a system
dynamics approach Technol. Forecast. Soc. Change 91 311–26
[67] Moreira J R, Romeiro V, Fuss S, Kraxner F and Pacca S A 2016
BECCS potential in Brazil: achieving negative emissions in
ethanol and electricity production based on sugar cane bagasse
and other residues Appl. Energy 179 55–63
[68] Hetland J, Yowargana P, Leduc S and Kraxner F 2016 Carbonnegative emissions: systemic impacts of biomass conversion. A
case study on CO2 capture and storage options Int. J.
Greenhouse Gas Control 49 330–42
[69] Giglio L, Randerson J T and van der Werf G R 2013 Analysis of
daily, monthly, and annual burned area using the fourthgeneration global ﬁre emissions database (GFED4) J. Geophys.
Res.: Biogeosci. 118 317–28
[70] François B et al 2014 Integrating hydropower and intermittent
climate-related renewable energies: a call for hydrology Hydrol.
Process. 28 5465–8
[71] Cannon D J, Brayshaw D J, Methven J, Coker P J and
Lenaghan D 2015 Using reanalysis data to quantify extreme
wind power generation statistics: a 33 year case study in Great
Britain Renew. Energy 75 767–78
[72] WBGU—German Advisory Council on Global Change 2004
World in Transition: A Social Contract for Sustainability
(Berlin: WBGU)
[73] Kraxner F, Aoki K, Leduc S, Kindermann G, Fuss S, Yang J and
Yamagata Y 2012 BECCS in South Korea—analyzing the
negative emissions potential of bioenergy as a mitigation tool
Renew. Energy 61 102–8
[74] Rose S K, Kriegler E, Bibas R, Calvin K, Popp A,
van Vuuren D P and Weyant J 2013 Bioenergy in energy
transformation and climate management Clim. Change 123
477–93
[75] Creutzig F, Popp A, Plevin R, Luderer G, Minx J and
Edenhofer O 2012 Reconciling top-down and bottom-up
modelling on future bioenergy deployment Nat. Clim. Change
2 320–7
[76] REN21 2016 Renewables 2016 Global Status Report (Paris:
REN21 Secretariat) (www.ren21.net/)
[77] Biomass Magazine 2016 http://biomassmagazine.com/
plants/listplants/biomass/US/ (Accessed: 2 June2016)
[78] Banco de Informação de Geração 2016 ANEEL—Agencia
Nacional de Energia Elétrica, Brasilia, Brazil, www2.aneel.gov.
br/aplicacoes/capacidadebrasil/GeracaoTipoFase.asp?
tipo=2&fase=3
[79] Canadell J G, Le Quéré C, Raupach M R, Field C B,
Buitenhuis E T, Ciais P, Conway T J, Gillett N P,
Houghton R A and Marland G 2007 Contributions to
accelerating atmospheric CO2 growth from economic activity,
carbon intensity, and efﬁciency of natural sinks Proc. Natl
Acad. Sci. 104 18866–70
[80] Le Quéré C et al 2015 Global carbon budget 2015 Earth Syst.
Sci. Data 7 349–96
[81] Raupach M R, Gloor M, Sarmiento J L, Canadell J G,
Frölicher T L, Gasser T, Houghton R A, Le Quéré C and
Trudinger C M 2014 The declining uptake rate of atmospheric
CO2 by land and ocean sinks Biogeosciences 11 3453–75
[82] Rogelj J, Schaeffer. M, Friedlingstein P, Gillett N P,
van Vuuren D, Riahi K, Allen M and Knutti R 2016 Differences
between carbon budget estimates unraveled Nat. Clim. Change
6 245–52
[83] Jones C D et al 2016 Simulating the Earth system response to
negative emissions Environ. Res. Lett. 11 095012
[84] Spencer T 2015 Beyond the Numbers: Understanding the
Transformation Induced by INDCs Study N°05/15IDDRI—

Environ. Res. Lett. 11 (2016) 115007

[85]
[86]
[87]
[88]
[89]

MILES Project Consortium, IDDRI, Paris, France p 80 (www.
iddri.org/Publications/Collections/Analyses/MILES%
20report.pdf)
Center for Carbon Removal 2015 Philanthropy Beyond
Carbon Neutrality: how near-term grants can make long-term
climate goals a reality (www.centerforcarbonremoval.org)
Reiner D M 2016 Learning through a portfolio of carbon
capture and storage demonstration projects Nat. Energy 1
15011
Van der Zwaan B and Gerlagh R 2009 Economics of geological
CO2 storage and leakage Clim. Change 93 285–309
Zoback M D and Gorelick S D 2012 Earthquake triggering and
large-scale geologic storage of carbon dioxide Proc. Natl Acad.
Sci. USA 109 10164–8
Upham P and Roberts T 2011 Public perceptions of CCS:
emergent themes in pan-European focus groups and

11

[90]
[91]
[92]
[93]
[94]
[95]

implications for communications Int. J.Greenhouse Gas
Control 5 1359–67
Cowie A, Pingoud K and Schlamadinger B 2006 Stock changes
or ﬂuxes Resolving terminological confusion in the debate on
land-use change and forestry Clim. Policy 6 161–79
Sanchez D and Kammen D 2016 A commercialization strategy
for carbon-negative energy Nat. Energy 1 15002
Friedlingstein R M et al 2014 Persistent growth of CO2 emissions
and implications for reaching climate targets Nat. Geosci. 7 709–15
Harrington L et al 2016 Environ. Res. Lett. 11 055007
Seneviratne S I et al 2016 Allowable CO2 emissions based on
regional and impact-related climate targets Nature 529 477–83
Von Stechow C, Minx J C, Riahi K, Jewell J, McCollum D,
Callaghan M W, Bertram C, Luderer G and Baiocchi G 2016
2 °C and SDGs: united they stand, divided they fall? Environ.
Res. Lett. 11 034022

