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Open discussion of negative emissions  
is urgently needed
Although nearly all 2 °C scenarios use negative CO2 emission technologies, only relatively small investments are 
being made in them, and concerns are being raised regarding their large-scale use. If no explicit policy decisions are 
taken soon, however, their use will simply be forced on us to meet the Paris climate targets.
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The 2015 Paris Agreement represents 
a landmark in international climate 
policy and carries key implications for 

energy policies around the world. Several 
studies have shown that drastic changes 
in energy systems are needed to achieve 
the Paris climate objectives of limiting the 
increase of global mean temperature to 
well below 2 °C, or possibly even below 
1.5 °C (refs 1–3). The current literature, 
which focuses mostly on the 2 °C target, 
discusses how these transitions depend 
on differences in assumptions regarding 
inertia4, participation of regions1,5, and 
the availability and potential of relevant 
technologies6,7. Based on an assessment 
of a database of published scenarios 
developed by integrated assessment 
models (IAMs), the Working Group III 
(WGIII) contribution to the recent IPCC 
Fifth Assessment Report (AR5) concluded 
that scenarios that are likely to maintain 
warming below 2 °C “are characterized by 
40 to 70% global anthropogenic greenhouse 
gas (GHG) emissions reductions by 2050 
compared to 2010, and emissions levels 
near zero or below in 2100”8. These ranges 
have been quoted frequently in the sphere 
of international policymaking9, but the 
assumptions supporting the figures are 
quoted much less frequently. A crucial 
assumption in this regard relates to the 
availability of options that can lead to net 
removal of CO2 from the atmosphere. In 
fact, of the approximately 110 scenarios in 
the AR5 WGIII database that are relevant 
for achieving the 2 °C target, practically all 
achieve net negative CO2 emissions in the 
second half of the century through extensive 
application of bioenergy with carbon 
capture and storage (BECCS)3,10. BECCS 
and other negative emission technologies 
(NETs) such as forestry policies and direct 
air capture are very competitive in cost-
optimization models, leading to their large-
scale deployment. There are two reasons for 
this. First, they can balance out excess GHG 
emissions in the first half of the century, 

thereby preventing the more drastic and 
costly emission reductions in the short term 
that would be needed without NETs (and 
which entail a considerable risk of ending up 
with stranded assets)3,11–13. The preference 
for reducing emissions later in the century is 
strengthened by the fact that models usually 
apply a discount rate, typically around 5%. 
Second, NETs can offset emissions that are 
hard to reduce in other sectors, such as in 
transport and agriculture. Overall indicators 
on deep mitigation scenarios, such as the 
2050 reduction rate mentioned above, 
are therefore dominated by scenarios that 
include the implementation of NETs.

No NETs means faster reductions
A closer look at the IPCC scenario database 
reveals how important the implementation 
of NETs is for the timing of mitigation 
efforts (Fig. 1). Scenarios with net negative 
CO2 emissions require a 40–60% reduction 
for all GHG emissions globally by 2050 
relative to 2010. However, the few 2 °C 
scenarios without net negative CO2 
emissions included in the AR5 database 
require a much larger reduction globally 
by 2050, in the range of 60–75%. For 
CO2 specifically, rather than all GHGs 
combined, the requirements are even 
more stringent. CO2 emissions are to be 
reduced by 60–85% by 2050 if NETs are 
implemented, and by 70–95% if not. These 
higher percentages for CO2 are due to the 
fact that very deep reductions of other 
GHGs, such as methane and nitrous oxide, 
are more difficult to achieve14. If NETs are 
not implemented, the inevitable conclusion 
is that, given the lifetime of most energy 
infrastructure, not only is an immediate 
decarbonization of new investments 
needed, but most likely also a premature 
replacement of existing capital.

Clear differences also exist between 
strategies with and without net negative 
CO2 emissions in terms of energy system 
deployment strategies. While scenarios 
with large-scale use of NETs already depict 

a rapid increase in the deployment of 
renewable sources, CCS, nuclear power, 
and energy efficiency technologies, the 
scenarios that minimize NETs use require 
an even more rapid deployment of these 
(Fig. 1d–f). To put this in figures, the 
decarbonized proportion of the global 
power supply would need to increase from 
30% today to almost 60% by 2030 in a 
scenario with NETs, and to almost 80% in 
scenarios without (Fig. 1f). These values 
underline the fact that without NETS the 
ambition levels need to be upscaled even 
more drastically, but that in both cases 
future decarbonization rates are higher than 
those currently formulated in the mitigation 
action plans submitted by Parties under the 
Paris Agreement15.

Technological feasibility
BECCS and other negative CO2 emission 
technologies used in scenario analyses 
have been criticized as speculative10,16,17. 
It is true that, so far, NETs have not been 
implemented at a large scale. However, 
in terms of technology development 
per se, development needs for BECCS do 
not seem overly challenging18, and other 
technologies also face similar technical and 
infrastructural challenges if they are to be 
scaled up to levels consistent with the 2 °C 
scenarios—a typical example being the 
intermittency issues of renewable energy 
sources19,20. For BECCS, key challenges 
include scaling up both the infrastructure 
for large-scale bioenergy supply and CO2 
transport21. Still, overall, studies suggest 
that the technological assumptions about 
CCS in IAMs (such as the existence of 
effective carbon capture technology) are 
not unrealistic22. At the same time, the most 
important physical limitations for BECCS 
are probably not technology related, but 
rather involve the impacts that large-scale 
bioenergy production are expected to have 
on food security and biodiversity, and the 
presence of safe CO2 storage capacity18,21,23–26. 
These impacts depend on a wide range of 
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factors, including future developments in 
agricultural yield. Interestingly, because 
scenarios not using NETs require a deeper 
and earlier decarbonization of energy use to 
reach the 2 °C target, the scenario literature 
shows that bioenergy use in this case is also 
likely to be extensive, mainly to decarbonize 
transport (as emissions in difficult-to-abate 
sectors cannot be compensated any more 
by BECCS). In other words, careful 
consideration and strict monitoring of the 
possible impacts of bioenergy will be needed 
both with and without the use of BECCS. 
The prospects for safe and sufficient CO2 

storage capacity seem promising, but are 
also still uncertain, especially for options 
other than the use of empty oil and natural 
gas reservoirs27–29.

A possibly much more problematic factor 
than technological feasibility, certainly in 
the short term, is the lack of societal and 
governmental support for CCS22,30–32. Several 
CCS demonstration projects proposed in the 
past few years (such as Barendrecht in the 
Netherlands and Peterhead in the UK) have 
been cancelled because of public opposition 
or lack of broad political support31,33, 
although other projects have been more 

successful34,35. Another constraint is that, 
while BECCS might (at some point in time) 
be economical from a macro-economic 
perspective, it is not yet clear how markets 
should be organized in the real world to take 
into account negative emissions18,36.

Possible lock-in
These uncertainties, combined with the 
observation that the few technologies that 
can bring about negative emissions share 
similar characteristics (for example, the 
huge demand for land for BECCS and 
afforestation, and large-scale CO2 storage 
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Fig. 1 | greenhouse gas emissions and energy system implications under baseline and 2 °C scenarios with and without net negative CO2 emissions. a, CO2 
emissions. b, Kyoto gas emissions (CO2, CH4, N2O, hydrofluorocarbons, perfluorocarbons and SF6) and c, the ratio between cumulative emissions and the  
total CO2 budget of each scenario from the AR5 database over the 2010–2100 period. d–f, Implications for the energy system: unabated use of fossil fuels  
(d), biomass with CCS (e) and decarbonized power supply (f). Data shown are obtained from the IPCC AR5 scenario database. In each panel, the vertical 
bars show the 15–85th percentile. Baseline scenarios are shown as grey lines. Green and blue lines, respectively, show scenarios in the category leading to a 
concentration of 430–480 ppm CO2 equivalent (corresponding to a probable change of staying below 2 °C), with and without net negative CO2 emissions3,41. 
Dotted lines refer to the average value in each category. The legend summarizes the emission reductions in 2050 compared to 2010 for CO2 and Kyoto gas 
emissions (15–85th percentile) as shown by the vertical bars in panel a and b, respectively (negative values indicate an increase compared to 2010).
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for BECCS and direct air capture), lead to a 
final critical point: if we follow the emission 
pathways with NETs and it becomes clear 
over time that the (theoretical) potential 
of NETs cannot be exploited to the levels 
currently anticipated by the scenarios, 
there is only little room left for alternative 
approaches to compensate for the overshoot 
of the carbon budget. For other low-carbon 
or zero-carbon technologies, in contrast, 
there are many more substitutes. Wind 
power, for example, can be replaced by 
both photovoltaics and nuclear power, 
if it performs worse in the future than 
anticipated in the scenarios.

Implications for policy and research
The use of NETs after 2050 will have a 
strong impact on emission reduction 
strategies in the next decades37. Given the 
tight carbon budget consistent with the 
2 °C target, a timely decision needs to be 
made on how much we want to limit (or 
even totally avoid) NETs or not, otherwise 
2 °C might already be beyond reach within 
a decade. The same decision, but even 
more urgently, applies for a 1.5 °C target. 
In fact, for 1.5 °C, such discussion would 
realistically focus on how much NETs is 
acceptable. This poses an acute and very 
difficult policy challenge, as meeting the 
Paris targets most likely either means a 
very rapid immediate decarbonization 
of the energy system (with no or limited 
NETs) or accepting the risks associated with 
pathways relying greatly on NETs. Both 
pathways face important uncertainties. As 
part of discussions on strengthening climate 
and energy policy in the coming years, it 
will be important for policymakers and 
other stakeholders, both nationally and 
internationally, to discuss explicitly the role 
of NETs in order to make an informed and 
conscious decision on post-2050 pathways38. 
Such discussions could help provide 
clarity for near-term energy decisions and 
investments. If decision-makers come to the 
conclusion that reliance on NETs should 
be limited (or even avoided), emission 
reductions will need to be closer to the 
upper limit of the mitigation range given 
by AR5. More precisely, the appropriate 
emissions target for 2050 to achieve the 

2 °C target would then be a reduction of 
at least 60% below the 2010 levels for all 
GHGs combined, and 70–95% for CO2 
alone. More stringent emission reductions in 
the short term will in any scenario provide 
more flexibility for the use of negative CO2 
emissions in the longer term.

If NETs are to be applied extensively, it 
would help to define the criteria under which 
NETs are considered acceptable, and as a result 
also which types of NETs. Moreover, it would 
also be important to gain more experience 
with these technologies and start investing in 
research and development now (as already 
called for by some policymakers39,40), even 
if large-scale deployment and application 
may not become viable within the next two 
decades. Policymakers could also consider, for 
instance, only allowing new coal plants to be 
built in combination with CCS, or requiring 
the introduction of a certain percentage of 
NETs in the operations of fossil fuel or electric 
power companies.

Finally, for integrated assessment model 
analyses it is important to explore a wider 
set of trajectories consistent with achieving 
the 2 °C target that take account of the 
uncertainties around NETs. While IAM 
modellers typically assume that technologies 
are deployed on the basis of economic and 
technical considerations alone, BECCS in 
particular faces constraints with respect 
to societal support. The application of 
a wider set of criteria in model-based 
scenarios (other than those focussing on 
full cost optimization) and an exploration of 
scenarios with more pessimistic assumptions 
regarding the feasibility and public support 
for BECCS will allow for a more in-depth 
and constructive discussion of the relevant 
issues in the scenario literature, and can 
help avoid unintended interpretations of the 
published research. ❐
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