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CHAPTER 25
Well Under 2 °C: Ten Solutions for Carbon 
Neutrality and Climate Stability

V. Ramanathan, M. L. Molina, D. Zaelke, and N. Borgford-Parnell

Summary Climate change is becoming an existential threat with warming in excess 
of 2 °C within the next three decades and 4–6 °C within the next several decades. 
Warming of such magnitudes will expose as many as 75% of the world’s population 
to deadly heat stress in addition to disrupting the climate and weather worldwide. 
Climate change is an urgent problem requiring urgent solutions. This chapter lays out 
urgent and practical solutions that are ready for implementation now, will deliver 
benefits in the next few critical decades, and place the world on a path to achieving 
the long-term targets of the Paris Agreement. The approach consists of four building 
blocks and three levers to implement ten scalable solutions described in this chapter. 
These solutions will enable society to decarbonize the global energy system by 2050 
through efficiency and renewables, drastically reduce short-lived climate pollutants, 
and stabilize the warming well below 2 °C both in the near term (before 2050) and in 
the long term (after 2050). The solutions include an atmospheric carbon extraction 
lever to remove CO2 from the air. The amount of CO2 that must be removed ranges 
from negligible (if the emissions of CO2 from the energy system and short-lived cli-
mate pollutants have started to decrease by 2020 and carbon neutrality is achieved by 
2050) to a staggering one trillion tons (if the carbon lever is not pulled and emissions 
of climate pollutants continue to increase until 2030).
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 Bending the Curve: Four Building Blocks, Three Levers, 
and Ten Solutions

The Paris Agreement is an historic achievement. For the first time, effectively all 
nations have committed to limiting their greenhouse gas emissions and taking other 
actions to limit global temperature change (Fig.  25.1). Specifically, 197 nations 
have agreed to hold “the increase in the global average temperature to well below 
2 °C above pre-industrial levels and pursue efforts to limit the temperature increase 
to 1.5 °C above pre-industrial levels” and achieve carbon neutrality in the second 
half of this century (UNFCCC, 2015).

The climate has already warmed by 1 °C (IPCC, 2013). The problem is running 
ahead of us, and under current trends we will likely reach 1.5  °C in less than  
15 years (Xu and Ramanathan 2017) and surpass the 2 °C guardrail by midcentury 
with a 50% probability of reaching 4 °C by the end of the century (IPCC, 2014b; 
Ramanathan & Feng, 2008; World Bank, 2013). Warming in excess of 3 °C is likely 
to be a global catastrophe for three major reasons:

Fig. 25.1 Four building blocks to achieve climate policy success. HFC hydrofluorocarbon, MOU 
memorandum of understanding, NDC nationally determined contribution, SLCPs short-lived cli-
mate pollutants
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• Warming in the range of 3–5 °C is suggested as the threshold for several tipping 
points in the physical and geochemical systems; warming of about 3 °C carries a 
>40% probability of crossing over multiple tipping points, while warming close 
to 5  °C increases the probability to nearly 90% in comparison with baseline 
warming of less than 1.5 °C, which carries just over a 10% probability of exceed-
ing any tipping point (Ramanathan & Feng, 2008).

• Health effects of such warming are emerging as a major if not dominant source 
of concern. Warming of 4 °C or more will expose more than 70% of the popula-
tion—that is, about seven billion people by the end of the century—to deadly 
heat stress (Mora et al., 2017) and expose about 2.4 billion to vector-borne dis-
eases such as dengue, chikungunya, and Zika virus, among others (Proestos 
et al., 2015; Ramanathan et al., 2017; WHO, 2016; Watts et al., 2015).

• Ecologists and paleontologists have postulated that warming in excess of 3 °C, 
accompanied by increased acidity of the oceans with the buildup of CO2, could 
become a major causal factor for exposing more than 50% of all species to extinc-
tion. Twenty percent of species are in danger of extinction now due to population 
increase, habitat destruction, and climate change (Dasgupta et al., 2015).

The good news is that there may still be time to avert such catastrophic changes. 
The Paris Agreement and supporting climate policies must be strengthened substan-
tially within the next 5 years to bend the emissions curve down faster, stabilize the 
climate, and prevent catastrophic warming. To the extent those efforts fall short, 
societies and ecosystems will be forced to contend with substantial needs for adap-
tation—a burden that will fall disproportionately on the poorest three billion people, 
who are least responsible for causing the climate change problem (Pope Francis, 2015).

Here we propose an emissions pathway and a policy roadmap with a realistic and 
reasonable chance of limiting global temperatures to safe levels and preventing 
unmanageable climate change—an outline of specific science-based policy path-
ways that serve as the building blocks for a three-lever strategy that could limit 
warming to well under 2 °C. The projections and the emission pathways proposed 
in this summary are based on a combination of published recommendations and 
new model simulations conducted by the authors of this study (see Fig. 25.2).

We have framed the plan in terms of four building blocks and three levers 
(Fig. 25.1), which would be implemented through ten solutions. The first building 
block would be full implementation of the nationally determined mitigation pledges 
under the Paris Agreement of the United Nations (UN) Framework Convention on 
Climate Change (UNFCCC). In addition, several sister agreements that provide tar-
geted and efficient mitigation must be strengthened. Sister agreements include the 
Kigali Amendment to the Montreal Protocol to phase down hydrofluorocarbons 
(HFCs), efforts to address aviation emissions through the International Civil 
Aviation Organization (ICAO) and maritime black carbon emissions through the 
International Maritime Organization (IMO), and the commitment by the eight coun-
tries of the Arctic Council to reduce black carbon emissions by up to 33% (Arctic 
Council, 2017a, 2017b; ICAO, 2016; IMO, 2015; UNEP, 2016a). There are many 
other complementary processes that have drawn attention to specific actions on  
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Fig. 25.2 Projected warming in four different scenarios from the preindustrial era to 2100, 
adopted from Xu and Ramanathan (PNAS, Vol. 114. No. 9, PP 10315–10323; Xu & Ramanathan, 
2017). The warming is shown in terms of probability distribution instead of a single value because 
of uncertainties in climate feedbacks, which could make the warming greater or lesser than the 
central value shown by the peak probability density value. The three curves on the right side indi-
cated by BL (for baseline) denote projected warming in the absence of climate policies. The 
baseline with a confidence interval of 80% (BL (CI-80%)) is for the scenario in which the energy 
intensity (the ratio of energy use to economic output) of the economy decreases by 80% in com-
parison with its value in 2010. For BL (CI-50%), the energy intensity decreases by only 50%. 
These scenarios bound the energy growth scenarios considered by Intergovernmental Panel on 
Climate Change Working Group III (IPCC-WGIII) (2014). The extreme right curve, BL (CI-50% 
and carbon feedbacks), includes the carbon cycle feedback due to the warming caused by the BL 
(CI-50%) case. The carbon cycle feedback adopts IPCC-recommended values for the reduction in 
CO2 uptake by the oceans as a result of the warming, the release of CO2 by melting permafrost, 
and the release of methane by wetlands. The green curve adopts the four building blocks and the 
three levers proposed in this chapter. There are four mitigation steps: (1) Improve the energy effi-
ciency and decrease the energy intensity of the economy by as much as 80% from its 2010 value. 
This step alone will decrease the warming by 0.9 °C (1.6 °F) by 2100. (2) Bend the carbon emis-
sion curve further by switching to renewables before 2030 and achieving carbon neutrality within 
three decades. This step will decrease the warming by 1.5 ºC (2.7 ºF) by 2100. (3) Bend the short-
lived climate pollutants curve, beginning in 2020, following the actions California has demon-
strated. This step will decrease the warming by as much as 1.2 ºC (2.2 ºF) by 2100. (4) In addition, 
extract as much as 1 trillion tons (about half of what we have emitted so far) from the atmosphere 
by 2100. This step will decrease the warming by as much as 0.3 ºC to 0.6 ºC (0.5 ºF to 1 ºF). The 
50% probable warming values in the four scenarios are (from left to right) 1.4 °C (2.5 °F), 4.1 °C 
(7.4 °F), 5 °C (9 °F), and 5.8 °C (10.4 °F), respectively. There is a 5% probability that the warming 
in the four scenarios could exceed (from left to right) 2.2  °C (4  °F), 5.9 °C (10.6 °F), 6.8 °C 
(12.2 °F), and  7.7 °C (14 °F), respectively. The risk categories shown at the top largely follow Xu 
and Ramanathan (2017), with slight modifications. Following the IPCC and Xu and Ramanathan 
(2017), we denote warming in excess of 1.5 °C as dangerous. Following the burning embers dia-
gram from the IPCC as updated by O’Neill et al. (2017), warming in excess of 3 °C is denoted as 
catastrophic. We invoke recent literature on the health effects  >4 °C warming, impacts including 
mass extinction with >5 °C warming, and a projected collapse of natural systems with warming in 
excess of 3 °C, to denote >5 °C warming as exposing the global population to existential threats
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climate change, such as the Group of Twenty (G20), which has emphasized reform 
of fossil fuel subsidies, and the Climate and Clean Air Coalition (CCAC). HFC 
measures, for example, can avoid as much as 0.5 °C of warming by 2100 through 
the mandatory global phasedown of HFC refrigerants within the next few decades, 
and substantially more through parallel efforts to improve the energy efficiency of 
air conditioners and other cooling equipment, potentially doubling this climate ben-
efit (Shah, Wei, Letschert, & Phadke, 2015; Xu et al. 2013; Zaelke, Andersen, & 
Borgford-Parnell, 2012).

For the second building block, numerous subnational and city-scale climate 
action plans have to be scaled up. One prominent example is California’s Under 2 
Coalition, signed by over 177 jurisdictions from 37 countries in six continents, cov-
ering a third of the world economy. The goal of this memorandum of understanding 
is to catalyze efforts in many jurisdictions that are comparable with California’s 
target of 40% reductions in CO2 emissions by 2030 and 80% reductions by 2050—
emission cuts that, if achieved globally, would be consistent with stopping warming 
at about 2 °C above preindustrial levels (Under2MOU, 2017). Another prominent 
example is the climate action plans devised by over 50 cities and 65 businesses 
around the world, aiming to cut emissions by 30% by 2030 and 80–100% by 2050. 
There are concerns that the carbon-neutral goal will hinder economic progress; 
however, real-world examples from California and Sweden since 2005 offer evi-
dence that economic growth can be decoupled from carbon emissions, and the data 
for CO2 emissions and gross domestic product (GDP) reveal that growth in fact 
prospers with a green economy (Saha & Muro, 2016).

The third building block consists of two levers that we need to pull as hard as we 
can: one for drastically reducing emissions of short-lived climate pollutants 
(SLCPs), beginning now and completing this by 2030, and the other for decarbon-
izing the global energy system by 2050 through efficiency and renewables. Pulling 
both levers simultaneously could keep the global temperature rise below 2  °C 
through the end of the century (Shindell et  al., 2012, 2017; Shoemaker, Schrag, 
Molina, & Ramanathan, 2013). If we bend the CO2 emissions curve through decar-
bonization of the energy system such that global emissions have peaked in 2020, 
decrease steadily thereafter, and reach zero in 2050, there is less than a 20% prob-
ability of exceeding 2 °C warming (IPCC, 2013; Xu & Ramanathan, 2017). This 
call for bending the CO2 curve by 2020 is one key way in which this chapter’s pro-
posal differs from the Paris Agreement, and it is perhaps the most difficult task of all 
those envisioned here. Many cities and jurisdictions are already on this pathway, 
thus demonstrating its scalability. Achieving carbon neutrality and reducing emis-
sions of SLCPs would also drastically reduce air pollution globally, including air 
pollution in all major cities, thus saving millions of lives and over 100 million tons 
of crops lost to air pollution each year (Shindell et al., 2012). In addition, these steps 
would provide clean energy access for the world’s poorest three billion people, who 
are still forced to resort to nineteenth-century technologies to meet basic needs such 
as cooking (Dasgupta et al., 2015; IPCC, 2014a).

For the fourth and final building block, we are adding a third lever, ACE (atmo-
spheric carbon extraction, also known as carbon dioxide removal (CDR)). This 
lever is added as insurance against unwanted surprises (due to policy lapses, mitiga-
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tion delays, or nonlinear climate changes) and would require development of scal-
able measures for removing the CO2 already in the atmosphere. The amount of CO2 
that must be removed will range from negligible (if the emissions of CO2 from the 
energy system and SLCPs have started to decrease by 2020 and carbon neutrality is 
achieved by 2050) to a staggering one trillion tons (if CO2 emissions continue to 
increase until 2030 and the carbon lever is not pulled until after 2030) (Xu & 
Ramanathan, 2017). This issue is raised because the NDCs (nationally determined 
contributions) accompanying the Paris Agreement would allow CO2 emissions to 
increase until 2030 (UNEP, 2016b). We call on economists and experts in political 
and administrative systems to assess the feasibility and cost effectiveness of reduc-
ing carbon and SLCP emissions beginning in 2020, in comparison with delaying it 
by 10 years and then being forced to pull the third lever to extract one trillion tons 
of CO2 from the atmosphere.

The fast mitigation plan of requiring emissions reductions to begin by 2020—
which means that many countries already need to be cutting their emissions now—
is urgently needed to limit the warming to well under 2 °C. Climate change is not a 
linear problem. Instead, we are facing nonlinear climate tipping points that can lead 
to self-reinforcing and cascading climate change impacts (Lenton et  al., 2008). 
Tipping points and self- reinforcing feedbacks are wild cards that are more likely 
with increased temperatures, and many of the potential abrupt climate shifts could 
happen as warming goes from 1.5 °C in 15 years to 2 °C by 2050, with the potential 
to push us well beyond any possibility of achieving Paris Agreement goals (Drijfhout 
et al., 2015).

 Ten Scalable Solutions to Bend the Curve

The four building blocks and the three levers require global mobilization of human, 
financial, and technical resources. For the global economy and society to achieve 
such rapid reductions in SLCPs by 2030 and carbon neutrality and climate stability 
by 2050, we will need multidimensional and multisectoral changes and modifica-
tions to bend the warming curve, which are grouped under the ten scalable solutions 
listed below. We have adapted these solutions with some modifications from a book 
chapter titled “Bending the Curve,” written by 50 researchers from the University of 
California system (Ramanathan et al., 2015). The ten solutions are grouped under 
six clusters as listed below:

 Science Pathways Cluster

 1. Show that we can bend the warming curve immediately by reducing SLCPs and 
long-term by replacing current fossil fuel energy systems with carbon-neutral 
technologies.
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 Societal Transformation Cluster

 2. Foster a global culture of climate action through coordinated public communica-
tion and education at local to global scales.

 3. Build an alliance among science, religion, health care, and policy to change 
behavior and garner public support for drastic mitigation actions.

 Governance Cluster

 4. Build upon and strengthen the Paris Agreement, and strengthen sister agree-
ments like the Montreal Protocol’s Kigali Amendment to reduce HFCs.

 5. Scale up subnational models of governance and collaboration around the world 
to embolden and energize national and international action. California’s Under 2 
Coalition and the climate action plans devised by over 50 cities are prime 
examples.

 Market-Based and Regulation-Based Cluster

 6. Adopt market-based instruments to create efficient incentives for businesses and 
individuals to reduce CO2 emissions.

 7. Target direct regulatory measures—such as rebates and efficiency and renewable 
energy portfolio standards—for high-emissions sectors not covered by market- 
based policies.

 Technology Cluster

 8. Promote immediate and widespread use of mature technologies such as photo-
voltaics, wind turbines, biogas, geothermal energy, batteries, hydrogen fuel cells, 
electric light-duty vehicles, and more efficient end-use devices, especially in 
lighting, air conditioning and other appliances, and industrial processes. 
Aggressively support and promote innovations to accelerate the complete elec-
trification of energy and transportation systems and improve building 
efficiency.

 9. Immediately make maximum use of available technologies combined with regu-
lations to reduce methane emissions by 50%, reduce black carbon emissions by 
90%, and eliminate hydrofluorocarbons with high global-warming potential 
(high-GWP HFCs) ahead of the schedule in the Kigali Amendment while foster-
ing energy efficiency.

25 Well Under 2 °C: Ten Solutions for Carbon Neutrality and Climate Stability
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 Atmospheric Carbon Extraction Cluster

 10. Regenerate damaged natural ecosystems and restore soil organic carbon. 
Urgently expand research and development of atmospheric carbon extraction, 
along with carbon capture, utilization, and storage.

 Concluding Remarks: Where Do We Go from Here?

A massive effort will be needed to stop warming at 2 °C, and time is of the essence. 
With unchecked business-as-usual emissions, global warming has a 50% likelihood 
of exceeding 4 °C and a 5% probability of exceeding 6 °C in this century, raising 
existential questions for most, but especially the poorest three billion people. 
Dangerous to catastrophic impacts on the health of people (including generations 
yet to be born), on the health of ecosystems, and on species extinction have emerged 
as major justifications for keeping climate change well below 2 °C, although we 
must recognize that the intrinsic uncertainties in climate and social systems make it 
hard to pin down exactly the level of warming that will trigger possibly catastrophic 
impacts. To avoid these consequences, we must act now, and we must act fast and 
effectively. This chapter sets out a specific plan for reducing climate change in both 
the near and long terms. With aggressive urgent actions, we can protect ourselves. 
Acting quickly to prevent catastrophic climate change by decarbonization will save 
millions of lives, trillions of dollars in economic costs, and massive suffering and 
dislocation of people around the world. This is a global security imperative, as it can 
avoid the migration and destabilization of entire societies and countries, and reduce 
the likelihood of environmentally driven civil wars and other conflicts.

We must address everything from our energy systems to our personal choices to 
reduce emissions to the greatest extent possible. We must redouble our efforts to 
invent, test, and perfect systems of governance so that the large measure of interna-
tional cooperation needed to achieve these goals can be realized in practice. The 
health of people for generations to come and the health of ecosystems crucially 
depend on an energy revolution beginning now that will take us away from fossil 
fuels and toward the clean renewable energy sources of the future. It will be nearly 
impossible to achieve other critical social goals—for example, the UN’s Agenda 
2030 and Sustainable Development Goals—if we do not make immediate and pro-
found progress in stabilizing the climate, as we are outlining here.

Fortunately, there is momentum behind climate mitigation. Twenty-four coun-
tries have already embarked on a carbon-neutral pathway, and there are numerous 
living laboratories, including 53 cities, many universities around the world, and the 
state of California. These laboratories have already created eight million jobs in the 
clean energy industry; they have also shown that emissions of greenhouse gases and 
air pollutants can be decoupled from economic growth. We have a long way to go 
and very little time to achieve carbon neutrality. We need institutions and enterprises 
that can accelerate this bending by scaling up the solutions that are being proven in 
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the living  laboratories. We have less than a decade to put these solutions in place 
around the world to preserve nature and our quality of life for generations to come. 
The time is now.
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