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Executive Summary

This chapter assesses mitigation pathways consistent with limiting warming to 1.5°C above preindustrial
levels.In doing so, it explores the following key questions: What role ded®@ norCO, emissions play?
{2.2, 2.3, 2.4, B} To what extent do 1.5°C pathways involve overshooting and returning below 1.5°C
during the 21st century? {2.2, 2.3} What are the implications for transitions in energy, land use and
sustainable development? {2.3, 2.4, 2.5} How do policy frameworkstaffe@bility to limit warming to
1.5°C? {2.3, 2.5} What are the associated knowledge gaps? {2.6}

The assessed pathways describe integrated, quantitative evolutions of all emissions over the 21st
century associated with global energy and land use, and theorld economy.The assessment is

contingent upon available integrated assessment literature and model assumptions, and is complemented by

other studies with different scope, for example those focusing on individual séctrersent years,
integrated migation studiefiave improvedhe characterizations of mitigation pathways. However,
limitations remain, as climate damages, avoided impacts, or socidiahefits of the modelled
transformations remain largely unaccounted for, while concurrent rapiddiegical changes, behavioural
aspects, and uncertainties about input data present continuous cha(leighesonfidence)2.1.3, 2.3,
2.5.1, 2.6, Technical Anne%}

The chances of limiting warming to 1.5°C and the requirements for urgent action

1.5°C-consistent pathways can be identified under a range of assumptions about economic growth,
technology developments and lifestyleglowever, lack of global cooperation, lack of governance of the
energy and land transformation, and growing reseuntemsiveconsumption are key impediments for
achieving 1.5°@onsistent pathways. Governance challenges have been related to scenarios with high
inequality and high population growth in the 1.5°C pathway literature. {2.3.1, 2.3.2, 2.5}

Under emissions in line wih current pledges under the Paris Agreement (known as Nationaly

Determined Contributions or NDCs), global warming is expected to surpass 1.5°C, even if they are
supplemented with very challenging increases in the scale and ambition of mitigation after ZD@igh
confidencq. This increased action would need to achieve net zere@3sions in less than 15 years. Even

if this is achieved, temperatures remaining below 1.5°C would depend on the geophysical response being
towards the low end of the currentigtimated uncertainty rangeransition challenges as well as identified
tradeoffs can be reduced if global emissions peak before 2030 and already achieve marked emissions
reductions by 2030 compared to todd42.2, 2.3.5, Cros<Chapter Box 9 in Chaptdi

Limiting warming to 1.5°C depends on greenhouse gas (GHG) emissions over the next decades, where
lower GHG emissions in 2030 lead to a higher chance of peak warming being kept to 1.5ngl
confidencd. Available pathways that aim for no or limited (02°C) overshoot of 1.5°C keep GHG
emissions in 2030 tB5i 30 GtCOse yrtin 2030 (interquartile range). This contrasts with median estimates
for current NDCs of 5068 GtCQe yr! in 2030. Pathways that aim for limiting warming to 1.5°C by 2100
after a tenporary temperature overshoot rely on lasgale deployment of Carbon Dioxide Removal (CDR)
measures, which are uncertain and entail clear {2k&.2.3.3,2.3.5, 2.5.3, Cros€hapter Boxes 6 in
Chapter 3 and 9 in Chapter 4, 4.3.7}

Limiting warming to 1.5°C implies reaching net zero C@emissions globally around 2050 and

concurrent deep reductions in emissions of ne@O; forcers, particularly methane (high confidenca@.

Such mitigation pathways are characterized by endegyand reductions, decarbonigatof electricity and
other fuels, electrification of energy end use, deep reductions in agricultural emissions, and some form of
CDR with carbon storage on land or sequestration in geological reservoirs. Low energy demand and low
demand for landand GHGintensive consumption goods facilitate limiting warming to as close as possible
to 1.5°C{2.2.2,2.3.1, 2.3.5, 2.5.CrossChapter Box 9 in Chapte# .4

1 Kyoto-GHG emissions in this statement are aggregated with GU0Rvalues of the IPCC Second Assessment Report
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In comparison to a 2°C limit, required transformations to limit warming to 1.5°C are qualitatively
similar but more pronounced and rapid over the next decadeshigh confidencg. 1.5°C implies very
ambitious, internationally cooperative policy environments that transform both supply and dkighnd
confidence){2.3, 2.4, 2.5

Policies reflecting a hidn price on emissions are necessary in models to achieve esffective 1.53C-
consistentpathways (high confidence) Other things being equal, modelling suggests the price of emissions

for limiting warming to 1.5°C being about three four times higher coatpar 2°C, with large variations

across models and socioeconomic assumptions. A price on carbon can be imposed directly by carbon pricing
or implicitly by regulatory policies. Other policy instruments, like technology policies or performance
standards, cacomplement carbon pricing in specific areas. {2.5.1, 2.5.2, 4.4.5}

Limiting warming to 1.5°C requires a marked shift in investment patterns(limited evidence, high
agreemenk Investments in lowcarbon energy technologies and energy efficiency would teeed
approximately double in the next 20 years, while investment in flagdibxtraction and conversion

decrease by about a quartdncertainties and strategic mitigation portfolio choices affect the magnitude and
focus of required investmen{2.5.2}

Future emissions in 1.5°Cconsistent pathways

Mitigation requirements can be quantified using carbon budget approaches that relate cumulative

CO; emissions to globaimean temperature increaseRobust physical understanding underpins this
relationship butuncertainties become increasingly relevant as a specific temperature limit is approached.
These uncertainties relate to the transient climate response to cumulative carbon emissions (T&RE), non
emissions, radiative forcing and response, potentiatiaddl Earthsystem feedbacks (such as permafrost
thawing), and historical emissions and temperaf{@8.2, 2.6.1}

Cumulative CO; emissions are kept within a budget by reducing global annu&O, emissions to net

zero. This assessment suggestsemaining budget for limiting warming to 1.5°C with a two-thirds

chanceof about 550 GCO., and of about 750 GtCQ for an even chancgmedium confidencg The

remaining carbon budget is defined here as cumul@@eemissions from the start of 2018 until thegiof

netzero global emissions. Remaining budgets applicable to 2100, would approximately@&&€Oawer

than this to account for permafrost thawing and potential methane release from wetlands in the future. These
estimates come with an additional gbggical uncertainty of at least £50%, related to-G&» response and

TCRE distribution. In addition, they can vary by +a5(C 0O, depending on ne O, mitigation strategies as

found in available pathways. {2.2.2, 2.6.1}

Staying within a remaining carbon kudget of 750 GtCQ implies that CO; emissions reach carbon
neutrality in about 35 years, reduced to 25 years for a 550 GtCQemaining carbon budget(high
confidencg. The +50% geophysical uncertainty range surrounding a carbon budget translates into a
variation of this timing of carbon neutrality of roughly #2® years.If emissions do not start declining in

the next decade, the point of carbon neutrality would need to be reached at least two decades earlier to
remain within the same carbon budd@t2.2, 2.3.5}

Non-CO, emissions contribute to peak warming and thus affect the remaining carbon budget. The
evolution of methane and sulphur dioxide emissions strongly influences the chances of limiting
warming to 1.5°C. In the nearterm, a weakening of aeroslocooling would add to future warming, but
can be tempered by reductions in methane emissiofisigh confidence) Uncertainty in radiative forcing
estimates (particularly aerosol) affects carbon budgetsh@ncertainty opathway categorizationSome
nonCO; forcersare emitted alongside G(particularly in the energy and transport sectors, and can be
largely addressed through efitigation. Others require specific measures, for example to target
agricultural NO and CH, some sources of black carbonhgdrofluorocarbonghigh confidence)n many
cases, noi€O, emissions reductions are similar in 2°C pathways, indicating reductions near their assumed
maximum potential by integrated assessment models. Emissibh® ahd NH increase in some pathways
with strongly increased bioenergy demafid2.2, 2.3.1, 2.4.2, 2.5}3

Do Not Cite, Quote or Distribute 2-5 Total pages112



O©CoO~NOOITA,WDNPE

Approval Session Chapter 2 IPCC SR1.5

The role of Carbon-Dioxide Removal (CDR)

All analysed 1.5°CGconsistent pathways use CDR to some extent to neutralize emissions from sources
for which no mitigation measures have ben identified and, in most cases, also to achieve netgative
emissions that allow temperature to return to 1.5°C following an overshoohigh confidencg. The

longer the delay in reducingCO- emissions towards zero, the larger the likelihood of exceedirigs°C,

and the heavier the implied reliance on nehegative emissions after miecentury to return warming to
1.5°C (igh confidencg. The faster reduction of n€O, emissions in 1.5°Ccompared to 2°€onsistent
pathways is predominantly achieved by meas that result in 1e€80, being produced and emitted, and
only to a smaller degree through additional CDifnitations on the speed, scale, and societal acceptability
of CDR deployment also limit the conceivable extent of temperature oversimaids o our understanding

of howthe carbon cycle responds to net negative emissions increase the uncertainty about the effectiveness
of CDR to decline temperatures after a p¢ak, 2.3, 2.6, 4.3.7}

CDR deployed at scale is unproven and reliance on such teahiogy is a major risk in the ability to

limit warming to 1.5°C. CDR is needed less in pathways witparticularly strong emphasis on energy
efficiency and low demand. The scale and type of CDR deployment varies widely across 1:5°C

consistent pathways, withdifferent consequences for achieving sustainable development objectives

(high confidencg. Some pathways rely more on bioenergy with carbon capture and storage (BECCS), while
others rely more on afforestation, which are the two CDR methods most ofteheith¢h integrated

pathways. Tradeffs with other sustainability objectives occur predominantly through increased land,
energy, water and investment demand. Bioenergy use is substantial irc@rsiStent pathways with or

without BECCS due to its multiplroles in decarbonizing energy ugz3.1, 2.5.3, 2.6, 4.3.7}

Properties of energy transitions in 1.5°Gconsistent pathways

The share of primary energy from renewables increases while coal usage decreases across 1.5°C
consistent pathwayghigh confiderce). By 2050, renewables (including bioenergy, hydro, wind and solar,
with directequivalence method) supply a share df6i®% (interquartile range) of primary energy in 1.5°C
consistent pathways; while the share from coal decreas&3% (Interquartileange), with a large fraction

of this coal use combined with Carbon Capture and Storage (CCS). From 2020 to 2050 the primary energy
supplied by oil declines in most pathway8% toi 74% interquartile range). Natural gas changesl3%o to
160% (interquaite range), but some pathways show a marked increase albeit with widespread deployment
of CCS.The overall deployment of CCS varies widely across 1d&gasistent pathways with cumulative

CO; stored through 2050 ranging from zero up to 460 Gt@@nimummaximum range), of which zero up

to 190 GtCQ stored from biomas®rimary energy supplied by bioenergy ranges froir840 EJ ytt in

2050 inimummaximumrange), and nuclear froni 820 EJ/yr (ninimum-maximumrange). These ranges
reflect both uncertaintiéa technological development and strategic mitigation portfolio choj@4.2}

1.5°C-consistent pathways include a rapid decline in the carbon intensity of electricity and an increase
in electrification of energy end us€high confidence) By 2050, thecarbon intensity of electricity
decreases t®2 to +11 gC@MJ (minimummaximum range) from about 140 g&/J in 2020, and
electricity covers 3471% (minimummaximum range) of final energy across 1.5hsistent pathways
from about 20% in 2020. By 205the share of electricity supplied by renewables increases 8Y 36
(minimummaximum range) across 1.5%0nsistent pathways. Pathways with higher chances of holding
warming to below 1.5°C generally show a faster decline in the carbon intensity oteiebiri2030 than
pathways that temporarily overshoot 1.5{€.4.1, 2.4.2, 2.4.3}

Demand-side mitigation and behavioural changes
Demandside measures are key elements of 1.5%0nsistent pathways. Lifestyle choices lowering

energy demand and the landand GHG-intensity of food consumption can further support
achievement of 1.5°Cconsistent pathwayghigh confidencg. By 2030 and 2050, all engse sectors
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(including building, transport, and industry) show marked energy demand reductions in modelled 1.5°C
consistent pathways, comparable and beyond those projected-@o2siStent pathways. Sectorial models
support the scale of these reductidrs3.4, 2.4.3}

Links between 1.8C-consistent pathways and sustainable development

Choices about mitigation potfolios for limiting warming to 1.5°C can positively or negatively impact

the achievement of other societal objectives, such as sustainable developmbigt confidence. In
particular, demand-side and efficiency measures, and lifestyle choices that lingbergy, resource, and
GHG-intensive food demand support sustainable developme(medium confidence)Limiting warming

to 1.5°C can be achieved synergistically with poverty alleviation and improved energy security and can
provide large public health benefithrough improved air qualitpreventing millions of premature deaths
However, specific mitigation measures, such as bioenergy, may result hotistizat require
consideratior{2.5.1, 2.5.22.5.3}
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2.1 Introduction to Mitigation Pathways and the Sustinable Development Context

This chapter assesses the literature on mitigation pathways to limit or return global mean warming to 1.5°C
(relative to the preindustrial base period 1i8BI00). Key questions addressed are: What types of mitigation
pathways hve been developed that coulddomsistentvith 1.5°C? What changes in emissions, energy and

land use do they entail? What do they imply famelte policy and implementation, and what impacts do

they have on sustainable development2ims of feasibity (see Cros€hapter BoX3 in Chapter }, this

chapter focuses on geophysical dimensions and technological and economic enabling factors, with social and
institutional dimensions as well as additional aspects of technical feasibility covered in Chapter 4.

Mitigation pathways are typically designed to reach adeféned climate target alone. Minimization of

mitigation expenditures, but not climatelated damages or sustainable development impacts, is often the
basis for these pathways to the desiredati@narget (see Crogthapter Bo)s in Chapter 2or additional
discussion). However, there are interactions between mitigation and multiple other sustainable development
goals (see Sectiorisl and 5.4) that provide both challenges and opportunitie$irfftate action. Hence

there are substantial efforts to evaluate the effects of the various mitigation pathways on sustainable
development, focusing in particular on aspects for which Integrated Assessment Models (IAMs) provide
relevant information (e.qg., tal-use changes and biodiversity, food security, and air quality). More broadly,
there are efforts to incorporate climate change mitigation as one of multiple objectives that in general reflect
societal concerns more completely and could potentially prdedefits at lower costs than simultaneous

single objective policies (e,Clarke et al., 2014Forexample, with carefully selected policies, universal
energy access can be achieved while simultaneously reducing air pollution and mitigating climate change
(McCollum et al., 2011; Riahi et al., 2012; IEA, 2017R)is chapter thus presents both the pathways and an
initial discussion of theicontext within sustainable development objectives (Segtid)yy with the latter

along with equity and ethical issudiscussedn more detail in Chapter 5.

As described in CrosShapter Box in Chapter 1scenarios are comprehensive, plausible, intedrat
descriptions of possible futures based on specified, internally consistent underlying assumptions, with
pathways often used to describe the clear temporal evolution of specific scenario aspectsr@rgedl
scenarios. We include both these usagepathway$here.

2.1.1 Mitigation pathways consistent with 1.5°C

Emissions scenarios need to cover all sectors and regions ovesthertliry to be associated with a

climate change projection out to 2100. Assumptions regarding future trends in popuataisumption of

goods and services (including food), economic growth, behaviour, technology, policies and institutions are
all required to generate scenar{8&ction 2.3.1)These societal choices must then be linked to the drivers of
climate change, inading emissions of welhixed greenhouse gases and aerosol and ozone precursors, and
land-use and lan@dover changes. Deliberate solar radiatiowdificationis not included in these scenarios

(see Cros€hapter BoxL0 in Chapter #

Plausible developmesnneed to be anticipated in many facets of the key sectengigy and land use.

Within energy, these consider energy resoulikesiofuels energy supply and conversion technologies,

energy consumption, and supply and-esd efficiency. Within landse, agricultural productivity, food

demand, terrestrial carbon management, and biofuel production are all considered. Climate policies are also
considered, including carbon pricing and technology policies such as research and development funding and
subsides. The scenarios incorporate regional differentiation in sectoral and policy development. The climate
changes resulting from such scenarios are derived using models that typically incorporate physical
understanding of the carbaycle and climate respomsierived from complex geophysical models evaluated
against observations (Sectich? and 2.6).

The temperature response to a given emission pathway is uncertain and therefore quantified in terms of a
probabilistic outcome. Chapter 1 assesses the dinfgectives of the Paris agreement in terms of human
induced warming, thus excluding potential impacts of natural forcing such as volcanic eruptions or solar
output changes or unforced internal variability. Temperature responses in this chapter axd asseps
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simple geophysicalipased models that evaluale tanthropogenic component of future temperature change
and do not incorpota internal natural variations and are thus fit for purpose in the context of this assessment
(Section2.2.1). Hence a soario that is consistent with 1.5°C may in fact lead to either a higher or lower
temperature change, but within quantified and generallyuvelerstood bounds (see also Secligh3).
Consistency with avoiding lBumaninduced temperature change limit mtierefore also be defined
probabilistically, with likelihood values selected based on risk avoidance preferences. Responses beyond
global mean temperature are not typically evaluated in such models and are assessed in Chapter 3.

2.1.2 The Use of Scenarios

Variations in scenario assumptions and design define to a large degree which questions can be addressed
with a specific scenario set, for example, the exploration of implications of delayed climate mitigation
action. In this assessment, the following clas#el.5°Ci and 2°Ci corsistentscenarios are of particular
interest to the topics addressed in this chapter: (a) scenarios with the same climate target aster the 21
century but varying socieconomic assumptiorfSections 2.3 and 2.4(b) pairs of scearios with similar
sociceconomic assumptions but with forcing targets aimed at 1.5°C an{G2dGon 2.3)(c) scenarios that
follow the Nationally Determined Contributions or NZ@sitil 2030 with much more stringent mitigation

action thereaftefSectbn 2.3.5)

Characteristics of these pathways such as emissions reduction rates, time of peakingcartblownergy
deployment rates can be assessed as being consistent with 1.5°C. However, they cannot be assessed as
Gequirementdfor 1.5°C, unless targeted analysis is available that specifically asked whether there could

be pathways without the characteristics in questdétb already assessed such targeted analyses, for

example asking which technologies are important to kpep the possibilityct limit warming to2°C

(Clarke et al., 2014By now, severaligchtargetedanalysesrealsoavailablefor questions related to 1.5°C
(Luderer et al., 2013; Rogel;j et al., 201 Bauer et al., 2018; Strefler et al., 2018b; van Vuuren et al., 2018)

This assessment distinguishes between consistent and the much stronger concept of required characteristics
of 1.5°C pathways wherever possible

Ultimately, society will adjust as new information becomes available and technical learning progresses, and
these adjustments can be in either direction. Earlier scenario studies have shown, however, that deeper
emissionse&ductions in the near term hedge against the uncertainty of both climate response and future
technology availabilitfLuderer et al., 2013; Rogelj et al., 201 &larke et al.2014) Not knowing what
adaptations might be put in place in the future, and due to limited studies, this chapter examines prospective
rather than iteratively adaptive mitigation pathways (Cfsapter BoxL in Chapter L Societal choices

illustrated ly scenarios may also influence what futures are envisioned as possible or desirable and hence
whether those come into bei(eck and Mahony, 2017)

2.1.3 New scenario information since AR5

In this chapter, we extend the AR5 mitigation pathway assessment based on new scenario literature. Updates
in understandingfalimate sensitivity, transient climate response, radiative forcing, and the cumulative
carbon budget consistent with 1.5°C are discussed in Sections 2.2.

Mitigation pathways developed with detailed proeleased IAMs covering all sectors and regions e
21stcentury describe an internally consistent and calibrated (to historical trends) way to get from current
developments to meeting lotgrm climate targets like 1.5°Clarke et al., 2014)The overwhelming

majority of available 1.5°C pathways were generated by such IAMs andctirebe directly linked to

climate outcomes and their consistency with the 1.5°C goal evalTd@ed\R5 similaly relied upon such
studies, which were mainly discussed in Chapter 6 of Working Gro(\y@lIl) (Clarke et al., 2014)

Since the AR5, severalew integrated mulinodel studies have appeared in the literature that explore

2: Current pledges include those from the &l®ough they have stated their intention to withdraw in the future.
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specific characteristics of scenarios more stringent than the lowest scenario category assessed in AR5 that
was assessed to limit warming below 2°C with greater that 66%htkel (Rogelj et al., 20115 2018;
Akimoto et al., 2017; Su et al., 2017; Liu et al., 2017; Marcucci et al., 2017; Bauer et al., 2018; Strefler et al.,
2018a; van Vuuren et.al018; Vrontisi et al., 2018; Zhang et al., 2018; Bertram et al., 2018; Grubler et al.,
2018; Kriegler et al., 2018b; Luderer et al., 20T8)ose scenarios explore 1.586nsistenpathways from
multiple perspectiveéseeSupplementary Materi@.SM.1.3), examining sensitivity to assumptions
regarding:

A socioceconomic drivers and developments including energy and food demand as, for example,

characterized by the shared seemnomic pathways (SSRErossChapteBox 1in Chapter )1
A nearterm climate plicies describing different levels of strengthening the NDCs
A the use of bioenergy and availability and desirability of cadioride-removal (CDR) technologies

A large number of these scenarios were collected in a scenario database established ésstherass this
Special Reportupplementary Materi@.SM.1.3). Mitigation pathways were classified by four factors:
consistency with eemperature limi{as defined by Chapter,Whether they temporarily overshoot that

limit, the extent of this poterai overshoot, and the likelihood of falling within these bounds. Specifically,
they were put intelasseshat either kept surface temperatures below a given threshold throughowtthe 21
century or returned to a value below 1.5°C at some point beforea2t@@mporarily exceeding that level
earlier, referred to as an oversh@@8). Both groups were further separated based on the probability of

being below the threshold and the degree of overshoot, respectively ZI'gbleathways are uniquely

classifed, with 1.5°Crelated classes given higher priority than 2°C classes in cases where a pathway would
be applicable to either class.

The probability assessment used in the scenario classification are based on simulations using two reduced
complexity carbrrcycle, atmospheric composition and climate models@Wael for the Assessment of
Greenhouse Gas Induced Climate ChagAGICC) (Meinshausen et al., 201]1and thefinite

Amplitude Impulse Respon8é-AlRv1.3) model(Smith et al., 2018)For the purpose of this report, and t
facilitate comparison with AR5, the range of the key catbyaie and climate parameters for MAGICC and

its setup are identical to those used in ARGIII (Clarke et al., 2014)or each mitigation pathway,

MAGICC and FAIR simulations provide probabilistic estinsai&atmospheric concentrations, radiative

forcing and global temperature outcomes until 2100. However, the classification uses Mpi@GH2Gilities
directly for traceability with AR5 andincethis model is more established in the literature. Nevertheless, the
overall uncertainty assessment is based on results from both models, which are considered in the context of
the latest radiativéorcing estimates and observed temperat(Eéminan et al., 2016; Smith et al., 2018)
(Section2.2 andSupplementary Materi@.SM.1.1). The comparison of these lines of evidence shugls
agreemenin the reative temperature response of pathways, wigdium agreemeiin the precise absolute
magnitude of warming, introducing a level of imprecision in these attributes. Consideration of the combined
evidence here leads meedium confidenda the overall geoptsical characteristics of the pathways reported
here.
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Table 2.1: Classification of pathways this chapter draws upon along with the number of available pathways in
each classThe definition of each class is based on probabilities derived from the @B Glodelin a
setup identical to ARBVGIII (Clarke et al., 2014)ys detailedh Supplementary Materia.SM.1.4.

Pathway Group | Pathway Class | Pathway seletion criteria and description Number of Number of
scenarios scenarios

9

Pathwaydimiting peak warming to below 1.5°C during
the entire 2% century with 5666%likelihood*
Pathways limitingnedianwarming tobelow1.5°C in
2100andwith a 5667% probability of temporarily
1.5°Glow-0OS overshooting that level earliegenerallyimplying less 44
1.5°Cor than0.1°C higher peak warming than Beleln5°C
1.5°Gconsistent pathways
Pathways limitingnedianwarming tobelow1.5°Cin
2100andwith a greater than 67% probability of
1.5°Chigh-OS | temporarilyovershooting that level earlier, generally 37
implying0.1i 0.4°C higher peak warming than Belew
1.5°C pathways
Lower2°C Pathwaydimiting peak warming to below 2°C dng the
2°Cor entire 2F century with greater than 66% likelihood
2°C-consistent Higher-2°C Pathways assessed to keep peak warming to below 2 58
9 during the entire 2% century with 5666% likelihood
* No pathways were available that achieve a greater than 66ssability of limiting warming below 1.5°C during the entire®2]
century based on the MAGICC model projections.

Below1.5°C

90

74
132

In addition to the characteristics of the aboventioned classes, four illustrative pathway archetypes have
been selected and are used tgfmut this chapter to highlight specific features of and variations across

1.5°C pathways. These are chosen in particular to illustrate the spectrum &h@8ions reduction patterns
consistent with 1.5°C, ranging from very rapid and deep-teear decrases facilitated by efficiency and
demandside measures that lead to limited CDR requirements to relatively slower but still rapid emissions
reductions that lead to a temperature overshoot and necessitate large CDR deployment later in the century
(Section2.3).

2.1.4 Utility of integrated assessment mod€l&Ms) in the context of this report

IAMs lie at the basis of the assessment of mitigation pathways in this chapter as much of the quantitative
global scenario literature is derived with such models. IAMsline insights from various disciplines in a
single framework resulting in a dynamic description of the coupled eeamymyland-climate system

that cover the largest sources of anthropogenic greenhouse gas (GHG) emissions from different sectors.
Many d the IAMs that contributed mitigation scenarios to this assessment include a fraseds

description of the land system in addition to the energy systemRepp, et al., 2017and several have

been extended to cover air polluta(iso et al., 201 7andwateruse(Hejazi et al., 2014; Fricko et al., 2016;
Mouratiadou et al., 2016%uchintegrated pathwaysenceallow the exploration of the wholgystem
transformation, as well as the interactions, synergies, anddftsdeetween sectorand ircreasing with
guestions beyond climate mitigatioron Stechow et al., 2015Jhe models do not, however, fully account

for all constraints that could affect realization of pathways (see Chéjpter

Section 2.3 assesses the overall characteristics of 1.5°C pathways based on fully integrated pathways, while
Sections 2.4 and 2.5 describedanlyingsectorial transforations, includingnsights from sectespecific
assessment models and pathwayt are not derived from IAMs. Such modptsvide detail in their

domain of application and make exogenous assumptions abousentsgalor global factors. Thegften

focus on a specific sector, such as the en@gyckner et al., 2014, IEA, 2017a; Jacobson, 2017;

OECD/IEA and IRENA, 2017)buildings(Lucon et al., 2014or transpor{Sims et al., 2014ector or a

specific country oregion(Gianrakidis et al., 2018)Sectorspecific @thways are assessed in relation to
integrated pathwaysecausehey cannot be directly linked to 1.5°C by themselves if they do not extend to
2100 or do not include aBHGsor aerosols from all sectors.

ARS5 foundsectorial2°C decarbonisatiostrategiesrom IAMs to be consistent with sectspecific studies
(Clarke et al., 2014)A growing body of literatte on 100%renewable energy scenarios has emerged (e.qg.
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seeCr eutali.g, e2017; J a,whidh goesbeyertd thawide rang2 & 1AM projections of
renewable energy shares in°Ceand2°C pathwaysWhile the representation of renewable energy resource
potentials, technology costs and system integration in |AdMsbeen updated since AR5, leading to higher
renewabé energy deployments in many cafagderer et al., 2017; Pietzaket al., 2017)none of the IAM
projections identify 100% renewable energy solutions for the global energy system as pareftiéctoge
mitigation pathwaysSection 2.4.2 Bottomup studies find higher mitigation potentials in the industry,
buildings, and transport sector in 2030 than realized in sele€é@ga@hways from IAMSUNEP 2017),
indicating the possibility to strengthen sectorial decarbonisation strategies untid&@8@ithe integrated
1.5°C pathways assessed in this chaptederer et al., 2018)

Detailed procesbased IAMs are a diverse set of models ranging from partial equilibrium elaaidyy

models to computable general equilibrium models of the global economy, from myopic to perfect foresight
models, and from models with to models without endogenous teclralloganggSupplementary

Material 2.5M.1.2). The IAMs used in this chapter have limited to no coverage of climate impacts. They

typically use GHG pricing mechanisms to induce emissions reductions and associated changes in energy and

land uses consisteniith the imposed climate goal. The scenarios generated by these models are defined by
the choice of climate goals and assumptions abouttagarclimate policy developments. They are also
shaped by assumptions about mitigation potentials and technadegies| as baseline developments such
as,for examplethose represented by different Shared Socioeconomic Pathways (SSPs), especially those
pertaining to energy and food demdRilahi et al., 2017)SeeSection 2.3.1 for discussion of these
assumptions. Sindbe AR5, the scenario literature has greatly expanded the exploration of these
dimensionsThis includedow demand scenarid§rubler et al., 2018; van Vuuren et al., 2QX®enarios

taking into account a larger set of sustainable development(@matsam et al., 2018ycenarios with

restricted availability oCDR technologie¢Bauer et al., 2018; Grubler et al., 2018; Holz et al., 2018b;
Kriegler et al., 2018b; Strefler et al., 2018b; van Vuuren et al., 28&8harios with neaerm action

dominated by regulatory policiéKriegler et al., 2018b&nd scenario variations across the Shared
Socioeconomic PathwayRiahi et al, 2017; Rogelj et al., 2018AM resultsdependupon multiple

underlying assumptionsoif example the extent to which global markets and economies are assumed to
operate frictionless and policies are eogtimised, assumptions about technological prsgrand

availability and costs of mitigaticesnd CDR measures, assumptions about underlying secamomic
developments and future energy, food and materials demand, and assumptions about the geographic and
temporal pattern of future regulatory and carpdning policies(seeSupplementary Materia . SM.1.2 for
additional discussion o\Ms and theirimitations).
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2.2 Geophysical relationships and constraints

Emissions pathways can be characterised by various geophysical characteristics such asaediggive f
(Masui et al., 2011; Riahi et al., 2011; Thgon et al., 2011; van Vuuren et al., 201 Hbnospheric
concentrationgvan Vuuren eal., 2007, 2011a; Clarke et al., 20bf)associated temperature outcomes
(Meinshausen et al., 2009; Rogelj et al., 2Q4iderer et al., 2013)hese attributes can be used to derive
geophysical relationships for specific pathway classgsh acumulative CQemissions compatible with a
specific level of warming also known é&sarbon budgefg{Meinshausen et al., 200Bogelj et al., 2011,
Stocker et al., 201Friedlingstein eal., 2014a)the consistent contributions of n@0O, GHGs and aerosols
to the remaining carbon budg&owerman et al., 2011; Rogelj et al., 2613016b)or to tenperature
outcomegLamarque et al., 2011; Bowerman et al., 2013; Rogelj et al., 200Hik)section assesses
geophysical relationships for both €@&nhd norCO, emissions

2.2.1 Geophysical characteristics of mitigation pathways

This setion employs the pathway classification introduced in Section 2.1, with geophysical characteristics
derived from simulations with the MAGICC redueedmplexity carborcycle and climate model and

supported by simulations with the FAIR reduaemnplexity moal (Section 2.1). Within a specific category

and between models, there remains a large degree of variance. Most pathways exhibit a temperature
overshoot which has been highlighted in several studies focusing on stringent mitigation pathways
(Huntingford and Lowe, 2007; Wigley et al., 2007; Nohara et al., 2015; Rogelj et al., 2015d; Zickfeld and
Herrington, 2015; Schleussner et al., 2016; Xu and Raman&@a7) Only very few of the scenarios

collected in the database for this report hold the average future warming projected by MAGICC below 1.5°C
during the entire Xt century (Table 2.1, Figure 2.1). Most 1.5¢@nsistent pathways available in the

datébase overshoot 1.5°C around raightury before peaking and then reducing temperatures so as to return
below that level in 2100. However, because of numerous geophysical uncertainties and model dependencies
(Section 2.2.1.1Supplementary Materia2.SM.1.1), absolute temperature characteristics of the various
pathway categories are more difficult to distinguish than relative features (Figusupglementary

Material 2.SM.11) and actual probabilities of overshoot are imprecise. However, all linesdeginee

available for temperature projections indicate a probability greater than 50% of overshooting 1.5°€ by mid
century in all but the most stringent pathways currently avai(@lg@plementary Materia.SM.11,

2.5M.14).

Most 1.5°Cconsistent pathays exhibit a peak in temperature by roghtury whereas 2*€onsistent

pathways generally peak after 20Bupplementary Materia2.SM.1.4). The peak in median temperature
in the various pathwagategorie®ccurs aboutenyears befag reaching net zel©@0O, emissions due to

strongly reduced annu@lO, emissions and deep reductions ins@hhissions (Section 2.3.3). The two
reducedcomplexity climate models used in this assessment suggest that virtually all available 1.5°C
consistent pathways peak and deziglobalmean temperature rise, but with varying rates of temperature
decline after the peak (Figure 2.1). The estimated decadal rates of temperature change by the end of the
century are smaller than the amplitude of the climate variability as assessedR5 (10 of about
which hence complicates the detection of a global peak and decline of warming in observations on
timescales of on to two decad®sndoff et al., 2013)In comparison, many pathways limiting warming to
2°C or higher by 2100 still haveoticeable increasing trends at the end of the century, and thus imply
continued warming.

By 2100, the difference between 1.54Dd 2°CGconsistent pathways becomes clearer compared to mid
century, and not only for the temperature response (Figuré &)so for atmosphericO, concentrations.
In 2100, the media@O, concentration in 1.5°€onsistent pathways is below 2016 legls Quéré et al.,
2018) whereas it remains higher by about®% compared to 2016 in the 280nsistent pathways.
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Figure 2.1: Pathways classification overview(a) Average globaiean temperature increase relative to 2010 as

projected by FAIR and MGICC in 2030, 2050 and 2100; (b) response of peak warming to cumulative
CO; emissions until net zero by MAGICC (red) and FAIR (blue); (¢) decadal rate of averagergkxdal
temperature change from 2081 to 2100 as a function of the annu@n@ssions asraged over the same
period as given by FAIR (transparent squares) and MAGICC (filled circles). In panel (a), horizontal lines
at 0.63°C and 1.13°C are indicative of the 1.5°C and 2°C warming thresholds with the respeci to 1850
1900, taking into accounteéhassessed historical warming of 0.87°C £0.12°C between thé 18BDand

2006 2015 periods (Section 1.2.1). In panel (a), vertical lines illustrate both the physical and the scenario
uncertainty as captured by MAGICC and FAIR and show the minimal waroiithge 5th percentile of
projected warming and the maximal warming of the 95th percentile of projected warming per scenario
class. Boxes show the interquartile range of mean warming across sceamiothus represent scenario
uncertainty only

Do Not Cite, Quote or Distribute 2-14 Total pages112



OO ~NOOUTPA~,WNPE

RPRRRRRE R
NoOUhWNRO

Final Government Draft Chapter 2 IPCC SR1.5

2.2.1.1 Geophysial uncertaintes: norCO2 forcing agents

Impacts of norCO, climate forcers on temperature outcomes are particularly important when evaluating
stringent mitigation pathway$Veyant et al., 2006; Shindell et al., 2012; Rogelj et al., 2014b a28&mset
et al., 2018)However, many uncertainties affect the rolenon-CO, climate forcers in stringent mitigation
pathways.

A first uncertaintyarises from the magnitude of the radiative forcing attributed teG@nclimate forcers.
Figure 2.2 illustrates how, for one repentative 1.5°@onsistent pathwaf5SP21.9) (Fricko et al., 2017;
Rogelj et al., 2018}he effectiveradiative forcings asstimatecdby MAGICC and FAIRcan differ(see
Supplementary Materia2.SM1.1 for further details). This large spread in #0@; effective radiative
forcings leads teonsiderable uncertainty in the predicted temperature responseintiertainty ultimately
affects the assessed temperature outcomes for pathway classes used in thi€Sewdipre2.1) and also
affects the carbon budget (Section 2.2.2). Figure 2.2 highlights the important role of methane emissions
reduction in this eenarioin agreement with the recent literature focussing on stringent mitigation pathways
(Shindell et al., 2012; Rogel;j et al., 2014b, 281%tohl et al., 2015; Collins et al., 2018)
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Figure 2.2: Changes and uncertainties in effective radiative forcings (ERF) for one 1.5%€onsistentpathway
(SSP219) as estimated by MAGICC and FAIR.Solid and dashed lines are indicative of the effective
radiative forcing for C@and nonCO; agents as represented by MAGICC (red) and FAIR (blue) relative
to 2010, respectively. Vertical bars show the mesiative forcing as predicted by MAGICC and FAIR
of relevant norCO; agents for year 2030, 2050 and 2100. The vertical lines give the uncertadinof (1
the ERFs for the represented species.

For mitigation pathwaythat aim at halting and reversing radiative forcing increase during this cehtury,
aerosol radiative forcing is a considerable sourcenoétainty (Figure 2.2)Samset et al., 2018; Smith et
al., 2018) Indeed, reductions in S@nd NQ) emissiondargely associated with fosdilel burning are
expected to reduce the cooling effeat®oth aerosol radiative interactiongdaaerosol cloud interactions,
leading to warmingMyhre et al., 2013; Samset et al., 2018)nulti-model andysis (Myhre et al., 2017)
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andastudy based on observational constrajitalavelle et al., 201 argely support the AR5 best estimate
and uncertainty range of aerosol forcing. The patrtitioning of éatiasol radiative forcing between aerosol
precursor emissions is importg@han et al., 2013; Jones et al., 2018; Smith et al., 2&18)is affects the
estimate of the mitigation potential from different sectors that have aerosol precursiomessosirces. The
total aerosol effective radiative forcing change in stringent mitigation pathways is expected to be dominated
by the effects from the phasait of SQ, although the magnitude of this aeres@rming effect depends on
how much of the preseday aerosol cooling is attributable to S@articularly the cooling associated with
aerosolcloud intemaction (Figure 2.2). Regional differences in the linearity of aetdsold interaction
(Carslaw et al., 2013; Kretzschmar et al., 20h@ke it difficult to separatthe role of individual precursors.
Precursors that are not fully mitigated will continue to affect the Earth system. If, for example, the role of
nitrate aerosol cooling is at the strongest end of the assessed IPCC AR5 uncertainty range, future
temperatte increases may be more modest if ammonia emissions continue(téatigiistaine et al.,

2014)

Figure 2.2 shows that there are substantial differences in the evolution of estimated effective radiative
forcing of norCO; forcers between MAGICC and FAIR. These forcing differences result in MAGICC
simulating a larger warmgntrend in the near term compared to both the FAIR model and the recent
observed trends of 2 per decade reported in Chapter 1 (Figule Supplementary Materia2.SM.11,
Section 1.2.1.3). The aerosol effective forcing is stronger in MAGICC compaggther FAIR or the AR5

best estimatethough itis still well within the AR5 uncertainty rang&gpplementary

Material 2.SM.11.1). A recent revisio(Etminan et al., 2016ncreases the nigane forcing by 25%. This
revision is used in the FAIR but not in the AR5 setup of MAGICC that is applied here. Other structural
differences exist in how the two models relate emissions to concentrations that contribute to differences in
forcing (seeSuppgementary Material2.SM.11.1).

Non-CQ; climate forcers exhibit a greater geographical variation in radiative forcings thamv@ich lead

to important uncertainties in the temperature respdiigdare et al., 2013)This uncertainty increases the
relative uncertaintyf the temperature pathways associated with low emission scenarios compared to high
emission scenarid€larke et al., 2014)t is also importanto note that geographical patterns of temperature
change ad other climate responses, especially those related to precipitation, depend significantly on the
forcing mechanisniMyhre et al., 2013; Shindell et al., 2015; Marvel et al., 2016; Saehsd., 2016)see

also Section 3.6.2.2).

2.2.1.2 Geophysical uncertaintieslimate and Eartksystem feedbacks

Climate sensitivity uncertainty impacts future projections as well as céget estimateSchneider et

al., 2017) AR5 assessed the élifarium climate sensitivity (ECS) to bikely in the 1.5 4.5°C range,

extremely unlikeljess than 1°C andery unlikelygreater than 6°C. The lower bound of this estimate is

lower than the range of CMIP5 modé@ollins et al., 2013)The evidence for the 1.5°C lower bound on

ECS in AR5 was based on analysis of endrggiget changes over the historical period. Work since AR5 has
suggested that the climate sensitivity infdrfieom such changes has been lower than the 2x(d@ate

sensitivity for known reasor{§orster, 2016; Gregory and Andrews, 2016; Rugenstein et al., 2016; Armour,
2017; Ceppi and Gregory, 2017; Knutti et al., 2017; Proistosescu and Huybers Biii 8 revised

interpretation of historical estimates and other lines of evidence based on analysis of climate models with the
best repr esent at(Shawoodefal,6 20d4 Zhyi 8:s016;Tan etalt, 2016; Brown and
Caldeira, 2017; Knutti et al., 2013)ggest that the lower bound of ECS could be revised upwards which
would decrease the chances of limiting warming beld®@Cin assessed pathways. However, such a
reassessment sideen challenggdewis and Curry, 2018plbeit from a single line of evidence.

Nevertheless, it is premature to make a major revision to the lower bound. The evidence for a possible
revision of the upper bodron ECS is less clear with cases argued from different lines of evidence for both
decreasingLewis and Curry, 2015, 2018; Coxadt, 2018)and increasingBrown and Caldeira, 201Te

bound presented in the literature. The tools used in this chapter employ ECS ranges consistent with the AR5
assessment. TRAGICC ECS distribution has not besglected to explicitly reflect this but is nevertheless
consisten{Rogel;j et al., 2014a)rhe FAIR model used here to estimate carbon bedggtlicitly constructs
log-normal distributions of ECS and transiefimate response based on a multi parameter fit to the AR5
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assessed ranges of climate sensitivity and individual historic effective radiative f¢finigs et al., 2018)
(Supplementary Materia2.SM.11.1).

Several feedbacks of the Easlystem, involving the carbon cycle, R~G®, GHGs and/or aerosols, may also
impact the future dynamics of the coupled carboni mat e systemds response to
These feedbacks are caused by the effects of nutrient limi{@uae et al., 2008; Mahowald et alQ1),

o0zone exposur@e Vries et al., 2017jire emissiongNarayan et al., 200@nd changes associated with

natural aerosoladule et al., 20Q%cott et al., 2017)Among these Earthystem feedbacks, the

importance ofth@ er mafr ost feedbackodés influence has been h
evidence from both mode{MacDougall et al., 2015; Burke et al., 2017; Lowe and Bernie, 28-i@f¥ield

studies (likeSchadel et al., 2014; Schuur et al., 20fK)wshigh agreemerthat permafrost thawing will

release both C£andCH, as the Earth warms, amplifying global warming. This thawing calsidl release

N20 (Voigt et al., 2017a, 2017bfrield, laboratoryand modelling studies estimate that the vulnerable

fraction in permafrost is about 55% of the permafrost soil carbon (~586600 GtCQin Schuur et al.,

2015)and that carbon emissions are expected to occur beyond 2100 because of system inertia and the large
proportion of slowly decomposing carbon in permafi@thadel et al., 2014Published model studies

suggest that a large part of the carbon release to the atmosphere is in the fopiSuf@@el et al., 2016)

while the amount of Clreleased by permafrost thawing is estimated to be much smaller than that CO
Cumulative CHrelease by 2100 under RCP2.6 ranges from 0.13 to 0.45 Gt cimeéBurke et al., 2012;
Schneider von Deimling et al., 2012, 20%8)h fluxes being the highest in the middle of the century

because of maximuthermokarst lake extent by makntury(Schneider von Deimling et al., 2015)

The reduced complexity climate models employed in this assessment do not take into account permafrost or
nonCO; Earthsystem feedbacks, although the MAGICC model has a permafrdstiiebat can be

enabled. Taking the current climate and Eaststem feedbacks understanding together, there is a possibility
that these models would underestimate the loteyen future temperature response to stringent emission
pathwaygSection 2.2.p

2.2.2 The remaining 1.5°C carbon budget
2.2.2.1 Carbon budget estimates

Since the AR5, several approaches have been proposed to estimate carbon budgets compatible with 1.5°C or
2°C. Most of these approaches indirectly rely on the approximate linear relationstéeme@eak global

mean temperature and cumulative emissions of carbon (the transient climate response to cumulative
emissions of carbon, TCRE ollins et al., 2013; Friedlingstein et al., 2014a; Rogelj et al., 204béjeas

others base their estimates on equilibrium climate sensi(&afneider et al., 201L7)he AR5 employed

two approaches to determine carbon budgets. Working Group | (WGI) computed carbon budgets from 2011
onwards for various levels of wamgj relative to the 1861880 period using RCP8(Meinshausen et al.,

2011b; Stocker et al., 201®hereas WGIII estimated their budgets from a set of available pathways that
were assessed to have a >50% probability to exceed ly5t@irentury, and return to 1.5°C or below in

2100 with greater than 66% probabil{tylarke et al., 2014)These differences made AR5 WGI and WG

carbon budgets difficult to compare as they are calculated over different time periods, derived from a
different sets of mukgas and aerosol emission scenarios and use different concepts of carbon budgets
(exceedance for WGI, avoidance for WGIIRogelj et al., 208b; Matthews et al., 2017)

Carbon budgets can be derived fromx@@ly experiments as well as from mugs and aerosol scenarios.
Some published estimates of carbon budgets compatible with 1.5°C or 2°C refer to budgetsriducal
warming only, ad hence do not take into account the contribution of@0nclimate forcergAllen et al,

2009; Matthews et al., 2009; Zickfeld et al., 2009; IPCC, 20}8a)ever, because the projected changes in
nonCO; climate forcers tend to amplify future warming, £&nly carbon budgets overestimate the total net
cumulative carbon emissions compatillith 1.5°C or 2°GFriedlingstein et al., 2014a; Rogelj et al., 2016b;
Matthews et al., 2017; Mengis et al. 180 Tokarska et al., 2018)

Sincethe AR5, many estimates of the remaining carbon budget for 1.5°C have been published
(Friedlingstein etlg, 2014a; MacDougall et al., 2015; Peters, 2016; Rogelj et al., 2016b; Matthews et al.,
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2017; Millar et al., 2017; Goodwin et al., 2018b; Kriegler et al., 2018a; Lowe and Bernie, 2018; Mengis et
al., 2018; Millar and Friedlingstein, 2018; Rogelj et ab1&; Schurer et al., 2018; Séférian et al., 2018;
Tokarska et al., 2018; Tokarska and Gillett, 20T®ese estimates cover a wide range as a result of
differences in the models used, and of methodological cha@sesell as physical uncertainties. Some
estimates are exclusively modbhsed while others are based on observations or on a combination of both.
Remaining carbon budgets limiting warming below 1.5°C or 2°C that are derived frorrsigstem models

of intermediate complexitgMacDougall et al., 2015; Goodwin et al., 201,84Ms (Luderer et al., 2018;
Rogelj et al., 2018)or based on Eartsystem model resul{towe and Bernie, 2018; Séférian et al., 2018;
Tokarska and Gillett, 2018jive remaining carbon budgets of the samrder of magnitude than the IPCC

10 AR5 Synthesis Repor§YR) estimategIPCC, 2014a)This is unsurprising as similar sets of models were

11 used for the ARSIPCC, 2013b) The range of variation across models stems mainly from either the

12 inclusion or exclusion of specific Earflystem feedback®lacDougall et al., 2015; Burke et al., 2017,

13 Lowe and Bernie, 2018)r differentbudget definitiongRogel;j et al., 2018)

©CoOoO~NOOUOITA,WDNPE

15 In contrast to the modelnly estimaes discussed above and employeth@ARS5, this report additionally

16 uses observations to inform its evaluation of the meimg carbon budget. Table 2.2 shows that the assessed
17  range of remaining carbon budgets consistent with 1.5°C or 2°C is larger than the AR5 SYR estimate and is
18 part way towards estimates constrained by recent observ@tidlas et al., 2017; Goodwin et al., 2018a;

19 Tokarska and Gillett, 2018fFigure 2.3 illustrates that the change since AR5 is, in very largedpa to the

20 application of a more receabserved baseline to the historic temperature change and cumetatsssons;

21  here adopting the baseline period of 2@085 (see Section 1.2.HR5 SYR Figures SPM.10 and 2.3

22  already illustrated the discrepancy between models and observations, but did not apply this as a correction to
23  the carbon budgdtecause they werbeing used to illustrate the overall linear relationship between warming
24  and cumulative carbon emissions in @dIP5 models since 1870, and were not specifically designed to

25 quantify residual carbon budgets relative to the present for ambitious temnpeyaalsThe AR5 SYR

26  estimate was also dependent on a subset of-Egstkm models illustrated in Figure 2.3 of this report.

27  Although, as outlined below and in Table 2.2, considerably uncertainties remains thigheagreement

28 across various lines efvidence assessed in this report that the remaining carbon budget for 1.5°C or 2°C

29 would be larger than the estimates at the time of the AR5. Hoawine overall remaining budget for 2100 is

30 assessed to be smaller than that derived from the recentatbs®Mnformedestimates, as Eargystem

31 feedbacks such as permafrtswing reduce the budget applicable to centennial scales (see Section 2.2.2.2).
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33
34  Figure 2.3: Temperature changes from 185@.900 versus cumulative C@emissions since 1st January 1876.
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Solid lineswith dotsreproduce the temperature response to cumulativee@@sions plus neO;

forcers as assessed in Figure SPM1W/&fl AR5, except that points marked with years relate to a
particular year, unlike i'WWGI AR5 Fig. SPM10whereeach pointelates to the mean over the previous
decade. The AR5 data was derived from available Eggtemmodels and Eartlsystemmodels of
Intermediate Complexity for the historic observations (black) and RCP 8.5 scenario (red) and the red
shaded plume shows the urteg@mty range across the models as present#tiARS. The purple shaded
plume and the line are indicative of the temperature response to cumulatieeni®Sions and ne@O;
warming adopted in this report. The RGO, warming contribution is averaged frothe MAGICC and
FAIR models and the purple shaded range assumes th&\B&RT CRE distibution (Supplementary
Material 2.SM.1.1.2).The 2010 observations of temperature anomaly (@ &ased on 2008015 mean
compared to 1852900, Section 1.2.1) and cutative carbon dioxide emissions from 1876 to the end of
2010 of 1,930 GtC@(Le Quére et al., 2018} shown as a fillé purple diamond. 2017 values based on
the latest cumulative carbon emissions up to the end of 2017 of 2,220 (M&®ion 1.3 accessed 22
May 2018) and a temperature anomaly @#1C based on an assumed temperature increase°@f pe2
decade is showas a hollow purple diamond. The thin blue line shows annual observations, with CO
emissions fronfLe Quéré et al., 20)&nd temperatures from the average of datasets in Chapter 1, Figure
1.2. The thin black line shows the CMIP5 models blenti@edked estimates with G@&missions also

from (Le Quéré et al., 2018potted black lines illustrate the remaining carbon budget estimates for
1.5°Cgiven in Table 2.2Note these reaining budgets exclude possible Eastistem feedbacks that
couldreduce the budgesuch a<CO, and CH release fronpermafrosthawing and tropical wetlands

(see Section 2.2.2.2).

2.2.2.2 CO;and nonCO; contributions b the remaining carbon budget

A remaining carbon budget can be estimated from calculating the amount efiX3ions consistent, given
a certain value of TCREvith an allowable additional amount of warmirndgre the allowable warming is

the 1.5°C warming threshold minus the current warming taken as t6e22@average, with a further
amount removed to acant for the estimated nedO, temperature contribution the remaining warming
(Peters, 2016; Rogedt al., 2016h)This assessment uses the TCRE range from AR5 (@Wdlins et al.,
2013)supported by estimates of rQ©O; contributions that are based on published methodsntegrated
pathwaygqFriedlingstein et al., 2014a; Allen et al., 2016, 2018; Peters, 2016; Smith et al., T21118)2.2

and Figure 2.3 show the assessed remainirgpnebudgets and key uncertainties for a set of additional
warming levels relative to the 208015 period (se8upplementary Materia2.SM.1.1.2 for details).

With an assessed historical warming of 0.87°C +0.12°C fromi1i&&D to 20062015 (Section 1.2),

0.63°C of additional warming would be approximately consistent with a globah temperature increase of
1.5°C relative to preindustrial levels. For this level of additional warming, remaining carbon budgets have
been estimated (Table 23upplementyy Material 2.5M.11.2).

The remainingarbonbudget calculation presentetdthe Table 2.2 and illustrated in Figure 2.3 does not
consider additional Eartbystem feedbacks such as permafrost thawing. These are uncertain but estimated to
reduce the reaining carbon budget by an order of magnitude of about 100 S&&0ounting for such
feedbacks would make the carbon budget more applicable for 2100 temperature targets, but would also
increase uncertainty (Table 2.2 and see below). Exdjuslich feedbs, the assessed range tioe

remaining carbon budget estimated to be 110050, and 56 GtCQ (rounded to the nearest 50 Gtgr

the 33d, 5ah and, 6Th percentile of TCRE, respectively, with a median+@d» warming contribution and
starting froml January 2018 onwarlote that future research and ongoing observations over the next years
will provide a better indication as to how the 20815 base period compares with the loeign trends and
might bias the budget estimates. Similarly, improuaderstanding in Eartbystem feedbacks would result

in a better quantification of their impacts on remaining carbon budgets for 1.5°C and 2°C.

After TCRE uncertaintya major additional source of uncertaingthe magnitude of neO; forcing and

its contribution to the temperature change between the present day and the time of peak warming. Integrated

emissions pathways can be used to ensure consistency betweanddJ®nCO, emissiongBowerman et

al., 2013; Collins et al., 2013; Clarke et al., 2014; Rogelj et al., 2014ba;ZDdkarska et al., 2018)
Friedlingstein et ali2014a)used pathways with limited to no climate mitigation to find a variation due to
nonCO; contributionsof about +33% for 2°C carbon budgeRogelj et al(2016b)showed no particular

bias in noRCQO; radiative forcing or warming at the time of exceedance of 2°C or at peak warming between
scenarios with increasing emissions and strongly mitigated sce(@orsssent with Stocker et gl2013)
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However clear differences of the ne®O, warming contribution at the time of deriving a 26Gnsistent
carbon budget were reported for tbar RCPs. Although the spread in R@®; forcing acrosseenarios can
be smaller in absolute terms at lower levels of cumulative emissions, it can be larger in relative terms
compared to the remaining carbon bud@ocker et al., 2013; Friedlingstein et al., 2014a; Rogelj et al.,
2016b) Tokarska and Gille{2018)find no statistically significant differences in 1.58Gnsistent
cumulative emissions budgets when calculated for different RGRsdonsistent sets of CMIP5
simulations.

The mitigation pathways assessed in this report indicate that emissions@Ontarcers contribute an

average additional warming of around 0.15&Gtive to 20062015 at the time of net zefO, emissions,

reducing the remaining carbon budget by roughly 320 GtQ®is arises from a weakening of aerosol

cooling and continued emissions of IBM, GHGs (Sections 2.2.1, 2.3.3). This ABA, contributionat the

time of net zerdCO, emissionsraries by about +0.1°&cross scenarios resulting in a carbon budget

uncertainty of about +250 GtG@ndtakes into account marked reductions in methane emissions (Section
2.3.3). In case these would not be achieved, remaining carbon budgets are further reduced. Uncertainties in
the norCQ; forcing and temperature response are asymmetric and can influence the remaining carbon
budget by-400 to +200 GtC@with the uncertainty in aerosol radiative forcing being the largest contributing
factor (Table2.2). The MAGICC andFAIR modelsin their respective parameter setups and model versions
used to assess the RGA, warming contribution giveoticeable different ne&0; effective radiative

forcing and warming for the same scenarios while both being within plausible ranges of fupmese=§Fig.

2.2 andSupplementary Materia2.SM.11, 2.SM.1.2. For this assessment, it is premature to assess the
accuracyof their results, so it iassumed that botire equally representative of possible futures. Their non

CO, warming estimates aredtefore averaged for the carbon budget assessment and their differences used to
guide the uncertainty assessment of the role of@@nforcers. Nevertheless, the findings are robust enough

to givehigh confidencehat the changing emissions RGD; forcers (particularly the reduction in cooling

aerosol precursorgause additional nederm warming and reduce the remaining carbon budget compared

to the CQ only budget.

TCRE uncertainty directly impactarbon budget estimatéeters, 2016; Matthews et al., 2017; Millar and
Friedlingstein, 2018)Basel on multiple lines of evidencAR5 WGI assessedli&ely range for TCRE of
0.210.7°C per 1000 GtC{Collins et al., 2013)The TCRE of the CMIP5 Eargystem models rangé®m
0.23 t0 0.66°C per 1000 GtG(@Gillett et al., 2013)At the same time, studies using observational
constraints find best estimates of TCRE of D(BB1°C per 1000 GtC{Matthews et al., 2009; Gillett et

al., 2013; Tachiiri et al., 2015; Millar and Friedlingstein, 20I8)is assessment continues to use the
assessed AR5 TCRE range under the working assumption that TCRE is normally distBdker et al.,
2013) Observatiorbased estimates have reportedhagmal distributions of TCREMillar and

Friedlingstein, 2018)Assuming a loghormal instead of normal distribution of the assessed AR5 TCRE
range would result in about a 200 Gtd@xrease for the median budget estimates but only about half at the
67" percentile, while historical temperaturacertainty and uncertainty in recent emissions contribute +150
and +50 GtCQto the uncertainty, respectively (Table 2.2).

Calculating carbon budgets from the TCRE requires the assumption that the instantaneous warming in
response to cumulative G@missons equals the lonterm warming or, equivalently, that the residual

warming after Cemissions cease is negligible. The magnitude of this residual warming, referred to as the
zergemission commitment, ranges from slightly negative (i.e., a slight gpabrslightly positive for C@

emissions up to preseday (Section 1.2.4)owe et al., 2009; Frélicher and Jo@810; Gillett et al., 2011;
Matthews and Zickfeld, 2012The delayed temperature change from a pulsge@®¥sion introduces

uncertainties in emission budgets, which have not been quantified in the literature for budgets consistent with
limiting warmingto 1.5°C. As a consequence, this uncertainty does not affecarbon budget estimates

directly but it is included as an additional factor in the assessed-&athm feedback uncertainty (as

detailed below) of roughly 100 GtGOn decadal timescalesgsented in Table 2.2.

Remaining carbon budgets are further influenced by Egdtem feedbacks not accounted for in CMIP5
models, such as the permafrost carbon feed@aaddlingstein et al., 2014b; MacDougall et al., 2015; Burke
et al., 2017; Lowe and Berni2018) and their influence on the TCRE. Lowe and Be(A18)used a

simple climate sensitivity scaling approach stiraate that Eartsystem feedbacks (such asQ€leased by
permafrost thawing or methane released by wetlands) could reduce carbon budgets for 1.5°C and 2°C by
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roughly 100 GtC®@on centennial time scales. Their findings are based on older previoussiFstgm
feedbacks understandigdrneth et al., 2010)This estimate is broadly supported by more recent analysis of
individual feedbacksSchéadel et al. (2014uggest an upper bound of 24.4 PgC®G0,) emitted from

carbon release from permafrost over the next forty years for a RCPdaiedBurke et al. (2017)ise a

single model to ésnate permafrostmissonsbetween 0.3 and 08tCQO; y X from the point ofl.5°C
stabilizationwhich would reduce the budget by around 20 Gt6¥)>2100.ComynPlatt etal. (2018)

include methanemissions from permafrost and suggestitfsCremaining carbon budget is reduced by
180 GtCQ. Additionally, Mahowald et al. (2017jnd there is possibility of 8i 1.5 GtCO; y ! being

released from aerosbiogeochemistry changes if aerosol emissions cease. In summary, these additional
Earth system feedbacks taken together are assessed to reduce the remaining carbon budget applicable to
2100 by an order of magnitude 10 GtCQO,, compared to the budgdiasal on the assumption of a constant
TCREpresented in Table 2.8rfited evidencemedium agreementieading to overalinedium confidence

in their assessed impact

The uncertainties presented in Table 2.2 cannot be formally combined, but current uniderstathe

assessed geophysical uncertainties suggests at least a +50% possible variation for remaining carbon budgets
for 1.5°Gconsistent pathways. When put in the context of-284i7 CQ emissions (about 41 GtG@r?)

(Le Quéré et al., 2018a remaining carbon budget @0 GtCQ (550 GtCQ) suggests meeting net zero

global CQ emissions in aboutS3years(25 years)following a linear decline starting from 20{®unded to

the nearedive years) with a variation of 1620 years dued the abovenentioned geophysical

uncertaintiesi{igh confidencke

Theremaining carbon budgets assessed in this section are cansigitdimiting peak warming to the
indicated levels of additional warming. However, if these budgets are exceeded and the use of CDR (see
Sections 2.2ind 24) is envisaged to return cumulative £#nissions to within the carbon budget at a later
point intime, additional uncertainties apply because the TCRE is different under increasing and decreasing
atmospheric Ceconcentrations due to ocean thermal and cadyate inertia(Herrington and Zickfeld,

2014; Krasting et al., 2014; Zickfeld et al., 201B)is asymmetrical behaviour makes carbon budgets path
dependent in casd a budget and/or temperature overshidddcDougall et al., 2015Although potentially

large for scenarios with large oversh@diacDougall et al., 2015}his pathdependence of carbon budgets
has not been well quantified for 1.5°@hd 2°Gconsistent scenarios and as such remains an important
knowledgegap. This assessment does not explicitly acctmumiath dependence but takes it into
consideration for its overall confidence assessment.

This assessment fisa larger remaining budget from the 2a0®&15 base period than the 1.5°C and 2°C
remaining lmdgets inferred from AR5 from the start of 2Q0&pproximately 1000 GtCQor the 2C (66%

of model simulations) and approximately 400 Gt@@ the 1.53C budget (66% of model simulatignIn
contrast, this assessment finds approximately 1600 &tit@he 2°C (66h TCRE percentile) and
approximately 860 GtCgior the 1.8C budget (66 TCRE percentile) from 2011. However, these budgets
are not directly equivalent as AR5 reported budgets for fractions of CMIP5 simulations and other lines of
evidence, whilehis report uses the assessed range of TCRE and an assessment ef2@eaumribution

at net zerdCO, emissions to provide remaining carbon budget estimates at various percentiles of TCRE.
Furthermore, AR5 did not specify remaining budgets to carbatrality as we do here, but budgets until the
time the temperature limit of interest was reachessuming negligible zero emission commitnemd

taking into account the ne@O; forcing at that point in time

In summary, although robust physical undensling underpins the carbon budget concept, relative
uncertainties become larger as a specific temperature limit is approached. For the budget, applicable to the
mid-century, the main uncertainties relate to the TCRE;@0nemissionsradiative forcing ad response

For 2100, uncertain Eargystem feedbacks such as permafrost thawing would further reduce the available
budget. The remaining budget is also conditional upon the choice of basslicle is affected by

uncertainties in both historical emiseg and in deriving the estimate of globally averaged huindaced
warming. As a result, onljnedium confidencean be assigned to the assessed remaining budget values for
1.5°Cand 2.0C and their uncertainty.
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1900base period until the 20a815 period, which impacts the additional warming until a specific temperature limit like 1.2°C oelative to the 1850900 period.

Additional Approximate

warming warming Remaining carbon budget (excluding

since 2006- since 1850- additional Earth-system feedbacks*(5))

2015 [°C]*(1) | 1900 [°C]*(1) |[GtCO,from 1.1.2018]*(2) Key uncertainties and variations*(4)

Additional Non-CO, Non-CO, forcing TCRE distribution Historical Recent
Earth-system scenario and response uncertainty*(7) temperature emissions

Percentiles of TCRE¥(3) feedbacks*(5) variation*(6) uncertainty y uncertainty*(1) uncertainty*(8)
33 50 67" [GtCO,] [GICO,] [GtCO;] [GICO,] [GICO,] [GtCO;]

0.3 290 160 80

0.4 530 350 230

0.5 770 530 380 Budgets on the

0.6 1010 710 530 left are reduced by

0.63 ~1.5°C 1080 770 570 about 100 GtCO, +-250 -400 to +200 +100 to +200 +-250 +20

0.7 1240 900 630 If evaluated to 2100

0.8 1480 1080 830 and potentially more

0.9 1720 1260 980 on centennial

1 1960 1450 1130 time scales

1.1 2200 1630 1280

1.13 ~2.°C 2270 1690 1320

1.2 2440 1820 1430

*(1) Chapter 1 has assessed historical warming between the 1850-1900 and 2006-2015 periods to be 0.87°C with a +/- 0.12°C likely (1-0) range

*(2) Historical CO, emissions since the middle of the 1850-1900 historical base period (1 January 1876) are estimated at 1930 GtCO, (1630-2230 GtCO,, 1-0 range) until end 2010. Since 1 January 2011, an

additional 290 GtCO, (270-310 GtCO,, 1-G range) has been emitted until the end of 2017 (Le Quéré et al., 2018, Version 1.3 - accessed 22 May 2018).

*(3) TCRE: transient climate response to cumulative emissions of carbon, assessed by ARS5 to fall likely between 0.8-2.5°C / 1000 PgC (Collins et al., 2013), considering a normal distribution consistent with

AR5 (Stocker et al., 2013). Values are rounded to the nearest 10 GtCO, in the table and to the nearest 50 GtCO;, in the text.

*(4) Focussing on the impact of various key uncertainties on median budgets for 0.63°C of additional warming.

*(5) Earth system feedbacks include CO, released by permafrost thawing or methane released by wetlands, see main text.

*(6) Variations due to different scenario assumptions related to the future evolution of non-CO, emissions.

*(7) The distribution of TCRE is not precisely defined. Here the influence of assuming a log-normal instead of a normal distribution shown.

*(8) Historical emissions uncertainty reflects the uncertainty in historical emissions since 1 January 2011.
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2.3 Overview of 1.5°C mitigation pathways

Limiting global mean temperature increase at any level requires globami€sions to become net zero at
some point in the futur@ickfeld et al., 2009; Collinst al., 2013)At the same time, limiting the residual
warming d shortlived norCO, emissions, can be achieved by reducing their annual emissions as far as
possible (Section 2.2, Cre&hapter BoxX in Chapter L This will require largescale transforiattions of the
global energyagricultureland-economysystem, affecting the way in which energy is produced, agricultural
systems are organised, and food, energy and materials are cor{€lankel et al., 2014)This section

assesses key properties of pathways consistent with limiting global mean temperature to 1.5°C relative to
pre-industrial levels, including their underlying assumptions and Vamist

Sincethe AR5, an extensive body of literature has appearddtegratedpathways consistent with 1G{

Rogelj et al., 2015b; Akimoto et al., 2017; Liu et al., 2017; Loffler et al., 2017; Marcucci et al., 2017; Su et

al., 2017; Bauer et al., 2018; Bertram et al., 2018; Grubler et al., 2018; Kriegler et &, RPOderer et al.,

2018; Rogelj et al., 2018; Strefler et al., 2018a; van Vuuren et al., 2018; Vrontisi et al., 2018; Zhang et al.,
2018 (Section 2.1)These pathways have global coverage and represent alidatitting sectors and their
interactionsSuch integrated pathways allow the exploration of the wiydéem transformation, and hence
provide the context in which the detailed sectorial transformations assessed in Section 2.4 of this chapter are
taking place.

The overwhelming majority of publighl integrated pathways have been developed by global IAMs that
represent key societal systems and their interactions, like the energy system, agriculture and land use, and the
economy (see Section 6.2@tarke et al.2014) Very often these models also include interactions with a
representation of the geophysical system, for example, by includingllgpatiaicit land models or carben

cycle and climate models. The complex features of these subsystems are approximated and simplified in
these models. IAMs are briefly introduced in Section 2.1 and important knowledge gaps identified in Section
2.6. An oveview to the use, scope and limitations of IAMs is provideS8upplementary

Material 2.SM.1.2.

The pathway literature is assessed in two ways in this section. First, various insights on specific questions
reported by studies can be assessed to ideotiyst or divergent findings. Second, the combined body of
scenarios can be assessed to identify salient features of pathways in line with a specific climate goal across a
wide range of models. The latter can be achieved by assessing pathways avdhebiiabase to this
assessment (Section 2Sypplementary Materia2. SM.1.2i 4). The ensemble of scenarios available to this
assessment is an ensemble of opportunity: it is a collection of scenarios from a diverse set of studies that was
not developedavith a common set of questions and a statistical analysis of outcomes in mind. This means

that ranges can be useful to identify robust and sensitive features across available scenarios and contributing
modelling frameworks, but do not lend themselves tatssital interpretation. To understand the reasons
underlying the ranges, an assessmeth@finderlying scenarios and studies is required. To this end, this

section highlights illustrative pathway archetypes that help to clarify the variation in assesges for
1.5°G-consistent pathways.

2.3.1 Range ofassumptions nderlying 1.5°C pathways

Earlier assessments have highlighted that there is no single pathway to achieve a specific climate objective
(e.g., Clarke et al., 2014pathways depend on the underlying development processksocietal choices

which affect the drivers of projected future baseéngssions. Furthermore, societal choices also affect
climate change solutions in pathways, like the technologies that are deployed, the scale at which they are
deployed, or whether solutions are globally coordinated. A key finding is that-édsf&Istenpathways

could be idetified under a considerable range of assumptions in model studies despite the tightness of the
1.5°C emissions budget (Figures 24) (Rogelj et al., 2018)

The AR5 provided an weerview of how differences in model structure and assumptions can influence the
outcome of transformation pathways (Section 6 .2larke et al.2014 as well asTable A.ll.14 inKrey et

al., 2014b)and ths was further explored lihe modelling community in recent years with regard to, e.g.,
sociaeconomic drivergKriegler et al., 2016; Marangoni et al., 2017; Riahi et al., 2a&¢hnology
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assumptiong¢Bosetti et al., 2015; Creutzig et al., 2017; Pietzcker et al., 2@hd)behavioural factofsan
Sluisveld et al., 2016; McCollum et al., 2017)

2.3.1.1 Socieeconomic dversand the demand for energy and land in 1.5WDsistent pathways

There is deep uncertainty about the ways humankind will use energy and land isttenfity These

waysare intricately linked to future population levels, secular trends in economic growth and income
convergence, behavioural change and technologiogkess. These dimensions have been recently explored
in the context of the Shared SocioeconoRathways (SSP) Kr i egl er et al ., 2012;
which provide narrative§ O6 Ne i | | and quamtification§r@spo/Cuaresma, 2017; Dellink &f a

2017; KC and Lutz, 2017; Leimbach et al., 2017; Riahi et al., 20fldijferent future worlds in which

scenario dimensions are varied to explore differential challenges to adaptation and mitigatic@k@pbss

Box 1in Chapter 1 This frameworks increasingly adopted by IAMs to systematically explore the impact

of socieeconomic assumptions on mitigation pathw@shi et al., 2017)including 1.5°CGconsistent
pathwaygRogelj et al., 2018)The narratives describe five worlds (SEB)1with different socieeconomic
predispositions to mitigate and adapt to climate change (Table 2.3). As a result, population and economic
growth projectionsa&n vary strongly across integrated scenarios, including available-dobXistent

pathways (Fig. 2.4). For example, based on alternative future fertility, mortality, migration and educational
assumptions, population projections vary betweefl8.8 billion people by 2050, and 6X22.6 billion

people by2100 across the SSPs. An important factor for these differences is future female educational
attainment, with higher attainment leading to lower fertility rates and therewith decreased population growth
upto a level of 1 billion people by 205%0utz and KC, 2011; Snopkowski et &016; KC and Lutz, 2017)
Consistent with populatiodevelopment, GDP per capita also varies strongly in SSP baselines varying about
20 to more than 50 thousand Us{gper capitan 2050(in power purchasing parityalues PPB, in part

driven by assumpins on human development, technological progress and development convergence
between and within regiorf€respo Cuaresma, 2017; Dellink et al., 2017; Leimbach et al.,.2017)
Importantly, none of the GDP projections in thiigation pathway literature assessed in this chapter
included the feedback of climate damages on economic gkbistAng et al., 2017)

Baseline projections for energglated GHG emisgns are sensitive to economic growth assumptions, while
baseline projections for langse emissions are more directly affected by population growth (assuming
unchanged land productivity and per capita demand for agricultural proffces)ler et al., 2016)SSP

based modelling studies of mitigation pathways have identified high challenges to mitigatiomldsrwith

a focus on domestic issues and regional security combined with high population growth (SSP3), and for
worlds with rapidly growing resource and fodsiel intensive consumption (SSRRiahiet al., 2017)No
model could identify a 2°€onsistent pathway for SSP3, and high mitigation costs were found for SSP5.
This picture translates to 1.5%0onsistent pathways that have to remain within even tighter emissions
constraint§Rogelj et al., 2018)No model found a 1.5%Consistent pathway for SSP3 and some models
could not identify 1.5°@onsistent pathways for SSP5 (2 of 4 models, compared to 1 of 4 modelsfor 2°C
consistent pathways). The dwalling analysis also found that the effective control of {ase emissions
becomes even more critical in 1.588nsistent pathways. Due to high inequality levels in SSP4, land use
can be less well managed. This caused 2 of 3 models to no longer fiBPdbesed 1.5°€onsistent

pathway even though they identified SSR%ed 2°&onsistent pathways at relatively moderate mitigation
costs(Riahi et al., 2017)Rogelj et al(2018)furtherreported that all six participating models identified
1.5°G-consistent pathways in a sustainability oriented world (SSP1) and four of six models found 1.5°C
consistent pathways for middté-the-road developments (SSP2). These reshltsvghat 1.5°Gonsistent
pathways can be identified under a broad range of assumptions, but that lack of global cooperation (SSP3),
high inequality (SSP4) and/or high population growth (SSP3) that limit the ability to control land use
emissions, and ragiglgrowing resourcéntensive consumption (SSP5) are key impediments.
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Table 2.3: Key characteristics of the five Shared Socieconomic Pathwayg O6 Nei I | et al ., 2017)
Scaio-economic Socieeconomic challenges to adaptation
ch_gllen_ges o Low Medium High
mitigation
SSP5: Fosdilielled development SSP3: Regional rivalry
1 low population 1 high population
1 very high economic growth per capita 1 low economic growth per capita
1 high human development 1 low human development
1 high technological progress 1 low technological progress
High 9 ample fossil fuetesources 1 resource intensive istyles
1 resource intensive lifestyles 1 resource constrained energy and food demand pe
1 high energy and food demand per capita capita
1 convergence and global cooperation 1 focus on regional food and energy security
1 regionalization and lack of global cooperation
SSP2: Middle of the road
1 medium population
1 medium and uneven economic growth
1 medium and unevehuman development
Medium 1 medium and uneven technological progress
1 resource intensive lifestyles
1 medium and uneven energy and food demand per
capita
1 limited global cooperation and convergence
SSP1: Sustainable development SSP4: Inequality
1 low population 1 Medium tohigh population
1 high economic growtlper capita 1 Unequal low to medium economic growth per capi
1 high human development 1 Unequal low to medium human development
1 high technological progress 1 unequal technological progress: high in globalized
Low 1 environmentally oriented technological and high tech sectors, slow in domestic sectors
behavioural change 1 unequal lifestyles and energy / food consumption:
1 resource efficient lifestyles resource intensity depending on income
1 low energy and food demand per capita 1 Globally connected elite, disconnected domestic
1 convergence and global cooperation work forces
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Figure 2.4. Range of assumptions about socieconomic drivers and projections for energy and food demand in
the pathwaysavailable to this assessmeni.5°G-consistent pthways are pink, other pathways grey.
Trajectories for the illustrative 1.52€nsistentarchetypesised in this Chapte(, S2 S3 LED) are
highlighted. Population assumptionsS2andLED are identical.

Figure 2.4 compares the range of underlyingjgseconomic developments as well as energy and food
demand in available 1.52€bnsistent pathways with the full set of published scenarios that were submitted
to this assessment. While 1.58Gnsistent pathways broadly cover the full range of populatidn a

economic growth developments (except of the high population development irh&&RBscenarios), they
tend to cluster on the lower efat energy and food demandhey still encompass, however, a wide range of
developments from decreasing to increasiagand levels relative to today. For the purpose of this
assessment, a set of four illustrative 1 &WDsistent pathway archetypes were selected to show the variety
of underlying assumptions and characteristics (Fig. 2.4). They comprise threedrBient pathways

based on the SSPRogelj et al., 2018)a sustainability oriented scenari®lpased on SSP1) developed with
the AIM model(Fujimori, 2017) a fossifuel intensive and high energy demand scen&@ipl{ased on

SSP5) developed with the REMINIRIAgPIE model(Kriegler et al., 2017)and a middlef-the-road

scenario $2 based on SSP2) developed with the MESSAREOBIOM model(Fricko et al., 2017)In

addition, we include a scenario with low energy dem&Dj (Grubler et al., 2018)which reflects recent
literature with a stronger focus on demaside measure@.iu et al., 2017; Bertram et al., 2018; Grubler et
al., 2018; van Vuuren et al., 2018)
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2.3.1.2 Mitigation options in 1.5°@onsistent pathways

In the context of 1.5°@onsistent pathways, the portfolio of mitigatioptions available to the model
becomes an increasingly important factor. IAMs include a wide variatytigation options, as well as
measures that achieve CDR from the atmospik@ry et al., 2014, 2014) (see Section 4.3 for a broad
assessment of available mitigation measufem) the purpose dhis assessment, we elicited technology
availability in models that subnbitd scenarios to the database as summarizedgplementary

Material 2.SM.12, wherea detailed picture of the technology variety underlying available 1c8itSistent
pathwayss provided Modelling choices on whether a particular mitigation meastnelisded are
influenced byan assessment of its global mitigation potentied,availability of data and literature
describing its techreconomic characteristics and future prospestdcomputational challenge to represent
the measure, e, gn terms @ required spao-temporal and process detail

This elicitation Supplementary Material.SM.12) confirms that IAMs cover most supplgide mitigation
options on the process level, while many derrsidé options are treated as part of underlying assangti
which can be variefClarke et al., 2014)n recent years, there has been increasing attention on improving
the modelling of integrating viable renewable energy into the power syst€neutzig et al., 2017; Luderer
et al., 2017; Pietzcker et a2017)and of behavioural change and other factors influencing future demand
for energy and foo@van Slusveld et al., 2016; McCollum et al., 2017; Weindl et al., 2pihcjuding in the
context of 1.5°Gonsistent pathway&rubler et al., 2018; van Vuuren et al., 20I8)e literature on the
many diverse CDR options only recently started to develop str@kighx et al., 2017)see Section 4.3.7

for a detailed assessment), drehcethese options are only peally included in IAM analyses. IAMsostly
incorporateafforestation ad bioenergy witttarbon capture and stora@ECCS) and only in few cases also
include direct air capture with CCS (DACC®hen and Tavoni, 2013; Marcucci et al., 2017; Strefler et al.,
2018b)

Several studies have either directly or indirectly explored the dependence otarsi€tent pathways on
specific (sets of) mitigatioand CDR technologigd.iu et al., 2017; Bauer et al., 2018; Grubler et al., 2018;
Holz et al., 2018pKriegler et al., 2018b; Rogel;j et al., 2018; Strefler et al., 2018b; van Vuuren et al., 2018)
However, there are a few potentially disruptive technologies that are typically matlyebvered in IAMs

and that have the potential to alter the shapueitiation pathways beyond the ranges in the tAdsed
literature. Those are also includedSupplementary Materia.SM.12. The configuration of carbeneutral
energy systems projected in mitigation pathways can vary widely, but they all shareaatmllystiance on
bioenergy under the assumption of effective tard emissions control. There are other configurations with
less reliance on bioenergy that are not yet comprehensively covered by global mifigétiway modelling.

One approach is to @matically reduce and electrify energy demand for transportation and manufacturing to

levels that make residual natectric fuel use negligible or replaceable by limited amounts of electrolytic
hydrogen. Such an approach is presented in aofitiss kind low energy demand scena(®rubler et al.,

2018)which is part of this assessment. Other approaches rely less on energy demand reductions, but employ

cheap renewablelectricity to push the boundaries of electrifioatin the industry and transport sectors
(Breyer et al., 2017; Jacobson, 2Q1@)addition, these approaches deploy renewhated Powel-X

(read: Power to fAxo0) t ec hfoebuseBgynok et al.t 2018)Aniimportantt ut e
element of carboneutral Powe2-X applications is the combination of hydrogen generated from renewable
electricity andCO; captured fran the atmospher@eman and Keith, 2008\lternatively, algae are

considered as a bioenergy source with more limited implications for land use and agricultural systems than

energy cropgWilliams and Laurens, 2010; Walsh et al., 2016; Greene et al.,.2017)

Furthermore, a range of measures could radically reduce agricultural angséaethissions and are not yet
well-covered m IAM modelling. This includes plafitased proteingloshi and Kumar, 201%8)nd cultured
meat(Post, 2012jith the potential to substitute for livestock products at much lower GHG footprints
(Tuomisto and Teixeira de Mattos, 201largescale use of synthetic or alghased proteins for animal

feed could free pasture land for other udédadeira et al., 2017; Pikaar et al., 2018pvd technologies

such as methanogen inhibitors and vacc{iésdlock et al., 2013; Hristov et al., 2015; Herrero et al., 2016;
Subharat et al., 2016} well as synthetic and biological nitrification inhibit@&ubbarao et al., 2013; Jie Di
and Cameron, 201@puld substantially reduce future n@®, emissions from agriculture if commercialised
successfully. Enhancing carbon sequestration in @dasitan et al., 2016; Frank et al., 2017; Zomer et al.,
2017)canprovide the dual beneff CDR and improved soil quality. A range of conservation, restoration
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and land management options can also increase terrestrial carbon(@piséem et al., 2017)n addition,

the literature discusses CDR rsaees to permanently sequester atmospheric carbon in rocks (mineralisation
and enhanced weathering, see Sedti@n7) as well as carbon capture and usage inllged products like
plastics and carbon fibréMazzotti et al., 2005; Hartmann et al., 201Bj)ogress in the understanding of the
technical viability, economics, and sustainability of these ways to achieve and maintain carbon neutral
energy and landse can affect the characteristics, costs and feasibility of ‘t&i€istent pathways

significantly.

2.3.1.3 Policy assumptions in 1.5%€bnsistent pathways

Besides assumptions related to semtonomic drivers and mitigation technology, scenarios are algecsub
to assumptions about the mitigation policies that can be put in place. Mitigation policies can either be applied
immediately in scenarios or follow staged or delayed approaches. Policies can span many sectors (e.g.,
economywide carbon pricing), or igies can be applicable to specific sectors only (like the energy sector)
with other sectors (e.g., the agricultural or the faed sector) treated differently. These variations can have
an important impact on the ability of models to generate scercanogatible with stringent climate targets
like 1.5°C(Luderer et al., 2013; Rogelj et al., 2013; Bertram et al., 2015b; Kriegler et al., 2018b;
Michaelowa et al., 2018)n the scenario ensemble awdile to this assessment, several variations of near
term mitigation policy implementation can be found: immedsaie crosssectorialglobal cooperation from
2020 onward towards a global climate objectivphasein of globally coordinated mitigation paly from

2020 to 2040, and more shorterm oriented and regionally divergmbal mitigation policy, following

NDCs until 203Q(Kriegler et al., 2018b; Luderer et al., 2018; McCollum et al., 2018; Rogel; et al., 2018;
Strefler et al., 2018bJror example, abovmentioned SSP quantifications assuegionally scattered
mitigation policies until 2020, and vary in global convergence thereéftaegler et al., 2014a; Riahi et al.,
2017) The impact of neaterm policy choices on 1.52€onsistent pathways is discussed in Section 2.3.5.
The literature has also exploreddC-consistent pathways building on a portfolio of policy approaches until
2030, including the combination of regulatory policies and carbon prikinggler et al., 2018band a

variety of ancillary policies to safegrd other sustainable development gdBksrtram et al., 2018; van
Vuuren et al., 2018 further discussion of policy implications of 1.58%0nsistent pathways is provided in
Section 2.5.1, while a general discussion of policies and options to strengtherasesabject of Section

4.4,

2.3.2 Key characteristics of 1.5°€onsistent pathways

1.5°G-consistent pathways are characterised by a rapid phase out efX3ions and deep emissions
reductions in other BGs and climate forcers (Section 2.2.2 and 2.3 Bjs & achieved broad

transformations in the energy, industry, transport, buildings, Agriculture, Forestry and Othdideand
(AFOLU) sectors (Section 2.4)iu et al., 2017; Bauer et al., 2018; Grubler et al., 2018; Holz et aBp201
Kriegler et al., 2018a; Luderer et al., 2018; Rogel;j et al., 2018; van Vuuren et al., 2018; Zhang et al., 2018)
Here we assess 1.5%0nsistent pathways with and without overshoot during tRedtury.Onestudy

also explores pathways overshooting°C for longer than the 2tentury(Akimoto et al.,2017) but these

are not considered 1.5%®nsistent pathways in this report (Section 1.1.3). This subsection summarizes
robust and varying properties of 1.586nsistent pathwayggardingsystem transformati@nemission
reductionsand overshoot. It ais to provide an introduction to the detailed assessment of the emissions
evolution (Section 2.3.3), CDR deployment (Section 2.3.4), energy (Section 2.4.1, 2.4.2), industry (2.4.3.1),
buildings (2.4.3.2), transport (2.4.3.3) and larsg transformations €8tion 2.4.4) in 1.5°@onsistent

pathways. Throughout Sections 2.3 and 2.4, pathway properties are highlighted with forooh&%3tent
pathway archetypes$(, S2 S5 LED) covering a wide range of different so@oonomic and technology
assumptiongFig. 2.5 Section 2.3.1

2.3.2.1 Variation in system transformations underlying 1.5@hsistent pathways

Be it for the energy, transport, buildingsdustry, or AFOLU sector, the literature shows that multiple
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options and choiceare available in each of theesectors to pursue stringent emissions reductions (Section
2.3.1.2,Supplementary Materia.SM.12, Section 4.3 Because the overall emissions total under a
pathway is limited by geophysical carbon budget (Section 2.2.2piads in one sector affettte efforts

that are required from othefGlarke et al., 2014)A robust feature of 1.5%Consistent pathways, as
highlighted by the set of patlay achetypes irFigure 2.5is a virtually full decarbonisation of the power
sector around migentury, a feature shared with 28@nsistent pathways. The additional emissions
reductions in 1.5°@onsistent compared to 2€@nsistent pathways come predoamtly from the transport
and industry secto&uderer et al., 2018 Emissions can be apportioned differently across sectors, for
example, by focussing on reducing the overall amount offE@luced in the energy end use sectors, and
using limited contributions of CDR by the AFOLUcser (afforestation and reforestatid®ilandLED
pahways in Figure 2.5)Grubler et al., 2018; Holz et al., 2018b; van Vuuren et al., 2@t&)y being more
lenient abotithe amount of Cé&xhat continues to be produced in the abmantioned endise sectors (both
by 2030 and migtentury) and strongly relying on technological CDR options like BEC32ar{dS5
pathways in Figure 2.8} uderer et al., 2018; Rogel] et al., 20180]ajor divers of these differences are
assumptions about energy and food demand and the stringency of near term climate policy (see the
difference between early action in the scena®yd. ED and more moderate action until 2030 in the
scenario$sS2 SH. Furthernore, the carbobudgetin each of these pathways depgalto on the noilCO,
mitigation measures implemented in each ofrthgarticularly for agricultural emissions (Sections 2.2.2,
2.3.3)(Gernaat et al., 2015 hose pathways differ not only in terms of theipldgment of mitigation and

CDR measures (Sections 2.3.4 and 2.4), but also in terms of the temperature overshoot they imply (Figure

2.1). Furthermore, they have very different implications for the achievement of sustainable development
objectives, as furtr discussed in Section 2.5.3.
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Figure 2.5: Evolution and break down of global anthropogenic CQ emissions until 2100The topleft panel
shows global net C£emissions in Belovl.5°C, 1.5°Glow-OS, and 1.5°ehigh-OS pathways, with the
four illustrative 1.5°Gconsigent pathwayarchetype®f this chapter highlighted. Ranges at the bottom of
the topleft panel show tha0™ 90" percentilerange (thin line) and interquartile range (thick line) of the
time that global C@emissions reach net zero per pathway clasdfor all pathways classes combined
The topright panel provides a schematic legend explaining all €@@lssions contributions to global @O
emissions. The bottom row shows how various €@ntributions are deployed and used in the four
illustrative pathwg archetype$S1, S2 S5 andLED) used in this chapteNote that the S5 scenario
reports the building and industry sector emissions jointly. Gbées areas hence show emissions from
the transport, and building & industry demand sectors, respectively.
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2.3.2.2 Pathways keeping warming below 1.5°C or temporarily overshooting it

This subsection explores the conditions that would need to be fulfilled to stay below 1.5°C warming without
overshoot. As discusdén Section 2.2.2, to keep warming below 1.5°C witlverin-three (ondn-two)

chance, the cumulative amount of £€missions from 2018 onwards need to remain below a carbon budget
of 550(750 GtCQ, further reduced by 100 GtC@vhen accounting for additional Earslgstem feedbacks

until 210Q Based on theurrent state of knowledgexaeeding this remaining carbon budget at some point

in time would give a oné-three (ondn-two) chanceha the 1.5°C limitis oversho{Table 2.2) For

comparison, aroundd® +2 (1-sigma range§stCO, have been emitted iné years 201:2017with annual

CO; emissions in 2017 slightly above @CQ, yr (Jackson et al., 2017; Le Quéré et al., 20C®)mmitted
fossilfuel emissions from existing fosdilel infrastructure as of 2010 halveen estimatedt around 500

+200 GtCQ (with ca. 200 GtC@already emitted until 201{Pavis and Caldeira, 2010 oalfired power

plants contribute the largest part. Committed emissions from existindimahpower plants built until the

end of 2016 are estimated to add up to roughly 200 aaB@ a further 100150 GtCQ from coalfired

power plants are under construction or planf@&ozalezEguino et al., 2017; Edenhofer et al., 2018)

However, there has been a marked slowdown of plduoalpower projects in recent years, and some
estimates indicate that the committed emissions from coal plants that are under construction or planned have
halved since 201&hearer et al., 2018Despite hese uncertainties, the committed fefsdl emissions are
assessed to already amount to more than half (a third) of the remaining carbon budget.

An important question is to what extent the nationally determined contributions (NDCs) under the Paris
Agreament are aligned with the remaining carbon budget. It was estimated that the NDCs, if successfully
implementedimply a toal of 400 560 GtCQ emissions over the 2008030 period (considering both
conditional and unconditional NDC&Rogelj et al., 2016a)rhus, following an NDC trajectory would

exhaust alreadyOi 100% (507 75%) of the remaining twdn-three (onen-two) 1.5°C carbon budget
(unadjusted for additional Eardystem feedback$y 2030. This would lese only abat Oi 8 (9i 18) years

to bring down global emissions from NDC levels of aroun@400; yr? in 2030(Fawcett et al., 2015;

Rogelj et al., 2016ap net zeroflurther discgsion in Section 2.3.5).

Most 1.5°Cconsistent pathways show mateingent emissions reductions by 2030 than implied by the
NDCs (Section 2.3.5) Tlower end of ttose pathways reach downkelow20 GtCQ yrtin 2030 (Section
2.3.3, Table 2.4)ess tharhalf of what is implied by the NDCs. Whethench pathwawill be able to limit
warming to 1.5°C without overshoot will dependwhethercumulative net C@emissions over the 21
centurycan be kepbelow the remaining carbon budget at any time. Net globale@@ssionsarederived

from the gross amount of G@hat umansannuallyemit into the atmosphere reduced by the amount of
anthropogeni€DRin each year. New research has looked more closely at the amount and the drivers of
grossCO; emissions from fossiiuel combustion and industrial processes (FFI) in dedigation pathways
(Luderer et al 2018) andfound that the larger part of remaining £¢missions come from direct fossilel

use in tha@ransportand industry sectors, while residual energy supply sector emissions (mostly from the
power sector) are limited by a rapid approachetzeroCO, emissionauntil mid-century. The 1.5°C
consistent pathways from the literature that were reported in the scenario database project remaining FFI
CO, emissionf 620° 1410 GtCQ over the period 2012100 (5hi 95th percentile range; median: 970
GtCOy). Kriegler et al(2018a)conducted a sensitivity analysis that explores the four central options for
reducing fosstuel emissionslowering energy demand, electrifying energy services, decarbonieng t
power sector and decarbonizing relectric fuel use in energy emde sectordBy exploring these options

to their extremeshey found a lowest value of 500 Gt€Q018 2100) gross fossiluel CO, emissions for

the hypothetical case of aligning theosigest assumptions for all four mitigation options. The two lines of
evidence and the fact that available 1.5°C pathways cover a wide range of assumptions (Section 2.3.1) give a
robust indication of a lower limit of ca. 500 Gte@maining fossifuel andindustry CQ emissions in the
21stcentury.

To compare these numbers with the remaining carbon budgetUse@hange (LUCEO, emissions need
to be taken into account. In many of the 1 &Ubsistent pathways LUCO, emissions reach zero at or
before nid-century and then turn to negative values (Table 2.4). This means human changes to the land lead
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to atmospheric carbon being stored in plants and soils. This needs to be distinguished from theMatural
uptake by land which is not accounted for inainéhropogenic LU O, emissions reported in the
pathways. Given the difference in estimatingdethropogenigsink between countries and the global
integrated assessment and carbon modelling comm(@rigssi et al., 2017)he LUCCO; estimates
included here are not necessarily directly comparable with countries' estimates at global éevel. Th
cumulated amount of LUCGO, emissions until the time they reach@eombinewith the fossHfuel and
industry CQO emissions to a total amount of gross emissior@yaif 1430 GtCQ for the period 20182100
(5thi 95th percentile medan 1040 GtCQ,). The lower end of the range is similar to what emerges from a
scenario of trasformative chage that halves C{emissions every decade from 2020 to 2(B0ckstrém et
al., 2017) All these estimates are above the remaining carbon budget foria-tin@e chance of limiting
warming below 1.5°@vithout overshoqtincluding theow end of the hypothetical sensitivity analysis of
Kriegler et al(2018a) who assumes 75 GtGQUC emissions adding to a total of 575 Gt2fpossCO»
emissionsAs only limited, highlyidealizedcases have been identified that keep g&Bsemissions within
the 1.5°C carbon budgahd based on current understanding of the geophysical response and its
uncertainties, the available evidence indicatesataiding overshaowill require some type of CDR ia
broad sensee.g, via negative LUCCO; emissions(mediumconfidence (Table 2.2).

Net CO, emissiongan fall belowgrossCO, emissionsif CDR is brought into the mix. Studies have looked
at mitigation and CDR in comtiition to identify strategies for limiting warming to 1.5(&anderson et al.,
2016; Ricke et al., 2017CDR and/or negative LUC G@missions are deploydxy all 1.5°Gconsistent
pathways available to this assessment, but the scale of deployment and ch@&eroé&sure varies widely

(Section 2.3.4). Furthermore, no CDR technology has been deployed at scale yet, and all come with concerns

about their potentiglFuss et al., 2018jeasibility(Nemet et al., 201&nd/or sustainabilitySmith et al.,
2015; Fuss et al., 2018ee Sections 2.3.4, 4.3.2 and 4.3.7 and Gebspter BoxZ in Chapter3or further
discussion)CDR can have two very different functions in 1.5¢@hsistent pathways. If deployed in the first
half of the century, before net zet®, emissions are reached, it neutralizes some of thaining CQ
emissions year by year and thus slows the accumulati€Q in the atmosphere. In thigst function it can

be used to remain within the carbon budget and avoid overshoot. If CDR is deployed in the second half of

the century after carbon neutrality has been established, it can still be used to neoiraizesidual
emissions from other sectors, but also to create net negative emissions that actively draw down the
cumulative amount of C{Qemissions to return below a 1.5°C warming level. Insta@ondunction, CDR
enables temporary overshodhe literatire points to strong limitations to upscaling CDR (limiting its first
abovementioned function) and to sustainability constraints (limiting both abovementioned fur{Etimss)t
al., 2018; Minx et al., 2018; Neshet al., 2018)Large uncertainty hence exists about what amount of CDR
could actually be available before midntury. Kriegler et al2018a)explore a case limiting CDR to 100

GtCQG; until 2050, and th 1.5°Cconsistent pathways availablei t he r eport 3@ 26@ at abase

GtCQ, CDR until the point of carbon neutrality'{§o 95" percentile; median2D GtCQ). Because gross
CO; emissions in most casexceed the remaining carbon budget by seVemtired GtC@andgiventhe
limits to CDR deployment until 2050, most of the 1.5@hsistent pathways available to this assessment are
overshoot pathways. However, the scenario database also contains riverstioot pathways that remain
below 1.5°C thoughout the 24t century and that are assessed in the chapter.

2.3.3 Emissions evolution in 1.5°C pathways

This section assesses the salient temporal evolutions of climate forcers ovest temiLty. It uses the
classification of 1.5°@onsisten pathwaysresented in Section 2.1, which includes a Below/C class, as
well as other classes with varying levels of projected overshoot (oB”OS and 1.5°éhigh-OS). First,
aggregateGHG benchmarks for 2030 are assessed. Subsequent sections asdessllchmate forcers
(LLCF) and shoHived climate forcers (SLCF) separately because they contribute in different ways-to near
term, peak and lonrterm warming (Section 2.2, Cre&hapter Box2 in Chapter L

Estimates of aggregated GHG emissions in lifte specific policy choices are often compared to tean
benchmark values from mitigation pathways to explore their consistency wititdlonglimate goals
(Clarke et al., 2014; UBP, 2016, 2017; UNFCCC, 201®enchmark emissions or estimates of peak years

derived from 1AMs provide guidelines or milestones that are consistent with achieving a given temperature
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level. While they do not set mitigation requirements in a strict sexsegeding these levels in a given year
almost invariably increases the mitigation challenges afterwards by increasing the rates of change and
increasing the reliance on spéative technologies, including the possibility that its implementation becomes
unachievablgLuderer et al., 2013; Rogelj et al., 201 &larke et al., 2014; Fawcett et al., 2015; Riahi et al.,
2015; Kriegler et al., 2018l§3ee Cros€hapteBox 3in Chapter Xor a discussion of feasibility concepts)
These trad®ffs are particularly pronounced in 1.5%0nsistent pathways and are discussed in

Section2.3.5. This section assesses Ky@idG emissions in 2030 expressedii@, equivalent CO.€e)

emissions using 16gear global warming potentidls

Appropriate benchmark values of aggredd#iG emissions depend on a variety of factors. First and
foremost they are determined by the desired likelihood to keep warming below 1.5°C and théoextent
which projected temporary overshoot is to be avoided (Sections 2.2, 2.3.2, and 2.3.5). For instance, median
aggregated 2030 GHG emissions are about 10 @O lower in 1.5°Clow-OS compared to 1.528igh-

OS pathways, with respective interquartilages of 2631 and36i 49 GtCQe yr! (Table 2.4) These ranges
correspond to 250 and35i 48 GtCOe yrtin 2030, respdively, when aggregated with 18@ar Global
Warming Potentials from the IPCC Second Assessment Ré@pertimited evidence availablerfpathways
aiming to limit warming below 1.5°C without overshoot or with limited amounts of GBxfbler et al.,

2018; Holz et al., 2018b; van Vuuren et al., 20h8)cates that under these conditions consistent emissions
in 2030 would fall at the lower end and below the abovementioned ranges. Ranges for thew-G3Cand
Lower-2°C classes only overlap outside their interquartile ranges highlighting the more accelerated
reductions in 1.5°@onsistent compared to 2<€nsistent pathways.

Appropriate benchmark values also depend on the acceptable or desired portfolio of mitigation measures,
representing clearly identified tradéfs and choices (Sections 2.3.4, 2.4, arid3) (Luderer et al., 2013;

Rogelj et al., 2018 Clarke et al., 2014; Krey et al., 2014a; Strefler et al., 20 Rr)example, lower 2030

GHG emissions correlate with a lower dependence orutheefavailability and desirability of CDR

(Strefler et al., 2018bEXxplicit choices or anticipation that CDR optione anly deployed to a limited

degree during the 31century imply lower benchmarks over the coming decades that are achieved through
lower CO; emissions. The pathway archetypes used in the chapter illustrate this further (Figure 2.6). Under
middle-of-theroad assumptions of technological and socioeconomic development, p&BRauygests

emission benchmarks of 34, 12 aB8dGtCQe yr? in the years 2030, 2050, and 2100, respectively. In
contrast, a pathway that further limits overshoot and aims at elinmnidt reliance on negative emissions
technologies like BECCS as well as CCS (here labelled d€ibgathway) shows deeper emissions
reductions in 2030 to limit the cumulative amounCad, until net zero globaCO, emissions (carbon

neutrality). TheLED pathway here suggest emission benchmarks of 25, 9 and 2&3tCan the years

2030, 2050, and 2100, respectively. However, a pathway that allows and plans for the successtaléarge
deployment of BECCS by and beyond 2058 (shows a shift in thepposite direction. The variation within
and between the abovementioned ranges of 2030 GHG benchmarks hence depends strongly on societal
choices and preferences related to the acceptability and availability of certain technologies.

Overall these variatiando not strongly affect estimates of the C&dnsistent timing of globadeaking of
GHG emissionsBoth Below-1.5°Cand 1.5°Glow-OS pathways show minimumaximum ranges in 2030
that do not overlap with 2020 ranges, indicating the global GHG emissakegbefore 2030 in these
pathways. Also 2020 and 2030 GHG emissions in &GOS pathways only overlap outside their
interquartile ranges.

Kyoto-GHG emission reductions are achieved by reductio@Cnand norRCO, GHGs.The AR5 identified

two primary factors that influence the depth and timing of reductions irG@Kyoto-GHG emissions: (1)

the abatement potential and costs of reducing the emissions of these gases and (2) the strategies that allow
making tradeoffs between ther{Clarke et al., 2014Many studies indicate lowost neaterm mitigation

options in some sectors for @0, gases compared to supdide measures for Gnitigation (Clarke et

al., 2014) A large share of this potential is hence already exploited in mitigation pathways in line with 2°C.

3: In this chapter GWRL00 values from the IPCC Fourth Assessement Report are used because emissions of fluorinated gases in the
integrated pathways have been reported in this metricetaldtabase. At a global scale, switching between -GWPvaluesf the

Second, Fourth or Fifth IPCC Assessment Reports could result in variations in aggregate® M §@otmissions of about +5% i
2030(UNFCCC, 2016)
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At the same timeyy mid-century and beyond, estimates of further reductions ofG®@rKyoto-GHGs, in
particular CH and NO, are hampered by the absence of mitigation options in the current generation of
IAMs which are hence not able to reduce residoatsions of sourcelinked to livestock production and
fertilizer use(Clarke et al., 2014; Gernaat et al., 20(&ctions 2.3.1.2, 2.4.8upplementary

Material 2.SM.12). Thereforewhile net CQ emissons are projected to be markedly lower in 1.5°C
consistent compared to 2®nsistent pathways, this is much less the case for methaneai@Hhitrous
oxide (NO) (Figures 2.62.7). This results in reductions of GBeing projected to take up the largsisare

of emissions reductions when mogibetween 1.5°@onsistent and 2%Consistent pathway®ogelj et al.,
201%, 2018; Luderer et al., 2018§ additional norRCO, mitigation measures are identified and adequately
included in IAMs, they are expected to furtleentribute to mitigation efforts by lowering the floor of
residual norCO; emissions. However, the magnitude of these potential contributions has not been assessed
as part of this report.

The interplay between residuad, and norCO; emissions, as wedls CDR results in different times at

which global GHG emissions reach net zero levels in kdsfi@Sistent pathways. Interquartile rangé the
years in which 1.5°@ow-OS and 1.5°éhigh-OS reach net zero GHG emissions range from 2060 to 2080
(Table 2.4) A seesaw characteristic can be found betweenteearemissions reductions and the timing of
net zero GHG emissions as a result of the reliance on net negative emissions of pathways with limited
emissions reductions in the next one to two decades (dex)edlost 1.5°Chigh-OS pathways lead to net
zero GHG emissions in approximately the third quarter of this century, because all of them rely on
significant amounts of annual net negative emissions in the second half of the century to decline
temperaturs after overshoot (Table 2.4). However, emissions in pathways that aim at limiting overshoot as
much as possible or more slowly decline temperatures after their peak reach this point slightly later or at
times never. Early emissions reductions in this ceselt in a lower requirement for net negative emissions.
Estimates of 2030 GHG emissions in line with the current NDCs overlap with the highest quarBRCof
high-OS pathways (CrosShapter Box9 in Chapter %

2.3.3.1 Emissions of longjved climate forces

Climate effects ofong-lived climate forcersl{LCFs) are dominated b€O,, with smaller contributions of
N2O and some fluorinated gagddyhre et al., 2013; Blanco et al., 201@®verall net C@emissions in
pathways are the result of a combination of various anthropogenic contributions (Figfa&ks et al.,
2014) (a) CQproduced by fossiluel combustion and industrial processes, (b} €@issions or removals
from the Agriculture, Forestry and Other Land Use (AFOLU) sector, (¢)dafiture and sequestration
(CCS) from fossil fuels or industrial activities before it is released to the atmosfje@&) removal by
technological means, which in current pathways is mainly achieved by BECCS although other options could
be conceivable (see Section 4.3.7). Pathways apply these four contributions in different configurations
(Figure 2.5) depending oaetal choices and preferences related to the acceptability and availability of
certain technologies, the timing and stringency of #exam climate policy, and the ability to limit the
demand that drives baseline emissifilarangoni et al., 2017; Riahi et al., 2017; Grubler et al.3201
Rogelj et al., 2018; van Vuuren et al., 2018)d come with very different implication for sustainable
development (Section 2.5.3).

All 1.5°C-consistent pathways see global £&issions embark on a steady decline to reach (near) net zero
levelsaraund205Q with 1.5°Glow-OS pathways reaching net ze@®, emissions aroung045 2055

(Table 2.4 Figure 2.%. Nearterm differences between the various pathway classes are apparent, however.
For instance, Belovt.5°C and 1.5°dow-OS pathways show a clestnift towards loweCO, emissions in

2030 relative to other 1.5°C and 2°C pathway classes, although in alldoB$&tent classes reductions are
clear (Figure 2.6). These lower ngarm emissions levels are a direct consequence of the former two
pathwa classes limiting cumulativ€ O, emissions until carbon neutrality to aim for a higher probability

that peak warming is limited to 1.5°C (Section 2.2.2 and 2.3.2.2). In some casedp8S pathways
achieve net zer@0, emissions one or two decadetetacontingent on 20300, emissions in the lower
quartile of the literature range, i.e. below about 18 Gt@® Median yea2030 globalCO, emissions are

of the order of 510 GtCQ yr? lower in Below1.5°C compared to 1.520w-OS pathways, which aie

turn lower than 1.5°@igh-OS pathways (Table 2.4). 1.5Wgh-OS pathways sl broadly similar
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emissions levels than the 2W0nsistent pathways in 2030.

The development of C@missions in the second half of the century in 1.5°C pathways is arésadtby

the need to stay or return withircarbon budget. Figure 2.6 shows net@@d NO emissions from various
sources in 2050 and 2100 in 1.5€@nsistent pathways in the literatuvértually all 1.5°C pathways obtain

net negative C@emissions asome point during the 8icentury but the extent to which net negative
emissions are relied upon varies substantially (Figure 2.6, Table 2.4). This net withdrawaf@inCthe
atmosphere compensates for residualdivep nonrCO, GHG emissions that s accumulate in the

atmosphere (like MD) or to cancel some of the builgh of CQ due to earlier emissions to achieve

increasingly higher likelihoods that warming stays or returns below 1.5°C (see Section 2.3.4 for a discussion
of various uses of CDR).Mén nonrovershoot pathways that aim at achieving temperature stabilisation

would hence deploy a certain amount of net negative emissions to offset any accurarigiiivgd non

CO, GHGs. 1.5°C overshoot pathways display significantly larger amountsiodbnet negative emissions

in the second half of the century. The larger the overshoot the more net negative emissions are required to
return temperatures to 1.5°C by the end of thturg (Table 2.4, Figure 2.1).

N20 emissions decline to a much lesseient than Cein currently available 1.5°€onsistent pathways
(Figure 2.6). Current IAMs ha limited emissions reduction potentié@@ernaat et al., 201%pections

2.3.1.2, 2.4.4Supplementary Materia. SM.12), reflecting the difficulty of eliminating PO emission from
agriculture(Bodirskyet al., 2014)Moreover, the reliance of some pathways on significant amounts of
bioenergy after migtentury (Section 2.4.2) coupled to a substantial use of nitrogen fertifiapp et al.,
2017)also makes reducing.® emissions harder (for example, see path8&in Figure 2.6). As a result,
sizeable residual XD emissions are currently projected to continue throughout the century, and measures to
effectively mitigate them will be of continued relevance for 1.5°C societies. Finally, the reduction of
nitrogen use and J0 emissions from agriculture is already a preskaytconcern due to unsustainable levels
of nitrogen pollutionBodirsky et al., 2012)Section 2.4.4 prodies a firther assessment of the agricultural
nonCO, emissions reduction potential.
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Annual global emissions characteristics for 2020, 2030, 2050, 210@ta ae shownfor Kyoto-GHG
emissions (top panel), and to@D, emissionsCO, emissionsom the AFOLU sector, global 0
emissionsandCO, emissions from fossiluel use and industrial processes. The latter is also split into
emissions from the energy supply sector (electricity sector and refineries), and direct emissions from
fossitfuel use in energy demand sectors (industry, buildings, trans@imtjom row) Horizontal black
linesshowthe medianboxesshow the interquartile rangandwhiskers the minimusmaximum range.
Icons indicate the four pathway archetypeed in this chapteln case less than 7 data points are
available in a class, the minimumaximum range and single data points are shéiyato-GHG,

emissions irthe top panel are aggregated with AR4 GXM® and contain CCHs, N.O, HFCs, PFCs,
and Sk. NFsis typically notreported by IAMsScenarios with yea2010 KyoteGHG emissions outside
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the rangeassessed lPCC AR5WGIII assessed are excludgBCC, 2014h)

2.3.3.2 Emissions bshortlived climate forcers and fluorinated gases

SLCFs include shortdived GHGs likeCH,s and some HFCs, as well as particles (aerosols), their precursors
and ozone precursors. SLCFs are strongly mitigated in 1.5°C pathways as is the case fom2 path

(Figure 2.7). SLCF emissions ranges of 1.5°C and 2°C pathway classes strongly overlap, indicating that the
main incremental mitigation contribution between 1.5°C and 2°C pathways comes feaioud€rer et al.,

2018; Rogelj et al., 20180, and SLCF emissiongductions are connected in situations where SLCF and
CO; are ceemitted by the same process, for example, with-fiaad power plant¢Shindell and Faluvegi,

2010)or within the transport stor (Fuglestvedt et al., 2010ylany CQ-targeted mitigation measures in
industry, transport ahagriculture (Sections 2.4.8) hence also reduce n@0, forcing (Rogelj et al.,

2014b; Shindell et al., 2016)

Despite having a strong warming effétyhre et al., 2013; Etminan et al., 2Q,Léurrent 1.5°@onsistent
pathways still project significant emissions of £y 2050, indicating that only limited mitigation options
are included and identified in IAM analys@3ernaat et al., 201%pections 2.3.1.2, 2.4.4, TableSRA.2).

The AFOLU sector aatributes an important share of the residuak €issions until migcentury, with its
relative share increasing from slightly below 50% in 2010 to roughly arourD%&in 2030, and 6@0%

in 2050 in 1.5°Gconsistent pathways (interquartile range acro8¥iconsistent pathways for projections).
Many of the proposed measures to targei (Stindell et al., 2012; Stohl et al., 208§ included in 1.5°C
consistent pathways (Figure 2.7), though not all (Sections 2.3.1.2, 2.4.4, BI2)2A detailed
assessmertf measures to further reduce AB@ CH. emissions has not been conducted.

Overall reductions of SLCFs can have effects of either sign on temperature depending on the balance
between cooling and warming agents. The reduction ineBssions is the dominant single effect as it
weakens thaegative total aerosol forcing. This means that reducing all SLCF emissions to zero would result
in a shortterm warming, although this warming is unlikely to be more tharG)(S®ction 2.2 and Figure
1.5(Samset et al., 201B8Because of this effect, suggestions have been proposed that target the warming
agents only (referred to as shbived climate pollutants or SLCRsstead of the more general shlived

climate forcerse.g.,Shindell et al.2012)thoughaerosolsareoften emitted in varying mixtures of warming

and cooling specig8ond et al., 2013)Black Carbon (BC) emissions reach similar levels across 1.5°C
consistent and 2°Consistent pathways available in therature, with interquartile ranges of emissions
reductions acrogsathways of 1634% and 4B58% in 230 and 2050, respectively, relative to 2010 (Figure
2.7). Recent studies have identified further reduction potentials for the near term, with global reductions of
about 80% being suggesté&stohl et al., 2015; Klimont et al., 201’ Because the dominant sources of

certain aerosol mixtures are emitted during the combustion of fossil fuels, the rapisphatanabated
fossiluels to avoidCO, emissions would also result in remal of these either warming or cooling SLCF
air-pollutant species. Furthermore, they are also reduced by efforts to reduce particulate air pollution. For
example, yeaP050 SQ emissions, precursor of sulphate aerosol, in :&fSistent pathways are aibo

75i 85% lower than their 2010 levels. Some caveats apply, for example, if residential biomass use would be
encouraged in industrialised countriestringent mitigation pathways without appropriate pollution control
measures, aerosol concentrations da@lso increasésand et al., 2015; Stohl et al., 2015)
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Table 2.4: Emissions in 2030, 2050 and 2100 1.5°C and 2°C scenario classes and absolute annual raitd change between 201@030, 2020 2030and 2030 2050,

respectively.Values showmedian (2% and 7% percentile), across available scenarlbess than seven scenarios are available (*), the minimaximum range is

given instead. For the timing of global zero of total@&; and KyoteGHG emissions, the interquartile range is given. Kyet#G emissions araggregatedvith

GWP-100 values fromiPCC AR4. 2010 emissions for total i@®,, CO, from fossitfuel use & industry, and AFOLICO; are estimated at 38.5, 33.4, and 5 Gi#@60

respectivelyLe Quéré et al., 2018A differenceis reportedn estimating the "anthropogenic” sibl countriesor the global carbon modelling communii@rassi et
al., 2017) andAFOLU CO; estimates ngorted here are thus not necessarily companaibthecountries' estimas Scenarios witlyear2010 KyotocGHG emissions
outsidetherange assessed IYCC ARSWGIII are excludedlPCC, 2014b)

type Absolute annual change (GO2/yr) Timing of global zero
name category count | 2030 2050 2100 20102030 2020-2030 20302050 year
Total CQ(net) Below-1.5°C | 5 13 (11 15) -3(112) -8 (14-3) -1.2 ¢1.3-1.0) 2.5 ¢2.8-18) -0.8 ¢1.2-0.7) (2037 2054)
1.5°Glow-0S | 37 21 (1822) 0(23) -11 (14-8) -0.8 ¢1-0.7) -1.7 2.3-1.4) -1(1.2-0.8) (2047 2055)
1.5°Ghigh-OS | 36 29 (26 36) 1(16) -14 (16-11) -0.4 (0.6 0) -1.1 ¢1.5-0.5) -1.3¢1.8-1.1) (2049 2059)
Lower2°C 67 27 (22 30) 9 (7 13) -4 (9 0) -0.5 (0.7-0.3) -1.2 ¢1.9-0.9) -0.8 (1-0.6) (2065 2096)
Higher2°C 54 33 (31 35) 18 (12 19) -3(111) -0.2 (0.4 0) -0.7 €0.9-0.5) -0.8 (1-0.6) (2070 post2100)
CQ from fossil Below1.5°C 5 18 1421) 10021 8012 -0.7 €1.0-0.6) -1.5€2.2-0.9 -0.4 €0.7-0.0) -
fuels and industry | 1.5°Glow-0S | 37 22 (19 24) 10 (8 14) 6(38) -0.5 (0.6-0.4) -1.3 ¢1.7-0.9) -0.6 ¢€0.7-0.5) -
(gross) 1.5°Ghigh-0S | 36 28 (26 37) 13 (12 17) 7(39) 0.2 (0.30.2) -0.8 ¢1.1-0.2) -0.7 (1-0.6) -
Lower2°C 67 26 (21 31) 14 (11 18) 8 (4 10) -0.3 (0.6-0.1) -0.9 ¢1.4-0.6) -0.6 (0.7-0.4) -
Higher2°C 54 31 (29 33) 19 (17 23) 8 (511) -0.1¢0.20.1) 0.5 (0.7-0.2) -0.6 (0.7-0.5) -
CQ from fossil Below1.5°C 5 16 (1318) 107) -3 (-100) -0.8 ¢1.0-0.7) -1.8¢2.2-12) -0.6 €0.9-05) -
fuels and industry | 1.5°Glow-OS | 37 21 (18 22) 3(¢16) -9 (12-4) -0.6 (0.7-0.5) -1.4 ¢1.8-1.1) -0.8 (1.1-0.7) -
(net) 1.5°CGhigh-0S | 36 27 (25 35) 4 (110) -11 (13-7) -0.3(0.30.1) -0.9 (1.2-0.3) -1.2 (1.5-0.9) -
Lower2°C 67 26 (21 30) 11 (8 14) 2(52) -0.3 (0.6-0.1) -1 (1.4-0.6) -0.7 (1-0.4) -
Higher2°C 54 31 (29 33) 17 (13 19) -3(83) -0.1 ¢0.2 0.1) -0.5 (0.7-0.2) -0.7 (1-0.5) -
CQ from AFOLU Below-1.5°C | 5 -2 (50) -4 (-11-1) -4 (5-3) -0.3 (0.4-0.2) -0.5 (0.8-0.4) -0.1 (040) -
1.5°Glow-0S | 37 0¢11) 2 (4-1) 2 (4-1) -0.2 (0.3-0.2) -0.4 ¢0.5-0.3) -0.1 ¢€0.2-0.1) -
1.5°CGhigh-0S | 36 1(03) -2 (50) -2 (5-1) -0.1 ¢0.3-0.1) 0.2 (0.5-0.1) -0.2 (0.30) -
Lower2°C 67 1(02) 2 (3-1) 2 (4-1) -0.2 (0.3-0.1) -0.3(0.4-0.2) -0.2 (0.2-0.1) -
Higher2°C 54 2(13) 0(22) -1(40) -0.2 (0.2-0.1) -0.2 ¢0.4-0.1) -0.1¢0.10) -
Bioenergy Below-1.5°C | 5 0(¢10) -3(80) -6 (130) 0 (0.10) 0 (0.1 0) -0.2 (040) -
combined with 1.5°Glow-0S | 37 0(¢10) 5 (6-4) -12 (16-7) 0(0.10) 0 (0.1 0) -0.2 (0.3-0.2) -
carbon capture and ™1 5°Ghigh-0S | 36 0(00) 7 (9-4) -15 (16-12) 0(00) 0(00) -0.3(-0.4-0.2) R
storage(BECCS) 5 oroec 54 0(00) (52 10 (12-7) 0(00) 0(00) 02¢0201) :
Higher2°C 47 0(00) -3(5-2) -11 (15-8) 0(00) 0(00) -0.1 ¢0.2-0.1) 5
Kyoto GHG (AR4) | Below1.5°C | 5 22 (21 23) 3(39) 3(113 -1.4 ¢1.5-1.3) 2.9 ¢33-2.1) -0.9 (1.3-0.7) (2044 post2100)
[GtCQe] 1.5°Glow-0OS | 31 28 (26 31) 7 (5 10) -4 (-8-2) -1.1 ¢1.2-0.9) -2.3 ¢2.8-1.8) -1.1 ¢1.2-0.9) (2061 2080)
1.5°Ghigh-0S | 32 40 (36 49) 8(612) -9 (11-6) -0.5 (0.7 0) -1.3 ¢1.8-0.6) -1.5 (2.1-1.3) (2058 2067)
Lower2°C 59 38 (31 43) 17 (14 20) 3(07) -0.6 (1-0.3) -1.8 (2.4-1.1) -1 (1.1-0.6) (2099 post2100)
Higher2°C 42 45 (39 49) 26 (23 28) 5 (5 11) -0.2 (0.6 0) -1(1.2-0.6) -1(1.2-0.7) (2085 post2100)
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Emissims of fluorinated gasd?CC/TEAPR, 2005; US EPA, 2013; Velders et al., 2015; Purohit and
Hoglundlsaksson, 2017h 1.5°CGconsistent pathways are reduced bygidy 75 80% relative to 2010

levels (interquartile range across 1.8C@hsistent pathways) in 2050, with no clear differencésdsn the
classes. Although unabated HFC evolutions have been projected to irfvieldses et al., 2015})he Kigali
Amendment recently added HFCs to the basket of gases controlled under the Montreal fPtothaot
Isaksson et al., 2017As part of the larger group of fluorinated gases, HFCs are also assumed to decline in
1.5°Gconsstent pathways. Projected reductions by 2050 of fluorinated gases undecdnsigient

pat hways are deeper than published estimates of
Kigali Amendment would achieg¢ioglundisaksson et al., 201,Avhich project roughly adiving of

fluorinated gas emissions in 2050 compared to 2010. Assuming the application of technologies that are
currently commercially available and at least to a limited extent already tested and implemented, potential
fluorinated gas emissions reductiafsanore than 90% have been estimgtddglundisaksson et al., 2017)

There isageneral agreement across 1.54@hsistent pathways that until 2030 forcing from the warming
SLCFs is reduced less strongly than the net cooling forcing from aerosol effects, compared to 2010. As a
result, the net forcing contributions from all SLCFs combined are projected to increase slightly by dbout 0.2
0.4 W/nt, compared to 2010. Alsby the end of the century, abouti®13 W/nt of SLCF forcing is

generally currently projected to remain in &onsistent scenarios (Figure 2.8). This is similar to
developments in 2°€onsistent pathway®ose et al., 2014b; Riahi et al., 20Which show mediaforcing
contributions from these forcing agents that are generally no more than 0?higiier. Nevertheless, tree

can be additional gains from targeted deeper reductions pé@Hldsions and tropospheric ozone precursors,
with some scenarios projecting less than 0.1 $émting from SLCFs by 2100.
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Figure 2.7: Global characteristics of a selection of shoflived non-CO2 emissions until midcentury for five
pathway classes used in this chapteData are shown for methane (gHluorinated gases (gas),
black carbon (BC), and sulphur dioxide ($®@missions. Boxes with different colours refer to different
scenaricclasses. Icons on top the ranges show four illustrative pathway archetypes that apply different
mitigation strategies for limiting warming to 1.5°C. Boxes show the interquartile range, horizontal black
lines the median, while whiskers the minimumaximum ange. Fgases are expressed in units of,CO
equivalence computed with 18@ar Global Warming Potentials reported in IPCC ARA4.
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Figure 2.8: Estimated aggregate effectiveradiative forcing of SLCFs for 1.5°C and 2°C pathway classes in
2010, 2030, 2050, and 2106s estimated by the=FAIR model (Smith et al., 2018) Aggregated SLCF
radiative forcing is estimated as the difference betweth anthropogenic radiative forcing the sum of
COz and NO radiative forcing over time and expressed relativer&aD1 Symbols indicate the four
pathways archetype used in this chapter. Horizontal black lines indicate the median, boxes the
interquartile range, and whiskers the minimamaximum range per pathway class. Due to very few
pathways falling into the Belowl.5°C class, only the minimummaximum is provided here.

2.3.4 CDRin 1.5°Cconsistenpathways

Deep mitigation pathways assessed in AR5 showed significant deployment of CDR, in particular through
BECCS(Clarke et al., 2014)This has led to increased debate about the necessity, feasibility and desirability
of largescale CDR deployment, sometimes also calhedjative emissions technologhés the literature

(Fuss et al., 2014; Andems@and Peters, 2016; Williamson, 2016; van Vuuren et al., 2017a; Obersteiner et
al., 2018) Most CDR technologies remain largely unproven to date and raise substantial concerns about
adverse sideffects on environmental and social sustainab{mith et al., 2015; Dooley and Kartha,

2018) A set of key questions emerdw strongly do 1.5°@onsistent pathways rely on CDR deployment

and what types of CDR measures are deployed at which scale? How does this vary across available 1.5°C
consistent pathways and on which factors does it depend? How does CDR deployment comeane betw
1.5°C and 2°@onsistent pathways and how does it compare with the findings at the tiheA&5? How

does CDR deployment in 1.5%€®nsistent pathways relate to questions about availability, policy
implementation, and sustainable development imptioatthat have been raised about CDR technologies?
The first three questions are assessed in this section with the goal to provide an overview and assessment of
CDR deployment in the 1.5°€onsistent pathway literature. The fourth question is only tougped here

and is addressed in greater depth in Section 4.3.7, which assesses the rapidly growing literature on costs,
potentials, availability, and sustainability implications of individual CDR meagMiex et al., 2017, 2018;

Fuss et al., 2018; Nemet et al., 2Q1I8)addition, Section 2.3.5 assesses the relationship between delayed
mitigation action and increased CDR reliance. GI2igloyment is intricately linked to the lande

transformation in 1.5°@onsistent pathways. This transformation is assessed in Section 2.4.4. Bioenergy and
BECCS impacts on sustainable land management are furthereasseSgction 3.6.2 and Cre€hager

Box 7 in Chapter 3Ultimately, a comprehensive assessment of the land implication ebéssdi CDR

measures will be provided in thleCC AR6Special Report on Climate Change and Land (SRCCL).

2.3.4.1 CDR technologies and deployment levels in 1.68@sisent pathways

A number of approaches to actively remove casthoxxide from the atmosphere are increasingly discussed
in the literaturgMinx et al.,2018)(see also Section 4.3.7). Approaches under consideration include the
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enhancement of terrestrial and coastal carbon storage in plants and soils such as afforestation and
reforestation(Canadell and Raupach, 2008dil carbon enhanceme(faustian et al., 2016; Frank et al.,

2017; Zomer et al., 201,7and other conservation, restoration, and management opgromatéiral and

managed lan@Griscom et al., 20179nd coastal ecosysterfidcLeod et al., Q11). Biochar sequestration
(Woolf etal., 2010; Smith, 2016; Werner et al., 20p8)vides an additional route for terrestrial carbon
storage. Other approaches are concerned with storing atmospheric carbon dioxide in geological formations.
They include the combination of biomass use forgnproduction with carbon capture and storage
(BECCS)(Obersteiner et al., 2a; Keith and Rhodes, 2002; Gough and Upham, 2&dd direct air capture
with storage (DACCS) using chemical solvents and sorlfgetaan and Lackner, 2004; Keith et al., 2006;
Socolow et al., 2011 Further approaches investigate the mineralisation of atmospheric carbon dioxide
(Mazzotti et al., 2005; Matter et al., 2016¢luding enhanced weathering of ro¢Echuiling and

Krijgsman, 2006; Hartmann et al., 2013; Strefler et al., 20¥8&)urth group of approaches is concerned
with the sequestration of carbon dioxide in the oceans, for example by means of ocean alkalinisation
(Kheshgi, P95; Rau, 2011, llyina et al., 2013; Lenton et al., 20T8¢ costs, CDR potential and
environmental side effects of several of these measures are increasingly investigated and aothpared
literature but large uncertainties remain, in particulara@ming the feasibility and impact of largeale
deployment of CDR measuréBne Royal Society, 2009; Smith et al., 2015; Psarras et al., 2017; Fuss et al.,
2018)(see Chapter 4.3.7). There are also proposals to remove methane, nitrous oxide and halogarbons vi
photocatalysis from the atmosphéBmucher and Folberth, 2010; de Richter et al., 2ddi)a broader
assessment of their effectiveness, cost, and sustainability impacts is lacking to date

Only some of these approaches have so far been considered in 1AM ®N 2.3.1.2). The mitigation
scenario literature up to AR5 mostly included BECCS and to a more limited extent afforestation and
reforestatior(Clarke et al., 2014)Since then, some 2°C and 1.5@nsistent pathways including additional
CDR measures such as DACShen and Tavoni, 2013; Marcucci et al., 2017; Lehtila and Koljonen, 2018;
Strefler et al., 2018mnd ®il carbon sequestratidqfrank et al., 201Mave become available. Other, more
speculative approachgin particular oceabhased CDR and removal of n@0, gases, have not yet been
taken up by the literature on mitigation pathways. S@gplementary Materia.SM.1.2 for an overview on

the coverage of CDR measures in models which contributed pathwiys assessment. Chapter 4.3.7
assesses the potential, costs, and sustainability implications of the full range of CDR measures.

Integrated assessment modelling has not yet explored land conservation, restoration and management options

to remove carbodioxide from the atmosphere sufficientdepth, despite land management having a
potentially considerable impact on the terrestrial carbon gtextket al., 2018)Moreover, associated CDR
measures have low technological requiests, and come with potential environmental and social co
benefits(Griscom et al., 2017Despite the evolving capabilities of IAMs in accounting foridewrange of

CDR measures, 1.52€bnsistent pathways assessed here continue to predominantly rely on BECCS and
afforestation / reforestation (S8epplementary Materia.SM.12). However, IAMs with spatially explicit
land-use modelling include a full aounting of lanelise change emissions comprising carbon stored in the
terrestrial biosphere and soiléet CDR in the AFOLU sector, including but not restricted to afforestation

and reforestation, cahus in principle be inferred by comparing AFOIQD; enissions between a baseline
scenario and a 1.52€bnsistent pathway from the same model and study. However, baseline LUC emissions
cannot only be reduced by CDR in the AFOLU sector, but also by measures to reduce deforestation and
preserve land carbon st&krhe pathway literature and pathway data available to this assessment do not yet
allow to separate the two contributions. As a conservative approximation, the additional net negative
AFOLU CO; emissions below the baseline are taken as a proxy for AFALR i€ this assessment.

Because this does not include CDR that was deployed before reaching net zero AFOLU emissions, this
approximation is a lowelbound for terrestrial CDR in the AFOLU sector (including the factors that lead to

net negative LUC emissions)

The scale and type of CDR deployment in 188Bsistent pathways varies wig (Figure 2.9 and 2.10).
Overall CDR deployment over thesttentury is substantial in most of the patlgaand deployment levels
cover a wi@ range 770 [260-1170] GtCGO;, for median and thi 95th percentile range). Both BECCS (560 [0
to 1000] GtCQ) and AFOLU CDR measures includiafforestation and reforestati¢a00 [0-550] GtCO,)

can play a major rofebut for both cases pathways exist where they play no role @hallshows the

4: The mediarand percentilesf the sum of two quantities is in general not equal to the sum of the medians of the two quantitites.
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flexibility in substituting between individual CDR measures, once a portfolio of options becomes available.
The high end of the CDR deployment range is populayetigh overshoot pathways, as illustrated by
pathway archetype S5 based on SG&ssilfuelled development, see Section 2.3.1.1) and characterized by
very large BECCS deployment to return warming to 1.5°C by 2Kfi8gler et al., 2017)In contrast, the

low end is populated with pathways with no or limited overshoot that limit CDR to in theafrt@@ 200
GtCO, over the 2&tcentury coming entirely from terrestrial CDR measures with no or small use@EB.
These are pathways with very low energy demand facilitating the rapid-phiasefossil fuels and process
emissions that exclude BECCS and CCS(@ebler et al., 2018and/or pathways with rapid shifts to
sushinable foocconsumption freeing up sufficient land areas for afforestation and reforegtddiberl et

al., 2011; van Vuuren et al., 2018&ome pathways uses neither BECCS nor afforestation but still rely on
CDR throughconsiderable net negative emissions in the AFOLU sector aroundemidry(Holz et al.,
2018b) We conclude that the role of BECCS as dominant CDR measure in déggiion pathways has
been reduced since the timetloé ARS. This is related to three factors: a larger variation of underlying
assumptions about soeszonomic driver¢Riahi et &, 2017; Rogel; et al., 201&nd associated energy
(Grubler et al., 20183nd food demanfran Vuuren et al., 2018bhe incorporation of a larger portfolio of
mitigation and CDR optionf.iu et al., 2017; Marcucci et al., 2017; Grubler et al., 2018; Lehtila and
Koljonen, 2018; van Vuuren et al., 2018hd targeted analysis of deployment limits for (specific) CDR
measuregHolz et al., 2018b; Kriegler et al., 2018b; Strefler et al., 20k8i)iding on the availability of
bioenergy(Bauer et al., 2018CCS(Krey et al., 2014a; Grublet al., 2018)and afforestatioPopp et al.,
2014b, 2017)As additional CDR measures dreingbuilt into IAM s, the prevalece of BECCS is expected
to befurtherreduced
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Figure 2.9: Cumulative CDR deployment in 1.5°Cconsistent pathways in the literature as reported in the
database collected for this assessmefitotal CDR comprises all forms of CDR, including AFOLU
CDR and BECCS, anid a few pathways other CDR measures like DACCS. It does not include CCS
combined with fossil fuels (which is not a CDR technology as it does not result in active remG@l of
from the atmosphere). AFOLU CDR has not been reported directly and is hpreserded by means of
a proxy: the additional amount of net negat3@®, emissions in the AFOLU sector compared to a

baseline scenario (see tCO0t dlepi casdit heussimahlpt i &
that is used to neutralize concurresgidualCO,e mi ssi ons. OMNedesemgiabhévet ICO a

amount of CDR that is used to produce net negative emissions, once r€sdeahissions are
neutralized. The two quantities add up to t@BIR for individual pathways (not for perceesland
medians, seBootnoted).
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As discussed in Section 2.3.2, CDR can be used in two ways: (i) to move more rapidly towards the point of
carbon neutrality and maintain it afterwards to stabilize glaldntemperature rise, and (ii) to produce net
negative emissions drawing down anthropogenie i@G@he atmosphere to enable temperature overshoot by
declining globalmean temperature rise after its péidkiegler et al., 2018a; Obersteiner et al., 20B)th

uses are important in 1.5%dnsistent paways (Figure 2.9). Because of the tighter remaining 1.5°C carbon
budget, and because many pathways in the literature do not restrict exceeding this budget prior to 2100, the
relative weight of the net negative emissions component of CDR increases coto@fii@donsistent

pathways. The amount of compensatory CDR remains roughly the same over the century. This is the net
effect of stronger deployment of compensatory CDR untileeidtury to accelerate the approach to carbon
neutrality and less compensat@ipR in the second half of the century due to deeper mitigation efignd
sectors in 1.5°@onsistent pathway&uderer et al., 2018)Comparing median levels, enélcentury net
cumulativeCO, emissions are roughly 600 Gtg€maller in 1.5°C compared to 2¥onsistent pathways,

with gpproximately two thirds coming from further reductions of gi©€s emissions and the remaining

third from increased CDR deployment. As a result, total CDR deployment in the combined body of 1.5°C
consistent pathways is often larger than in-20@sistenpathways (Figure 2.9), but with marked variations

in each pathway class.
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Figure 2.10: Accounting of cumulative CQ; emissions for the four 1.5°CGconsistentpathway archetypes. See top
panel for explanation of the barplots. Total CDR is the difference between grdbsiizontal bar) and
net purplehorizontal bar) cumulativ€O, emissions over the peri@d18 2100.Total (DR is the sum
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of the BECCSdrey) andAFOLU CDR (greenkontributions. Cumulative net negative emissions are the
difference between peakrangehorizontal bar) and nep(rple cumulativeCO, emissions. The blue

shaded area depicts the estimated range of the remaining carbon budget for-thtee to oneén-two

chance of staying below1.5°The grey shaded area depicts the range when accofmtiadditional
Earthsystem feedbacks. These remaining carbon budgets have been adjusted for the difference in starting
year compared to Table 2.2

Rampup rates of individual CDR measures in 1.5@hsistent pathways are provitie Table 2.4BECCS
dedoyment is still limited in 2030, but ramped up to median levels of 3 (B&l&AC),5 (15°C-low-0OS)

and 7 GtCQyr? (1.5°Ghigh-OS) in 2050, and to 6 (Bele®.5°C), 12 (1.5°@ow-0OS) and 15 GtCoyr?
(1.5°Ghigh-OS) in 2D0, respectively. Net CDR inghAFOLU sector reaches slightly lower levels in 2050,
and stag more constant until 2100, but data reporting limitations prevent a more quantitative assessment
here. In contrast to BECCS, AFOLU CDR is more strongly deployed irowershoot than overshoot
pathways. This indicates differences in the timing of the two CDR approaches. Afforestation is scaled up
until around migcentury, when the time of carbon neutrality is reached in 1ciSistent pathways, while
BECCS is projected to be used predominaintlhe d half of the century. This reflects that afforestation is
a readily available CDR technology, while BECCS is more costly and much less mature a technology. As a
result, the two options contribute differently to compensating concurrengé@i®sons (until 2050) and to
producing net negativ€O, emissions (pos2050). BECCS deployment is particularly strong in pathways
with high overshoots but could equally feature in pathways with a low temperature peak but a fast
temperature decline thereafteeé Figure 2.1). Annual deployment levels until4ggetury are not found to

be significantly different between 22¢bnsistent pathways and 1.586nsistent pathways with no or low
overshoot. This suggests similar implementation challenges for rampingRm€ployment at the rates
projected in the pathwayblonegger and Reiner, 2018; Nemet et al., 20IB¢ feasibility and sustainability

of upscaling CDR at these rates is assessed in Chapter 4.3.7.

Concerns have been raised that building expectations aboustaigeCDR deployment in the future can
lead to an actual reduction of ngarm mitigation effort§Geden, 2015; Anderson and Peters, 2016; Dooley
and Kartha, 2018)The pathway literature confirms that CDR availability influences the shape of mitigation
pathways critically(Krey et al., 2014a; Holz et al., 2018b; Kriegler et al., 2018b; Strefler et al., 2018b)
Deeper neaterm emissions reductions are required to reach the -RB2Garget range, if CDR awNability

is constrained. As a result, the leasst benchmark pathways to derive GHG emissions gap estimates
(UNEP, 2017)re dependent on assumptions about CDR availability. Using GHG benchmarks in climate
policy makes implicit assumptions about CDR availab{lfyss et al., 2014; van Vuuren et al., 201A4)

the same time, the literagialso shows that rapid and stringent mitigation as well assaaje CDR
deployment occur simultaneously in 1.5°C pathways due to the tight remaining carbon(budeggr et

al., 2018) Thus, an emissions gap is identified even for high CDR availafsitefler et al., 2018b)
contradicting a waiindsee approach. There are significant tratfe between neaterm action, overshoot
and reliance o®€DR deployment in the lonagerm which are assessed in Section 2.3.5.

Box 2.1: Bioenergy andBECCS deploymentin integrated assessment modelling

Bioenergy can be used in various parts of the energy sector of IAMs, including for electricity, liquid fuel,
biogas, ad hydrogen productiorit is this flexibility that makes bioenergnd bioenergy technologies

valuable for the decarbonisation of energy (idein et al., 2014; Krey et al., 2014a; Rose et al., 2014a;

Bauer et al., 2017, 2018Yost bioenergy technologies in IAMs are also available in combination with CCS
(BECCS). Assumed capture rates differ between technologies, for example, about 90% for electricity and
hydrogen production, and about-80% for liquid fuel production. Decisiodout bioenergy deployment in
IAMs are based on economic considerations to stay within a carbon budget that is consistent with a long
term climate goal. IAMs consider both the value of bioenergy in the energy system and the value of BECCS
in removing CQfrom the atmosphere. Typically, if bioenergy is strongly limited, BECCS technologies with
high capture rates are favoured. If bioenergy is plentiful IAMs tend to choose biofuel technologies with
lower capture rate, but high value for replacing fossil fireteansporiKriegler et al., 201& Bauer et al.,

2018) Most bioenergy use in IAMS is combined with CCS if avail¢Blese et al., 2014alf CCS is

unavailable, bioenergy use remains largely unchanged or even increases due to the high value of bioenergy
for the energy transforation(Bauer et al., 2018As land impacts are tied to bioenergy use, the exclusion of
BECCS from the mitigation portfolio, will not automatically remove the taifie with food, water and

other sustainabilitpbjectives du¢o the continued and potentially increased use of bioenergy.
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IAMs assume bioenergy to be supplied mostly fsoondyeneration biomass feedstockech as dedicated
cellulosic crops (for example Miscanthus or Poplar) as welbasultural and foresesdues Detailed

process IAMs include landse models that capture competition for land for different uses (food, feed, fiber,
bioenergy, carbon storage, biodiversity protection) under a range of dynamic factors including socio
economic driversproductivity increases in crop and livestock systems, food demand, and land,
environmental, biodiversity, and carbon policies. Assumptions about these factors can vary widely between
different scenariofCalvin et al., 2014; Popp et al., 2017; van Vuuren et al., 20418)s capture a number

of potential environmental impacts from bioenergy production, in particular indireetitandhange

emissions from land conversion arittagen and water use for bioenergy producfiéraxner et al., 2013;
Bodirsky et al., 2014; Bonsch et al., 2014; Obersteiner et al., 2016; Humpendder et al E20daially the

impact of bi@nergy production on soil degradation is an area of active IAM development and was not
comprehensively accounted for in the mitigation pathways assessed in this report (but is, for example, in
(Frank et al., 2017) Whether bioenergy has large adverse impacts on environmental and societal goals
depends in large parts on the governance of lan¢Hadzerl et al 2013; Erb et al., 2016b; Obersteiner et al.,
2016; Humpendder et al., 201AHere IAMs often make idealized assumptions about effective land
management such as full protection of the land carbon stock by conservation measures and a global carbon
price,respectively, but also variations on these assumptions have been exphdxéa et al., 2014; Popp et

al., 20144).

2.3.4.2 Sustainability implications dZDR deployment in 1.5%€onsistent pathways

Strong concerns about the sustainability implications of lacgée CDR deployment in deep mitigation
pathways have been raisedlie literaturgWilliamson and Bodle, 2016; Boysen et al., 2017b; Dooley and
Kartha, 2018; Heck et al., 201&nd a number of important knowledge gaps have been ideifkfied et

al., 2016) An assessment of the literature on implementation constraints and sustainable development
implications of CDR measures is provided in Section 4.3.7 and the-Grapse Box 7 in Chapter 3

Potential environmental side effeetsinitial context for the discussion of CDR deployment in 1:5°C
consistent pathways are provided in this section. Section 4.3.7 then contrasts CDR deployment in 1.5°C
consistent pathways with othieranchef literature on limitations of CDR. Integrated modelling aims to
explore a range of developments compatible with specific climate goals and often does not include the full
set of broader environmental and societal concerns beyond climate chhaisgeas given rise to the concept

of sustainable development pathwéyan Vuuren et al., 201%CrossChapteBox 1in Chapter }, and

there is an increasing body of work to extend integrated modelling to cover a broader range of sustainable
development goaléSection 2.6). However, only some of the available 1-&6@sistent pathways were
developed within a larger sustainable development corfiedttram et al., 2018; Grubler et al., 2018;

Rogelj et al., 2018; van Vuuren et al., 2018 discused in Section 2.3.4.1, those pathways are
characterized by low energy and/or food demand effectively limiting fasdisubstitution and alleviating

land competition, respectively. They also include regulatory policies for deepening early actionuaimg) ens
environmental protectio(Bertram et al., 2018verall sustainability implications of 1.5%€bnsistent

pathways are assessed in Section 2.5.3aation5.4.

Individual CDR measures have different characteristics and therefore would carry different risks for their
sustainable deployment at scéfanith et al., 2015)Terrestrial CDRmeasures, BECCS and enhanced
weathering of rock powder distributed on agricultural lands require land. Thosedsed masures could

have substantial impacts on environmental services and ecosyStaitis and Torn, 2013; Boysen et al.,
2016; Heck et al., 2016; Krause et al., 20CHpssChapterBox 7 in Chapter B Measures like afforestation
and bioenergy witland without CCS that directly compete with other land uses could have significant
impacts on agricultural and food systef@seutzig et al., 2012015 Calvin et al., 2014; Popp et al., 2014b
2017 Kreidenweis et al., 2016; Boysen et al., 2017a; Frank et al., 2017; Humpendder et al., 2017,
Stwanovil et al ., 20.BECCS Singdedicateddioenergy tropsacould,subgahtially
increaseagricultural water deman@onsch et b, 2014; Séférian et al., 2018nd nitrogen fertilizer use
(Bodirsky et al., 2014)DACCS and BECCS rely on CCS and would require safe storage space in geological
formations, including management of leakage r{glavar et al., 201%nd induced seismicit{Nicol et al.,
2013) Some approaches like DACCS have high energy de@oublow et al., 2011Most of the CDR
measures currentljiscussed could have significant impacts on either land, energy, water, or nutrients if
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deployed at scalgSmith et al., 2015)However, actual tradeffs depend on a multitude factdtdaberl et

al., 2011; Erb et al., 2012; Humpendbder et al., 20h¢)uding he modalities of CDR deployment (e.gn

marginal vs. productive landBauer et al., 2018¥ocieeconomic developmen{Ropp ¢ al., 2017) dietary
choiceqStehfest et al., 2009; Popp et al., 2010; van Sluisveld et al., 2016; Weindl et al., 2017; van Vuuren et
al., 2018) yield increasedivesto&k productivity and other advances in agricultural technolbtpwlik et al.,

2013; Valin et al., 2013; Havlik et al., 2014; WeindI et al., 2015; Erb et al., 20&a60)policieSchmitz et

al., 2012; Calvin et al., 2014; Popp et al., 205ta) governance of land u@énruh, 2011; Buck, 2016;

Honegger and Reiner, 2018)

Figure 2.11 shows the land requirements for BECCS and afforestation in the sklgt@ambnsistent
pathway archetypescluding the LED(Grubler et al., 2018&nd S1 pathway@-ujimori, 2017; Rogel;j et
al., 2018)following a sustainable development paradigm. As discussed, thesgskupatterns are heavily
influenced by assumptions about, inter alia, future population levels, crop yields, livestock production
systems, and food atigestock demand, which all vary between the pathwBgpp et al., 20177Section
2.3.1.1). In pathways that allow for largeale afforestation in addith to BECCS, land demand for
afforestation can be larger than for BECEBImpendder et al., 2014Yhis follows from the assumption in
the modelled pathways that, unlike bioenergysrdorests are not harvested to allow unabated carbon
storage on the sanpatchof land. If wood harvest and subsequent processing or laweiteken into
account, this finding can change. There are also synergies between the various uses of laadg ndtich
reflected in the depicted pathways. Trees can gnoagricultural landZomer et al., 2016nd harvested
wood can be used with BECCS and pyrolysis sys(®Wesner et al., 2018)The pathways show a very
substantial landemand for the two CDR measures combined, up to the magnitude of the current global
cropland arearhis is achieved ihWAMSs in particularby a conversion of pasture land freedittgnsification
of livestock production systems, pastimensification antbr demand chang€gveindl et al., 2017)and to
more limited extent cropland for food production, as well as expansion into natural land. However, pursuing
such large scale changes in land use @oke significant food supply, environmental and governance
challenges, concerning both land management and téooreh, 2011; Erb et al., 2012, 2016b; Haberl et
al., 2013; Haberl, 2015; Buck, 201 @articulaly if synergiesbetween land uses, the relevance of dietary
changes for reducing land demand, andbeoefits with other sustainable developnabjectives are not
fully recognized. A general discussion of the larseé transformation in 1.5%€nsistent pathways is
provided in Section 2.4.4.

An important consideration for CDR which moves carbon from the atmosphere to the geological, oceanic or
terrestrial carbon pools is the permanence of carbon stored in these differeiiMatibisws and Caldeira,

2008; NRC, 2015; Fuss et al., 2016; Jones g2@al6)(see als®ectiond.3.7 for a discussion). Terrestrial
carbon can be returned to the atmosphere on decadal timescales by a variety of mechanisms such as soil
degradation, forest pest outbreaks and forest fires, and therefore requires carefaratimsiof policy
frameworks to manage carbon storage, e.g., in fof{@s&n and Aklilu, 2016)There are similar concerns

about outgassing of CG@rom ocean storag@erzog et al., 2003unless it is transformed to a substance that
does not easily exchange with the atmosphere,aegan alkalinity or buried marine biomg&au, 2011)
Understanding of the assessment and management of the potential riskrefe@&e from geological

storage of C®has improved sincthe IPCCSpecial Report on Carbon Dioxide Capture and Sta{i&geC,
2005)with experience and the development of management practices in geological storage projects,
including risk management to prevesuistentative leakag®awar et al., 2015fstimades of leakage risk

have been updated to include scenarios of unregulated drilling and limited wellbore irj&gpitet al.,

2013) finding ca. 70% of store@0:; still retained after 10,000 years in these circumsta(fdealde et al.,

2018) The literature on the potential environmental impacts from the leakage.6f &M@ approaches to
minimize these impacts should a leak odchas 40 grown and is reviewed [pnes et al. (2015Y o the

extent norpermanence of terrestrial and geological carbon storage is driven byesociomic and political
factors, it has parallels to questions of feisél reservoirs remaining inéhgroundScottet al., 2015)
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Figure 2.11: Land-use changes in 2050 and 2100 in the illustrative 1.5%nsistent pathwayarchetypes (Fricko
et al., 2017; Fujimori, 2017; Kriegler et al., 2017; Grubler et al., 2018; Rogelj et al., 2018)

2.3.5 Implications of nearterm action in 1.5°Cconsistent pathways

Less CQ emission reductions in the near term imply steeper and deeper opduaftierward¢Riahi et al.,

2015; Luderer et al., 2016a)his is a direct consequence of the giasiar relationship between the total
cumulativeamount of CQemitted into the atmosphere and global mean temperatui@®lasenews et al.,

2009; Zickfeld et al., 2009; Collins et al., 2013; Knutti and Rogelj, 2@&gides this clear geophysical
tradeoff over time, delaying GHG emissions reductions over the coming years also leads to economic and
institutional lockin into carborintensive infrastructure, that is, the continued investment in and use of
carbonintensive technologies that are difficult orsdy to phaseut once deployefUnruh and Carrille
Hermosilla, 2006; Jakob et al., 2014; Erickson et al., 2015; Steckel et al., 2015; Seto et al., 2016;
Michaelowa et al., 2018ptudies show that to meet stringent climate targets desgreerm delays in
emissions reductions, models prematurely retire caiitensive infrastructure, in particular coal without
CCS(Bertram et al., 2015a; Johnson et al., 20T AR5 reports that delaying mitigation action leads to
substantitly higher rates of emissions reductions afterwards, a larger reliance on CDR technologies in the
long term, and higher transitional and lelegm economic impaci{larke et al., 2014)The literature

mainly focuses on delayed action until 2030 in the context of meeting a 2°@godtizen et al., 2010; van
Vuuren and Riahi, 2011; Kriegler et al., 2013b; Luderer et al., 2013, 2016a; Rogelj et d;,Ridh3et al.,
2015; OECD/IEA and IRENA, 2017However, because of the smaller carbon budget consistent with
limiting warming to 1.5°C and the absence of a clearly decliningtenyg trend in global emissions to date,
these general insights apply equallyesen more so to the more stringent mitigation context of 1.5°C
consistent pathways. This is further supported by estimates of committed emissions due to fhssietiiel
infrastructurgSeto et al., 2016; Edenhofer et al., 2018)

All available 1.5°C pathways that explore consistent mitigation action from 2020 onwards peak global
Kyoto-GHG emissions in the next decade and alreBtjine KyoteGHG emissions to below 2010 levels

by 2030. The neaerm emissions development in these pathways can be compared with estimated emissions
in 2030 implied by the Nationally Determined Contributions (NDCs) submitted by Parties to the Paris
Agreement (Figur@.12). Altogether, these NDCs are assessed to result in global-&ytiEoemissions on

the order ob0i 58 GtCOe yr in 2030 (for examplejen Elzen et al., 2016; Fujimori et al., 2016; UNFCCC,
2016; Rogelj et al., 2017; Rose et al., 2017b; Benveniste et al., 2018; Vrontisi et al.s28X3)oss

Chapter BoxL1 in Chapter 4or detailedassessmenthn contrast, 1.5°@onsistent pathways available to

this assessment show an interquartileyeaof abou6i 38 (median31) GtCQe yrtin 2030, reducing to
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261 31 (median28) GtCQeyrt if only pathwayswith low overshoot are taken into accouind still lower
if pathways without overshoot are considered (Table 2.4, Section. R8#)shed estimates of the
emissions gap between conditional NDCs and k&iiSistent pathways in 2030 rangenh 16 (14 22)
GtCQeyr!(UNEP, 2017¥or agreater than onm-to chance of limiting warming below 1.5°C in 2100 to
25 (19 29) GtCQeyr! (Vrontisi et al., 2018jor a greater than twin-three chance of meeting the 1.5°C
limit.

The lateremissions peak and decline, the mGf@ will have accumulated in the atmosphere. Peak
cumulatedCO, emissions and consequently also peak temperatures increase with 2030 emissions levels
(Figure2.12). Current NDCs (CrosShapter BoxL1 in Chapter ¥are estimated to lead @0, emissions of

about 400560 GtCQ from 2018 to 2030(Rogelj et al., 2016a)Available 1.5°C and 2°Gconsistent

pathways with 2030 emissions in the range estimated for the NDCs rely on an assumed swift and widespread
deployment of CDR adir 2030, and show peak cumulative £L&nissions from 2018 of about 8GO0

GtCO, above the remaining carbon budget for aiorgvo chance of remaining below 1.5°C. These
emissions reflect that no pathway is able to project a phase out@missions mrting from yeai2030

NDC levels of about 40 GtGQr?* (Fawcett et al., 2015; Rogelj et al., 201&ahet zero in less than ca. 15
years Based on the implied emissions until 2030, the high challenges of the assur&@Bpasansition,

and the assessment of carbon budgets in Section 2.2.2, global warasagdgsetb exceed 1.5°C if

emissions stay at the levels implied by the NDCdH @080 (Figure2.12).The chanes of remaining below

1.5°C in these circumstances remain conditional upon geophysical properties that are uncertain, but these
Earth system response uncertainties would have to serendipitously align beyond current niedieas @st

order for current NDCs to become consistent with limiting warming to 1.5°C.

Median global warming since preindustrial [*C] Peak Cumulative 002 Emissions from 2018 [GtCDE]
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Figure 2.12: Median global warming estimated by MAGICC (left panel) and peak cumulativeCO2 emissions
(right panel) in 1.5°C-consistent pathways in the SR1.5 scenario databasg @ function of CQ-
equivalent emissions (based on ARGWP-100) of Kyoto-GHGs in 2030.Pathways that were forced
to go through the NDCs or a similarly high emissions point in 2030 by design are highlighted by yellow
marker edges (see captiohFigure2.13ard text for further details on the design of these pathways). The
NDC range of global Kyot@sHG emissions in 2030 assessed in GokapterBox 11 in Chapter 4s
shown by black dotted lines (adjusted to AR4 GWPs for comparison). As a second lineeateyjaeak
cumulative CQemissions derived from a 1.5°C pathway sensitivity ana(ygiggler et al., 2018ajre
shown by grey circles in the righiand panel. Numbers show gsofossifuel and industry emissions of

5 Note that aggregated Kyet®HG enissions implied by the NDCs from Cro&hapter Box 4.3 and KyotGHG ranges from the pathway classes in
Chapter 2 are only approximately comparable, because this chapter applieB0BWétues from the IPCC Fourth Assessment Report while the NDC
CrossChapteBox 4.3 applies GWRO00 values from the IPCC Second Assessment Report. At a global scale, switching betwegf03ABes of

the Second to the Fourth IPCC Assessment Report would result in an increase in estimated aggrega®tikgntissions of aboubrmore than

3% in 2030(UNFCCC, 2016)
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the sensitivity cases increased by assumptions about the contributions from AFOLU (ByGt@til
2020, followed by a linear phase out until 2040) and-@@a Kyoto-GHGs (median noiCO;,
contribution from 1.5°@onsistent pathways available in the databas&tOMD,e yr! in 2030),and
reduced by assumptions about CDR deployment until the timetaferaCO, emissionglimiting case
for CDR deployment assumed (idriegler et al., 2018ajlogistic growth to 1, 4, 10 GtCQr? in 2030,
2040, and 2050, respectively, leading to approx. 100 GIR by midcentury).

It is unclear whether folloimg NDCs until 2030 would still allow glolbbanean temperature to return to

1.5°C by 2100 after a temporary overshoot, due to the uncertainty associated Wwatthhgystem response
to net negative emissions after a pé€agction 2.2). Available 1AM studies are working with redutsman
carbon cyte-climate models like MAGICC which assena largely symmetric Eargystem response to
positive and net negative G@missions. The IAM findings on returning warming to 1.5°C from NDCs after
a temporary temperature overshoot are hence all conditionlaisoasssumption. Two types of pathways with
1.5°G-consistent action starting in 2030 have been considered in the litdtatdeger et al., 201§Figure
2.13) pathways aiming to obtain the same -@f@entury carbon budget despite higher emissions until 2030,
and pathways assuming te@me mitigation stringency after 2030 (approximated by using the same global
price of emissions as found in leastst pathways starting from 2020). MM comparison study found
increasing challenges to implement pathways with the sameferehtury 1.8C-consistent carbon budgets
after following NDCs until 2030 (ADVANCE]Luderer et al., 2018)hemajority of model experiments

(four out of sevenfailed to produce NDC pathways that would return cumulative éd@ssions over the
2016 2100 period to 20GtCO,, indicating limitationsa the availability and timing of CDR. The few such
pathways that were identified show highly disruptive features in 2030 (including abrupt transitions from
moderate to very large emissions reduction and low carbon energy deployment rates) indicatinigka high
that the required po030 transformations are too steep and abrupt to be achieved by the mitigation
measures in the modekligh mnfidencg. NDC pathways aiming for a cumulative 202600 CQ

emissions budget of 800 GtC@ere more readily obtaiddLuderer et al., 2018and ®me were classified

as 1.5°Ghigh-OS pathways in this assessment (Section 2.1).

NDC pathways that apply a pe30 price of emissions after 2030 as found in {east pathways starting
from 2020showinfrastructural carbon loeh as a result of followig NDCs instead of leasbst action until
2030. A key finding is that carbon lodks persist long after 2030, with the midjy of additionalCO;,
emissions occurring during the 202050 period. Luderer et gR018)find 90 (80 120) GtCO, additional
emissions until 2030, growing to 240 (1260) GtCQ by 208 and 290 (20200) GtCQ by 2100. As a

result, peak warming is about 0.2°C higher and not all of the modelled pathways return warming to 1.5°C by

the end of the century. There is a four sided t@itlbetween (i) neaterm ambition, (ii) degree of
oversoot, (iii) transitionachallenges during the 2082050 period, and (iv) the amount of CDR deployment
required during the century (Rige2.13)(Holz et al., 2018b; Strefler et al., 2018bjansition challenges,

oversoot, and CDR requirements can be significantly reduced if global emissions peak before 2030 and fall

below levels in line with current NDCs by 2030. For example, Strefler @Gl8b)find that CDR

deployment levels in the second half of the century can be halved indo&%3tent pathways with similar
CO, emissions reductions rates during the Z@8%0 period if C@emissions by 2030 are redudagan
additional 30% compared to NDC levels. Kriegler ef2018b)investigate a global roll out aklected
regulatorypoliciesand moderate carbon pricing policies. They show that additional reductions of ca.
10GtCOe yr?! can be achieved 2030 compared to the current NDCs. Such 20% reduction o2gaar
emissions compared to current NDCs would effectively lower the disruptiveness-@0g0saction.
Strengthening of shoeterm policies in deep mitigation pathways has hence been idertfileddging

options to keep the Paris climate goals within rg@ettram et al., 2015b; IEA, 2015a; Spencer et al., 2015;
Kriegler et al., 2018b)
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Figure 2.13: Comparison of pathways starting action for limiting warming to 1.5°C as of 20204; light -blue

diamonds) with pathways following the NDCs until 2030 and aiming to limit warming to 1.5°C
thereafter. 1.5°C pathways following the NDCs either aim for the same cumulativee@@3sions by
2100 B; reddiamond} or assume the same mitigation stringency as reflected by thegbéerissions in
associated leasiost 1.5°Cconsistent pathways starting from 20 flack diamond$. Panels show the
underlying emissions pathways (a), additional warming in the delay scenarios compared to 2020 action
case (b), amulatedCDR (c), CDR ranp-up rates (d), emulated gros€0, emissions from fossiluel
combustion and industriélFF1) processesver the 20182100 period (e), and gross FED, emissions
reductions rates (fscenario pairs / tripletgircles and diamondsyith 2020 and 2030ction variants
were calculatedby six (out of seven) models in the ADVANCE study symigblsderer et al., 2018&nd
five of them (passing nedaerm plausibility checks) are shown by symbols. Only twévef models
could identify pathways with po®030 action leading to a 20115100 cabon budget of ca. 200 GtGO
(red).The range of all 1.5°@onsistent pathways with no and low astawotis shown by the boxplots.
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