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Executive Summary

Limiting warming to 1.5°C would require transformative systemic change, integrated with sustainable
development. Such change would require the upscaling and acceleration of the implementation of-far
reaching, multi-level and crosssectoral climate mitigation and addressing barriers. Such systemic
change would need to be linked to complementary adaptation actions, including transformational
adaptation, especially for pathways that temporarily overshoot 1.5°@Chapter 2, Chapter 3, 4.2.1,

4.4.5, 4.5 (mediumevidence, high agreementCurrent national pledges on mitigation and adaptation are
not enough to stay below the Paris Agreement temperature limits and achieve its adaptatig¥hgeals.
transitions inenergy efficiency, carbon intensity of fuels, etéiciation and land usehange arenderway in
various countries, limiting warming to 1.5°C will require a greater scale and pace of change to transform
energy, land, urban and industrial systems glob@l3, 4.4, CrossChapter Box CB9 in this Chapter}

Although multiple communities around the world are demonstrating the possibility of implementation
consistent with 1.5°C pathways {Boxes 4-4.10}, very few countries, regions, cities, communities or
businesses can currently make such a claithigh confidenceg. To strengthen the global response,

almost all countries would need to significantly raise their level of ambition. Implementation of this
raised ambition would require enhanced institutional capabilities in all countries, including building

the capmability to utilise Indigenous and local knowledggmedium evidencéjgh agreementin

developing countries and for poor and vulnerable people, implementing the response would require financial,
technological and other forms of support to build capafotywhich additional local, national and
international resources would need to be mobil{bégh confidence However,public, financial,

institutional and innovation capabilities currently fall short of implementingdaching measures at scale in
all countrieghigh confidence)Transnational networks that support migtrel climate action are growing,
but challenges in their scalg remain. {4.4.1, 4.4.2, 4.4.4, 4.4B0x 4.1, Box 4.2, Box 4.7}

Adaptation needs will be lower in a 1.5°C world compared to a 2°C worl¢high confidence){Chapter

3; Cross-Chapter Box CB11 in this Chapter}.Learning from current adaptation practices and

strengthening them through adaptive governance {4.4.1}, lifeatydebehavioural change {4.4.3} and

innovative financing mechanisms {4.4.5} can help their mainstreaming within sustainable development
practices. Preventing maladaptation, drawing on bettprapproaches {Box 4.6} and using Indigenous
knowledge {Box 4.3} would effectively engage and protect vulnerable people and communities. While
adaptation finance has increased quantitatively, significant further expansion would be needed to adapt to
1.5°C. Qualitative gaps in the distribution of adaptation finance,messlito absorb resources and

monitoring mechanisms undermine the potential of adaptation finance to reduce impacts. {Chapter 3, 4.4.2,
4.4.5, 4.6}

System transitions

The energy system transition that would be required to limit global warming to 1.5°C ianderway in

many sectors and regions around the worldnjedium evidence, high agreeménthe political, economic,
social and technical feasibility of solar energy, wind energy and electricity storage technologies has
improved dramatically over the past fgears, while that of nuclear energy and Carbon Dioxide Capture and
Storage (CCS) in the electricity sector have not shown similar improvements. {4.3.1}

Electrification, hydrogen, bio-based feedstocks and substitution, and in several cases carbon dioxide
capture, utilisation and storage (CCUS), would lead to the deep emissions reductions required in
energyintensive industry to limit warming to 1.5°C. However, those options are limited by institutional,
economic and technical constraints, which increastial risks to many incumbent firmaédium
evidence, high agreem@gnEnergy efficiency in industry is more economically feasible and an enabler of
industrial system transitions but would have to be complemented with Greenhouse Gaséatis)
proceses or Carbon Dioxide Removal (CDR) to make endénggnsive industry consistent with 1.5°Qigh
confidence){4.3.1, 4.3.4}
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Global and regional landuse and ecosystems transitions and associated changes in behaviour that

would be required to limit warming to 1.5°C can enhance future adaptation and lartlased

agricultural and forestry mitigation potential. Such transitions could, however, carry consequences for
livelihoods that depend on agriculture and natural resources {4.3.2, Crogshapter Box CB6 in

chapter 3}. Alterations of agriculture and forest systems to achieve mitigation goals could affect current
ecosystems and their services and potentially threaten food, water and livelihood security. While this could
limit the social and environmental feaditlyi of land-based mitigation options, careful design and
implementation could enhance their acceptability and support sustainable development ohjeetives (
evidence, medium agreemef#.3.2, 4.5.3}

Changing agricultural practices can be an effectie climate adaptation strategyA diversity of

adaptation options exists, including mixed climpstock production systems which can be a-effgtctive
adaptation strategy in many global agriculture systeaisiétevidence, medium agreemeihproving
irrigation efficiency could effectively deal with changing global water endowments, especially if achieved
via farmers adopting new behaviour and watiicient practices rather than through lasgale

infrastructure ihedium evidence, medium agreememell-designed adaptation processes such as
communitybased adaptation can be effective depending upon context and levels of vulnefal3iRy.

45.3

Improving the efficiency of food production and closing yield gaps have the potential to reduce

emissions from agriculture, reduce pressure on land and enhance food security and future mitigation
potential (high confidencg. Improving productivity of existing agricultural systems generally reduces the
emissions intensity of food production and offsir®ng synergies with rural development, poverty reduction

and food security objectives, but options to reduce absolute emissions are limited unless paired with demand
side measures. Technological innovation including biotechnology, with adequate safegomial

contribute to resolving current feasibility constraints and expand the future mitigation potential of

agriculture. {4.3.2, 4.4.4}

Dietary choices towards foods with lower emissions and requirements for land, along with reduced

food loss and was, could reduce emissions and increase adaptation optiofimsgh confidenca@.

Decreasing food loss and waste and behavioural change around diets could lead to effective mitigation and
adaptation optionshigh confidencgeby reducing both emissions and prgsson land, with significant eo

benefits for food security, human health and sustainable development {4.3.2, 4.4.5, 4.5.2, 4.5.3, 5.4.2}, but
evidence of successful policies to modify dietary choices remains limited.

Mitigation and Adaptation Options and other Measures

A mix of mitigation and adaptation options implemented in a participatory and integrated manner

can enable rapid, systemic transitions in urban and rural areas that are necessary elements of an
accelerated transition to 1.5°C worlds. Sucloptions and changes are most effective when aligned with
economic and sustainable development, and whéocal and regional governments are supported by

national governments {4.3.3, 4.4.1, 4.4.3Yarious mitigation options are expanding rapidly acrossyman
geographies. Although many have development synergies, not all income groups have so far benefited from
them. Electrification, endise energy efficiency and increased share of renewables, amongst other options,
are lowering energy use and decarbonisimgrgy supply in the built environment, especially in buildings.

Other rapid changes needed in urban environments include demotorisation and decarbonisation of transport,
including the expansion of electric vehicles, and greater use of egeffigignt appiances edium

evidence, high agreem@ntechnological and social innovations can contribute to limiting warming to

1.5°C, e.g. by enabling the use of smart grids, energy storage technologies anepbgepesaltechnologies,

such as Information and Commioation Technology (ICT) that can be deployed to help reduce emissions.
Feasible adaptation options include green infrastructure, resilient water and urban ecosystem services, urban
and periurban agriculture, and adapting buildings and land use threggitation and planningredium

evidence, medium to high agreemef.3.3}
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Synergies can be achieved across systemic transitions through several overarching adaptation options
in rural and urban areas. Investmentsn health, social security and riskaring and spreading are cost
effective adaptation measures with high potential for scalp@nedium evidence, mediumhigh

agreement Disaster risk management and educatiased adaptation have lower prospects of scalability
and costeffectivenesgmedium evidence, high agreemdnit are critical for building adaptive capacity.
{4.3.5, 4.5.3}

Converging adaptation and mitigation options can lead to synergies and potentially increase cost
effectiveness, but multiple tradeoffs can limit the speedf and potential for scaling up.Many examples
of synergies and traewfs exist in all sectors and system transitions. For instance, sustainable water
managementhigh evidence, medium agreemeantd investment in green infrastructunee@dium evidence,
high agreementto deliver sustainable water and environmental services and to support urban agriculture are
less coseffective but can help build climate resilience. Achieving the governance, finance and social
support required to enable these synergidstamvoid tradeffs is often challenging, especially when
addressing multiple objectives, and appropriate sequencing and timing of interventions. {4.3.2, 4.3.4, 4.4.1,
45.2,4.5.3, 4.5.4}

Though CO, dominates longterm warming, the reduction of warming Short-Lived Climate Forcers
(SLCFs), such as methane and black carbon, can in the short term contribute significantly to limiting
warming to 1.5°C. Reductions of black carbon and methane would have substantial-benefits high
confidence) including improved health due to reduced air pollution. This, in turn, enhances the
institutional and socio-cultural feasibility of such actions.Reductions of several warming SLCFs are
constrained by economic and social feasib{libyv evidence, high agreemems they are often cemitted
with CO,, achieving the energy, land and urban transitions necessary to limit warni®sj@avould see
emissions of warming SLCFs greatly reduced. {2.3.3.2, 4.3.6}

Most CDR options face multiple feasibility constraints, that difer between options, limiting the

potential for any single option to sustainably achieve the largscale deployment in 1.5°€onsistent
pathways in Chapter 2(high confidencg. Those 1.5°Gathways typically rely oBioenergy with Carbon
Capture and Storeg BECCS), Afforestation and Reforestation (AR), or both, to neutralise emissions that
are expensive to avoid, or to draw downz@dnissions in excess of the carbon budget {Chapteftiugh
BECCS and AR may be technically and geophysically feasible falceypartially overlapping yet different
constraints related to land use. The land footprint per tonngdbived is higher for AR than for BECCS,
but in the light of low current deployment, the speed and scales required for limiting warming to 1&°C pos
a considerable implementation challenge, even if the issues of public acceptance and missing economic
incentives were to be resolvdudh agreement, medium evidencehe large potentials of afforestation and
their cobenefits if implemented appropristde.g. on biodiversity, soil quality) will diminish over time, as
forests saturatéhigh confidence The energy requirements and economic costs of Direct Air Carbon
Capture and Storage (DACCS) and enhanced weathering remaimtgdiuiin evidence, medium

agreement At the local scale, soil carbon sequestration haseoefits with agriculture and is cesffective
even without climate policghigh confidence)lts potential global feasibility and cost effectiveness appears
to be more limited. {4.3.7}

Uncertainties surrounding Solar Radiation Modification (SRM) measures constrain their potential
deployment. These uncertainties include: technological immaturity; limited physical understanding about
their effectiveness to limit global warming; and a weajacity to govern, legitimise, and scale such measures.
Some recent moddlased analysis suggests SRM would be effective but that it is too early to evaluate its
feasibility. Even in the uncertain case that the most adverseeffai#s of SRM can be awted, public
resistance, ethical concerns and potential impacts on sustainable development could render SRM
economically, socially and institutionally undesirablew( agreement, medium evidehc@.3.8, Cross
Chapter Box CB10 in this Chapter}
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Enabling Rapid and Far-reaching Change

The speed and scale of transitions and of technological change required to limit warming to 1.5°C has

been observed in the past within specific sectors and technologies {4.2.2.1}. But the geographical and
economic scales at hich the required rates of change in the energy, land, urban, infrastructure and

industrial systems would need to take place, are larger and have no documented historic precedent

(limited evidence, medium agreenemb reduce inequality and alleviate poye such transformations

would require more planning and stronger institutions (including inclusive markets) than observed in the

past, as well as stronger coordination and disruptive innovation across actors and scales of governance. {4.3,
4.4}

Governance consistent with limiting warming to 1.5°C and the political economy of adaptation and
mitigation can enable and accelerate systems transitions, behavioural change, innovation and

technology deploymeni{medium evidence, medium agreemdsdr 1.5°Gconsstent actions, an effective
governance framework would include: accountable aheNgl governance that includes reate actors

such as industry, civil society and scientific institutions; coordinated sectoral angectasl policies that
enable coliborative multistakeholder partnerships; strengthened gldsdcal financial architecture that
enables greater access to finance and technology; and addressesrelatederade barriers; improved

climate education and greater public awareness)geraents to enable accelerated behaviour change;
strengthened climate monitoring and evaluation systems; and reciprocal international agreements that are
sensitive to equity and the Sustainable Development Goals (SDGs). System transitions can be enabled by
enhancing the capacities of public, private and financial institutions to accelerate climate change policy
planning and implementation, along with accelerated technological innovation, deployment and upkeep.
{4.4.1,4.4.2,4.4.3,4.4.4}

Behaviour changeand demandside management can significantly reduce emissions, substantially

limiting the reliance on CDR to limit warming to 1.5°C {Chapter 2, 4.4.3}Political and financial

stakeholders may find climate actions more -@ffdctive and socially acceptablif multiple factors
affecting behaviour are consi der ed,(medioncdvidedde,ng al i
high agreement Behaviour and lifestylerelated measures and demasdie management have already led

to emission reductions arod the world and can enable significant future reductieigh confidence)

Social innovation through bottenp initiatives can result in greater participation in the governance of

systems transitions and increase support for technologies, practiqedliaies that are part of the global

response to 1.5°C. {Chapter 2, 4.4.1, 4.4.3, Figure 4.3}

This rapid and far-reaching response required to keep warming below 1.5°C and enhance the adaptive
capacity to climate risksneeds large investments in lovemission infrastructure and buildings that are
currently underinvested, along with a redirection of financial flows towards lowemission investments

(robust evidence, high agreemenfin estimated annual incremental investingiil% to 1.5% of global

Gross Fixed Capital Formation (GFCF) for the energy sector is indicated; and 1.7% to 2.5% of global GFCF
for other development infrastructure that could also address SDG implementation. Though quality policy
design and effectivariplementation may enhance efficiency, they cannot substitute for these investments.
{2.5.2,4.2.1}

Enabling this investment requires the mobilisation and better integration of a range of policy
instruments that includethe reduction of socially inefficie fossil fuel subsidy regimes and innovative
price and nosprice national and international policy instruments and would need to be complemented by de
risking financial instruments and the emergence of-tengn low-emission assets. These instruments aoul
aim to reduce the demand for carbotensive services and shift market preferences away from fossil fuel
based technology. Evidence and theory suggest that carbon pricing alone, in the absence of sufficient
transfers to compensate their unintended itligional crosssector, cros®ation effects, cannot reach the
levels needed to trigger system transitimedust evidence, medium agreemeBt)t, embedded in
consistent policypackages, they can help mobilise incremental resources and provide flexd@larmsms
that help reduce the social and economic costs of the triggering phase of the traositishevidence,
medium agreementj4.4.3, 4.4.4, 4.4.5}
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Increasing evidence suggests that a climasensitive realignment of savings and expenditure towes
low-emission, climateresilient infrastructure and services requires an evolution of global and national
financial systems Estimates suggest that, in addition to clirfatendly allocation of public investments, a
potential redirection of 5% to 10% tifie annual capital revendes necessary {4.4.5, Table 1 in Box 4.8}.

This could be facilitated by a change of incentives for privatetal@ay expenditure and the redirection of
savings from speculative and precautionary investments, towardselongroductive lowemission assets

and services. This implies the mobilisation of institutional investors and mainstreaming of climate finance
within financial and banking system regulation. Access by developing countt@s-tsk and lowinterest
finance hroughmultilateral and national development bamksuld have to be facilitate@nediumevidence,

high agreement)New forms of publigrivate partnerships may be needed with multilateral, sovereign and
subsovereign guarantees to-dsk climatefriendly investments, support new business models for ssnalk
enterprises and help households with limited access to capital. Ultimately, the aim is to promote a portfolio
shift towards longerm lowemission assets, that would help redirect capital away fraenpal stranded
assetgmediumevidence, medium agreemefa).5}

Knowledge Gaps

Knowledge gaps around implementing and strengthening the global response to climate change would
need to be urgently resolved if the transition to 1.5°C worlds is to bewee reality. Remaining questions
include: how much can be realistically expected from innovation, behaviour and systemic political and
economic change in improving resilience, enhancing adaptation and reducing GHG emissions? How can
rates of changes be aterated and scaled up? What is the outcome of realistic assessments of mitigation and
adaptation land transitions that are compliant with sustainable development, poverty eradication and
addressing inequality? What are difgcle emissions and prospectsafly-stage CDR options? How can

climate and sustainable development policies converge, and how can they be organised within a global
governance framework and financial system, based on principles of justice and ethics (including Common
But DifferentiatedResponsibilities and Respective Capabilities (CBR®)), reciprocity and partnership?

To what extentimit warming to 1.5°Cheeds a harmonisation of madnasancial and fiscal policies, that

could include financial regulators such as central banks? Howliffarent actors and processes in climate
governance reinforce each other, and hedge against the fragmentation of initiatives? {4.1, 4.4.1, 4.3.7, 4.4.5,
4.6}

1 Annual capital revenues are the paid interests plus the increase of the asset value.
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4.1 Acceleratingthe Global Response tcClimate Change

This chapter discusses how the global econantsocictechnical and sociecological systems can
transitionto 1.5°C-consstent pathwaysind adapt to warming of TG. In the context of systemic
transitions, thehapterassesseadaptatiorandmitigationoptions includingCarbonDioxide Removal
(CDR),and potentiaBolar Radiation ModificationSRM) remediative measurgSection 4.3 as well aghe
enabling conditions that woufdcilitate implemerihg therapid and fareachingglobalresponse
(Sectiond.4), andrenderthe optionsmore or les$easible (Section 4.5).

The impacts of 1.5 warmer world, while less than in a°2 warmer world, would require complementary
adaptation and development action, typically at local and national scale. Froigadiomitperspective,
1.5°G-consistent pathways require immediate action on a greater and global scale so as to actéeve net
emissions by migtentury, or earlier (Chapter Zjhis chapter and Chapter 5 highlight the potential that
combined mitigation, evelopment and poverty reduction offer for accelerated decarbonisation.

The global contet is an increasingly interconnected world, with the human population grdwimgthe
current 76 billion to over 9 billion by midcentury(UN, 2017) There has been a consistent growth of global
economic output, wealth and trade with a significant reduction in extreme povertg.tiémeis could

continue for the next few decad@urt et al, 2014) potentiallysupported by ne anddisruptive
informationand communication, anmthne and bietechnologes. They howeverco-exist with rising
inequality(Piketty, 2014)exclusion and social stratificatiosnd regions locked in povertsaps(Deaton,
2013)that could fuel social and political tensions

The aftermath of the 2008 financial ¢sigenerated a challenging environment on which leading economists

have issued repeated al esat s (Stalizp20G2) t b e Pod@ rsEioima seén t

(Krugman, 2009)an excessive reliance of exptatl development strategi@Rajan, 2011)andrisks of

6secul ar stagnationé due t o t plabal sasimgyvtowards poductitedé t h a

1.5°G-consistent investmen{Summers, 2016 Each of these impacts the implementation of both 1.5°C
consistent pathways and sustainable develop(@apter 5).

The range ofmitigation and adaptatioactionsthat can be deployed in the sham are weltknown:for
example low-emission technologieagw infrastructureenergy efficiencyneasures in buildings, industry
and transportransformation of fiscal structures; reallocation of investsantl human resources towards
low-emissionassetssustainable land and water management, ecosystem restaatiancement of
adaptive capacities to climatisks and impacts, disaster rislanagementresearch and developmeanhd
mobilisation of new, tditional and Indigenous knowledge

The convergence of shedrm development ebenefits of mitigation and adaptationaddresseveryday
development failurége.g, institutions, market structures and political proces@éalegatte et al., 2016;

Pelling et al., 20183ould enhance the adaptive capacity of key systems at riskwatgr, energy, food,
biodiversity, urban, regional and coastal systems) to Icbftate impact (Chapr 3). The issue is whether
aligning 1.5°Gconsistent pathways with ti8ustainable Development Goa®G9 will secure support for
accelerated changand a new growth cyclkStern, 2013, 2015}t is difficult to imagine how a 1.5°C world

would be attained unless the SDG on cities and sustainable urbanisation is attained in developing countries
(Revi, 2016) or without reforms in the global financiatermediatiorsysem.

Unless affordald and environmentally and socially acceptable Gi#gRome feasible and availal@descale
well before 20501.5°Gconsistent pathways will be difficult to realigspecially irovershooscenariosThe
social costs and benefit$ 1.5°Gconsistent pathwaydepend on the depth and timing of policy responses and
their alignment with short term and lotgym development objectives, through policy packages that bring
togethera diversity of policy instrumentsincludingpublic investment@ampiglio 2016Winkler and Dubash
2015 Grubb et al. 2014)

Whatever its potential lorgerm benefits, a transition to a 1.5°C world may suffer from a lack of broad
political and public support, if ib@cerbates existinghortterm economic and social tensions, including
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unemployment, poverty, inequality, financial tensions, competitiveness issues and the loss of economic value
of carbonintensive assefercure et al., 2018 he challenge is tneforehow to strengthen climate
policieswithout inducing economic collapse or hardslaipd to make them contrileito reducing some of

the o6fault | i negRajam201) he worl d economy

This chaper reviews literature addressing tegnment ofclimate with other publipolicies €.g, fiscal,

trade, industrial, monetary, urban planning, infrastructure, innovationyitéim@greater access to basic

needs and services, defined by the SDGHsoreviews how deisking low-emissioninvestments and the

evolution of thefinanciali nt er medi ati on system c@nzkiletal, pP0l6areid uc e t
thegap between cash balances and f@rghassetgAglietta et al., 2015bjp support more sustainable and

inclusive growth.

As the transitiosassociated with.5°G-consistent pathways require accelerated and coordinated action, in
multiple systems across all world regiptieey areinherently exposed to risks of freeridiagd moral

hazardsA key governance challenge is how the convergence of voluntary dompelities can be

organged via aligned global, national and sndtional governance, based on reciprof@gtrom and

Walker, 2005)and partnershipJN, 2016) and how different actors and processes in climate governance
can reinforce each other to enable {@sipta, 2014; Andonova et al., 201The emergence of polycentric
sourceof climate action anttarsnational and subnational networks that link these effakibott et al.,
2012)offer theopportunity to experiment and learn from different approaches, thereby accelerating
approaches led by national governméfitsle, 2015; Jordan et al., 2015)

Section 4.2 of this chapter outlines existing rates of change and attributes of accelerated change. Section 4.3
identifies global systems, and their components, that offer options for this change. Section 4.4 documents the
enabling conditions that influeadhe feasibility of those options, including economic, financial and policy
instruments that could trigger the transitiorlt6°Gconsistent pathwayS&ection 4.5assessesitigation

and adaptationptions for feasibility, strategies fonplementation ad synergies and tradsfs between

mitigation and adaptation.

4.2 PathwaysCompatible with 1.5°C: Starting Points for Strengthening I mplementation
4.2.1 Implications for Implementation of 1.5°@onsistentPathways

Thel.5°Gconsistenpathways assessed@mapter2 form the basis for the feasibility assessment in section
4.3. A wide range ofl.5°G-consistent pathways from badthtegratedAssessmenri¥lodelling (IAM),
supplemented by othéterature are assessed by Chapter 2 (Sections 2.1, 2.3, 2.4, and 2.5). The most
common feature shared by these pathways is their requiremdéastier and more radical chasggompared

to 2°C and higher warming pathways.

A variety of1.5°C-consistentechnologial options and policy targeisidentified in the assessed modelling
literature (Sections 2.3, 2.4, 2.5). These technology and policy options iecled® demand reduction,
greater penetration of lo@mission and carbeinee technologieas well as elddfication of transport and
industry, andeduction of laneuse changeBoth the detailed integrated modelling pathway literature and a
number of broader sectomhdbottomup studies provide examplestaiw these sectoral technological and
policy charateristicscan be broken down sectorally tbi5°C-consistenpathways ¢eeTable 4.1).

Both the integrated pathway literature and the sectoral studies agree on the need for rapid transitions in the
production and use of energy across various sectors,ortsistent with limiting global warming to 1&

The pace of these transitions are particularly significantdersupply mix and electrification, with sectoral

studies projecting a higher pace of change compared to IAMs (Table 4.1). These trenaisséounation

patterns create opportunities and challenges for both mitigation and adaptation (Sections 4.2.1.1 and 4.2.1.2),
and have significant implications for the assessment of feasibility and enablers, including governance,
institutions, and policynstruments addressed in Sections 4.3 and 4.4.
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1
2  Table 4.1: Sectoraindicators ofthe pace of transformation In5°C-consistent pathwaybased orselected integrated
3 pathways assessed in Chapter 2 (from the scenario database) and sectoral studies reviewed htiitapt
4 assessnitigationtransitions consistent with limiting warming to 1.5°C. Valuesdo8C low O®and
5 dL.5C high O$indicate the median and the interquartile ranges for 1.5°C scenarios distinguishing high and
6 low overshoot. S1, S2, S5 and LED represent the four illustrative pathway archetypes selected for this
7 assessment (see Section 2.1 Sogplementary Materid.SM.1for detailed description).
8
Energy Buildings Transport Industry
Change in Share of low Industrial
Share of S
Share of energy carbon fuels - emissions
.| Share of o electricity .
renewable in .| demand for | (electricity, . reductions
: renewable in o in
primary electricity [%] buildings hydrogen and transport (based on
energy [%0] (2010 biofuel) in [%] current
baseline) [%] | transport [%] i level) [%]
" 1.5C low OS 29 (35; 25) 53 (59; 44) -3 (5;-8) 10 (15; 8) 5(7; 3) 40 (50; 30)
§ 1.5C high OS 24 (27; 20) 43 (54; 37) | -17 (12;-20) 7 (8; 6) 3 (5;3) 18 (28;-13)
£8 |s1 29 58 -8 NA 4 49
©
2R | s 29 48 -14 5 4 19
E s5 14 25 NA 3 1 NA
LED 37 60 30 NA 21 42
[%2]
% Loffler et al. (2017) 50 8
% o | Rockstrom et al. (2017) 20
= M
2 & | Kuramochi et al. (2017) 20
o
g IEA (2017) 20 47 7 16 6 14
? | wCsD (2017) -11
" 1.5C low OS 58 (67; 50) 76 (85; 69) -19 (2;-37) 53 (65; 34) | 23 (30;17)| 79 (89; 71)
§‘ 1.5C high OS 62 (68; 47) 82 (88; 64) | -37 (-13;-51) | 38 (44;27) | 18 (23; 14)| 68 (81; 54)
:—%, S| s1 58 81 -21 NA 34 74
o & |s2 53 63 -25 26 23 73
2 |ss 67 70 NA 53 10 NA
LED 73 77 45 NA 59 91
@ Loffler et al. (2017) 100 100 98
= Rockstrom et al. (2017) 100
% g Figueres et al. (2017) 50
g ™| Kuramochi et al. (2017) 100
3 IEA (2017) 29 74 11 59 31 20
WBCSD (2017)
9
10
11 4.2.1.1 Challenges an®pportunities forMitigation Along theReviewedPathways
12
13 4.2.1.1.1 Greater scale, speed and change in investment patterns
14  There isagreement in the literatureviewed by Chapter that staying below 1.5°C would entalil
15 significantly greater transformation in terms of energy systems, lifestylaéawsiments patterrompared
16 to 2°Gconsistenpathways. Yet there Ignited evidenceandlow agreementegarding lhe magnitudes and
17  costs of thenvestments (Sections 2.5.1, 2.2u& 4.4.5). Based on the |ANerature reviewed in Chapter 2,
18 climate policies in line with limiting warming to 1.5°C would require a marked upscaling of ssidely
19 energy system investments between nowraitticentury, reaching levels of betweeniB® trillion USD
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yr't globally with anaverageof about 3.5 trillion USDyr'! over 2016-2050 (sedigure 2.7). This can be
compared to an average of about 3.0 trillion UBDover the same period f@°C-condstentpathways
(also inFigure 2.27).

Not only the level of investment but also the type and speed of sectoral transformation would be impacted by
the transitios associated with.5°G-consistent pathways. IAM literatupgojectsthat investments in low

emission energy overtake fosiikel investments globally by 2028 1.5°C-consistent pathways (Section

2.5.2). The projected lowmissioninvestments in electricity generation allocations over the periodi2016

2050 are: solar (0.09.0 trillion USD yt?*), wind (0.3 0.35 trillion USD yt?), nuclear (0.1.0.25 trillion

USD yr), and transmission, distribution, and storagei(@.3trillion USD ytY). In contrast, investments in
fossilfuel extraction and unabated fossil electricity generation along a-tdf€istent pathway are

projected to drop by 0:8.85 trillion USD yt! over the period 201&®050, with investments in unabated coal
generation projected to halt by 2030 in most 1-68@sistent pathways (Section 2.5.2). Estimates of
investments in other infrastructure are currently unavailable, but they could be considerably larger in volume
thansolelythose inthe energy sectdSection 4.4.5).

4.2.1.1.2 Greater policy design and decisiomaking implications

1.5°G-consistenpathways raisenultiple challenge$or effectivepolicy design anagesponses taddresshe
scale speedand pace of mitigatiotechnology financeand capacity building needs. They also need to deal
with their distributional implicationswhile addressingdapationto residualclimate impactgsee

Chapterb). The available literature indicates tHab°Gconsistenpathways wouldequire robust, stringent
and urgent transformative policy interventidagyeting the decarbonisationeiergysupply, electrification,
fuel switching, energy efficiengyanduse change, and ldeyles (Sections 2.5, 4.4.2, 4.4.3). Examples of
effective approachet® integrate mitigation with adaptation in the context of sustaindbdlelopment andt
deal with distibutional implicationgroposed in té literature includéhe utilisation of dynamic adaptive
policy pathwaygHaasnoot et al., 2013; Mathy et al., 20&6} transdisciplinary knowledge systems
(Bendito and Barrios, 2016)

Yet, even with gmd policy design and effective implementatidrb°Cconsistent pathwaysould incur

higher costsProjections of thenagnitudes of global economic costs associated MBtC-consistent

pathways and their sectoral and regional distributions from the currently assessed literature are scant, yet
suggestive. For example, IAM simulations assessed in Chapteject(with a probability greater than

50%) thatmarginalabatement costgypically represented ilAMs througha carbon priceyould increase

by about threefoldby 2050undera 1.5°Gconsistenpathwaycompared t@ 2°C-consistenpathway

(Section 2.5.2Figure 2.3). Managing these costs and distributional effects would require an approach that
takes account of unintended cr@gxtor, crossation, and crospolicy tradeoffs during the transition

(Droste et al., 2016; Stiglitz et al., 2017; Pollitt, 2018; Sands, 2018; Siegmeier €18)., 2

4.2.1.1.3 Greater sustainable development implications

Fewstudiesaddresshe relations betweeahe Shared Socioeconomic Pathw&ySR$ and theSustainable
Developments GoalSPG9 ( O6 Ne i | | et al . ,.Norethetess, liRratardnaiotersidl al . |
synergies and tradeffs between 1.5°@onsistenimitigation pathways and sustainable development
dimensionss emerging (Sections 2.5.3, 5.4). Areas of potential todideinclude reduction in final energy
demand in relation to SDG 7 (the universal clean energy access goal) and increase of biomass production in
relation to land use, water resourcéxd production, biodiversitgnd air quality (Sections 2.4.3, 2.5.3).
Strengthening the institutional and policy responses to deal with these challendjesia®sedn Section 4.4
together with the linkage betwedisruptive changes in the energy sector and structural changes in other
infrastructure (transport, building, water and telecommunication) sectonsréin-depth assessment of the
complexity and interfaces between 1.5@hsistenpathways and sustainaldlevelopments presented in
Chapter 5
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4.2.1.2 Implications forAdaptationAlong theReviewedPathways

Climate variabilityanduncertainties n t he wunder | yi ng &Adsasmgltdsh modsl i n
comparisongomplicatediscernng the implicatiors for climate impactsadaptation optionsnd avoided
adaptation investments at the global leafe2°C compared to 1.5°C warmiigames et al., 2017; Mitchell et
al., 2017)

Incremental warming from 1.5°© 2°C would lead to significant increases in temperature and precipitation
extremes in many regions (Section 3.3.2, 3.3.Bhseprojected changes in climate extremes under both
warming levelshoweverdependnthe emissions pathwayas they havdifferentgreenhousgas
(GHG)/aerosol forcing ratios. Impacts are seg¢teystemand regiorspecific as described in Chapter 3. For
example, precipitationelated impacts reveal distinct regional differences (Sex8@3, 3.3.4, 3.3.5, 3.4.2).
Similarly, regional reduction in water availability and the lengthening of regional dry spells have negative
implications for agricultural yields depending on crop types and world regions (see for examplesSection
3.3.4,3.4.2,3.4.6).

Adaptation helps redugmpacts and risks. However, adaptation has limits. Not all systems can adapt, and
not all impacts can be reversed (Cr@sapter BoxL2in Chapter %. For example, tropical coral reefs are
projected to be at risk of severe degradation due to tempenatiureed bleaching (Box 3.4).

4.2.2 SysteniTransitions andRates ofChange

Societywide transformationvolvessociotechnical transitions and socitological resiliencéGillard et

al., 2016) Transitioral adaptatiorpathways would need to respond to femissionenergy and economic
systemsand the scio-technical transitionfor mitigation involveremoving barriers in social and
institutional processeathat could also benefit adaptati(Pant et al., 2015; Geels et al., 2017; Ickowitz et al.,
2017) In this chaptertransformative change framedn mitigation around sociechnical transitions, and

in adaptation around soeexological transitiondn both instanceemphasiss placed on the enabling role

of institutions (including markets, and formal and informal regulatibsfCG-consistent pathways and
adaptation needsssociated with warming of 1.5%@ply both incrementadndrapid, disruptiveand
transformativechanges.

4.2.2.1 Mitigation: Historical Rates ofChange andate ofDecoupling

Realising 1.5°@&onsistent pathways would require rapid and systemic changes on unprecedented scales (see

Chapter 2 and Section 4.2.1). $lsiection examines whether the needdes of change have historical
precedents and are underway.

Some studies conduct a-theto validation of IAM projections. FE&ZO, emission intensity over 1982010,
this resulted in the IAMs projecting declining emission intensities while actual aliseswshowed an
increase. For individual technologigs particular solar energylAM projections havédeenconservative
regarding deployment rates and cost reductj@nsutzig et al., 2017puggstingthatlAMs do not always
impute actual rates of technological change resulting from influence of shocks, broader changes and
mutually reinforcing factors in society and politi€eels and Schot, 2007; Daron et al., 2015; Sovacool,
2016; Battiston et al., 2017)

Other studies extrapolate histotit@nds into the futur@Hook et al., 2011; Fouquet, 2016y contrast the

rates of change associated with specific temperature limits in IAMs (such as those in Bhajiter

historical trends to investigate plausibility of emission pathwaysaasdciatedemperature limitgwWilson et

al., 2013; Gambhir et al., 2017; Napp et al., 20¥When metrics are normalised@voss Domestic Product
(GDP, as opposed to other normalisation metrichsag primary energy), lo@missiontechnology

deployment rates used by IAMs over the course of the coming century are shown to be broadly consistent
with past trends, but rates of change in emission intensityically overestimatedwilson et al., 2013;
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Loftus et al., 2014; van Sluisveld et al., 2QI8)is bias is consistent with the findings fromthe al i dat i or
studies cited aboysuggesting that IAMs may undegportthe potential for supplyside technological
changeassumed i.5 -consistent pathways, botay bemore optimistic abouhe systemic ability to realise
incremental changes in reductiof emission intensity as a consequence of favourable energy efficiency

payback timegWilson et al., 2013)Thisfinding suggests that barriers and enabtgher than costs and

climate limitsplay a role in technological change, as also faarttieinnovationliterature(Hekkert et al.,

2007; Bergek et al., 2008; Geelsabt 2016hb)

One barrier to a greater rate of change in energy systems isdhat@c growth in the past has been
coupled to the use of fossil fueBisruptiveinnovation and socitechnical changesouldenable the
decoupling of economic growtlhdm a range of environmentadivers including the consumption of fossil
fuels as represented y5°Gconsistent pathway®&NEP, 2014; Newman, 2017This may be relative
decouplingdue to rebound effects that see financial savings generated by renewable energy used in the
consumption of new products and servigkckson and Senker, 2011; Gillingham et al., 2d48)n 2015

and 2016 totag)lobal GHG emissionsiavedecoupled absolutely from economic groigA, 2017g; Peters

et al., 2017)A longerdatatrend would be needed bef@tbledecouplingcan be establishe@heobserved
decouplingn 2015 and 20dwasdriven by absolute declines in both coal and oil use since the early 2000s
in Europe, in the past seven years in the United States and Australia, and more recently Ne®iran(
2017) In 2017 decoupling in China reversed by 2% due to a drought and subsequent replacement of
hydropower with coafired power(Tollefson, 2017)but this reversal is expected to be tempo(HER,

2017c) Oil consumption in China is still riziy slowly, but absolute decouplingaegoingin megacities like
Beijing (Gao and Newman, 2018ee Box 4.R

4.2.2.2 TransformationaAdaptation

In some regions and places, incremental adaptatiahd not be sufficiento mitigatethe impacts of climate
change on sociacdogical systems (see Chapter 3yafsformational adaptatiomould then be required
(Bahadur and Tanner, 2@1Pant et al., 2015; Gillard, 2016; Gillard et al., 2016; Colloff et al., 2017;
Termeer et al., 2017 ransformational adaptatioefers to actionaiming at adapting to climate change
resulting in significant changes in structure or function thdiegand adjusting existing practicé®owd et
al., 2014; IPCC, 2014a; Few et al., 20linrluding approaches that enable new ways of deeigigking on
adaptatior{Colloff et al., 2017)Few studies haarassessed the potentially transformative character of
adaptation option@Pelling et al., 2015; Rippket al., 2016; Solecki et al., 201 Bspecially in the context of
warming of 1.5C.

Transformational adagtion can be adopted at a laggale,can lead tonew strategiem a region or

resource system, transform places patentiallyshifts locations (Kates et al., 201250me systems might
require transformational adaptation at 1.5°C. Implementing adaptation policies in anticipation of 1.5°C
would require transformation affiéxible planning ofadaptationgometimes deed adaptation pathways
(Rothman et al., 2014; Smucker et al., 2015; Holland, 2017; Gajjar et al., 2818)derstanding of the

varied stakeholers involved and their motives, and knowledge of less visible aspects of vulnerability based
on social, cultural, political, and economic fact@elland, 2017) Transformational adaptation would seek
deep and longerm societal changes that influence sustainable develog@iemtg Tiam Fook, 2017; Few

et al., 2017)

Adaptation requires multidisciplinary approaches integrating scientific, technological andigueiasions.
For example, a framework for transformational adaptation, and the integrationgattioit and adaptation
pathwayscan transform rural indigenous communitiestlolress risks aflimate changeral other stressors
(Thornton and Combgy 2017) In villagesin rural Nepalfransformational adaptation has taken place with
villagers changing their agricultural and pastoralist livelihood strategies after years of lost crops due to
changing rain patterns and degradation of natural ress{irhornton and Comberti, 2017pstead, they are
now opening stores, hotels, and tea shops. In another case, the aaivail pipelinealteredtraditional

Al askan ¢ ommu n iWith geowt of dil ipredeidtian,inoestchents reemade for rural
developmentA laterdrop in oil productio decreased these investmeAisskan Indigenous populations
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are also dealing with impacts of climate change, such as sea leyelhiige is alteing their livelihood
sourcesTransformational adaptation is taking placechgnginghe energy matrix to renewable energy, in
which indigenous people apply their knowledge to achieve environmental, economic, and social benefits
(Thornton and Comberti, 2017)

4.2.2.3 Disruptivelnnovation

Demanddrivendisruptive innovationshatemerge as the product of political and social changes across
multiple scalezanbe transformativéSeba, 2014; Christensen et al., 2015; Green and Newman, 2017a)
Such innovationsvould lead tosimultaneous, profounchanges in behaviour, economies and societies
(Seba, 2014; Christensen et al. 2015), butldfieult to predict in supplyfocussed economic moddSeels

et al., 2016a; Pindyck, 201 Rapid societechnical change has been observed in the solar ind@sytgig

et al. (2017)Similar changes to sockecological systems catimulateadaptation and mitigation opns

that lead to more climatesilient systemgAdger et al., 2005; Ostrom, 2009; Gillard et al., 206k the
Alaska and Nepatxamples in Section 4.2.2.d}he increase in rogbp solar and energy storage technology
as well as thenicrease in passive housing and net-senssions buildings are further examples of such
disruptiong(Green and Newman, 2017iBothroof-top solar and energy storagave benefitted from
countriesé economic growth strategy and asHyoci at e
in China(Hsuet al., 2017; Shrivastava and Persson, 20d8yvell as from new information and
communication technologi€Koomey et al., 2013Yising demand for electricity urban aregsand global
concern regarding greenhouse gas emisgidmsiteiro et al., 2017; Lutz and Muttarak, 2017; Wamsler,
2017)

System cebenefits can create the potential for mutually enforcing and dedvareh climate responses
(Jordan et al., 2015; Hallegatte and Mach, 2@ling et al., 2018)and rapid and transformational change
(Cole, 2015; Geels et al., 2016b; Hallegatte and Mach, 2016; Peters et al. EXathmles of cdenefits
include gender equalitagricultural productivity NyantakyiFrimpong and Bezneferr, 2015) reduced
indoor air pollution(Satterthwaite and Bartlett, 201 Tlood buffering(Colenbrander et al., 201,A)velihood
support(Shaw et al., 2014; Urg€orsatz et al., 2014economic growtliGCEC, 2014; Stiglitz et al., 2017)
social progreséSteg et al., 2015; Hallegatte and Ma2016)and social justic€Ziervogelet al., 2017,
Patterson et al., 2018)

Innovations that disrupt entire systems may leave firms and utilities with stranded assets as the tamsition
happernvery quickly(IPCC, 2014b; Kossoy et al., 2019his mayhave consequences fassil fuels that
are render e(McGtadermd iEking, 201 Bndfdssil fuel-fired powe and industryassetghat
would become obsolef€aldecott, 2017; Farfan and Breyer, 20ITHe presence of multiple barriers and
enablers operating in a systémpliesthat rapid change, whether the product of many small changes
(Sterling et al., 2017; Termeer et al., 20ti7)argescale disruptions, is seldom an insular or discrete
process. This finding informs the muttimensional nature of feasibility in Cre€hapter Box 3n

Chapterl which is applied in Section 4.5. Climate responsesategligned witmultiple feasibility
dimensions andombineadaptation and mitigation interventions with rddimate benefits can accelerate
change and reduce risks and c¢Btzey et al., 2018RAlso political, social and technological influences on
energy transitions, for example, caccelerate them fastdran narrow techreconomic analysisuggests is
possible(Kern and Rogge, 2016putcouldalso introduce new constraints and rigkgels et al., 2016b;
Sovacool, 2016; Eyre et al., 2018)

Disruptive innovation and technological change may play a role in mitigation and in adaptation. The next

section assesses mitigation and adaption options in enangyahd ecosystem, urban and infrastructure and
industrial systems.
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4.3 SystemicChanges for 1.5C-ConsistentPathways

Section 4.2 emphasises the importance of systemic change fGrchbsistent pathways. This section

translates this into four main system transitions: energy, land and ecosystem, urban and infrastructure, and

industrial system transitions. This sectassessethe mitigation, adaptatioandcarbon dioxide removal
optionsthat offer the potential fsud change within those systerbsised on options identified by Chapter
2 and risks and impacts in Chapter 3

The section puts more emphasis on those adaptation options (Sectiods315).4And mitigation options
(Sections 4.3:4.3.4, 4.3.6 and 4.3.7) that are 1.5%evant and haveeveloped considerably since AR5
They alsoform the basis for thenitigationandadaptatiorfeasibility assessmesin Sectiord.5. Section
4.3.8discusses solar radiation modificatimethods.

This section emphasises that no single solutiooptioncan enable a global transitiontd C-consistent
pathways or adapting frojectedimpacts. Rather, accelerating change, much of which is alstading or
underway, in multiple global systems, simultaneously and at different soalgs provide the impetus for
these system transitiomhe feasibility ofindividual options as @l asthe potentiafor synergies and reduce
tradeoffs will vary according tacontext andhelocal enabling conditionsThese are explored at a high level
in Section 4.4Policy packages that bring togethmultiple enabling conditionsan provide building blocks
for a strategy to scalgp implementation and intervention impacts.

4.3.1 EnergySystemTransitions

This section discusses the feasibility of mitigation and adaptation options related to the energy system
transition.As only optionsrelevant tal.5°C and with significant changes since AR5 are discys#gdh
means that fooptions like hydropower and geothermal enetlgg,chapterefersto AR5and does not
provide a discussiorsociotechnicalinertiaof energy optionsdr 1.5C-consistent pathwayare

increasingly being surmounted as fossil fuels stavefohase out Supply-side mitigation and adaptation
options,energy demandaide options, including energy efficiency in buildings and transportation, are
discussed itsection 4.3.3, options around energy use in industry are discussed in Section 4.3.4.

Section 4.5 assesses the feasibility in a systematic manner based on the approach outline@lmeyss
Box 3in Chapter 1

4.3.1.1 Renewabld&lectricity: Solar andWind

All renewable energy options have seen considerable advances over the years since AR5, but solar energy

and both onshore and offshore wind energy have had dramatic growth trajettoiesppeawell
underway to contribute to 6-consistent pathway®EN21, 2012; IEA, 2017c; IRENA, 2017b)

The largest growtdriver forrenewable energy since AR5 has been the dramatic reduction in the cost of
solar PV(REN21, 2012)This has madeooftop solar competitive in sunny ardssween 45horth and
south(Green and Newman, 2017thoughlRENA (2018)suggests it is cost effective imanyotherplaces
too. SolarPhotovoltaics V) with batteries have be@ost effective irmany rural and developing areas
(Pueyo and Hanna, 2015; Szabd et al., 2016; Jimenez, 204 ékample 19million peoplein Bangladesh
now have solabattery electricity in remote villagesdare reporting positive experiences on safety and
easeof use(Kabir et al., 2017)Smaltscale distributed energy projects are being implemented in developed
and developing cities where residential and commercial rooftops offer potentahfarmers becoming
producergcalled prosumergACOLA, 2017; Kotilainen and Saari, 201&uch prosumers could contribute
significantly to electricity generation in suiith areas lik€alifornia (Kurdgelashvili et al., 201&)r Sub
Saharan African combinationwith micro-grids and minigrids Bertheau et al. (2017l couldalso

contribute tauniversal energy access (SO@as shown bylEA, 2017c)

4-17 Total pages198



©CoOoO~NOOUOITA,WDNPE

Approval Session Chapterd IPCC SR1.5

The feasibilityof renewable energy options depends to a large extent on geophysical characteristics of the
area where the option is implemented. However, technological advances and policy instruments make
renewable energy options increasingly attraativether areag-or examplesolar PV is deployed

commercially in areas with lowolar insolationlike North-Western EuropéNyholm et al., 2017)
Feasibilityalsodepend on grid adaptations (e,gtorage, see below) as renewables (i@, 2017c) For
regionswith high energy needssuch as industrial areas (seetsn 4.3.4)high-voltage DC transmission

across long distancesould be neededMacDonald et al., 2016)

Another important factor affecting feasibility is public acceptance, inqodati for wind energy and other
largescale renewable facilitig¥enneti and Day, 2016; Rand and Hoen, 2017; Gorayeb et al., tP@18)

raise landscape managem@iadai and Labussiére, 201af)d distributional justic€Yenneti and Day,
2016)challenges. Bsearch indicates that financial participation and community engagement can beeeffectiv
in mitigating resistanc@runes and Ohlhorst, 2011; Rand and Hoen, 2(sE8) Section 4.4.3)

Bottomup studies estimating the use of renbl@anergy in the future, either at the global or at the national
level, are plentiful, especially itmegrey literature. It is hotly debated whether a fully renewable energy or
electricity system, with or without biomass, is poss{kcobson dl., 2015, 2017dr not(Clack et al.,

2017; Heard et al., 201,7and by what yeafcaleup estimatevary withassumptionaboutcosts and
technologicamaturity, as well as local geographical circumstances and the extent of storagRmEkR2d,
2012; Ghorbani et al., 2017 everal countries have adopted targets of 100% renewable elefaity
2017c)as this meets multiple social, economic and environmental godlsontribute to mitigation of

climate changéREN21, 2012)

4.3.1.2 Bioenergy andiofuels

Bioenergy is renewable energy from biomass. Biofuel is biofnassd energy used in transport. Chapter 2
suggests that pathways liimigg warming to 1.5°C would enable supply of 820 (median 150) EJ yi(see

Table 2.8¥rom biomass. Most scenarios find tigbenergy is combined witG@arbon Dioxide Capture and
Storaye (CCS BECCYS) if it is available but also find robust dgpitent ofbioenergy independenf the

availability of CCS ¢ee Section 2.3.4@hd 4.3.7 for a discussion of BECCS). Detailed assessments indicate
tha deployment is similar for 2°€onsistenpathwaygChum et al., 2011P. Smith et al., 2014; Creutzig et

al., 2015) There is howevehigh agreemerthatthesustainable bioenergy potential in 2080uld be

restricted to around 100 EJ}fSlade et al., 2014; Creutzig et al., 2013R)stainable deployent at this or

higher levels envisioned by 1.5%nsistent pathways may put significant pressure on available land, food
production and pricedopp et al., 2014b; Persson, 2015; Kline et al., 2017; Searchinger et al,, 2017)
preservation of ecosystemsdabiodiversity(Creutzig et al., 2015b; Holland et al., 2015; Santangeli et al.,
2016)as well as potential water and nutrient constrdi@erbend_eenes et al., 2009; Gheewala et al., 2011;
Bows and Smith, 2012; Smith and Torn, 2013; Bonsch et al., 2016; Lampert et al., 2016; Mouratiadou et al.,
2016; Smith et al., 206 Wei et al., 2016; Mathioudakét al., 2017)but there is stillow agreemenbdn

these interactiondRobledeAbad et al., 2017)Some of the disagreement on the sustainable capacity for
bioenergy stems from global versus local assessm@lobal assessments may mask local dynamics that
exacerbate negative impacts and shortages while at the same time niche contexts for deployment may avoid
tradeoffs and exploit cdbenefits more effectively. In some regions of the world (&hg.case oBrazilian

ethanol, see Box 4.7, where land may be less of a constraint, the use of bioenergy is mature and the industry
is well developey] land transitiongouldbe balanced with food production and biodiversity to enable a

global impact on C&emissiors (Jaiswal et al., 2017)

The carbon intensity of bioenergy, key for both bioenergyhasrassionneutral energgystem and BECCS
as aCarbon Dioxide RemovalODR) measure, is still a matter of deb@Brichholz et al., 2016; Liu et al.,
2018)and depends omanagementPydrala et al., 2014; Torssonen et al., 2016; Baul et al., 2017;
Kilpeldinen et al., 2017direct and indirect land ashange emissior{Blevin et al., 2010; Schulze et al.,
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2012; Harris et al., 2015; Repbad., 2015; DeCicco et al., 2016; Qin et al., 2616ynsidered feedstock
and time framéZanchi et al., 2012; Daioglou et al., 2017; Booth, 2018; Sterman et al., 2818¢ll as the
availability ofcoordinated policieand managemem® minimisenegative side effectnd tradeoffs,
particularlythose aroundbod securit( St e v a n o v i bnd kvelihoad and,equRy@dngiderations
(Creutzig et al., 2013; Calvin et al., 2014)

Biofuels are a part of the transport sector in some cities@mnatriesandmay be deployed as a mitigation
option for aviation, shipping and freight transport (Seetion 4.3.3.pas well as industrial decarbonisation
(IEA, 20179)(Section 4.3.4)hough only Brazil has mainstreamed ethash substantial, commercial
option. Lower emissions and reduced urban air polluiemre beemchieved therby use of ethanol and
biodiesel as fuelHill et al., 2006; Salvo et al., 201&ee Box 4.7)

4.3.1.3 NuclearEnergy

Many scenarios in Chapter 2 and in AR&ruckner et al., 2004oroject a increase in these ofnuclear
power, while others project a decrea3de increasean be realised througixisting mature nuclear
technologies or new options (generation IlI/IV reactors, breeder reactorsyaewm and thorium fuel
cycles, small reactorsr nuclear cogeneration).

Even though historicallgcalability and speed of scalinfinuclear plantsiave been high in many nations,
such rates are currentiptachievedanymore In the 1960s and 1970Srance implemented a programno
rapidly get 80% of its power from nuclear in about 25 y€BkEA, 2018), butthe currentime-lag between
the decision date and the commissiorofiglants is observed to be 4® years(Lovins et al., 2018)The
currentdeployment pace of nuclear energy is constrainesbbial acceptability in many countries due to
concerns over risks of accidents aadioactive waste managemé¢Btuckner et al., 2014 hough
comparative risk assessment shows headks mrdow per unit of electricity productiofHirschberg et al.,
2016) and Andrequirement islower thanthat ofotherpower source@Cheng and Hammond, 201 e
political processes triggered bgcietalconcernslepend orthe countryspecificmeansof managing the
political debates atmd technological choices and their environmental img&tsgory et al., 19935uch
differences in perceptiofiKim and Chung, 2017@xplain why the 2011 Fukushima incident resulted i
confirmation or acceleration of phasing out nuclear energy in five cou(fads 2017)while 30 other
countries have continued using nucleaergy amongst which 13 are buildimgw nuclear capacity
including Chinalndiaand the United KingdoriAEA, 2017; Yuan et al.2017)

Costs of nuclear power have increased over time in some developed ,nptinopally due to market
conditions where increased investment risldsigh-capitalexpenditurgechnologies have become significant.
6Learning by dofaledidconpensabectisirend becatise they were slowed down by the
absence of standardisation and series eff€tsbler, 2010) What are and have been the costs of nuclear
power is debated in the literatu¢eovering et al., 2016; Koomey et al., 201Qountries with libealised
markets that continue to develop nuclear employigieng instruments through longgrm contracts with
guaranteed sale pric€Binon and Roques, 2013for instancethe United Kingdomworks with public
guarantees covering part of the upfront investment ajstewly planned nuclear capacityhis dynamic
differsin countries such &hinaand South Koreayhere monopolistic conditits in the electric system allow
for reducing investment risks, deploying series effects and enhancing the engineering capacities of users due
to stable relations between the security authorities and bu{Benseider et al2017)

The safety bnuclear plants depends upon the public authorities of each country. Hplexeuse

accidens affect worldwide public acceptance of this industry, questions have been raised about the risk of
economic and political pressures \weaing the safety of the plan(Sinon, 2013; Budnitz, 2016J his raises

the issue of international governance of civil nuclear riskisramforced international cooperation involving
governments, companies and engiimepf Wal ker and L°nnrot h, 19Ba8d Thom

2 While there is high agreement thiadlirect Land Use Changé.[UC) could occur, there is low agreement
about the actual extent of lI§E. Smith et al., 2014; Verggen et al., 2015; David, 2017)
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on the experience of the International AtoricergyAgency.

4.3.1.4 EnergySorage

The growth in electricity storage for renewables has been afauidhdHexibility Resource¢GFR)that

would enable several placessourcemore than half their power from ndrydro renewable@Komarnicki,

2016) Ten types of5FRswithin smart grids have been developed largely since AR5 as renewables have
tested gd stability (Blaabjerg et al., 2004; IRENA, 2013; IEA, 2017d; kapbi and Khodaei, 201Tough
demonstrations of how to do this without hydro or naturalbgsed powebackup are still neededPumped
hydrocomprisedl50 GW of storage capacity in 201&nd gridconnected battery storagest 1.7 GW but

the lattergrew between 2015 to 2016 by 5QREN21, 2012)Battery storagdas been the main growth
feature in energy storage since A@seyer et al., 2017)his appears tohe result okignificant cost
reductiondue tomass production fdElectric Vehicles (EVs)Nykvist and Nilsson, 2015; Dhar et al.,

2017) Although costs and technical maturity look increasingly positive, the feasibility ofyoatteage is
challenged by concerns over the availability of resources and the environmental impacts of its production
(Petersetal.,2017) Lit hium, a common el ement in the eartho
large increase®s production have happened in recent years with eight new mines in Western Australia
where most lithium is producd@WA, 2016) Emerging battery technologies may provigleater

efficiencyand recharge ratéBelmonte et al., 201&)ut remain significantly more expensive due to speed
and scale issues compared to lithium ion batt¢Désr et al., 2017; IRENA, 2017a)

Research and demonstration néegy storage in the form of thernaald cherital systems continuebut

large scale commercial systems are (Bado et al., 2014Renewably derived synthetic liquid (like
methanol and ammonia) agds(like methane and hydrogeaje increasingly being seen as a feasible
storage optiosifor renewable energy (producing fuel for use in industry during times when solar and wind
areabundanjt(Bruce et al., 200; Jiang et al., 2010; Ezeji, 20150t, in the case of carbonaceous storage
media, would need a renewable source of carbamatea positive contribution to GHG reducti¢von der
Assen et al., 2013; Abanades et al., 2q&& alse Section 4.3.4.5)he use of electric vehicles as a form of
storage has beaenodelled andvaluatedhs an opportunityanddemonstrations are emergi(ihar et al.,

2017; Green and Newman, 201,74t challenges to upscaling remain.

4.3.1.5 Options forAdaptingElectricity Systems to 1.5°C

Climate change has started to disrupt electricity generatigrfanichate change adaptation options are not
consideredit is predictedhatthese disruptions will be lengthier and more freqiéahandidetTehrani et

al., 2014; Bartos and Chester, 2015; Kraucunas et al., 2015; van Vliet et al. Afd@ationwould both
secure vulnerable infrastructure and ensure the necessary generation ¢sfpaitg et al., 2009; Eisenack
and Stecker, 2012; Schaeffer et al., 2012; Cortekar and Groth, 2015; Murrant et al., 2015; Panteli and
Mancarella, 2015; Goytia et al., 201&he literature showsigh agreementhat climate change impacts
need to bglanned for in the design of any kind of infrastructure, espediatlye energy sectdiNierop,
2014) includinginterdependencies with other sectors that require electricity to function, includiag

data, telecommunicatiord transportFryer, 2017)

Recent esearch has developed new frameworks and models that aim to assess and identify vulnerabilities in
energy infrastructure and create more proactive respfffsaxis and Bekera, 2014; Ouyang ancibas

Osorio, 2014; Arab et al., 2015; Bekera and Francis, 2015; Knight et al., 2015; Jeong and An, 2016; Pantel
et al., 2016; Perrier, 2016; Erker et al., 2017; Fu et al., 2@E8pssments of energy infrastructure

adaptation, while limited, epihasig the need for redundan(lyiu et al. 2017) The implementation of

controllable and islandable microgrids including the use of residential batsertesin increase resiliency,
especially after extreme weather evgQazi and Young Jr., 2014; Liu et al., 201Rybrid renewalds

based power systems with rbypdro capacity, such as with higlenetration wind generation, could provide

the required system flexibilitfCanales et al., 2015pverall, there ikiigh agreemerthat hybrid systems,

taking advantage of an array of sources and time of use strategibs)p make electricity generation more
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resilient(Parkinson and Djilali, 2015yiven that energy security standards are in plabeeida Prado et
al., 2016)

Interactions between water and energy are con{iiex 2017g) Water scarcity patterns and electricity
disrupions will differ across regions. Therehiggh agreementhat mitigation and adaptation options for
thermal electricity generatid(if that remainditted with CCS need to consider increasing water shortages,
taking into account other factors such as i@mbwater resources and demand changes in irrigation water
(Hayashi et al., 2018)ncreasing the efficiency of power plants can reduce emissions and e@dsr n
(Eisenack and Stecker, 2012; van Vliet et al., 20860 applying CCS would increasgter consumption
(Koornneef et al 2012)rhe technological, economic, social and institutional feasibiligffadiency
improvementss high,butinsufficient to limit temperature rise to 1.5{@an Vliet et al., 2016)

In addition, a number of options for water cooling management systems have been proposed, such as
hydraulic measurg&isenack and Stecker, 20X)d alternative cooling technologi@handel et al., 2011,
Eisenack and Stecker, 2012; Bartos and Chester, 2015; Murrant et al., 2015; Bustamante et al., 2016; van
Vliet et al., 2016; Huang et al., 2017here ishigh agreemenbn the technological and economic

feasibility of these technologies as their absence can severely impact the functioning of the power plant as
well as safety and security standards.

4.3.1.6 CarbonDioxide Capture andorage in thePower Sector

The AR5(IPCC, 2014b)s well as Section 22lassign significant emission reductions over the course of
this century to C@capture and storage (CCS) in the power sector. This section focuses on CCS in the fossil
fuelled power sector; Section 4.3.4 discusses CCS ipawaer industry, and Section 4.3.7 bioenergy with
CCS (BECCS)Section 2.4.2uts the cumulative Ctored fom fossitfuelled power at10(199 470
interquartile rangeGtCQ, over this centurySuch modellinguggestshat CCSn the power sector can
contribute to coseffective achievement of emission reduction requirements for limiting warming6.1.5
CCS my also offer employment and political advantages for fossitdependent economi¢kern et al.,

2016) but may entail more limited eoenefits than other mitigation options (thewg, generate power) and
therefore foiits business case and economic feasibility relies on climate policy incentives. Since 2017, two
CCS projects in the power sector capture 2.4 Mt@ually, while 30 MtC@is captured annually in all

CCS projectgGlobal CCS Institute, 2017)

The technological maturity of G@apture options in the power sectors has improved considerably
(Abanades et al., 2015; Bui et al., 2018)t costs have not come down between 2005 and 2015 due to
limited learning in commercial settings and increased energy and resourc€Ruabsiset al., 2015)

Storage capacity estimates vary greatly, ®ettion 24.2 as well as literatur@/. Scott et al., 2015ndicate

that perhap40,000GtCQ; could be stored in underground reservdisgional availabilityof thismay not

be sufficient, and it requires efforts to have this storage and the corresponding infrastructure available at the
necessary rates and timee Coninck ad Benson, 2014C0; retention in the storage reservoir was

recently assessed as 98% over 10,000 years fomeglhged reservoirs, and 78% for poorly regulated ones
Alcade et al 2018A paperreviewing42 studien public perception of CC&eigo et al., 2014pund that

social acceptance of CCS is predictedringt, perceived riskand benefits The technology itself mattered
lessthanthe social context of the project. Though insights on communication of CCS projects to the general
public and inhabitants of the area around the §@rage sites have been documented over the years, project
stakeholders are not consistently implementireggelessons, although some projects have observed good
practiceqAshworth et al., 2015)

CCS in the power sector is hardly being realised at scale, mainly because the incremental costs,of capture
andthe development of@nsport and storage infrastructures are not sufficiently compensated by market or
government incentive@EA, 2017c) In both fullscale projects in the power sector, part of the capture costs
are compensateidr by revenues fronEnhanceddil Recovery(EOR) (Global CCS Institute, 2017)
demonstrating that EOR helpsvedoping CCS further. EOR is a technique that usest@@obilise more

oil out of depleting oil fields, leadg to additional C@emissiondy combusting the additionally recovered
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oil (Cooney et al., 2015)

4.3.2 Land andEcosystenTransitions

This sectiorassesses the feasibility of mitigation anddaon options related to lane and ecosystems.
Land transitions are grouped around agriculture and food, ecosystems anddntestmstal systems.

4.3.2.1 Agriculture andFood

In a 1.5°C world, local yieldare projected to decrease in tropical regions that are major food producing
areas of the world (West Africa, SotlHast Asia, Soutthsia, and Central and northern South America)
(Schleussner et al., 201&omehigh-latitude regions may benefit from the combined effecelefated

CO, and temperature because their average temperatures are below optimal teenfzgratopsin both
cases there amnsequences for food production and quédlityossChapter Box6 in Chapter 3n Food
Security), conservation agriculture, irrigation, food wastage, bioenergy and thenaselkdéchnologies.

Food production and quality . Increased temperatures, including 1.5°C warming, would affect the
production of cereals such as wheat and rice, impacting food sg@gfitleussner et al., 201G)here is
medium agreemethatelevated C@concentrations can change food composition, with implicafiams

nutritional securityTaub et al., 2008; Hogy et al., 2009; DaMatta et al., 2010; Loladze, 2014; De Souza et

al., 2015) with the effects being different dependimythe regiorfMedeket al, 2017)

Metaanalyses ofheeffects of droughtelevated C@ and temperature conclude that at 2°C local warming
and aboveaggregate production @fheat, maize, and rice aggpectedo decreas@ both temperate and
tropical areagChallinor et al., 2014)Thesgroduction lossesould beloweredif adaptation measures are
taken(Challinor et al., 2014)uch as developing varieties better adapted to changing climate conditions.

Adaptation options can heimsureaccess to sufficienfuality food.These includeonservation agriculture,
improvedlivestock management, increasing irrigation efficiency, agroforestryreamgement dbod loss
andwaste.Complementary adagtan and mitigation optiongor examplethe use of climate seces
(Sectiond.3.5), bioenergySection4.3.1) and biotechnolgy (Section4.4.4) caralsoserve to reduce
emissions intensity and the carbon footprint of food production.

ConservationAgriculture (CA) . Soil management that reduces the disruption of soil structure and biotic
processes by minimising tillage. A recemttaanalysis showed that ftdl practices work welin water
limited agroecosystemshen implemented jointly with residue retention and crop rotation but may by
themselves decrease yields in other situatiBittelkow et al., 2014)Additional climate adaptations

include adjustingplarting timesand crop varietal selection amdproving irrigationefficiency. Adaptations
such as these marycrease wheat and maize yields byt Z%under climate chang&hallinor et al., 2014)
CA canalsohelp build adaptive capacityngdiumevidence, medium agreemefti) Smith et al., 2017;
Pradhan et al., 2018nd have mitigation ebenefits through improved fertiles use or efficient use of
machinery and fossil fue(#larvey et al., 2014; Cui et al., 2018; Pradbaal., 2018)CA practicexcanalso
raise soil carbon and therefore remove,@@m the atmospher@oeplau and Don 201¥jcenteVicente et
al. 2016;Aguilera et al. 2018 However, CA adoption can be constrained by inadée institutional
arrangements and funding mechanightarvey etal., 2014; Baudron et al., 2015; Li et al., 2016; Dougill et
al., 2017; Smith et al., 2017b)

Sustainable intensificationof agriculture consists of agricultural systems vimitreased production per unit
area but with management of the range of iy adverse impaston the environmer(Pretty and
Bharucha, 2014 Sustainable intensificatiozanincreasehe efficiencyof inputs and enhandealth and

food security(Ramankutty et al., 2018)

Livestock management Livestock are responsible for more GHG emissions #tlesther food sources.
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Emissions are caused by feed production, enteric fermentation, animallaradtese changand livestock
transport and processingome estimates indicate thatestock supplychainscouldaccount for 7.1 GtC&
equivalent to 14.5% of global anthropogenic greenhouse gas emi&Samer et al., 2013Cattle (beef,
milk) are responsible for about twbirds of that total, largely due to methane emissions resulting from
rumen fermentatiofGerber et al., 2013; Opio et al., 2013)

Despiteongoinggains inlivestockproductivity and volumes, the increase of animal prodaafgobal diets
is resticting overallagricultural efficiencygainsbecause oiefficiencies in the conversion of agricultural
primary productior{e.g, crops)in the feedanimal products pathwglexander et al., 2017dffsettingthe

benefitsof improvementsn livestockproductionsystemgClark and Tilman, 2017)

There is increasimagreement thatverallemissiongrom food systemsould be reduced by targeting the
demand for meat and other livestock products, particularly where consumptionesthiyh suggested by
human health guidelineadjustingdiets tomeetnutritional tagets could bring large eoenefits, through
GHG mitigation and improvements in the overall efficiency of food sys(&mwset al., 2009; Tukker et al.,
2011; Tilman and Clark, 2014; van Dooren et al., 2014; Ranganathan et al.,[ef6Yy shifts could
contributeonefifth of the mitigationneeded to hold warming beloWw@, with onequarter of lowcost
options(Griscom et al., 2017 here however remaindimited evidenceof effective policy interventions to
achieve such largecale shifts in dietary choices, and prevailing trends are for increasing rather than
decreasinglemand fotivestock products at the global scéfdexandratos and Bruinsma, 2012;
OECD/FAOQ, 2017)How the role of dietary shift could change in°CEkonsistent pathways is also not clear
(see Chapter 2).

Adaptation of livestock systentsininclude a suite of strategies such as using different breeds and their wild
relatives to develop a genetic pool resilient to climatic shocks and kergetemperature shift3 horrton

and Herrero, 2014)Improvingfodder and feed managemégBell et al., 2014; Havet et al., 201@nd

disease prevention and cont{Skuce et al., 2013; Nguyen et al., 2018pst interventions that improve the
productivity of livestock systems and enhance adaptation to climate changes would also reduce the emissions
intensity of food production, witkignificant cebenefits for rural livelihoods and security of food supply
(Gerber et al., 2013; FAO & NZAGRC, 204,201D, 2017c) Wheher such reductions in emission
intensity result in lower or higher absolute GHG emissions depends on overall demand for livestock
products, indicating theelevanceof integrating supphgide with demandide measures within food security
objectives(Gerbereth . , 201 3; B a Jransitions in évestoekIproductidh Gystd(@sy, from
extensive to intensivejan alsaesult insignificant emission reductiorss part of broader lafgased
mitigation strategiefHavlik et al., 2014)

Overall, there itigh agreementhatfarm strategieghat integratemixed croplivestock systemsanimprove
farm productivity and hae positive sustainability outcoméklavet et al., 2014; Thornton and Herrero, 2014;
Herrero et al., 2015; Weindl et al., 201Shifting towards mixed crafivestock systems is estimated to
reduce agricultural adaptation costs to 0.3% of total production costs while abating deforestation by 76
million ha globally, making it a highly cosiffective adaptation option with mitigati@o-benefits(Weindl

et al., 2015)Evidence from various regions supports ffiisornton and Herrero, 201,5lthough the

feasible scale varies between regions and systsnsell as being moderated by overall demand in specific
food productsin Australia,somefarmers have successfully shifted to ctmestock systems where, each
year, they allocate land and forage resountessponse to climate and price tre(@sll et al., 2014)

However, there can be some unintended negative impacts of such integnaliminganincreased burden

on women higher requirements of capital, competing uses of crop residueddedyvs. mulchings.

carbon sequestratipand higher requirements of management skills, which can be a challenge across several
low income countrie§Thornton and Herrero, 2015; Thornton et al., 20E8)ally, the feasibility of

improving livestock efficiency is dependent on secidtural context and acceptability: there remain
significant issues around widesprealbjation of crossbred animals, especially by smallhol@Ersrnton et

al., 2018)

Irrigation efficiency. Irrigation efficiency is especially critical sineeater endowments are expected to
changewith 20i 60 Mha of global croplantdeingprojected to revert from irrigated to rain fed land, while
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other areas will receive higher precipitation in shorter time sfaussaffecting irrigation demar(&lliott et

al., 2aL4). While increasing irrigation system effiticy is necessasyhere is mixed evidence on how to
enact efficiency improvemen(sader et al., 2016; Herwehe and Scott, 20RRysical and technical
strategies include building larggcale reservoirs or dams, renovating or deepening irrigation channels,
building onfarm rainwater harvesting structsrdining ponds, channels and tanks to reduce losses through
percolation and evaporation, and investing in small infrastructure such as sprinkler or drip irrigation sets
(VarelaOrtega et al., 2016; Sikka et al., 201Bach strategiasdiffering costs and benefits relating to
uniquebiophysical social and economicontexts Other concerns relating to the increase of irrigation
efficiency discuss fostering irrigation dependency, hence increasing climate sensitivitymalyica
maladaptie in the longterm(Lindoso et al., 2014)

Improvements in irrigation efficiency would need to be supplemented with ancillary activities, such as
shifting to crops that require less water, and impi@goil and moisture conservati@fader et al., 2016;
Hong and Yabe, 2017; Sikka et al., 2Q18yrrently, the feasibility of improving irrigation efficiency is
constrained by issues of replicability across scale andisasiiity over time(Burney and Naylor, 2012)
institutional barriers and inadequate market linkgd&ésock et al., 2017)

Growing evidence suggests that investing in behavioural shifts towards using irrigation technology such as
micro-sprinklers or drip irrigation, is an effective agdick adaptation strategivarelaOrtega et al., 2016;
Herwehe and Scott, 2017; Sikka et al., 20d8ppposetb large dams which have high financial, ecological
and social costé/arelaOrtega et al., 2016)Vhile improving irrigation efficiency is technically feasilgr.
Fishman et al., 201%nd has clear benefits fenvironmental value@feiffer and Lin, 2014R. Fishman et

al., 2015) feasibility is regionally differentiated as shown by examples as diverse as Kigpameyr et

al., 2015) India(R. Fishman et al., 201%)nd Africa(Pittock et al., 2017)

Agroforestry. The integration of trees and shrubs into crop and livestock systems, when properly managed,
can potentially restrictoil erosion, facilitate water infiltration, improve soil physical properties and buffer
against extreme evenfisasco et al., 2014; Mbow et al., 2014; Quandt et al., 2017; Sida et al., 2028

is medium evidencandhigh agreementn the feasibility of agroforestry practicekstenhance productivity,
livelihoods and carbon storaglLusiana ¢al., 2012; K Murthy, 2013; Coulibaly et al., 2017; Sida et al.,

2018) including from indigenouproductionsystemgCog-Huelva et al., 2017)with vaiation by region,
agroforestry type, and climatic conditiof®lace et al., 2012; Coe et al., 20Mbow et al., 2014; liyama et

al., 2017; Abdulai et al., 2018)ongterm studies examining the success of agroforestry, however, are rare
(Coe et al., 2014; Meijer et al., 2015; Brockington et al., 2016; Zomer et al., 2016)

The extent to which agroforestpyactices at faraevel could be scaled up globally while satisfying growing

food demand is relatively unknowAgroforestry adoption has been relatively low and unédacobi et al.,

2017; Hernandekorcillo et al., 2018)with constraints including the expense of establishment and fack o
reliable financi al support, insecure | and tenur e,
management practicefctuating market demand and prices for different food and fibre prodbetsme

and knowledge required for managemémy intermediate benefits to offset revenuesiagnd inadequate

market acces@attanayak et al., 2003; Mercer, 2004; Sendzimir et al., 2011; Valdivia et al., 2012; Coe et al.,
2014; Meijer et al., 2015; Coulibaly et al., 2017; Jacoli.e 2017)

Managing food loss and wastelhe way food is produced, processed and transpstitedgly influences
GHG emissions. Around onthird of the food produced on the planet is not consufiRa®, 2013)
affecting food security and livelihoods (Sem&sChapter Box6 on Food Securitin Chapter 3 Food
wastage is a combination of food lbdscrease in mass and nutritional value of food due to poor
infrastructure, logistics, and lack storagegechnologieand managemeiitand food waste thalerives
from inappropriate human consumption that leads to foodegpeziEsociated with inferior quality or
overproductionFood wastageouldlead toanincrease in emissions estimated ta 2.8 GtCQ-eq yt! (Hig
et al., 2016)

Decreasing food wastage has high mitigation and adaptation potent@wddg@lay an important role in
land transitions towards3°C, provided that reduced food waste results in lower produstamemissions
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rather than increased consumpt{éoley etal., 2011) There isnedium agreemetitat a combination of
individuakinstitutional behaviou(Refsgaard and Magnussen, 2009; Thornton and Herrero,, 201#)
improvedtechnologies anthanagment(Lin et al., 2013; Papargyropoulou et al., 2044 transform food
waste into products with marketable value. Institugidrehaviour depends on investment and policies,
which if adequately addressed could enable mitigation and adaptati@mefits, in a relatively short time.

NoveltechnologiesNew molecular biology tools have been developed that can lead to fasearss pr
genome modificatiofDe Souza et al., 2016; Scheben et al., 204.6), CRISPR Cas(®an et al., 2013;
Schaeffer and Nakata, 28). Such genome editing toaisay moderately assist in mitigation and adaptation
of agriculturein relationto climate change CO; elevation, drought and floodin(@aMatta et al., 2010; De
Souza et al., 2015, 201@)hese tools could contribute tewkloping newplant varieties that can adapt to
warming of1.5°C and overshogpotentiallyavoidng some of the costs of crop shiftii§chlerker and
Roberts, 2009; De Souza et al., 20H9Qwever, biosafety concerns and government regulatory systams
be a major barrier to the use of these tools as this increases the time and cost of turning scientific discoveries
into ready applicable technologiésndow and Zwahlen, 2006; Maghari and Ardekani, 2011)

The strategy of reducing enteric methane emissions by ruminants through the development of inhibitors or
vaccines has already been attempted sgtinesucceses althoughthe potential for application at scale and

in differentsituationsremains uncertain. A methane inhibitor has been demonstrated to reduce methane from
feedlot systems by 30%ver a 12week periodHristov et al., 2015)ith some productivity benefitsut the

ability to applyit in grazing systems will depend on further technological developments as well as costs and
incentives. A vaccine could potentially modify the microbiota of the rumen and be applicable even in
extensive grazing systems by reducing the presence of meémaoagicreorganisms (Wedlock et al.,

2013) but has notet beensuccessfulljdemonstratetb reduceemissions in live animal&elective breeding

for lower-emitting ruminants is becoming rapidly feasible, offering small but cumulative emissions
reductionswithout requiring substantial changes in farm systé@Pitskering et al., 2015)

Technological innovation in culturing marine and freshwater micro and macro flora has significant potential
to expand food, fuel and fieresources, and could reduce impacts on land and conventional agriculture
(Greene et al., 2017)

Technological innovation @uld assist in increaskagricultural efficiency (e.gvia precision agriculture),
decrease food wastage and gendtiasenhance plarddaptatiortraits (Section 4.4.4)Technologicabnd
associated managememprovementsnaybewaysto increase the efficiency of contemporary agriculture to
help produce enough food to cope with population ine®asa 1.5C warmemworld, and help reduce the
presure on natural ecosystems and biodiversity.

4.3.2.2 Forests andDther Ecosystems

Ecosystem restorationBiomass stocks in tropical, subtropical, temperate and boreal biomes currently hold
1085, 194, 176, 190 Gt GQrespectively. Conservation and restorattan enhance these natural carbon
sinks(Erb et al., 2017)

Recent studies explore options for conservation, restoration and impraodetidmagement estimating to

23 GtCQ (Griscom et al., 2017Mitigation potentialaredominated byeduced rates afeforestation
reforestéion and forest managemeind concentrated in tropicabiens(Houghton, 2013; Canadell and
Schulze, 2014; Grace et al., 2014; Houghton et al., 2015; Griscom et al.,MQtR)of the literature

focuses on REDD{Reducing Emissions from Deforestation and Degradaésran institutional

mecharsm. However, restoration and management activities need not be limited to REDD+ and locally
adapted implementationapkeep costs low, capitalise on-benefits and ensure consideration of competing
for socioeconomic goal§lantke et al., 2016; Ellison et al., 2017; Perugini et al., 2017; Spencer et al., 2017)

Half of the estimated potential can be achieved at <100 USB/&2ird of the coskffective potential <10
USD/tCG (Griscom et al., 2017)Variation of costs in projecming to reduce emissions from
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deforestatioris high when considering opportunity and transaction ¢@stag Phan et al., 2014; Overmars
et al., 2014; Ickowitz et al., 2017; Rakatama et al., 2017)

However, the fous on forests raises concerns of ctassne leakagémedium evidence, low agreement)
(Popp et b, 2014a; Strassburg et al., 2014; Jayachandran et al., @0d 8ncroachment on other
ecosystemgVeldman et al., 2015Reducing rates of deforestation limits the land available for agriculture
and grazing with tradeffs between diets, higher yields and food priga® et al., 2016a; Kreidenweis et

al., 2016) Restoration and conservation are compatible with biodiveR@y Benayas et al., 2009; Jantke et
al., 2016)and water resources; in the tropiesjucing rates of deforestatiamintairs cooler surface
temperature(Perugini et al., 20179nd rainfall(Ellison et al., 2017)

Its multiple potential cdbenefits have made REDD+ important for local communities, biodiversity and
sustainable landscap@dgendakumana et al., 2017; Turnhout et al., 20LfA¢re idow agreemenbn
whether climate impacts will reverse mitigation benefits of restorétierPage et al., 2018y increasing
the likelihood of disturbance (Anderegg 2015), or reinforce them through carbon fertil{§atBmith et al.,
2014)

Emerging regional assessments offer new perspectives for upscaling. Strengthening coordination, additional
fundingsources, and access and disbursement points increase the potential of REDD+ in working towards
2°C and 1.5°C targetdVell and Carrapatso, 2017)While there are indications that land ten{(8anderlin

et al., 2014has a positive impact, a medaalysis byWehkamp et al., 2018ahows that there imedium
evidenceandlow agreemenbn which aspects of governance improvements are supportive of conservation.
Local benefits, especially for indigenous communities, will only be accrued if land tenure is respected and
legally protected, which is not often the céSanderlin et al., 2014; Brugnach et al., 20)hough

payments foreduced rates of deforestatioray benefit the poor, the most vulnerable popaitegicould

have limited, uneven accel@stela et al., 2014and face lower opportunity costs from deforestation

(Ickowitz et al., 2017)

Community-basedAdaptation (CbA). There ismedium evidencandhigh agreemerior the use oCbA.
The specific actions to take will depend upon the location, context, and vulnerability of the specific
community.CbAi s def i ned -edpratess, wasechonwammunities' priorities, needs,
knowledge, and capacities, whiahm toempower people to plan for and cope wiith impacts of climate
changé(Reid et al., 2009)The integration of CbA with Ecosysterhased Adaptation (EbA) has been
increasingly promoted, especially in effortsatteviate povertfMannke, 2011; Reid, 2016)

Despite the potential and advantages of both CbA and EbA, including knowledge exchangeatiomh
accesandincreased social capitahd equityjnstitutional and governance barriers still constitute a
challenge for local adaptation effo(i&/right et al., 2014; Fernand€ziménez et al., 2015)

Wetland managementIn wetland ecosystems, temperature rise has direct and irreversible impacts on
species functioning and distribution, ecosystem equilibrium and services, and second order impacts on local
livelihoods (see Section 3.4.3). The structure and function of wedlmtdms are changing due to climate
changeWetland management strategies, including adjustments in infrastructural, bealaéodr

institutional practices have clear implications for adaptdi@oiloff et al., 2016b; Finlayson et al., 2017,

Wigand et al.2017)

Despite international initiatives on wetland restoration and management through the Ramsar Convention on
Wetlands, plicies have not been effectiyEinlayson, 2012; Finlayson et al., 201fstitutional reform

such as flexible, locally relevant governance, drawing on principles of adaptmaragement, and multi
stakeholder partipiation becomes increasingly necessary for effective wetland managé&apon et al.,

2013; Finlayson et al., 2017)
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4.3.2.3 CoastalSystems

Managing coastal stressParticularly to allowfor the landwardelocation of coastal ecosystems under a
transition to 1.5°Cplanning for climate changeould needo be integrated witthe use of coastlines by
humangSaunders et al., 2014; Kelleway et al., 20 Bfaptation options for managing coastal stress
include coastal hardening through the building of seawalls and-geablishment of coastal ecosystems
such as mangrovéAndré et al., 2016; Cooper et al., 2018}hile the feasibility of the solutions is high,
they are expensive to scatelfustevidencemedium agreement

There idow evidencandhigh agreemerthat reducing the impact afdal stresse@Halpern et al., 2015)

will improve the resilience of marine ecosystems as they transitionto a 1.5°C(wOrilL e ar vy et al
Approaches to reducing local stresses are considered feasibleffeotve andcighly scalable. Ecosystem
resilience may be increased through alternative livelihoods (e.g., sustainable aquaculture), which are among
asuite of options for building resilience in coastal ecosystems. These options enjoy high levels of feasibility
yet are expensivevhich stands in the way of scalabilitypbustevidencemedium agreementHiwasaki et

al., 2015; Brugnach et al., 2017)

Working with coastal communitsehas the potential for improving the resilience of coastal ecosystems.
Combined with the advantages of using Indigenous knowledge to guide transitions, solutions can be more
effective when undertaken in partnership local communities, cultures, and kgew&sk Box 4.3).

Restoration of coastal ecosystems and fisheriddarine restoration is expensive compared to terrestrial
restorationand the survival of projects is currently low, with success depending on the ecosystem and site,
rather than the sizd the financial investmer(Bayraktarov et al., 2016Mangrove replanting shows

evidence of success globally, with numerous examplpsoggcts that have established forgitisnball et

al., 2015; Bayraktarov et al., 2016)

Efforts with reetbuilding corals have been attempted with a low level of su¢Bagsaktarov et al., 2016)
Technologiego help reestablish coral communities are limiteRinkevich, 2014)as are largely untested
disruptive technologies (e.g., genetic manipulation, assisted evol(@amDppen et al., 2015 urrent
technologies also have trouble scaling given the substantial costs and investment (Bawiraktarov et
al., 2016)

(Johannessen and Macdonald, 20&@prt thedblue carbodsink to be 0.40.8% of global anthropogenic
emissions. However, this does not adequately account fedppssitional processes and could overestimate
removal potentia, subject to a risk of reversal. Seagrasishvell thusnot contribute significantly to
enablingl.5°Gconsistent pathways

4.3.3 Urban andInfrastructure Systenilransitions

There will be approximately 70 million additional urban residents every year through to the mid part of this
century(UN, 2014) The majority of theenew urban citizens will reside in small and medium sized<iti
low- and middleincome countries (CrogShapter Bog3in Chapter b The combination of urbanisation
and economic and infrastructure development could account for an additional 2260850 (Bai et al.
2018) Howeverurban systems can harnelss tmegarends of urbanisation, digitalisation, financialisation
and growing swumational commitment to smart cities, green cities, resilient cities, sustainable cities and
adaptive citiesfor the type of transformative change required by@-&onsistenpathwaygRevi and
Rosenzweig, 2013; Parag and Sovacool, 2016; Roberts, 2016; Wachsmuth et aRe201H)17; Solecki

et al., 2018) There is a growing number of urban climate respodigesn bycosteffectiveness,
developmentwork creation and inclusivity consideratidifdoater et al., 2014; &V et al., 2014a; Villarroel
Walker et al., 2014; Kennedy et al., 2015; Rodriguez, 2015; Newman et al., 20:Hahitdt, 2017;
Westphal et al., 201{polecki et al. 2013; Ahern et al. 2014; McGranahan et al. 2016; Dodman et al.
2017).
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In addition, lowcarbon citiecouldreduce the neetd deployCarbon Dioxide Remov4[CDR) andSolar
RadiationModification (SRM) (Fink, 2013; Thomson and Newman, 2016)

Cities are also plas in which the risks associated witarming of1.5 C, such as heat stress, terrestrial and
coastal flooding, new disease vectors, air pollution and water scarcity, will coalesce (see Section 3.3)
(Dodman et al., 2017a; Satterthwaite and Bartlett, 2017ess adaptation and mitigation efforts are
designed around the need to decarbonise urban societies in the developed world and proaid®siow
solutions to the needs of grow urban populations in developing countries, they will struggle to deliver the
pace or scale of change required by C-Bonsistent pathway$lallegatte et al., 2013; Villarroel Walker et

al., 2014; Roberts, 2016; Solecki &t 2018) The pace and scale of urban climate responses can be
enhanced by attention to social equity (including gender equity), urban e¢Blogyn and McGranahan,
2016; Wachsmuth et al., 2016; Ziervogel et al., 20h6d)participation in suhational networks for climate
action(Cole, 2015; Jordan et al., 2015)

The longlived urban transport, water and energy systems that will be constructed in the next three decades
to support urban populationsdeveloping countrieand to retrofit cities imeveloped countriewill have ©

be different to that built in Europe and North America in thia 28ntury, if they are to support the required
transitiong(Freire et al., 2014; Cartwright, 2015; McPhearson et al., 2016; Roberts, 2016; Lwasa, 2017)
Recent literature identifies energy, infrastructure, appliances, urban planning, transport and adaptation
options as capable &ddilitating systemic change. It is theaspect®f the urban system that are discussed
below and from which options in Section 4.5 are selected.

4.3.3.1 UrbanEnergySystems

Urban economies tend to be more energy intensive than national economies due to highemerels of
capitaincome, mobility and consumptidiennedy et al., 2015; Broto, 2017; Gota et al., 20d8)wever,
some urban systems have begun decoupling development frormthargaion of fossil fuel powered
energy through energy efficiency, renewable energy and locally manageegsias{iDodman, 2009; Freire
et al., 2014; Eyre et al., 2018Jazebrook and Newman, 2018a)

The rapidly expanding cities of Africa and Asia, where energy poverty currently undermines adaptive capacity
(Westphal et al., 2017; Satterthwaite et al., 20i8Ye the opportunity to benefit from recent price changes in
renewable energgchnologiedo enable clean energy accessitizens (SDG 7{Cartwright, 2015; Watkins,

2015; Lwasa, 2017; Kennedy et &018; Teferi and Newman, 2018}his will require strengthened energy
governance in these countrigberhard et al., 2017Where renewable energy displaces paraffin, wood fuel

or charcoal feedstocks in informal urban settlements, it providesihenadits of improved indoor air quality,
reduced firerisk and reduced deforestation, all of which can enhance adaptive capalcgyengthen demand

for this energy(Newham and Conradie, 2013; Winkler, 2017; Kennedy et al., 2018; Teferi and Newman,
2018)

4.3.3.2 UrbanInfrastructue, Buildings andAppliances

Buildings are responsible for 32% of global energy consumjiiiod, 2016c)and have a large energy

saving potential with available and demonstrated technologies such as energy efficiency improvements in
technical installations and in thermal insulat{@ioleikyte et al., 2018and energy sufficiencffhomas et

al., 2017) (Kuramochi et al., 2018how that 1.5C-consistent pathways require building emissions to be
reduced by 800% by 2050, new construction to be fodssle and parzero energy by 2020, and an
increased rate of energy refurbishment of existing buildings to 5% per annum in (QEgDisation for
Economic Ceoperation and Developmerapuntries(see also Section 4.2.1)

Chapter 2 based on the IEATP (IEA, 2017) identifies large saving potential in heating and cooling
throughimproved building design, efficient equient, lighting and applianceSeveral examples of net zero
energy in buildings are now availalji&/ells et al., 2018)In existing buildings, refurbishment enables
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energysaving Sempr i ni et al ., 2017; Brambilla et al
and cost savingd oleikyte et al., 2018; Zangheri et al., 2018)

Reducing the embodied energy in buildings material provides further energy and GHG gaabeya et
al., 2013; Oliver and Morecroft, 2014; Koezjakov et al., 20itBparticular through bibased materials
(Lup?2 gek antwoadconstctigdn@Rarhage et al., 20L7)he United Nations Environment

Programme YNEP?) estimateshat improving embodied energy, thermal performance, and direct energy use

of buildings can reduce emissions by G Oe yr ' {(UNEP, 2017b)with an additional reductioof

3 GtCOe yr't through energy efficient appliances and lightfagNEP, 2017b)Further increasing the
energy efficiency of appliances and lighting, heating and coofiiegs the potential for further savings
(Parikh and Parikh, 2016; Garg et al., 2017)

Smart technologydrawing onthe Internet ofThings(loT) and building information modellingffer
opportunities to accelerate energy efficiency in buildings and ¢MesenoCruz and kith, 2013; Hoy,
2016)(see also Section 4.4.480me developing country cities are drawing on these technologies to adopt

6l eapfrogbé infrastructur e, -cabbanidévdlopmegitdewrnan et al.a2®iv] i anc

Teferi and Newman, 2017¢rossChapter Box13in Chapter 5).

4.3.3.3 Urban Transportand Urban Planning

Urban form impacts demand for enef@ms et al., 2014and other welfare related factoeametaanalysis

of 300 papers reported energy savings ot/3® per person per year attributable to a 10% increase in urban

population densityAhlfeldt and Pietrostefani, 20).7Significant reductions in car use are associated with
dense, pedestrias®d cities and towns and medigiensity transit corridor@®Newman and Kenworthy, 2015;
Newman et al., 201 7elative to lowdensity cities in which car depdency is higlfKenworthy and

Schiller, 2018) Combined dense urban forms and new mass transit systems in Shanghai and Beijing have
yielded less carse(Gao and Newman, 201&e= Box 4.9). Compact cities also create the passenger density

required to make public transport more financially vigilelfeldt and Pietrostefani, 2017; Rode et al.,
2017)and enable combinations of cleaner fuel feed stocks and urbangsidarin which vehicles form
part d the storage capacit¥ldenbroek eal., 2017) Similarly, the spatial organisation of urban energy
influenced the trajectories of urban developmertities as diverse adong Kong,Bengaluruand Maputo
(Broto, 2017)

The informal settlements of middland lowincome cities where urban density is more typically associated
with a range of wateiand vectoiborne health risks, may provide a notable exception to the adaptive
advantages of urban densfiitlin and Satterthwaite, 2013; Lilford et al.Q27)unless new approaches and
technologies are harnessed to accelerate slum upgi@difegi and Newman, 2017)

Scenarios consistent with 1G pathways, depend on an almost 40% reduction in final energy use by the
transport sector by 2050 (Chapter 2, Figure R.llPone analysithe phasing out of fossil fuel passenger
vehicle sales by 2038050was identifiedas a benchmark faligning with 1.5 C-consistent pathways
(Kuramochi et al., 2017Reducing emissions from transport has lagged the power §8rtwr et al., 2014;
Creutzig et al., 2015dut evidence since AR5 suggests that cities are urbanising-anidargsing in ways
that ceordinate transport sector adaptation and mitiggi@mienbrander et al., 2017; Newman et al., 2017;
Salvo etal., 2017; Gota et al., 2018)he global transport sector could reduce 4.7GtC@2€4.1i 5.3) by
203Q This is significantly more than is predicted Ibyegrated Assessment Model&Nis; UNEP, 2017h)

Such a transition depends on cities that enable modal shifts, avoided journeys, provide incentives for uptake

of improved fuel efficiency and changes in urban design that encouraggbleatities, nonmotorised
transport and shorter commuter distar¢gé#, 2016a; Mittal et b, 2016; Zhang et al., 2016; Li and Loo,
2017) In at least four African cities, 43 Asian cities and 54 Latin American cities, Transit Oriented
Developmen{TOD), has emerged as an organising principle for urban growth and spatial planning
(Colenbrander et al., 2017; Lwasa, 2017; BRT Data, 20183 trend is important to countédrerising

3 Currently called UN Environment.
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demand for private cars in developing country citieECD, 2016b)In IndiaTOD has been combined with
localizedsolar PVinstallations and new ways of financing rail expang®imarma, 2018)

Cities pursuing sustainable transport benefit from reduced air pollution, congestion and road fatalities and
are able to harmss the relationship between transport systems, urban form, urban energy intensity and social
cohesionGoodwin and Van Dender, 2013; Newman and Kenworthy, 2015; W&B) 20

Technology and electrification trends since AR5 make carbon efficient urban transporfNasi®an et
al.,2016)bute al i si ng wur ban t r an &qosistendmthvawsill tequiretthe tyge ofn t o
governance that can overcome the financial, institutional, behavioural and legal barriers tdGkalsye

2014; Bakker et al., 2017)

Adaptation to a 1.5C world is enabled by urban design and spatial planning policies that consider extreme
weathe conditions and reduce displacembytlimate related disastefgNISDR, 2009; UNHabitat, 2011,
Mitlin and Satterthwaite, 2013)

Building codes and technay standards for public lighting, including traffic ligh{@®eccali et al., 2015)

play a critical role in reducing carbon emissions, enhancing urban climate resilience and managing climate
risk (Steenhof and Sparling, 2011; Parnell, 2015; Shapiro, 2016; Evans et al.,BRildihg codes can
supportthe convergence to zero emissions from buildiiWgslls et al., 2018)and can be used retrofit the
existing building stock for energy efficien€¢Ruparathna et al., 2016)

The application obuilding codesand standards fdr.5 C-consistent pathwaysill require improved
enforcement, which can bechallenge in developing countriedhereinspection resourceseoften limited
and codesirepoorly tailored to local condition$-ord et al., 201§ Chandel et al., 2016; Eisenberg, 2016;
Shapiro, 2016; Hess and Kelman, 2017; Mavhura et al., 2B1&l countries, buildinga@des can be
undermined by indstry interests, and can be maladaptive if they prevent buildings ousanfdomevolving
to reduceclimate impactgEisenberg, 2016; Shapiro, 2016)

Thedeficit in building codes and standards in midaleome and developing country cities need not be a
constraint to more energsfficient and resilient building§lait and EustoiBrown, 2017) For example, the
relatively high price that poor households pay for unreliable and at times dangercisofbesergy in

African citieshasdriven the uptake of renewable energy and energy efficiency technologies in the absence
of regulations or fiscal incentivégbehard et al., 2011, 2016; Cartwright, 2015; Watkins, 201Bbg
Kuyasa Housing Project in Khayelitsha, one of Cap
and adaptation benefits by installing ceilings, solar water heaters and enarigngifjhtbulbs in houses
independent of the formal housing or electrification prograrf\Wiekler, 2017)

4.3.3.4 Electrification ofCitiesand Transport

The electrification of urban systems, including transport, has shown global progress sin¢tEARD16a;

Kennedy et al., 2018; Kenworthy and Schiller, 2018yh growth rates are now appearing in electric
vehicles(Figure 4.1), electric bikes and electric traiftA, 2018) which woul need to displace fosdiliel
poweredpassenger vehicles by 202050 toremain in line witht.5C-c onsi st ent pat hways.
Road Map calls for 20% of new vehicle sales to be electric. India is aiming for exclusively electric vehicles
(EVs) by 202 (NITI Aayog and RMI, 2017)Globally, EV sales were up 42% in 2016 relative to 2015, and

in the United States EV sales were up 36% over the same pdotoason and Walker, 2016)
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Figure 4.1: Increase of the global electric car stock by country (2GL 2017). Source(IEA, 2018) Based on IEA
data from Global EV Outlook 2018 © OECD/IEA 2018, IEA Hsifing.

The exent of dectric railways in and between citieadexpandedince ARYIEA, 2016a; Mittal etl.,
2016; Zhang et al., 2016; Li and Loo, 201R)high income cities there mediumevidencedor the
decouplingof car use and wealth since ARSewman, 2017)In cities where private vehicle ownership is
expected to increase, less carbotensive fuel sources and reduced car journeys will be necessary as well as
electrification of all modes dfansportMittal et al., 2016; van Vuuren et al., 2013pme ecent urban data

show a decoupling of urban growth and GHG emisgjbiesvman and Kenworthy, 2018hdthab pe a k c ar ¢

has been reached in Shanghai and Be(f@ao and Kenworthy, 201&nd beyondManville et al., 2017)
(also see Box 4.9).

An estimated 800 cities globally have operational sikare schemdg. Fishman et al., 2018nd China

had 250 million ebikes in 201{Newman et al., 2017Advances irinformation andCommunication
TechnologiegICT) offer cities the chance to reduce urban transport congestiom@ntbhsumption by
making better use of the urban vehicle fleet through car sharing, driverless cars and coordinated public

transport, especially when electrifiéd/ee, 2015; Glazebrook and Newman, 2018b)l v anc esl at m 66 b i

can assist in creating a better understanding of the connections between cities, green infrastructure,
environmental services and hedlilennings et al., 201&nd improve decisiemaking in urban
developmen(Lin et al., 2017)

4.3.3.5 ShippingFreightandAviation

International transport hubs, including airports and ports and the associated mobility of people, are major
economic contributors to most large cities even while under the governance of national esiduoditi
international legislation. Shipping, freight and aviation systems havengapidly and little progress has
been made since AR5 on replacing fossil fudlsugh some trials are continuitighang, 2016; Bouman et
al., 2017; EEA, 2017RAviation emissions do not yet feature in IANBows-Larkin, 2015) butcould be
reduced by between a third and titirds through energy efficiency measures and operational changes
(Dahlmann et al., 2016n $orter intercity trips, aviation could be replaced by higeed electric trains
drawing on renewable ener@§kerman, 2011)Some progress has been made on the use of electricity in
planes and shippin@srewe et al., 201¢hough no commercial applications have arisen. Studies indicate
that biofuels are themost viable means of decarbonising intettinental travel, given their technical
characteristics, energy content and affordabflitfise et al., 2017)The ifecycle emissions of bibased jet
fuels and marine fuels can be considergBlex et al., 2014; IEA, 2017glepending on their location
(Elshout et al., 2014put can be reduced by feedstock and conversion techndhogies(de Jong et al.,
2017)

In recent years the potentfal transport to use synfuelsuch as ethanol, methanol, methane, ammonia and
hydrogen, created from renewaklectricity and CQ has gained momentum but has not yet demonstrated
benefits on a scale consistent with 1.5°C pathyagsji, 2017; Fasihi et al., 201 Tyecarbonising the fuel
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used by the worldés 60,000 | arge vessel s(Bdwaces
and Smith, 2012; IRENA, 2015; Rehmatulla and Smith, 2Q1@)~emissionmarine fuels could
simultaneously address sulphur and black carbon issues irapdresound waterwaysd accelerate the
electrification of all larggorts(Bouman et al., 2017; IEA, 20179)

4.3.3.6 ClimateReslientLandUse

Urban land use influences energy intensity, risk exposure and adaptive cépadity et al., 2015; Araos et
al., 201& Ewing et al., 2016; Newman et al., 2016; Brotal Z0Accordingly, urban landise planningan
contribute taclimatemitigation and adaptatiofiParnell, 2015; Frances¢tuidobro et al., 2017gnd the
growing number of urdn climate adaptation plans provide instruments for plar(@ager et al., 2015;

Dhar and Khirfan, 2017; Siders, 2017; Stults and Woodruff, 204@ptation plans can reduce exposure to
urban flood risk thatn a 1.5C world, could doubleelative to 19762005(Alfieri et al., 2017) reduce heat
stresqSection3.5.5.8), fire risk $ection3.4.3.4) and sekevel rise Gection3.4.5.1)(Schleussner et al.,
2016).

Cities can reduce their risk exposure by considering investment in infrastructure and buildings that are more
resilient towarming of1.5 C or beyond Where adaptation plamg and urban planning generabe type of
local participation thatrehances capacity to cope with risks, they can be mutually supportive processes
(Archer et al., 2014; Kettle et al., 2014; Campos et al., 2016; Chu et al., 204r&, 3017; Underwood et

al., 2017) Not all adaptation plans are reported as effedtileasham et al., 2011; Hetz, 2016; Woodruff
and Stults, 2016; Mahlkow and Donner, 2QE8pecially in developing country citi@siunsi, 2013) Where
adaptation planning further marginalises poor citizens through limited local control over establishing
adaptation priorities, or the displacement of impacts onto poorer communities, justice, equity, and broad
participationwould need to be consideradthedimensions of successful urban risk reduction, and
recognition of the political economy of adaptat{@mcher, 2016; Shi et al., 2016; Ziervogglal., 20164,

2017; Chu et al., 2017)

4.3.3.7 GreenUrbanInfrastructureand Ecosystentervices

Integrating and promoting green urban infrastructure (including street trees, parks, green roofs and facades,
water features) into city planning can be diffiqilleck et al, 2015)and increases urban resilience to

impactsof 1.5 C warming (Table 4.2in ways that can be more cost effective than conventional

infrastructure Culwick and Bobbins (201Cartwright et al., 2013)

Table 4.2: Green urban infrastructuemd benefits.

Green Adaptation Mitigation References
infrastructure benefits benefits
Urban trees Reduced heat (Demuzere et al., 2014; Mullaney et al., 2015;

. island effect, Less cementeduced ) ;
planting, urban svcholoaical air-conditionin Soderlund and Newman, 2015; Beaudoin and
parks Ee)rqefits 9 9 Gosselin, 206; Green et al., 2016; Lin et al., 2017)

L tin cit (Liu et al., 2014, Inaond et al., 2015; Skougaard

Permeable Sg;sec;r;en inciy. Kaspersen et al., 2015; Voskamp and Van de Ven
surfaces Water recharge sequestration, less 2015; Costa et al., 2016; Mguni et al., 2016; Xie et

water pumping

2017)

Forest retention,

(Nowak et al., 2006; Tallis et al., 2011; Elmqvist et

and urban Flood mc_adiation, Air poI_Iution al., 2013; Buckeridge, 2015; Culwick and Bobbins,

agricultural land healthy lifestyles| reduction 2016; Panagopoulos et al., 2016; Stevenson et al.
2016; White et al., 2017)

Wetland Reduced urban | Some bie (Cartwright et al., 2013; Elmqvist et al., 2015; Brow

restoration, flooding, Low sequestration, Less | and McGranahan, 2016; Campalvet et al., 2016;
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riparian buffer | skilled local energy spent on watg Culwick and Bobbins, 2016; McPhearson et al., 20
zones work, Sense of | treatment Ziervogel et al., 208b; Collas et al., 201F. Li et
place al., 2017)

(Beatley, 2011; Elmqvist et al., 2015; Brown and
McGranahan, 2016; Camyizalvet et al., 2016;
McPhearson et al., 2016; Collas et al., 207 et
al., 2017)

Psychological
benefits, inner | Carbon sequestratior
city recreation

Biodiverse
urban habitat

Realising climate benefifsom urban green infrastructusemetimes requiresaty-region perspective
(Wachsmuth et al., 2016Where the urbaimpacton ecological systems in and beyond the city is
appreciated, the potential for transformative change €8siderlund and Newman, 2015; Ziervogel et al.,
2016a) and a locally appropriate combination of green space, ecosystem goods and services and the built
environment can increase the set of urban adaptation of@fappim de Oliveira et al., 2013)

Milan, Italy, a city with deliberate urban greening policies, plad@@000 hectares of new forest and green
areas over the last two decad®anesi et al., 2017The accelerated growth of urban trees, relative to rural
trees, in several regions of the world is expected to decrease tree lofigestirgch et al., 201,Mequiring
monitoring and additional management of urban trees if their contribution to urban ecosystem based
adaptation and mitigation is to be maintained ih5C world (Buckeridge, 2015; Pretzsch et al., 2017)

4.3.3.8 SustainabldJrban Water andEnvironmentalServices

Urban waer supply and wastewater treatment is energy intensive, and currently accounts for significant
GHG emissiongNair et al., 2014)Cities can inteigite sustainable water resource management and the
supply of water services in ways that support mitigation, adaptation and development throughateste
recycling and storm water diversi@ue et al., 2015; Poff et al., 201&overnance and finance challenges
complicate balancing sustainable water supply and rising urban demand, particulariricdow cities
(Bettini et al., 2015; Deng and Zhao, 2015; Hill Clarvis and Engle, 2015; Lemos, 2015; Margerum and
Robinson 2015)

Urban surface sealing with impervious materials affects the volume and velocityaff and flooding

during intense rainfallSkougaard Kaspersen et al., 2Tt urban design in many cities now seeks to
mediate ruroff, encourage groundwater recharge and enhance water dualist al., 2014; Lamond et al.,
2015; Voskamp and Van de Ven, 2015; Costa et al.,;2@@6ni et al., 2016; Xie et al., 201 Qhallenges
remain for managing intense rainfall events that are reported to be increasing in frequentgnarty in
some location§Ziervogel ¢ al., 2016b)xnd urban flooding is expected to increask.5 C warming(Alfieri

et al., 2017)This risk falls disproportionately on women and poor people in ¢Mébn, 2005; Chu et al.,
2016; Ziervogel et al., 2016b; Chant et 2017; Dodman et al., 204,/).

Nexus approaches that highlight urban areas as-saological systems, can support policy coherence
(Rasul and Sharma, 201&)d sustainablerban livelihoodgBiggs et al., 2015)TheWaterEnergyFood
(WEF) nexus is especially important to growing urban populaif@asoli et al., 2013 wasa et al., 2014,
Villarroel Walker et al., 2014)

4.3.4 Industrial SystemsTransitions

Industry consumes about one third of global final energy and contributes, directly and indirectly, about one
third of global GHG emissiondPCC, 2014b)If global temperatures are to remain under 1.5°C, modelling
indicates that industry cannot emit more than 2 Gt@Q050, correspondirg 70% GHG emission

reduction compared to 2010 (see Figte® and 2.2). Moreover, the consequences of climate change of
1.5°C or more pose substantial challengesdustrialdiversity. This section will first briefly discuss the
limited literature on adaptation options for industry. Subsequently, newditersince AR5 on the

feasibility ofindustrialmitigation options will be discussed.

Research assessing adaptation actions by industry indicates that only a small fraction of corporations have
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developed adaptation measures. Studies of adaptation invage Bector remain limite@hgrawala et al.,
2011; Linnenlueke et al., 2015; Averchenkova et al., 2016; Bremer and Linnenluecke, 2016; Pauw et al.,
2016&) and for 1.5°C are largely absent. This knowledge gap is particularly evident for rezdadn
enterprises and in lovand middleincome nationgSurminski, 2013)

Depending on the industrial sector, mitigation consistent with 1.5°C would mears, iachastries, a
reduction of final energy demand by etfiird, an increase of the rate of recycling of materials and the
development of a circular economy in indugtrgwandowski, 2016; Linder and Williander, 201iHe
substitution of materials in higtarbon products with those made up of renewable mateziglswood
instead of steel or cement in the construction sector, natural textile fibres ioispdastics), and eangeof
deep emission reduction options, including use oflaised feedstocks, leamission heat sources,
electrification of production processes, and/or capture and storage of,a@h@&ions by 20508hman et
al., 2016) Some of the choices for mitigation options and routes for Gtnsve industry are discrete and
potentially subject to path dependency: if an industry goes one wayir{&@epng existing process, it
will be harder tdransition toprocesshangge.g, electrification)(Bataille et al., 2018)in the context of
rising demand for construction, an increasing share of industrial produtdipibebasedn developing
countriegN. Li et al., 2017) where current efficienciesaybe lower than in developed countries, and
technical and institutional feasibility may diff@gva et al., 2015)

Except for energy efficiency, costs of disruptive change associated with hydoogdectricitybased
production, biebased feedstocks a@hrbon Doxide Capture, (Utilisation) and StorageQ(U)S for trade
sensitive industrial sectors (in particular the iron and steel, petrochemical and refining industries) make
policy action by individual countries challenging because of competitiveness co@ftenmen et al., 2016;
Nabernegg et al., 2017)

Table 43 providesan overview ofapplicablemitigation optiondor keyindustrial sectors.

Table 4.3: Overview of different mitigation options potentially consistent with 1.88@ applicable to main industrial
sectorsincluding examples of applicatigMapp et al., 2014; Boulamanti and Moya, 2017; Wesseling et

al., 2017)
Iron/steel Cement Refineries _and Chemicals
petrochemicals
(Fa’rr](;c;ess and Can make a difference af between 1% and 50% depending on the plant.
ergy Relevant but not enough for 1.5°C
efficiency
. Coke can be made from| Partial (only energy . .
Bio-based biomass instead of coal | related emissions) Biomass can replacedsil feedstocks
Circularity & More recycling and replacement by lemission
artty materials, including alternative chemistries for | Limited potential
substitution
cement
Directreduction with
Electrification hydrogen. Heat Partial (only electrified . .
& hydrogen generation through heat generation) Electrified heat and hydrogen generatid
electricity
Possible for process emissions and energy. Red| Can be applietb energy emissionsna
CCs emissions by 8®5%, and become negative when different stacks but not on emissions ol
combined with biofuel products in the use phased, gasoline)

4.3.4.1 EnergyEfficiency

Isolated #iciency implementatiorin energyintensive industries is a necessary but insufficient condition for
deep emission reductio¥app et al., 2014; Aden, 201¥jariousoptions specific to different industriese

available. In general, their feasibility depends on lowering capital costs and raising awareness and expertise

(Wesselig et al., 2017)General purpose technologies, such as ICT, and energy management tools can
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improve the prospects of energy efficiency in industry (see Section 4.4.4).

Crosssector technologies and practices, which play a role in all industrial sextioiding Small- and
MediumsizedEnterprises (SMEs) and n@mergy intensive industry, also offer potential for considerable
energy efficiency improvements. They include motor systéonsekampleelectric motors, variable speed
drives, pumps, compressaand fans), responsible for about 10% of industrial energy consumption with an
energy efficiency improvement potential of around 2%, worldwide(Napp et al., 2014 steamsystems,
responsible for about 30% of industrial energy consumption and energy saving potentials of about 10%
(Hasanbeigi et al., 2018app et al., 2014)Waste heat recovery from industry has substantial potential for
energy efficiency and emission reduct{@orman et al., 2016) ow awareness and competition from other
investments limit the feasibility of such optiofiéapp et al., 2014)

4.3.4.2 Subsitution andCircularity

Recycling materials and developing a circular economy can be institutionally challenging as it requires
advanced capabilitigglenry et al., 20063nd orgarsational change€CoopeF, Seale et al., 2018)but has
advantages in terms of cost, health, governance and enviro(iezital., 2017) An assessment of the
impacts on energy use and envir@ntal issues is not available, but substitution could play a large role in
reducing emissiondihman et al., 201&lIthough its potential depends on the demand for material, and the
turnover offor examplein buildings(Haas et al.2015) Material substitution and GQtorage options are
under developmentor examplethe use of algae and renewable energy for carbon fibre production, which
could become a net sink of G@Arnold et al., 2018)

4.3.4.3 Bio-BasedFeedstocks

Bio-based feedstock processes could be partly seen as part of the circular materials ecor@auijdisee
above). In several sectors, #iased feedstocks would leave the production process of nwmteféively
untouched, and a switch would not affect the product quality, making the option more attractive. However,
energy requirements for processing-based feedstocks are often high, costs are also still higher, and the
emissions over the full Ecycle, both upstream and downstream, could be signifi¢éedseling et al.,

2017) Bio-based feedstocks may put pressoin natural resources by increasing land demand, biodiversity
impacts beyond bioenergy demand for electricity, transport and buil@ae et al., 2014and, partly as a
result, face barriers in public acceptaf8kenhoff et al., 2015)

4.3.4.4 Electrification andHydrogen

Electrification of manufacturing processes would constitigigi@ificanttechnological challenge ardmnore
disruptive innovation imndustry than bidbased or CCS optiont® get to very low or zeremissions, except
potentially in steemaking(Philibert, 2017) The disruptive characteristics could potentially lead to stranded
assets, and could reduce political feaitipand industry suppof®hman et al., 2016Electrificaton of
manufacturing would require further technological development in industry, as well as an ample supply of
costeffective lowemission electricityPhilibert, 2017)

Low-emission hydrogen can be produced either by natural gas witho@@®ctrolysis of water powered

by zereemission electricity, opotentiallyin the future by generation IV nuclear reactors. Feasibility of
electrification and use of hydrogen in production processes or fuel cells is affected by technical development
in terms of efficient hydrogen production and electrification of processes, by geophysical factors related to
theavailability of low-emission electricityMacKay, 2013) by associated flic perception and by

economic feasibility, except in areas with ample solar and/or wind res@Btdébert, 2017; Wesseling et

al., 2017)
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4.3.4.5 CO, Capture,Utilisation andStoragein Industry

CO; capture in industry is generally considered more feasible than CCS in the power sector (Section 4.3.1)
or from bioenergy sources (Section 4.3.7), although CCS in industrydiaties barriers. Amost all of the
current fulkscale (>1MtCQyr't) CCS projects capture G@om industrial sources, including the Sleipner
project in Norway, which has been injecting Zm a gas facility in an offshore saline formation since

1996 (Global CCS Institute, 2017 ompared to the power sector, retrofitting GidSexisting industrial

plants would leave the production process of materials relatively unto(&hexn et al., 2016hough
significant investments and modificatiostill have to be made. Some industries, in particular cement, emit
CO; as inherent process emissions and can therefore not reduce emissionsvithpeit CC(U)S. CQ@

stacks irsomeindustieshave a high economic and technical feasibility for. C&pture as the GO

concentration in the exhaust gaselativelyhigh (IPCC, 2005; Leeson et al., 201But others require

strong modifications in the production process, limiting technical and economic feasibility, though costs
remain lower than other deep GHG reduction opt{&in et al., 2015)There are indications that the

energy usén CO; capture through amine solvents (for solvent regeneration) can decrease by around 60%,
from 5 GJ tC@1tin 2005 to 2 GJ tC®'in the bestperforming pilot plant§ldemet al., 2015)increasing

both technical and economic potential for this option. The heterogeneity of industrial production processes
might pointto the need for specific institutional arrangements to incentivise industria(kaiRGnda et al.,

2014) and may decrease institutional feasibility.

The contribution ofCarbon Dioxide Utilisation@CU) to limiting warming to 1.5°C depends on the origin of
CO; (fossil, biogenic or atgpheric), the source of electricity for converting the;Gregenerating

catalysts, and the lifetime of the product. Review studies indicate that carbon dioxide utilisation in industry
has asmallrole to play in limiting warming to 1.5°C because of lih@ted potential of reusing CQ with
currently available technologies and theeraission of C@Qwhen used as a fuPCC, 2005; Mac Dowell et

al., 2017) However, there arnew developments, in particular in 263e as a feedstock for carboased
materials that would isolate G&@om the atmosphere for a long time and greater availability otClost,
low-emission electricity. The conversion of €0 fuels using zeremission electricity has a lower

technical, economic and environmental feasibility than direct&@@ture and storage from industry
(Abanades et al., 201, 7lthough the economic prospects have improved reg@ttiliibert, 2017)

4.3.5 OverarchingAdaptationOptions Supporting AdaptationTransitions

This section assesseserarching adaptation options, which are specific solutions from which actors can
choose and make decisions to reduce climate vulnerability and build resilience. We examine their feasibility
in the context of transitions of energy, land and ecosysteranuahd infrastructure, and industrial systems
here, and further irBection 4.5 These options can contribute to creating an enabling environment for
adaptationgee Table 4.4 anBection 4.4).

4.3.5.1 DisasterRisk Management (DRM)

DRM is a proess fordesigning, implementingndevaluating strategies, policiaad measures to improve
the understanding of disaster risk, and promoting improvement in disaster preparedness, response and
recovery(IPCC, 2012) There is increased demand to integrate DRM and adaptelboves et al., 2015;
Kelman et al., 2015; Serrddeumann et al., 2015;réher, 2016; Rose, 2016; van der Keur et al., 2016;
Kelman, 2017; Wallace, 201%) reduce vulnerabilityputinstitutional, technical and financial capacity
challenges in frontline agenciesnstituteconstrains (medium evidence, high agreemdakin et al.,

2015; Kita, 2017; Wallace, 2017)

4.3.5.2 RiskSharing andSpreading

Risks associated with 1.5°C warming (Section 3.4) have the potential to increase the demand for options that
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share and spread financial burdens. Formal, médstd (re)insurance spreads risk and provides a financial
buffer againsttie impact of climate hazar@isinneroothBayer and Hochrainestigler, 2015; Wolfrom and
Yokoi-Ar ai , 2015; O6bHare et al ., 2. Bslab altermativeo raditiopatl a |l .
indemnitybased insurance, inddsased micracrop and livestock insurance programes have been rolled

out in regions with less developed insurance maikdter et al., 2016, 2017; Jensen and Barrett, 2017)
There ismedium evidencandmedium agreemeh the feasibility of insurance for adaptation, with

financial, social, and institutional barriers to implementatiad uptake, especially in lewwcome nations
(Garcia Romero and Molina, 2015; Joyette et al., 2015; Lashley and Warner, 2015; Jin et alSQ0416)
protection programmes include cash andiimd transfers to protect poor and vulnerable households from the
impact of ecaomic shocks, natural disastersd other crise@Vorld Bank, 2017h)and can build generic
adaptive capacity and reckivulnerability when combined with a comprehensive climate risk management
approachrpedium eviden¢cenedium agreementDevereux, 2016; Lemos et al., 2016)

4.3.5.3 Education adLearning

Educational adaptation options motivate adaptation through building awa(Bn#ss et al., 2016; Myers et
al., 2017) leveraging multiple knoledge system@earce et al., 2015; Janif et al., 2Q#veloping
participatory action research and social learning procéBs#ier and Adamowski, 2015; Ensor and Harvey,
2015; Butler et al., 2016; Thi Hong Phuong et al., 2017; Ford et al.,,Zd83)gthening extension services,
and building learning and knowledge sharing mechanisms through com+haséyg platforms, international
conferences and knowledge netwoftke-de Kruijf and PahWostl, 2016 medium evidengdigh
agreement

4.3.5.4 PopulationHealth andHealth SystemAdaptationOptions

Until mid-century, climate change will exacerbate existing health challenges (Section 3.4.7). Enhancing
current health services includes providing access to safe water and improved sanitation, enhancing access to
essential services such as vacéomtand developing or strengthening integrated surveillance systems

(WHO, 2015) Combining these with iterative management can facilitate effective adaptagdiu(m

evidencehigh agreement)

4.3.5.5 IndigenouKnowledge

There ismedium evidencandhigh agreemerthat Indigenous knowledge is critical for adaptation,
underpinning adaptive capacity through the diversity of Indigenouseamgidogical and forest management
systems, collective s@limemory, repository of accumulated experience, and social nettivkasaki et
al., 2015; Pearce et al., 2015; Mapfumo et al., 2016; Sherman et al., 2016; IngtyB2BIZ3).It is
threatened by acculturation, dispossession of land rights and land grabbidgmamnmental changes,
colonisation, and social change, increasing vulnerability to climate change, which climate policy can
exacerbate if based on limited understanding of Indigenous world{igwsnton and Manasfi, 2010; Ford,
2012; Nakashima et al., 2012; McNamara Brasad, 2014Many scholars argue thagaognition of
Indigenous rights, governance systeamsl laws is central to adaptation, mitigation and sustainable
developmen{Magni, 2017; Thornton and Comberti, 2017; Pearce, 2018)

4.3.5.6 HumanMigration

Human migration, whether planned, forced or voluntary, is increasingly gaining attention as a response,
particularly where climatic risks are becoming severe (Se8t#10.2) There ismediumevidenceandlow
agreemenas to whether migration is adaptive, in relation to cost effectivé@esequet et al., 201@nhd
scalabiity (Brzoska andrrohlich, 2016; Gemenne and Blocher, 2017; Grecequet et al., @2idgrns
Migrating can have mixed outcomes on reducing sectmomic vulnerabilityBirk and Rasmussen, 2014;
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Kothari, 2014; Adger et al., 2015; Betzold, 2015; Kelman, 2015; Grecequet et al., 2017; Melde et al., 2017,
World Bank, 2017a, 2018@ndits feasibility is constrained by low political and legal acceptability, and
inadequate institutional capacitgetzold, 2015; Methmann and Oels, 2015; Brzoska and Frohlich, 2016;
Gemenne and Blocher, 2017; Grecequet et al., 2017; Yamamoto et al., 2017)

4.3.5.7 ClimateServices

There ismedium evidencandhigh agreementhatclimate services can play a critical role in aiding
adaptation decision makirfyaughan and Dessai, 2014; Wood et al., 2014; Lourenco et al., 2016; Trenberth
et al., 2016; Singh et al., 2017; Vaughan et al., 200i&) higher uptake of shet@rm climate information
such as weather advisories and daily forecasts contrast with lesser use efdongaformation such as
seasonal forecasts and mudécadal projection&Singh et al., 2017; Vaughan et al., 20X8)mate service
interventions have met challenges with scalipgdue to low capacity, inadequate institutions, and
difficulties in maintaining systems beyond pilot project stg&jeakumar et al., 2014; Tall et al., 2014;
Gebru et al., 2015; Singh et al., 201,&md technical nistitutional, design, financiaind capacity barriers to
the apflication of climate information for better decisiomaking remaif\WWMO, 2015; Briley et al., 2015;

L. Jones et al., 2016; Lourenco et al., 2016; Snow et al., 2016; Harjanne, 2017; Singh et al..J20/Mite
et al., 2017)

Table 4.4: Assessment of overarching atitionoptionsin relation to enabling conditions. For more details, see
Supplementary Materid.SM.2

Option Examples

Enabling Conditions

Disaster risk | Governance and institutional capacity: | Early warning system@nacona et al., 2015and

management| supports postlisaster recovery and monitoring of dangerous lakes and surrounding sloj
(DRM) reconstructior{fKelman et al., 201%ull (including using remote sensing) offer DRM

et al., 2016) opportunitiefEmmer et al., 2016; Milner et al., 2017
Risk sharing | Institutional capacity and finance: buffer

In 2007, the Caribbean Catastrophe Risk Insurance
Facility was formed to pool risk from tropical cyclone
earthquakes, and excess rainflfsirphy et al., 2012;

and climate risk(Wolfrom and YokoiArai,
spreading: 2015; ObébHare et al
insurance 2017; Jenkins et al., 2017; Patel et al.,

2017) CCRIF, 2017)
Risk sharing _ . . .| In subSaharan Africa, cash trsfer programmes
d Institutional capacity and finance: builds . o

an . ! . targeting poor communities have proven successful
P generic adaptive capacity and redsice ) X )
spreading: ) h . smoothing household welfare and food security duri
. social vulnerability(Weldegebriel and ; o :
social droughts, strengthening community ties, and reduci

Prowse, 2013; Eakin et al., 2014; Lemos

protection et al., 2016; Schwan and Yu, 2017) debt levelgdel Ninno et al., 2016; Asfaw at., 2017;

programmes Asfaw and Davis, 2018)
Behavioural change and institutional Participatory scenario planninig a process by which
Education capacity: social learning strengthens multiple stakeholders work together to envision futu

and learning | adaptation and affects longerm change | scenarios under a range of climatic conditif@teros
(Clemens et al., 2015; Ensor and Harvey Rozas et al., 2015; Butler et al., 2016; Flynn et al.,
2015; HenlyShepard et al., 2015) 2018)

Heat wave early warning and response systems
Population | Institutional capacity: 1.5C warming will | coordinate the implementation of multiple measures

health ad primarily exacerbate existing health response tonedicted extreme temperatures (e.g. pul

health challenge¢K.R. Smith et al., 2014) announcements, opening public cooling shelters,

system which can be targeted by enhancing heg distributing information on heat stress symptoms)
services. (Knowlton et al., 2014; Takahashi et al., 2015;

Nitschke et al., 2016, 2017)
Institutional capacity and behavioural Options such as integration of Indigenous knowledg
. change: knowledge of environmental into resource management systems and school
Indigenous conditions helps communities detect ang curricula, are identified as potential adaptations
knowledge | monitor changéJohnson et al., 2015; (Cunsolo Willox et al., 2013; McNamara aRdasad,
Mistry and Berardi, 2016; Williams et al.| 2014; MacDonald et al., 2015; Pearce et al., 2015;
2017) Chambers et al., 2017; Inamara and Thomas, 2017
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Governance: revising and adopting
Human migration issues in nationdisaster risk
migration managemenpolicies,National Adaptation
Plansarnd NDCs(Kuruppu and Willie,
2015 Yamamoto et al., 2017)
Technological innovation: rapid technica
development (due to increased financial| Climate services are seeing wide application in sect
Climate inputs and growing demand) is enabling| such as agriculture, health, disaster management,
services quality of climate information provided | insurancgLourenco et al 2016; Vaughan et al., 201§
(WMO, D15; Rogers and Tsirkunov, 201 with implications for adaptation decisianaking
Clements et al., 2013; Perrels et al., 201 (Singh et al., 2017)

Gasc et al., 2014; Roudier et al., 8D1

In dryland India, populations in rural regions already
experiencingl.5°Cwarming are migrating to cities
(Gajjar et al., 2018put are inadequately covered by
existingpolicies(Bhagat,2017)

[START CROSS-CHAPTER BOX 9 HERE]

Cross-Chapter Box 9: Risks,Adaptationinterventions, antmplications forSustainableDevelopment and
Equity AcrossFour SocialEcological Systems: Arctic, Caribbean, Amazon, ddan

Authors: Debora Ley(Guatemala/MexicgMalcolm E AraogCanada)Amir Bazaz(India), Marcos
Buckeridge(Brazil), Ines Camillon{Argentina) James FordUK/Canada) Bronwyn HaywardNew
Zealand) Shagun Mehrotr@JSA/India), Antony Payn€UK), Patrcia Pinho(Brazil), Aromar Revi(India),
Kevon RhineyJamaica)Chandni Singlfindia), William Solecki(USA), Avelino SuarefCuba) Michael
Taylor (Jamaica)Adelle ThomagBahamas).

This box presents four case studies from different seciallogicalsystems as examples of risks of°C5
warming and higher (Chapter 3); adaptation options that respond to these risks (Chapter 4); and their
implications for poverty, livelihoods and sustainability (Chapter 5). It is not yet possible to generalise

adaptatio effectiveness across regions due to a lack of empirical studies and monitoring and evaluation of

current efforts.

Arctic

The Arctic is undergoing the most rapid climate change glofladissen et al., 2014yvarming by 1.9C

over the last 30 yea(8Valsh, 2014; Grosse et al., 201Bdr 2°C warming relative to piiedustrial levels,
chances of an iegee Arctic during summer are substantially higher than at 1.5°CS@saens3.3.5 and
3.3.8) with permafrost meltincreased instances of storm surge, and extreme weather events anticipated
along with later ice freeze up, earlier break up, and a longer ice free opeiseeesefBring et al., 2016;
DeBeer et al., 2016; Jiang et al., 2016; Chadburn et al., 2017; Melvin et al.,Reda)ive impacts on

hedth, infrastructure, and economic secthd1AP, 2017ab, 2018)are projected, although the extension of
the summer ocean shippingasorhas potentiabconomic opportunitieg-ord et al., 2015 Dawson et al.,
2016; K.Y. et al., 2018)

Communities, many with Indigenous roots, have adapted to environmental change, developing or shifting
harvesting activities and patterns of travel and transitioning economic sy§terboss et al., 2009; Wenzel,
2009; Forcet al., 2015a; Pearce et al., 2Q1&)houghemotional and psychological effed¢tave been
documentedCunsolo Willox et al., 2012; Cunsolo and Ellis, 201B3sices climate changgeskitalo et al.,
2011; Loring et al., 2016kconomic and social conditions can constrain the capacity to adapt unless
resources and cooperation are available from public avalt@ sector actofAMAP, 2017a, 2018kee BXx
5.3Section). In Alaska, the economic impacts of climate change on public infrastructure are significant,
estimated at 5.5 billion USD to 4.2 billion USD from 2015 to 2099, with adaptation efforts halving these
estimategMelvin et al., 2017)Marginalisation, colonition, and land dispossession provide broader
underlying challenges facing many communities across the circumpotarim adapting to chand€ord et
al., 201%; Sejersen, 2015¥eeSection4.3.5)

Adaptationopportunitiegncludealterations to building ca and infrastructure desiglisasterrisk

management, and surveillan@erd et al., 2014a; AMAP, 204/b; Labbé et al., 2017Most adaptation

initiativesarecurrentlyoccuring at local levels in response to both observed and projected environmental
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changes as well as social and economic stréEsed et al., 2018). In a recent study of Canada, most
adaptations were fodrto be in the planning stagésabbéet al., 20%). Studies have suggested that a
number of the adaptation actions are not sustainable, lack evaluation frameworks, and hold potential for
maladaptatiorjLoboda, 2014; Ford et al., 2083 arsson et al., 2016Ytilising Indigenousand local
knowledge and stakeh@dengagementan aidthe development of adaptation polica®d broader
sustainable developmeitiong withmore proactive and regionally cohet@daptation plans and actions,
and regional cooperation (e.g. through the Arctic Couficdjsson et al., 2016; AMAP, 2017a; Melvin et

al., 2017; Forbis Jr and Hayhoe, 20{8)eSection4.3.5)

Caribbean SIDS and Territories

Extreme weather, linked to pical storms and hurricanes, represent one of the largest risks facing Caribbean
island nations$ection3.4.5.3). Noreconomic damages include detrimental health impacts, forced
displacement and destruction of cultural heritages. Projections of incfeageency of the most intense

storms at 1.%C and higher warming leve{8Vehner et al., 2018; Section 3.3.6; Box &) a significant

cause for concern, making adaptation a matter of surfistoo, 2017)

Despitea shared vulnerabilitgrising from commonalities in location, circumstance and(&=hop and
Payne, 2012; Nurse et al., 201d)laptation approaches are nuanced by differenclisnate governance
affecting vulnerability and adaptive capadisge Section 4.4.1Yhree cases exemplifyfterences in
disaster risk management.

Cuba: Together with a robust physical infrastructure and human resourcéidkse017), Cuba has

implementedan effective civi defence system for emergency preparedness and disaster respotisel

around community mobilisatioand preparednegKirk, 2017). Legislationto manag disasters, m efficient

and robust early warning system, emergency stockpiles, adequate shelter system and continuous training and
education of the populatidrelpcreate aulture of risldé(Isayama and Ono, 261Lizarralde et al., 2015)

which reduces vulnerability to extreme evef®hler and Striessnig, 201 ubads i nfrastruct
susceptible to devastation, as seen in the aftermath of the 2017 hurricane season.

United Kingdom Outer Territories (UKOT): All UKOT have developed National Disaster Preparedness
Plans(PAHO/WHO, 2016)and arepart of the Caribbean Didas Risk Management Program which aims to
improve disaster risk management within the health sector. Different vulnerability levels across the UKOT
(Lam et al., 2015)ndicate the benefits of greater regional cooperation and cajmagiting, not only within
UKOT, but throughout the Caribbe@rorster et al., 2011WWhile sovereign statés the region caulirectly
access climate funds and international supf@@phendent erritoriesare reliant on their controlling states
(Bishop and Payne, 2012)heretendsto below-scale management for environmental issnd$kKOT,

which increasedl K O Twaulaerability. Institutional limitations|ack of human and financial resources, and
limited long-termplanningare identified as barriers to adaptat{éorster et al., 2011)

Jamaica: Disaster management is coordinated through a hierarchy of national, parish and community

disaster committees under the leadership of the Office of Disaster Preparedness and Emergency Management
(ODPEM). ODPEM coordinates disaster preparedness and risitiedafforts among key state and non

state agencig&rove, 2013) A National Disaster Committee provides technical and policy oversight to the
ODPEM and issomprised of representatives from multiple stakehol@@@s®i, 2007)Most initiatives are

primarily funded through a mix of uiti-lateral and biateral loan and grant funding focusing on

strengthening technical and institutional capacities of state and reseaexhinstitutions and supporting

integration of climate change considerations into national and sectoral develgteme(Robinson, 2017)

To improve climate change governance in the rededtman et al 201Suggest incorporating holistic and
integrated management systems, improvingliéty in collaborative processesnplementingmonitoring
programsand increasing thcapacity of local authoritiesnplementation of the 2030 Sustainable
Development Agenda and the Sustainable Development G&iadss)cancontribute to addressing thisks
related with extreme events (Box 5.3).
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The Amazon

Terrestrial forests, such as the Amazon,samsitive to changes in the climaparticularlydrought
(Laurance and Williamsor2001)which might intensify through the &ticentury(Marengo and Espinoza,
2016)(Section3.5.5.6).

The poorest communities in the region face substantial risks with climate change, and barriers and limits to
adaptive capacitgMaru et al., 2014; Pinho et al., 2014, 2015; Brondizio et al., 20h&)Amazoris

considered hotspot witlinterconnecttnsbetween increasing tempeaued, decreased precipitation and
hydrological flow(Betts et al., 2018)Sections 3.3.2.2, 3.3.3.2 and 3.3.5), low Iseélsocioeconomic
developmen{Pinho et al., 2014)xnd high leved of climate vulnerabilityDarela et al., 2016} imiting
temperature warming to 6 could increase food drwater security in the regiammompared to ZC (Betts

et al., 2018)reduce the impact on poor people and sustainable development, and make adaptation easier
(O6 Nei | | particularlyinthe AMazaBathiany et al., 201§)Section5.2.2)

Climate policy in many Amazonian nations has focused on forests as carbofSsiates=ilho et al.,

2010) In 2009, the Brazilian National Policy on Climate Change acknowledged adaptation as a concern and
the government sought to mainstream adaptation into publicadm st r at i on. Brazi |l 6s
Plan sets guidelines for sectoral adaptation measures, primarily by developing capacity building, plans,
assessments and tools to support adaptive decision making. Adaptation is increasingly being presented as
having mitigation cebenefits in the Brazilian Amazdi&regorio et al., 2016especially within ecosystem

based adaptatigitocatelli et al., 2011) | n FRmaewarloLsaw for Climate Change, every governmental
sectorwill consider climatic conditions as potential risks and/or opportunities to promote economic
development andtplan adaptation.

Drought and flood policiesave had limited effectivenessreducing vulnerabilitfMarengo et al., 2013)
In the absence of effective adaptatiachieving theSDGswill be challengingmainly in poverty, health,
water and sanitation, inequality and gender equ&igciion5.2.3).

Urban systems

Around 360 million people reside in urban coastal andeese pecipitation variabilityis exposing
inadequacies of urban infrastructure godternance, with thpoor especially vulnerabl@&eckien et al.,
2017)CrossChapterBox 13in Chapter % Urban systems have seen growing adaptation a(ffewi et al.,
2014b; Araos et al., 20b6Amundsen et al., 2018peveloping cities spend more on healtkd agriculture
related adaptation options while developed cities spend more on energy an@@eatgeson et al., 2016)
Current adaptation activities are lagging in emerging economies which are major centres of population
growth facing complex interrelated pressusasnvestment in health, housing and educati®aorgeson et
al., 2016; Reckien et al., 2017)

New York: Adaptationplans are undertaken across government levels, sectbdepartmentéNYC

Parks, 2010; Vision 2020 Projeteam, 2011; The City of New York, 2012ndhave been advanced by an
expert science panel that is obligated by local city law to provide regular updates on policy chiezaat
sciencgNPCC, 2015)Feder al i ni t i aRebuNddyg Design cdmpetitien t@pdoin@ed s
resilience through infrastructural proje¢tJD,2013) I n 2013 t he Mayor s of fi
Sandy, publ i shed t h@hecitytofyNévsYork, RGLR)IN 2015] tleeOnedNYCQ Péah e g v
for a Strong and Just CifoneNYC Team, 2013aid out a strategy for urban planning through a justice and
equity lens. In 2017, new climate resiliency guidelines praptise new construction must include sea level
rise projections intplanning and developme(ithe City of New York, 2017)Although this attention to
climateresilient development may help reduce income inequality, its full effect could be constifained

policy focus on resilience obscures analysis of income redigtnbior the poo(Fainstein, 2018)

Kampala: Kampala Capital City Authority (KCCA) has the statutory responsibility foragang the city
TheKampala Climate Change Action Strategy (KCCAS) is responding to climatic impacts of elevated
temperature and more intense, erratic rain. KCCAS has consideregcaldtiand temporal aspects of
responsé€Chelleri et al., 2015; Douglas, 2017; Fraser et al., 2&ti@ngthened community adaptation
(Lwasa,2010; Dobson, 2017)esponded to differential adaptive capacifi&sters and Ader, 2017)and

4-41 Total pages198



©CoOoO~NOOUOITA,WDNPE

Approval Session Chapterd IPCC SR1.5

believes in participatory processes and bridging of citywide linkd¢@€A, 2016) Analysis of the
implications of uniquely adapted local solutioesy( motorcycle taxis) suggests sustainability can be
enhanced when planning recognises the need to adapt to uniquely local s¢fwsnsset al., 2018)

Rotterdam: The Rotterdam Climate Initiate (RCI) was launchet redue Greenhouse Ga&HG)

emissions and climateroof Rotterdam(RCI, 2017) Rotterdam has an integrated adaptation strategy, built

on flood management, accessibility, adaptive building, urban watensysnd urban climate, defined

through Rotterdam Climate Proof and Rotterdam Climate Change Adaptation StR#g2008, 2013)
Governance mechanisms that enabled integration of flood risk management plans with other policies, citizen
participation, institutional eemnovation, and focussing on green infrastruc{éleers et al., 2015; Dircke

and Molenaar, 2015; de Bodra., 2016a; Huanggachmann and Lovett, 2016xave contributed teffective
adaptation(Ward et al., 2013)Entrenched institutional characteristics constrain the response framework
(FrancescHHuidobroet al., 2017pbut emerging evidence suggests that new governance arrangements and
structures can potentially overcome these barriers in Rotteidéischer et al., 2018)

[END CROSSCHAPTER BOX 9 HERE]

4.3.6 ShortLivedClimate Forcers

The mainShort-Lived Climate Forcer(SLCF) emissions that cause warming are methane)(Gther
precursors of tropospheric ozone (i.e., carbon monoxide (&@}MethaneV olatile OrganicCompounds
(NMVOQC)), black carbon (BC) and hydrofluorocarbons (HF@4yhre et al., 2013)SLCFs also include
emissions that lead to cooling, such as sulphur dioxide) @@ organic carbof©C). Nitrogen oxides
(NOx) can have both warming and cooling effects, by affecting ozof)e(@ CH, depending on timescale
and location(Myhre et al., 2013)

CrossChapter BoxX2 in Chapter Iprovides a discussion of role of SLCFs in comparison to-liveg
GHGs. Chapter 2 shows that 1.5¢@nsistent pathways require stringent reiust in CQ and CH, and
that noRCQ; climate forcers reduce carbon budgets B200GtCQ;, per degree of warming attributed to
them (see Chapter 2 Annex).

Reducing nofCO; emissions is part of most mitigation pathw@§yCC, 2014c)All current GHG emissias

and other forcing agents affect the rate and magnitude of climate change over the next few decades, while
long-term warming is mainly driven by G@missions. C@emissions result in a virtually permanent

warming, while temperature change from SLCFsygliears within decades after emissions of SLCFs are
ceasedAny scenario that fails to reduce €€missions to net zero would not limit global warming, even if

SLCFs are reduced, due to accumulatingCrd uced war ming that ovefitswhel ms
in a couple of decadé€sShindell et al., 2012; Schmale et al., 2044}l see Section 2.3.3.1).

Mitigation options for warming SLCFs often overlap with other mitigation options, especially since many
warming SLCFs are eemitted with CQ. SLCFs argyenerally mitigated in 1.5%@r 2°C-consistent

pathways as an integral part of an overall mitigation strategy (Chapter 2). For example, section 2.3 indicates
that most very lowemissions pathways include a transition away from the use of coal and gatuialthe

energy sector and oil in transportation, which coincides with emission reduction strategies related to methane
from the fossil fuel sector and BC from the transportation sector. Much SLCF emission reduction aims at
BC-rich sectors and considdtse impacts of several eamitted SLCF¢Bond et al., 203; Sand et al., 2015;

Stohl et al., 2015)However, it is uncertain whether such strategies would lead to additiondéelomg

climate benefits compared to BC emissions reductions achieved throughit@fation and associated-co

control on BCrich setors in 1.5°C and 2°C pathwagRogelj et al., 2014)

Some studies have evaluated the focus on SLCFs in mitigation strategies and point towaodis trade
between shosterm SLCF benefits and lock in of lotgrm CQ warming(Smith and Mizrahi, 2013;
Pierrehumbert, 2014Reducing fossil fuel combustion will reduce aerosols lewld thereby cause
warming from removal of cooling effectstyhre et al., 2013; Xu and Ramanathan, 2017; Samset et al.,
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2018) Recent studies have also found lower temperature effects of BC than what can be expected from the
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direct radiative forcing alone, thus questioning the effectiveness of targeted BC mitigation for climate
change mitigatiorfMyhre et al., 2013; Baker et al., 2015; Stjern et al., 2017; Samset et al., 2018)

Table 4.5 provides an overview of three warming SLCFs and their emission sources, with examples of
options for emission reductions and associatederfits.

Table 4.5: Overview of main characteristics of three warm8twprtLived Climate ForcersSLCF9 (core information
based orfPierrehumbert, 2014nd(Schmale et al., 2014dest of the details as referenced).

SLCF Atmospheric | Annual global | Main Examples of options to| Examples of co
compound | lifetime emission anthropogenic reduce emissions benefits based on
emission sources | consistent with 1.5°C | (Haines et al., 207)
unless specified
otherwise
Methane | On the order | 0.3 GtCH Fossil fuel Managing manure from Reduction of
of 10 years | (2010) extraction and livestock tropospheric ozone
(Pierrehumber | transportation Intermittent irrigation (Shindell et al., 2018)
t, 2014) Landuse change | ofrice Health benefits of
Livestock and rice | Captue and usage of | dietary changes
cultivation fugitive methane Increased crop yields
Waste and Dietary change Improved access to
wastewater For more: see Sectiong drinking water
4.3.2 and 4.3.3.
HFCs Months to 0.35 GtC@eq | Air conditioning Alternatives to HFCs in| Greater energy
decades, (2010) Refrigeration air-conditioning and efficiency(Mota-
depending (Velders et al.,| Construction refrigeration Babiloni et al., 2017)
on the gas 2015) material applications
Black Days ~7 Mt Incomplete Fewer and cleaner Health benefits of
carbon (2010) combustion of vehicles better air quality
(Klimont et al., | fossil fuels or Reducing agricultural | Increased education
2017) biomass in vehicle§ biomass burning opportunities
(esp. diesel), cook | Cleaner cook stoves, | Reduced coal
stoves or kerosene| gasbased or electric consumption for
lamps cooking modern brick kilns
Field and biomass | Replacing brick and Reduced
burning coke ovens deforestation
Solar lamps
For more see Section
4.3.4

A wide range of options to reduce SLCF emissions was extensively discussed (fPERS52014b)Fossil
fuel and waste sector methane mitigation options have higteffestiveness, producing a net prafiter a
few years, considering market costs only. Moreover, reducing roughithwdeo onehalf of all human

caused emissions has societal besgfieater than mitigation costs when considering environmental impacts

only (UNEP, 2011; Hoglundisaksson, 2012; IEA, 2017b; Shindell et al., 281%ince AR5, new options
for methane, such as those related to shale gas, have been included in migy#otios (e.g.Shindell et

al. 201D).

Reducing BC emissions and-emissions has sustainable developmeriemefits, especially around human
health(Stohl et al., Q15; Haines et al., 2017; Aakre et al., 20)piding premature deaths and increasing
crop yields(Scovronick et al., 2015; Peng et al., 204gjditiond benefits include lower likelihood of nen

linear climate changes and feedbat&kindell et al., 2018) and temporarily slowing down the rate of sea
level rise(Hu et al., 2013)Interventions to reduce B@ffer tangible local air quality benefits, increasing the
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likelihood of local public suppofEliasson, 2014Venkataraman et al., 201@ee Section 5.4.1.2)imited
interagency cabrdination, poor scienegolicy interactiongZusman et al., 2015and weak policy and

absence of inspections and enforcenfhblod and Evans, 201@ye among barriers that reduce the
institutional feasibility of options to reduce vehidteluced BC emissions. A case study for India shows that
switching frombiomass cook stoves to cleaner gas stoves (based on liquefied petroleum gas or natural gas)
or to electric cooking stoves is technically and economically feasible in most areas, but faces barriers in user
preferences, costs and the organisation of supyins(Jeuland et al., 2015pimilar feasibilly

considerations emerge in switching in lighting from kerosene wick lamps to solar lanterns, from curent low
efficiency brick kilns and coke ovens to cleaner production technologies; and from field burning of crop
residues to agricultural practices us@eepsowing and mulching technologi@#/illiams et al., 2011;

Wong, 2012)

The radiative forcing from HFCs are currently small but have been growing rédiglye et al., 2013)The

Kigali amendment (from 2016) to the Montreal Protocol set out a global accord for phasing out these
compoundgHoglundisaksson et al., 20L7HFC mitigation options includalternatives with reduced

warming effects, ideally combined with improved energy efficiency so as to simultaneously reduwsdCO
co-emissiongShah etal., 2015) Costs for most of HFCO6s mitigation
USD»01060 tCQ-ed?, and the remainder below roughly double that nuridéglundisaksson et al., 2017)

Reductions in SLCFs can provide large benefits towards sustainable development, beneficial for social,
institutional and economic feasibility. Strategies that reduce SLCFs can provide benefits that include
improved air quality (for exampl@nenberg et al., 2012and crop yields (for examp(&hindell et al.,

2012), energy access, gender equality and poverty eradication (fopeghindell et al.2012; Haines et

al., 2017). Institutional feasibility can be negatively affected by an information deficit, with the absence of
international frameworks fantegrating SLCFs into emissions accounting and reporting mechanisms being a
barrier for policymaking to address SLCF emissighenkataraman et al., 2018)he incentives for

reducing SLCFs are patrticularly strong for small groups of countries, ahdsudlaboration could increase
feasibility and effectiveness of SLCF mitigation optigAakre et al., 2018)

4.3.7 CarbonDioxide Removal(CDR)

CDR methods refer to a set of techniques for removing f&n the atmosphere. In the context of 1.5°C
consistenpathways (Chapter 2), they serve to offset residual emissions that take longer to abate or to
compensate fagmissionoccurringafterrunning out othe 1.5°C carbon budget. See Cr@émpter Box?

in Chapter Jor a synthesis of landased CDR option€rosscutting issues and uncertainties are
summarisedn Table 46.

4.3.7.1 Bioenergy witlcarbon capture and storage (BECCS)

BECCS has been assessed in previous IPCC rgpe@€, 2005P. Smith et al., 2014; Minx et al., 2017)
and has been incorporated into integrated assessment rfOdeke et al., 2014)n the meantimel.5°C
pathways without BECCS have emergBduer et al., 2018; Grubler, 2018; Mousavi and Blesl|, 2018; van
Vuuren et al., 2018)5till, models indicate tha.7i 8 GtCQ yr'* (interquartile range) and 14 Gtg@'*
(median)would beremoved by BECCS by 2050 and 2100, respectjweith some modelstarting BECCS

in 2030already(Section 2.3.4)BECCS is constrained by sustainable bioen@agntials (Sectiosy.3.12,
5.4.3 andCrossChapter Box6 in Chapter 3 and availability of safe storage for €(Bection 4.3.5).
Literature estimates f@ECCS mitigation potentials 2050 range from-B5 GtCQ*. Fuss et al. (2018)
narrow this range to 0.5 GtCQyr'! (medium agreement, high eviden@eigure 43), thus falling belav

the upper end of 1.5°C pathways. This is, among other things, related to sustainability dBoye®s et

4 As more bottorrup literature exists on bioenergy potentials, this exercise explored the bioenergy literature and
converted those estimates to BECCS potential ¥ih of bioenergy yielding 0.0R.05 GtCQ emission reductiorf-or
the bottomup literature references for the potentials range, please refer to Supplementary Kl&ktialrable 1.
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al., 2017; Heck et al., 2018; Henry et al., 2018)

Assessing BECCS deploymént2°C pathwaygof about 12 GEO,-eq yt?, here considered as a lower
deploymentimit for 1.5°C, Smith et al. (2016) estimate a landse intensity of 0i3.5 ha tCG-eq!yr'?

using forest resiues, 0.16 ha C&ed! yr'! for agricultural residues, and 0i@B1 ha tC@-edyr' for
purposegrown energy crops. The average amount of BECCS in these pathways requlé®s 2% arable

and permanent crop area in 2100. Land area estimates diffefarandaare not necessarily a good indicator

of competition with e.g, food production, because requiring a smaller land area for the same potential could
indicate that higkproductivity agricultural land is usedn general, the literature showsv agreementon

the availability of landKritz et al, 2011) see(Erb et al., 2016bfor recent advance®roductivity, food

production and competition with other ecosystem services and land use by local communities are important
factors for the design of regulation. These potentials and-tffslare not homogenously distributed across
regions. HoweverRobledeAbad et al.2017)find that regions with higher potentials are understudied,

given their potential contributiofiResearchers have expressed the h@eomplement global assessments

with regional, geographically explicit bottenp studies of biomass potentials and saionomic impacts
(e.g.,de Wit and Faaij 2010; Kraxner et,&014; Baik et a].2018)

Energy production, land and water footprints show wide ranges in bapassessments due to differences
in technology, feedstock drother parameter$ 1i 150 EJ yi* of energy, 109990 Mha, 679 MtN, 218

4758 kniyr' ! of water peiGtCQ, yr (Smith and Torn, 2013; Smith et al., 2@16ajardy and Mac Dowell,
2017)and are not comparable to IAM pathways which consider system gieater et al., 2018¥5lobal
impacts on nutrients and albedo are difficult to quan8fyith et al, 2016). BECCS competes with other
land-based CDR and mitigation measures for resources (Chapter 2).

There is uncertainty about the feasibility of timely ufisga CCS(see Section 4.3.13 largely absent from
the nationally determined contributiofpencer et al., 2018nd lowly ranked in investment priorities
(Fridahl 2017) Althoughthere arelozens of smaicale BECCS demonstratioffsemper, 2015and a full
scale project capturing 1 MtG@xists(Finley, 2014)this is wellbelowthe numbers associatadth 1.5°C

or 2°Gcompatible pathway8EA, 2016a; Peters et al., 201 Aithough the majority of BECCS cost
estimates are below 200 USD t&Figure 43), estimates vary widgl Economic incentives for ramping

up large CCS or BECCS infrastructure are wigthave et al., 2017)The 2050 average investment costs for
such a BECCS infrastructure for bétectricity and biofuelsre estimated dt38 and 123 billion USD V#,
respectively(Smith et al., 201i).

BECCS deploymernis furtherconstrinedbyb i oener gy6s carbon accounting,
requirements (Section 413, its compatibility with other policy goals and limited publiceptance oboth
bioenergy and CCS (Sectidr3.1). Current pathways are believed to have inade@sstumptions on the
development of societal support and governance strudaegihan and Gough, 2016)

However, removing BECCS and CCS from the portfolio of available options significantly raises mitigation
costs(Kriegler et al., 2013]Bauer et al., 2018)
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al., 2018) correspondingat dashed blue boxes in Panell®shed lines represent saturation limits for the
corresponding technologiP.anel Bshows the percentage of papers at a given cost or potential estimate.
Reference year for all potential estimates is 2050, while all costass preceding 2050 have been
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included (as early as 2030, older estimates are excluded if they lack a base year and thus cannot be made

comparable). Ranges have been trimmed to show detalF(sseet a).2018)for the full range). Costs
refer only to abatement costs. Icons for sidffiects areallocated onlyif a critical mass of papers
corroborates their occurrence

Notes: For references please see Supplementary Malatdé 4.SM.3Direct Air Carbon Dioxide
Capture and StoragdDACCS is theoretically only constrained by geological storage cégaestimates
presented are considering upscaling and cost challenges. BECCS potential estimates are based on
bioenegy estimates in the literatur&y yr''), converted to GtC&following footnote 3Potentialscannot
be added upas CDR options would cqrate for resources (e,dand). SCS- Soil Carbon Sequestration;
OA - Ocean Alkalinisation; EWEnhanced Weathering; DACC®irect Air Carbon Dioxide Capture

and Storage; BECCSBioenergy with Carbon Capture and Storage; Aforestation

4.3.7.2 Afforestatiorand ReforestationAR)

Afforestation implies planting trees on land not forested for a long time ¢eeg.the last 50 years in the
context of the Kyoto Protocol), while reforestation impliegstablishment of forest formations after a
temporary condition with less than 10% canopy cover due to himdaoced or natural perturbations.
Houghton et al. (201%)stimate about 500 Mha could be available for thestablishment of forests on
lands previously forested, but not currently used productively. Thig sequester at least 3.7 Gtoy®'?

for decades. The full literature range gives 2050 potentialsGtCQ yr? (low evidence, medium
agreement narrowed down t0.5/ 3.6 GtCQyr™ based on a number of constrai(fsiss et al., 2018)
Abatement costs are estimated to be low compared to other CDR optisd4)SD tCQ-ed? (robust
evidence, high agreemgnYet, realising such large potentials comes at higher land and watatiriteothan
BECCS, although there would be a positive impact on nutrients, and the energy requirement would be
negligible(Smith et al, 2016b; CrossChapter Box7 in Chapter 3 The 2030 estimate I§yriscom et al.
(2017)is up to 17.9 GtCeyr* for reforestation with significant ebenefits (Cros€hapter Box7 in Chapter
3).

Biogenic storage isot aspermanengas emission reductions of geological stordgeaddition forest sinks
saturate, a process which typically occurs in decades to centuries compared to the thousands of years of
residence time of C{xtored geologicallySmith et al., 2018 and is subject to disturbances that can be
exacerbated by climate changeg.drought, forest fires and pes{Seidl et al., 2017Handling this

requires careful forest management. There is much practical experience with AR, facilitating upscaling but
with two caveats: AR potentials are heterogeneously distril{Bead et al., 2007)partly because the

planting of less reflective forests results in highdratesorbed radiation and locads surfacevarming in

higher latitudegBright et al., 2015; Jones et al., 201&)d forest governance structures and monitoring
capacities can be bottlenecks and are usually not considered in iWeatget al., 2016; Wehkamp et al.,
2018b) There ismedium agreememtn the positive impacts of AR on ecosystems and biodiversity due to
different forms of afforestation discussed in the literature: afforestation of grassland ecosystems or
diversified agricultural landscapes with monocultures orsiweaalien species can have significant negative
impacts on biodiversity, water resources, RcSmith et al., 2014)while forest ecosystem resation

(forestry and agroforestry) with native species have positive social and environmental {@paotagham

et al., 2015; Locatelli et al., 2015; Paul et al., 20B&eSection 4.3.2

Synergies with other policy goals are poss{ske also Section 44; for example land spared lojet shifts
could be afforestedqp0s et al.2017)or used for energy crog&rubler, 2018) Such lanesparing strategies
could also benefit other ladzthsed CDR options.

4.3.7.3 Soil CarbonSequestratiorand Biochar

At local scales there i®bust evidencthat Soil CarbonSequestration (SC®.g, agroforestryDe Stefano
and Jacobsqr2018) restoration of de@ded landGriscom et al., 2017)pr conservation agriculture

management practicéaguilera et al.2013; Poeplau and Don, 2015; Viceieente et al., 201&)ave ce
benefits in agriculture and that many measures aresffestive even without supportive climate policy.
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Evidence at global scale for potentials and especially costs is much lowditefidiare spans cost ranges of
7400 100 USDtCO;? (negative costs relating to the multipletoenefits of SCS, such as increased
productivity and resilience of soi(®. Smith et al., 2014and 2050 potentiagre estimatetetween 111
GtCOyrt, narrowed down toil GtCQ yrconsidering that studies above 5 Gt§©' often do not apply
constraintswhile estimates lower than@CGQ; yrt mostlyfocus on single practicéguss et al., 2018)

SCS has negligible water and energy requirem@ntsth, 2016) affects nutrients and food security

favourably bigh agreement, robust evidefh@mdcan be applied without changing current land use thus
making it socially more acceptable than CDR options with a high land footprint. However, soil sinks saturate
after 1G 100 years, depending on the SCS option, soil type and climaté S, 2016)

Biochar is formed by recalcitrant (i,&ery stable) organic carbon obtained from pyrolysis which applied to
soil can increase soil carbon sequetstn leading to improved soil fertility propertigd.ooking at the full
literature range, the global potential in 2050 lies betw@&&3 Gt CQyr (low agreement, low eviderce

but considering limitations in biomass availability and uncertaintiesaladack of largescale trials of

biochar application to agricultural soils under field conditidhsss et al. (2Q) lower the 2050 range to

0.312 GtCQyr™ This potential is below previous estimatesy, Woolf et al, 2010) which additionally
consider the displacement of fossil fuels through biodhamanence depends on soil type and biochar
production temperatusevarying between a few decades and several cen{iiaeg et al., 2014 Costs are

30i 120 USDtCGQ;'t (medium agreement, medium evidgritécCarl et al., 2009; McGlashan at, 2012;
McLaren, 2012; Smith, 2016)

Water requirements are low and at full theoretical deployment, up to 65'®J gnergy could be generated
as a side produ¢smith, 2016) Positive side effects include a favourable effect on nutrientsegluded

N2O emission@Cayuela et al., 2014; Kammann et al., 20However, 40260 Mha are needed to grow the
biomass for biochar for implementation at 0.3 Gi@Q yr* (Smith, 2016) even though it is also poskitio
use residuege.g.,Windeatt et aJ.2014). Biochar is further constrained by the maximum safe holding
capacity of soilgLenton, 2010andthe labile nature of carborguestrated in plants and soil at higher
temperaturefWang et al., 2013)

4.3.7.4 EnhancedMeathering (EW) an@ceanAlkalinisation

Weathering is the natural process of rock decomposition via chemical and physical processes in which CO
is spontaneously consumed and converted to solid or dissolved alkaline bicarbonates and/or carbonates
(IPCC 2005) The process is controlled by tempara, reactive surface area, interactions with biota and, in
particular, water solution composition. CDR can be achieved by accelerating mineral weathering through the
distribution ofgroundup rock material over lan{Hartmann and Kempe, 2008; Wilson et 2D09; Kdhler

et al., 2010; Renforth, 2012; ten Berge et al., 2012; Manning and Renforth, 2013; Taylor et al., 2016)
shorelinegHangx and Spiers, 2009; Montserrat et al., 2@t The open ocedfiouse et al., 2007; Harvey,

2008; Kohler et al., 2013; Hauck et al., 20XB¢ean alkalinisation adds alkalinity to marine areas to locally
increase the C{buffering capacity of the oced®onzalez and llyina, 2016; Renforth and Henderson,

2017)

In the case of land application of ground minerals, the estimated CDR potenta@lg@ng295 GtCQ yr'!
(Hartmann and Kempe, 2008; Kohler et al., 2010; Hartmann eDaB; Taylor et al., 2016; Strefler et al.,
2018)(low evidence, low agreeméniarine application of ground minerals is limited by feasible rates of
mineral extraction, grinding and delivery, with estimates i GtCQyr* (Kéhler et al., 2013; Hauck et
al., 2016; Renforth and Henderson, 20(@)v evidence, low agreemégrigreement is lovdue to a variety
of assumptions and unknown parameter ranges in the applied modelling proceduvesithated to be
verified by field experimenté-uss et al., 2018As with other CDR optionsgcalingand maturity are

5 Other pyrolysis products that can achieve net @Movals are bimil (pumped into geological storages) and
permanenpyrogas (capture and storage of 8@m gas combustior(Werner et al., 2018)
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challengs, with deploymentt scale potentiallyequiring decade@NRC, 2015a) considerable costs in
transport and disposéiiangx and Spiers, 2009; Strefler et al., 204&) mining(NRC, 2015a; Strefler et
al., 20184.

Site-specific cost estimates vary depending on the chosen technology for rock griadimgmergyintensive
procesgKodhler et al., 2013Hauck et al.2016 1 material transport and rock sourgenforth, 2012;

Hartmann et a).2013) ranging from 1540 USD tCQ'! to 3,460 USD tC@* (Schuiling and Krijgsman,

2006; Kohler et al., 2010; Taylor et al., 20liéited evidence, low agreemeritigure 42). The evidence

base for costs of oceafkalinisation and marine enhanced weathering is sparser than the land applications.
The ocean alkalinisation potential is assessed to b&é@GtCQ yr'* with costs of 1# >500 USD tCG'*
(Renforth and Henderspp017)

The main side effects of terrestrial EW are an increase in watérgjtbr et al., 2016)the release of heavy
metals like Ni and Cr, and plant nutrients like K, Ca, Mg, P ar{gi&itmann et al., 20133nd changes in
hydrological soil properties. Respirable particle sizes, though resulting in higher potentials, can have impacts
on health(Schuiling and Krijgsman, 2006; Taylor et al., 2Q1@)lisation of waveassisted decomposition
through deployment on coasts could avert the need for fine gritidarggx and Spiers, 2009; Schuiling and
deBoer, 2010) Side effects of marine EW and ocean alkalinisation are the potential release of heavy metals
like Ni and Cr(Montserrat et al., 2017)ncreasing ocean alkalinity helps counter ocean acidification

(Albright et al., 2016; Feng et al., 2016cean alkalinisation could affect ocean biogeochemical functioning
(Gonzélez and llyina, 2016 further caveat of relates to saturation state and the potential to trigger
spontaneous carbomgprecipitation. While the geochemical potential to remove and storgi€ Quite
large,limited evidenceon the preceding topics makes it difficult to assess the true capacity, net benefits and
desirability of EW and ocean alkalinity addition in the eotitof CDR.

4.3.7.5 Direct Air CarbonDioxide Capture and3orage(DACCYS)

Capturing CQfrom ambient air through chemical processes with subsequent storage of:time CO

geological formations is independent of source and timing of emissions, and can avoid competition for land.
Yet, this is also the main challenge: while the theoretical potential for DACCS is mainly limited by the
availability of safe and accessilgedogical storage, the C&€xoncentration in ambient air is ZiGBDO times

lower than at gasor coatired power plant§SanzPérez et a] 2016)thus requiring more energy than flue

gas CQ capture(Pritchard et al., 2015Thisappears to be the main challengddACCS(SanzPérez et al.,

2016; Barkakaty et al., 2Q).

Studies explore alternative techniques to reduce the energy penalty of OR&CEer Giesen et al., 2017)
Energy consumption could be up to 12.9 GJ#€"; translating into an average of 156 EJ iy 2100
(current annual global primary energy supply is 600 ®djer requirements are estimated to average 0.8
24.8 kn¥ GtCQO-ed* yr't (Smith et al. 2016 based on Socolow et a22011)

However, the literature shouew agreemenand is fragmente(Broehm et al., 2015)his fragmentation is
reflected in a largeangeof cost estimategrom 20' 1,000 USD tC@*! (Keith et &, 2006; Pielke, 2009;

House et al., 2011; Ranjan and Herzog, 2011; Simon et al., 2011; Goeppert et al., 2012; Holmes and Keith,
2012; Zeman, 2014; Sai@rez et al., 2016; Sinha et al., 20THe interquartile rangeséeFigure 42) is

40i 449 USD tCQ@'%; there is lower agreement and a smaller evidence base at the lower end of the cost range.

Research and efforts by smatlale commercialisation projects focus on utilisation of captured\@{lrox

®It has also been suggested that ocelaliaity can be increased through accelerated weathering of limgfaneand
Caldeira, 1999; Rau, 2011; Chou et al., 20d's¢lectrochemical processg$ouse et al., 2007; Rau, 2008; Rau et al.,
2013b; Lu et al., 2015However, these techniques have not been proven at large scaleRéhferih and Henderspn
2017)
7 This analysis relies on the assessnieifuss et al. (2018byvhich provides more detail on saturation and
permanence.
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et al, 2018). Given that only a few IAM scenarios incorporate DAQES, Chen and Tavoni 2013; Strefler
et al. 2018aijts possible role in cosiptimised 1.5°C scenarios is not yet fully explored. Given the
technol ogy6s ear |(McLsen 2@z NRC, 201ba; Naretetmim 204&) few
demonstrationgHolmes et al., 2013; Rau et al., 2013; Agee et al., 2@Bploying the technology at scale
is still a considerable challenge though both optim{gtackner et al., 20123nd pessimistic outlooks exist
(Pritchard et al., 2015)

4.3.7.6 OceanFertilisation

Nutrients can be added to the ocean resulting in incre&sledib production, leading to carbon fixation in

the sunlit ocean and subsequent sequestration in the deep ocean or sea floor sediments. The added nutrients
can be either micronutrients (such as iron) or macronutrients (such as nitrogen and/or phgsphorous
(Harrison 2017) There idimited evidencandlow agreementn the readiness of this technology to
contribute to rapid decarbonisati@Williamson et al. 2012)Only smaliscale field experiments and

theoretical modelling have been conducted (&gLaren (2012). The full range of CDR potential

estimates is 15.2 ktGQr't (Bakker et al. 2001fpr a spatially constrained field experiment to 4.4 Gt@O

1 (Sarmiento and Orr 1991)llowing a modelling approach, bEuss et al. (2018lwonsider the potential to

be extremely limited given the evidence and existing barriers. Due to scavenging of iron, the iron addition
only leads to inefficient use of the nitrogen in exporting cafdamont and Bopp 2006; Zahariev et al.

2008; Zeebe 2005)

Cost estimatesange from 2 USD tC¢)* (for iron fertilization)(Boyd and Denman 2008) 457 USD tC@*
(Harrison 2013)Jones (2014proposed values greater than 20 USD 4&Ef0r nitrogen fertilisation.
Fertilisation is expected to impact food webs by stimulating its base orgaihsiear 2004)and extensive
algal blooms may causea@xia(Matear 2004; Russell et al. 2012; Sarmiento and Orr 1881 Yeep water
oxygen declindMatear 2004)with negative impacts on biodiversity. Nutrient inputs can shift ecosystem
production from an irofimited system to a P, Nor Sklimited system depending on the locat{@&@ertram
2010; Matear 20049nd norCO, GHGs may increas@ertram 2010; Sarmiento and Orr 1991; Matear
2004) The greatest theoretical potential for this practice is the Southern Ocean, posing challenges for
monitoring and governandRobinson et al. 2014Yhe London Protocol of the International Maritime
Organization has asserted authority for regulation of ocean fertilig&imng e@l. 2009) which is widely
viewed as aa de facto moratoriumé on commercial o

There idow agreemenin the technical literature on the permanence of i@Ghe ocean, with estimated
residence times of 1,600 years to nniké, especially if injected or buried in or below the sea floor
(Williams and Druffe] 1987;Jones2014) Storage at the surface would mean that the carbon would be
rapidly released after cessati@umont and Bopp 2006; Zeebe 2005)

Table 4.6: Crosscutting issues and uncertainties acrGaston Dioxide RemovalGDR) options aspects and
uncertainties

Area of uncertainty Crosscutting issues and uncertainties

Technology upscaling I CDR options are at different stages of technological read{iMedsaren, 2012)
and differ with respect to scalability.

1 Nemet et al. (2018jnd >50% of the CDR innovation literature concerned witl
the earliest stages of the inndeatprocess (R&D) identifying a dissonance
between the large G@emovals needed in 1.5°C pathways and the-tong
periods involved in scaling up novel technologies.

1 Lack of postR&D literature, including incentives for early deployment, niche
marketsscaleup, demand, and public acceptance.

Emerging and niche 1 For BECCS, there are niche opportunities with high efficiencies and fewer tr

technologies offs (e.g., sugar and paper processing faciliégllersten et al., 2003istrict

heating(Karki et al., 2013; Ericsson and Werner, 2Q16dlustrial and municipal
waste(Sanna et al., 201Zjurner et al(2018)constrain potental using
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sustainability considerations and overlap with storage basins to avoid the C
transportation challenge, providing a possible, though limited entry point for
BECCS.

The impacts on land use, water, nutrients and albedo of BECCS could be
alleviatedusing marine sources of biomass that could include-agitared

micro and macro floréHughes et al., 2012; Lenton, 2014)

Regarding captured GQ@s a resource is discussed as an entry point for CDR
However, this does not necessarily lead to carbon removals, particularly if th
CO, is sourced from fossflels anddr if the products do not store the £0r
climaterelevant horizonsvbn der Assen et al. 201@ee also Section 4.3.4.5)

Methané is a much more potent GHG than £§®ontzka et al., 2011)
associated with difficulto-abate emissions in industry and agriculture,
outgassing from lakes, wetlands, and oc€anskley, 2012; Stolaroff et al.,
2012) Enhancing processes that naturally remoethame, either by chemical @
biological decompositiofSundqvist et al., 2012has been proposed to remove
CHa. There is low confidence that existing technologies for methane remova
economically or energetically suitable for largmale air captureBoucher and
Folberth, 2010)Methane removal potentials are limited due to its low
atmospheric concentration and its low chemical reactivity at ambient conditi

Ethical aspects

Preston (2013identifies distributive and procedural justice, permissibility, mo
hazad (Shue, 2018)and hubris asthical aspects that could apply to laggale
CDR deployment.

There is a lack of reflection on the climate futures produced by recent mode
and implying very different ethical costs/risks and benéfitinix et al., 2018)

Governance

Existing governance mechanisms are scarce and either taagy@izdicular CDR
options (e.g.oceanbased) or aspects (g.goncerning indirect landse change
(iLUC) associated with bioenergy upscaling) and often the mechanisms are
national or regional scale (e.&U). Regulation accounting for iLUC by
formulaing sustainability criteria (e.gthe EU Renewable Energy Directive) hg
been assessed as insufficient in avoiding leakagg Frank et al., 2013)

An international governance mechanism is only in place for R&D of Ocean
Fertilisation within the Convention on Biological Divers{tiO, 1972, 1996,
CBD, 2008, 201Q)

Burns and Nicholson (201 propose a human rightsased approach to protect
those potentially adversely impacteg CDR options

Policy

The CDR potentials that can be realised are constrained by the lack of polic
portfolios incentivising largscale CDRPeters and Geden, 2017)

Nearterm opportunities could be supported through modifying existing polic
mechanismsLomax et al., 2015)

Scott and Geden (2018ketch three possible routes for limited progress, (1) ¢
EU-level, (2) at EU Member State level, and (3) at private sector level, notin
implied paradigm shift this wouldntail.

EU maystruggleto adoptpolicies for CDR deployment on the scale or time
frame envisioned by IAM§Geden et al., 2018)

Social impacts of largecale CDR deploymenB(ick, 2016)equire policies
taking these into account.

Carbon cycle

E R

On long time scales, natural sinks could reve@G®( bnes et al., 2016)

No robust assessments yet of the effectiveness of CDR in reverting climate
changgTokarska and Zickfeld, 2015; Wu et al., 2015; Keller et al., 20868
also Section 2.2.2 and 2.6.2

4.3.8 Solar Radiation Modification (SRM)

8 Current work(e.gde Richter et al. 20)&xamines other technologies considering-ah GHGs like NO.
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Table 46 gives an overview of SRM methods and characteristics. Famra comprehensive discussion of
currently proposed SRM methods, and their implications for geophysical quantities and sustainable
development, see Cro&hapter BoxL0in this ChapterThis section assesses the feasibility, from an
institutional, technolgical, economic and soctalltural viewpoint, focusing o8tratospheridAerosol
Injection (SAl)unless otherwise indicated, as most available literature is about SAl.

Some of the literature on SRM appears in the forms of commentaoley, briefs, viewpoints and opinions

(e.g.,(Horton et al., 2016; Keith et al., 2017; Parson, 20Ifi)s assessment covers original research rather

than viewpoints, even if the latter appear in pesfewed journals.

Table 4.7: Overview of the main characteristics of the mstsidiedSRM methods

Stratospheric aerosol
injection (SAl)

Marine cloud
brightening
(MCB)

Cirrus cloud
thinning (CCT)

Ground-based albedo
modification (GBAM)

Description of

Injection of a gas in

Spraying sea salt o

Seeding to promote

Whitening roofs, changes

have a positive effect
i a net reduction in

global mortality due

SRM method | the stratosphere, other patrticles into | nucleation, reducing | in land use management
which then converts t( marine clouds, optical thickness and| (e.g, no-till farming),
aerosols. Injection of | making them more | cloud lifetime,to change of albedo at a
otherparticles also reflective. allow more outgoing | larger scale (covering
considered. longwave radiation tg glaciers or deserts with
escape into space. | reflective sheeting and
changes in ocean albedo)
Radiative .
forcing 114 TgS W n yrit 1000 2915 12'gdrrly $€a| \ ot known Smgll oon gIobaI.scaIe, up
L9 salt Wt m? yr to 1i 3°C on regional scal€
efficiencies
Amount needed 70 Ta drv sea salt 0.04i 0.1 albedo change in
for 1°C 218 TgS yt! 1 gadry Not known agricultural and urban
overshoot y areas
SRM specific | Changes in
impacts on precipitation patterns
climate and circulation
variables regimes; in case of
SO injection
disruption to
stratospheric
; . . Low-level cloud
chemistry (for Regional rainfall i . o
. ) changes; tropospheri| Impacts on precipitation in
instance NOXx responses; o ’
: S drying; monsoon areas; could
depletion and change| reduction in ) L
) TR . . : intensification of the | target hot extremes
in methane lifetime); | hurricane intensity .
. . hydrological cycle
increase in
stratospheric water
vapour and
tropospherie
straospheric ice
formation affecting
cloud microphysics.
SRM specific | In case of S© Reduction irthe
impacts on injection- number of mild
human/natural | stratospheric ozone | crop failures
systems loss (which could also
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to competing health
impact pathways) and
significantincrease of
surface UV

Maturity of
science

Volcanic analogues
High agreement
amongst simulations
Robust evidencen
ethical, governance
and sustainable
development
limitations

Observed in ships
tracks

Several simulations
confirm mechanism
Regionally limited

No clear physical
mechanism

Limited evidencend
low agreement
several simulations

Natural and landise
analogues

Several simulations
confirm mechanism
High agreemenito
influence on regional
tempeature

Land use costly

Key references

(Robock et al., 2008;
Heckendorn et al.,
2009; Tilmes et al.,
2012, 2016; Pitari et
al., 2014; Crook et al.|
2015;C.J.Smith et

al., 2017; Visioni et
al., 2017ab; Eastham
et al., 2018; Plazzotta|

et al., 2018)

(Salter et al., 2008;
Alterskjeer et al.,
2012; Jones and
Haywood, 2012;
Latham et al., 2012
2013; Kravitz et al.,
2013; Crook et al.,
2015; Parkes et al.,
2015; Ahim et al.,

2017)

(Storelvmo et al.,
2014; Kristjansson et
al., 2015; Jacton et
al., 2016; Karcher,
2017; Lohmann and
Gasparini, 2017)

(Irvine et al., 2011; Akbari
et al., 2012; Jacobson ang
Ten Hoeve, 2012; Davin €
al., 2014; Crook et al.,
2015, 2016; Seneviratne €
al., 2018)

SRM could reduce some of the global risks of climate change related to temperatizeaeset al., 2014;
MacMatrtin et al., 2014Yate of sea leveise (Moore et al., 201Qkeaice loss(Berdahl et al., 2014nd
frequency of extreme storms in the North Atlantic and heatwaves in E{dapes et al., 20185RM also
holds risks of changg precipitation andzone concentrati@andpotentiallyreductions irbiodiversity
(Pitari et al., 2014; Visioni et al., 2017a; Trisos et al., 200i8¢ratureonly supportsSRM as a suppleant
to deep mitigation, for example in overshoot scendfosith and Rasch, 2013; MacMartin et al., 2018)

4.3.8.1 GovernanceandInstitutionalFeasibility

There isrobustevidencébut medium agreemeiidr unilateral action potentially becoming a serious SRM
governance issu@Veitzman, 2015; Rabitz, 201&)s somergue that enhanced collaboration might emerge

around SRMHorton, 2011) An equitable institutional or governance arrangement around SRM would have

to reflect views of different countri€bleyen et al., 2015; Robock, 201&)dbe multilateral because of the
risk of termination, and risks that implementation or unilateral action by one country or organisation will
produce negativprecipitation or extreme weatheffectsacross borderdempert and Prosnitz, 2011,
Dilling and Hauser, 2013; NRC, 2015l90me have suggested that the governance of research and field
experimatation can help clarify uncertainties surroundiegloyment oSRM (Long and Shepherd, 2014;
Parker, 2014; NRC, 2015c; Caldeira and Bala, 2017; Lawrence and Crutzen a2flffiat SRM is
compatible with democratic procesgerton et al., 2018pr not(Szerszynski et al., 2013; Owen, 2014)

Several possible institutional arrangements have been considered for SRM governance: under the UNFCCC

(in particular undethe Subsidiary Body on Scientific and Technological Advi8BSTA)) or theUnited
Nations Convention on Biological Diversity NCBD) (Honegger et al., 2013; Nicholson et al., 2018)
through a consortium of statéBodansky, 2013; Sandler, 201¥pice in SRM diplomacy, prevention of
unilateral action by others and benefits from research collaboration might be reasons for statas to join
internatonal governance framework for SRMoyd and Oppenheimer, 2014)

Alongside SBSTA, the WMO, UNESCO and UNM#ronment could play a role in governance of SRM
(Nicholson et al., 208). Each of these organisations has relevance with respée regulatory framework
(Bodle et al., 2012\illiamson and Bodle, 2016The UNCBDgives guidance thathat no climateelaed
geoengineering activitiethat may affect biodiversity take plag&/NCBD, 2010)
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4.3.8.2 Economicand TechnologicalFeasibility

The literature on engineering cost of SRM is limited ar&y beunreliable in the absence of testimg
deploymentThere ishigh agreemerthat cost of SAI (not taking into account indirect and social costs,
research and development costs and monitoring expenses) maphéeange of 1110 billion USD yit* for
injection of 1 5 MtS to achieve cooling ofi 2 W m'2(Robock et al., 2009; McClellan et al., 2012;
Ryaboshapko and Rekatova, 2015; Moriyama et al., 2016uggesting that cesffectiveness may be high
if side-effects are low or neglect¢cClellan et al., 2012)The overall economic feasibility of SRM also
depends on externalities and social c@gtsrenc-Cruz and Keith, 2013; Mackerron, 201dlimate
sensitivity(Kosugi, 2013)option valug/Arino et al., 2016)presence of climate tipping poirf&ric Bickel,
2013) and damage costs as a functionheaf level of SRMBahn et al., 2015; Heutel et al., 2018)delling
of gametheoretic, strategic interactions of states under heterogeneous climatic impactioshagreement
on the outcome and viability of a cdstnefit analysis foBRM (Ricke et al., 2015; Weitzman, 2015)

For SAl,there ishigh agreementhat aircrafts after some modifications could inject millions of tons of SO
in the lower stratosphere (~20 k(@avidson et al., 2012; Mc€llan et al., 2012; Irvine et al., 2016)

4.3.8.3 SocialAcceptabiliy andEthics

Ethical questionsround SRMnclude those of international responsibilities for implementation, financing,
compensation for negative effects, the procedural justice questiari® is involved in decisions,

privatisation and patentingjelfare,informed consent by affected publics, intergenerational ethics (because
SRM requires sustained action in order to avoid termination hazards), anecttelsd ed 6 mor al h a z
(Burns, 2011; Whyte, 2012; Gardiner, 2013; Lin, 2013; Buck et al., 2014; Klepper and Rickels, 2014;
Morrow, 2014; Wong, 2014; Reynolds, 2015; Lockley and Coffman, 2016; MclL20&6; Suarez and van
Aalst, 2017; Reynolds et al., 2018 he literature showlew agreemenon whetherSRM research and
deploymenimay lead policymakers to reduce mitigation effodaad thus imply anoral hazardLinnér and
Wibeck, 2015) SRM might motivate individuals (as opposed to policymakers) to reduce their GHG
emissiongMerk et al., 2016)buteven a subtle difference in tadticulationof information about SRM can
influencesubsequerjudgements of fawarability (Corner and Pidgeon, 2014he argument that SRM
research increaséise likelihood of deployment (th@lippery slop@argumeny, is also madéParker, 2014;
Quaas et al., 2017; Bellamy and Healey, 2018)

Unequal representation addliberate exclusion are plausible in decisioaking on SRMgiven diverging
regionalinterests and the anfjated low resource requirememtsdeploy SRMRicke et al., 2013Whyte
(2012)argues that the concerns, sovereignties, and experiences of Indigenous peoples may patrticularly be at
risk.

The general pblic can be characterised as ignorantiworriedabout SRMCarr et al., 2013; Parkhill et al.,
2013; Wibeck et al., 2017An emerging literatureiscussepublic perception of SRM, showing a lack of
knowledge and unstable opiniof&cheer and Renn, 2014)he perception of controllability affects
legitimacy and public acceptalyliof SRM experimentBellamy et al., 2017)in Germany, laboratory

work on SRM is generally approved of, fielesearch much less so, and immediate deployment is largely
rejected Kerk et al., 2015Braun et al., 2017Variousfactors could explain variations in the degree of
rejection of SRM between Canada, Chinarr@my, Switzerland, the United Kingdom, and the United
StateqVisschers et al., 2017)

[START CROSSCHAPTER BOX 10HERE]
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Cross-Chapter Box 10: SolarRadiationMaodification in theContext of 1.5°QMitigation Pathways

Authors: Anastasia Revokatoy&ussian Federationpjleleen deConinck(The Netherlands)Piers Forster
(UK), Veronika GinzburdRussian Federationjatin Kala(Australia) Diana Livermar{USA), Maxime
PlazzottgFrance) Roland SéfériafFrance) Sonia I. Seneviratn@witzerland) Jana Sillman@Norway).

SolarRadiationMaodification (SRM)refers to a range of radiation modification measures not related to
Greenhous&as(GHG) mitigation, which seek to limit global warmirfgee Section 1.4.1). Most methods
involve reducing the solar incoming radiation reachingstiréace, but others also act on the longwave
radiation budgeteducing optical thickness and cloud lifetime (see Tal@le th the context of this report,
SRM is assessed in terms of its potential to limiting warming below 1.5°C in temporary oversnaoiosc
as a wayo reduce elevated temperatures and associated imfadte et al., 2016; Keithrad Irvine, 2016;
Chen and Xin, 2017; Sugiyama et al., 2017a; Visioni et al., 2017a; MacMartin et al., Btd.8)herent
variability of the climate system would make it difficult to detect the efficacy oredigets of SRM
intervention when deployedd such a temporary scenafitackson et al., 2015)

A. Potential SRM timing and magnitude
Published SRM approaches are summarised in TahldHe timing and magnitude of potential SRM

deployment depends on the temperature overshoot associated with mitigation pathways. All overshooting
pathways make use of carbdioxide removal. Therefore, if considered, SRM would only be deployed as a

supplement measure to largeale carbon dioxide removal (Section 2.3).

CrossChapter BoxXL0, Figure lbelowillustrates an example of how a hypothetical SRM deployment based

on StratospheridAerosolsnjection(SAl) could be used to limit warming below 1.5°C usingaaiaptive

SRMobapproache.g., Kravitz et al. 2011; Tilmes et,&016) where global mean temperature exceeds 1.5°C

compared to prindustrial level by miecentury and returns below before 2100 witt6éedikelihood (see

Chapter 2)In all such limited adaptive deployment scenarios, deployment of SRM only commences under

conditions in which C@emissions have already fallen substantially below their peak level and are

continuing to fall.ln order to holdvarming to 1.5°C, a hypothetical SRM deployment could span from one

to several decades with the earliest possible threshold exceedance occurring bedergumyd Over this

duration, SRM has to compensate for warming that exceeds 1.5°C (displayedtaiiindpnon panel a) with
a decrease in radiative forcing (panel b) which could be achieved with a rate of SAl varying bé&v@en 0
MtSO; yr? (panel c)Robock et al., 2008; Heckendorn et al., 2009)
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Geophysical characteristics of mitigation pathways overshooting 1.5°C by mid-century
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Cross-Chapter Box 10, Figure 1: Evolution of hypothetical SRM deployment (based on SAl) in the context of
1.5°C-consistent pathways(a) Range of median temperature outcomes as simulated by MAGICC (see in Section 2.2)
given the range of C£emissions (b) and other climate forcers for mitigation pathways exceeding 1.5°G@mhidy

and returning below by 2100 with a 66% likelihood. Gemital characteristics are represented by the magnitude of
radiative forcing (c) and the amount of stratospherig i§f@ction (d) that are required to keep the global median
temperature below 1.5°C during the temperature overshoot (given by the bluadattbanel a). SRM surface

radiative forcing has been diagnosed using a mean cooling efficiency of 0.3°*@3\Wf Plazzotta et al. (2018)

Magnitude and timing of SOnjection have been derived from published estimaté$eckendorn et al. (200@)nd

Robock et al. (208).

SAl is the most researched SRM method withh agreemerthat it couldlimit warming to below 1.5°C

(Tilmes et al., 2016; Jones et al., 20I)e response of global temperature te B&ction howeverjs

uncertain and varies depending on the model parametrisation and emission s¢#meemst al., 2011;

Kravitz et al., 2011; Izrael et al., 2014; Crook et al., 2015; Niemeier and Timmreck, 2015; Tilmes et al.,
2016; Kashimura et al., 201 ¥)ncertainty also arises due to the nature and the optical properties of injected

aerosols.

Other approaches are legsll researched but the literature suggests@natindBasedAlbedoM odification
(GBAM), MarineCloud Brightening (MCB)or CirrusCloud Thinning (CCT)arenot assesse be able to
substantially reduce overall global tempera{iméne et al, 2011; Seneviratne et a2018) However, these

SRM approaches are known to create spatially heterogeneous forcing and potentially more spatially
heterogeneous climate effects, which may be usedtigata regional climate impacts. This may be of most
relevance in the case of GBAM when applied to crop and urban areas (Seneviratne et al. 2018). Most of the
literature on regional mitigation has focused on GBAM in relationship withhlaedand cover @nges

scenarios. Both models and observations suggest that therigisagreementhat GBAM would result in
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cooling over the region of changed albedo, and in particular reduce hot extiemeset al., 2011; Akbari

et al., 2012; Jacobson and Ten Hoeve, 2012; Davin et al., 2014; Crook et al., 2015, 2016; Alkama and
Cescatti, 2016; Seneviratne et al., 2018romparison, there islaited evidencen the ability of MCB or

CCT to mitigate regional climate impacts of 1.5°C warming because the magnitude of the climate response
to MCB or CCT remains uncertain and the processes are not fully undeistbotann and Gasparini,

2017)

B. General consequence and impacts of solar radiation modification

It has been proposed that deploying SRM as a supplement to mitigation may reduce increases in global
temperatureelated extremes and rainfall intensity, and lessen the loss of coral osefisiéreasing sea
surface temperaturé¢keith and Irvine, 2016)but it would not address even worsefiTjiputra et al., 2016)
negative effects from continued ocean acidification.

Anotherconcern with SRM istheriskad 6t er mi nati on shbekbdbdowhénesmdd
stopping SRM, which might cause rapid temperature rise and associated ifhpaesset al., 201 8zrael et
al., 2014; McCusker et al., 2014; Robock, 20h8)st noticeably biodiversity log$risos et al., 208). The
severity of the termination effect has recently been del{Re#ter and Irvine, 201&nd depends on the
degree of SRM cooling. This report only considers limited SRMe context of mitigation pathways to
1.5°C Other risks of SRM deploymenbuld be associated with the lack of testing of the proposed
deployment schemes.(.(Schéafer et al., 201B)Ethical aspect@and issues related to the governance and
economics are discussedSection 4.3.8.

C. Consequences and impacts of SRM on the carbon budget

Because of its effects on surface temperature, precipitation and surface shortwave radiation, SRM would also
alter the carbon budget pathways to 1.5°C or (ElSeev, 2012; Keller et al., 2014; Keith et al., 2017;

Lauvset et al., 2017)

Despite thedrge uncertainties in the simulated climate response to SRM, current model simulations suggest
that SRMwould lead to altered carbon budgets compatible with 1.5°C or 2°C. The 6 CMIP5 models
investigated simulated an increase of natural carbon uptakedpilzsphere and, to a smaller extent, by the
oceanslfigh agreement The multtmodel mean of this response suggests an increase of the RCP4.5 carbon
budget of about 150 GtCG@fter 50 years of SOnjection with a rate of 4 TgS Y which represents abbd

years of CQemissions at the current rate (36 GtG©'). However, there igncertainty arounduantitative
determination of the effects that SRM or its cessation has on the carbon budget due to a lack of
understanding of the radiative processesinlgithe global carbon cycle response to S@®édmachandran et

al., 2000; Mercado et al., 2009; Eliseev, 2012; Xia et al., 20b@Ertainties about how the carbon cycle

will respond to termination effects of SRM, and uncertainties in clitateon cycle feedbacks

(Friedlingstein et al., 2014)

D. Sustainable development and SRM

There ardew studies investigating potential implications of SRM for sustainable develophieseare

based on a limited number of scenarios layyabthetical considerationshainly referring to benefits from

lower temperature@rvine et al., 2011; Nicholson, 2013; Anshelm and Hansson, 2014; Harding and Moreno
Cruz, 2016) Other studies suggest negative impacts from SRM implementation concerning issues related to
regional disparitiegHeyen et al., 2015pquity(Buck, 2012) fisheries, ecosystems, agriculture, and
termination effect¢Robock, 2012; Morrow, 2014; Wong, 201#)SRM is initiated by the richer nations,
theremightbe issues with local agency, apalssiblyworsening conditions for those suffering most under
climate changéBuck et al., 2014)In addition, ethical issues related to testing SiiMe beemaised (e.qg.,
(Lenferna et al., 201Y)Overall, there ifigh agreementhat SRM would affect many development issues
butlimited evidencenthe degree of influencand how it manifests itself across regions and different levels
of sociay.

E. Overall feasibility of SRM
If mitigation efforts do nokeep global mean temperature below’C,55RM can potentially reduce the
climate impacts of a temporary temperature overshoot, in particular extreme temperatures, rate of sea level
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rise and itensity of tropical cyclones, alongsiiofeéense mitigation and adaptatiefforts While theoretical
developments show that SRM is technically feasible (see Section 4.3.8.2), global field experiments have not
been conducted and most of the knowledge about SRM is based on imperfect model simulations and some
natural analogues. There @lso considerable challenges to the implementation of SRM associated with
disagreements over the governance, ethics, public perception, and distributional developmentBoyaicts
2016;Preston, 2016; Asayama et al., 2017; Sugiyama et al., 2017b; Svoboda, 2017; McKinnon, 2018;
Talberg et al., 2018kee Section 4.3.8pverall, the combined uncertainties surrounding the various SRM
approaches, including technological maturity, phydicaerstandingpotential impacts, and challenges of
governance, constrain the ability to implement SRM in the near future.

[END CROSSCHAPTER BOX 10HERE]

4.4 Implementing Far-Reachingand Rapid Change

The feasibility of 1.5°@ompatible pathwayis contingent upon enabling conditions for systemic change
(see Cross Chapter B&in Chapter 1 Section 4.3 identifies the major systems, and options within those
systemsthat offer the potential for change to align with 1.5°C pathways.

ARS5 identifies enabling conditiores influencing the feasibility alimate responsgolstad et al., 2014)

This sectiordraws onl.5°CGspecific andelatedliteratureon rapid and scaleip change, to identifyhe

enabling conditionghat influence the feasibility of adaptation and mitigation options assessed in Section 4.5.
Examples from diverse regions and sectors are provided to illustrate how these cocolitidasable or

constrain themplementation ofncrementalrapid, disriyptive and transformativenitigation and adaptation
consistent withL.5°Cpathways

Coherence between the enabling conditioolsls potential to enhanéeasibility of 1.5°C-consistent
pathwaysand adapting to the consequendgss includedetter alignrentacrosggovernancecales
(OECD/IEA/NEA/ITF, 2015; Geels et al., 201 8nablingmulti-level governanc€Cheshmehzangi, 2016;
Revi, 2017; Tait and EustaBrown, 2017)andnested institutionfAbbott, 2012) It also includes inter
disciplinary actionscombinedadaptation and itigation action(Gopfert et al., 20183nd sciencgolicy
partnershipgVogel et al., 2007; Hering et al., 2014; Roberts, 2016; Faguet al., 2017; Leal Filho et al.,
2018) Thesepartnerships are difficult to establish and sustairt can generate trugole, 2015; Jordan et
al., 2015 and inclusivity that ultimatleganprovide durability and the realisation of-benefitsfor
sustained rapid changBlanchet, 2015; Ziervogel et al., 2016a)

4.4.1 Enhancing Multi-LevelGovernance

Addressing climate change and implementing respdonsk§°G-consistenpathways will need to engage
with various levels and types of governaBetsill and Bulkeley, 2006; Kern and Alber, 2009;
Christoforidis et al., 2013; Rometankao et al., 2018)AR5 highlighted the significance of governance as
a means of strengthening adaptation and mitigation and advancing sustainable devékiparéaey et al.,
2014) Governancesidefined in the broadest sense asphecesses of interaction and decision making
among actors involved in a common probfem ( Ko oi man 2 O(BléirbaeyHet dl.,t29147Ri9 1 1)
definition goes beyond notions of formal government or political authority and integrates other actors,
networks, informal institutions and communities.

4.4.1.1 Institutions and theiCapacityto InvokeFar-Reaching andrapid Change

Institutions, the rules and norms that guide human interactions (Section 4.4.2), enable or impede the
structures, mechanisms and measures that guide mitigation and adaptation. Institutions, understood as the
6r ul es o (@North,1990) gxertrdieedt and indirect influence over the viability of 1 sWDsistent
pathwaygMunck et al., 2014; Willis, 2017Y50overnance would be needed to support wickeand
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effecive adoption of nitigation and adaptation optiorigstitutions and governance structures are
strengthened when t hdsexplorednasaway of sharifhg managementcandmmo n s 6
responsibilitie§Ostrom et al., 1999; Chaffin et al., 2014; Young, 20Ii6titutions would need to be
strengthened to interact amongst themselves, and to share responsibilities for the development and
implementation of rles, regulationand policieOstrom et al., 1999; Wejs et al., 2014; Craig et24l17)

with the goal of ensuring that these embrace equity, justice, poverty alleviation and sustainable development,
enabling a 1.5°C worl¢Reckien et al., 2017; Wood et al., 2017)

Several authors have identified different modes of estascholder interaction in climate policy, including
the role played by large multinational corporaticsraall enterprisesivil society and nosstateactors.

Ciplet et al. (2015argue that civil society is to a great extent the only reliable motor for driving institutions
to change at the pace requir&@rn and Alber (200%ecognise different forms of collaboration relevant to
successful climate policies beyond the local level. Horizontal collaborationt{@ngnational city networks)
and vertical collaboration within natiestates can play an enabling r@Ringel, 2017) Vertical and

horizontal collaboration refdres synergistic relationships between stakeholdergold and Fischer, 2014;

Hsu et al., 2017)The importance of comunity participation is emphagd in literature, and in particular

the need to take into account equity and gender considerations (Chg@eat®m et al., 2015; Bryan et al.,
2017; Wangui and Smucker, 201Paricipationoftenfacesimplementatiorchallenges and may not always
result in better policy outcomes. Stakeholders, for example, may not view climate change as a priority and
may not share the same preferences, potentially cresgpiolicy deadlockPreston et al., 2013, 2015; Ford

et al., 2016)

4.4.1.2 InternationalGovernance

International treaties help strengthen policy implementation, providing a medium artddiangsion
(Obergassel et al., 2018iternational climate governance is organised via many mechanisms, including
international organisations, treaties and conventiongxample UNFCCC,theParis Agreemdrandthe
Montreal Protocol. Other multilateral and bilateral agreements, such aagr@denentsalso have a bearing
on climate change.

There are significardifferences betweeglobal mitigation and adaptation governarfcames Mitigation

tends to be global by its nature and it is based on the principle of the climate system as a global commons
(Ostrom et al., 1999Adaptation has traditionally been viewed as a local process, involving local authorities,
communities, and stakehold€khan, 2013; Preston et al., Z)lalthough is now recognised to be a multi
scaled, multiactor process that transceridam local andsubnational to nationaland internationascales
(Mimura et al, 2014; UNEP, 2017aNational governmentgrovidea central pivot for coordination,

planning, determining policgSection 4.4.5priorities and distributing resourcddational governments are
accountable to the international community through internal agreement¥ et, many of the impacts of
climate change are transboundary, so that bilateral and multilateral cooperation areMakedeet al.,

2015; Donner et al., 2016; Magnan and Ribera, 201&drdl and Ford, 2016; Lesnikowski et al., 2017)

The Kigali Amendment to the Montreal Protodeimonstratethat aglobal environmentaigreement

facilitating common but differentiated responsibilitiepossiblgSharadin, 2018)This was operainalised

by developed countries aig first, with developing countries followg andbenefiting fromeapfrogging

the triatanderror stages dhnovativetechnology development.

Wor k on international cli mate gover nandcooedindtiags f oc u
the action of natiostateq Aykut, 2016)organigd around a diverse set of intrumeiitdinding limits

allocated by principles of historical responsibility and equitycarbon prices, emissions quotii¥,pledges

and review of policies and measureswra combination of these optiofStavins, 1988; Grubb, 1990;

Pizer, 2002; Newell and Pizer, 2003)

Literatureonthe Kyoto Protocoprovidestwo important insight$or 1.5°Ctransition thechallenge of
agredng on rules to allocate emissions qudtg@kukla, 2005; Caney, 2012; Winkler et al., 2013; Gupta,
2014; Méjean et al., 2018nd a climatecentric vision(Shukla, 2005; Wikler et al., 2011)separated from
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development issues which drove resistadnam manydeveloping nationfRoberts and Parks, 200&jorthe

former, a burden sharing approach led to an adversarial process among nations to decide who shall be
allocated 6how much6é of t h(@anay,®daOhmddreeral., @X15; Rosez et e mi s
al., 2015; Giménegomez et al., 2016)ndustry group lobbyingfurthercontributedto reducingspace for
maneuvreof some major emitting natiorfslewell and Paterson, 1998; Levy and Egan, 2003; Dunlap and
McCright, 2011; Michaelowa, 2013; Geels, 2014)

Given the political unwillingness to continue withe Kyoto Protocolapproach a new approach was
introduced in the Copenhagen Accord, the Cancun Agreements, and finally in the Paris AgrEeenent
transition to 1.5°C requires carbon neutrality and thus do#tygnd the traditional framing of climate as a
6tragedy of t he c viacoseoptind allbcationtridesyhich demenstisteddlow
probability of enabling a transition to 1.580nsistent pathway®att, 2017) TheParis Agreemenbuilt on
a(ledge and reviesystemis thoughtbe more effective isecung trust(Dagnet et al., 2016¢nables
effedive monitoring and timely reporting on national actions (including adaptatoyying for
international scrutiny and persistent efforts of civil society andstate actors to encourage actiofdrh
national and international conteXfsllan and Hadden, 2017; Backstrand and Kuyper, 2017; &léhal.,
2017; Lesnikowski et al., 2017; Maor et al., 2017; UNEP, 2Q1vi#) some limitationgNieto et al., 2018)

The paradigm shift enabled at Cancun succeeded by
sustai nabl eHodreadeest ab, 0h® e tuse ofpledge and reviednow underpins thdaris
AgreementThis consolidatemultiple attempts to define a governance approach that relies on National
Determined Contributions ( NDCs (Bodansky and Diringeg 20048 f or
reinforce themThis enables a regular, iterative, review of NDCs allowing countries to set their own

ambitions after a globatocktake and more flexible, experimerftaims of climate governance, which may

provide room for higher ambition, and be consistent with the needs of governing for a rapid tremsition

clos the emission gafClémencon, 2016; Falkner, 201@rossChapter Bot1in this Chapter Beyond a

general consensus on the necessityledsurementReporting and Verification (MRV) mechanisms as a

key element of a climate reging€ord et al., 2015 van Asselt et al., 20153ane authors emphasi

different governance approaches to implemenPuis AgreemeniThrough market mechanisms under

Article 6 of theParis Agreemerdnd the nevproposedustainable developmemtechanismit allowsthe

space tdiarness the lowest costtigation options worldwideThis may incentivis@olicymakers to

enhance mitigation ambitidtys peedi ng up <c¢l i mate acti onKeahsnepart o
and Victor, 2011pf loosely interrelated global governance institutidnghe Paris Agreementhe

Common But Differentiated Responsibilities and Respective CapabiliBSR-RC) principle could be
expanded and revisited u(hahe3$ha 2a018ssatoal toiopemyinnovatien pi e 6
processes towards alternative development path{@Ghepter 5)

COP16in Cancunwasalsothe first timein the UNFCCCthatadaptatiorwas recognised to hagemilar

priority as mitigation. Th&aris Agreemermnecognises the importance of adaptation action and cooperation
to enhance such actiofChung Tiam Fook, 2017; Lesnikowski et al., 204uygesthat the Rris

Agreements explicit about mliilevel adaptation governanceutlines stronger transparency mechanjsms
links adaptation tadevelopment and climate justi@d ishence suggestive of greater inclusiveness of-non
state voices and the broader contexts of social change.

1.5°G-consistenpathways requiréurther exploratiorof conditions of trust and reciprocity amongst nation
stateqSchelling, 1991; Ostrom and Walker, 2008pmeauthors (Colman et ak011; Courtois et gl2015)
suggest departirefrom the vision of actors acting individually in the pursuit of $eférest tathatof

iterated games with actors interacting over time showing that reciprocity, with occasional forgiveness and
initial good faith, can lead to wiwin outcomes and to cooperation as a stable stréfeglrod and

Hamilton, 1981)

Regional cooperation plays an iorfant role in the context of global governardéerature on climate
regimes has only started explorimgovative governance arrangements includaagilitions of transnational
actorsincludingstate marketand nonrstate actorgBulkeley et al., 2012; Hovi et al., 2016; Hagen et al.,
2017; Hermwille et al., 2017; Roelfsema et al., 2G8) groupingsf countriesasa complement to the
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UNFCCC(Abbott and Snidal, 2009; Biermann, 2010; Zelli, 2011; Nordhaus, 2Cli&)ate action requires
multi-level governance frorthe local andommunitylevelto national, regional anthternational levels

Box 4.1 shows the role of sutational authorities, e.g. regions and provinces in facilitating urban climate
action, whileBox 4.2 shows thatlimategovernance&an beorganise across hydrological amibtonly
political unitsas well

4.4.1.3 SubNational Governance

Local governments can play a key r@iéelica et al., 2018; Rometloankao et al., 2018 influencing
mitigation and adaptation strategies. It is important to understand how rural andwg@gsmall islands,
informal settlements and communities might intervene to reduce climate infipalktsiey et al., 2011)

either by implementing climate objectives defined at higher government levels, taking initiative
autonomouslyr collectively(Aall et al., 2007; Reckien et al., 2014; Araos et al., 20H@idrich et al.,

2016) Local governanctaces the challenge of reconcililagal concerns with global objectives. Local
governmentgould coordinate and develeffective local responseand could pursuprocedurajusticein
ensuring community engagement and more effective policies around energy and vulnerability reduction
(Moss et al., 2013; Fudge et al., 20IB)ey can enable more participative decigiagking(Barrett, 2015;
Hesse, 2016Fudge et al. (2016argue thatocal authorities are wepositioned to involve the wider
community in designing and implementing climate policies, engaging with sustainable energy generation
e.g, by supporting energy communiti€Slee, 2015)andthe delivery of demandidemeasuresand
adaptatiorimplementation

By 2050, it is estimated three billion people v living in slumsand informal settlements

neighbourhoods without formal governance, orzaned land developmesdnd in places that are exposed
to climaterelated hazard®Bai et al., 2018)Emerging research is examining how citizeascontribute
informally to governancwith rapid urbaisation andveakergovernment regulatio(Garmiento and Tilly,
2018) It remains to be seen haWwe possibilities andansequences of alternative urban governance models
for large, complex problems and addressing inequality and urban adapiifittmnmanagedAmin and

Cirolia, 2018; Bai et al., 2018; Sarmiento and Tilly, 2018)

Expandingnetworks of citiessaring experiences on coping with climate change and drawing economic and
development benefifrom climate change responses repreaamcentnstitutional innovation. This could

be complemented by efforts of national governments through national wl@agto enhance local

climate action(Broekhoff et al., 2018)0ver the years)on-state actors have set up several transnational
climate governance initiatives to accelerate the climate resgonsxample ICLEI (1990), 40 (2005),
theGlobal Island Partnershi2006) and th&€ovenant of Mayors (200§f5ordon and Johnson, 2017; Hsu et
al., 2017; Ringel, 2017; Kona et al., 2018;Iide et al., 2018and to exert influence on national

governments and the UNFC(QBulkeley, 2005)However,(Michaelowa and Michaelowa, 201fMd low
effectiveness of over 10ff suchmitigationinitiatives.

4.4.1.4 InteractionsandProcesse$or Multi-LevelGovernance

Literature has proposeduiti-level governance in climate change agnabler for systemic transformation
and effective governancas the concept is thought to allow tmmbining decisions across levels, sectors
and institutioml typesat the same levéRomereLankao et al., 2018yith multi-level reinforcement and the
mobilisation of economic intests at different levels of governance (Janicke and Quitzow, Z04&%e
governance mechanisms are based on accountability and transparency rules and participation and
coordination acrosand within these levels

A study d 29 European countries showed that the rapid adoption and diffusion of adaptation policymaking is
largely driven by internal factors, at the national andrmsaiibnal level{Massey et al., 20147n

assessment of national level adaptation in 117 couriBasangFord et al., 2014)ind good governance to

be the one of the strongest predictors of national adaptation pdfi@nalysis of clinate response by 200
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large and mediursized cities acrossdevenEuropean countries find that factors such as membership of
climate networks, population siz8ross Domestric ProdudBDP) per capita and adaptive capacity act as
drivers of mitigation anddaptation plangReckien et al., 2015)

Adaptation policy has seen growth in some a(bkssey et al., 2014; Lesnikowski et al., 2QEhough

efforts to tracladaptation progress are constrained by an absence of data sources on aeteditn

Ford et al. P11; Ford and Berrargord 2016; Magnan and Ribera 2016; Magnan 20¢&)y developing
countries have made progress in formulating national policies, plans and strategies on responding to climate
changeThe NDCs have been identified as one such institutional mechéviagman et al., 2015; Kato and

Ellis, 2016; Peters et al., 201(QrossChapter Bog1in this Chapter.

To overcome barriet® policy implementation, local coits of interesbr vested interestsirong

leadership and agency is needed by political leaders. As shown by the Covenant of Mayors initiative (Box
4.1), political leaders with a vision for the future of the local commuaaitysucceeih reducing GHG

emissions, when they are supported by civil soc{Riyas et al., 2015; Croci et al., 2017; Kona et al., 2018)
Any political visionwould needo be translated into an action plafwhich elements could l#escribing
policies and measures needed to achireesition the human gd financial resources needed, milestones,

and appropriate measurement and verification pres¢dzevedo and Leal, 201.7Discussing the plan with
stakeholders and civil society, including citizens and right of participation for minorities, and treimg
provide input and endorse it, is found to increase the likelihood of su&iras et al., 2015; Wamsler,

2017) However, as described biightingale (2017andGreen (2016)struggles over natural resources and

adaptatogyover nance both at the national and communi ty

politically unstable contexts, where power and po
[START BOX 4.1 HERE]

Box 4.1: Multi -LevelGovernance in the EU Covenant of Mayors: Examplef the Provincia di
Foggia

Since 2005, ities have emerged adocus of institutional and governance climate innovafhelica et al.,
2018)and ardriving responses to climate char(@oberts, 2016)Many cities have adopted more
ambitiousGreenhouse Ga§&HG) emission reduction targets than countfi€sna et al., 2018)with an

overall commitment of GHG emission reduction targets by 2020 of 27%, almost 7 percentage points higher
than the minimum target for 20ZRona et al., 2018)r'he Covenant of Mayors (CoM) is an initiative

which municipalities voluntarily commit to G@mission reduction. The participation of small

municipalities has been facilitated by the development and testing of a neviewelljovernance model
involving Covenant Territorial Coordinators (CTCsg,iprovinces and regions, which commit to providing
strategic guidance, financial and technical support to municipalities in their territories. Results from the 315
monitoring inventories submitted showsashievement 023% reduction in emissions (coamed to an

average year 2009f more than half of the cities under a CTC schéidena et al., 2018)

The Province of Foggia, acting as a Cfayesupport to 36 municipalities to participate in the CoM and to
prepare Sustainable Energy Action Plans (SEAPS). The Province developed a common approach to prepare
SEAPSs, provided data to compile municipal emission invent@Biegoldi et al., 2018and guided the

signatory to identify an appropriate combination of measures to curb GHG emissions programme. The local
Chamber of Commerce tia key role also in the implementation of these projects by the municipalities
(Lombardi et al., 2016)The joint action by the province and the municipalities in collaboration with the

local business communigould be seen as an exampleuafiti-level governancé_ombardi et al., 2016)

Researchers have investigated local forms of collaboration within local governmenhenatttive

involvement of citizens and stakeholders, and acknowledge that public acceptance is key to the successful
implementation of policied_arsen and Gunnarss@stling, 2009; Musall and Kuik, 2011; Pollak et al.,

2011; Christoforidis et al., 2013; Pasimeni et al., 2014; Lee and Painter, 206k&ving ambitious targets

would need leadership, enhanced mlgltiel governance, vision and widespread participation in
transformative chang&€astan Broto and Bulkeley, 2013; Rosenzweig et al., 2015; Castan Broto, 2017;
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