OECD Environment Working Papers No. 222

Paris-consistent climate
change mitigation scenarios:
A framework for emissions
pathway classification in line
with global mitigation
objectives

&) OECD

Coline Pouille,
Marcia Rocha,
Jolien Noels,
Raphaél Jachnik

https://dx.doi.org/10.1787/0de87ef8-en

QO
9858 Research Collaborative
O®O

Tracking Finance for Climate Action


https://dx.doi.org/10.1787/d12005e7-en

&) OECD

Organisation for Economic Co-operation and Development

ENV/WKP(2023)14

For Official Use English - Or. English
26 September 2023

ENVIRONMENT DIRECTORATE

Paris-consistent climate change mitigation scenarios: A framework for emissions
pathway classification in line with global mitigation objectives

Environment Working Paper No. 222

By Coline Pouille (1), Marcia Rocha (1), Jolien Noels (1) and Raphaél Jachnik (1)

(1) OECD Environment Directorate

OECD Working Papers should not be reported as representing the official views of the OECD or its
member countries. The opinions expressed and arguments employed are those of the authors.

Authorised for publication by Jo Tyndall, Director, Environment Directorate

Keywords: Climate change mitigation scenarios, greenhouse gas emissions pathways, net zero targets,
Paris Agreement alignment, 1.5°C temperature goal, temperature overshoot.

JEL Codes: Q54, Q56, C68.

Contacts:

Coline Pouille (coline.pouille@oecd.org)
Marcia Rocha (marcia.rocha@oecd.org)
Jolien Noels (jolien.noels@oecd.org)
Raphaél Jachnik (raphael.jachnik@oecd.org)

JT03527281

This document, as well as any data and map included herein, are without prejudice to the status of or sovereignty over any territory, to the
delimitation of international frontiers and boundaries and to the name of any territory, city or area.


mailto:coline.pouille@oecd.org
mailto:marcia.rocha@oecd.org
mailto:jolien.noels@oecd.org
mailto:raphael.jachnik@oecd.org

2 | ENV/WKP(2023)14

OECD ENVIRONMENT WORKING PAPERS

OECD Working Papers should not be reported as representing the official views of the OECD or of its
member countries. The opinions expressed and arguments employed are those of the author(s). Working
Papers describe preliminary results or research in progress by the author(s) and are published to stimulate
discussion on a broad range of issues on which the OECD works.

This series is designed to make available to a wider readership selected studies on environmental issues
prepared for use within the OECD. Authorship is usually collective, but principal author(s) are named. The
papers are generally available only in their original language — English or French — with a summary in the
other language.

Comments on Working Papers are welcomed, and may be sent to:
OECD Environment Directorate
2 rue André-Pascal, 75775 Paris Cedex 16, France

or by email: env.contact@oecd.org

OECD Environment Working Papers are published on

www.oecd.org/environment/workingpapers.htm as well as

on the OECD iLibrary (www.oecdilibrary.orq)

The statistical data for Israel are supplied by and under the responsibility of the relevant Israeli authorities.
The use of such data by the OECD is without prejudice to the status of the Golan Heights, East Jerusalem
and Israeli settlements in the West Bank under the terms of international law.

Note by Republic of Tlrkiye: The information in this document with reference to “Cyprus” relates to the
southern part of the Island. There is no single authority representing both Turkish and Greek Cypriot people
on the Island. Turkiye recognises the Turkish Republic of Northern Cyprus (TRNC). Until a lasting and
equitable solution is found within the context of the United Nations, Turkiye shall preserve its position
concerning the “Cyprus issue”.

Note by all the European Union Member States of the OECD and the European Union: The Republic of
Cyprus is recognised by all members of the United Nations with the exception of Turkey. The information
in this document relates to the area under the effective control of the Government of the Republic of
Cyprus.

© OECD (2023)

You can copy, download or print OECD content for your own use, and you can include excerpts from
OECD publications, databases and multimedia products in your own documents, presentations, blogs,
websites and teaching materials, provided that suitable acknowledgment of OECD as source and copyright
owner is given.

All requests for commercial use and translation rights should be submitted to rights@oecd.org.

For Official Use


mailto:env.contact@oecd.org
http://www.oecd.org/environment/workingpapers.htm
http://www.oecdilibrary.org/
mailto:rights@oecd.org

ENV/WKP(2023)14 | 3

Abstract

Since the adoption of the Paris Agreement, governments and economic actors have increasingly been
setting greenhouse gas emissions reduction or net-zero targets. Amidst risks of delayed action and
greenwashing, there is need to understand whether climate-related targets and transition plans are
consistent with the Paris Agreement. Climate change mitigation scenarios can be used as inputs to design
such targets and plans, and as benchmarks to assess progress towards them. In this context, this paper
proposes criteria for selecting global climate change mitigation scenarios that can be considered consistent
with the Paris Agreement temperature goal and emissions objectives, based on state-of-the-art literature
on climate science and mitigation scenarios.

The analysis applies the proposed criteria to identify envelopes of Paris-consistent scenarios among global
climate change mitigation scenarios in the Intergovernmental Panel on Climate Change Sixth Assessment
Report scenarios database. The analysis demonstrates that a rigorous science-based approach that
considers all mitigation-related objectives in the Paris Agreement is necessary to identify Paris-consistent
global scenarios. This in turn is critical for understanding near-term implications of long-term climate
targets, in light of the need for steep emissions reductions in the coming decade to limit overshoots of
1.5°C and associated climate risks.

Keywords: Climate change mitigation scenarios, greenhouse gas emissions pathways, net zero targets,
Paris Agreement alignment, 1.5°C temperature goal, temperature overshoot.

JEL Codes: Q54, Q56, C68.
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Résumeé

Depuis l'adoption de I'Accord de Paris, les acteurs gouvernementaux et économiques sont de plus en plus
nombreux a fixer des objectifs de réduction des gaz a effet de serre ou de neutralité nette. Face aux risques
de retard dans l'action climatique et d'écoblanchiment, il est nécessaire de comprendre si les objectifs et
plans de transition climatiques sont cohérents avec I'Accord de Paris. Les scénarios d'atténuation du
changement climatique peuvent servir de base a I'élaboration de ces objectifs et plans, et de référence
pour évaluer les progrés. Dans ce contexte, ce document propose des critéres pour sélectionner des
scénarios mondiaux d'atténuation du changement climatique qui peuvent étre considérés comme
cohérents avec les objectifs de température et d'émissions de I'Accord de Paris, en se fondant sur la
littérature en science du climat et les scénarios d'atténuation les plus récents.

L'analyse applique les critéres proposés pour identifier des enveloppes de scénarios compatibles avec
I’Accord de Paris, parmi les scénarios mondiaux d'atténuation du changement climatique recueillis dans
la base de données des scénarios du sixieme rapport d'évaluation du Groupe d'experts
intergouvernemental sur I'évolution du climat. L'analyse démontre qu'une approche scientifique rigoureuse
prenant en compte tous les objectifs liés a I'atténuation de I'Accord de Paris est nécessaire pour identifier
les scénarios mondiaux compatibles avec I’Accord. Cela est essentiel pour comprendre les implications a
court terme des objectifs climatiques long-terme, compte tenue de le nécessité de réductions significatives
des émissions dans la prochaine décennie pour limiter les dépassements de 1.5°C de réchauffement
mondial et les risques climatiques associés.

Mots-clés: Scénarios d’atténuation du changement climatique, trajectoires d’émissions de gaz a effet de
serre, objectifs de zéro émission nette, alignement avec I'Accord de Paris, objectif de 1.5°C de
réchauffement climatique, dépassement temporaire du seuil de 1.5°C.

Codes JEL: Q54, Q56, C68.
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Glossary

Climate change mitigation scenario: the coherent set of modelled quantitative pathways showing how
to achieve a given climate goal. Depending on their complexity, climate change mitigation scenarios may
include internally consistent pathways for hundreds of different variables, such as for the evolution over
time of emissions by gas, energy use, energy supply, land use, economic and sectoral variables etc.

Emissions pathway: the modelled trajectory of anthropogenic emissions for a specific gas (e.g. carbon
dioxide) or for aggregated GHG, that is part of a scenario. For greater clarity, this paper restricts the use
of the term pathway to this definition, acknowledging, however, that the term is often employed more
generally in reference to a complete mitigation scenario.

Scenario envelope: a set of several scenarios selected based on a criterion or on several criteria. For
example, all scenarios consistent with a specific temperature outcome form an envelope of scenarios.

Global warming: the increase in global mean surface temperature (GMST), relative to the reference
period 1850-1900.

Overshoot: the temporary exceedance of a given global warming limit, in general 1.5°C. Overshoot implies
that global temperatures peak and then decline thanks to global negative net emissions.

Likelihood of staying below a temperature: the chance that a given scenario or carbon budget gives to
remain below a given level of global warming, such as 1.5°C, throughout the century. Indeed, the
temperature outcome associated with an emissions pathway or a carbon budget is estimated
probabilistically.

Kyoto GHG gases: the set of greenhouse gases (GHG) covered by the Kyoto Protocol and whose
emissions are usually modelled in climate change mitigation scenarios. These include mainly carbon
dioxide (CO2), nitrous oxide (N20) and methane (CHa4), as well as sulphur hexafluoride (SFs),
hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs). Total GHG emissions in CO:2 equivalent terms
aggregate these Kyoto gases, weighing them in general by their global warming potentials.

Net-zero CO», emissions: a state where anthropogenic CO2 emissions are balanced by anthropogenic
CO2 removals over a given period of time (e.g. over a year). The concept of net-zero emissions is only
used at the global scale in this paper.

Net-zero GHG emissions: net-zero emissions are achieved when metric-weighted anthropogenic
emissions of greenhouse gases to the atmosphere are balanced by metric-weighted anthropogenic
removals over a given period of time (e.g. over a year). Given that multiple greenhouse gases are involved,
the quantification of net-zero GHG emissions depends on the metric chosen to aggregate emissions of
different gases. In this paper, the metric used is Global Warming Potentials over 100 years (GWP100) as
estimated by the IPCC ARG6. Indeed, under the Paris Rulebook (Decision 18/CMA.1, annex, paragraph
37), parties have agreed to use GWPioo values from the IPCC AR5 or from a subsequent IPCC
Assessment Report to report aggregate emissions and removals of GHGs.

Sources: (IPCC, 20181, IPCC, 20211; IPCC, 20223)).
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Executive summary

Since the adoption of the Paris Agreement, governmental, business, financial, and other economic
actors have increasingly been setting greenhouse gas (GHG) reduction or net-zero targets and
transition plans. Amidst evidence of delayed action and greenwashing, there is growing need to
understand whether these targets and related transition plans are consistent with the Paris Agreement’s
mitigation-related objectives, as well as promote increased transparency and accountability. The Paris
Agreement adopted in 2015 is the main guiding policy framework for global climate action and includes
both a global long-term temperature goal (Article 2.1a) and a long-term emissions objective (included in
Article 4). While providing “a direction of travel”, the formulations of Article 2.1a and 4 are subject to some
degree of interpretation in terms of translation into future emissions.

The aim of this paper is to propose an approach for identifying global climate change mitigation
scenarios that can be considered consistent with the Paris Agreement’s long-term temperature
goal and emissions objectives. Global climate change mitigation scenarios play a key role in formulating
targets consistent with the ambition of the Paris Agreement and for measuring the alignment of transition
plans and policy pledges with the Paris Agreement’s mitigation ambition. This paper explores options for
interpreting and translating the Paris Agreement’s long-term temperature goal and emissions objective into
a set of potential concrete criteria to select Paris-consistent global climate change mitigation scenarios.
The aim is to contribute to an enhanced use of such scenarios by economic actors setting net-zero targets,
developing transition plans and assessing alignment with the Paris Agreement.

This paper focuses on consistency with the Paris Agreement at the global level, while recognising
that downscaling global scenarios to a more granular geographic level is needed for them to serve
as reference in assessments by individual governmental and economic actors. The geographical
downscaling of global pathways is challenging as it requires burden-sharing assumptions and principles
(e.g., based on historical responsibility or capacity), which fall outside the scope of this paper. It is,
however, important to note that global climate change mitigation scenarios such as those explored in this
paper are currently used as inputs for target setting and Paris alignment assessment methodologies,
notably in the financial and corporate sectors.

Based on considerations from recent findings in climate change mitigation scenarios and broader
climate research, the paper proposes a set of five criteria for selecting global climate change
mitigation scenarios that can be considered as Paris-consistent (Table 1). Two possible sets of
criteria are proposed, corresponding to two different levels of stringencies in the interpretation of the Paris
Agreement’s mitigation-related objectives. Applying the criteria to filter the 1,200 scenarios gathered in the
IPCC ARG scenarios database yields two envelopes of 26 (stringent interpretation) and 55 (less stringent
interpretation) Paris-consistent scenarios respectively.

For Official Use
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Table 1. Criteria for selecting global scenarios consistent with the Paris Agreement’s
mitigation-related objectives

Paris Criteria
Agreement Paris Agreement mitigation
Article goal and objectives More stringent interpretation Less stringent interpretation
21a Criterion 1
1.5°Cin 2100
In 2100, the scenario must hold global warmingl below 1.5°C with at least 50% chance?.
“pursuing efforts to limit the
temperature increase to 1.5 °C” Criterion 2
no or limited overshoot of 1.5°C
Throughout the century, the scenario must hold global warming below 1.6°C with 50%
chance.
21a Criterion 3 Criterion 3
“holding the increase in global well-below 2°C throughout the century well-below 2°C throughout the century
average temperature to well below | Throughout the century, the scenario must | Throughout the century, the scenario must
2°C hold global warming below 2 °C with at hold global warming below 2 °C with at
least 90% chance. least 78.3% chance.
41 Criterion 4 Criterion 4

“aim to reach global peaking of
greenhouse gas emissions as soon
as possible

[...and] achieve a balance between
anthropogenic emissions by
sources and removals by sinks of
greenhouse gases in the second

peak GHG emissions

The scenario must ensure that global GHG
emissions® peak at or before 2025.

Criterion 5
net-zero GHG emissions
The scenario must achieve global net-zero

peak GHG emissions
The scenario must ensure that global GHG
emissions peak at or before 2030.

Criterion 5
near net-zero GHG emissions
The scenario must achieve global net-zero

half of this century” GHG emissions before 2100. CO2 emissions before 2100, with residual
net GHG emissions of 5 Gt or less in 2100.
Number of scenarios in the IPCC AR6 database 26 55

The combination of five criteria highlights the need for a precautionary approach in selecting
climate change mitigation scenarios used as benchmarks to inform targets, plans and actions by
governmental, business, financial and other economic actors. This paper recognises that more lenient
interpretations of the Paris Agreement’s provisions than the ones herein presented are possible. However,
such lenient interpretations overlook the overwhelming evidence on climate change and its impacts,
notably the crossing of climate system tipping points. It is important to note that the criteria proposed in
this paper and the resulting emissions envelopes reflect the most recent science and scenarios as of 2023.
This is, however, a dynamic field. The criteria and envelopes would thus need to be updated over time to
ensure that they encompass the latest scientific evidence on climate risks and emissions scenarios, as
well as relevant political, societal and technological developments. It is additionally important to note that
mitigation scenarios can become outdated simply because they diverge from real world emissions.

Failing to look at all the criteria simultaneously may lead users to select scenarios that are not or
only partly consistent with the long-term temperature goal and emissions objectives of the Paris

L Increase in global mean surface temperature (GMST), relative to the reference period 1850-1900. See Glossary for
full definition of the use of this term in this paper.

2 See Glossary for a definition of the likelihood of staying below a given temperature.

3 GHG emissions are calculated using Global Warming Potentials over 100 years (GWP100). See Glossary for full
definitions of the concepts of GHG emissions, net-zero GHG and net-zero CO:2 as used in this paper.
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Agreement. The scenario envelopes in this paper are derived by applying all criteria for Paris-consistency
from Table 1. They represent less than 4% and 8%, for the more and less stringent sets of criteria
respectively, of all scenarios in the AR6 database that keep global warming below 2°C with a 50% chance
throughout the century. In contrast, a partial consideration of the Agreement’s carefully-negotiated
language may fail to avoid the dangerous levels of climate change the Paris Agreement was created to
avoid. Indeed, common approaches considering only portions of the mitigation objectives (e.g. “net zero
by 20507, “1.5°C in 2100”, or “well-below 2°C” only) result in the selection of a larger number of less
ambitious scenarios. For example, nearly half of the IPCC ARG6 database scenarios are “likely below 2°C,”
and many scenarios that reach net-zero carbon dioxide (CO2) emissions by 2050 do not limit warming to
1.5°C.

The criteria framework put forward in this paper can be used by various governmental and
economic actors for identifying and selecting Paris-consistent climate change mitigation scenarios
to serve as inputs to setting credible GHG reduction targets and transition plans, as well as to
assessing progress towards alignment with the Paris Agreement. A first practical application of this
criteria framework, presented in the OECD paper “Climate change mitigation scenarios for financial sector
target setting and alignment assessment: A stocktake and analysis of their Paris consistency, practicality,
and assumptions”, shows that most of the global scenarios currently used in the financial sector for the
purpose of climate-related target setting and alignment assessments do not fulfil all five criteria of Paris
consistency. This separate paper explores further dimensions relating to the applicability of such scenarios
(notably in relation to geographical and sectoral granularity), as well as their plausibility (in terms of
underlying assumptions and mitigation strategies).

Based on the selected Paris-consistent scenario envelopes, the present paper also identifies good
practices to improve and strengthen GHG emissions reduction and net-zero targets of all types of
stakeholders, as set out below:

e Emissions reduction targets should cover all individual Kyoto gases, in addition to CO2 and
aggregated GHG emissions.

e Targets labelled as “net zero” need to be set for reaching not only net-zero CO2 emissions, but
also net-zero total GHG emissions later in the century.

e In addition to setting a timing for reaching net-zero GHG emissions, it is crucial that targets
encompass interim emissions reductions targets for early and deep emissions reductions by 2030
and further steep reductions by 2040, to limit dangerous overshoots of 1.5°C.

The Paris-consistent scenario envelopes derived in this paper could also inform policy strategies
and plans for achieving the net-zero transition and help guide climate policy decisions in the short
and medium-term to implement the Paris Agreement. Indeed, the envelopes can deliver insights on
the short- and medium-term mitigation action required across the energy, transport, buildings, agricultural
and land use systems to reach the long-term Paris temperature goal and emissions objectives. These
insights can provide guidance on the formulation of national short-term and mid-term strategies for the low
carbon transition. Transition benchmarks based on the envelopes can also be compared against national
and global indicators to track progress of the transition.
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Introduction

The Paris Agreement adopted in 2015 is the main guiding policy framework for global climate ambition and
action. It includes two key climate change mitigation objectives: (i) a global long-term temperature goal of
“holding the increase in global average temperature to well below 2 °C above pre-industrial levels and
pursuing efforts to limit the temperature increase to 1.5 °C above pre-industrial levels”; and (ii) an emissions
objective to “reach global peaking of greenhouse gas emissions as soon as possible [...and] to achieve a
balance between anthropogenic emissions by sources and removals by sinks of greenhouse gases in the
second half of this century” (UNFCCC, 2015p4)).

Climate change mitigation scenarios* are playing an increasing role in operationalising the Paris
Agreement and in transitions to net zero (Guivarch et al., 2022[5)). They are currently used by a wide range
of stakeholders, including governments, private companies and the financial sector, to assess alignment
with global Paris climate mitigation ambition and to set net-zero targets. By making the link between
long-term global warming and emissions pathway, they serve as global ambition benchmarks for
understanding the ambition gap between national targets and pledges put forward in nationally determined
contributions (NDCs) on the one hand, and global Paris Agreement goals on the other hand. Measuring
the ambition gap relies on estimating future emissions implied by NDCs (Meinshausen et al., 2022j), and
comparing these with Paris-consistent emissions pathways; this exercise is undertaken in particular in the
UNEP’s emissions gap report (UNEP, 2022(7) and the IPCC ARG report (Lecocq et al., 2022)). The private
and financial sectors are also increasingly using these scenarios to measure alignment of investments and
corporate transition plans with the Paris Agreement (Noels and Jachnik, 2022q)).

The primary aim of this paper is to define climate change mitigation scenarios that are in line with the Paris
Agreement’s long-term temperature goal and emissions objectives, thereby contributing to an enhanced
use of such scenarios in net-zero target setting and alignment assessments. The Paris Agreement sets a
long-term temperature goal and the objective of reaching net-zero GHG emissions. However, these are
not expressed in terms of amount of GHG emissions per se. Further, they do not explicitly define important
aspects of future emissions pathways, such as timing of peak emissions, a clear timing for achieving
net-zero emissions or level and duration of potential overshoots of the temperature goal throughout the
century. As a result, while providing “a direction of travel”, the formulation of the Paris Agreement’s climate
mitigation objectives inherently opens to some degree of interpretation in terms of how they translate into
future global emissions pathways.

This paper examines ways to translate the Paris Agreement’s mitigation objectives into a set of specific
criteria that can help identify global climate change mitigation scenarios that are useful for setting
decarbonisation targets and for measuring alignment with the Paris Agreement. More specifically, the
analysis pursues three specific objectives:

e Highlight challenges and pitfalls in defining alignment with the Paris Agreement mitigation
objectives at the scenario level.

4 See Glossary for full definitions of the use of the terms climate change mitigation scenarios, emissions pathways and
scenario envelopes in this paper.
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o Identify a set of transparent criteria that can help analyse the consistency of global climate change
mitigation scenarios with the Paris Agreement.

e Provide reference envelopes of scenarios consistent with the Paris Agreement, based on the most
recent climate change mitigation scenarios literature.

This analysis and the criteria translating the Paris Agreement’s long-term temperature goal and emissions
objectives are informed by recent findings in climate change mitigation scenarios and in broader climate
research. Looking at such recent developments is needed, as it has become clear that different
interpretations of the Paris Agreement mitigation objectives could lead to considerably different levels of
climate change (Rajamani, 201610;; Fuglestvedt et al., 201811;; Seneviratne et al., 201812;; Rogelj et al.,
2019113;; Armstrong McKay et al., 2022(147). For example, a long and high overshoot of the 1.5 °C limit could
lead to the irreversible crossing of some of the earth’s so-called tipping points (Armstrong McKay et al.,
20221141; OECD, 2022y15)). Such considerations need to inform assessments of consistency with the Paris
Agreement, which, beyond its temperature and emissions objectives, also includes a goal of “increasing
the ability to adapt to the adverse impacts of climate change and foster climate resilience” (Article 2.1b).
The text of the initial Framework Convention also explicitly refers to “prevent[ing] dangerous anthropogenic
interference with the climate system” (UNFCCC, 1992/1¢)).

This paper has the potential to provide a timely contribution to the setting of GHG emissions targets, design
of transition plans and assessments of alignment with the Paris Agreement for a wide range of
stakeholders. In particular, OECD research has shown that climate change mitigation scenarios are
fundamental inputs to climate-alignment assessment methodologies in the financial sector and can drive
alignment results for a given financial asset (Noels and Jachnik, 20229)). Hence, a first application of the
analytical framework and criteria put forward by this paper is conducted, in a parallel paper, in the context
of climate-alignment assessments in the financial sector, thereby placing a strong emphasis on the issue
of the environmental integrity of such assessments (Noels et al., 2023(17)). This second paper then explores
further dimensions relating to the applicability of such scenarios (notably in terms of geographical and
sectoral granularity, as well as their plausibility (in terms of underlying assumptions and mitigation
strategies).

Climate change mitigation scenarios developed over the past decades attempt to reconcile temperature
and emissions objectives, such as the ones formulated in the Paris Agreement, with future developments
of the socio-economic system (Riahi et al., 202215). These efforts have been undertaken by the climate
change research community (e.g. through recent global consortia of research teams) and by institutional
bodies such as the International Energy Agency (IEA) and the International Renewable Energy Agency
(IRENA). Climate change mitigation scenarios are crucial for much of the analysis undertaken in the IPCC’s
Assessment reports (IPCC, 202219]). Latest IPCC Assessment reports have been accompanied by a
scenarios database comprising the latest generation of climate change mitigation scenarios. The most
recent of the IPCC scenarios database was made available in the context of the publication of the IPCC’s
ARG report (Byers et al., 2022(20)).

The IPCC ARG scenarios database serves as the backbone for the analysis undertaken in this paper. The
database encompasses a set of over 2,000 global scenarios produced by scientific research and
institutional communities. It provides a wealth of publicly available and relatively standardised data across
many modelling and researcher groups (Riahi et al., 2022[1g). As a result, the database reflects a broad
set of mitigation trajectories representing different potential emissions futures and associated temperature
outcomes, resulting from a large spectrum of assumptions, notably in terms of socio-economic and
technological developments (Byers et al., 202220)).

This paper focuses only on consistency with the Paris Agreement at the global climate change mitigation
scenario level, while recognising that downscaling scenarios to higher geographical resolution is needed
for them to serve as references for assessments by governmental, financial, and other economic actors.
The global climate change mitigation scenarios published as part of the IPCC AR6 on which this paper is
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based are global least-cost scenarios that inform where emission reductions are most cost-efficient to
reach global climate goals. Such scenarios are agnostic about who should finance these emissions
reductions and how to fairly allocate mitigation efforts across countries and regions. The geographical
downscaling of global pathways is challenging because it requires to account for equity considerations.
The Paris Agreement notably specifies that its temperature target and adaptation target “will be
implemented to reflect equity and the principle of common but differentiated responsibilities and respective
capabilities, in the light of different national circumstances” (UNFCCC, 2015y4). This reflects a concept
originally expressed in the 1992 Convention and highlights the importance of developed countries taking
the lead on ambitious climate action. Addressing equity requires analytical frameworks encompassing at
the same time burden-sharing schemes and principles as well as climate finance considerations (Pachauri
et al., 2022p213), which fall outside of the scope of the present paper. The analysis in this paper focuses on
consistency with the Paris Agreement at the global level, which is indeed also a crucial primary step to
advance discussions on equity (Ganti et al., 202322)).

The remainder of this paper is structured as follows:

e Chapter 2 explores and discusses issues and considerations that are critical for informing an
assessment of the consistency of global climate change mitigation scenarios with the global
objectives in the Paris Agreement.

e Chapter 3 suggests a criteria framework for selecting climate change mitigation scenarios
consistent with the Paris Agreement temperature goal and emissions objectives; it then applies the
framework to the AR6 scenarios database and derives climate change mitigation scenarios
envelopes consistent with different interpretations of the Agreement.

e Chapter 4 draws conclusions, as well as potential applications of the criteria framework and
Paris-consistent scenario envelopes.
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z Considerations for assessing the
consistency of global climate
change mitigation scenarios with
the Paris Agreement’s mitigation
objectives

The language in the Paris Agreement’s climate mitigation-related objectives does not allow in itself to
define a level of global ambition in terms of levels of GHG emissions. Translating these objectives into
specific global GHG emissions levels involves a range of considerations (Schleussner et al., 202223)),
which this chapter discusses. To do so, the chapter first provides context on climate change mitigation
scenarios in general as well as on the characteristics of the most recent set of scenarios made available
in the scientific literature, namely the AR6 scenarios database, which serves as the basis for the analysis.
The chapter then steps through a range of issues and considerations critical to informing an assessment
of the consistency of these scenarios with the global objectives in the Paris Agreement.

2.1. Background on global climate change mitigation scenarios

Global climate change mitigation scenarios are an integrated description of possible futures of the
human-climate system. They are built using underlying assumptions about future socio-economic trends,
including population, GDP, as well as technological development. Based on these assumptions, scenarios
project how societal changes may drive the economic system in different directions in terms of primary
energy use and supply mix, land use and, as a result, in terms of GHG emissions pathways over time
(IPCC, 202219). In doing so, many of them explore least-cost ways of reducing emissions to reach global
temperature targets. The most recent of the IPCC scenarios database made available in the context of the
publication of the IPCC’s ARG is the basis for the analysis undertaken in this paper (Box 2.1).

Climate change mitigation scenarios are produced using a range of models. Integrated Assessment
Models (IAM) are most commonly used to produce climate change mitigation scenarios. They use a
top-down approach to describe the integrated energy-land-economy-climate system and provide “whole
system” mitigation trajectories on the long-term. Most IAMs capture all GHG emissions produced across
the economy (Riahi et al., 20221g). Also commonly used are energy-economy system models. These
adopt a hybrid approach, combining top-down macro-economic models and detailed bottom-up energy
sector models. An example is the IEA’s World Energy Model (WEM), which covers energy supply,
transformation and demand to project energy-related COz emissions (IEA, 2021p24)). The IPCC ARG6
scenarios database predominantly contains scenarios stemming from IAMs (see Box 2.1).
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Box 2.1. The IPCC AR6 Scenarios Database

The IPCC Working Group Il on Mitigation of Climate Change, as part of the ARG, collected a large number
of quantitative, model-based climate change mitigation scenarios. The AR6 scenarios database builds on
previous IPCC assessments, such as those undertaken for the Fifth Assessment Report (AR5) and the
Special Report on Global Warming of 1.5°C (SR15). The ARG6 collected over 2,200 scenarios with global
coverage, of which 700 result in 2°C of median warming or below (Byers et al., 2022/20)). The scenarios
gathered in the database were submitted by over 50 different modelling teams and studies (ibid). The main
providers of scenarios represented in the IPCC AR6 database are global research consortia using IAMs.
Every climate scenario included in the AR6 was consistently screened and assessed with respect to its
temperature outcomes (IPCC, 2022(19)). Scenarios were then classified based on their likelihood of keeping
global temperatures below specific levels (1.5°C, 2°C, 2.5°C, 3°C and 4°C) (Riahi et al., 20221g), as
summarised in Figure 2.1.

The analysis in this paper relies on all global scenarios from the IPCC AR6 scenarios database that passed
the quality screening and provided enough information to receive a climate assessment by the IPCC
(around 1,200 scenarios). It is important to note that, as highlighted by the IPCC, such a collection of
scenarios is an unstructured scenario ensemble or «ensemble of opportunity», rather than a well-designed
statistical sampling of all existing models and scenarios (Riahi et al., 2022j1g)). As a consequence, the
number of scenarios that are available in a certain temperature category does not say anything about the
likelihood of these scenarios or about agreement in the literature (Huppmann et al., 201825)).

Figure 2.1. Number of climate change mitigation scenarios by climate category in the IPCC AR6
scenarios database

Vetted scenarios in database (n=1686) ...with warming estimates (n=1202)
500 484
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250
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150 133
100 37 7
50 29
0 [
C1: limit warming C2: return C3: limit C4: limit C5: limit C6: limit C7: limit C8: exceed None
to 1.5°C (>50%) warming to warming to warming to warming to warming to warming to warming of
with no or 1.5°C (>50%) 2°C (>67%) 2°C (>50%) 2.5°C (>50%) 3°C (>50%) 4°C (>50%) 4°C (250%)

limited overshoot after a high
overshoot

Note: Many of the collected scenarios did not receive a climate assessment (category “none”) because they failed the quality control and vetting
processes. The temperature classification shown here relies on the AR6 temperature assessment, which uses a reduced-complexity climate
model (MAGICC) to assess the temperature of each scenario instead of relying on the self-assessed temperature outcomes given by individual
scenario providers. This allows for a consistent comparison of the temperature outcomes of scenarios across providers.

Source: (Riahi et al., 2022;1s)).

Climate change mitigation scenarios provide crucial information on different potential future strategies
towards meeting the Paris Agreement’s global temperature and emissions objectives. Scenarios can be
used to explore specific research questions relevant for a range of policy issues, for example the
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implications of rapid versus delayed mitigation action. Each scenario lays out a specific mitigation strategy
for achieving a given level of mitigation ambition over time (Riahi et al., 202215)). For example, some
scenarios rely on large amounts of negative emissions to achieve stringent climate mitigation outcomes.
Others may place a relative stronger emphasis on demand-side measures (e.g. energy efficiency and
energy demand reductions), or on renewables scale-up.

2.2. The Paris Agreement’s dual long-term temperature goal

The Paris Agreement calls for “holding the increase in global average temperature to well below 2°C [...]
and pursuing efforts to limit the temperature increase to 1.5 °C above pre-industrial levels”. This language
is considerably more stringent than that of the preceding global goal in the 2010 Cancun Agreements “to
hold the increase in global average temperature below 2°C above pre-industrial levels” (UNFCCC,
2010p261). The Paris Agreement defines two new temperature benchmarks: “well below 2°C” and a 1.5°C
limit. Considering that the scenario literature up until the adoption of the Agreement focused largely on
“below 2°C” -consistency, the adoption of the Paris Agreement required a whole new set of global
mitigation scenarios to be developed to reflect the increased stringency of the temperature goal. Updated
and new scenarios were developed (Rogelj et al., 2018277), many of which informed the IPCC 1.5°C
Special report and more recently the AR6.

While the language in the Paris Agreement is formulated in terms of two temperature benchmarks, the
interpretation of these as two different goals is not necessarily correct. A common practice for scenario
developers has been to issue separate scenarios for two distinct temperature targets — 1.5°C scenarios
on the one hand, and 2°C, “below 2°C” or “well-below 2°C” scenarios, on the other hand. In practical terms,
the decoupling of the two temperatures can create the notion that there is a range of stringencies in the
Paris Agreement’s temperature goal from which countries and other actors can pick and choose from when
setting their targets. This can lead to the undermining of the more stringent end of that target range, thereby
undermining of a portion of the carefully negotiated and adopted language of the Agreement. Some
interpretations of the Paris Agreement argue that the language in the Agreement defines one unique
long-term temperature goal to limit temperature to 1.5°C, allowing or not for a temporary exceedance of
that limit to temperatures that are no higher than well below 2°C (Mace, 20162g)).

The most common way to assess an existing climate change mitigation scenario against a given
temperature limit is to calculate the minimum likelihood level at which the scenario maintains global
warming below that temperature level (Schleussner etal.,, 2016p9). With the Paris Agreement’s
dual-temperature goal, however, it is important to look at likelihood levels of a scenario simultaneously for
both 2°C and 1.5°C temperature limits. The temperature outcomes of scenarios are probabilistic in nature.
In this sense, even if scenarios are often tagged as being consistent with one temperature target only,
every climate change mitigation scenario has simultaneously a level of likelihood of staying below 2°C as
well as another level of likelihood of staying below 1.5°C (Box 2.2).
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Box 2.2 Probabilistic temperature outcomes of a mitigation scenario

Estimating the temperature outcome resulting from a climate change mitigation scenario relies most
often on inputting the scenario’s emissions pathways for different GHGs into a climate model®. Another
approach is to use so-called carbon budgets, which presents a number of limits and higher degrees of
uncertainties, discussed in Box 2.3. A climate model integrates the latest knowledge from physical
climate science about the carbon cycle and climate responses to emissions. It assesses the global
temperature response to the multi-gas emissions pathways of a scenario, making assumptions about
the mitigation of other air pollutants and about the climate equilibrium sensitivity. Assessments of
temperature outcomes made by climate models are intrinsically uncertain, and are therefore
probabilistic, giving warming projections at different likelihood levels. Figure 2.2 illustrates the
probabilistic temperature assessment given by a climate model for a given scenario.

Figure 2.2 Probabilistic temperature assessment of a mitigation scenario
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Source: Authors, using data from (Richters et al., 2022;30)).

A mitigation scenario is consistent with a given temperature threshold with a given likelihood, or in other
words, can lead to different temperature outcomes with different likelihoods. The scenario examined in
Figure 2.2 has a 33% chance only to bring back global warming below 1.5°C in 2100, and a 10% chance
to keep global warming below 1.5°C throughout the century. In turn, the scenario brings global warming
back below 2.5°C in 2100 with a 95% chance. Finding scenarios that are in line with a temperature
target means selecting scenarios that stay under that temperature at a certain year or during a period
of time, e.g. over the 21st century, with a high enough likelihood.

Source: (IPCC, 2022/1g)).
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Assessing climate change mitigation scenarios against the Paris Agreement temperature goal requires
interpreting the “well-below” and the more stringent “pursuing efforts” formulations in terms of minimum
likelihood levels for reaching the 2°C and 1.5°C temperature targets, respectively. Regarding the 2°C
threshold, a common practice was to translate the previous “below 2°C” goal formulation as likely staying
below 2°C (IPCC, 201431)), which means having at least a 66% chance of staying below 2°C in the IPCC
likelihood scale (IPCC, 202132)). The strengthened “well-below 2°C” goal requires higher likelihoods of
staying below 2°C of warming. These could be, for example, a very likely chance of staying below 2°C of
warming (i.e. at least a 90% chance), which corresponds to the next level in the IPCC’s likelihood scale
(Schleussner et al., 202223)). Regarding the 1.5°C limit, given current emissions levels as a starting point,
there exist a few scenarios that “more likely than not “ stay below 1.5°C (50% chance or more), but there
are virtually no scenarios available that stay below 1.5°C with a likely chance (67% chance or more). The
1.5°C target could, therefore, be translated into mitigation scenarios that keep a reasonable chance of
reaching 1.5°C, or, using the IPCC likelihood scale, that are at least as likely as not to stay below 1.5°C
(33-66% chance, or over).

Figure 2.3 maps all global scenarios with a temperature assessment from the IPCC ARG6 database against
their respective likelihoods of staying below 1.5°C and below 2°C. It is possible to reflect the Paris
Agreement’s formulation of its dual temperature goal, for example by looking at scenarios that have a very
likely chance of staying below 2°C and that are as likely as not to achieve the 1.5°C target (Schleussner
et al., 201629;; Schleussner et al., 2022)23)).

Figure 2.3. Likelihoods of keeping warming below 1.5°C and 2°C in IPCC AR6 database scenarios
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Note: Each point represents a scenario. All scenarios in the AR6 database that have received a climate assessment by the IPCC (~1200
scenarios) are represented. The axes correspond to the scenarios’ likelihoods of staying below 1.5°C and below 2°C throughout the century,
as provided in the ARG database by the IPCC ARG climate assessment of the scenarios using the MAGICC climate emulator.

Source: Authors, using the IPCC ARG scenarios database (Byers et al., 2022;q).
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Box 2.3. Carbon budgets and temperature outcomes

The temperature outcome of certain scenarios can be estimated directly, through the use of climate
models, or indirectly, through the use of carbon budgets. In the latter case, to establish scenarios or
targets in line with a given temperature outcome, some stakeholders use the remaining carbon budgets
provided by the IPCC for different temperature thresholds. A climate change mitigation scenario would
be assessed as consistent with a given temperature target if its cumulative emissions remain below the
corresponding carbon budget.

A remaining carbon budget indicates the remainder of CO2 emissions that would be in line with limiting
global warming to a specific temperature level. The IPCC estimates the remaining carbon budgets
based on the established near-linear relationship between the cumulative CO: releases in the
atmosphere and the resulting change in global temperature levels, making additional assumptions
about non-CO2 emissions mitigation, and about the warming commitment after cessation of CO:
emissions — also called Zero Emissions Commitment. The estimates of the remaining carbon budgets
provided in the IPCC’s latest assessment report are reported for global warming levels of 1.5°C and
2°C in Table 2.1. Several factors limit the precision with which the remaining carbon budgets can be
estimated. Therefore, estimates need to specify the likelihood with which warming is maintained within
each limit (e.g., limiting warming to 1.5°C with a 67% likelihood).

Table 2.1. Remaining carbon budgets estimated by the IPCC AR6

Remaining carbon budget starting from 2020 (GtCO2)

Global warming since

1850-1900 Likelihood level
33% 50% 67% 83%
1.5°C 650 500 400 300
2°C 1700 1350 1150 900

Source: (Canadell et al., 2021;33).

Using a carbon budget approach to assess the temperature implications of climate change mitigation
scenarios has significant limitations and this paper does not explore this approach further. By definition,
carbon budgets concern COz emissions only; other GHGs, however, have a substantial impact on
global warming and on carbon budgets, especially for stringent warming limits. The estimation of carbon
budgets for stringent temperature limits made by the IPCC already assumes stringent mitigation of
non-CO:2 greenhouse gases; weak non-CO2 mitigation would otherwise result in carbon budgets close
to zero. Even so, the IPCC estimates that its calculated remaining carbon budgets can vary by at least
220 GtCOz2 in 1.5°C scenarios, depending on choices related to non-CO2 emissions mitigation. This
means that non-CO2 emissions are important to consider for reaching 1.5°C targets. Scenarios that
model all GHGs may reach the same temperature target yet with very different carbon budgets, because
of the different levels of mitigation of non-CO2 emissions.

Source: (Canadell et al., 202133;; Ehlert and Zickfeld, 201734)).
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2.3. End-of-the-century temperature limits and overshoots

While existing temperature assessments of scenarios tend to focus on scenarios’ temperature implications
by the end of the twenty-first century, the Paris Agreement does not give a specific time horizon for its
long-term temperature goal (UNFCCC, 20154). This has been interpreted in two different ways across the
climate science and policy communities. One interpretation is that the inexistence of a time horizon opens
the possibility for overshoot scenarios, where the temperature target is exceeded during the course of the
century before temperatures are brought back below the target later in the century (Boucher et al., 20163s)).
On the other hand, part of the research and policy community argues that the focus on end-of-century
temperatures is not embedded in the Paris Agreement language. This would mean that the temperature
target in Article 2.1 applies to peak temperatures over the century as well as to end-of-century
temperatures (Mace, 20162g}; Schleussner et al., 2022/23)).

The latest science on climate change makes clear that catch-up climate change mitigation action resulting
in overshoots of the 1.5°C temperature target could trigger severe climate change impacts. High and long
overshoots of the 1.5°C limit during the century would lead to substantially higher climate impacts and
higher risks of crossing climate system tipping points (Drouet et al., 202136); Palter et al., 2018z7;; IPCC,
20183g;; OECD, 2022p15;; Wunderling et al., 202239;; Armstrong McKay et al., 202214)). Looking at end of
the century temperatures is hence not consistent with the Paris Agreement goal to foster “climate-resilient
development (UNFCCC, 20154), nor with the original goal of the 1992 Convention to “prevent dangerous
anthropogenic interference with the climate system” (UNFCCC, 19921¢)). At a minimum, imposing a limit
on the amount of overshoot and its duration above the 1.5°C limit can, therefore, be considered a legitimate
interpretation of the Paris Agreement. A better understanding of the potential implications of the amount
and duration of temperature overshoots remains crucial to the analysis of consistency with the Paris
Agreement.

At the level of individual climate change mitigation scenarios, the need to avoid or limit overshoots implies
that both end-of-century warming and peak warming over the century need to be considered. To select no
overshoot scenarios, peak temperatures should be limited to 1.5°C at the same likelihood level as the one
considered for end-of-the-century temperatures. If a limited overshoot is allowed, then at that given
likelihood level, peak temperatures can exceed the 1.5°C limit to a certain extent.

The present analysis relies on the commonly accepted definitions of the IPCC, whereby a scenario that
peaks below 1.6°C (with 50% chance) is considered limited overshoot, and a scenario that peaks at higher
temperatures is high overshoot (Rogelj et al., 201840); Riahi et al., 20221g)). Figure 2.4 shows there are
only a limited number of scenarios within the AR6 database that can be considered consistent with keeping
temperatures below 1.5°C with a more likely than not chance (i.e. 50% chance or more) by 2100 with
limited overshoot during the century. Even fewer options exist for no overshoot of 1.5°C with 50%
probability altogether. Scenarios with no or limited overshoot of 1.5°C are also consistent with keeping
warming below 2°C over the century with 80% likelihoods or above, as shown by the upper panel of
Figure 2.4. None of the high overshoot scenarios are consistent with limiting warming below 2°C with 90%
likelihood or more.

With global GHG emissions still increasing every year, the window for a stringent 1.5°C target to stay within
reach is narrowing fast. Scenarios that explore such stringent temperature limits require societal,
technological and economic changes which are feasible from a modelling perspective. These would,
however, constitute unprecedented structural changes in the real world which have raised concerns in
terms of their institutional, political and overall feasibility and acceptability (Jewell and Cherp, 201941j;
Brutschin et al., 202142]). The exercise of setting out benchmarks requires careful consideration of the
challenges which will accompany a transition.
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Figure 2.4. Likelihoods of keeping warming below 1.5°C and 2°C and overshoots of 1.5°C in IPCC
ARG global scenarios
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Note: Each point represents a scenario. All scenarios in the AR6 database that have received a climate assessment by the IPCC (~1200
scenarios) are represented. The scenarios’ likelihoods of staying below 1.5°C and below 2°C throughout the century (upper panel) and
temperature pathways (lower panel) are provided by the IPCC ARG temperature assessment using the MAGICC climate emulator.

Source: Authors, using the IPCC ARG scenarios database (Byers et al., 2022pq).
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2.4. Translating the Paris Agreement’s emissions objectives

This section discusses how to account for the Paris Agreement’s emissions objectives (“reach global
peaking of greenhouse gas emissions as soon as possible” and “achieve a balance between
anthropogenic emissions by sources and removals by sinks of greenhouse gases in the second half of this
century”) alongside its long-term temperature goal. To do so, the section explores the relationship between
achieving temperature outcomes and net-zero emissions (COz only and GHG), as well as peak and speed
of decline of emissions.

While the global temperature goal of the Paris Agreement has received considerable attention in the
political and scientific communities since its adoption, the net-zero emissions goal has more recently
become widely used by Parties to the UNFCCC as well as the private sector as an operationally actionable
target (Geden, 201643); NewClimate Institute, 2022447). This stems in part from the fact that a net-zero goal
is easily set at the level of an individual country or local entity, whereas translating a global temperature
outcome into entity-level emissions requires a range of additional assumptions.

Net zero has become a frame of reference for climate mitigation-related commitments by national,
sub-national and private sector entities. As of 2021, net-zero pledges covered a large proportion of the
global economy (Black et al., 202144s7), with many countries and thousands of subnational governments
and non-state actors having committed to net-zero targets with different timings and emissions coverages
(Hale et al., 20214¢); Fankhauser et al., 2021347)). An OECD analysis of 51 net-zero emissions targets
adopted by countries reveals that a majority of net-zero targets cover all GHG emissions, and that most
countries aim to achieve net-zero by 2050 (Jeudy-Hugo, Lo Re and Falduto, 20214s)). Another survey of
over 4,000 entities (countries, sub-national governments, cities and companies) finds that net-zero pledges
are split equally between those covering all GHGs and those covering CO: only (Black et al., 20214s)).

Reaching global net-zero CO2 emissions is necessary to, in the best estimate, stabilise warming to any
level (IPCC, 20183g; Arias etal., 202149), because of the linear relationship between cumulative
anthropogenic CO2 emissions and global warming. As illustrated in the upper panel (filled circles) of
Figure 2.5, most scenarios in the AR6 database reach net-zero CO:2 before the end of the century,
regardless of whether temperatures are kept at levels in line with the Paris Agreement temperature goal.
There exist in effect a very large number of scenarios which achieve net-zero CO2 by 2100 but do not keep
warming below 1.5°C nor even below 2°C by the end of the century (Figure 2.5).

While reaching net-zero CO:2 emissions is required to stabilise global temperatures, reaching and
sustaining net-zero GHG emissions is likely to ensure a gradual decline in global temperatures® (IPCC,
202132)), taking into account uncertainties about the long-term response of global temperatures to the
cessation of emissions. Temperatures can be stabilised at 2°C or 1.5°C without requiring GHG emissions
to reach and be maintained at net zero (Tanaka and O’Neill, 2018s07), as shown by many scenarios in the
IPCC ARG6 database (Byers et al.,, 20221201), and as illustrated in Figure 2.5 (lower panel, empty blue
circles). Indeed, around half of the scenarios limiting warming to 1.5°C with no or limited overshoot and
another half of scenarios limiting warming to 2°C with a likely probability do not reach net-zero GHG
emissions before 2100 (Riahi et al., 2022p1g)). This is because it is sufficient to only gradually reduce
emissions of GHG with a short lifetime in the atmosphere to stabilise their global temperature contribution
(Forster et al., 2021s,). Reaching net-zero GHG emissions’ in addition to net-zero CO2 emissions is,
however, required by the Paris Agreement Article 4.1 as it would likely result in declining temperatures
after an initial peak. Bending the temperature curve with global net-zero GHG emissions is necessary to

6 For this statement to be true, GHG emissions have to be aggregated using global warming potentials over 100 year
(GWP100), as agreed under the Paris rulebook.

7 aggregated using global warming potentials over 100 year (GWP1o00), as agreed under the Paris rulebook. See
Glossary.
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avoid dangerous levels of climate change in the long-term; stabilizing global warming only would mean
committing to long-term climate risks — for example long-term sea-level rise (Mengel et al., 2018s2)).

Accounting for non-CO2 GHG emissions is not only essential for achieving declining temperatures in the
long term, but also for limiting peak warming. Peak warming in mitigation scenarios is indeed determined
by both the cumulative net-CO:2 emissions until the time of net-zero CO3, and by the warming contribution
of other GHGs (Riahi et al., 2022[1g7). Rapid reductions in non-CO2 GHGs, particularly methane, would
allow to lower the level of peak warming (ibid). If non-CO2 emissions do not decline, the remaining carbon
budget to reach stringent temperature limits would actually be reduced to zero (see Box 2.2).

The relationship between the timings of net-zero GHG and CO:2 emissions and temperature outcomes is
however complex. In fact, the relationship between the timing of net-zero CO: or net-zero GHG and the
median peak temperature is far from linear (Riahi etal., 2022p1g)). Figure 2.6 shows that across all
scenarios collected by the IPCC, there is only a loose relationship between the year of net-zero CO2
emissions (top left panel) or the year of net-zero GHG emissions (top right panel) and median peak
warming (or equivalently the amount of overshoot of 1.5°C) over the century. Scenarios that reach net-zero
CO2 before 2050, for example, have variable levels of overshoots of the 1.5°C target, reaching up to 1.76°C
of median peak temperature, which corresponds to a high overshoot (IPCC, 2022[19)). Conversely, several
scenarios achieve limited overshoots of 1.5°C while reaching global net-zero CO2 and net-zero GHG
emissions late in the second half of the century.

Instead of a precise timing for net-zero CO2 and GHG, what determines the magnitude of peak global
warming is the amount of emissions accumulated until the point of net zero (Riahi et al., 2022/1g)), i.e. the
shape of the CO2 and GHG emissions pathways until net-zero (Rogelj et al., 201913)) and in particular the
speed of near-term (i.e. by 2030) reductions in emissions. The years of 50% CO2 and GHG emissions
reductions compared with 2019 levels, for example, are far more correlated with the level of peak warming
than the years of net-zero CO2 and GHG emissions, as illustrated by the bottom panels in Figure 2.6. This
means that early and deep emissions reductions in the near term determine the level of peak warming,
whereas the timing of net-zero CO2 emissions determines the timing of peak warming (Rogelj et al.,
2019113)). As a consequence, selecting climate change mitigation scenarios based on the year of net-zero
emissions (e.g. 2050) overlooks the amount of emissions accumulated before the date of net zero, and
consequently the level of peak temperature.

In selecting Paris Agreement consistent scenarios, it is, therefore, crucial to reflect all elements of the Paris
Agreement temperature and emissions objectives and to consider complete GHG pathways to net zero
and beyond, as argued by a range of climate science research (Rogelj et al., 201913;; Schleussner et al.,
2022123; Brecha etal.,, 2022;53)). To reflect the different mitigation-related objectives of the Paris
Agreement, emissions pathways would need to make GHG emissions peak “as soon as possible”, and
reach net-zero GHG emissions "during the second half of the century”, in addition to maintaining global
warming below the Paris Agreement’s Article 2.1 temperature thresholds (Schleussner et al., 202223)).
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Figure 2.5. Temperature outcomes and net-zero CO2 and GHG emissions in IPCC AR6 global

scenarios
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Note: Each point represents a scenario. All scenarios in the ARG database that have received a climate assessment by the IPCC (~1200
scenarios) are represented. The scenarios’ likelihoods of staying below 1.5°C and below 2°C throughout the century and at the end of the
century are provided by the IPCC ARG climate assessment of the scenarios in the database, using the climate emulator MAGICC.

Source: Authors, using the IPCC ARG scenarios database (Byers et al., 2022p0).
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Figure 2.6. Relationship between median peak warming and years of net-zero CO; and GHG
emissions (top), versus years of 50% CO and GHG emissions reductions (bottom) in IPCC AR6
global scenarios
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ARG database that have received a climate assessment by the IPCC (~1200 scenarios) are represented, except scenarios that never reach
net-zero COz (respectively GHG) emissions during the century in the top panels, and 50% CO2 (respectively GHG) emissions reductions
compared to 2019 levels in the bottom panels. The scenarios’ median peak warming, years of net zero and years of 50% emissions reductions
are provided by the IPCC ARG climate assessment using the MAGICC? climate emulator and harmonized and infilled emissions.

Source: Authors, using the IPCC ARG scenarios database (Byers et al., 2022;q)).
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2.5. Implications of uncertainties in climate responses to greenhouse gas
emissions

The consideration of uncertainties in the scale of response of the climate to GHG emissions is key to the
question of the consistency of mitigation scenarios with the global Paris Agreement objectives. While there
is today a high degree of confidence in the fundamental science on climate change and the severity of
associated impacts, there exist different types of uncertainties in how climate change will actually unfold.
While not the focus of this paper, these scientific uncertainties have to be kept in mind when assessing the
consistency of individual climate change mitigation scenarios with the Paris Agreement, as they provide
information on climate risks and support the need for a risk management approach.

Temperature outcomes of mitigation scenarios are assessed using metrics of climate sensitivity® that
estimate the temperature response to GHG concentration in the atmosphere (OECD, 2021(s4)). These
metrics translate complex responses within the Earth system, and their “true” value is unknown. Scientists
work with central values of estimated ranges, but uncertainties around these metrics translate directly into
uncertainties for global mitigation scenarios that would ensure that global warming is maintained below
1.5°C or 2°C. Uncertainties are in part captured by climate models’ distributions of temperature responses
to emissions. Of concern, however, the equilibrium climate sensitivity is “fat-tailed” (Ackerman, Stanton
and Bueno, 2010s; Wagner and Weitzman, 2018(s6); Arias et al., 20219)), which means that it is hard to
rule out values of equilibrium response which are significantly greater that the most likely estimate.

There exist also uncertainties in the speed at which climate change and its impacts will unfold under
different warming levels. Scientific advances over the past decade reveal that the occurrence of many
types of physical hazards may have become more likely under lower warming levels than previously
thought. Notably, while two decades ago climate system tipping points were projected to be crossed under
high levels of warming, there are today concrete signs that we are approaching tipping points considerably
sooner than timelines projected in earlier modelling. In fact, some climate tipping points may already be
crossed at global warming levels between 1.5 and 2°C, some of them even below 1.5°C (Armstrong McKay
et al., 2022114;; OECD, 202215). This shows, for example, that whether temperatures are kept under 1.5°C
during the 215t century or whether temperatures are brought back to 1.5°C by 2100 after a high overshoot
can lead to considerably different climate change futures.

Recent scientific advances and the existence of these scientific uncertainties support the need for a
precautionary approach in developing climate change mitigation benchmarks to inform strategies to be
taken by countries, businesses and other actors. Since the adoption of the Paris Agreement, the evolution
of the scientific understanding of climate change increasingly implies that limiting temperature rise to 1.5°C
is no longer an aspiration, but a necessity to prevent catastrophic and permanent impacts. ldentifying
mitigation scenarios that are in line with the Paris Agreement requires interpretating its objectives, with
more stringent or lenient interpretations being possible but within clear bounds.

Assessments of Paris-consistency will need to keep evolving hand in hand with advances in our
understanding of the climate response to anthropogenic GHG emissions. Scenarios that may have been
considered as Paris-aligned when the Agreement was adopted in 2015, today, and in the future, are
unlikely to remain the same. This is due to the improved understanding of the implications of different levels
of temperature increase for climate change outcomes and overall resilience. In addition, scenarios can
rapidly become outdated as they diverge from real world emissions pathways.

8 These include the equilibrium climate sensitivity (ECS) and the transient climate response (TCR), two key metrics
for understanding present and future human-made climate change. The ECS refers to the long-term change in global
mean temperature following a doubling of atmospheric CO2-equivalent concentration and after the climate has reached
equilibrium again. The TCR is a shorter-term metric for the amount of warming that occurs at the time the CO»-
equivalent concentration doubles following a linear and steady increase in emissions (OECD, 2021s4)).
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3 Possible reference envelopes of
global scenarios consistent with
the Paris Agreement

3.1. Possible criteria for Paris-consistency

Building on the issues and considerations detailed in Chapter 2, this section suggests possible criteria for
selecting climate change mitigation scenarios and emissions pathway envelopes consistent with the Paris
Agreement temperature and emissions objectives. These criteria are identified as a way forward for
translating the Paris Agreement mitigation objectives into formulations of temperature and emissions
outcomes in scenarios, building on existing criteria proposed in the scientific literature (Schleussner et al.,
202223}; Brecha et al., 202253)).

Table 3.1 sets out two possible sets of criteria for selecting global scenarios in line with the Paris
Agreement mitigation-related provisions, corresponding to two different levels of stringency in the
interpretation of these objectives. The first set of criteria proposes a more stringent interpretation of the
Paris Agreement’s temperature and emissions objectives, in accordance with the discussion in Chapter
2and so as to reflect the ultimate goal of the UNFCCC of avoiding the most dangerous impacts of climate
change. The less stringent interpretation loosens some of the criteria and may be considered less closely
aligned with the Agreement, while nevertheless providing a useful point of comparison. This paper
recognises that a variety of other options for criteria could be considered as broadly in line with the Paris
Agreement’s long-term objectives. As discussed in Chapter 2and section 2.5 in particular, more lenient
interpretations of the Agreement would, however, ignore the overwhelming evidence and knowledge on
climate change and the latest developments in climate politics, potentially diverting focus from
economically, financially and technologically feasible options for climate change mitigation.

Criteria 1 and 2 translate the Paris Agreement’s goal of “pursuing efforts to limit the temperature increase
to 1.5 °C”. Criterion 1, for both stringency options, specifies that the 1.5°C target is to be met by the end
of the century with a more likely than not chance of at least 50%, as discussed in section 2.2. Aside from
this end-of-the-century temperature target, this paper argues that mitigation scenarios consistent with
Article 2 and with fostering climate-resilient development also need to limit the chance of overshooting the
1.5°C temperature target throughout the century, as argued in section 2.3. This is ensured by criterion 2
which imposes a limit in the magnitude of overshoots above 1.5°C. The magnitude of overshoot can be
measured as the amount by which the peak temperature in the century exceeds 1.5°C at the 50% likelihood
level. In both criteria sets, the criterion requires peak temperatures not to exceed 1.6°C throughout the
century, with a more likely than not or 50% chance. Equivalently, a maximum overshoot of 0.1°C above
1.5°C at the 50% likelihood level is allowed. Such a level of overshoot is considered as limited overshoot
in IPCC assessments (Riahi et al., 2022/1g)).
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Table 3.1. Criteria for selecting global scenarios consistent with the Paris Agreement’s
mitigation-related objectives

Paris ) o Criteria
Agreement Paris Agreement mitigation
Article goal and objectives More stringent interpretation Less stringent interpretation
Criterion 1
1.5°Cin 2100

In 2100, the scenario must hold global warming below 1.5°C with at least 50% chance.

“pursuing efforts to limit the
2.1a temperature increase to

15°C" Criterion 2

no or limited overshoot of 1.5°C
Throughout the century, the scenario must hold global warming below 1.6°C with 50% chance.

Criterion 3 Criterion 3
“holding the increase in global well below 2°C throughout the century well below 2°C throughout the century
21a average temperature to well Throughout the century, the scenario must Throughout the century, the scenario must
below 2°C” hold global warming below 2 °C with at least hold global warming below 2 °C with at least
90% chance. 78.3% chance.
) ) Criterion 4 Criterion 4
‘aim to reach global peaking peak GHG emissions peak GHG emissions
of greenhouse 9as EMISSIONS 16 scenario must ensure that global GHG The scenario must ensure that global GHG
as soon as possmle emissions peak at or before 2025. emissions peak at or before 2030.
[...and] achieve a balance
41 between anthropogenic . I
emissions by so%rges and Criterion 5. ‘ Criterion 5 o
removals by sinks of net-zero GHG emissions near net-zero GHG emissions
greenhouse gases in the The scenario must achieve global net-zero The scenario must achieve global net-zero
second half of this century’ GHG emissions before 2100. CO; emissions before 2100, with residual net
GHG emissions of 5 Gt or less in 2100.
Number of scenarios in the IPCC ARG 26 55
database

Note : Global warming is defined as the increase in global mean surface temperature (GMST), relative to the reference period 1850-1900. See
Glossary for a full definition of the use of this term in this paper. See Glossary for a definition of the likelihood of staying below a given
temperature.

GHG emissions are calculated using Global Warming Potentials over 100 years (GWP100). See Glossary for full definitions of the concepts of
GHG emissions, net zero GHG and net zero COz as used in this paper.

Source: Authors, building on (Schleussner et al., 202223); Brecha et al., 2022;53)).

Criterion 3 specifies the likelihood threshold for the “well below 2°C” objective. As discussed in section
2.2, because the previous “below 2°C” goal from the 2010 Cancun Agreements was usually translated as
likely staying below 2°C (i.e. 67% chance), the strengthened “well below 2°C” from the 2015 Paris
Agreement is here translated using higher likelihood levels of staying below 2°C, i.e. a very likely chance
(90% chance) for the more stringent criterion. The less stringent interpretation loosens this criterion to a
lower 78.3% chance, a likelihood level in the middle between very likely (90%) and likely (67%) in the IPCC
scale. Since, as discussed in Section 2.3, an end-of-century horizon for the well below 2°C target is not
embedded in the Paris Agreement language, this criterion requires these likelihoods never to be exceeded
throughout the century. Criterion 2 essentially guarantees both that the 2°C temperature limit is very likely
never reached over the full course of the century, and, as a corollary, that the median maximum
temperature reached is well below 2°C.

Criteria 4 translates the emissions objective in Article 4.1 of aiming “to reach global peaking of greenhouse
gas emissions as soon as possible”, in accordance with section 2.4. As discussed in this section, reducing
the amount of emissions produced before net zero thanks to fast emissions reductions already this decade
is critical for ensuring that peak warming is limited and that the most dangerous impacts of climate change
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are avoided. Accordingly, Criterion 4 proposes that global GHG emissions peak either at or before 2025
in its more stringent option, and at or before 2030 in its less stringent one.

Criterion 5 additionally translates Article 4.1’s objective of achieving “a balance between anthropogenic
emissions by sources and removals by sinks of greenhouse gases in the second half of this century”, which
is likely to ensure a gradual decline in global temperatures in the long term. The less stringent interpretation
loosens this criterion by requiring net-zero CO2 emissions and very strong reductions in total GHG
emissions to reach near net-zero GHG emissions, but still allowing for marginal residual net GHG
emissions of 5 Gt or less by 2100. While allowing for these residual net emissions is not fully in line with
the language in the Paris Agreement, it provides a symmetric approach to relaxing the stringency applied
to other criteria. Considering that the year of net-zero GHG emissions correlates weakly with median peak
warming (Figure 2.6), this paper opts to consider these marginal net emissions of GHGs in the set of
criteria. Relaxing Criterion 5 notably allows to capture a number of scenarios that do not reach strictly
net-zero GHG emissions because of modelling constraints and design choices. These scenarios are yet
still useful to consider, especially in the medium term, as they do both reach net-zero CO2 and achieve
very strong GHG emissions reductions, resulting in the achievement of stringent temperature goals with
limited peak warming. The 5Gt threshold for residual net GHG emissions at the end of the century could
be further discussed and revised in future work and in future uses of the criteria framework. Criterion 5
does not impose an exact year by which net-zero CO2 or GHG must be achieved, because of the flexible
relationship between the timings of net-zero emissions and the temperature outcomes of emissions
pathways, illustrated in section 2.4.

3.2. Resulting scenario envelopes

This section derives two reference envelopes of global scenarios respectively consistent with the two sets
of criteria from Table 3.1, corresponding to two levels of stringency in the interpretation of the Paris
Agreement temperature and emissions objectives. Table 3.2 lists the specific variables used in this paper
to select reference envelopes matching the criteria described above. To allow the assessment of scenarios
against these criteria, scenarios report certain data, including aggregated GHG emissions and CO:
pathways, as well as a probabilistic temperature assessment of their emissions pathways. Overall, around
1,200 scenarios from the IPCC ARG scenarios database are assessed against the consistency criteria (see
Box 2.1).

Table 3.2. Scenario data used for the proposed criteria-based assessment

Criteria Scenario data used
Criterion 1 | Likelihood of staying below 1.5°C in 2100
Criterion 2 | Peak global warming over the century at the 50% likelihood level.
Criterion 3 | Likelihood of staying below 2°C during the century
Criterion 4 | Year of peak GHG emissions

Year of global net-zero GHG emissions
Criterion 5 | Year of global net-zero CO; emissions
Net GHG emissions in 2100

Note: Criterion 1 can also be assessed using scenarios’ 2100 temperatures at the 50% likelihood level. Criterion 1 then translates as “the
scenario must result in 1.5°C or less in 2100 at the 50% likelihood level”. This paper’s selection of envelopes relies on ARG temperature
assessments. In particular, the ARG provides interpolated emissions values for each emissions pathway to increase their temporal granularity.
This paper’s selection of scenarios uses the interpolated values to find the exact years of net-zero emissions.

Source: Authors.
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Applying the more or less stringent criteria set to filter the scenarios gathered in the IPCC AR6 scenarios
database yields two envelopes of 26 (stringent interpretation) and 55 (less stringent interpretation)
mitigation scenarios. This represents less than 4% and 8%, respectively, of all scenarios that remain below
2°C with 50% likelihood (categories C1 to C4 in the IPCC classification®) in the AR6 database. The list of
scenarios in each envelope and the associated emissions data (5-yearly GHG and CO: emissions for all
selected scenarios) are provided in 4.3.Annex A. Both Paris-consistent envelopes are subsets of the IPCC
C1 category of scenarios (“1.5°C with no or limited overshoot”, 97 scenarios — see box 2.1), as they add
further stringency with additional criteria on the likelihood of staying below 2°C and on reaching net-zero
GHG emissions.

Figure 3.1 further illustrates that only a very small subset of likely below 2°C scenarios in the AR6 database
are in line with the Paris Agreement, according to the latest science and to the proposed interpretations of
the Agreement’s objectives. Figure 3.1 plots the selected Paris-consistent emissions and temperature
pathways, as well as likely below 2°C pathways in the database that failed to meet one of the two sets of
Paris-consistency criteria. No scenario likely resulting in 2°C or below by the end of the century, and only
a fraction of the scenarios that return to 1.5°C by the end of century with 50% likelihood, are selected.

The selection results demonstrate that a thorough science-based approach taking into account all
mitigation-related objectives embedded in the Agreement is necessary to define and select
Paris-consistent global mitigation scenarios. Other interpretations and selections than those put forward
here are possible. However, commonly seen loose and less holistic approaches considering only portions
of the mitigation objectives (e.g. “net zero by 2050”, “1.5°C in 2100, or “well-below 2°C” only) do not allow
to define reference climate change mitigation scenarios that aim to avoid the dangerous levels of climate
change the Paris Agreement mitigation objectives were created to avoid.

In fact, it is key for all part parts of the mitigation objectives in the Paris Agreement to be taken into account
together and to apply all criteria in a combined manner. For example, selecting scenarios returning to 1.5°C
by the end of the century with 50% chance, which are usually branded as “1.5°C scenarios”, results in an
envelope of 230 scenarios. There are also over 300 “net-zero GHG by 2100” and over 60 “net-zero CO2
by 2050” scenarios, several of which do not keep global warming below 1.5°C with 50% likelihood. This
again proves that such criteria alone are not adequate for selecting Paris-consistent scenarios. These
examples demonstrate that a comprehensive science-based criteria framework such as the one proposed
in this paper is required for defining the Paris-consistency of scenarios. 4.3.Annex B further illustrates
these results by showing the relative size of scenarios sets when applying the criteria alone or in
combination.

9 See the overview of IPCC scenarios classification in section 0 and Figure 2.1.
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Figure 3.1. Reference envelopes of scenarios satisfying proposed Paris-consistency criteria
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throughout the century.

Source: Authors, using data from the IPCC ARG scenarios database (Byers et al., 2022(0).

For Official Use



ENV/WKP(2023)14 | 33

™ Implications and potential
applications

This Chapter explores applications of the criteria framework and of the scenario envelopes for
Paris ambition benchmarking. The analysis and criteria framework have direct implications for net-zero
target setting practices (Section 4.1), and for ambition monitoring and alignment measurement against the
Paris Agreement (Section 4.2). Potential uses of the Paris-consistent envelopes for informing net-zero
transition policies are also explored (Section 4.3).

4.1. The criteria framework and scenario envelopes can help improve current
net-zero target setting practices

Global climate change mitigation scenarios such as those explored in this paper already play a key
role for formulating net-zero or decarbonisation targets consistent with the ambition of the Paris
Agreement. Such scenarios are used to inform emissions targets setting by governments, sub-national
governments, corporates and investors (van Beek etal., 202057), for example by supporting
science-based targets for corporates (Krabbe et al., 2015sg)).

The Paris-consistent scenario envelopes derived in Chapter 3can help inform how to set net-zero
targets consistent with the mitigation ambition of the Paris Agreement and with the latest climate
science. The analysis in Chapter 2 shows that both net-zero CO2 and net-zero GHG emissions need to
be reached this century to achieve the Paris objectives. Furthermore, the analysis demonstrates that
beyond the timing of net zero, it is the speed of emissions reductions in reaching net zero that will actually
determine the level of peak global warming and whether the Paris Agreement temperature objective can
be met (Section 2.4 and Figure 2.6). In particular, the shape of emissions pathway in the near-term (before
2030) will determine the level of peak warming during the century. Looking at ranges of emissions
reductions benchmarks and milestones derived from the Paris-consistent scenario envelopes from Chapter
3Table 4.1 additionnally makes clear that beyond CO3, emissions, reductions across all Kyoto greenhouse
gases are crucial to achieve the Paris Agreement temperature goal. The ranges of reduction levels for the
different gases in the scenario envelope are also determined by the fact that less ambition on CO2
emissions reductions in some scenario is counterbalanced to some extent by more ambitious reductions
of emissions from other gases and reversely.
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Table 4.1. Global emissions benchmarks and milestones consistent with stringent and less
stringent interpretations of Paris ambition

Stringent Paris- Less stringent Paris-
consistent envelope consistent envelope

Benchmarks: emissions reductions relative to 2019

2030 2040 2050
Toa GG w0 a2 T 100%
Carbon i 00 7o 10 114 To% - 120
Methae (CH 21050 a5 10
0% - 41% 2% — 49% -2% — 59%
Nitrous dioxide (N20) 1 %j e 0/: ) 0/: v 0/: 5 %‘: 60 D/:

Milestones: year of 50% emissions reductions compared to 2019 levels

2029 - 2036
2028 - 2036
2028 — 2036
2028 - 2036

Total GHG

Carbon dioxide (CO2)

Milestones: year of net-zero emissions

2051 -2088
2051 -
2038 - 2067
2037 - 2067

Total GHG

Carbon dioxide (CO2)

Note: Numbers in the table correspond to 5%-95% percentile values in the more stringent Paris-consistent scenarios envelope (dark green) and
in the less stringent Paris-consistent scenarios envelope (light green), respectively, derived in Chapter 3
Source: Authors, using data from the AR6 scenarios database (Byers et al., 202220)).

These considerations allow to identify good practices to improve and strengthen net-zero and
decarbonisation targets for all stakeholders. It is important to note that the scale and pace of
decarbonisation will be different across countries and sectors, and targets set by individual actors will differ
from global benchmarks and milestones such as those given in Table 4.1. The geographical downscaling
of global pathways is challenging because it requires to account for equity considerations, which are not
considered in this paper. The analysis on global-level benchmarks and analysis in this paper show
nonetheless that the following practices could help improve net-zero targets set by all types of actors.

e Reduction targets need to be set for individual Kyoto gases in addition to targets for CO-
and aggregated GHG emissions. Paris-consistent scenarios such as those selected in this paper
and the broader climate science research show that deep reductions in emissions from all gases
are necessary, beyond CO2. Methane (CHi) emissions, in particular, contribute strongly to
short-term global warming and constitute an important share of GHG emissions. However,
methane is rarely covered by national and corporate targets. As shown by Table 4.1, methane
emissions need to be reduced at rates comparable to those for CO2 emissions. The role of non-CO:
mitigation and the need for specific targets for individual gases beyond CO: is also largely
supported by the scientific literature (Ou et al., 2021s9;; Cain et al., 2021s0}; Nisbet et al., 20211j;
Pekkarinen, 2020is2); Nisbet et al., 20203); Allen et al., 2022(64)).
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e Targets need to be set for reaching both net-zero CO; emissions and net-zero GHG
emissions. Many existing net-zero targets only cover CO2 emissions, or do not specify whether
they cover COz or GHG (NewClimate Institute, 2022u41). Reaching net-zero CO: leads to stabilising
global temperatures, but net-zero GHG is explicitly stated in Article 4.1 of the Paris Agreement and
would likely allow to reach declining temperatures in the long-term. Table 4.1 shows that
Paris-consistent scenarios reach global net-zero CO2 emissions around mid-century and global
net-zero GHG emissions later in the century. There will, however, be differences in the timing of
net zero across countries and sectors.

e In addition to setting a timing for reaching net-zero emissions, it is crucial that plans and
pledges encompass interim emissions reductions targets for halving CO; and GHG
emissions by 2030-2035 relative to 2019 levels. Globally, CO: and aggregate GHG emissions
each need to be reduced by around 40 to 45% in 2030 compared to 2019 levels, if 1.5°C is to stay
within reach and dangerous levels of overshoot are to be avoided (Table 4.1). No delayed action
after 2030 can reduce the amount of peak warming attained in mid-century, which is determined
by emissions levels in this decade. As a consequence, failing to reduce global emissions
significantly by 2030 means committing to a high level of overshoot of 1.5°C, even if net-zero
emissions are then reached early in the mid-century. Setting net-zero targets by mid-century only
is insufficient to leave the door open for the Paris temperature goal, because it may lead to delaying
emission reductions until after 2030.

4.2. The criteria framework can help improve the use of climate change mitigation
scenarios for measuring alignment with the Paris Agreement

Global climate change mitigation scenarios such as those put forward in this paper are currently
used to set benchmarks for measuring the alignment of transition plans and climate policy pledges
against the Paris Agreement’s mitigation ambition:

e At the governmental level: these scenarios are used to measure the ambition gap between
collective emissions implied by NDCs or current governmental policies on the one hand, and
emissions pathways required on a global level to reach the Paris Agreement’s long-term
temperature target on the other hand. This is undertaken by the UNEP emissions gap report
(UNEP, 2022[7)), or again by the IPCC assessments (Riahi et al., 20221g7). Monitoring the level of
ambition implied by NDCs in comparison with a global Paris-consistent benchmark is directly
relevant for guiding decisions on how to strengthen NDCs (UNEP, 2022(7)).

¢ In the private and financial sector: for assessing the alignment of investment plans and corporate
transition plans with climate goals, corporate strategies are evaluated against benchmark sectoral
emissions pathways directly derived from global mitigation scenarios (Noels and Jachnik, 2022[9)).

The framework for assessing the Paris-consistency of scenarios can usefully be applied by
different stakeholders in two ways. First, it allows to identify and select scenarios that can be used in
such analyses as appropriate benchmarks for Paris ambition. Second, it can help assess whether
scenarios currently used as normative benchmarks are consistent with the Paris Agreement’s mitigative
ambition.

A first application of the criteria framework to the financial sector was conducted by the authors of
this paper to assess the Paris-consistency of scenarios currently used for climate-target setting
and alignment assessments of finance (Noels et al., 2023p177). This first application of the framework
showed that most of the scenarios currently in use as benchmarks do not fulfil all five criteria and are hence
not fully consistent with the mitigation provisions of the Paris Agreement. In particular, very few scenarios
in use were consistent with the criteria of limited overshoot of 1.5°C and well-below 2°C. Additionally,
almost none of these scenarios reached net-zero GHG emissions during the century (criterion 5).
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Such findings confirm that using a complete set of criteria such as the one proposed in this paper
is important for selecting Paris-consistent benchmarks and setting the adequate level of ambition
in normative use cases of scenarios. The analysis in this paper shows that a thorough science-based
approach accounting for all elements of the Paris mitigation objectives is necessary to define
Paris-consistent global climate change mitigation scenarios. Ensuring the environmental integrity of
decarbonisation benchmarks requires going beyond simplistic, vague or insufficiently ambitious definitions
of “net zero” or “2°C” scenarios.

The framework criteria and resulting envelopes will need to be updated overtime to ensure that
they encompass the latest scientific information on climate risk and on emissions scenarios, as
well as future political, social and technological developments. The framework proposed in this paper
and the resulting emissions envelopes reflect the most recent science and scenarios, but this is a dynamic
area of research and policymaking. Climate change mitigation scenarios are scientific tools developed to
support action in climate change which attempt to best capture aspects of socio-economic development,
technological options, and resources as available at the time of scenario development. As such, scenarios
are not predictions of the real world which may develop in ways which are not reflected in scenarios.
Indeed, models are constantly being updated to incorporate recent societal, technological and policy
developments.

4.3. Potential use of the Paris-consistent scenario envelopes to inform net-zero
transition policies

Beyond the target setting and alignment assessment use cases, the Paris-consistent scenario
envelopes derived in Chapter 3could also inform policy strategies and plans for achieving the
net-zero transition and guide climate policy decisions in the short and medium-term to implement
the Paris Agreement. Climate change mitigation scenarios are a key tool for understanding the
implications of the long-term Paris climate ambition for near-term climate action (Riahi et al., 2022[1g]). They
show which changes across emitting sectors are required for achieving the Paris climate objectives. While
this paper’s analysis focused on aggregate-level emissions pathways, scenarios provide a wealth of
information on mitigation across emitting sectors and how these can be decarbonised to achieve Paris
ambition. Future OECD work could make use of the Paris-consistent scenario envelopes put forward by
the present paper to develop robust insights for policymakers in implementing the Paris Agreement and to
inform short-term and medium-term policy strategies.

Using envelopes of scenarios rather than a single scenario allows for more robust insights on the
transition (Guivarch et al., 20225)). A scenario envelope covers multiple possible mitigation strategies and
a range of uncertainties stemming from assumptions about future world developments. It is, however,
important to note that options identified from a set of scenarios (in the case of this paper, for example, the
set of scenarios from the AR6 database) will be limited to the options explored in that ensemble of
scenarios. Such scenario sets are not necessarily representative of all possible options and measures that
could be put in place to achieve a given temperature outcome (Guivarch et al., 2022j5)).

The Paris-consistent envelopes can directly inform near-term and medium-term policy formulation
by delivering benchmarks for the short- and medium-term sectoral and cross-sectoral mitigation
measures required to reach the long-term Paris temperature goal. Key benchmarks of the changes
across the energy, transport, buildings, agricultural and land use systems required to achieve the Paris
Agreement temperature and emissions objectives can be identified using the envelopes. For example,
scenario envelopes can be used to derive 2030 and 2050 benchmarks for the deployment of renewables,
the deployment of CCS technologies, the phase out of fossil fuels, or again afforestation. These
benchmarks could be used as guidance for the formulation of national short-term and mid-term policy
strategies.
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Such transition benchmarks derived from the Paris-consistent envelopes could be compared
against national and global indicators to track the progress of the transition. This would allow to
identify where progress is being made and where a lack of progress threatens reaching decarbonisation
targets towards the Agreement’s goal. Key gaps in the transition and associated policies could be
identified, for examples highlighting the need for policies targeting methane emissions reductions in the
industrial sector. This could support the identification of policies to strengthen current national plans
towards implementing the Paris Agreement.

The envelopes can further inform climate policy strategies by helping to identify feasibility
challenges associated with the net-zero transition as well as synergies and trade-offs of mitigation
action with sustainability and other policy goals. Ad-hoc studies based on the Paris-consistent
scenario envelopes would allow to explore and anticipate a range of implications associated with
implementing the Paris Agreement.
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Annex A. GHG and CO; emissions pathways in the Paris-consistent
scenarios

The tables below report scenario names, corresponding models, as well as 5-yearly GHG and CO2z emissions values from 2015 to 2100 corresponding
to scenarios in the stringent Paris-consistent envelope (Tables A1l and A2), and the less stringent Paris-consistent envelope (Tables A3 and A4). These
values correspond to the emissions pathways represented as lines in dark green (stringent envelope) and light green (less stringent envelope) in
Figure 3.1 of Chapter 3The scenarios were selected by applying the criteria framework presented in Chapter 3to filter Paris-consistent scenarios from
the IPCC ARG scenarios database. The emissions values for these scenarios are reported in the IPCC ARG scenarios database (Byers et al., 202220)).
There are 26 scenarios in the stringent envelope (Tables A1 and A2) and 55 scenarios in the less stringent envelope (Tables A3 and A4). The less
stringent envelope includes the scenarios from the stringent envelope.

Table A A.1. GHG emissions in stringent Paris-consistent scenarios (GtCO.-eq)

scenario model 2015 | 2020 | 2025 = 2030 @ 2035 @ 2040 @ 2045 | 2050 | 2055 & 2060 | 2065 @ 2070 | 2075 | 2080 | 2085 & 2090 @ 2095 @ 2100
CD-LINKS_NPiZOZOag AIM/CGE21 ' 5431 = 573 41,77 3125 2129 | 137 | 563 026 -128 17 -155 -14 13 1,32 130 114 1,160 1,31
1.5C AIM/Hub-GIogeE)I 5431 | 58,46 = 43,09 3289 2242 1394 1032 845 561 27 -016  -003 009 -092 -087 08  -0,75 0,7

SSP1_SPA1_1 9I7D7Ié IMAGE 3:2 5431 | 5516 = 50,63 @ 32,7 2241 1465 958 559 411 339 | 299 | 205 | 18 069 034 -033 -049 -1,14
SSP1_SPA1_19I_LIRLI§ IMAGE32 = 54,31 ' 5513 ' 50,93 30,19 1712 966 | 371 015 -5 07 -062 019 046 012 -037 -048 -08 -1,08
SSP1_SPA1_19I_F\_’E§ IMAGE32 54,31 5516 50,88 32,88 2215 1401 859 | 465 29% 219 163 059 062 -1 144 18 -206 -238
SSP2_SPA2_19I_LI IMAGE32 5431 5519 ' 5329 4712 32,77 1719 | 1027 | 449 | 05  -19 -5 -191 -108 -148 -149 -133 -127 -181
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scenario model 2015 | 2020 | 2025 = 2030 @ 2035 @ 2040 @ 2045 | 2050 | 2055 &= 2060 | 2065 @ 2070 | 2075 | 2080 | 2085 @ 2090 @ 2095 @ 2100
SSP2-19 | MESSAGE-GLO | 54,31 | 51,77 | 41,89 | 32,05 2525 1845 1411 | 978 677 377 | 089 -1,99 428 657 -759 -862 -897 -932
BIOM 1.0
ADVANCE_2020_1.5C- POLES | 54,31 5851 | 4764 | 3362 = 229 1634 1108 701 393 116 -125 -272 -449 6,03 -862 -943 98  -102
2100 ADVANCE 9
EMF33_WB2C_nofuel POLES EMF33 | 54,31 = 56,8 443 | 319 2722 2257 1846 | 1438 106 684 | 451 219 079  -061 -147 -232 33 | 4,29
ADVANCE_2020_1.5C- REMIND 1.7 = 54,31 = 57,8 4558 @ 3266 2182 144 866 415 062  -218 -3,75 -532  -566 -599 -597 -595 638 6,8
2100
CEMICS-1.5-CDR12 REMIND 1.7 | 54,31 5527 4194 | 2792 1581 806 @ 384 208 119 014 | -088 -1,91  -262  -334 -364 -395 | -422 -448
CEMICS-1.5-CDR20 REMIND 1.7 | 54,31 5529 44,74 | 33,26 24,08 17,78 | 1243 75 306 | 075 -324 577 | 679 -78 902 -102 -11,0 -119
7 4
CEMICS-1.5-CDR8 REMIND 1.7 = 54,31 = 5529 @ 3868 @ 2267 863 372 225 118 | 072 | 045 036 028 017 006  -006 -0,19 -045 -0,71
CEMICS_HotellingCon REMIND 2.1 | 54,31 = 5457 @ 4412 3584 2711 19,85 1373 721 22 154 -361 -569 -655 -742 -791 -84 -853 -8,66
st_1p5
CEMICS_Linear_1p5 REMIND 2.1 | 54,31 = 5457 @ 4313 @ 3442 262 19,97 15 | 9,76 58 247 -008 -263 401 -538 638 -738 815 -892
R2p1_SSP1-PkBudg90 REMIND 2.1 |« 54,31 = 5469 @ 4144 3343 2568 1929 141 | 927 | 614 364 2,04 044 -054 -154 -239 -325 409 -494
0
R2p1_SSP5-PkBudg90 REMIND 2.1 = 54,31 = 54,71 @ 4231 3515 27,52 1875 1158 | 566 | 299 151 041 -068 -151 -233 -326 -418 -504 -589
0
SSP2-19 | REMIND-MAgPI | 54,31 | 56,62 @ 48,58 40,59 | 2848 1643 824 | 0,08 -1,66 34 443 545 599 653 65  -647  -7112  -1,78
E15
PEP_1p5C_red_eff = REMIND-MAgPI ' 54,31 = 556 3791 2214 1028 | 4,08 | 081 003 -038 -058 06  -062 -038  -014 -034 -053 -052 -052
E1.7-3.0
CEMICS_SSP1-1p5C-f | REMIND-MAgPI | 54,31 = 54,12 @ 4159 @ 3414 2648 1822 11,19 @ 803 | 6,27 48 35 2.2 1,38 © 05 | -001 058 -1,03 -147
ullCDR E2.142
SusDev_SSP1-PkBudg A REMIND-MAgPI ' 54,31 54,99 | 4192 33,04 2571 | 201 1483 993 679 424 25 09 | 004 -1,05 -1,89  -273 -358 -444
900 E2.1-42
DeepElec_SSP2_def B | REMIND-MAgPI = 54,31 = 57,23 | 4502 @ 31,98 2422 17,79 1146 | 658 | 419 238 118 -002 -076 -149 -199 -249 277 | -3,05
udg900 E2.1-4.3
SusDev_SDP-PkBudg! | REMIND-MAgP! @ 54,31 55 | 4229 32,74 2477 @ 189 1402 952 736 | 547 | 393 | 239 | 154 069 027 -015 -061 -1,08
000 E2.1-42
SSP4-19 | WITCH-GLOBIO | 54,31 @ 5551 @ 39,1 | 22,76 | 20,41 | 18,07 1492 1178 901 626 4,16 207 005 -19 | -315  -434 -518 -6,03
M 3.1
CD-LINKS_NPi2020_1 | WITCH-GLOBIO @ 54,31 | 57,78 @ 37,67 28,84 | 2526 2235 1923 165 1357 1065 888 | 712 504 297 | 087 -123 -2,75 -427
000 M4.4
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scenario model 2015 | 2020 | 2025 | 2030 | 2035 | 2040 @ 2045 = 2050 @ 2055 | 2060 @ 2065 | 2070 & 2075 | 2080 @ 2085 @ 2090 & 2095 | 2100
CD-LINKS_NPi2020_4 | WITCH-GLOBIO & 54,31 @ 57,88 | 3465 | 2319 | 1814 1442 1083 803 555 307 125 -057 -321 58 | -786 987 973 -959
00 M4.4
Note: Corresponding to the following AR6 database variable: ARG climate diagnostics|Infilled|Emissions|Kyoto Gases (AR6-GWP100).
Source: Authors and (Byers et al., 2022)20)).
Table A A.2. CO; emissions in stringent Paris-consistent scenarios (GtCO)
scenario model 2015 | 2020 | 2025 | 2030 | 2035 2040 @ 2045 & 2050 & 2055 @ 2060 @ 2065 @ 2070 @ 2075 | 2080 | 2085 | 2090 | 2095 | 2100
CD-LINKS_NPi2020_4 AIMICGE 21 | 39,15 41,73 | 3164 | 2325 | 1446 | 749 | 006 -482  -641  -695 -695 -69% 69 | -6,83 6,8 6,7  -678 | -6,76
00
1.5C | AIM/Hub-Global | 39,15 | 42,38 | 3299 2446 1515 743 39 | 197  -092 -35 | 625  -627 -629 -729 -731| -733 -7135  -7,37
2.0
SSP1_SPA1_191.D_L IMAGE 3.2 3915 | 39,81 3684 2224 1359 @ 668 219 -1,18 | 252 | -322 -346 4,2 42 | -508 | -518 | -559 -548 | -588
B
SSP1_SPA1_191_LIRE IMAGE 3.2 | 39,15 | 39,79 | 37,35 | 20,14 @ 8,91 224 | 297 @ 624 | -746 654 | 622 -524 48 | 49 | -524 | -517  -531 | -536
_LB
SSP1_SPA1_19I_RE_ IMAGE 3.2 | 39,15 & 39,81 | 37,08 | 2244 1339 6,08 127 -207  -357 -426 -4,65 55| -528 | -6,62 6,8 -7 691 -6,99
LB
SSP2_SPA2_19I_LI IMAGE 3.2 | 39,15 @ 39,81 | 39,37 | 33,97 | 20,75 8,33 271 246  -719 841 802 -826 -733 -757 -746  -712 687 | -7,24
SSP2-19 | MESSAGE-GLO | 39,15 @ 36,57 | 28,15 19,72 @ 13,86 8 431 061 | -187 | -435 6,7 905 -109  -128 -135 -143 -144  -146
BIOM 1.0 3 1 6 6 2
ADVANCE_2020_1.5C- POLES | 39,15 | 43,04 37,14 @ 2597 1647 1041 5,43 1,56 | -1,37 -4 6,3 -7,69 94 | -108 | -134 | 142 -146 | -150
2100 ADVANCE 8 4 5 7
EMF33_WB2C_nofuel POLES EMF33 | 39,15 | 40,7 3252 2435 2048 1662 13,09 958 619 281 08 12 | 246 -3,71 45| -528 -618 | -7,09
ADVANCE_2020_1.5C- REMIND 1.7 | 39,15 & 41,53 | 32,75 | 21,81 | 1212 @ 526 -028 -449 -814  -109  -125 -141  -144  -146 -144  -143 -144 -146
2100 9 9 9 4 9 9 8 6
CEMICS-1.5-CDR12 REMIND 1.7 | 39,15 | 39,94 29,7 175 619 | -123 | -532 -683 -78 -89 -100  -111  -117 | -123 125 126 -126 @ -126
3 4 9 3 7 5 3
CEMICS-1.5-CDR20 REMIND 1.7 | 39,15 | 39,94 | 32,12 2215 14,09 8,3 311 163 | 627  -102 | -12,7  -152 | -161 | -17,0 -18 | 189 | 19,5 | -20/1
2 6 4 5 5 3 2
CEMICS-1.5-CDR8 REMIND 1.7 | 39,15 @ 39,94 | 26,77 | 125 | -0,85 55 687 -772 | -833  -865 | -875 -88 | -887 | -889 | -88 | -881 -878 | -875
CEMICS_HotellingCon REMIND 2.1 | 39,15 | 39,37 | 31,64 | 2464 = 169 | 10,19 & 4,32 2 -713 | -108 -128 | -148 @ -155 | -162 -164 -166 -166 | -16,5
st_1p5 7 6 5 3 1 3 5 1 7
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scenario model 2015 | 2020 | 2025 | 2030 | 2035 2040 @ 2045 = 2050 & 2055 @ 2060 @ 2065 @ 2070 @ 2075 | 2080 | 2085 | 2090 | 2095 | 2100
CEMICS_Linear_1p5 REMIND 2.1 | 39,15 | 39,37 | 30,72 23,32 16,09 @ 10,37 56 0,5 @ -3,53 69 | 938  -118 | 130 | -142 | -149 | -156 -162 | -168
6 3 3 6 5 4
R2p1_SSP1-PkBudg90 REMIND2.1 | 39,15 = 395 | 2956 | 22,7 1582 999 543 134 137 -354 472 589 -646 -702 -754 -806 -8,63 9,2
0
R2p1_SSP5-PkBudg90 REMIND 2.1 | 39,15 39,5 30,76 = 2528 18,21 957 @ 266 -2,96 57 7111 -804 -8% 951 -100 -106 | -11,2 | 118  -124
0 6 6 6 6 6
SSP2-19 | REMIND-MAgPI | 39,15 | 41,45 3572 @ 30,01 18,6 723 | 073 | -866  -102 11,7 | 127 13,7 | 141 | 145 | 143 | 140  -144 | -148
E15 1 5 4 2 4 6 4 4 4
PEP_1p5C_red_eff | REMIND-MAgPI | 39,15 | 39,81 | 26,69 1255 15 -476 -746 -811 -826 -843 -839 835 -798 -761 -758  -755 -725 -6,95
E1.7-3.0
CEMICS_SSP1-1p5C-f | REMIND-MAgPI | 39,15 | 39,1 | 29,94 @ 2429 176 10 34 08  -074 191 -278 -366 -408 -451 -474 497 515  -533
ullCDR E2.1-42
SusDev_SSP1-PkBudg = REMIND-MAgPI | 39,15 = 39,8 | 30,05 2224 1575 1068 | 605 193  -0,76 -29 | -418 54 | -598 | -655 | -704 | -753 -811 | -869
900 E2.1-42
DeepElec_SSP2_def B | REMIND-MAgPI | 39,15 = 41,7 3233 | 214 | 1449 | 831 216 | -256 | -505 -687 | -804 92| 978 | -103  -106 -108 -11,0 -11,1
udg900 E21-43 6 3 9 4 8
SusDev_SDP-PkBudg! | REMIND-MAgPI | 39,15 39,8 3081 | 2384 175 1299 918 | 567 3,62 18 043 | -098  -173 -247  -281  -315 -3)52  -3,88
000 E2.1-42
SSP4-19 | WITCH-GLOBIO | 39,15 @ 40,4 | 26,51 1294 1115 937 | 6,77 | 418 196 024 | 1,93 @ -361  -546 1,3 | -835 94  -101 | -108
M 3.1 2 4
CD-LINKS_NPi2020_1 | WITCH-GLOBIO = 39,15 @ 41,97 2926 = 21,7 187 16,15 13,38 | 1096 819 543 | 384 225 035 -154 -352| 549 676 -804
000 M 4.4
CD-LINKS_NPi2020_4 | WITCH-GLOBIO | 39,15 @ 4197 @ 263 1629 11,64 819 484 23 -007 -243 -409 575 -819  -106 125  -144 -141  -139
00 M 4.4 2 2 1 9 6
Note: Corresponding to the following AR6 database variable: AR6 climate diagnostics|Infilled|Emissions|CO2.
Source: Authors and (Byers et al., 2022}q).
Table A A.3. GHG emissions in less stringent Paris-consistent scenarios (GtCO2-eq)
scenario model 2015 | 2020 | 2025 | 2030 | 2035 | 2040 @ 2045 2050 @ 2055 = 2060 | 2065 | 2070 @ 2075 ' 2080 @ 2085 & 2090 | 2095 & 2100
CD-LINKS_NPi2020_4 AIM/ICGE 2.1 | 54,31 573 | 41,77 3125 21,29 137 | 563 026 @ -1,28 1,7 1,55 -14 13 | 1,32 13 114 1160 1,31
00
1.5C = AIM/Hub-Global | 54,31 @ 5846 43,09 3289 2242 1394 1032 845 561 27 -016  -003 | 009 -092 -087 08  -075 | -0,7

20

For Official Use



ENV/WKP(2023)14 | 47

scenario model 2015 | 2020 | 2025 | 2030 | 2035 | 2040 & 2045 2050 & 2055 & 2060 | 2065 | 2070 & 2075 | 2080 & 2085 & 2090 | 2095 & 2100

Ratchet-1.5-imCDR-no | C-ROADS-5.005 | 54,31 | 53,29 @ 42,35 | 23,57 1124 362 -0,77 32 -384 374 342 292 235 1M 08 009 09 166
0S

Ratchet-1.5-noCDR | C-ROADS-5.005 & 54,31 = 53,44 @ 5256 324 1963 1169 707 435 315 286 267 253 238 225 237 249 257 2064
Ratchet-1.5-noCDR-no | C-ROADS-5.005 & 54,31 | 53,35 @ 41,02 @ 2151 11,11 59 365 303 28 273 261 25| 2371 | 224 | 237 25 | 258 265

0S
R_MAC_35_n8 GCAMb5.3 | 5431 = 562 3666 20,58 | 419 434 421 414 | 384 372 362 351 | 341 33 33 | 326 321 313
R_MAC_40_n8 GCAM5.3 | 5431 | 562 | 40,93 | 2868 | 16,7 | 431 421 413 38 371 362 352 342 331 329 325 319 312
R_MAC_45_n8 GCAM5.3 | 5431 | 56,2 | 4348 | 33,87 | 24,06 | 14,35 42 | 414 | 383 371 | 362 | 352 | 342 | 331 | 329 | 324 318 3,09
SSP1_SPA1_191.D_L IMAGE32 5431 5516 5063 327 2241 1465 958 559 411 339 299 205 184 069 034 -033 -049 -1,14
B
SSP1_SPA1_191_LIRE IMAGE3.2 5431 | 5513 | 50,93 30,19 1712 966 | 371 -015 -1,52 07 -062 019 046 012 -037 -048 -08 -1,08
_LB
SSP1_SPA1_191_RE_ IMAGE 3.2 5431 | 5516 | 50,88 ' 32,88 2215 1401 | 859 465 296 219 163 059 062 1) 144 188 0 -206  -2,38
LB
SSP2_SPA1_191.D_L IMAGE32 5431 5525 5131 3596 263 198 1446 956 769 628 6,03 51| 534 | 439 | 467 | 355 | 377 3,08
B
SSP2_SPA1_191_LIRE IMAGE3.2 = 5431 | 5519 | 50,55 @ 31,71 1976 1301 | 753 329 18 251 271 326 367 308 297 309 3 305
_LB
SSP2_SPA2_191_LI IMAGE 3.2 = 5431 | 5519 | 5329 @ 4712 32,77 1719 | 1027 449 0,59 19 15  -191  -108  -148 -149 -133 -127 -181
ADVANCE_2020_1.5C- = MESSAGE-GLO @ 54,31 | 5151 3871 | 2596 20,78 1561 1182 805 513 221 -067  -35 | -613 871 936 -100  -101  -103
2100 BIOM 1.0 1 8 6
EMF33_1.5C_cost100 | MESSAGE-GLO | 54,31 | 5219 | 3726 2248 | 17,35 | 12,24 84 457 007 -443 -562 681 -78  -889  -941 -994 -101  -103
BIOM 1.0 3 1
EMF33_1.5C_full = MESSAGE-GLO | 54,31 | 52,19 | 37,27 @ 225 17,39 | 1228 844 461 003 -4,54 57 68  -789  -891 943 99 -101 -102
BIOM 1.0 2 8
SSP2-19 | MESSAGE-GLO | 54,31 51,77 4189 3205 2525 1845 1411 978 | 677 | 377 | 089 | -199 | -428 657  -759 -862 -897 -932
BIOM 1.0
ADVANCE_2020_1.5C- POLES | 5431 5851 4764 3362 229 1634 1108 | 701 393 116 -125 | -272  -449 603 -862 -943 98  -102
2100 ADVANCE 9
EMF33_WB2C_cost10 POLES EMF33 | 54,31 | 56,82 @ 4447 @ 3221 27,69 @ 2318 1893 1469 1087 @ 7,05 467 23| 08 | 063 | -147 | -231 | -332 -434
0

EMF33_WB2C_full POLES EMF33 | 54,31 | 56,82 @ 44,73 32,74 2825 | 2379 19,39 1501 | 1123 747 51 274 111 052 -136 -221 -328 435
EMF33_WB2C_nofuel POLES EMF33 | 54,31 56,8 = 443 319 2722 2257 | 1846 1438 106 684 | 4,51 219 | 079 @ 061  -147  -232 33 429

ADVANCE_2020_1.5C- REMIND 1.7 | 54,31 = 57,8 4558 3266 2182 144 866 415 062 -218 -375 532 -566 -599 -597 -595 638 6,8
2100
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scenario model 2015 | 2020 | 2025 @ 2030 @ 2035 @ 2040 & 2045 @ 2050 @ 2055 | 2060 @ 2065 2070 @ 2075 | 2080 @ 2085 @ 2090 @ 2095 | 2100
CEMICS-1.5-CDR12 REMIND 1.7 | 54,31 | 5527 4194 | 27,92 15,81 8,06 384 | 208 119 014 088 191 -262 -334 -364 -395 422 -448
CEMICS-1.5-CDR20 REMIND 1.7 | 54,31 |« 5529 @ 4474 | 33,26 = 24,08 | 17,78 12,43 75 306 075 -324 577 | 679 -78  -902 -102 -110 -119

7 4
CEMICS-1.5-CDR8 REMIND 1.7 | 54,31 @ 5529 3868 | 22,67 863 372 225 118 072 045 036 028 017 006 -006 -0,19 -045  -0,71
CEMICS-2.0-CDR8 REMIND 1.7 | 54,31 @ 5526 4449 | 33,07 2468 1931 1518 1228 1069 925 79 666 542 417 269 1,21 054 0,13
CEMICS_GDPgrowth_ REMIND 2.1 | 54,31 = 54,88 43,08 | 33,95 2664 | 21,09 1654 1163 805 518 299 081 | -0,62 -205 | -309 -414 -518 -6,22
1p5
CEMICS_HotellingCon REMIND 2.1 | 54,31 @ 54,57 4412 | 3584 2711 | 19,85 13,73 7,21 22 154 -361 569 65 | -742 -191 -84 853 -8,66
st_1p5
CEMICS_Linear_1p5 REMIND 2.1 | 54,31 | 54,57 4313 | 3442 @ 262 | 19,97 15 | 9,76 58 247 008 | -263 -401 -538 638 -738 -815 -8,92
R2p1_SSP1-PkBudg90 REMIND 2.1 | 54,31 @ 54,69 4144 | 3343 @ 2568 | 19,29 14,1 927 6,14 | 364 204 044 054 154 239 -325 | 409 -494
0
R2p1_SSP5-PkBudg90 REMIND 2.1 | 54,31 @ 54,71 @ 4231 | 3515 27,52 | 18,75 1158 566 2,99 1,51 041 068 -151 -233 -326  -418 504 -589
0
SSP2-19 | REMIND-MAgPI | 54,31 @ 56,62 @ 4858 40,59 | 2848 1643 @ 824 0,08 | -1,66 34 443 545 599  -653 65 647 -712 | -71,78
E15
CD-LINKS_NPi2020_4 = REMIND-MAgPI | 54,31 | 56,21 441 33,3 2385 17,14 111 6,58 22 1,01 291 4,8 57 659 | -725 -791 -866 -942
00 E1.7-3.0
PEP_1p5C_full_eff = REMIND-MAgPI | 54,31 56 @ 4467 3447 2458 1758 @ 10,93 @ 6,02 1,65 14 337 | 534 627 7121 -1,76 @ -8,31 | -9,01 9,7
E1.7-3.0
PEP_1p5C_red_eff | REMIND-MAgPI | 54,31 556 | 3791 2214 10,28 4,08 0,81 0,03  -0,38 | -0,58 06 062 -038 -0,14  -034 -053 -052 -0,52
E1.7-3.0
PEP_2C_red_eff | REMIND-MAgPI | 54,31 | 5596 @ 44,6 34,02 | 2432 181 1294 978 | 732 605 | 537 469 487 | 505 519 533 51 4,86
E1.7-3.0
CEMICS_SSP1-1p5C-f | REMIND-MAgPI | 54,31 | 54,12 | 41,59 @ 3414 2648 1822 | 11,19 8,03 @ 6,27 48 35 221 1,38 | 05 @ -001 -058 -1,03  -147
ullCDR E2.1-4.2
CEMICS_SSP1-1p5C- = REMIND-MAgPI | 54,31 | 54,18 = 39,73 @ 30,97 @ 23,77 @ 17,31 128 = 9,79 84 725 642 | 558 498 | 438 387 336 303 2,7
minCDR E2.142
CEMICS_SSP2-1p5C-f | REMIND-MAgPI | 54,31 @ 54,43 | 43,16 | 3553 @ 26,82 @ 17,97 @ 12,11 936 | 798 743 693 643 | 624 605 58 @ 567 532 496
ullCDR E2.1-4.2
EN_NPi2020_300f | REMIND-MAgPI | 54,31 | 5508 @ 42,43 33,25 2641 | 2166 17,49 @ 12,96 10,1 792 6,31 4,71 244 ' 0,19  -2,38 49 -657 -818
E2.1-4.2
NGFS2_Divergent Net = REMIND-MAgPI | 54,31 | 54,87 @ 4129 @ 29,04 2096 1572 | 1216 @ 944 | 8,02 7,01 6,47 = 594 565 537 504 471 445 419
Zero Policies E21-4.2
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scenario model 2015 | 2020 | 2025 | 2030 & 2035 | 2040 @ 2045 2050 @ 2055 & 2060 | 2065 | 2070 @ 2075 2080 & 2085 & 2090 | 2095 & 2100
NGFS2_Net-Zero | REMIND-MAgPI | 54,31 | 54,17 | 38,56 @ 27,11 @ 20,45 1565 | 11,73 87 729 | 666 647 628 617 | 6,05 582 56 53 5
2050 - IPD-95th E21-42
SusDev_SSP1-PkBudg = REMIND-MAgPI | 54,31 | 54,99 @ 41,92 @ 33,04 2571 201 1483 993 679 424 25 09  -004 105 -189 -273  -358 444
900 E2.1-42
DeepElec_SSP2_def B | REMIND-MAgPI = 54,31 | 57,23 | 4502 | 3198 2422 17,79 1146 | 6,58 419 238 118 | 0,02  -076 @ -1,49 -199  -249  -277 -3,05
udg900 E2.143
SusDev_SDP-PkBudg1 | REMIND-MAgPI | 54,31 55 | 4229 | 32,74 2477 @ 189 | 14,02 | 952 736 547 393 | 239 154 069 027 -015 -061 -1,08
000 E21-4.2
EN_NPi2020_400f WITCH5.0 = 54,31 | 55,09 | 32,99 | 2647 21,59 1851 1482 | 1165 914 665 483 | 261 016 -228 -363  -521 663 -8,18
EN_NPi2020_450 WITCH5.0 = 54,31 55,09 | 29,85 | 21,37 1519 1148 828 | 591 463 466 462 457 449 439 426 415 408 393
EN_NPi2020_450f WITCH5.0 = 54,31 55,09 | 3344 | 2698 2226 194 1563 | 1238 982 737 543 | 329 074 -159 -304  -459 601 -759
EN_NPi2020_500 WITCH5.0 = 54,31 ' 55,09 | 31,09 | 2366 17,28 13,15 | 10,07 | 7,61 56 @ 4,69 | 461 4,55 45 453 442 | 432 422 413
EN_NPi2020_500f WITCH5.0 = 54,31 55,09 @ 34,14 | 27,56 2292 @ 20,12 16,63 | 1327 10,57 @ 8,02 @ 6,04 3,89 1,37 | 069 @ -245 -4,07 55 7,07
SSP1-19 | WITCH-GLOBIO | 54,31 53,34 36,78 2031 18,14 1598 1323 | 1049 | 808 | 567 | 374 | 182 | -008  -1,97 | -313  -429 -463 -496
M 3.1
SSP4-19 | WITCH-GLOBIO | 54,31 @ 55,51 391 | 22,76 20,41 18,07 | 14,92 | 11,78 = 9,01 6,26 416 207 005 -19 | -315 -434 -518 -6,03
M 3.1
CD-LINKS_NPi2020_1 | WITCH-GLOBIO @ 54,31 | 57,78 @ 37,67 @ 28,84 2526 | 22,35 19,23 16,5 | 13,57 10,65 | 8,88 712 5,04 297 087 | 1,23 275 427
000 M4.4
CD-LINKS_NPi2020_4 | WITCH-GLOBIO @ 54,31 @ 57,88 | 3465 2319 1814 1442 1083 @ 803 | 555 | 3,07 125 -057 | -321 | -585  -786 -987 -973 -959
00 M 4.4
Note: Corresponding to the following AR6 database variable: ARG climate diagnostics|Infilled|Emissions|Kyoto Gases (AR6-GWP100).
Source: Authors and (Byers et al., 202220)).
Table A A.4. CO; emissions in less stringent Paris-consistent scenarios (GtCO.)
scenario model 2015 | 2020 | 2025 | 2030 | 2035 @ 2040 @ 2045 & 2050 & 2055 @ 2060 @ 2065 @ 2070 @ 2075 | 2080 | 2085 | 2090 | 2095 | 2100
CD-LINKS_NPi2020_4 AIMICGE 2.1 | 39,15 4173 | 31,64 | 2325 | 1446 | 749 @ 006  -482 -641 -69 -695 -694 -69 -683 -68 -670 -6,78 -6,76
00
1.5C = AIM/Hub-Global = 39,15 @ 42,38 | 32,99 | 2446 | 1515 | 743 | 395 | 197 -092  -35% -625 -627 -629 -729 -731 -733 -735 -7,37
2.0
Ratchet-1.5-imCDR-no = C-ROADS-5.005 | 39,15 | 3838 @ 29,73 1284 143 -536 -916 -110 -113  -109 -103 951 | -859 -762 -663 -566 -473 | -3,85
0s 3 7 8 3
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scenario model 2015 | 2020 2025 2030 2035 2040 2045 2050 @ 2055 2060 @ 2065 2070 @ 2075 2080 2085 2090 = 2095 = 2100

Ratchet-15-10CDR | C-ROADS-5.005 ' 39,15 3851 37,96 2161 980 269 -133 -348 -438 -438 -424 406 -386 -366 -345 -325 -306 -287

Ratchet-15-10CDR-n0 = C-ROADS-5.005 39,15 3846 2870 1083 1,33 307 -474 -480 -469 -452 -431 -410 -388 367 -346 -326 -306 -2,88
0s

R_MAC_35_n8 GCAM53 3915 4044 2346 782 781 781 782 783 -184 784 185 -786 -7.86 -7.87 -7.88 789 790 -7,90

R_MAC_40_n8 GCAM53 | 3915 4044 2737 1564 390 781 782 783 784 784 785 -786 -7.86 -7.87 7,88 789 790 -7,90

R_MAC_45_n8 GCAM53 3915 4044 2972 2033 1093 155 -7.82 783 784 784 185 -786 7,86 -7.87 -7.88 789 790 -7,90

SSP1_SPA1_191 D_L IMAGE32 3915 | 3981 3684 2224 1359 668 219 -118 252 -322 346 -420 420 508 518 559 548 588
B

SSP1_SPA1_19I_LIRE IMAGE32 3915 | 3979 37,35 2014 891 224 297 -624 746 -654 622 524 480 496 524 517 531 536
LB

SSP1_SPA1_191_RE_ IMAGE32 3915 39,81 37,08 2244 1339 608 127 -207 -357 -426 -465 550 528 662 68 7,00 691 -699
LB

SSP2_SPA1_191 D_L IMAGE32 3915 | 3986 37,26 2461 1640 1060 573 125 059 -201 217 297 262 -343 303 -391 350 -393
B

SSP2_SPA1_191_LIRE IMAGE32 3915 3981 3685 2122 1107 515 040 -328 -451 -381 342 -272 220 -265 260 -236 226 -2,03
LB

SSP2_SPA2_19]_LI IMAGE32 = 3915 | 3981 3937 3397 2075 833 271 -246 7,19 -841 802 -826 7,33 757 746 112 687 -7,.24

ADVANCE_2020_1.5C- = MESSAGE-GLO | 39,15 3639 2565 1490 1052 614 296 -022 266 -510 -7,54 -999 -123 -146 -151 -155 -156 -157

2100 BIOM 1.0 0 1 0 8 6 4

EMF33_15C_cost00 ~ MESSAGE-GLO | 3915 = 36,92 2451 1209 757 304 -022 -349 -747 114 123 131 -139 147 -151 155 -156 -157

BIOM 1.0 4 2 9 7 5 3 2 1 0

EMF33_15C_ful MESSAGE-GLO | 3915 36,92 2453 1214 761 308 -019 -346 -751 -115 -124 132 -140 -147 -151 155 -156 -156

BIOM 1.0 6 0 5 1 8 6 3 0 7

SSP2-19 | MESSAGE-GLO | 3915 3657 2815 1972 1386 800 431 061 -187 -435 670 -905 -109 -128 -135 -143 -144 -146

BIOM 1.0 3 1 6 0 6 2

ADVANCE_2020_1.5C- POLES = 39,15 4304 3714 2597 1647 1041 543 156  -1,37 400 -630 7,69 -940 -108 134 142 146 -150

2100 ADVANCE 8 4 5 0 7

EMF33_WB2C_cost!0 = POLESEMF33 39,15 40,71 32,67 2463 2092 1721 1354 989 640 292 078 -135 259 -383 457 -532 624 -7,16
0

EMF33_WB2C_ful  POLESEMF33 3915 4071 3290 2510 2136 1763 1382 1002 652 302 087 -127 -262 -39 -467 -538 637 -7,35

EMF33_WB2C_nofuel ~ POLESEMF33 3915 40,70 3252 2435 2048 1662 1309 958 619 281 080 -120 -246 -371 -450 -528 618 -7,09

ADVANCE_2020_1.5C- REMIND1.7 | 3915 4153 3275 21,81 1212 526 -028 -449 -84 -109 -125 -141 -144 146 -144 -143 144 -146

2100 9 9 9 4 9 9 0 8 6

CEMICS-1.5-CDR12 REMIND 17 | 3915 | 3994 2970 1754 619 -123 532 68 7,86 -898 -100 -111 -117 123 125 -126 -126 -126

3 0 4 9 3 7 5 3
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scenario model 2015 ' 2020 | 2025 | 2030 @ 2035 @ 2040 @ 2045 | 2050 @ 2055 @ 2060 @ 2065 2070 = 2075 @ 2080 @ 2085 | 2090 @ 2095 & 2100

CEMICS-1.5-CDR20 REMIND 1.7 | 39,15 | 3994 | 3212 2215 14,09 830 311 -163 627 | -102 | -127 -152 -161  -170 -180 -189  -195 | -20.1

0 2 6 4 5 0 5 3 2

CEMICS-1.5-CDR8 REMIND 1.7 | 39,15 | 39,94 | 26,77 | 1250 @ -085 -550 -6,87 -7,72 -833 -865 -875 -886 -887 -889 -885  -881 -878 -8,75

CEMICS-2.0-CDR8 REMIND 1.7 | 39,15 | 39,94 | 31,95 | 22,08 14,75 @ 9,83 590 326 155 006 -1,24 -257 -372 -489 622 -754 -79 @-838

CEMICS_GDPgrowth_ REMIND 2.1 | 39,15 | 39,37 | 30,12 | 22,34 | 1590 10,79 6,38 163 -210 502  -718 934  -106 -11,9 -127  -136 -145 -154

1p5 4 4 7 0 2 3

CEMICS_HotellingCon REMIND 2.1 | 39,15 | 39,37 | 31,64 | 2464 1690 1019 432 -200 -713 -108  -128 -148 -155  -162  -164 -166 -166 -165

st_1p5 7 6 5 3 1 3 5 1 7

CEMICS_Linear_1p5 REMIND 2.1 | 39,15 | 39,37 | 30,72 2332 16,09 10,37 560 056 -353 690 -938 -11,8 -130 -142 -149 | -156 | -162 -168

6 3 0 3 6 5 4

R2p1_SSP1-PkBudg90 REMIND 2.1 | 39,15 | 39,50 | 29,56 | 22,70 | 1582 @ 9,99 543 134 137 354 472 58 646 -702 -754 -806 -8,63 -9,20

0

R2p1_SSP5-PkBudg90 REMIND 2.1 | 39,15 | 39,50 & 30,76 | 25,28 @ 18,21 957 @ 266 -29 | -570 -711 | -804 -89 | -951  -100  -106 | -112  -118 | -124

0 6 6 6 6 6

SSP2-19 | REMIND-MAgPI | 39,15 | 41,45 | 3572 @ 30,01 1860 723 -0,73 -866 -102 -11,7  -127 137  -141  -145 -143  -140 -144 -148

E15 1 5 4 2 4 6 0 4 4 4

CD-LINKS_NPi2020_4 = REMIND-MAgPI = 39,15 | 40,67 | 32,13 | 2291 | 1466 809 259  -19 611 932 -111 -130 -138 -146 -150 -154 -159 | -164

00 E1.7-3.0 9 5 4 3 5 8 6 4

PEP_1p5C_full_eff | REMIND-MAgPI | 39,15 = 40,27 @ 32,40 @ 23,79 | 1530 | 8,51 239 | -252 | 667 971 -116  -135 | -143 | -152 | -155 | -158 -162 | -16,6

E1.7-3.0 4 7 9 1 3 5 7 9

PEP_1p5C_red_eff | REMIND-MAgPI | 39,15 | 39,81 | 26,69 1255 156 -476 -746 -811  -826 -843 -839 835 -798  -761 -758 -755 -725 -6,95
E1.7-3.0

PEP_2C_red_eff = REMIND-MAgPI | 39,15 @ 40,16 @ 31,98 | 2347 | 1528 @ 920 457 145 0,78 -200 -257 -315 -284 -254 -216  -1,78 -170 | -1,62
E1.7-3.0

CEMICS_SSP1-1p5C-f | REMIND-MAgPI | 39,15 @ 39,10 29,94 2429 1760 10,00 340 080  -0,74 -191 | -278 -366 | 4,08 | 451 | 474 | 497 -515| -533
ullCDR E21-42

CEMICS_SSP1-1p5C- = REMIND-MAgPI | 39,15 | 39,10 @ 2828 @ 2145 1508 922 510 264 148 062 020 -021 -042 -063 -081  -099 | -105 -1,11
minCDR E2.14.2

CEMICS_SSP2-1p5C-f | REMIND-MAgPI | 39,15 = 39,34 = 30,83 @ 24,83 | 16,99 | 859 | 291 035  -1,10 1,70 @ -212 | 255 | -256 @ -256 -249 -242 262 -281
ullCDR E21-42

EN_NPi2020_300f | REMIND-MAgPI @ 39,15 @ 39,82 @ 30,58 @ 22,76 @ 16,49 12,09 | 813 | 389 101 -114 269 423 629  -835 -106 -129 -144 -159

E21-42 7 9 6 3

NGFS2_Divergent Net | REMIND-MAgPI | 39,15 @ 39,72 2861 1860 1154 659 319 066 | -085 -18 | 231 -276 | -287 | -299 | -308 | -318 -329 | -340
Zero Policies E21-42
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scenario model 2015 | 2020 | 2025 | 2030 & 2035 | 2040 & 2045 | 2050 | 2055 @ 2060 & 2065 | 2070 & 2075 | 2080 & 2085 | 2090 & 2095 | 2100
NGFS2_Net-Zero | REMIND-MAgPI = 39,15 39,67 | 2760 1727 1117 657 280  -002  -150 -212 -222 | -232 -225 218 -215 | -212 -226 | -240
2050 - IPD-95th E2.142
SusDev_SSP1-PkBudg | REMIND-MAgPI = 39,15 @ 39,80 @ 30,05 2224 1575 1068 605 193  -076 -29 -418 -540 -598 655 -7,04 -753 -811 | -8,69
900 E2.142
DeepElec_SSP2_def B | REMIND-MAgPI | 39,15 | 41,70 | 32,33 2140 | 1449 831 216 -25 | -505 -687 -804 -920 -978 -103 -106 -108 -11,0 | -111
udg900 E2.1-43 6 3 9 4 8
SusDev_SDP-PkBudg! = REMIND-MAgPI | 39,15 = 39,80 30,81 23,84 1750 1299 918 567 362 18 043 -098  -1,73 -247  -281  -315 -352 -3,88
000 E2.142
EN_NPi2020_400f WITCH5.0 & 3915 § 3925 2491 1950 1507 | 1222 873 573 325 079 09 -315 -584  -788 | 917 -106 -119 -134
6 9 7
EN_NPi2020_450 WITCH50 & 3915 3925 2238 1470 88 | 532 228 008 -119 117 -120 -123 -126 -130 | -135 -138 -137 -143
EN_NPi2020_450f WITCH5.0 & 3915 | 3925 2527 19,92 1572 | 1309 952 644 392 15 039 -248 -497 -721 | 858 -100 -114 -128
6 0 9
EN_NPi2020_500 WITCH5.0 @ 39,15 | 39,25 2342 | 1691 1087 | 696 404 | 174 -023 113 -120 -124 127 119 122 125 -126 -127
EN_NPi2020_500f WITCH5.0 | 39,15 | 39,25 2580 | 2041 16,32 | 13,79 1050 | 733 466 215 021 -190 435 -633 801 -954 -108 -123
9 7
SSP1-19 = WITCH-GLOBIO | 39,15 | 3814 & 2440 10,71 | 910 749 528 307 115 -076 -230  -384 -55 -727 -828 929 -949  -969
M 3.1
SSP4-19 | WITCH-GLOBIO | 39,15 & 40,14 | 26,51 | 1294 1115 937 677 | 418 196 024 | -193  -361 -546 -730 -835| 940 -101  -10,8
M 3.1 2 4
CD-LINKS_NPi2020_1 | WITCH-GLOBIO | 39,15 | 4197 @ 29,26 | 21,70 18,70 | 16,15 1338 | 1096 819 543 384 225 035 -154 352 -549 676 -804
000 M4.4
CD-LINKS_NPi2020_4 | WITCH-GLOBIO | 39,15 | 4197 @ 26,30 | 16,29 1164 | 819 484 | 230 -007 -243 409 575 -819  -106 -125 -144 -141 -139
00 M4.4 2 2 1 9 6

Note: Corresponding to the following ARG database variable: ARG climate diagnostics|Infilled|Emissions|CO2.
Source: Authors and (Byers et al., 202220)).
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Annex B. Relative stringency of the Paris-consistency criteria

Applying the different Paris-consistency criteria from the criteria framework (Table 3.1) to the IPCC AR6 scenarios database, alone or in combination,
results in selecting different sets of scenarios. The intersections and relative stringencies of the criteria are shown in Figure B.1. For example, there are
a total of 761 scenarios that reach net zero CO2 emissions by the end of the century in the AR6 scenarios database. Of those, 266 scenarios only
comply with GHG emissions peaking before 2025, without complying with any of the other criteria listed in Figure B.1 (keeping global warming below
2°C with 90% or 78% chance, keeping global warming below 1.5°C in 2100 with 50% chance, avoid a high overshoot of 1.5°C with 50% chance,
reaching zero GHG by 2100). The least stringent criterion is the peaking of GHG emissions by 2025. There are indeed 955 scenarios in total that comply
with this criterion in the IPCC ARG6 scenarios database. Only 6 scenarios comply with another of the listed criteria, without having emissions peak before
2025. The combination of all criteria results in the selection of the stringent Paris-consistent envelope of 26 scenarios (last box on the right).
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Figure A B.1. Intersection sizes of sets of scenarios compliant with different Paris-consistency criteria
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Source: Authors using data from the ARG scenarios database (Byers et al., 2022p0)).
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