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Executive Summary

Established in 2017, the Network for Greening the Finar&yatem (NGFSpday represents a major hub for
the promotion of analytical work and best practices in the field of green finaGeerently (June 2023)the
NGFS consists of 127 central banks and supervisors (and 20 observers) from across five contimaitted

to sharing best practices, contributing to the development of climat@nd environmenirelated risk
management in the financial sector and mobilising mainstream finance to support the transition toward a
sustainable economy.

One of the key inifaitives of the NGFS is the development of climatgated scenarios that can be used by
financial institutions to assess and manage climagtated risks. These scenarios are intended to be forward
looking and consider various climatelated factors, as we as policy and technology developments.
Hypothetical future pathways of climate change are used for analysing and assessing the potential impacts and
risks associated with different climate outcomes. The scenarios are not intended to predict the eiaet fu
climate but rather provide a set of plausible pathways that can help policymakers, researchers, financial
institutions, and private sector businesses explore impacts and evaluate adaptation and mitigation strategies
in the face of climate change.

The NGFS climate scenarios have been developed in partnership with a consasfi@oademicsfrom the
Potsdam Institute for Climate Impact Research (PIK), International Institute for Applied Systems Analysis
(IIASA), University of Maryland (UMD), Climate Anialy (CA) and the National Institute of Economic and
Social Research (NIESR). This work was made possible by grants from Bloomberg Philanthropies and
ClimateWorks Foundatio.

1Seehttps://www.ngfs.net/en/aboutus/membership
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Introduction

This document provides technical information on the NGFS climatescenarios and the underlying
modelling infrastructure. It includes updated technical information from previously published matériahd
expands the scope and the level of detail of the information provided to highlight key modelling assumptions
and comprisons between models, scenarios, and vintages for key variables. As accompanying material to the
NGFS scenarios, this document aims to answer conceptual and technical questions for a wide range of
stakeholders, from scenario users interested in perforgnanalyses on the datasets themselves to interested
readers who would like to better understand the NGFS scenarios.

Following a layered structure this document has been designed to target readers with different levels of
technical expertise. On the one land, readers interested in gaining higével information about the NGFS
scenarios will benefit from a comprehensive hitgtvel overview, nortechnical summaries prefacing each
section, as well as explainer boxes included throughout the document to prongtévant background
information. On the other hand, readers with advanced technical knowledge who are interested in detail will
find the extensive description of the NGFS modelling framework useful, with the specifics of each model being
presented in sepate chapters and technical insights being highlighted in thematic boxes.

The remainder of this document is organised ito eight modules. Module 1provides a higHevel overview

of the NGFS scenarios, theaiationale, and their broader context, and presenthe fourth vintage of NGFS
scenarios, including main characteristics and improvements. The following modules describe in detail the NGFS
modelling framework and methodology to generate the NGFS scenatitigiules 2, 3 and 4utline the three
Integrated Assessment Models (IAMs) used to generate the transition pathways for the NGFS scenarios:
REMINDMAgPIE, MESSAGELOBIOM, and the GCAM models respectivélyndules 5 and 6 describe the
modelling for physical risk and its relationship with transition poB¢ieith focus on acute and chronic physical
risk respectivelyModule 7 discusses the downscaling methodology applied to produce coulgwel results
Module 8 covers theNational Institute Global Econometric ModeN{GEM and describes how this macro
financial model has beerpscifically modified for the purpose of producing the NGFS scenarios to understand
the consequences of transition and physical risk on the key méioemcial fundamentals.

2 The previous version of the Technical Documentation for NGFS Phase lll scenarios, published in September 2022, can
be foundhere.
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Module 1: Highlevel overview

The NGFS scenarios have been developed to provide a common starting point for analysing clima
risks to the economy and financial system.

Key messages

1 The NGFS scenarios havbeen created as a tool to shed light on potential future risks, and to
prepare the financial system for the shocks that may ariselmportantly, the NGFS scenarios ar
not forecasts. Instead, they aim at exploring the bookends of plausible futures (meitieemost
probable nor desirable) for financial risk assessment.

1 The NGFS scenarios explore a range of plausible outcomé@$ey provide a common language fa
how climate change (physical risk) and climate policy and technology trends (transition rigk)
evolve in different futures.

1 The NGFS scenarios present unique features that make them particularly suitable for a wid
range of applications. They provide a common starting point for climate risk assessment, tt
produce internally consistent resultgpplicable at the global level that combine transition, physic
and macraefinancial risks, and they are freely accessible througtubliconline platform.

1. Introduction

Since 2018 an increasing number of central banks and supervisors around the world have joined forces

in the Network for Greening the Financial System (NGFS) to help build a common understanding of

how climate change affects our economies and financial system¥Vhile governments and legislators

are primarily responsible for the implementation of climate policies, central banks and supervisors can also

play an important role in addressirgimate change within their mandates. In addition, in line with their
objectivesand functions, central banks and supervisors need to be able to identify clineddéed risks and

quantify their impact via rigorous analysis. The NGFS has thus developgether with leading academic

climate institutions’, a common picture of what o@conomies might look like under different assumptions

ET OAOI O T &£ OOAT OEOET1T BHITEAEAO AT A PEUOEAAI OEOEOS

The NGFS climate scenaridhave been created as a tool to shed light on potential future risks, and to

preparethe financial system for the shocks that may ariseThey answeA OOAE AT NOAOOEI 1 O 1 E
EADPAT ed 1 O OxEAO OEI OI A EADPPAT ed O ATAATA A ATl
climate mitigation can impact our economies in the long run (LR1i00). Since its first vintagpublished

in 2020, the NGFS scenarios have offered a useful guide to climate aiskhey combine the analysis of

transition, physical and macréinancial risks torevealthe longterm trade-offs between the costs of

climate mitigation and the consequences of unfettered climate charblee NGFS scenarios have three

essential features:

i Takinga long-term perspective, providinga common starting point for analysing climaterelated
risks and their impact on the economy arddncial system

3 See modelling teams of the NGFS Academic Consortium irAitlenowledgementssection.

4 Referred to as "NGFS scenarios" in the rest of the document.



1 Coveringthe global economy, producing results that are internally consistent, applicable at the global
level and comparable across regigasid

1 Representinga global public goodas they are the product of an international collaboration @my
leading academic institutions that (i) combine stadé-the-art climate models to capture the
interactions between transition, physical and masfinancial risk, and (ii) make the results available
as aset of climate pathways accessible to anyone, whgre in the world on th&NGFES Scenarios
Portal.

Itis important to note that the NGFS scenarios are not forecastdnstead, they aim at exploring plausible
futures (neither necessarily the most probable nor the most desirable) for financial risk assessment making
them particularly suitable for a wide rge of applications. To reflect the uncertainty inherent to modelling
climate-related macroeconomic and financial risks, the NGFS scenarios use different models, and explore
a wide range of scenarios across regions and sectors.

The NGFS scenarios are regaifly updated and enhanced in line with evolving expectationsThe first
vintage of NGFS climate scenarios was released in 2020, and two more followed in fall 2021 arichz022.
documentation has been published together with the fourth vintage of the scesaOver time, the NGFS
scenarios have become deeper, broader, and richer in terms of modelling tools, output results, risk
coverage and geographical scope. Continuous progress and refinements reflect the innovative nature of
climate scenario developmentwhich lies at the frontier between climate science, macroeconomic
analysis, and policy assessment.

U In a world of uncertainty, a scenario is a hypotheticalconstruct that describes a
path of development leading to a particular future outcome Scenarios are not
forecasts or predictions, and do not provide a full description of the future, but rat
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highlight central elements of a possible future.

Scenario analysis is a tooto enhance critical strategic thinking. It isa process of
examining and evaluating possible future events and is used in a foreaking

assessment of risks and opportunities.

U Climate scenarios explore different set of assumptions about how climate policy,
emissions, and temgeratures evolve They helgo identify impacts from a changing
climate and the necessary policies for and opportunities from a green transition. T
can help our understanding of how climatelated risks could evolve and what th
implications might be fo the economy and the financial system.

U Climate modelling refersto the use of quantitative methods to simulate and
analyse the interactions of climate variables both to understand the dynamics o
the climate system and to project the future climate. Céita models may also be
qualitative to provide descriptive narratives of possible futures.

1.1 NGFS scenarios as a useful guide to climate risks

Climate change affects the way that our economy functionsln recent years, we have experienced a
multitude of climate disasters, from wildfires in North America, to floods in Brazil, to heatwaves with new
record temperatures in Europe. These are examples of more severe and more frequent extreme weather
events that are already visible today. However, in themsition to a less polluting economy, other events,
including less visible ones, could affect the profitability of businesses or the prosperity of households. Thus,


https://www.ngfs.net/ngfs-scenarios-portal/explore/
https://www.ngfs.net/ngfs-scenarios-portal/explore/

climate change affects our economy and financial system through a range of differentniiasi®n
channels that can be classified into two types of risks:

i the physical risksof a changing climate, including more frequent or severe weather events like
floods, droughts, and storms, as well as other risks stemming from an increase in global
temperature, and

i the transition risks from moving towards dow-carbon economy, the timing and speed which
will depend on policy and regulation, technology development and changes in consumer
preferences

Policymakers and supervisors have identified climatehange as a significant source of financial risk for
several years now, but assessing its effects remains a daunting task for many, as they differ from the
traditional sources of financial distress Capturing climaterelated risks means considering theinique

and complex features, such as assessing an unprecedented combination of impacts spread over a long
term horizon and bridging persisting climate data gép®hile uncertainty is inherent in climatelated

risks, this is not reason enough to shy awieom this fundamental challenge.

Scenario analysis is one approach to tackle this uncertaintyOn the one hand, the NGFS scenarios
provide plausible future developments, because they are constructed with models designed to simulate
the complex and no#linear dynamics of the energy, economy, and climate systems. On the other hand,
they account for various possible policy and technology assumptions. Therefore, they allow a rich
exploration of various plausible future developments and an understanding otrtme-offs between
various policy and technology choices.

The NGFS scenarios provide a common starting point for understanding how climate change (physical

risk) and climate policy and technology trends (transition risk) could evolve in different futuredn the

newly released Phase IV, the NGFS scenario framework explores a set of seven scenarios characterised by
different levels of physical and transition risk, primarily driven by the level of policy ambition, policy timing,
coordination, and technologievels.The main technical features include:

i different climate pathways that depict potential future trajectories of greenhouse gas emissions and
global temperature increases,

I macro-economic variablesthat are influenced by climate change, such as GDP giipunflation,
interest rates and employment,

i sectoral breakdown including energy, transportation, and agriculture,
i geographical coverage accounting for regional and countfgvel variations in climate risk,

i time horizon spanning multiple decades and Igrterm perspectives to capture the gradual nature of
climate change impacts, and

5 Network for Greening the Fikl AEAT 3 U GFidsAprogres¥reped fqh A1 NOA AA & OAT AAh / AOT AA
#AO1T AUR -8h 6EI T AOT U AA 'Opeh Etler®dh clintagreldtdd Anarttibl AsSBSChO 1" TAR E& & A WO X
England, April.

6 “AOAT T OE¢h ) OAT Ah " OOEAOh ) O1 EAh #1 OOOAT Thechalenge®A O ' OEI 1 h
capturing climate risks in the banking regulatory framework: is there a need for a macroprudential respdmse®6# "
Macroprudential Bullén, 15, issue, number 1.
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1 policy assumptions such as the implementation of carbon pricing mechanisms, renewable energy
targets and other mitigation and adaptation measures

The NGFS scenarios combinthe analysis of transition, physical and macrefinancial risks To make this
possiblethe NGFS scenaridzring together a global, harmonised set of transition pathways, physical climate
change impacts and economic indicator& combination of models is sed to capture separately but
consistently climate, macroeconomic, and financial contingencidsis methodology will later be referred to
as the suiteof-model approachAs shown irFigure 1, the models used to déve the NGFS scenarios can be
classified into three broad categoriephysical risk models transition risk models and amacro-financial
model”.

Chronic Climate Impact
Earth System Models and Climate Impact Models

Acute Climate Impact

Integrated Assessment Models Natural Catastrophe Models

| | o

‘ Macro-financial impacts

‘ Transition Pathways ‘

Global Macroeconomic Medels

Figurel. NGFS suitef-models approach

i1 Physical risk modelsinclude allmodels that are participating in thednter-Sectoral Impact Model
Intercomparison Project IBIMIP® and CLIMADA and provide climate and economic indicators
accounting for changes in climate.

i Transition risk modelsinclude three Integrated Assessment ModellAMs) specifically REMIND
MAgPIE, GCAM and MESSAGEX OBIOM, that derive the impacts of different policy ambitions on
the energy sector, emissions, and land use.

I The macro-financial model consists of the NIGEM model (a version specifically modified for the
purpose of producing the NGFS scenarios), to understand the consequences of transition and physical
risk on the key macrdinancial fundamentals.

The NGFS suite of models produces a rangeiaternally consistent data on transition risks, physical risks,
and economic impacts.The NGFS scenarios consist of a set of climalated and macrefinancial variables
available for each model, scenario, and geographyre 2). The data can be accessed freely online:

7 Moredetails on theNGFS modelling approacire provided ilNGFS modellingapproachof this module.

8 More information about ISIMIP can be fodihere.

9 CLIMADA stands for climate adaptation and is a probabilistic natural catastrophe damage model that also calculates
averted damage (benefit) thanks to adaptation measures of any kind (from grey to gr&astimucture, behavioural,

etc.). More informatiorhere.
I I @


https://www.isimip.org/
https://wcr.ethz.ch/research/climada.html

NGES scenarios Transition W Physical risk + w&iry ‘
variables variables impacts
Sam R 30+ macro-regions
. 180+ countries

Figure2. Overview of the range of data provided by NGFS scenarios.
Note: this visual does not contain the full list of variables and is for illustrative purposes only. The names oéshdovariabl
not necessarily correspond to trees used in the databases. The number of countries/regions available varies significantly

depending on the variable. Downscaled climealated and mackfinancial variables are available for 180+ and 50+
countries, respectively.

50+ countries
8 7

30+ macro-regions 4+ macro-regions
180+ countries

i1  Physical risk variablegan be explored through thelGFS Climate Impact Explorehosted by Climate
Analytics. More granular data are available via the ISIMIP project. Physical risk analysis was supported
by Clirate Analytics, ETH Zurich and PIK.

i  Transition pathway and macro-financial impactvariablesare made available in theGFS Scenarios
Database hosted by I[IASA. The transition pathways were produced by thi&®l teams: PIK
(REMINDMAQPIE model), HIASA (MESSAGEKOBIOM model) and UMD (GCAM model). Economic
variables were produced by the National Institute for Economic and Social Research (NIESR) (NIiGEM
model).

1 Key data and resourcegsan be explored interactaly on theNGFS Scenarios Portal

1.2 Comparison with other existing climate scenarios

The NGFS scenarios share some commonalities with other existing climate scenariaich as the ones
developed bythe Intergovernmental Panel on Climate Change (IPCC) and the International Energy Agency
(IEA). For instance, all three sets of climate scenamtson Integrated Assessment Mode(IAMSs) to provide
transition pathways for various narrativewith different but consistent results)Moreover, another shared
feature ofthe IPCC, the IEA and the NGFS scenarios is thatdhegll neither predictions nor forecastsbut
instead explore a range of future climate pathways and/or green transition policies tmagst their future
economic implications.

Despite having similar objectives, the NGFS scenarios have some unique features that make them
particularly suitable for a wide range of applications Themain differencesto other existing climate scenarios
can besummarized in three categories:

1 Scope The NGFS scenarios assess the consequences of both transition and physical risks globally,
while the IEA scenarid$focus on transition risk only and IPCC focus on the possible evolution of
greenhouse gas emissiolisThe NGFS Scenarios also include more macroeconomic details.

10 Based on theGlobal Energy and Climate Model
11 JPCC (2000), Special Report on Emissions Scenarios, Working Group Il of the Intergovatianel a Climate

Change, sedere.
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https://www.ipcc.ch/site/assets/uploads/2018/03/emissions_scenarios-1.pdf

I Time horizon. The NGFS scenarios look at the traglifs between a green #émsition and a ne

transition scenario until the end of the century (2100), while the IEA scenarios focus on the implications

of a green transition until 2050.

i1 Applications. For the reasons above, the NGFS scenarios are mostly used by central banks,
supervsory authorities and financial institutions to assess the costs and benefits of a green transition
for the financial sector, while the IEA scenarios are mostly used to better understand the implications

of different green policies in the short run.

The combination of transition, physical and macroeconomic models has been confirmed by scenario users
as one of the key strengths of the NGFS scenario¥he results of the first public NGFS survey on climate
scenarios underline that scenario users rate the NGE&harios framework positively compared to other

existing climate scenarios and highlight the number and relevance of output variables as an additional unique

selling point of the NGFS scenarids
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More technically, the NGFS, IEA and IPCC scenarios also differ in terms of modelli
and narrative:

i

The NGFS produces a wider set of scenariockhe NGFS scenari@xplore seven
possible future pathways, looking at both transition and physical risk, while the IE
scenarios explore only three scenarios, abstracting from the implications of physi
risk.

The NGFS offers sets of scenarios that have been created usitetREMIND
MAgPIE modelthat integrates the macreeconomic climate damages into the
optimization procedure.

The NGFS scenarios combine three model categories in a consistent manner to
assess the costs and benefits of a green transitiotthe Integrated Assesment
Models (IAMs) to assess the economic implications of a green transition; climate
damage models to understand the consequences of physical risk; a reneomic
model (NIGEM) to assess the macroeconomic implications of climate policies ang
unfettered climate change. The IEA scenarios, instead, rely on a single model, i.e
the World Energy model. The NGFS suittmodel approach allows for exploring the
uncertainty related to model structures and techie@onomic and potentially other
assumptions.

Moreover, the types of models and variables (e.g., endogenous vs exogenous)
are different from IEA scenarios, which lead to different results.

12There are three main IEA scenaried  OEA 71 O1 A %l Adcu / OOI T T E wowQq 3
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https://www.ngfs.net/sites/default/files/medias/documents/ngfs_survey_results.pdf

1.3  Scenario applications

The NGFS scenarios have become ey ingredient for exploratory stress test and scenario analysis

exercises worldwide Originally designedas a tool to advise policymakers on potential future risks, their user
community continues to grow substantially beyond central banks and supervi®irge their first vintage in

2020, the NGFS scenarios have been repeatedly refined with the release of three improved vardgeasde

AOGAEI AATA AO A POAITEA ¢iTA8 7EEI A AOlunigdErkatirestass a AAOA O
financialrisk assessment todiave made them particularly well suited for an increasing range of applications.

In other words, not only the number of users continues to grow, but also the variety of their applications:

1 Risk assessment, scenario analysis and stresesting. Central banks, supervisors and financial
institutions can use the scenarios to assess the resilience of portfolios, individual institutions or the
entire financial system under different climate scenarios. This h&lpdentify potential vulneraldities
and allows for the appropriate risk management strategies, as well as assessing theoffadaf
different options.

'Q‘ Since the NGFS scenarios were developed for risk assessment purposes, they do |
always have equivalents in thelEA or IPCOnodels, as the latter focus on exploring

%20l AERAO Al transition pathways. To illustrate this, let us look at the example of carbon pricing.

#AOAT T DOEA ; . . . .

AGAI DI Ad EI U Carbon prices are structurally different in the NGFS and IEA scenarids.the case
&3 OAAT AO of the NGFS scenarios, the carbprice is calculated endogenously within each 1AM
AT i PAOA xEO whereas in the case of the IEA, the carbon price is set exogenously depending or
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national carbon pricing policy and commitments and the degree of emission
reductions in each scenario.

U In other words, inthe NGFS scenarios, carbon prices are shadow prices that
reflect the policy ambition specified by the scenario (e.g., Net Zero by 2050) and
serve as a measure of overall policy intensitylhey are sensitive to factors such as
the level of ambition to mitigte climate change, the timing of policy
implementation, the distribution of policy measures across sectors and regions, a
assumptions regarding technology (e.qg., the availability and feasibility of carbon
dioxide removal).

U In addition to (actual) carbonpricing, the scenarios developed by the IEA
separately consider a wide range of other policy measures that can contribute to
emission reductions, and the carbon price is not a marginal abatement cost that
is derived through an optimization calculation.Cabon prices that are linked to
emission reductions through formulation under IAMs and carbon prices that are s
a situation where policy measures other than carbon pricing are in place are diffe
in nature. In the presence of other policy measutesg, carbon prices implicit in the
IAMs tend to be higher (CRIEPI, 2022).

i Climate disclosures.Granular data on transition pathways, climate impacts and maanancial
indicators can enhance strategic thinking and form a key part of clintatated financial disclosures.
Climate scenarios support harmonisation efforts in this field



i Strategy and policy alignment While many actors in the private and public sectors are revising their
strategies and policies to align with particular goals, the NGFS scenarios highlight some key themes
that can be used to help guide decisiamaking andset more granular targets. For example, NGFS
scenarios can help financial institutions develop their net zero transition plan and manage associated
risks, as well asupport thealignmentof climate targets.

i1 Investor engagement: Investors can use the sce@s as a basis for dialogue with companies and
assess the longerm sustainability of their investment portfolios.

i Further academic researchThe NGFS scenarios can be used as a starting point for researchers and
technical specialists who wish to extengeim to include higher granularity and other channels and/or
feedback effects.

The NGFS scenarios are helping a wide range of public and private sector playergdentify climate risks
globally. The resultsof a stocktaking exercigé on climate scenariosmodels, data and metrics used by
members of theFinancial Stability BoardHSB and the NGFS show that theast majority of the 53 members

that have completed, are conducting, or plan to conduct a climate scenario analysis exercise rely on the NGFS
scenaios. The report argues that the NGFS scenarios are at the core of these exercises, with most of the
sampled institutions worldwide making use of them, either with or without adjustments in some of their
components or outcomegSee FSBNGFS2022)15

Furthermore, survey result§ confirm that the NGFS scenarios have become an essential tool among both
private and public sector actors imderstanding the financial risks stemming from a changing climate, as well
as the opportunities of climate mitigation actn. The NGFS survey finds thater 70% of 213 respondents from

57 countries use them, mostly to better understand the impacts of climate risks and to build internal capacity.
In addition, the richness and granularity of the scenarios make them usefuf@sowide range of audiences
including consultancies, academics, international organisations, or civil society organisations, among others.
(SeeNGFS$2023)Y7

The NGFS scenarios can also help policymakers and central banks understand the impacts of triamsi

policies on the macroeconomic outlook, which in turn can feed into relevant policy decisiondlongside the

impact of climate change and climate policies on the key macroeconomic indicators (such as GDP, commodity
prices, inflation, and interest rat@¢sthe NGFS scenarios also give insights that can inform policymakers. For
example, they provide estimates of the investments needed across energy sectors to reach the climate targets.
The scenarios show how much all these variables differ across regioheaam thus support the calibration of
country-specific climate policies and risk assessment exercises. The NGFS scenarios are also an important tool
to assess the forwartboking impact of climate change on macroeconomic fundamentals, whichstgoport
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14 Information ona total of 66 climate scenario analysis exercises was obtained.

15Climate Scenario Analysis by Jurisdictions: initial findings and tes$dovenber 2022

16Most of the respondents come from financial institutions, central banks, and consulting firms; and use NGFS scenarios
to better understand the impact of climate risks on the respective organisation, individual financial institutions, or
financial stability. In addition, 95% of the respondents that have already concluded exercises based on NGFS scenarios
are (at least partially) satisfied with the outcome.

17"NGFS Survey on iGlate Senarios: key findingsJune2023



https://www.ngfs.net/en/climate-scenario-analysis-jurisdictions-initial-findings-and-lessons
https://www.ngfs.net/en/note-ngfs-survey-results

The NGFS scenarios have evolved from a policy tool for selected users to a common language for climate
risks for all. Although they were originally developed by central banks and supervisors to help inform and guide
policy acoss the globe, they are used, by now, for an increasing variety of applications by financial institutions,
policymakers, and other key stakeholders to assess the financial risks associated with climate change and
support the transition to a more sustainkband resilient economy.



2. NGFS scenario narratives

The NGFS scenarios explore the impacts of climate change and climate policy with the
aim of providing a common reference framework.

Key messages

1 The NGFS scenarios explore a set of seven climate scenarios that can be grouped
into four categories (quadrants): orderly transition, disorderly transition, hot house
world, and too little, too late. Each scenario is characterized by its overall level of physical
and transition risk, which are driven by the level of policy ambition, policy timing,
coordination, and technology levers.

T I'n thisvifnapyargteche NGFS scenarios have been e
botnhar r artelvaet etde cammdi cal i mpraosv ewealolt saass ald i t y

0 The NGFS scenarios narratives have been updated and expanded to reflect the
most recent developments, including geopolitical (e.g. the Russian invasion of
Ukraine) and technological ones (e.g. the availability of CDR), as well as delays in
policy implementation.

0 Thecthnical othenemdetl | i mha@isinp a oeheed rdke s i ¢
NGFS scenarios, esopiekyaildyl imi skhe area

o Improvements in the usability of the accompanying materials have increased the
transparency of the NGFS scenarios and their underlying models. The
documentation has been adapted to different user needs, making it more accessible
to both expert and non-expert users, based on user feedback collected.

The NGFS scenarios framework explores a set of possible transition pathways, depending on different
levels of ambition and coordination in terms of climate policiesAs shown in the NGFS scenarios framekvo
(Figure 3),the NGFS scenarios can be grouped into four quadrants: orderly transition, disorderly transition, hot
house world, and too little, too late scenarios.

/ NGFS scenario framework

Disorderly Too little, too late

Transition risks

Orderly Hot house world

5 Physical risks Hig /

Figure3. Overview bthe NGFS scenario framework




2.1

Orderly scenarios assume that ambitious climate policies are introduced early and become gradually
more stringent. Both physical and transition risks are relatively subdued.

Disorderly scenariosassume that climate policies ardelayed or divergent across countries and
sectors These scenarios are associated with subdued physical but high transitionassker instance,
carbon prices might need to rise sharply and abruptly.

Hot house world scenarios assume thaglobal warmhg cannot be limited due to insufficient global
efforts. As a result, critical temperature thresholds are exceeded, leading to severe physical risks and
irreversible impacts like sekevel rise.

Too little, too late scenarios assume that a late and uncdioated transition fails to limit physical
risks.

Description of narratives

In this fourth vintage, the NGFS scenarios explore a set of seven possible transition pathways, depending
on different levels of ambition and coordination in terms of climate polcies. The scenarios are mapped in
the NGFS scenario framework fiigure 4 and can be summarised as follows.
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- Low Demandexplores the global efforts needed to be able to limit global warming to below
1.5°C by2050 in an orderly fashion, aligned with the Paris Agreement, driven by lower energy
demands. Given the policy delays, this orderly scenario shows that achieving these targets
will require even greater ambition in future compared with the previously GuRIA A 01 OAA Ol C
OOAT OEOEI 16 OAAT AOET 08

- Net Zero 2050 limits global warming to 1.5°C through stringent climate policies and
innovation, reaching global net zero CO2 emissions around 2050. Some jurisdictions such as
the US, EU, UK, Canada, Austrabad Japarmeach net zero for all GHGs.

- Below 2°CBelow 2°C gradually increases the stringency of climate policies, giving a 67%
chance of limiting global warming to below 2°C. Additionally, countries with net zero targets
reach them partially (80% of the target).

- DelayedTransition assumes annual emissions do not decrease until 2030. Strong policies are
needed to limit warming to below 2°C. Negative emissions are limited.

- Nationally Determined Contributions (NDCs)includes all pledged targets even if not yet
backed up by implemented effective policies.

- Current Policiesassumes that only currently implemented policies are preserved, leading to
high physical risks.

- Fragmented World assumes a delayed and divergent climapelicy response among
countries globally, leading to high physical and transition risks. Countries without zero targets
follow current policies, while other countries achieve them only partially (80% of the target).
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Transition risks
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Low Physical risks High

Figured. Tre NGFS scenario framework in Phase IV

The transition pathways for the NGFS scenarioshow a range of higher and lower risk outcomes that
explore a different set of assumptions about the evolution of climate policy, emissions, and temperatures
Each scenad is based on severkey design choices relating to policy ambition (captured by specific@&hd
century temperature targets or policy packages), sht@tm policy, overall policy coordination and technology
availability. Table 1 highlights the various assumptions underlying these design options, which are explained in
more detail below.Table 3compares the key assumptions across scenarios.

The main driving forces of the scenarios are the evolution of carbon pds and the evolution of CQ
emissions, which are strictly related.



Tablel. Overview of NGFS scenario narratives

Quadrant NGFS scenario Narrative explained

Orderly LowDemand  Thjs scenario includes ignificant behavioural changes in our energy
(1.5°C) generation and consumption activities to ensure an orderly, Paris
aligned transition&,

1 Global CQ emissions reach or approach net zero in 20
Countries with a political commitment to a net zero target defin
before February 202@ach net zero at their target year or earlig

1 Some jurisdictions such as the US, EU, UK, Canada, Australia
Japan reach net zero for all GHGs.

i Additional levers in endise sectors (e.g., behavioural change
reducing energy demand, inducing fastedeetrification, and
substitution through renewables) mitigate the pressure on carb
taxes to induce the transition and are the distinguishing feature
this scenario compared to the Net Zero scenario by 2050.

Net Zero 2050 Global warming is limted to 1.5°C (with a 50% chance) through
(1.5°C) stringent climate policies and innovation, reaching global net zero C®
emissions around 2050.

1 Global CQ emissions reach or approach zero in 2050. Count
with a political commitment to a net zero target defidebefore
end of March 2023 reach net zero at their target year or earlier

1 Some jurisdictions such as the US, EU, UK, Canada, Australia
Japan reach net zero for all GHGs.

Below 2°C

(2°C) The stringency of climate policies is gradually increased, givg a 67%

chance of limiting global warming to below 2°C by the end of the
century.

i1 Global CQemissions evolve such that the emud-century temperature
goal of 2°C warming is reached (with a 67% chance).

1  Countries who have net zero targets follow through 80% of them,
others follow less ambitious trajectories.

8 00 ADEECT AAd OA AA O Gdedee tarfyeh df thelRaris ICIgnat©Agleemérit by reducing greenhouse gas
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Disorderly Delayed

e Annual emissions do not decrease until 2030. Strong policies are needk
Transition

to limit warming to below 2°C.

1 Countries stick to current policies until 2030 and experfencA ¢
OAAT OAOU6h AEOAO xEEAE O#&-AditunO
temperature goal of 2°C warming is reached. This change of regim
2030 is unanticipated and therefore disruptive. Countries with-zeto
policy target commitments are assuad to followthrough on 80% of
them. Negative emissions are limited.

Hot house  Nationally All pledged targets are assumed to be implemented, even if they are no

world ggtni:irglﬂsis yet backed up by effective policies.
(NDCs) 1 Countries implemen pledged policies in addition to current policie

and keep their level of ambition beyond the NDC horizon. Theaftit
date for targets being considered here is those published by
UNFCCC until end of March 2023

Current Policies Only currently implemented policies are preserved, leading to high

physical risks.

i  Existing climate policies remain in place but there is no strengther
of ambition level of these policié%

Too little,  Fragmented A delayed and divergent climate policy respnse among countries
too late  World globally leads to high physical and transition risks.

1 Only currently implemented policies are maintained until 20
(delayed transition); thereafter, countries that have set themselve
net zero target only reach an 80% reduction b@52, while others
continue with current policies (divergent transition).

19 Seehttps://unfccc.int/NDCREG

20The detail of policy representation differs across models and across different sectors. Policy implementation has been
included in asnuch ddail as possible, but due to limited granularity of sector representation, all models also
represent some policies as proxies, for example via aggregate final energy reductions instead of explicit
implementation of efficiency standards, or a carbprice.
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Table2. Overview of NGFS scenarios by key assumptions. The table maps out key features of the scenario narrative and their
macrofinancial risk implicatish  OOAT | ET ¢  A£OT |
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Category Scenario End of | Policy Technology Carbon Regional
century reaction change dioxide policy
(peak) removal - variation +
warming Z
model
average
Orderly Low Demand| 14°C Immediate Fast change | Medium Medium
(NEW) (16°0 and smooth use Variation
Net Zero 2050| 1.4°C Immediate Fast change | Medium Medium
(16°0 and smooth high use Variation
Below 2°C 1.7°C Immediate Moderate Medium Low
(18°0 and snooth change use variation
Disorderly Delayed 1.7°C Delayed Slow/  Fast| Low- High
Transition 18°0 change medium variation
use
Hot house | Nationally 24°C NDCs Slow change | Low- Medium
world Determined (24°0C medium variation
Contributions use
(NDCs)
Current 29°C None - | Slow change | Low use Low
Policies (2.9°0 current variation
policies
Toolittle - Fragmented 2.3°C Delayed and| Slow/ Low- High
too-late World(NEW) | (2.3°C) Fragmented | Fragmented | medium variation
change use




2.2 What is new in the NGFS scenario framework?

In this fourth vintage, all NGFS scenarios have been substantially enriched in their key features to better
reflect a more pronounced disorderly future considering recentievelopments. Delayed implementation of
climate polcies, persistently high emissions, and the consequences of the war in Ukraine on energy system
trajectories are contributing to an overall increase in disorderliness of the NGFS sceRagios.5 displays the
movements in scenario mapping in the NGFS scenario framework. The main changdssaribedas follows

NGFS scenario framework: from Phase Il to Phase IV

b

High

Disorderly Too little, too late

Transition risks

Hot house world

Low

Low Physical risks High

Positioning of scenarios is approximate, based on an assessment of physical and
transition risks out to 2100.

Figures. NGFS scenario framework: from Phase lll to Phase IV. Movements in the scenario mapping are represented by
arrows, nev scenarios introduced in Phase IV are indicated with a plus (+) symbol, and the phased out scenario is marked with
a cross (x).

1 Net Zero 2050(1.5°C) has shifted upwards and right in the framework given the higher baseline emissions
(202%2025), leading @ increased disorderliness with higher physical and transition risks. This scenario
assumes higher peak warming temperatures, and steeper increases in carbon tax programmes to reach
globalnetzeroCOA OT O1T A wovY o8 #$2 AOAEI] Rhdl, Butih ldvaBioghdrgyOd O AAE
with Carbon Capture and StoragBECCpuse.

1 Below 2°Chas shifted upwards in the framework, showing an increased transition risk and slightly lower
physical risk. It assumes that countries limit global warming to +2°Q1@0 (with 6% probability).
Compared to Phase Ill, country net zero targets have been added, assuming an emissions reduction of at
least 80% compared to 2020 would be reached by countries with such targets. This inclusion slightly lowers
peak warming andncreases disorderliness, resulting in less physical risk but more transition risk.

i1 Delayed transition has been updated without a change in its narrative. It assumes annual emissions do not
decrease until 2030. Strong policies are needed to limit warmingelow 2°C. Negative emissions are

limited.



i1 Divergent Net Zero(1.5C) scenario, previously included in Phase lll, has been phased out in this new fourth
vintage given the reduced likelihood of a successful uncoordinated transition. This streamlinirgjotiec
also contributes to the ongoing efforts to improve the usability of NGFS scenarios for its broad user
community, striking the right balance between usability and complexity of its framework.

1 Nationally Determined Contributions (NDCs)foresees that ctrently pledged conditional NDCs are
implemented fully, and respective targets on energy and emissions in 2025 and 2030 are reached in all
countries, even if not yet backed up by implemented effective policies. Theffudate for targets being
consideredhere isuntil end of March 2023, amiblished by the UNFCCC. This results in a slight decrease in
long-term physical risk compared to Phase Ill due to newly announced commitméiegertheéss,
physical risk remains high

1 Current Policiesexisting climage policies remain in place, but there is no strengthening of the ambition
level of these policies. The scenario has been updated to take new policies into account-{&tbbitUS
IRA, etc.). This results in a slight decrease in {@rgn physical risk ampared to Phase Il due to newly
implemented policiesNevertheless, physical risk remains very high.

Second, the NGFS scenarios framework has been further expanded in the set of scenarios to capture more
and less adverse disruption8 41 A A Al -lfitle @o- 1A OADOAT EI AOA P11 EAEAOh AO
still meeting the Paris Agreement, two new scenarios have been designed and introduced.

i First, there is a risk of further delays and fragmentation in the international climate policy lanelsoegze
more severeby the energy crisis following the war in Ukraine. A new -tidthe-too-late scenario
Fragmented Worldhas been added to explore such adverse developméhéntails delayed policy action
until 2030 and divergence in policy ambitioretieafter, with countries having net zero targetapposedly
following these, and countries without net zero targetspposedlyfollowing the current policies.

Given its design features, the FW scenario can be particularly useful for regulators, asagelirasbanks

and supervisors. It emphasizes the critical role played by international policy coordination (or the lack
thereof), and it explores more adverse impacts if we fail to implement climate mitigation policies in a timely
and globally coordinatednanner.Therefore, it can be used as a baseline for climate stress tests.

i Second, the +1% endof-century warming limit, which the world has committed to in the Paris
agreement, becomes ever more challenging to achieve due to persistently high andgistyag emissions.
This is reflected in the increasing disorderliness of the Net Zero 2050 scenario. Therefore, a new Paris
aligned orderly transition scenariocow Demandhas been added.

This scenario includes lower energy demand and stronger behaviodrahges, mapping out the
challenging path to still reach the Paris goals in an orderly way.

Low Demand shows that greater energy sobriety, deep electrification, and improved energy efficiency will
be needed to reach the 1.5°C targeall of which will, havever, be less costly than inaction or disorderly
transition in the long term. This scenario can be particularly informative to policymakers and regulators, as
it illustrates the challenges as well as the feasibility and benefitarrying on with the nezero transition.

Third, as in each iteration, the NGFS scenarios have been brought up to date with new economic and
climate data, policy commitments and model versionsAll NGFS scenarios have been updated to account for
changes in the broad geopoliticalnd climate policy situation, including the war in Ukraine, delays in
government climate action and loei of fossil fuel technologies in many jurisdictions. Updates have also been
made to the use of Carbon Dioxide Removal (CDR) technologies, whidieaa limited compared to the Phase



Il scenarios These updateshave been applied consistently across scenarios and models to improve
comparability of resultsTable 3summarises the main changes in Phase IV.

Tabk 3. Overview of main changes in Phase IV compared to Phase IlI

NGFS

. Main changes in Phase IV (compared to Phase III)
scenario

Quadrant

All scenarios are more disorderly in Phase |V reflecting delays in policytian
and the current geopolitical situation/energy crisis

1 Updates reflecting energy market disruption due to the Russian war ir
Ukraine. All scenarios and their underlying models have been updal
e.g., including recent policy actions, and including emersector

All NGES scenarios ramifications of the Russian war in Ukraine.

9 Limits to the use of carbon dioxide removal (CDR) technologiesAll
scenarios assume limited availability of BECCS and dropping
availability ofdirect air carbon capture and storagpACCS$. This nakes
scenarios more adverse in the sense that reductiorfessfil fuel use neec
to be more severe The carbon tax implementing these demar
reductions would be higher.

Orderly Low Demand NEWSscenario
(1.5°C)
Net Zero New net zero targetsconsidered, less CDR
2050
(1.5°C) Update of net zero targetésee table 38)
Beolow 2°C Countries with net zero targets follow through on 80% of pledged reductions,
(2°C) less CDR

NDCs partial achievement: net zero targets are assumed to be 80% fulfille
better reflect the actual policy ambition globally

Disorderly  Delayed Net zero targets updated
Transition
(2°C) f  Update of net zero targetésee table 38)
Hot house Nationally New NDCs considered
world Determined
Contributions ¢ ypdated NDCs, including IRA afit for 55.
(NDCs)
Cur_rgnt Inclusion of additional policies (IRA, Fit for 55), updated assumptions regardin
Policies technical change and GDP.




Too little, Fragmented  NEwWscenario
too late World

2.3 Shared model input assumptions

All scenarios share the samenderlying assumption on key soe&ronomic drivers, such as harmonised

population and economic developments, which are taken from Sre@red SocioeconomicPathway SSP2

i SATTETE AO Al 8h woxén &OEAET AQ i kahguurenyvebal 2200Tug, O , OOU
all NGFS scenarios are to a great esttaligned with the Middle of the Road Shared Socioeconomic Pathway,

which is neither optimistic, nor very pessimistic.

Further drivers such as food and energy demand are also hasednthough not at a precise level but in terms
of general patterns.

Toaccount for the COVIEL9 pandemic and its impact on economic systems including the-texan recovery
until 2025, the GDP and final energy demand trajectories have been adjusted baspjections from the
IMF (IMF 2021, Koch & Leimbach 2023).

The transition pathways do not incorporate the anticipation of potential future economic damages from
physical risks (except for REMINDAQPIE scenarios with integrated damages).other words damages to
infrastructure systems and the economy in the future, caused by emissions today, have no feedback
mechanism that affects current choices. We provide acute and chronic physical damages for each scenario, but
they are not incorpaated in the transition models.



3. NGFS modelling approach

This section explains the modelling choices made by the NGFS, and describes the
models used to generate the NGFS Scenarios.

Key messages

1 To reflect the uncertainty inherent to modelling climate-related macroeconomic and financial
risks, the NGFS scenarios use different models, and explore a wide range of scenarios
across regions and sectors. This is called the NGFS suite-of-model approach.

1 The NGFS suite-of-models is internally aligned in a coherent way and produces a range of
data on transition risks, physical risks, and economic impacts.

The NGFS scenarios bring together a global, harmonised set of transition pathways, physical climate

change impacts and economic indicators They combine the analysis of transition, physical and macro
financial risls to shed light on the longerm trade-offs between the costs of climate mitigation and the

consequences of unfettered climate change. They takera-term perspective, which is necessary to assess
the benefits of reduced physical risk over the next dezmdiriven by effective climate policies: a scenario
focussed on the next few years wouid fact, only capture the costs of climate action, while omitting the future
but long-lasting benefits of meeting the Paris temperature targetahich is the very r@son why climate action

is needed.

Climate risks and their transmission channels

Climate risks could affect the economy and financial system through a range of different transmission
channels To understand the potential macroeconomic impacts of climagksj we can distinguish between
risks related to the transition to a lowararbon economy (transition risks) and risks related to the physical
impacts of climate change (physical risks), as showgigare 6.

Transmission channels

Climate risks to financial risks

Climate risks Economic transmisslon channels
Transition risks Micro Credit risk
« Policy and regulation Affecting individual businesses and households e De:lal:lltsh%h:.:simsses
. and houszhol
E:T::E:m Businesses Households + Collateral depreciation
= Property damage and business = Loss ofincome (from weather
= Con prefel
samer rEnees disnuption from severe weather disruption and health impacts, Market risk ‘—I
= Stranded assets and new capital labour markat frictions) + Repricing of equities, I
expenditure due to transition = Property damage (from severs fixed Income,
= Changing demand and costs weather) or restrictions {from commuadities ete. I g‘
= Legal Rability {from failure to low-carbon policies) increasing B
mitigate or adapt) costs and affecting valuations Underwriting risk I E
» Increased insured |osses
Physical rishs Macro - Increased insurance gap I
« Chronicie.g. Aggregate impacts on the macroeconamy b
temperature, - Cani g ; - 5
A EAia Ca!:utall deP'recmmn and increasad investment Operational risk I £
scultural - Shifts in prices {from structural changes, supply shocks) . Supply chain disruption
ag;:l:rti\? . = Productivity changes (from severe heat, diversion of investment to ) Fozzglacii dosure I
r:\.lelsl ) mitigation and adaptation, higher risk awersion) g
- Labour market frictions (from phiysical and transition risks)
ST BT ! - Socioeconomic changes (from changing consumption patterns, ‘-l

Ligquidity risk
ﬁn.z;“:do"ﬂa"d migration, conflict) quidity
il = Other Impacts on international trade, government revenues, fiscal » Incrazsad demand for

space, output, interest rates and exchange rates. liquidity
» Refinancing risk
Climate and economy feedback effects Economy and financial system feedback effects

Figure6. Transmission channels: climate risks to financial risks. Source: NGFS (2022)



9 Transition risksaffect the profitability of businesses and wealth of households, creating financial risks
for lenders and investors. They alsoaf the broader economy through investment, productivity, and
relative price channels, particularly if the transition leads to stranded assets.

1 Physical risksaffect the economy in two way#\cute impactsfrom extreme weather events can lead
to business @ruption and damages to property. There is some evidence that with increased warming
they could also lead to persistent long&rm impacts on the economy. These events can increase
underwriting risks for insurers, possibly leading to lower insurance reme=in some regions, and
impair asset valueChronic impacts particularly from increased temperatures, , may affect labour,
capital, land, and natural capital in specific areas. By affecting individual businesses, households and
the broader macroeconomyclimate risks could translate into financial risks and affect the financial
system.

Seven different academic institutions or initiatives joined forces under the aegis of the NGFS to ensure the
overall consistency of the scenario framework while still regling on state-of-the-art and peerreviewed
academic literature. The NGFS therefore uses existing models, each of them being specialised and advanced
in capturing one single part of the framework. This alladeep divingin the reactions of economic sectors

climate change and/or climate policies with a higher level of granularity, coverage, and precision than otherwise
possible. The models chosen for the NGFS scenarios also inform the IPCC reports, thus ensuring a high level of
consistency between the N&and the IPCC frameworks. Furthermore, this collaboration has facilitated
dialogues across specialised institutioribat has allowed a crostertilisation of ideas and skills to improve
existing methodologies and advance our understanding of climate ades further.

NGFS suiteof-model approach

The NGFS scenarios are based on a modular, suidémodel approach to capture separately but
consistently climate, macroeconomic, and financial contingencies The models used to derive the NGFS
scenarios can belassified into three broad categories:

i1 Physical risk modelsnclude all physical risk models that are participating in ISIMIP and CLIMADA and
provide climate and economic indicators because of changes in climate.

1 Transition risk modelsinclude three Intgrated Assessment Models (IAMs), specificallyMIND-
MAgPIE, GCANandMESSAGEIXGLOBIOM, that derive the impacts of different policy ambitions on
the energy sector, emissions, and land use.

i1 The macroeconomic modelconsists of theNiGEM model(a version secifically modified for the
purpose of producing the NGFS scenarios), to understand the consequences of transition and physical
risk on key macrdinancial fundamentals.

The transition pathways for the NGFS scenarios have been generated with these threeelivestablished
IAMs and linked to a macroeconomic model (NiGEM) to extend the macieconomic information. The IAMs
have been used in a vast number of peeviewed scientific studies on climate change mitigation and their
results feature in several assessnt reports(Clarke et al., 2014; Forster et al., 2018; Jia et al., 2019; Rogelj,
Shindell, et al., 2018; UNEP, 2018, IPCC 2DZHaey allow the estimation of global and regional mitigation
costs(Kriegler et al., 2013, 2014, 2015; Luderer et al., 2R84 et al., 2015; Tavoni et al., 2D1Be analysis of
emissionspathways(Riahi, van Vuuren, et al., 2017; Rogelj, Popp, et al., 2018, Riahi et al., 284jiated
land usg(Popp et al., 201'gnd energy system transition characteristi@auer et &, 2017; GEA, 2012; Kriegler
et al., 2014; McJeon et al., 2018 e quantification of investments required to transform the energy system
(GEA, 2012; McCollum et al., 2018; Bertram et al., 288d)the identification of synergies and tradsfs of
sustanable development pathwayg¢Bertram et al., 2018; TWI2050, 201&) short they optimize energy



systems and land/water use in the face of lemgp population and production trendslo shed light on the
potential macroeconomic impacts, the IAMs have bdarked to the macreeconomic model NiGEMPut
simply, this midterm global econometric model takes in energglated and carbon tax inputs from the IAMs
and generates macrdinancial series such as inflation, unemployment, and house price index (HPiyodd

be more typically used in financial modellinthe NGFS suite of models is aligned in a coherent way to produce
results that are internally consistent

NGFS suite of models approach

" Country-level pathways
Transition pathways Downscaling methodology

Integrated Assessment
Transition Models
risk

Energy and emission related variables

Terr_rpemture 1.5°C, 2°C, 3°C+
alignment

Macro-financial
impacts

Macroeconomic

Chronic climate impacts Country productivity damages Model (NIGEM)

Damage function
Physical
risk

Acute climate impacts Channels of transmission

Natural Catastrophe
Models

Figurer. Interactions between the three model categories in the &rS&vork

Figure 7 illustrates theNGFS suite of models and how models interact with each other. Transition and physical
risk models have been aligned in terms of temperature pathways, to ensure that both their impacthe
economy are consistent and comparable. The way transition and physical models are combined with the
macro-financial model NiGEM is instead sequential. Energiyd emissiorrelated variables produced by the
three IAMs are used as input by NiGEMni&irly, NIGEM obtains input variables from the physical risk models.



'O" The NGFS suite omodels contrasts with the single model approach in that it
builds on the strengths of each type of model, but at the same time there are
%@bl AET AO AT| challenges to be considered.
7EAO AOA AAI
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U  The strength of the NGFS suite of models is in their global coverage and
integrated assessment of risksWhere possible, multiple models have been
used for each scenario and warming level to represent uncertainty.

U Comparable outputs.The three NGFS IAMs produce comparable outputs for
energy and lanelise series, although sometimegth varying methodologies,
and can be equally interchanged when used downstream in NiGEM.

U Flexibility. Users can choose from comparable IAM outputs in macroeconom
models.

U Openness. Users can examine the sensitivity of using different methodologicg
assumptions at the energy and land/water use system level on ldesel
economic drivers, increasing transparency and robustness

Main challenges

U This modular approachmakes sacrifices in terms of unityalthough there is a
reconciliation process between oamon endogenous outputs).

U While significant research advances have been madecently, care should be
taken in using the results, particularly at the most granular levels.

Modelling the macrefinancial effects of climate scenarios is an exercise that sits in thesektwo distinct

fields 1) climate, energy, and land use, and 2) the macroeconomy. The first is usually modelled using an
engineering approach since energy systems (and emissions) dynamics are determined Wyddngestment

in different vintages of tehnologies that convert resources into energy, such as-6icadl power plants or
windmills, and are constrained by physical resource endowments inherent in each region due to factors such as
geology or wind patterns. On the other hand, highfeequency maroeconomic dynamics are typically
modelled by understanding the relationship of purely economic series in history and are agnostic on energy mix
or land/water use. Producing climate scenarios most useful for financial analysis would entail integrageg the
two contrasting frameworks' data and key methodological elements. Modelers can address this challenge by
either designing a holistic model that can represent both ldegm energy use and miterm macroeconomic
outcomes or utilize a modular approach layking two separate frameworks. Both methods have their upsides
and downsides to consider. While a modular approach gains in specificity, openness, and flexibility, it also
sacrifices in consistency. A single unified model on the other hand may needke saarifices in terms of detail

on certain, potentially key, subcomponents, but would find it easier to maintain conceptual soundness and
overall consistency.



The NGFS scenarios take the modular approach as a starting poifdjlowing the trend in theenergy systems

field to tackle complexity by leveraging the individual strengths of a variety of mottétsleed, the IAMs also
follow this strategy, as they were developed to model phenomena that were studied in different disciplines. For
example, withinthe IAMs, separate macroeconomic modules exist mainly to generate-tongaggregate
energy and resource demand, with energy and laree modules calculating the optimal structure of these
systems to fulfil this demand and climate modules calculating thbsequent effects on temperature. Key
inter-module interactions, such as price feedback, are modelled with hard links.

Utilizing the IAMGCAM, MESSAGERLOBIOM, and REMINDIAgPIE for key energy, land/water use, and
carbon tax series ensures these camngnts are modelled most accurately, providing energy transition and
other dynamics that have been used in hundreds of pesiewed scientific studies on climate change
mitigation. On the other side, the modelling of the impact of these series on the asomomy with NiGEM,
the leading global macroeconomic model, leverages its considerable strengths in this area a8otiell.
policymakers and private sector organizations across the glaheon these modelfor economic forecasting,
scenario building, ash stress testing.

The modularapproach also carries the benefit of flexibility, additionally leading to further transparency and
robustness. If intermediate series are consistent in interpretation, models that interact with them can be
switched in or outA concrete example is in the presence of 3 options of IAMs to generate energy andsand
series. They all produce comparable outputs, although sometimes with varying methodologies, and can be
equally interchanged when used downstream in NIGEM. This esalsers to examine the sensitivity of using
different methodological assumptions at the energy and land/water use system level on-lewelreconomic
drivers, increasing transparency and robustness. In addition, users can directly use IAM outputs in
macroeconomic models of their choice. Thisntrasts witha single model approach which would be more
difficult to disentangle modularly.

While the outputs of the two modelling frameworks mostly do not intersect, with energy and land/water use

on the IAM sideand macrofinancial variables from NIGEM, both sides of the framework do generate
endogenous or sehT AT CAT T 00 ' $0 AOOEIi AOGAGS8 )! - 06 AAOGATET A ¢
variables. GDP then changes seemdogenously due to transition costs in eachkesario. To ensure

consistency, NiGEM sets demand and supgile shocks such that its baseline GDP matches the GDP target

from the IAMs (GDP then deviates from baseline in each scen#émiagdition to the abovegach scenario also

includes chronic physal risks shocks via demand and supgige shocksseeFigure 8). Based on scenario

temperature outcomes, GDP shocks for chronic physical risks are computed using a damage function, and
subsequently fed as input to NiGE

21Seehttps://papers.ssrn.com/sol3/papers.cfm?abstract_id=318680
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',OC Integrated assessment models (IAMs) are simplified representations of complex
S physical and social systems, focusing on the interaction between economy, society,
2D AEY AC Al and the environment.
7EAO0 AOA
I OOAOOI AT O U IAMs represent the coupled energyeconomy-land-climate system to varying
degrees.In some ways, IAMs can differ from each other: there can be significant
variation in geographical, sectoral, spatial and time resolution; they rely on differe
technological representation; they can use partial or general equilibrium
assumptions; and they can assume perfect foresight or recurgiwreamic
methodology. The diffialty in fully representing the extent of climate damages in

monetary terms may be the most important and challenging limitation of IAMs.

U 1AMs integrate knowledge from two or more domains into a single framework
They are one of the main tools for undertaggiintegrated assessments. The IAMs
used by the NGFS include representations of multiple sectors of the economy, su
as energy, land use and lanse change; interactions between sectors; the econon
as a whole; associated GHG emissions and sinks; antteedepresentations of the
climate system. This class of model is used to assess linkages between economi
social, and technological development and the evolution of the climate system.
Other types of IAMs additionally include representations of the sasisociated with
climate change impacts. These can be used to assess impacts and mitigation in
cost-benefit framework and have been used to estimate the social cost of carbon
The NGFS does not use such models and relies on other methods to compute th
cost of transition and physical risks.

3.1 The NGFS IAMg processbased modelling of the energy transition

Even though the NGFS IAM models were developed by different research groups, with each model having
its own unique features, strengths, and limitations, they all have in common a similar modular structure
and set of shared assumptionswith scenarios based on the widely used Shared Secamomic Pathways
(SSPs), and harmonized population and economic developmentdtajees. They combine macreconomic,
agriculture and lanelse, energy, water, and climate systems into common numerical frameworks that enable
the analysis of the complex and ndimear dynamics in and between these components.

In contrast to simpler casbenefit IAMs likeDynamic Integrated Climaté&economy modelsiICH andRegional
Integrated ClimateEconomy models RICE, the IAMs used by the NGFS cover more systems with a finer
granularity and process detail, which leads them to be referred to asesstzased IAMs. For instance, they
offer highly granular representations of the energy system, taking an engineesiylg approach to modelling

the conversion of raw natural resources into energy using various competing technologies. An overview of their
high-level structure can be pictured kFigure 8.
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As one of the key outputs from the IAMs is the energy transition path induced by a pbhoge, such as a
carbon tax, we will outline the key modules used in all the IAMs to produce this output and highlight where
differences occur. Since all the models produce a -¢ostimizing or approximately cosminimizing energy

mix given demand deriveh the macroeconomy, we trace through the system from the top down.

1 Macroeconomy: This module provides assumptions or moliteg of highlevel GDP or population
OOAT AO AO OEA OACEITTAI 1AOGAI 8 )!-08 AAOAtheéeT A ' $0
changes semendogenously due to transition costs in each scenario. MESSAGEix and REMIND utilize
Ramseytype growth models where capital investment and energy are chosen to maximize
intertemporal welfare given energy costs (model parameters are catidat to match exogenous GDP).
In contrast, GCAM GDP is set to an exogenous baseline and adjusts according to theftabe,
population, and energy price changes.

0 Sectoral energy demand is determined by the level of economic activity in the
macroeconomc modules which in turn, is determined within the macroeconomic
optimization problem given energy costén REMIND, calibrated to exogenous baseline
projections with endogenous deviations due to changes in energy d@stsIESSAGENd
GCAM), or set accoréhg to exogenous projectiongin GCAM.?> When demand is
endogenous, assumptions are made regarding substitutability of sectors in aggregate
production using constant elasticity of substitution (CES) production functions. Sectors differ
between models but riclude, at the very least, Buildings, Transport, Industry, and
Agriculture/Landuse.

22 MESSAGE can also determine energy demand fully endogenously using price feedback between the MACRO
andVIESSAGE mdules (see MESSAGEBLOBIOM documentation, page 49). However, in Phase IV scenarios, energy
demand is generated from exogenous material demand projections. Keeping energy demand endogenous allows for
substitution between inputs.



1 Energy Systems.In all 3 IAMstheseare represented in a separate module. Sectoral final energy
demand is derived in the previous step and used here as an input. Thislenthen calculates the
lowest-cost method of supplying this energy. REMINIAgPIE features a feedback mechanism where
this derived cost is fed back into the macro model to generate a new sectoral energy demand, iterating
until convergence.

o Energy convesion technologies.This is the process of converting raw resources (also known
as primary energy into secondary energysuch as electricity. Secondary energy is then
subsequently also converted inftnal energyAll 3 IAMs model technological investmeint
vintages. Each vintage is associated with fixed costs associated with the initial investment,
variable costs associated with the running of the investment, costs from early retirement, and
depreciation from age. This feature introduces frictions thagyent instantaneous switching
between technologies and represents capital stock inertia. MESSAGEiIx and REMIND
explicity model cost minimization between these technologies either using constant
elasticity of substitution (CES) production functions in REBINr linear substitution in
MESSAGE. In contrast, GCAM models the discrete choice using logit functions. This means
that even if the cost is unambiguously lower in one technology vs. the other, a certain share
will mechanically remain with the less effiaietechnology depending on logit exponent.

o Raw energy supply curvesThis determines the cost of extracting raw resources both in the
case of renewables as well as fossil fuel and othermeorewable resources. In each model,
highergradesf resources rdéct those that are easiest to exploit, such as land with high solar
irradiance or easily accessible fossil fuel reserves. In the case of the models that linearly
optimize energy cost at some level, REMIND and MESSAGEIx, this introduces convexities
that further prevent corner solutions in cost minimization, i.e., 100% adoption of the lowest
cost technology.

Carbon prices are the primary channel for which transition scenarios are implemented in the IAMs, where,
roughly speaking, the price is set such thaetemissions constraints applied to the scenario are satisfied. This
occurs through substitution effects, where the emissions price raises the cost of operating the given emitting
technology. In EMINDMAgQPIE, MESSAGERLOBIOM and GCANMhis triggers an edogenous shift in
investment in energy conversion technologies, with increased capacity for cheaper technologies and reduced
usage and early retirement for more expensive technologies.

Water and landuse systems such as GLOBIOM in MESSAGEix, MAgPIE ilNRE&d integrated modules in
GCAM operate parallel to the core energy and economic modules, optimizing agriculture, forestry, and other
land use (AFOLU) in concert with policy changes. For example, greater production and population demands
would negativdy impact forest cover, reducing carbon uptake in forests and changing the supply of biomass
for bioenergy and lumber. This, in turn, affects emissions and estimates of the carbon price for any given
scenario.
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Figure9. Carbon price IAM comparison in N&ero Scenario.

A visualization of the derived carbon tax trajectories for the Net Zero 2050 scenario is shéwuie 9, with
REMIND and GCAM broadly consistent in initial years and MESSAGEix diverging on thepatitird he
MESSAGE price pathereis strongly determined by the peakarming/netzero definition of the scenarios.
The prices increase strongly until Reéro CO2 emissions are reached, after which the emissions remain stable
at net-zero, which happens dower costs. The following section identifies the most critical shared drivers in
determining how each IAM would model this transition.

3.2 The NGFS IAMg key dynamics driving an energy transition

Each model has different effective substitutability of energurces, which is crucial in determining the speed
of energy transition and carbon prices for each scenario. This is both due to explicit assumptions and differing
structure.

For instance, MESSAGEix and REMIND determine energy technology thmaptghization using constant
elasticity of substitution (CES) production functions The CES parameters of this function, as well as the
nesting structure of the CES goods, determine the substitutability of the energy sources. For example, REMIND
assumes perfect sudtitution at the lowest level of energy good, such as power, following the intuition that
electrons from fossil fuel or renewables are indistinguishable in their ability to fulfil electricity demand and
similar for liquids, gases, and others. However, @mergy demand is still segmented by sector. So, power to
the transport sector cannot be substituted for power to stationary eneugge sectors, as seen lifigure 10.
Conversely, imperfect substitution is only expligithodeled at the sectoral energy demand level in MESSAGE.
Instead, more detailed procedsased modding of frictions at the lower level drives imperfect substitution of
energy sources.
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Figurel0 REMIND production structuferefers to the CES substitution parameter.

In contrast, GCAM uses\antage capital model of capital investment and utilization. Existing vintages are
assumed to operate throughout their useful life as long as the vintage is able to cover its operatiag@osts
include energy and other operating costs such as labor, water and new investments compete based on expected
levelized cost of production. The distribution of investments into new capital is modelled usdigceete
choicelogit model that determines the share of new investment based on expected cost. Technologies with
the lowest expected cost of production receive the largest share of the portfolio, with more expensive
technology options garnering a smaller share of the portfplidth the sizeof this portion depending on an
exogenously set exponent parameter. In this framework, this parameter explicitly controls substitution
between technologies, although other factors would also modify this impliciflye scale of investment in the

new vintaga is set by the expected need for new capacity, Which in turn is determined by difference between

seeFigure 11for an illustration of hydrogen transmission, distribution, and ensk.
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Figurell GCAM hydrogen technology nesting structure, including approximate energy requirements at each stage.

Even with full substitutability assumed for an energy input, saVéictions at the lower level in the IAMs would
continue to impede instantaneous switching to the lowawst option. The first is associated with thetage-

style modelling of energy conversion technologies. This feature represents the inertia in tleegy system

due to its longlived capital stock. It includes both fixed costs in installing new capacity and hard constraints on
the early retirement of old capacity. The second is the presencemiex resource supply curvegepresenting

the increasingnarginal costs of extracting resources as quantity increases. For example, using larger quantities
of specific resources, such as coal, would entail mining in more diffictdiccess regions, represented as
grades These energy resource endowment cunaee derived from the bottom up, using sources such as the

US Geological Survey and various energy institutes and agencies. An example of oil in MESSAGE is given in
Figure12.
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Figurel2 Oil resource endowment curvé&s S8AGE.

A final component essential for the determination of endogenous energy mtgaknological changeand

diffusion8 )T 2%- ). $h OEEO EO DAOOI U AJAIl EACH ®O0x BE®IT QICIEA Al
curves and internalized spillover®rf wind and solar power, and advanced vehicle and energy storage
technology. This causes capital costs to decreasie cumulated capacityncreasesIn MESSAGE, there is a



modelling of technology diffusion that produces a similar effect, with dynamic staaints that relate the
construction of a technology added in periddto the construction or activity in periot-1. In all models,
exogenous paths for cost and efficiency parameters in each scenario follow assumptions implied by the SSPs.
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Figurel3 Gaspowered electricity production, net zero scenario.

Other mechanisms that would affect transition dynamics between the IAMs include negative emissions
technologies like carbon capture and storage (CCS), which is incorporated in differing sectors depamttie

IAM. As expected, the CCS option allows for a certain amount of fossil fuels to be burned even in a net zero
scenario. For example, the prominence of CCS in MESSAGEix explains the high levgd@fvgeed electricity
production in the net zerocenario shown iriFigure 13in combination with high energy demand and the role

of gas power plants to balance the load of variable renewgblégnerally, though, it is typically represented

as a costly option. Other mative emissions technologies typically go through the laimgk modules, including

soil carbon management, direct ocean capture, and forest restoratitmwvever, IAMs vary depending on which
technologies they include.

In addition, there are various otharays through which energy technologies materially affect transition speed.
For example, two IAMs model the intermittency and lack of flexibility inherent in some energy sources,
particularly wind and solar, and require additional investment in energy g@apacity to bridge the gap. This

is parametrized as a reliability factor in MESSAGE, while GCAM models the costs of intermittent and non
intermittent conversion technologies separately.

Emissions are calculated in separate modules and are typicallpaién of sectoral energy usagéechnology
choiceand emissions mitigation, interacting with the land/watese modules. This includes emissions from
power generation, limestone production in cement, steel production, and other industrial CO2 produbtion.
all IAMs, these are then fed into separate climate modules that represent the global carbon antle
atmospheric chemistrand produce estimates of atmospheigomposition radiative forcing, and meaglobal
surfacetemperature. MAGICC performs thendogenousclimate modeling in MESSAGEiIGLOBIOM and
REMIND. HECTOR produces teedogenousestimates in GCAM. The IAMs also model other pollutants to
some extent, such as qliur dioxide (SO2), nitrogen oxides (NOx), and ammonia (NHBg NGFS scenario



database includes harmonized climate modelling results for all three models from the latest version of MAGICC

(seeBox: MAGICCA reduced complexity Earth system model

Table 4. Key model characteristics.
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REMINDMAgQPIE 3.24.6 1 LM-R12 GCAM 6.0
Hosting Institution PIK IIASA PNNL
Economic Equilibrium  General equilibriumGE GE Partial equilibrium PE)

Agriculture Sector

Modelling

Solution method

Energy
diffusion

technology

Cross sectors
Model specific (singular
sectors

Transport

Buildings

Industry

Regions
Technological change

Behavioural change

GE with
optimization

PE with recursive dynamic intertemporal

Inter-temporal Inter-temporal

optimization optimization
Modelling  of  supply Modelling of  supply
energy based on cos energy based on cos
optimization optimization

Primary energy supply, transformation, manufacturing,

PEwith recursive dynamic

Recursive dynamic

Modelling considering choice
function (cost plus penalty cos
due to inconvenience)

and end uses, including reside

commercial, transport, construction, agriculture, and forestry

Road, rail, air, and se¢ Aggregated
breakdown by freight and

passenger and type o

vehicle

Residential and Aggregated
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Cement, chemicals anc Cement, chemicals (higt
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ferrous metal ad steel

12 12

Endogenous Exogenous

Only in Low Demand Yes
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determine scale of demands fo
building services (e.g. heatinc
cooling, cooking)
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32
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Number of policy 9 7 14

instruments

Demand side mitigation 15 16 14
options

Supply side mitigation 17 20 18
options

AFOLU options 7 8 8
Freight electrification No No Yes

Technology substitution high substitutability with High substitutability with Mixed high and low
increment cost incremert cost substitutability with growth
constraints

Technology lifetime Fixed lifetime and early Fixed lifetime and early Fixed lifetime and early
retirement retirement retirement
CCS Technologies Included in electricity Included in electricity Included in electricity, refining,

technologies, bioeergy technologies, bioenergy hydrogen production, and
with CCS, afforestation, with CCS, reforestation manufacturing technologies,
direct air capture and and afforestation bioenergy with CCS,
enhanced weathering reforestation and afforestation

One notable difference in approaches is in the level of foresight. As mentioned previously, GCAM assumes that
investors have myopic foresight and assume that current prices, including for example, th@pcasdon, will

persist throughout thefuture life of the investmentHence, costs for capacity installation are assumed to be
relative to current prices and not expected future prices. In contrast, REMIND and MESSAGEix assume perfect
foresight in that the full path of the carbon price is known to agents while investing. Ceteris paribus, one could
expect a sharper reaction to a net zero announcement in the perfect foresight case. However, this is not
immediately clear when looking at a betwedAM compari®n due to other model differences.

In addition, the solution method differs between the IAMs, with MESSAGEix and REMIND being general
equilibrium models. One of the consequences is that carbon revenues can be recycled back into the economy
for MESSAGEixral REMIND, increasing production, while this is not feasible in GCAM. On the other hand,
GCAMclears all energy, agriculture, land, and water markets, but does not model other markets explicitly.
However, GCAM is able to model over twice the number ofaegiand several more key sectors.

For a summary of higievel differences between the IAMseeTable 4

3.3 The NGFS IAMg implications of differences and similarities.

While the previous section illustrates some of the kg structural differences between IAMs, the conceptual
underpinnings and goals of the models are broadly alignedndeed, most variables have an estimate from
each 1AM, with differences confined to small variations in sectoral and regional granularitymehiss that
variability observed between models can safely be interpreted as a measure of confidence. This is especially
useful as the models otherwise are deterministic and do not have a concept of uncertainty. In addition, as time
horizons are in the diant future, there is no possibility of direct validation. Hence, sensitivity and robustness
analyses are even more central to ensuring model trust.



Suppose a model like MESSAGE, which relies strongly oAldeel processhased modelling, agrees on a
varigble with a model like REMIND, which relies more on a nested CES structure. The convergence of these two
methodologies would provide additional assurance on robustness for downstream users. On the other hand, if
they disagree, one can pinpoint the methodglical divergence that causes the difference, providing insights
into potential areas of uncertainty® A straightforward example is related to the CCS cost differences between
models, which causes significant differences in fossil fuel electricity produdtiothe net zero scenario.
However, on many of the most critical metrics, the IAMs are closely aligriédure 14 shows an overview for

many of the main energy series.
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Figurel4Energy series dynamics comparisoweeh the IAMs. Metric shown is the absolute difference between the net zero
and current scenario for the year 2050.

A final benefit to the suiteof-model method lies in the differing granularity of the estimates. By necessity,
models with more complicateéstimation routines must make tradeffs in terms ofgranularity. On one end,
GCAMestimates significantly more regions and sectors while maintaining broadly consistent dynamics with
the other IAMs. Conversely, MESSAGEKOBIOM has a less granular repnetsion of sectors and regions

but is grounded in sophisticated procebased modding at the lowlevel and conceptually sound
macroeconomic modding at the high level. REMINBIAgPIE provides a middle ground in sectoral
representation, highly reliant oa CES nesting structure, with a geographic representation like MESSAGE, but
leveraging a partial equilibrium approach to interact with the agricultural module. This wide range of
approaches leads to different coverage and provides a flexible menu of apt@rvarious potential use cases.
However, this flexibility increases the importance that users dééege into the methodology of each model to
understand which provides the best fitness for purpose for their specific area of analysis.

23 Multi modelanalysis for climate and integrated assessment models is a common approach in the literature. See
https://iopscience.iop.org/article/10.1088/1 78826/aaf8f9/meta This is alo the approach taken for the climate
models prepared for the IPCC, which resulted in the Coupled Model Intercomparison Project, currently in its sixth

phase (CMIP6).
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Box: MAGICC: Aeduced complexity Earth system model

What is the MAGICC model?

MAGICC is a reduced complexity Earth system model that has been widely used in climate science for qver

three decades, most notably in multiple IPCC reportdt is most often used in a probdistic setup, providing

information not only about our best estimate of future climate change but also the uncertainty that arises|from
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1 MAGICC is used for evaluating the impacts of greenhouse gass@ns on global climate change. ||

t

combines climate science, atmospheric chemistry, and radiative forcing calculations to estimate the
relationship between greenhouse gas emissions and changes in temperature, as well as other felated

climate variables uder different emissions scenarios.

1 MAGICC is also used as the climate component in multiple integrated assessment models (IAMs), including

REMIND and MESSA&EThe strength of MAGICC is that it is sufficiently flexible to closely emulate
large and complex climate models and sufficiently physically based to allow credible interpolations
indicative extrapolation near the calibration range.

the
and

1 The key outputs of the climate model include climate feedbacks which are processes that amplify or
dampen the nitial response to greenhouse gas emissions, radiative forcing caused by greenhouse [gases,
aerosols, and other factors, and climate sensitivity, a crucial parameter in estimating the temperjature

response to greenhouse gas emissions.

1 For the NGFS scenaritss MAGICC 7.5.3 is applied in a probabilistic setup as used in the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC) (IPCC WG3 2022; Kikstra et al. 2022).
This ensures comparability of the NGFS scenario climate outcomes wihlatest IPCC report and

assessment.

What are the key model inputs?

- 1)) ## 6 O alednthrofbgeBidedissions that impact the climate system, primarily greenhouse gases

but also aerosol precursors and emissions that influence other gas cycles scathaa monoxide. Based on

these inputs, MAGICC provides projections of a number of key quantities, including atmospheric greer
gas concentrations, effective radiative forcing for different species, temperature change, Earth system

house
heat

uptake and sedevel rise. Globainean quantities are the key output, but outputs at the hemispheric level can

also be used in more specialized applications

24 Seepost-processing sections under the IAM chaptensVodule 5 Chronic physical risks
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Figure 15. Schematic overview of MAGICC calculations showing the key steps from emissions to
global and hemispheric climate responses.

MAGICC represents the Earth with four boxes: one for land and one for the ocean, in each hemi$pkere.
ocean component is an upwellindjffusion model with multiple layers. The atmospheric component is based
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balance components, MAGICC incledmodels of the carbon cycle, methane cycle, impact of anthropogénic

aerosol emissions and sdavel rise.
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MAGICC can be fmd in Meinshausen et.a201), with updates as described in Meinshausen et &2(2 and
Nicholls et al. (2021




3.4

Physical risk modelling approach

Physical risk modelling is split between chronic and acute risk. Chronic risk raaormmic impacts are

calculated with thedamage function developed by Kalkuhl and Wenz (2020), used to quantify the effect of a
change in climaterelated variables (temperature) on economic output. This approach has several advantages,

including its easy implementation for a large range of coigdy but itis stillanarea of research anahost likely
does not capture the full extent of climate changet. The modelling approach has not changed compared to
the previous phasghence additional impacts derive from updated temperature paths.
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Figue 16.Gross Domestic Product deviation due to chronic physical risk between Phase 3 and 4. Nigem WitipREMIN

Acute risk is modelled instead focusing on specific climate risks, or hazards, and their potential increase for a
given temperature pathway This approach captures better countries idiosyncrasies and allows to better
identify the channel through which climate risk might affect the economy. Probabilities of damages are

estimated on the basis ofvarious data sources (mentioned in the dedicategction) and macroeconomic

impactsestimated via stochastic simulations (to also control for the uncertainty surrounding the estimates) in
NiGEM on the basis of the relevant transmission channels. However, challenges are posed by the lack of reliable

and omplete datasets and improvements in modelling should be matchedtiyncreasing effortin collecting

data and observation.
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Running a NiGEM scenario

*  Narrative: What is the source of the shock and
underlying premise and/or target variables

*  Channels: How does the shock propagate

*  Shocks: Determine size and shock profile

* Policy: How do agents respond, are
expectations rational or adaptive; are the
shocks anticipated or unanticipated

Figurel?7.implementation of climate shock in the NiIGEM macreconomic model



4. Main results of the NGFS scenariés

Key messages

1

This sectim presents key results from the seven NGFS scenarios described above and corresponding to the four

Reaching global net zero CO2 emissions by 2050 will require ambitious transition efforts
across all sectors of the economy. The NGFS scenarios, however, show that immediate
coordinated transition will be less costly than inaction or disorderly transition in the long run.

More precisely, physical risks in hot house world scenarios (Current Policies or Nationally
Determined Contributions scenarios) will lead to the strongest negative impacts on GDP
with economic cost diverging significantly after 2040.

Reducing greenhouse gas emissions continues to affect all sectors of the economy and
gives rise to transition risks for the economy and financial system

Policy intensity increases as timelines for net zero 2050 scenarios shorten. Precisely, the
shadow emissions prices continue to rise drastically in respective scenarios.

Energy is a key sector. Extensive energy investments pathways continue to rise. Until 2030
all scenarios predict a rapid scale-up of spending on overall energy supply.

Global mean temperatures strongly depend on the policy assumptions of the respective
scenarios. In general, the modelled pathways reach from 1.5 to above 3 degrees.

quadrants of the NGFS scenarios framework as follows:

f

1

1

1

Orderly scenarios: Low Demand, Below 2CandNet Zero 2050
Disorderly scenario: Delayed Transition

Hot house world scenarios: Current policiesandNDCs

Too-little -too-late scenario: Fragmented World

The results can differ based on the model and the type of climate risk consideredifimarend/or physical

risk). The macrdinancial impacts of transition and physical risks are expressed as deviations from a baseline
scenario, where there is no climatelated risk. The NIGEM model is able to determine the contribution of each

type of rek (transition or physical) in deviation from this hypothetical scenario.

The time horizon covers a period from 2020 until 2050 or 2100, depending on the variable. The geographic
sample includes more than 180 countries and more than 30 regions. The fujlaubsections describe the

key output variables available in the NGFS scenarios distinguishing between three categories:finaooial
impacts, transition risk and physical risk.

26 Theplots of this section have been generated wittis EnTry script


https://colab.research.google.com/drive/1j71pXipEI7fvbDNkvDwRCXgAVKWLGvBZ?usp=sharing

4.1 Key macrofinancial impacts
Gross domestic product

NGFS scenarios diffe markedly in their economic impact, with some difference across models and
significant variation across regions Impacts on GDP are specified relative to a forecast representing prior
trends but also incorporating most recent impacts (e.the consequenes of the Russian war in Ukraine).
Transition riskshave a moderately negative impact on world GDP in Net Zero 2050 as negative impacts on
demand from higher carbon prices and energy costs are partially offset by the recycling of carbon revenues into
govemment investment and lower employment taxes. GDP impacts from transition risks are more markedly
negative in the Disorderly scenarios as the speed of the transition combined with investment uncertainty
affects consumption and investment. GDP losses fronysical risksvary in line with different temperatures
projected for each scenario. Chronic physical risk becomes gradually more important over tirath in
absolute and relative terms but acute physical risk remains the main source of risk until 2P68ll scenarios,

the impact of physical risk rapidly outweighs the impact of transition efforts. Indeed, the GDP deviation from
baseline due to the combined impact of transition, chronic and acute risks rafinges5to 7 pp over the next

30 years in théet Zero 2050 scenario, while it reaches almost 10 pp in 2040 and 14 pp in 2050 in the Current
Policies scenario. Stringent mitigation initiatives that are in line with the Net Zero 2050 scenario will already be
beneficial by 2040 and strongly reduce rigksvards the end of the century. This also underlines the need to
add investments omdaptation. Finally, impacts diverge even more thereafter. By 2100 impacts are highest in
the Current Policies scenariaif to 20 % of GDP relative to prior trends temprature targets and the
corresponding decarbonization efforts are missed.



GDP deviation due to transition, chronic and acute risks - NIGEM with REMIND inputs
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exposure to transition and physical risksin the NGFS scenarios, both transition and physical risk impacts vary
across countries based on several factors. Transition risk depends, among others, on the structure of the
economy, the reliance on fossil fieelnd the trade composition. Physical risk depends on the exposure and
vulnerability to temperature increase and extreme weather events, with tropical and subtropical regions facing
larger risk increases. NIGEM provides country and regional pathways fBr [Bipacts are higher for countries

and regions that face higher emissions reduction, higher carbon prices, lower fossil fuel exports or higher
physical risk damages. Impacts also vary across models, depending on model structure and assumptions. To
estimate GDP impacts, the NIGEM model is calibrated based on inputs from the three IAMs (REMIND,
MESSAGE, GCAM). Results from MESSAGE are more adverse because of lower CDR use, more ambitious
temperature outcomes and stronger decarbonization strategies needed wustructurally higher energy
demand in MESSAGE, therefore inducing higher carbon prices.
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Figurel9.GDP deviation relative to Baseline across countries and models in the Net Zero 2050 scenario.

Inflation and unemployment

The scenarios include a wideange of macroeconomic variables, capturing structural relationships
between key aggregates such as unemployment and inflationln many countries, the implementation of
carbon prices in the transition scenarios tends to raise energy costs in thetenont initially weighing down

on prices (as lower demand and financial market losses hit outputs). Rising carbon prices subsequently induce
modest increases imflation and unemployment before returning to prior trends. In some countries and
periods, the offetting growth effects stemming from carbon revenue recycling lsad a reduction in
unemployment. In some scenarios this leads to a potentiahetary policy trade-off. The NGFS modelling
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This can be adjusted in the NIGEM model alongside fiscal policy assumptions. The negligible impacts in the
Current Policies scenario reflect not only limited transition risk, but also the fact that only one [paiteimtonic
physical risk transmission channel (productivity) has been modelled. More research is needed on the potential
for climate impacts to raise inflation (e.g., through supysigle shortages) and/or unemployment (e.g., due to
displacement). The impa is much more sizable in the T4ittle -to-late scenario, given the higher transition

risk.
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Figure20. Inflation rate and unemployment rate: Europe vs. China

Financial Markets

Climate change and transition policies create significant financial fluctuabns. The macrefinancial results

reflect both risks and opportunities. Long-term interest rates tend to increase in the transition scenarios,
reflecting the inflationary pressure created by carbon prices, as well as the increased investment demand that
the transition spurs. A disorderly transition can affeetal financial asset valuationssignificantly, with

AT 1T OEAAOAAT A AEAEEAOAT AAO AAOT OO OACEITO8 !'1 OET OCE
individual sectors, it is likely that secwothat can decarbonize to a lesser extent will be affected more than other
sectors. The NGFS is working to further develop sectoral impacts. In the disorderly transition scenarios, it is
assumed that policy uncertainty leads to a higher investment premii@amtwo years, with the premium
gradually returning to the baseline thereafter. This occurs in a period ranging between 2030 and 2031 in both
the Delayed Transition and the Fragmented World scenarios.

OE



Long-term interest rates - Net Zero 2050, NiGEM with REMIND inputs
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Figure21.Longterm interest rate in Europe vs. Laregm interest rate in ChinaTransition risk
Understanding transition risk

Cutting greenhouse gas emissions affects all sectors of the economy and gives rise to transition risks for

the economy and financial system.Transitioning away from fossil fuels amdrbon intensive production and
consumption requires a significant shift towards emissiogutral alternatives in all sectors. Policy makers can
induce this transition by increasing the implicit cost of emissions. As it takes time to develop and deploy
alternative technologies, climate policies may lead to higher costs in the interim. The transition pathways have
been modelled using three detailed Integrated Assessment Models (IAME)ey can be used to assess the
changes in energy, landse and policy neged to meet a particular temperature outcome or carbon budget.
The shadow carbon price underpinning those changes has been derived for each model. This price is distinct of,
and may differ fromthe social cost of carbon, which depends on an assessmeavaifled damages and
valuing impacts on present versus future generations. The increased cost of emissions, combined with a
consistent (re)allocation of investments and the employment of Carbon Dioxide Removal technologies, results
in a reduction in GHG ession in all sectors under the Net Zero scenario. The energy supply sector is projected
to experience the largest drop in those emissions, followed by industry.

27 These models have been used extensively to inform policy and decision makers &une fiesseveral climate
assessment reports, c.f. IPCC, 2018, IPCC, 2022, UNEP, 2018.
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Figure22. Sectoral GHG (Kyoto Gases) emissidwst Zero 2050 scenario, REMIND

Emissionsprices

A key indicator of the level of transition risk is the shadow emissions price, a proxy for government policy

intensity and changes in technology and consumer preferencesn the IAMs used to produce the NGFS

scenarios, a higher emissions prigémplies more stringent policy. Models suggest that a carbon price of
arounds010200/ton would be needed and assumed to be applied by all the countries in the next decade to
encourage a transition towards net zero by 2050. The largest increase in carbensgpimjected under the Net

Zero 2050 scenario, reaching ov@00%zo10/ton in 20504 EA AEAEEZAOAT O )! - 08 WwYoYd DO |
prices under the Net Zero scenario vary within a 1.5°C range of temperatureangl$50'ton range of carbon

price.

This shadow price is a measure of overall policy intensitgsovernments are pursuing a range of fiscal and
regulatory policies, which have varying costs and benefits. Shadow emission prices are sensitive to:

1 Thelevel of ambition to mitigate climate ctange. Higher ambition translates into higher emissions
prices.

1 Thetiming of policy implementation. Higher emissions prices are needed in the medium to 4ong
term if action is delayed.

9 The distribution of policy measures across sectors and regions, whidre assumed to be
differentiated in theFragmented Worldscenario.

1 Technologyassumptionssuch as the availability and viability of carbon dioxide removal

28 Emissions prices are defined as the marginal abatement cost of an incremental tonne of greenhouse gas emissions.
Prices are influenced by the stringency of policy a8l a&how technology costs will evolve. Prices tend to be lower in
emerging economies as there tends to be a greater number ofdost abatement options still available.
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Carbon dioxide removal

Large-scale Carbon dioxide removal (CDR), also known as negative esias, or carbon drawdown, aims

at addressingthe primary human source of climate change by removing carbon dioxide (CO2) permanently
from the atmosphere. CDR egompasses a wde array of approaches, includimgmoving carbon from the
atmosphere through increasing forest cover and soil sequestration (land use) or growing crops for bioenergy
(BioEnergy withCarbonCapture andStorage, BECCS).

CDR assumptions playn important role in IAMs.If deployed effectively, lower warming outcomes could be
achieved, or targets could be reached sooner given the practical difficulty of eliminating all (gross) emissions in
the near term. For example, under the Net Zero 2050 scin approximatelys GtCO2per year should have

been removed via CDR by 2050. However, these strategies currently take place on a limited scale only and face
several challenges.

The NGFS scenarios assume limited availability of these technologieShe pdterns vary strongly across
models depending on cost assumptions. They also vary substantially across countries depending on the costs
AT A AOAEI AAEIT EOU T &£ #%$2 1 DPOEIT O8 r8Y¥
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Figure26. CO2 removals across models

Energy Investment

Significant investment flows would need to be directed towards green energy in the coming decades to
achieve net zero Transitioning to a net zero economy would require investment flows to be allocated towards
mass deployment of green edtricity and electricity storage. There is some legacy capital investment in fossil
fuel extraction, which is a measure of all investments in mining, shipping and ports for fossil fuels, transmission,
and distribution for gas as well as the transport arefining of oil to maintain the infrastructure while
decreasing the overall capacity. Average annual investmieynt2050 in renewable electricity and storage
amounts to about 1.8 trillion US$ under the Net Zero scenario, about 0.5 trillion more than undecutrent
policies. Given its high CO2 emissions relative to other fossil fuel alternatives, the share of coal is rapidly
dwindling in the energy mix from 28% in 2020 to 7% in 2030 and close to 0% in 2050 in the Net Zero 2050
scenario. By 2050, renewablard biomass will deliver roughly 75% of global primary energy needs in the same
scenario. This is in marked contrast to the Current Policies scenario where fossil fuels continue to be the
dominant source of primary energy, even after accounting for curtenhnology trends.
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Figure27. Current and expected annual energy investments until 2050
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4.2  Physical risk
Temperature increases

Mean temperatures rise in all scenarios, exceeding 3°C in Current Policies. Changing cteneonditions
affect physical labour productivity and lead to severe impactsProjected annual average temperatures are
estimated to increase across scenarios, however with different magnitudes, exceeding 3°C in later decades of



the 21st century in the cuent policies scenario. At presenglobal mean temperatures have increased by
around 1.1°C from prindustrial levels and have accelerated since 1975 at a rate of approximately 0.15 to 0.20

°C per decad¢accordingto. ! 3! 80 ' T AAAOA ) wdeEISxHPOA &£ O 3PpAAA 30

Deep reductions in emissions are needed to limit the rise in global mean temperatures to below 1.5°C or
2°C by the end of the century This does not occur in the Current Policies scenario, leading to a temperature
rise exceeding 3°C with sere impacts. Temperatures are increasing unevenly across the world with dry land
warming faster than oceanandregions located at high latitudes experieng greaterwarming. Temperature
changes lead to chronic changes in living conditions affecting hedtbour productivity, agriculture,
ecosystems, and sekevel rise. It is also changing the frequency and severity of acute weather events such as
heatwaves, droughts, wildfires, hurricanes, tropical cyclones, and floodiigire 29 shows estimated global
temperature dynamics across various scenarios.
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Figure29. Global temperature dynamics

GDP loss estimates stemming from acute physical risks

Observed temperature increase of 1.1°C has already more than doubledhmtfiobal land area and the global
population annually exposed to riverine flooding, crop failures, hurricanes, tropical cyclones, wildfire, droughts,
and heatwavegLange et al., 2020 Global temperature increases of 2°C relative to preindustrial ciomusiare
projected to lead to a fivefold increase in exposure to all types of natural hazeodslwide. Themost
pronounced increases are expected to stem from droughts and heatwaves. Changes in exposure are unevenly
distributed across th@lobe, with tropical and subtropical regions facing larger increases than regions situated

at higher latitudes. The NGFS scenarios now include estimates of global GDP impacts emanating from acute
physical risk® for three NGFS scenarios. Information from the internatibriisaster database Emergency
Events Database (EMDAT) is used to approximate historic damages from weathedated extreme events to

derive stochastic shocks as inputs to the NIGEM model. Projections for selected Climate Impact Explorer (CIE)
indicators®® are used to derive changes to projected damages for the three NGFS scenarios in the CIE. GDP is
projected to fall compared to the baseline scenario more rapidly under Current Policies. While the drop in GDP
is projected also under the Net Zero and Delayednsition scenarios, it is overall mildéigure 30shows GDP

loss estimates across scenarios:

29 The impact of acute physical risk on madinancial variables other than GDP istravailable in this iteration of the
NGFS Scenarios

30 Acute risks for these projected damages include cyclones and riverine flooding based on the CLIMADA model. See
https://climate-impact-explorer.climateanalytics.org/methodology/
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Figure30. GDP loss estimates from acute risk agossariogNiGEM model with REMIND input).
GDP loss estimates ssmming from chronic physical risks

Estimates of GDP losses from chronic risks vary considerably depending on assumptions about climate
sensitivity and the method used to estimate the damages. Estimates suggest a global GDP impact of up to 18%
relative to aprior trends baseline in the current policies scenario; GDP decrease would be more contained, but
still sizeable, in the Net Zero scenario. Losses are much higher in tropical regions under any scenario. The NGFS
estimates have been updated to account foodel uncertainty and now include higher damages. GDP losses
were calculated based on the methodology set outkialkuhl and Wenz (202@t the country level for the

change in average temperature in each scenario compared to the previous year. The metppdinles not

include impacts related to extreme weather, stavel rise or wider societal impacts from migration or conflict.

For given countries these would likely strongly increase the physical risk. These estimates also do not fully
capture adaptationwhich would reduce impacts but require significant investment.
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Figure31 GDP loss estimates by courgti@urrent Policies scenario



5. Phase lll vs. Phase IV: what is new in the main results of NGFS
scenarios?

Key messages

I The NGFS scenarios have been brought up to date with new economic and climate data,
policy commitments and model versions, as usual. Phase IV accounts for the post-covid
recovery and the Russian war in Ukraine.

1 The possibility of using Carbon Dioxide Removal (CDR) technologies has been limited in
this vintage by switching off Direct Air Carbon Capture and Storage (DACCS) technologies
and limiting Bioenergy Carbon Capture and Storage (BECCS) capacities.

1 The NGFS scenarios have been upgraded with improved and more granular estimates of
the macroeconomic impact of acute physical risks, based on new models and now
accounting for four hazards, therefore expanding the set of risk drivers considered.

i1 These changes, combined with the shortening of the time available to reach the temperature
targets, result in more disorderly scenarios and more adverse GDP impacts.

The NGFS scenarios have been brought up toate with new economic and climate data, policy
commitments and model versions.The NGFS Phase IV scenarios reflect the most reeenhomic events

that have occurred after the implementation of Phase Il and the end of 2022, notably the resumption df globa
economic growth afterthe Coviki AOEOEO AT A 2000EA8O0 xAO 11 S5EOAET AS
the latest trends imenewable energy technologieq(e.g., solar and wind), and key mitigation technologies. As

in previous phases, data fehort-term GDPandfinal energy demandtrajectories have been updated using

the latest snapshot from the IMF World Economic Outlook 2023. These trajectories are used as exogenous
variables in the IAMs. Similarly, Phase IV reflects the oemntry-level commitments made until March 2023.

It also considers newlimate policy announcements for example as part of European Union's Fit for 55
package or the Inflation Reduction Act in the USA.

The mapping of the NGFS scenarios has been updated accordingly withtre NGFS scenario framework

As described inNNGFS scenarionarratives, the new scenario positioning reflects an increased overall
disorderliness to account for the latest macroeconomic and geopolitical developsjeas well as the
shortening of the time available to reach the temperature targets that are characterising and driving these
scenarios.

5.1 Accounting for the post-covid recovery and the Russian war in Ukraine

Since the implementation of Phase Ill, new shobtlewe modified the shorterm macroeconomic outlook,
notably the postcovid economic recovery and the Russian war in Ukraine. As a result, the calibration of the
models has been modified for Phase IV to consider these shocks and their consequencesgion arithenergy
markets.

The main consequence of the pesbvid economic recovery is a rebound in Fossil Fuel and Industrial (FFI)
emissions. Indeed, FFI @@missions in 2022 returned to 2019 levels of ~37 Gtaitér the Covid shock with
its largest dipgn 2020 (to ~35 Gt GP(GCP, 2022). As a result, this rebound generated higher FFI emissions than



expected by Phase lll, and thus weakened the likelihood of achieving the Phase Il emissions reductions at equal
cost.More concretely, this translates intoigher shadow carbon price through 2025, relative to Phas@ |ll.

Emissions

In the Net Zero 2050 scenario, Phase IV assumes higher emissions in the short/medium term compared to Phase
lll, inline with the latest trends, and slightly lower emissions in tbeg term for all IAMs. The latter are
necessary to achieve the (unchanged) temperature targets despite differences in thetshordevelopment

and the shortening of the time available. In the Current Policies scenario, emissions in the second healf of t
century significantly lower in REMIND and MESSAGE models, reflecting the implementation of new policies
and the translation of previous commitments into actidrigure 32).
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Figure32 Phase Il vs. Phase IV: @ladbO2 emissions in Net Zero 2050 and Current Policies scenarios
Carbon prices

As described in the previous sections, NGFS (shadow) carbon prices are strongly linked to the emission
pathways. In the Net Zero 2050 scenario, carbon prices have much steepdstcompared to Phase Ill, mainly

due to adverse changes in the starting points coupled with the need to still reach global net zero CO2 around
2050. As for Current Policies scenarios, the new GCAM 6.0 model version uses shadow carbon constraints to
match the current policy trajectory with estimates from Climate Action Tracker, but does not account for these

in the carbon prices, as the majority of existing policies globakyreot using carbon pricingtigure 33).

31The use of the updatt GCAM 6.0 version resulted in slightly different model risam dynamics, which had a bigger
impact than the updated historic record and ne@rm expectations.



Carbon Prices Phase 4 vs Phase 3
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Figure33. Phase Il vs. Phase IV: Carbon Price in Net Zero 2050 and Currergdeoiaies
Energy-related variables

The Russian war in Ukraine has strongly disrupted the energy markets by rationing the supply of Russian gas to
Europe. The modellingfdPhase IV has therefore reinforced the constraints on European gas supply in the long
term, assuming limits to European gas and fossil consumption to capture the emeeglet disruptions.
Overall, global fossil energy consumption in Phase IV is lowalt models and scenarios, exception made for
MESSAGE in Net Zer@ue to limitations in emission reduction in the year 202650 and GCAM in Current
Policies where the impact is more than offset by changes in the modelling assumptions and dyngmigse

34).
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Figure34. Phase Il vs Phase IV: Fossil fuels consumption in Net Zero 2050 and Current Policies scenarios



At the same time, the consumption of renewables under both Net Zero 2050 and Current Policies aeénari

higher in Phase I{Figure 35).

Primary Energy from Renewables Phase 4 vs Phase 3
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Figure3s. Phase Il vs Phase IV: Consumption of renewables in Net Zero 2050 and Current Policies scenarios.

When it comes to secondary energy, the major update is related écetkctricity consumption. While showing
some heterogeneity in the Net Zero 2050 scenario, the models agree on a stronger electrification by the end of

the century with respect to Phase Il in the Current Policies scerfardarg 36).



Secondary Energy|Electricity Phase 4 vs Phase 3
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Figure36. Phase Il vs Phase IV: Electricity consumption in Net Zero 2050 and Current Policies scenarios

Phase IV features updated final energy prices. While the average electricity price for the industry sector differs
in GCAM and REMD, the models agree on its increase with respect to Phase lll. This applies almost to the
entire horizon, with differences in the shortterm being more marked, especially in the Current Policies scenarios
(Figure 37).

Price of Final Energy|Industry|Electricity Phase 4 vs Phase 3
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Figure37 Phase Il vs Phase IV: Indusétated energy prices




5.2 Updates on Carbon Dioxide Removal availability

Phase IV also includes limits to the availability of Carbon Direct Removal Technologies based on new
projections, resulting in a lower oveall availability of these technologies compared to Phase llIThis is

modelled via explicit constraints on the process level (tidependent maximum area available for
afforestation, maximum yearly injection rate for geological sequestration, maximum yehibenergy
potentials). More concretely, Direct Air Carbon Capture and Storage (DACCS) technologies were switched off

in all scenarios and Bioenergy Carbon Capture and Storage (BECCS) capacities have beerrlimite@83

shows the reduced BECCS capacity for REMIND and MESSAGE. The same changes in GCAM are offset by the
need to compensate for higher fossil fuel emissions compared to the other models.

Carbon Sequestration|CCS|Biomass, Phase 4 vs Phase 3

Net Zero 2050 Below 2°C
000 8000 -
-

7000 4 7000

6000 - 6000

5000 4 5000
= =
& 4000 & 4000 +
) ()
= =
= =

3000 4 3000

2000 4 2000

1000 - / 1000 / /N

01— 04—
T T T T T T T T T T T T T T T T T T
2020 2030 2040 2050 2060 2070 2080 2000 2100 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year Year
—— GCAM 6.0 NGFS —— REMIND-MAgGPIE 32-46 MESSAGEix-GLOBIOM 1.1-M-R12
MESSAGEix-GLOBIOM 1.1-M-R12 GCAM 5.3+ NGFS REMIND-MAGPIE 3.0-4.4

Figure38 BECCS availability in Orderly scenarios

5.3 Updates in thedata model

An effort has been made to keep the NGFS Phase 4 data model as much in line with Phase 3 as possible.
Nonetheless, there are a few changes:

i The MESSAGE model (IAM and Downscaling) does not report GDP for the Low demand scenario as
they are consstent with the 1.5¢ scenario.

i1 The Divergent net Zero scenarf@as been terminated while a new one, Fragmented World has been
created.

i1 From the MAGICC climate model, we now report more percentiles ranging from 5th to 95th of
previously only the 50th percéite.

i In addition we also report atmospheric concentrations from MAGICC for CO2, CH4, and N20.

i1 The damages post processing was moved under the downscaling model as it reports country level
data. Previously it was filed under the native IAM models.

i1 Due to Imitation in Excel data size the Downscaling data have now been split into three files, one for
each IAM.



Box: Towards a more disorderly climate transition

Since their inception, every update of the NGFS scenarios has shown more adverse maeomnomic
impacts. There are two main reasons for this.

1 The NGFS has been modelling more and more climate impact channels in the NGFS Scenarios, le
increasing estimates of physical risk impacts.

1 The delay in political action makes it more and more difficoltréach climate targets in an orderly wa
leading to higher transition risks in each iteration.

More climate impact channels

Over time, the NGFS scenarios are becoming more and more detailed, but also increasingly adverse, w
the inclusion of additional transmission channels.

1 In 2021, the NGFS scenarios included for the first time an assessment of chronic physical risks.

1 In 2022, the modelling of chronic physical risks was improved to account for model uncertainty, lead
higher estimates in the bt-house world scenarios. For the first time, they additionally included a b
assessment of acute physical risks, adding some adversity to all scenarios.

1 In this 2023 edition, the modelling of acute physical risks was improved to include more hazatd
provide a countrylevel breakdown The inclusion of new hazards directly translates into an incre
adversity of the NGFS scenarios, while the cour@yel breakdown shows that the results are ve
heterogeneous, with tropical countries being most eged to both chronic and acute physical risks.

However, it is certain that the NGFS scenarios still underestimate the impact of physical risks on th
macro-economy, as many hazards and transmission channels are not modelled yet, and our understandi
of the links between climate change and the economy is still partial. The NGFS scenarios will continue
evolve as common knowledge is being built in the academic and central banking communities.

Trend toward more adversity in a context of inaction

The increaing adversity of the orderly transition scenarios stems from persistently elevated levels of ¢
emissions against the backdrop of a limited carbon budget associated with reaching any particular climat
(e.g. net zero by 2050). In other words,aasbitious transition efforts at the global level are delayed and ley
of emissions remain elevated, carbon budget runs out, and more rapid and stringent action is needed to 3
the same emission reductions over a shorter period. In addition, the |8dMsulate costefficient future

pathways, which usually represent smooth adjustments. Thus, not only are current emissions higher tha
would have been projected as an optimal pathway for reaching net zero by 2050 in Phase Ill, but alsg
future emissions will be higher until 2035, likely driven by the high costs that would be necessary for st
changes in the energy sector at an even shorter time scale.

Figure 39 shows the net zero emission pathways in thaee most recent NGFS scenario vintages. T
pathways of this fourth iteration assume higher emissions in the-teiun future, and intensified emissior
reduction in the long term compared to previous phases. The changes are quantitatively significan
OAT AETET ¢ OAAOAT T A &ds5QiAHéNetFerd208DEdenafoiderkehsdd frehth2PS Gt
in Phase Ill to 231 Gt C02 in Phase IV, corresponding to a 16% drop. In line with these changes to the ¢
pathways, the global carbon price fhe NGFS Net Zero by 2050 scenario is higher at each point in time i

ading to

=

ith

ing to
asic

sa
ased

ry

ng
to

lobal

e goal
els
achieve

n what
0 near
onger

'he
n
t: the
C02
*missions
N the




future in Phase IV as compared to Phase lll, indicating more pressure oemiging firms to mitigate their
emissions (

Figure 40).

CO2 Emissions from Phase Il to IV
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Figue 39. Current emissions vs Phase | or Il emission pathways in the Net Zero 2050 scenario.
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Figure40. Shadow carbon price, Phase Ill vs Phase IV, Net Zero 2050 scenario

The energy sector is central for the lesarbon transition and likely to shoulderétstrongest adjustments and

associated costs by a less orderly transition in Phase IV as compared to Phase lll. Specifically, while overall

energy demand is projected to be higher in Phase IV as compared to Phase lll, reflecting smooth traje

ctories

starting at higher base levels in 2025 as mentioned above, the aggregate development masks strong changes

in the energy mix over time. Specifically, fossil fuel demand reductions are much more intense in Phag
compared to Phase Ill starting in 2040. Ther@ase in energy demand is thus mostly driven by an increas

e |V as
ein

primary energy based on Biomass or NBiomass Renewables. The fossil fuel demand reductions would be

felt most directly by companies in sectors highly reliant on fossil fuels, such as mmangfacturing, and
utilities, who now have less time in switching their business processes to renewladesl activities.




Energy Investment Comparison between Phase 3 and Phase 4 over the Years
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Figure4l Energy investments by source, Phase Il vs Phase IV, Net Zero 2050 scenario.

Facilitating the previously described chges in energy demand will require a faster and much more exten
investment push in the energy sector in Phase IV as compared to PhasSgjllie(41). While overall energy
investments in Phase IV are projected to labat was projected as needed in 2025 under Phase lll, they
much higher starting in 2030, reflecting the need for a strong investment push. The strongest incre
investments across phases occurs between 2035 and 2055 and is focused on rendasdteglectricity
generation, electricity storage, electricity transmission and distribution and hydrogen. The overall cumu
increase in investments is quantitatively significant, in that, it requires an additional 20.2th USD (!
USD/year) by 2050 an34.4tn USD (530bn USD/year) by 2100 compared to phase ll.

As a result, scenarios that were previously labelled as orderly shift towards the disorderly category. Ne
2050, which is the most ambitious scenario in terms of temperature target (<1.84€)hardly be called a
orderly scenario anymore, leaving room for a new Low Demand orderly scenario. This scenario us
hypotheses (some aligned with SSP1) and describes a world with rapid and important changes in co
behaviours (e.g., reducedlane transportation, meat consumption, etc.), leading to a reduced deman
energy and CO2 emissions. The decrease in energy demand is achieved via improvement in energy e
and a redirection of consumption towards less carkiotensive goods and esvices. This consumeed

decrease in energy demand (as opposed to a carbon pedelecrease) makes the transition to the 1.5°C tar
more orderly.
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Module 2: IAM z REMINDMAgPIE

1. Non-technical summary

What is the REMINDMAgPIE model?

REMINDand MAgPIEare two models developed ahé Potsdam Institute for Climate Impact Research (PIK)
that were created over a decade ago (Leimbathal, 2010a; LotzeCampenet al, 2008) and are continually
being improved to provide upo-date scientific evidence.

REMIND (REgional Model of INvestment and Development) is a numerical model that generates
projections for the future evolution of the world economies with a special focus on the development of the
energy sector and the implications for our world climateThe goal of REMIND is to find the optimal mix of
investments in the economy and the energy sectors of each of the 12 model sgjin a set of population,
technology, policyand climate constraints. It also accounts for regional trade characteristicoodsy energy

fuels, and emissions allowances. The most relevant greenhouse gas emissions due to human activities are
represented in the model.

MAgPIE (Model of Agricultural Production and its Impacts on the Environment) is a global land use
allocation model, which is in turn connected to the gridbased dynamic vegetation model LPJmL (Lund
Potsdam-Jena managed Land) to simulate the interactions between the land surface and the atmosphere

as well as the impact of human activities on the environmentAsa partal equilibrium modelthe objective
function of MAgPIE is the fulfilment of agricultural demand for each region at minimum global costs under
consideration of biophysical and socioeconomic constraints. The MAgPIE results are consolidated to the 12
REMINDregions through a process called spatial aggregation or regional harmonization. This process involves
grouping or merging the individual regions into larger and more manageable units for analysis and modelling
purposes. The specific method of consolidatican vary depending on the specific requirements of the
modelling framework and the research objectives. Common approaches include geographical proximity,
economic similarities, administrative boundaries, and model requirements.

REMINDMAGgPIE aims to helppolicy and other decision makers to plan ahead by understanding the roles,
synergies and tradeoffs between various factors, including population, resources, technologies, policies

and the environment. Using REMINEMAGPIE, research and policglevant quetions related to sustainability

can be explored: Which technologies should we use in the future? What is the impact of policy proposals that
are meant to prevent (mitigate) climate change? What are the consequences on economic development, air
pollution, and land use? For some questions, REMIND is used in connection with other models to allow the
analysis of other environmental impacts such as water demand, air pollution, health effects and climate
impacts. (see four main components of the REMINIDAGPIE franework inFigure 42. One such model is
MAGICC(Model for the Assessment ofcreenhouse GasnducedClimate Change). This is a climate model,
which accounts for changes in climatelated variables like global surfaceean temperature. The linkage to
MAGICC analyses the complex interactions between agriculture,-les&l greenhouse gas emissions, and
climate change. More details on MAGICC are provided in a dedidate{Module 1)
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Figure 42. Overview of REMIND-MAgPIE framework

REMINDMAQPIE is well equipped to cpture the interactions between the energy transformation in
response to climate policies and economic developmentFull macroeconomic integration is particularly
valuable for the assessment of effects of climate policies on the scarcity of energy caltgarand response,
structural changes, investments, macroeconomic costs, and their regional distribution. Changing crucial
parameters in REMIND (such as the climate target or the availability of technologies or resources) can have
significant impact on GH@rices and bioenergy demand. Thus, REMIND and MAgPIE can be run in an iterative
soft-coupled mode, where REMIND updates MAgPIE's assumptions regarding bioenergy demand and GHG
prices, and MAgPIE, in turn, updates REMIND's assumptions regarding bioenérgy @nd lanelise emissions

and agricultural production costs. The iteration is continued until changes between iterations become
negligible. The resulting scenarios are consistent regarding the price and quantity of bioenergy and GHG
emissions.

The centrd strength of REMIND with its perfect foresight is its ability to calculate -faesst mitigation
strategies that provide benchmark development scenarios with detailed representation of the key dynamics
related to the scale up of novel technologies ancegration constraints in the power sector. These benchmark
scenarios allow for comparison with mitigation scenarios under sedoest policy settings (regional or sectoral
fragmentation) or technology constraints. Within some numerical restrictions, theilfle spatial resolution of
REMIND enables the exploration of transformation pathways of the enaggnomic system for specific
countries or global regions.
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What are the key model inputs?

Key model inputs are the available historical data, for exangapulation, GDP, fossil resources, energy use,
emissions, laneuse and vegetation patterns, capital stogkand investments. They come from both
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projections for future development are used, such as UN population projections,-s&ort IMF or World Bank

GDP projectios, longrun projections on technological parameters and prices, again drawing on academic
literature. These datasets are used to calibrate thodel to determine key model parameters.

What are the key model outputs?

The output of these models (with a given set of population, technology, policy and climate constraints) can help
policymakers and other relevant stakeholders evaluate the effectess and efficiency of different policy
interventions and identify optimal pathways for achieving sustainable development goals. It also accounts for
regional trade characteristics on goods, energy fuels, and emissions allowances and all greenhouse gas
emissions due to human activities.

What is new in the 2023 edition?

The REMINBEMAGPIE version 3:4.6 contains new datasets from UNFCCC, IEA WEO, UBA, IRENA, EDGARY
and EEA to improve the quality of the calibration. The policy database for NDC and net afgetst was
updated. Compared to Phase 3, the flexibility of the model to adapt its 2025 value was reduced. To reflect the
energy crisis, import restrictions on fossil gas in Europe were implemented.



2. Overview of model scope and methods

REMIND?is a modula multiregional general equilibrium model linking a macreeconomic growth model

with a bottom -up engineering-based energy system modellt uses nodinear optimization to derive welfare
optimal regional transformation pathways of the energgonomic systensubject to climate and sustainability
constraints for the time horizon from 2005 to 2100. REMIND operates at a time resolution of 5 years until 2060,
and 10 years thereafter to derive loftgrm projections. Using different scenario analysis techniquescihi
cover a wide array of factors, simulations can explore a range of possible futures. The resulting solution
corresponds to the decentralized market outcome under the assumptions of perfect foresight of economic
agents. In the integrated damage runs, ertal effects from climate damages are internalized into the
optimization function.
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Figure 44: Structure of REMIND model
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A Ramseytype® growth model with perfect foresight serves as a maewonomic core projecting growth,
savings and investments, factor incomes, energy, and material demding. macroeconomic production
factors are capital, labour, and final energy. A nested production function with constant elasticity of
substitution (CES) determines the final energy demand. REMIND uses economic output for investments in the
macro-economic ca@ital stock as well as for consumption, trade, and energy system expenditures.

Land-use model
»MAgPIE”

agriculture and
forestry
bioenergy supply

32Phase IV NGFS scenarios have used version 3.2 of REMINRsilre&ase of the model isvailable at
https://github.com/remindmodel/remindand https://doi.org/10.5281/zeno0do.7852740he REMIND Documentation is
available athttps://rse.pikpotsdam.de/doc/remind/3.2.0/.

33In the Ramsey growth model, the investment share of economic output is determined endogenously to maximize inter
temporal welfare. See Barro and SatMartin (2004) for an overview of these models.
— I @
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The energy system representation differentiates between a variety of fossil, biogenic, nuclear, and renewable
energy resources. More than 50 technologies are available fordhearsion of primary energy into secondary
energy carriers as well as for the distribution of secondary energy carriers into final energy.

The macroeconomic core and the energy system part are hard linked via final or useful energy demand (input
to the emnomy) and the costs incurred by the energy system (output of the economic part). Economic activity
results in demand for energy in different sectors (transport, industry, and building sectors) and of different
types (electric and noswlectric). Seé-igure 44

The model accounts for crucial drivers of energy system inertia and path dependencies by representing full
capacity vintage structure, technological learning of emergent new technologies, as well as adjustmest cost
for rapidly expanding technologies.

Tax revenues are redistributed as a lump sum; thus, net taxes converge to zero in the optimal solution. REMIND
considers the trade of coal, gas, oil, biossa uranium, the composite goofhggregated ouput of the
macroeconomic system}lassumes that renewable energy sources (other than biomass) and secondary energy
carriers are noftradable across regions.

The emissions of greenhouse gases (GHGs) and air pollutants are largely represented by source and linked to
activities in the energyeconomic system. Several energy sector policies are represented explicitly, including
energy-sector fuel taxes and consumer subsidies. The model also represents trade in energy resources.

2.1 Macro-Economic Module

The macroeconomic core of EBMIND (Leimbactet al, 2010b, a; Bauest al, 2012b; Ludereet al, 2012)
features a multiregional general equilibrium representation of the Ramsey growth model (i.e., the investment
share of economic output is determined endogenously to maximize iet@poral welfare). This approach is
well suited for describing patterns of lortgrm economic growth (Barro and SaidMartin, 2004), which are

key drivers of energy demand and, thus, emissions.

Physical capital is a major driver of economic growth, andteel investments are endogenous in such models.

In each period, the representative agent, endowed with perfect foresight, has to make the choice of using
output for consumption or for investment, which can be used to produce consumption goods tomorrow.
Perfect foresight is a standard assumption in economic models and widely used in IAMs (e.g., DICE/RICE,
Nordhaus and Yang, 1996; MERGE, Maehal, 1995; MESSAGE, Frickbal, 2017; WITCH, Bosetit al,

2007). While in the reatiorld agents rarely havperfect foresight, using this concept is a useful approximation

in a context of models with long planning horizons. When using the perfect foresight assumption to formulate
an intertemporal optimization problem, the model is completed by components (téchlly: side constraints)

that help to reproduce realorld dynamics caused by imperfectly foresighted decisioaking (e.g.,
adjustment costs for the increase of the macroeconomic capital stock). In REMIND, each region maximizes its
welfare subject to a bdget constraint.

The model explicitly represents trade in final composite good, primary energy carriers, and, if certain climate
policies are enabled, emissions allowances. Thus, equilibrium refers to the balance in goods markets and
international trade,such as the global oil market. It is a valid assumption for the decadal timescales considered
in scenarios and, thus, does not compromise the validity of the model dynamics.



2.2

Production

The macroeconomic production factors are capital, lahoand final oruseful energy. A nested production
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its energy demand.

Generated economic output (GDP) is used for consumption, investments in the macroeanoapital stock
and energy system expenditures, as well as trade,-apargy-related greenhouse gas abatement costs, and
agricultural costs delivered by the langse model MAgPIE (séegure 49.

a=05
[ Capital J [ Aggregated Energy ] [ Labour ]
o=03
Buildings Industry Transport
o=13 o=13
- o=15
g=3 o=2
[PowerIGases Liquids IHZIHeaI] [PuwerIGasesISU\idSI Liquids IHZIHeaI] [Av.& Bus] [E\. Trmn]

ag=x

[ Linear Energy System supplying all Final Energy Types }

Abbreviations: Heat: District heat & heat pumps, H2: Hydrogen, LDV: Light Duty Vehicle, ICE: Internal Combustion
Engine, BEV: Battery Electric Vehicle, H2 FCV: Hydrogen Fuel Cell Viehicle, Av.& Bus: Aggregate of Aviation and Bus.

Figure 45: Production function of REMIND model
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Inputs at the upper hger of the production function include laboucapital, and energy servicekabour is
represented by the population at working age (exogenous). Investments increase capital stocks which
depreciate according to the depreciation rate and energy is prodwated cost. Energy services at the upper

level are the output from a CES tree combining sectoral energy inputs from transportation, the building sector,
and industry. In turn, the demand for specific energy carriers at the sectoral level is also depiciaghh
individual CES nests. Each production factor in the various macroeconomic CES functions has an efficiency
parameter. These three sectors present slightly different structures.

Transport demand composition is calculated for liglluty vehicles (LDVsklectric trains, and heawguty
vehicles (HDVs), an aggregate category including passengerLidvis and freight modes (Pietzcker et al.,
2014a). The three corresponding nodes in the CES transport branch represent aggregated transportation
demands in term®f useful, i.e,motive, energy. The LDV node in the CES tree is supplied by either electricity,
hydrogen, or liquid fuels with different conversion efficiencies, accounting for vehicles with internal combustion
engines, fuel cell cars, or battery electrehicles.

The final energy demand is determined for the aggregatedustry sector and subdivided into four industry
subsectors: cement production, chemicals production, iron, and steel production, as well as all remaining

industry energy demand (denote@ 1 OE A O

) 1 A O O Gspedific Ghardsrad a@ kepthdapdiantat 2005

levels. Fuel switching (e.g., electrification) is enabled based on final energy prices and elasticities of substitution
of the final energy carriers in the CES function.

The enagy demand from industry is modelled explicitly for the four subsectors (cement, chemicals, and iron
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function. The iron and steel sector is subdefttdinto primary steel (from iron ore) and secondary steel (from
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scrap). The production of cement and steel as well as the value added from chemicals are derived via
econometric regressions models based on per capita GDP at the country level. Steel desnarajected
following the approach of Pauliukt al (2013). In all realizations of the industry module, three marginal
abatement cost (MAC) curves have been derived from the literature for CCS in the cement, chemicals, and iron
and steel sectors (Kuramotét al, 2012).

The heterogeneity of théouilding demand is rendered through a nested CES function with a high degree of
substitutability among norelectric fuels (e.g., heating oil and natural gas) and a low degree of substitutability
between nonelectric fuels and electric demand. The distinction between the +abectric and electric energy
carriers is motivated by the different uses that can be made of these energy sources. Whitdestnic fuels

are mostly used for heating purposes (e.g., space, waad cooking), electricity consumption covers a wider
range of purposes (e.g., lighting, appliances, and cooling).

2.3 Trade

REMIND considers the trade of coal, gas, oil, biomass, urarameh the composite good (aggregated output
of the macroeconomic systenlt assumes that renewable energy sources (other than biomass) and secondary
energy carriers are netradable across regions.

REMIND models regional trade via a common pool. While each region is an open gysteaming that it can
import more than it eportsz the global system is closed. The combination of regional budget constraints and
balanced international flows ensures that the sum of regional consumption, investments, and esgstgm
expenditures cannot be greater than the global total outpuieiach period. In line with the classical Hecksgher
Ohlin and Ricardian models (Heckscletral, 1991), trade between regions is induced by differences in factor
endowments and technologies. REMIND also represents the additional possibility of interteijpade. This

can be interpreted as capital trade or borrowing and lending. Capital trade is linked to the export and import of
goods and energy and is accounted for in the intemporal trade balance. By directing the goods trade, the
capital market impementation affects the consumption.

To reconcile modelled capital flows and currently observed patterns (Lucas paradloxas, 1990), REMIND
represents capital market imperfections. The default setting includes limitations on the growth of debts and
sumpluses that each region can accumulate within-gear period. Alternative realizations with capital market
imperfections are available (Leimbach and Bauer, 2021)

2.4 Taxes

REMIND includes different types of taxes (Sexble 9, representingexisting energy taxes, emulating climate
policies via carbon prices or additional externalities for some technologies and processes. The overall tax
revenue is the sum of various components.

34j.e. the fact that capital do not always flows from developed countries to developing countries despite the fact latter
have lower levels of capital per worker.
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Table 5: Types of taxes within REMIND, theoreéor their inclusion, and the approach to their implementation.

Tax type

Rationale

Implementation

Bioenergy tax

Represents negative externalities
of bioenergy plantation on land

Determined as the tax rate
(as multiple of bioenergy
price) times primangenergy
use of purposegrown
biomass

Greenhouse gas tax

Main policy instrument for
achieving mitigation targets

Calculated as the tax rate
times GHG emissions

CCS (carbon capture
and storage) tax

Represents performance
difference of carbon stored in fuel
vs. carbon in the form of CO2 in
geological storage

Calculated as the tax rate
(defined as fraction of
operation and maintenance,
O&M, costs) times the
amount of CQ
sequestration

Net-negative
emissions tax

Represents marginal damages of
overshoot in emisions budget

Calculated as the tax rate
(defined as fraction of
carbon price) times net
negative emissions

Final energy taxes in
Transports

Status quo of fuel taxation, with
different assumptions regarding
convergence

Calculated as the effective
tax rate(tax minus subsidy)
times final energy (FE) use
transport

Final energy taxes in
Buildings/Industry

Status quo of fuel taxation, with
different assumptions regarding
convergence

Calculated as the effective
tax rate (tax minus subsidy)
times FE use irhe sector

Final energy taxes in
the sectors with
energy service
representation

Status quo of fuel taxation, with
different assumptions regarding
convergence

Calculated as the effective
tax rate (tax minus subsidy)
times FE use in the sector

Resource extction
subsidies

Status quo of extraction subsidies

Calculated as the subsidy
rate times fuel extraction

Primary to secondary
energy technology

Non-explicitly represented
externalities of different

technologies (water useemissions

Calculated as the effective
tax rate (tax minus subsidy)




taxes, specified by
technology

of substances beyond S@nd
COy)

times the SE output of
technology

Export taxes

Represent export barriers

Calculated as the tax rate
times the export volume

SO, tax

Represents air pollibn externality

Calculated as the tax rate
times emissions

High implicit discount
rates in energy
efficiency capital

Mirror the overvaluation of initial
investments vs. runtime costs by
customers

Calculated as the additional
discount rate times the inpu
of capital at different levels

Regional subsidy on
learning technologies

Internalizes the positive externalit)
of the learning spillovesto other
regions so as to arrive at a globall
optimal solution

Sum over the regional
capitalized benefits of
learning which corresponds
to the shadow price of the
equation that describes the
capacity buildup of this
technology.

2.5 Energy Module

The energy system module includes a detailed representation of energy supply and demand sectors and

differentiates between a udety of fossil, biogenic, nuclear and renewable energy resources (Bdwér 2012,

2016, 2017; Kleiat al, 2014, 2014, Pietzcket al, 2014). The model accounts for crucial drivers of energy

system inertia and path dependencies by representingdapacity vintage structure, technological learning of
emergent newtechnologies, and adjustment costs for rapidly expanding technologie§he learning of
emergent new technologies iypically represented using learning or experience curves, which depéet

relationship between cumulative production or deployment of a technology and its associated costs or

performance Costs for expanding technologies are adjustedstmulate the decreasing costs and improving
performance of technologies as they are depdal and gain experience in the system) (Pietzaieal, 2017).
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Figure 46: Energy module structure for REMIND



The core part of REMIND includes the representation of the energy system vieotineersion of primary

energy into secondary energy carriers via specific energy conversion technologiééheconversion chain is
depicted in Figure 46 Around 50 different energy conversion technologies, including fossil fuel based,
renewable energybioenergy, nuclear power, energy storage and carbon capture, are includReMiND. For
example, bioenergy, fossil gas, coal or oil can be transformed into secondary energy carriers such as liquids,
solids, electricity, hydrogen, ga®r district heating. In general, technologies providing a certain secondary
energy type competeihearly against each other, i.etechnology choice follows cost optimization based on
investment costs, fixed and variable operation and maintenance costs, fuel costs, emission costs, efficiencies,
lifetimes, and learning rates. REMIND assumes full stugstbility between different technologies producing

one energy type.

A few technologies convert secondary energy iteother form ofsecondary energy, namely the conversion

of electricity to hydrogen via electrolysis and the reconversion via hydrogerirtash as well as the production

of methanol and methane from hydrogen. In REMIND, technologies are represented as linear transformation
processes that convert one or more inputs into one or more outputsaand outputs can be energy, materials,
water, intermediate products or emissions, or lalmoinputs. The number of and outputs is not restricted,

and technologies vary between-iand output characteristics. In the broader system context, technologies and
their deployment interact via various budgebistraints, which give rise to competition for resources as well
as the potential to expand feasible production possibilities. A model solution provides a set of activities that is
feasible with all constraints simultaneously. REMIND specifies each teegpdhrough several characteristic
parameters:

i1 Specific investment costs that are constant for most technologies and decrease due to ledyiohging
for some relatively new technologies

I Cost markups due to financing costs over the construction time

i1 Fixed yearly operating and maintenance costs in percent of investment costs
i Variable operating costs (per unit of output, excluding fuel costs)

i  Conversion efficiency from input to output

i Capacity factor (maximum utilization time per yeatf)is parameter als reflects maintenance periods and
other technological limitations that prevent the continuous operation of the technology

i1 Average technical lifetime of the conversion technology in years

i  If the technology experiences learnidyy-doing: the initial learmrate, initial cumulative capacity, and floor
costs that can only be approached asymptotically

REMIND represents all energy technologies as capacity stooggawatt (GW) with full vintage tracking. As

there are no hard constraints on the rate of chamg@vestments, the possibility of investing in different capital
stocks provides high flexibility for technological evolution. However, the model includes cost markups for the
fast upscaling of investments into individual technologies; therefore, a meadistic phasing in and out of
technologies is achieved. The model allows for premature retirement of capital stocks before the end of their
technological lifetime, and the lifetimes differ between various types of technologies. Capital stocks can be
phasel out before they reach the end of their technical lifetime by the optimization if the value of their outputs
is lower than the costs of variable inputs, reflecting a situation of asset stranding. This happens predominantly
ET OAAI AUAAG QididatddpaityOHangeskEaayA thelrbst or yield assumptions. Furthermore,
capacities of conversion technologies age realistically from an engineering point of view: depreciation rates are
very low in the first half of the lifetime and increase strontyjigreafter.



REMIND characterizes thexhaustible resources(coal, oil, gas, and uranium) in terms of extraction cost
curves. Fossil resources (e.g., ail, coal, and gas) are further defined by decline rates and adjustment costs (Bauer
et al, 2016b). Extretion costs increase as lewost deposits become exhausted (Herfindahl, 1967; Rogner,
1997; Aguileraet al, 2009; Baueet al, 2016a). In REMIND, region specific extraction cost curves relate the
production cost increase to cumulative extraction (Baetal., 2016a; Rognegt al, 2012, p. 7). In the model,

the fossil extraction cost input data (see Bawtral, 2016b for details) are approximated by piecewise linear
functions that are employed for fossil resource extraction curves.

REMIND models resoce potentials for norbiomassrenewables (hydro, solar, wind, and geothermal) using
region-specific potentials. For each renewable energy type, potentials are classified by different grades,
specified by capacity factors. Superior grades have higher captagtors, which correspond to more fudtbad

hours per year. This implies higher energy production for a given installed capacity. Therefore, the grade
structure represents optimal deployment of renewable energy, first using the best sites before tumsiigs

with worse conditions.

Energy Energy Energy Energy

endowments transformation distribution demand Techno-economic assumptions:

Lifetime

Investment costs

O&M costs
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el By abrupt changes
POl ower * Resource constraints
* Storage and grid requirements for
_:‘6‘:__ variable renewable energies
I4A)

Figure 47: Energy module technologies of REMIND

The renewable energy potentials of REMINDhay appear higher than the potentials used in other models
(Ludereret al, 2014). However, these models typically limit potentials to specific locations that are currently
compditive or close to becoming competitive. The grade structure of REMIND allows for the inclusion of sites
that are less attractive but that may become competitive in the le¢egn as the costs of technologies and fuels
change.

The model assumes a single efecity market balance that is complemented by equations that implicitly
represent challenges and options related to the temporal and spatial variabilityiraf and solar power The

core approach (Pietzcket al, 2014b) is an aggregated representatigitechnology and regionspecific wind

and solar PV (variable renewable energy, VRE) integration costs and curtailment rates (i.e., unused surplus
share of VRE electricity generation), which, since 2017, are parameterized with the help of two detailed
electricity production cost models (Schoét al, 2017; Ueckerdt et al., 2017). Integration costs consist of costs
associated with shorterm storage deployment (batteries), lorterm hydrogen storage (electrolysis and
hydrogen turbines), transmission andstlibution grid expansion and reinforcement, and curtailment of surplus

35That is, the physical limits of what could bestalleddisregarding economic considerationSee subsection 2.3 for

details.
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electricity. These variables are linked to the shares of VRE generation, with higher VRE shares resulting in
higher requirements for storage and grid.

Theland-use sectoras modelled i the MAgPIE moddkee next subsection$ particularly relevant for climate
change mitigation because of its big share of global emissions and its ability to provide the renewable and
comparatively lowemission resource biomass. In REMHNAQPIE, biomasss used to produce electricity,

heat, ethanol, diesel, and hydrogen energy sources. Some of the conversion routes are equipped with CCS,
which makes biomass an important source of negative emissions.

2.6 Land and vegetation system

From a climate protection @rspective, two aspects of the langse sector are of particular interest: the supply

of biomass that can be used for energy production (possibly with carbon capture and storage, CCS) and the
total emissions of the landise sector. REMIND obtains its supjlrves for purposgrown biomassits data

for landuse emissionsand agricultural production costs from the MAgQPIE lamsk model. For the NGFS
scenarios, REMIND and MAgPIE are run in an iterativecmfpled mode (Klein, 2015; Bauet al, 2020),

where a simultaneous equilibrium of bioenergy and emissions markets is established by an iteration of
simulations in which REMIND provides emissions prices and bioenergy demand to MAgPIE and receives land
use emissions and bioengrgrices from MAGPIE in retn SeeFigure 49.

The coupling approach between REMIND and MAgQPIE is designed to derive scenarios with equilibrated
bioenergy and emissions markets. In equilibrium, -eleergy demand patterns computed by REMIND are
fulfilled in MAgQPIE at the same bioenergy and emissions prices that the demand patterns were based on.
Moreover, the emissions in REMIND emerging from-gedined climate policy assumptions account for the
greenhouse gas emissions from the lande sectorderived in MAgPIE under the emissions pricing and
bioenergy use mandated by the same climate policy. The coupling approach with this iterative process at its
core is explaineth Baueret al, 2014.

REMIND - global energy-economy-climate model
* Ramsey optimal growth model with detailed energy sector

« international trade (capital, emissions allowances, oil, coal, gas, biomass)

) i N Bioenergy price, land use ﬁ Bioenergy demand,
Climate projection emissions emissions price i L
D MAGgPIE - global land use optimisation model
LPJmL - global i -
vegetation and * spatially explicit (0.5 x0.5" )
hydrology model * 30 production activities (13 crops,
livestock, irrigation, bioenergy,
Crop ylelds X
Land & Water constraints land conversion)
¢ internal feed balances,

. " international trade

_E E g * endogenous land expansion

e = = * endogenous technological change
LPJ (80x50 km grid) ¢ population & income affect regional
Biophysical inputs demand for agricultural products

Kriegler et al,, Glob. Env. Change 42: 297-315, 2017

Figure 48. Integration of REMIND with MAgPIE



MAgPIESis a global land use allocation model, whichasnected to the griebased dynamic vegetation model
LPJmL, with a spatial resolution of 0.5°x0.5°. It takes regional economic conditions such as demand for
agricultural commodities, technological developmemind production costs as well as spatially ksipdata on
biophysical inputs into account. Biophysical inputs, such as agricultural yields, carbon densities and water
availability, are derived from LPJmL. Based on these, the model derives specific land use patterns, yields and
total costs of agricuural production for each grid cell. The objective function of the land use model is to
minimize total cost of production for a given amount of regional food and bioenergy demand under
consideration of biophysical and socioeconomic constraints.
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Figure 49. Simplified MAgPIE flowchart of key processes (demand and trade
implementation, data inputs from LPJmL and spatially explicit water shadow prices).

Regional 6od energy demand is defined for an exogenously given population in 10 food energy categories,
based on regional diets. Future trends in food demand are derived from a-consgry regression analysis,
based on future scenarios on GDP and population ghowbod and feed energy for the demand categories can

be produced by 20 cropping activities and 3 livestock activities. Feed for livestock is produced as a mixture of
crops, crop residuals, processing-psoducts, green fodder produced on crop land, andtpae. For meeting

the demand, MAgPIE endogenously decides, based on-effsttiveness, about intensification of agricultural
production, cropland expansion and production relocation (integionally and interregionally through
international trade), se®ietrichet al (2014), LotzegCampenet al (2010) and Schmitzt al (2012).

Variable inputs of production are labn chemicals, and other capital (all measured in US$). Costs of production
are derived from the Global Trade Analysis Project (GTAP) li2es The model can endogenously decide to

36 Phase IV NGFS scenarios use version 4.6 of MAgPIBttBee/github.com/magpiemodeimagpiefor the last version

and documenation of the model.
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acquire yieldincreasing technological change at additional costs. The costs for technological change for each
economic region are based on its level of agricultural development, measured as agriculturalsieintensity.

These costs grow with further investment in technological change. The use of technological change is either
triggered by a better coseffectiveness compared to other investments or as a response to resource
constraints, such as land scarcity.

The modelLPImL®’is designed to simulate vegetation composition and distribution as well as stocks and land
atmosphere exchange flows of carbon and water, for both natural and agricultural ecosystems. Using a
combination of plant physiological relations,egeralsed empirically established functions and plant trait
parameters, it simulates processes such as photosynthesis, plant growth, maintenance and regeneration
losses, fire disturbance, soil moisture, runoff, evapotranspiration, irrigatomd vegetaton structure.

LPJmL is currently the only DGVM (Dynamic Global Vegetation Model) that has dynamic land use fully
incorporated at the global scale and simulates the production of woody and herbaceous-rsiatibn
bioenergy plantations and the terrestrildrology. It differs from other models in the wider field by computing
carbon, nitrogen and water flows explicitly: most other macitoydrological models lack the important
vegetation structural and physiological responses that influence the water cydigde most other vegetation
models lack the advanced consistent water balance of LPIJmL or are not global in scale.

2.7 Emissions, abatement costs and Carbon dioxide removal

REMIND simulates emissions from lotiged GHGs (C£ CH, and NO), shortlived GHGYCO, NQ, and
VOCs), and aerosols (2(BC, and OC). REMIND accounts for these emissions with different levels of detail
depending on the types and sources of emissions.

It calculates C@emissions from fuel combustion and industrial processesq €Hissiins from fossil fuel
extraction and residential energy use, andONemissions from energy supply based on sources. Fluorinated
gases (Fgases) and emissions from langde change are included exogenously with different trajectories
depending on the SSP andiroate target.

There are mitigation options for CHN20O, and CQ from land-use change, fossil fuel extraction, cement
production, and waste handling that are independent of energy consumption and are calculated in the core of
REMIND. However, there are $13 associated with these emission reductions. Therefore, REMIND derives the
mitigation options frommarginal abatement costcurves (MACC), which describe the percentage of abated
emissions as a function of the costs (Lueasl, 2007).

In addition to CS (carbon capture and storage) with fossil fuels and in the industry sectorgdoion dioxide

removal (CDR) options are available: afforestation and reforestation, bioenergy with CCS (BECCS), direct air
capture with CCS (DACCS), and enhanced weathesingpcks (EW). CO2 emissions from afforestation and
reforestation are derived from the lahuse optimization model MAgPIH he tradeoff between land expansion

and yield increases is treated endogenously in the model. BECCS (bioenergy with carbon caplttsterage)

is the only CDR technology that provides sizable energy instead of consuming it. The idea of BECCS is to turn
biomass grown on land carbemegative by capturing the emissions arising during combustion or the refinery
process. BECCS can be uded electricity, hydrogen, gas, or liquifiiel production with different carbon

37Seehttps://github.com/PIKLPJImL/LPJmifor the repository and documentation of the model.
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capture rates. DACCS (direct air and carbon capture and storage) amaheed weathering of rockeere
switched off in REMIND for the NGFS scenarios.

2.8 Climate

To translate emis®ns into changes in atmospheric composition, radiative forcing, and temperature increase,
REMIND is coupled with the MAGICC 6 climate model. Due to numerical complexity, the evaluation of climate
change using MAGICC is performed after running REMINDatlter adjustment of emission constraints or
carbon taxes allows for specific temperature or radiative forcing limits to be met in the case of temperature
targets.

MAGICC is a reducetbmplexity climate model that calculates atmospheric concentrations afegthouse
gases and other atmospheric climate drivers, radiative forcing, and global armeah surface air
temperature. More details othis model are provided in theéedicated Box: MAGICC: A reduced complexity

Earth system model, and in the corresponding sections of the IAMs modules, as it is also used in post
processing for the estimation of chronic physical damages.



3. Key model inputs

Description of key input variables (e.g. which series, years, sources) and maiassumptions

REMINDMAGQPIE uses a range of exogenous data as input to ensure the consistency of scenarios with historic
developments and realistic future projections. Historical data for the year 2005 are used to calibrate most of
the free variables (e.gprimary energy mixes in 2005, secondary energy mixes in 2005, standing capacities in
2005, and trade in all traded goods for 2005). Additional bounds for a select few variables, primarily capacity
(additions), up through 2019 ensure that the 2020 poihdeparture in current policy cases is proximal to actual
developments. The ability to also run the simulation without these constraints enables important comparisons
of model dynamics from 2005 to 2020 with real world developments.

Technology parameterare projected into the future, generally assuming a certain level of convergence across
regions in the long term.

3.1 Population and GDP

All economic assumptions are taken from tBearedSocioeconomid?athway 2 (SSP 2), designed to represent

A Oi otieiOA AA6 A£OOOOA AAOGAT T i A1 68 01 bOI A brjéctionsbd A £OI
coherent future demographic and economic developments offer population labdurtrajectories from 2005

to 2100 (SSP trajectories; Dellink et al., 2017; KC ang 201.7).

Gross Domestic Produttis a semiendogenous output. The model takes the SSP2 GDP trajectories for
calibrating assumptions on exogenous productivity improvement rates in golwy reference scenario
(Current policies). GDP trajectories in ottsgenarios thus reflect the general equilibrium effects of constraints
and distortions by policies (so changes in capital allocation and prices, but without taking potential damages
from climate impacts into account).

3.2 Production function calibration

To algn with gross domestic product (GDP) trajectories consistent with the population trajectories from 2005
to 2100, as well as final and useful energy trajectories, REMIND calibrates its production function.

The changes in efficiency parameters over time #mned such that the baseline scenario meets exogenous
AATTTTEA cOil xOE PAOExAUO AT A EET Al 10 OOCAEDI AT AOCU ¢
calibration has to fulfil two constraints: an economic and a technological constraing. t&ébhnological

constraint requires the inputs of the CES (constant elasticity of substitution) production function to yield the

desired output. At this stage, there is no economic consideration at all. During a REMIND run, however, the

model will strive 6 find the most efficient solution in terms of costs. Therefore, the second constraint is an
economic constraint. The derivatives of the CES function, tte marginal increase in income from increasing

the considered input by one unit, must equal thdger of that input, i.e.the marginal cost. Theconomic

constraint AAEET AO OEAO OEA DOEAAO AOA ANOAI O1 OEA AAOQOEO
constraint determines that, for homogeneous functions of degree 1 (as is the case hereltthe is equal to

the sum of the derivatives times the quantity of inputs. Combining both constraints means that the output is

38This series is provided in the NGFS database with the n@aDe|PPP|counterfactual withoutathage




equal to the sum of inputs valued at their price. Thus, the prices and quantities given exogenously, combined
with the two congraints, are sufficient to determine all the quantities of the CES tree up to the last level with
labourand capital.

3.3 Resource extraction costs and renewable maximum capacities
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Figure 50. Extraction marginal costs by fossil resource. Bauer et al. (Energy, 2016)

While biomass resources are given by MAgPIE model, the extraction costssifftads need to be calibrated,
seeFigure 50 More details on the underlying data and method are presented in a separate paper (Bauer et al.,
2016b). In the model, this fossil extraction cost input datapproximated by piecewise linear functions that

are employed for fossil resource extraction curves. For uranium, extraction costs follow aothizd
polynomial parameterization based on data of the Nuclear Energy Agency (NEA); see Bauer et al. (2012a) for
details.

For renewables, maximum production capacity is calibrated by region, [Sgere 51 The regionally
aggregated potentials for solar photovoltaics (PV) and concentrated solar power (CSP) used in REMIND were
developed in Retzcker et al. (2014b) in cooperation with the German Aerospace Center (DLR). To account for
the competition between PV and CSP for the same sites with good irradiation, an additional constraint for the
combined deployment of PV and CSP was introduce®EMIND (Pietzcker et al., 2014b) to ensure that the
model cannot use the available area twice to install both PV and CSP.



The regionally aggregated wind potentials were developed based on a number of studies (Hoogwijk, 2004;

Briickl, 2005; Hoogwijk and @us, 2008; EEA, 2009; Eurek et al., 2017). The technical potentials for combined

on- and offshore wind power amount to 800E UOGCX j EAI £ T £ OEEO Ai i1 01-O EO AO
load hours). The total value approximatelyhalf the maximum extractable electric energy from wind over land

area as estimated in Miller and Kleidon (2016), and about-fifie of the potential estimated in Lu et al. (2009).
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potentials provided in the report from WGBU (2003) and the background paper produced for the report
(Horlacher, 203).
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Figure 51. Renewables maximum production by regions. Pietzcker et
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I. (Applied Energy, 2014)

3.4 Emissions

For each fuel, region, and technology, REMIND applies specific emissions factors, which are calibrated to match
base year GHG inventories (Global Emissions EDGAR v4.2, 2013). Emission factors for CH4 from the residential
sector, and N20O fronenergy supply are taken from Amous (2000).

Baseline emissions for CH4 fugitive emissions from coal, oil, and gas extraction and processing, are calculated
by source using regiorand fuetspecific emission factors. The emission factors for CH4 fugitivesgions are



derived using the emissions inventory (Global Emissions EDGAR v4.2, 2013) and the amount of fossil fuel
extracted in each region in REMIND in 2005.

REMIND uses an econometric estimate for CO2 emissions from cement production as well as Q#Cand
emissions from waste handling. In both cases, the driver of emissions depends on the development of
population and GDP (as a proxy for waste production) or capital investment (as a proxy for cement production
in infrastructure). REMIND uses exogendagselines for N20O emissions from transport and industry, and for
CO2, CH4, and N20O emissions from lamgk and laneluse change based on MAgPIE.

CH4 and N20 emissions from open burning are assumed to remain constant at their 2005 levels.

Emissions of otheGHGs (e.gFgases and Montreal gases) are exogenous and are taken from the SSP scenario
data set from the IMAGE model (van Vuuren et al., 2017).

For pollutant emissions of SO2, BC, OC, NOx, CO, VOCs, and NH3 related to the combustion of fossil fuels,
REMND considers timeand regionspecific emissions factors coupled to modggidogenous activity data. BC

and OC emissions in 2005 are calibrated to the GAINS model (Klimont et al., 2017; Amann et al., 2011). All other
emissions from fuel combustion in 20@%e calibrated to Global Emissions EDGAR v4.2 (2013).

Emission factors for SO2, BC, and OC are assumed to decline over time according to air pollution policies based
on Klimont et al. (2021). Current netarm policies are enforced in higihcome countries, with gradual
strengthening of goals over time and gradual technology (research, development, demonstration, and
deployment). Lowincome countries do not fully implement neéerm policies but gradually improve over the
century. Emissions from internatial shipping and aviation and waste of all species are exogenous and are
taken from Fujino et al. (2006). Further, REMIND uses-lasel emissions from the MAgPIE model (see Sect.
2.4.1), which, in turn, are based on emission factors from van der Werf(@04dl0).



Module 3: IAMz MESSAGEGLOBIOM

1. Non-technical summary

What is the MESSAGESLOBIOM model?

The MESSAGHESLOBIOM model, or MESSAGE in short, is an Integrated Assessment Model (IAM)
developed by the International Institute for Applied Systems Anaysis (IIASA)It combines energy systems,
environmental impacts, and economic analysis to evaluate the {targn implications of energy and climate
policies. Although its name only refers to two of its components, the MESSGGBBIOM model consists of a
combination of five different models or modules which complement each other and are spgedat different
areas:

1 the energy model MESSAGE*® (Model for Energy Supply Strategy Alternatives and General
Environmental Impact),

the landuse modelGLOBIOM(GLobal BIOsphereManagement),
the air pollution and GHG mod&lAINS(Greenhouse gag Air pollutionInteractions andSynergies),

the aggregatedmacro-economic modeMACRQ and

== = = =

the simplified climate modeMAGICC(Model for the Assessment ofcreenhousegas Induced Climate
Change)

All models and modules together build theASA IAM framework also referred to asIESSAGE-GLOBIOM
since the energy model MESSAGE and the land use model GLOBIOM are its most important components. The
five models provide input tand iterate between each other during a typical scenario development cycle.

The MESSAGEi&LOBIOM model at its core is a technoledgtailed energyengineering optimization model
used for energy planning. Through linkage to ma@wonomic, landuse and d¢imate models it is capable of
consideringmportant feedback and limitations in these areas outside of the energy system.

What are the key model inputs?

Key model inputs, taken from external sources, relate to GDP and population pathways (taken fromettesl Sh
Socioeconomic Patheway SSP2), energy resource endowments, energy conversion rates, enengseend
technological change, fuel blending, adih technologies, energy demand, modelling policies, macroeconomic
variables, laneuse and emissions.

What arethe key model outputs?

Key model outputs comprise regional and counteyel variables on emissions, land uses, priaes quantities
over different scenarios and over a pdefined horizon common across scenarios.
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systemsoptimization modelling framework developed by the IIASA Energy, Climate, and Environment (ECE)

Program 1 since the 1980s.



What is new in the 2023 edition?

The 223 edition for Phase IV does not have many changes compared to the 2022 edition used for Phase III.
However, some of the notable differences are:

Chemical industry sectors expanded to include ammonia and methanol production processes.
A new interpolation sheme for aggregating countrjevel netzero trajectories.

Updated policy details for the Current Policies and NDC scenarios.

Improved method for regionally different carbon price reporting.

powbdpRE

2. Overview of model scope and methods

The MESSAGESLOBIOM modef® was originally developed to represent global and regional energy
systems*! and can be used as an energy planningtod. EA T AT A O- %331 ' %6 EOOAI £ OAE
IIASA 1AM frameworksgeFigure 52) and its mairtask is to optimise the energy system so that it can satisfy
specified energy demands at the lowest costs. The current version allows for a detailed representation of the
technicatengineering, socioeconomic, and biophysical processes in energy anduesaystems. This is
achieved by linking MESSAGEo four different models, which have also been developed by IIABAse four
models are the landise model GLOBIOM (Global Biosphere Management Model), the air pollution and
greenhouse gas (GHG) model GAINGreenhouse gasAir pollution Interactions and Synergies model), the
aggregated macreeconomic model MACRO and the climate model MAGICC (Model for the Assessment of
Greenhousegas Induced Climate Change), which complement each other and are specialiatitferent

areas. The IIASA IAM framework is also referred to as MESBA®&IOBIOM, since the energy model
MESSAGE and the landuse model GLOBIOM are its central componerdsy features of the model include:

i1 energy system analysis production, convesion, and consumption across different sectors,

1 environmental impacts: enabling the analysis of the environmental consequences of different energy
pathways and policy interventions,

i technological detail: simulating the behaviour and evolution of differesergy technologies over time,

i1 economic analysis economic implications of different energy and climate policies, including the costs and
benefits of different mitigation strategies, and

i policy assessment analysing the impacts of policy measures such @aban pricing, RE subsidieand
energy efficiency standards.

40 A comprehensive documentation of the model is available at these URLSs: https://docs.messageix.org/en/stable/;
https://www.iamcdocumentation.eu/index.php/Model_Documentation MESSAGESLOBIOM The source code of
the model is opersource and available at thiURL: https://github.com/iiasa/message_ix

41The energy system analytically traces the process of resource extraction, imports and exports, conversion, transport,
and distribution, up to the provision of energy ende services such as light, space cooditig, industrial production
processes, and transportation. The energy system in MES®AS§Eepresented ifrigures3
I I @
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Figure52. Overview of the IIASA IAM Framework. Coloured boxes represent respective specialized disciplinary models which
are integrated for generating internally consistent scenarios. Figur&iahi et al. (2016).

MESSAGEk* represents the core of the IIASA IAM framework. Its main task is to optireé the energy
system (seeFigure 53), i.e., to satisfy specified energy demands at the lowest costsThis ogimisation is
carried out in an iterative setup with MACRO, a single sector macamomic model, which provides estimates

of the macreeconomic demand response that results from energy system and services costs computed by
MESSAGEix. For the six commetaaduse demand categories depicted in MESSAGE (see Energy demand),
based on demand prices, MACRO will adjust useful energy demands, until the two models have reached
equilibrium (see Macr@conomy (MACRO)). This iteration reflects priceluced energy diciency
adjustments that can occur when energy prices change. MESSAGE can represent different anergymate

related policies.

42 Daniel Huppmann, Matthew Gidden, Oliver Fricko, Peter Kolp, Clara Orthofer, Michael Pimmer, \Nikasain,
Adriano Vinca, Alessio Mastrucci, Keywan Riahi, and Volker Krey. The messageix integrated assessment model and
the ix modeling platform (ixmp): an open framework for integrated and crostting analysis of energy, climate, the
environment, and sstainable development. Environmental Modelling & Software, 1122188, 2019.
doi:10.1016/j.envs2018.11.012.
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Figureb3 Reference Energy System in MESSAGEix

GLOBIOM is a partialequilibrium model representing the mainland-use secbrs, which include agriculture

and forestry. The supply side of the model is builp from the bottom (spatially explicit land cover, land use,
management systems and economic cost information) to the top (regional commodity markets), as illustrated
in Figure 54. GLOBIOM provides MESSAGEix with information on land use and its implications, including the
availability and cost of bioenergy, and availability and cost of emission mitigation in the AFOLU (Agriculture,
Foresty and Other Land Use) sectofhe link between MESSAGEIix and GLOBIOM allows researchers to
investigate how lanelise changes and biomass supply influence the production of carbon emissions, which in

turn affects energy demand, allowing for an integrated &ysas of the energy system and GHG emissions linked
to land use.
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Figureb4. Overview of the GLOBIOM model

Air pollution implications of the energy system are accounted for in MESSAGEix by applying technology
specific air pollution coefficients derived fom the GAINS model. The GAINS model is an analytical
framework for assessing future potentials and costs for reducing air pollution impacts on human health and the
environment while simultaneously mitigating climate change through reduced greenhouse gassiens
(Figure 55). It explores synergies and traddfs in costeffective emission control strategies to maximize
benefits across multiple scales. GAINS is calibrated by estimating historic emissions of air pelatanEHGs

for each country based on data from international energy and industrial statistics, emission inventories and
other data supplied by countries themselves. It assesses emissions over the muahiomg term, with
projections being specified in fvyear intervalauntil 2050.
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Figureb5. Overview of the GAINS model



In addition to these two large-scale models, two other key models are also closely related to the use of the
MESSAGE model, namely MACRO and MAGICRIACRO is a macroeconomic model nmaiiing the
intertemporal utility function of a single representative produessnsumer in each world region. The
optimization result is a sequence of optimal savings, investment, and consumption decisions. The main
variables of the model are the capitabsk, available labour, and energy inputs, which together determine the
total output of an economy according to a nested constant elasticity of substitution (CES) production function.
Thus, by linking the two models it is possible to consistently refleet itifluence of energy supply costs, as
calculated by MESSAGE, the mix of production factors considered in MACRO, and the effect of changes in
energy prices on energy service demands. The combined MESSAGEDRO model can generate a consistent
macro-econonic response to changes in energy prices and estimate overall economic consequences (on GDP
or consumption) of energy or climate policies. A detailed description of MAGICC is provided separétely in
Box: MAGICCA reduced complexity Earth system model

Relevant model assumptions for the interpretation of the NGFS scenarios include that the policy scenarios are
a mix of internally consistent and externally imposed constraints on the model. Also, the GDP impaaisguiod

by the native model, should be interpreted as lengn averages, contrary to the higtesolution data provided

by NGEM.



3. Key model inputs

This section describes key input variables to the MESSAGERBIOM framework. In the followingection,a
distinction is made between input variables that are common across the models of the framewortk (i.e.
MESSAGEIix, GLOBIOM, MACRO, MAGICC and GAINS) and input variables that are specific to the different
models. Temporally, the models operaiie5-yearor, from 2060 onwards10-year steps.

Common input variables

Common input variables are those reflecting seeiconomic developments over the projection horizons. More

specifically, exogenous input variables include variables such as GDP and population. Thelslesvaria

derived from other analyses and only used as input for the models. More precisely, the main source for socio
AATTTI EA AOOOI DOETTO EO OEA AAOAAAOA 11 3EABKA 31 AEI]
particular, the SSPs reflect fiwdifferent developments of the world that are characterd by varying levels of

global challenges (see Riahi et al., 2017 for an overview). They include: a world of sustaifeaitigd growth
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of rapid and unconstrained growth in economic output and energy use (SSP5). NGFS scemanigsise SSP2

as an input.

In the MESSAGEIx scenarios for the NGFS, SSP2 projections of total population and GDP (at purchasing power
parity exchange rates) are the primary drivers of future energy demand. In particular, GDP is common across
scenarios fo each region from 2002020 and differs depending on the scenarios afterwards. The SSP2 GDP
trajectories are also used for calibrating assumptions on exogenous productivity improvement rates in the
Current Policies scenario. GDP trajectories in other aces thus reflect the general equilibrium effects of
constraints and distortions by policies. The other common variable from Z00is population, which is

further split into rural and urban. Population paths are common across scenarios over the gnojieetion

horizon, while they differ across regions.

Energy resource endowments (MESSAGEIXx)

Fossil fuel resources and renewable resource potelntislE SSAGEjassumptions on fossil fuel availability and

the underlying extraction cost assumptions aterived from various sources, including global databases such

as The Federal Institute for Geosciences and Natural Resources (BGR) and the U.S. Geological Survey (USGS),
as well as market reports and outlooks provided by different energy institutes andcigge The availability of

fossil energy resources in different regietisthen aligned with the particular storyline of the chosen SSP, i.e.

43These pathways cover the range of possible future development of anthropogenic drivers of climate change found in
the literature.The SSP strylines served as the starting point for the development of the quantitative SSP elements.
Each storyline provides a brief narrative of the main characteristics of the future development path of an SSP. The
storylines were identified at the joint IAV ah&M workshop in Boulder, November 2011.

44Conventional oil and gas are distributed unevenly throughout the world, with only a few regions dominating the reserves.
Nearly half of the reserves of conventional oil is found in Middle East and North Africaj@seto 40% of conventional

gas is found in Russia and the Former Soviet Union states. The situation is somewhat different for unconventional oil of
which North and Latin America potentially possess significantly higher global shares. Unconventional ga® is
distributed quite evenly throughout the world, with North America holding most (roughly 25% of global resources). The



SSP2 (Rogner, 1997; Riahi et al., 2012) for NGFS scenarios. Specifically, fossil fuel energy resourcesdare align
to technical and economic availability of overall resources underlying the SSP2 narrative/pathway. Key
exogenous input variables to achieve this alignment are so called conversion technologies and technological
change which differ across SSPs (e.technological change in fossil fuel extraction and conversion
technologies is assumed to be slowest in SSP1). In particular, for SSP2 a continuation of recent trends is
assumed, focusing more on developing extraction technologies for unconventional hydratadsmurces,
thereby leading to higher potential cumulative oil extraction than in the other S8Ps.

Nuclear resource&stimates of available uranium resources in the literature vary considerably, which could
become relevant if advanced nuclear fuel cycle.g., the plutonium cycle including fast breeder reactors, the
thorium cycle) are not availabléThe levels of uranium resources assumed available in the MESSAGE SSP
scenariosare builupon earlier wok developed in the Global Energyssessment (see Riaet al., 2012). In the

SSP2 narrative, which underlies NGFS scenarios, the cumulative uranium extracted is assumed at 30 Mt (metric
tonnes) with an approximate price range of 1280 USD/kg depending on different models of uranium
distribution in the crist and its extraction cost&

NonBiomass Renewable Resourc&he resources considered are hydro, wind -(offishore), solar PV,
concentrating solar power (CSPand geothermal. They are measured in terms of deployment potentials
(EJdlyr), i.e, in terms of the electricity or heat that can be produced by specific technologies (i.e., from a
secondary energy perspectivéThe estimates used in MESSAGEIx are based on different sources, such as the
U.S. National Renewable Energy Laboratory database as destiibthe Global Energy Assessment (Rogner

et al., 2012). Moreover, resource potentials for solar photovoltaic (PV), concentrating solar power (CSP), and
onshore/offshore wind are further downscaled by region and classified according to resource quaiitial(a
capacity factor) based on Pietzcker et al. (2014) and Eurek et al. (2017).

Biomass ResourceBioenergy includes both commercial and noommercial use. Commercial refers to the
use of bioenergy in, for example, power plants or biofuel refineridgleasnoncommercial refers to the use of
AET AT AOCU & O OAOGEAAT OEAI EAAOET ¢ AT A AITEET Ch DOEI A
and as such is typically not traded or sold. Bioenergy potentials are derived from the GLOBIOM modifeand

distribution of coal reserves shows the highest geographical diversity. Russia and the former Soviet Union states, Pacific
OECD North America, and Centrally Planned Asia and China all possess more than 10 ZJ of reserves.

45For assumptions and references on global fossil fuel reserves and resources in the MESSAGE please refer to the tables at
the following link:https://docs.messageix.org/projects/global/en/latest/energy/resource/fossilfuel.html

46 Formore detailshttps://docs.messageix.org/projects/global/en/latest/energy/resource/nuclear.html
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into high-temperature heat using various mirror configurations and this concentrated energy is then used to drive a heat

engine and drive an electrgenerator.

48This differs from the technical potentials which instead refer to the flows of energy that could become available as inputs
for technology conversion. So, for example, the technical potential for wind is given as the kinetic energy availabief

power generation, whereas the deployment potential would only be the electricity that could be generated by the wind
turbines.


https://docs.messageix.org/projects/global/en/latest/energy/resource/fossilfuel.html
https://docs.messageix.org/projects/global/en/latest/energy/resource/nuclear.html

across SSPs as a result of different levels of competition over land for food and fibre, but ultimately only vary
to a limited degree. The drivers underlying this competition are different fasd developments in the SSPs,
which are determined by gricultural productivity and global demand for food consumption. (Fricko et al.,
2017).

Energy conversion (MESSAGEiIx)

Energy technologies are charactsed by numerical model inputs describing their economic (e.g., investment

costs, fixed and variable opation and maintenance costs), technical (e.g., conversion efficiencies), ecological

(e.g., GHG and air pollutant emissions), and sqmititical characteristicg? Model input data reflecting these

parameters constrains the use of these technologies onjiegjently, determines their omission for some

regions. The specific technologies represented in various parts of the energy conversion sector encompass
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conversion technology is characterized in MESSAGE by the following data:

1 Energy inputs and outputs together with the respective conversion efficiencies.

1 Specific investment costs (e.g., per kilowatt, kW) and time of construction as well as distrilaftion
capital costs over construction time.

1 Fixed operating and maintenance costs (per unit of capacity, e.g., per kW).

9 \Variable operating costs (per unit of output, e.ger kilowatt-hour, kWh, excluding fuel costs).

49 An example for the socipolitical situation in a world region would be the decision by a country or world regionrio ba
certain types of technologies (e.g., nuclear power plants).

500ther conversion includes liquid fuel production, gaseous fuel production and hydrogen production.

51Energy transport and distribution infrastructure is included in MESSAGE at a level retevaairesent the associated

costs as well as transmission and distribution losses. Within individual model regions the capital stock of transmission and
distribution infrastructure and its turnover is modelled for a number of energy carriers (electd@styict heat, natural gas

and hydrogen). For all solid (coal, biomass) and liquid energy carriers (oil products, biofuels, fossil synfuels) a simpler
approach is taken and only transmission and distribution losses and costs are taken into accountedigaal energy
transmission infrastructure, such as natural gas pipelines and high voltage electricity grids, are also represented between
geographically adjacent regions. Solid and liquid fuel trade is, similar to the transmission and distribution regtuns,
modeled by taking into account distribution losses and costs. A special case are gases that can be traded in liquified form,
i.e., liquified natural gas (LNG) and liquid hydrogen, where liquefaction arghsédication infrastructure is explicitl
represented in addition to the actual transport process.

52The global MESSAGE model includes a single annual time period within each modelling year characterized by average

annual load and 11 geographic regions. Seasonal and diurnal load curves aatlispadis such as transmission constraints
or renewable resource heterogeneity are treated in a stylized way in the model.



1 Plant availability or maximum utgation time per years

1 Technical lifetime of the conversion technology in years.

1 Year of first commercial availability and last year of commercial availability of the technology.

1 Consumption or production of certain materials (e.gmissions of kg of CO2 oiC& per produced
kwh).

1 Limitations on the (annual) activity and on the installed capacity of a technology.

1 Constraints on the rate of growth or decrease of the annually new installed capacity and on the growth
or decrease of the activity of a technology.

1 Technical application constraints, e.g., maximum possible shares of wind or solar power in an
electricity network without storage capabilities.

1 Inventory upon startup and shutdown, e.g., initial nuclear core needed at the stgrtof a nuclear
power plant.

1 Lag time between input and output of the technology.

1 Minimum unit size, e.gfor nuclear power plants it does not make sense to build plants with a capacity
of a few kilowats power (optional, not used in current model version).

1 Socicpolitical constrains, e.g., ban of nuclear power plants.

1 Inconvenience costs which are specified only for-eisé technologies (e.gcook stoves)

Energy enduse (MESSAGEIXx)

MESSAGEIix distinguishes three energy arsk sectors: transport, residential/commercial (also refdrte as
buildings sector)and industry.

Transport sector. The applied MESSAGEIx transport sector representation is stylized and essentially includes
fuel switching“ zto account for a key option to reduce emissions; switching depends onspuetific relaive

53As an example, electrisector flexibility in MESSAGE is represented as follows: each generating technology is assigned a
coefficient between-1 and 1 representing (if positive) the fraction of generation from that technology that is considered to
be flexible or (if negative) the additional flexible generation required for each unit of generation from that technolagy. Lo
also has @arameter (a negative one) representing the amount of flexible energy the system requires solely to meet changes
and uncertainty in load.

54Limitations of switching to alternative fuels may occur, for example as a result of restricted infrastructurebditpil(e.g.,

rail network) or some energy carriers being unsuitable for certain transport modes (e.g., electrification of aviation). To
reflect these limitations, share constraints of energy carriers (e.g., electricity) and energy carrier groupsqi@d)fuels)

are used in the transport sector. In addition, the diffusion speed of alternative fuels is limited to mimic bottlenecks in th



efficiencies- and priceelastic demands (via MACRO linkage) as the main responses to energy and climate
policy. According to SSP2, the storyline underlying NGFS scenarios, the electrification rate within transport can
amount up to 50 percent of totaransport>® The followingFigure 56 displays a schematic diagram of the
stylized transport sector representation in MESSAGEIx.
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Figureb6. Stylized transport sector representation in MESSAGEix

Residential and commercial sectorTheresidential and commercial sector in MESSAGEiIx distinguishes two
demand categories: thermal and specifithermaldemand, i.e., low temperature heat, can be supplied by a
variety of different energy carriers, whitgpecifidemand requires electricity (@ decentralized technology to
convert other energy carriers to electricity).

supply chains, not explicitly represented in MESSAGEix (e.g-emangy related infrastructure). Both the share aslias
the diffusion constraints are usually parametrized based on transport sector studies that analyse such developments and
their feasibility in much greater detail.

55The quantitative translation of the storyline elements of SSP1, SSP2 and SSP3 sdkehactrification rate for transport
can be found at https://docs.messageix.org/projects/gldballatest/energy/enduse/transport.html (see also Fricko et al.,

2017).



1 The residential and commercighermal energy demand includes fuel switching as the main
option,sei.e., different choices about final energy forms to provide thermal energy. Hitewh to
the alternative energy carriers that serve as input to these thermal energy supply options, their
relative efficiencies also vary. For example, solid fuels such as coal have lower conversion
efficiencies than natural gas, direct electric heatiagelectric heat pumps. Additional demand
reduction in response to price increases in policy scenarios is included via the fuel switching option
(due to the fuelspecific relative efficiencies) as well as via the linkage with the macomomic
model MACR(seeFigure 57 below).

1 The residential and commerciapecific demand (for electricity) can be satisfied either by
electricity from the grid or with decentralized electricity generation options such as fuel cells and
on-site combined heat and poweiGHBP.%".

56To reflect limitations of switching to alternative fuels, as a result of limitedastfucture availability (e.g., district heating
network) or some energy carriers being unsuitable for certain applications, share constraints of energy carriers (e.g.,
electricity), and energy carrier groups (e.g., liquid fuels) are used in the residentacommercial sector. In addition, as in

the transport sector, the diffusion speed of alternative fuels is limited to mimic bottlenecks in the supply chains, not
explicitly represented in MESSAGEIx (e.g., raarergy related infrastructure).

57The quantiative translation of the storyline elements of SSP1, SSP2 and SSP3 in terms of electrificaiavithin the
residential and commercial sectors can be found at
https://docs.messageix.org/projects/global/en/latest/energy/enduse/transport.html (see alskd-et al., 2017).
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Industrial sector. Differently from the two demand sectors above, the industrial sector in MESSAGEix used for
the NGFS scenarios has more detailed representations ofsadiors, which distinguish direct demands for
industrial materials. We have representations for steel, cement, aluminium, petemical (highvalue
chemicals, methanol, ammonia) industries. For te@maining industrial suisectors, MESSAGEIx receives two
energy demand categories: thermal and specific, linked to MACRO, similarly to the residential and commercial
sectors.Figure 58andFigure 59 provide schematic representations of the industrial sector in MESSAGEix.
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Technological change (MESSAGEIXx)

Technological change in MESSAGEIx is generally treated exogensuldye current cost and performance
parameters, including conversion efficiencies and emission coefficjanésgenerally derived from the relevan
engineering literature.

58However, some work endogenization of technological change has been introduced, e.g., the dependence of technology
costs on market structure have been done with MESSAGEix (Leibowicz, 2015).



Technological costs vary regionally in all SSPs, reflecting marked differences in engineering and construction
costs across countries observed in the real world. The regional differentiation of technology costs for the initial
modelling periods are based on IEA data (IEA, 2014) with convergence of costs assumed over time driven by
economic development (GDP per capitaEstimates for presentlay and fully learnegut technology costs

are from the Global Energy Assessment (Riatalet2012) and World Energy Outlook (IEA, 2014).

For technological diffusion, MESSAGEIx tracks investments by vintage. In case of shocks (e.g., introduction of
stringent climate policy), it is however possible to prematurely retire existing capital stock as power plants

or other energy conversion technologies and switch to more suitable alternativdlso, so called flexible or

soft dynamic constraints have been introduced into MESSAGE (Keppo and Strubegger, 2010). These allow
faster technology diffgion at additional costs and therefore generate additional model flexibility while still
reducing thenumber of sudden policy reversaisd penetration of technologie&:

Fuel blending (MESSAGEIXx):

Fuel blending is a common practice that allows the shared of infrastructure by fuels with similar chemical
attributes and thus their combined use at the secondary and final energy level, without requiring the consumer
to adapt the power plant or endse devices. Fuel blending in the global energy model islefied for two
distinct blending processe%:the blending of natural gas with other synthetic gases and. the blending of light
oil with coal derived synthetic liquids.

59 Generally, costs start out lower in the wEHoping world and are assumed to converge to those of preskayt
industrialized countries as the former becomes richer throughout the century (thus, the cost projections consider both
labour and capital components). This catap in costs is assumed toelfastest in SSP1 and slowest in SSP3 (where
differences remain, even in 2100); SSP2 is in between.

60 An important factor in this context that influences technology adoption in MESSAGEix are technology diffusion
constraints. Technology diffusion in MESSAGE determined by dynamic constraints that relate the construction of a
technology added or the activity (level of production) of a technology in a period t to construction or the activity in the
previous period+l (Messner and Strubegger, 1995).

61More details on technological diffusion cabe found at
https://docs.messageix.org/projects/global/en/latest/energy/tech.html

621t is important to be able to track the usé blended fuels in the energy model for two reasons. Not all blended fuels can
be used equally within all natural gas applications. For example, hydrogen mixed into the natural gas network is restricted
to use in noRCCS applications only. Secondly, iessential to keep track of where which of the blended fuels is being used

in order to correctly report emissions and also to potentially restrict the degree to which fuels can be blended for &dividu
applications. For example, natural gas eade appliases may only be able to cope with a certain share of hydrogen while
still guaranteeing their safety and longevity. Similarly, for policy analysis, it could be required that a certain miniratem sh

of a synthetic gas is used sector specifically.

63 For moredetails refer tohttps://docs.messageix.org/projects/global/en/latest/energy/fuel_blending.html


https://docs.messageix.org/projects/global/en/latest/energy/tech.html

Add-on technologies (MESSAGEIx):

Add-on technologies have a distinct formulation MESSAGEI%* The formulation is used to represent two
main types of technical extensions/options for technologies: a) additional modes of operation for a single or
multiple technologiestb) depictingemission mitigation optionss They are defined using treame parameters

as any other technology. What makes a technology an-addechnology, is the fact that their activity is bound

to the activity of one or more other technologies, the-salled parent technology. In particular, a single add

on technology an be coupled to the activity of multiple parent technologiEsirthermore, multiple adebn
technologies can be linked to the activity of a single parent technology.

Energy demand (MESSAGEIx):

Baseline energy service demands are provided exogenously 8IMEGEIXx, for the NGFS scenarios based on
SSP2 with a COVID update based on Kikstra et al., 2021. These baseline daaraadjusted endogenously
based on energy price changes using the MESSAGRIKLRO link. There are seven energy service demands
that areprovided to MESSAGEIx, including:

1. Residential/commercial thermal

2. Residential/commercial specific

3. Industrial thermal

4. Industrial specific

5. Industrial feedstock (notenergy)

6. Transportation

7. Non-commercial biomass.

64 For more details please refer to https://docs.messageix.org/projects/global/en/latest/energy/fuel_blending.html

65 For example, among the electricity generatidechnologies, a separate technology, known as a gassturbine, is
considered an adan technology. A pass out turbine allows select electricity generation technologies (i.e., parent
technologies) the option to reduce their electricity output in favadfigenerating electricity and heat. The pass out turbine,
which is a steam turbine in which a certain amount of the pressurized steam is passed out of the turbine for the purpose of
heat production, is restricted to a share of the activity of the selealedttricity generation technologies. Technically, this
means that the electricity output of the electricity generation technologies remains unaltered, yet each unit of heat
generated by the pass out turbine, requires a certain electricity input.

66 For exanple, the possibility to retrofit existing fossil fublased energy generation technologies with CCS units. The
separate CCSetrofit unit is depicted in the model, constrained by the activity of the respective parent technologies. CCS
retrofits are availale for: coal power plants including internal gasification combined cycle plants (IGCC), select gas power
plants, biomass power plants, gas and coal fuel cells as well as for hydrogen and cement production. The share of the total
emissions which can be raded is limited to the technical feasibility and the combination of which mitigation technologies

are employed.



These demands are generated by relating histaticountrylevel GDP per capita to final energgnd using
projections of GDP and populatido extrapolate the severenergy service demands into the future®®

Modelling policies (MESSAGEIx):

MESSAGEix distinguishes between twelve global regi$ins.can account for currently implemented and
planned national policiessuch as the nationally determined contributions (NDCs) as agreed upon in the Paris
Agreement- at a lower geographical resolutid?h to be able to adequately account for future changeshia
scenario development processéSThe targets formulated in national policies come in many different flago

This applies to the sectors and gases covered by these policies, but it also applies to how the policies are defined
and quantified. In MESSBEix, four broad categories of policy types related to the different policies embedded

in different scenarios are represented, each of which is translated into a set of constraints: (i) emission targets,
(ii) energy shares, (iii) capacity or generationgets, (iv) macroeconomic targets such as energlated taxes

and subsidieg?As the year 2025 is rapidly approaching, the MESSAGE results for orderly 2C and 1.5C scenarios
have been fixed to the NDC trajectory for the year 2025. More stringent mitigatéononly happen after 2025

in these scenarios.

Macroeconomic input variables (MACRO):

The main variables of the model are capital stock, availéddeurforce (derived from population projections),

and energy inputs, which together determine the totalitput of an economy according to a nested constant
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projected growth rates of totalbour, i.e., the combined effect dabourforce andabourproductivity growth,

and the annual rates of reference energy intensity reduction, ite so-called autonomous energy efficiency

improvement (AEEI) coefficients. In the absence of price changes, energy demands grow at rates that are the

67 The sources for the historical and projected datasets are the following: Historical GDP fRRB)d Bank (World
Development Indicators, 2032 Historical Populatiory UN Population Division (World Population Projection, 2010);
Historical Final Energy International Energy Agency Energy Balances (IEA, 2012); Projected GDPz(PeHihk et al.
(2015), also see Shared So&ioonomic Pathwaysatabase (SSP scenarios); Projected Populatd¢C and Lutz (2014),
also see Shared SoeBconomic Pathways database (SSP scenarios).

68 More details on the techniques and variables used to compute energy demands at regional levels and convergence rates
in final energy intensities across countries and sectors can be found at
https://docs.messageix.orghpjects/global/en/latest/energy/demand.html

69Regions in MESSAGEGLOBIOM are, in alphabetical order: China, Eastern Europe, Former Soviet Union, Latic#@meri
Middle East and North Africa, North America, Other Pacific Asia, Pacific OECD, Rest C&liamafigd Asia, South Asia,
South Asia, Sutsaharan Africa, Western Europe.

70ONationaklevel NDCs and the detailed policy targets specified are. MESSAGE aggsebase national targets to the
regional level and use it impose bounds in the scenario. Psligléch cannot be directly applied as a constraint within
a scenario can be reflected by adjusting MACRO related parameters to reflect improvements on thadiside.

7INationatlevel NDCs and the detailed policy targets specified are taken into acchlES.SAGE aggregates those national
targets to the regional level and uses them to impose bounds within the scenario. Policies which cannot be directly
appliedas a constraint within a scenario can further be reflected by adjusting MACRO related parameters to reflect
improvements on the demand side.

72 A more detailed description of ¢{vi) can be found under
https://docs.messageix.org/projects/global/en/latestiergy/policy.html



approximate resilt of potential GDP growth rates, reduced by the rates of overall energy intensity reduction.
The baseline GDP trajectory is calibrated to an externally provided GDP projection used in all IAMs for the NGFS
scenarios, existing of a combination of IMF shi@rm projections and longeterm SSP2 projections (Dellink

etal., 2017)3

Land-use input variables (GLOBIOM):

Spatial resolutionin order to enable global biphysical process modelling of agricultural and forest production,

a comprehensive databaskas been built (Skalsky et al., 2008), which contains-geatial data on soil,
climate/weather, topography, land cover/use, and crop management (éegtilisation, irrigation). The data
were compiled from various sources (FAO, ISRIC, USGS, NASA, CRURIEAFRPI, IFA, WISE, etc.) and
significantly vary with respect to spatial, temporal, and attribute resolutions, thematic relevance, accuracy, and
reliability. Data were harmonized into several common spatial resolution layers as well as country Adyhes.
global scale, five altitude classes, seven slope classes, and five soil classes have been#hcluded.

Crop productionGLOBIOM directly represents production from three major land cover types: cropland,
managed forest, and areas suitable for shartation tree plantations. Crop production accounts for more than

30 of the globally most important crops. The average yield level for each crop in each country is taken from
FAOSTAT?®

Livestock GLOBIOM distinguishes between (i) livestock population)igistock products, (iii) livestock feed,
(iv) grazing forage availability and (vi) livestock dynanifts.

Forestry The forestry sector is represented in GLOBIOM with five categories of primary products (pulp logs,
saw logs, biomass for energy, traditiofaiel wood, and other industrial logs) which are consumed by industrial
energy, cooking fuel demand, or processed and sold on the market as final products (wood pulp and sawn
wood). These products are supplied from managed forests and short rotationatlant.””

Land use changé&and cover types include cropland, grassland, short rotation plantations, managed forests,
unmanaged forests, other natural land, other agricultural land, wetlands, and not relevant (bare areas, water
bodies, snow and ice, andtdicial surfaces). Economic activities are associated with the first four land cover
types.’8

73Cfr. also for more details https://docs.messageix.org/projects/global/en/latest/macro.html

74For a more detailed description of how spatial resolution is modeled in GLOBIOM please refer to
https://docs.messageix.org/projects/global/en/latest/land_use/spatial.html

7SFor more details on yield coefficients and crop management systems please refer to
https://docs.messageix.org/projects/global/en/latdand_use/crop.html

76 A more detailed description of ¢{vi) can be found under
https://docs.messageix.org/projects/global/en/latest/land_use/livestock.html

77For further details on the estimation of harvesting costs and mean annual increments ples¢arefe
https://docs.messageix.org/projects/global/en/latest/land_use/forest.html

78Cfr. also https://docs.messageix.org/projects/global/en/latest/land_use/land.html


https://docs.messageix.org/projects/global/en/latest/land_use/spatial.html

Food demandFood demand is endogenous in GLOBIOM and depends on population, gross domestic product
(GDP) and own prodi price. Population and GDP are exogenaasiables while prices are endogenous. The
latter are computed via a simple demand system that uses as inputs population GDP per capita and income
elasticities. It is further assumed that food demand in developed countries is more inelastic than in degelop
ones. In the latter the value of this elasticity is assumed to decrease with the level of GDP per capita to the price
elasticity of the USA in 2000.

Landuse emulatarThe landuse emulator integrates a set of lange scenarios into the MESSAGEnergy
system model (RES). Each lande scenario represents a distinct lande development pathway for a given
biomass potential and carbon price. The biomass potentials for use in the energy sector are determined by the
biomass price® In addition, for eab level of biomass potential, different carbon prices reflect the cost of
mitigation for landuse related greenhouse gas (GHG) emissions. The combination clusagathways can
therefore be depicted as a tradeff surface, illustrated for SSP2 (Frickoadt, 2017) in the figure belowi@ure

60). The figure depicts global biomass potentials and respective GHG emissions at different carbon prices
cumulated from 2010 to 2100.

Global Land-use Tradeoff Surface
Cumulated from 2010 to 2100
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Figure60. LandUse Pathway Trad®ff Surice for SSP2

79More details on data sources and the formulas used for computing price elasticities ¢anntaeunder
https://docs.messageix.org/projects/global/en/latest/land_use/food.html

80At lower biomass prices, biomass mainly stems from forest residues, for example from sawmills or logging residues. With
increasing prices, lardse will be shifted to miee room for fastrotation tree plantations, purposely grown for use in energy
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At very high prices, roundwood will be harvested foreegy production (for further details see Forestry) competing with

material uses.



From this tradeoff surface it possible to deduct that when climate policy scenarios are run in MESSAIGE
land-use pathways will be chosen such that the optimal balance between thedardelated emission and
biomass use in the energystem is obtained.

Emissions input variables (MAGICC):

MAGICC receives its main inputs, GHG and aerosol emissions, from the MEQR®A&HBy system RES (i,e.
CQ: emissions, nofCQ: GHGs, air pollution) and from GLOBIOM (crop sector emissions, livestodsiens,
land use change emissions).

4. Key model outputs

Description of key output variables/sectors

Output variables are available for the World aggregate and for 12 regions (China, Eastern Europe, Former Soviet
Union, Latin America and the Caribbean, Mid East and North Africa, North America, Other Pacific Asia,

Pacific OECD, Rest Centrally Planned Asia, South Asia;S8baran Africa, Western Europe). Within these

regions data are further downscaled at courdgvel. Data are provideh 5-year stgs wuntil 2060 andlO-year

steps thereafter until 2110. The output variables available for MESSAGEIX " ) / - AOA AAT 1T OAA AU
last column of the tables presented iAppendix.

5. Whatis new in the NGFS Phase IV scenarios?

What is new in the 2023 edition?

In the internal representation of the model, the chemical industry sectors are expanded to include ammonia
and methanol production processes. These variables are currently not specifically reported in the NGFS
scenarios.

A new interpolation scheme for agegating countrylevel netzero trajectories has been used. We now use a
linear reduction of emissions over time rather than an endogenous mdd&rmined timing based on a
cumulative budget in each region.

Policy details and assumptions for the CurrdPtlicies and NDC scenarios are updated to include relevant
information up to the cutoff date of Fall 2022.

We apply an improved method for regionally different carbon price reporting based on regionally defined
emission trajectories. Before, the price dezd from the global targets was dominant on the regional level, but
now MESSAGEIix produces regional prices consistent with mitigation at the regional level.

Scenario implementation: differences from other NGFS models

Net-zero targets
i Translation of natinal netzero targets (CO2 and GHG) to regional (R12) level

o Countrieswithout net-zero pledges can keep their emissions amount at the base year in the
region.



o Countrieswith net-zero pledges collectively set the regional emission bounds, which are
constructed by linearly interpolating aggregated countigvel target mitigations in different
target years.

Model period interpretation
1 MESSAGEIix model year represents the period between the given and the previous model year, e.g.,

2050 is for 2042050 (with 5year interval).

1 This also affects the interpretation of netero target years in MESSAGE scenarios, (ite reported
2050 value is often not yet fully zero, because it also includes the yearsZi¥®Bwhich had actual
emissions).

GDP (MER)
1 Apply own MIR-PPP conversions to the base GDP (PPP) and apply the cumulative growth rates to our

base year GDP

Baseline demand
9 Multiply the derived GDP trajectory to the engse energy intensities extracted from an own COVID
adjusted scenario (Kikstra et al., 2021)



Module 4: IAMz GCAM

1. Non-technical summary

The Global Change AnalysisModel (GCAN) is a global market equilibrium model, that combines economic,
energy, landuse and climate systems to analyse the interactions between human activities and global
environmental changes. It is designed to assess the impacts of various policy scenarios and technology options
on energy use, land use change, greenhouse gas emissions and climate change. GCAMtégrated
AssessmentVlodel (AM) applied to theNGFS phase IV enarios

Key model inputseT OT ' #!1 -60 11 AOI AOq

1 Macroeconomy: population; labour productivity growth rate; labour force participation rate; base year
GDP.

i1 Earth systematmospheric CQconcentrations; radiative forcing of emissions; global mean temperature
change; aifland carbon fluxes; aisea carbon fluxes.

1 Land use: Istorical land use and land coveggetation carbon density; soil carbon density.

1 Water: aop, electricity, livestock, primary energy, and industry water coefficients; crop and electricity
production;crop, electricity, livestock, and primary energy production; industry output.

1 Emissions: missions and activity data by sector; energy production and consumptigmicaltural
production; hnd use and land use change.

1 Marketplace: sipply of anddemand for all energy commodities; supply of and demand for all agriculture
and landbased commaodities; supply of and demand for all water types.

Key model outputsof GCAM for each NGFS phase IV scenario and hoyiean

i Emissions: emissions (G@nd nonCQ); resource production emissions (€@nd nonCQ); land use
change emissions; GQ@equestration.

i1 Land use:dnd use and land cover; land use change emissions; change in above and below ground carbon.
i  Prices: energy; agriculture and forestry; watesHi

I Quantity: energy production and consumption; agriculture production and consumption; water
withdrawals; consumption and supply.

Key updates The 2023 edition of GCAM (version 6.0) used for the NGFS phase IV scenarios, includes a number
of updates: a n& residential floorspace expansion model; f8aergy updates; reset of default hotelling rate

for climate stabilization scenarios to 3%; splitting out six detailed industrial sectors from the aggregate industry
sector;updated hydrogen production, distribution, and ende technologiesa new protected lands definition;
expanded crop commodities; HFC MAC curve fixes; new pollutant emissions controls.



https://jgcri.github.io/gcam-doc/cmp/359-Hydrogen_and_transportation.pdf

2. Overview of modelscope and methods

GCAM has been under development for over 40 yeaMlork began in 1980 with the work first documented
in 1982 in working paper¢Edmonds and Reilly, 1982a,b,apd the first peerreviewed publications in
1983Edmonds and Reilly, 1983a,b,c

Throughout its lifetime, GCAM has evolved in response to the need to address an expanding set of science
and assessment questionsThe original question that the model was developed to address was the magnitude
of mid-22%-century global emissions of fe# fuel CQ. Over time GCAM has expanded its scope to include a
wider set of energy producing, transforming, and using technologies, emissions e€@agreenhouse gases,
agriculture and land use, water supplies and demands, and physical Earth syst@Ad! Gas been used to
produce scenarios for national and international assessments ranging from the very first IPCC scenarios
through the present Shared Socioeconomic Pathw@@alvin et al, 20175CAM is increasingly being used in
multi-model, multiscaleanalysis, in which it is either sefor hardcoupled to other models with different
focuses and often greater resolution in key sectors. For example, a range of downscaling tools have been
developed for use with GCAM to be able to obtain land and watgouds at a grid resolution. Similarly, it has

been coupled to a statef-the-art Earth system modéCollinset al, 2015)

GCAM includes two major computational components: a data system to develop inputs and the GCAM
core. GCAM takes in a set of assumptioasd then processes those assumptions to create a full scenario of
prices, energy and other transformations, and commodity and other flows across regions and into the future.
The interactions between these different systems all take place within the GCdtist that is, they are not
modelled as independent modules, but as one integrated whole.

While the agents in the GCAM model are assumed to act to maximize their own sétfterest, the model as

a whole is not performing an optimization calculation. In fact, actors in GCAM can make decisions that
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decision maker would not have made had the decision maker known what lay ahead in the future. Foregxampl
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preceding the implementation of such policies.

Key scenario assumptions for the GCAM core:

1 Macroeconomy. population, labour participation,rad labour productivity.

i1 Energy technology characteristics e.g., costs, performance, water requirements, GHG and other
emissions coefficients.

9 Agricultural technology characteristics e.g., crop yields, costs, carbon contents, water requirements,
fertiliser requirements.

1 Energy and other resourcese.g., capital/extraction costs and availability of fossil fuel resources and
reserves, wind, solar, uranium, groundwater.

i1 Policies e.g., wide range of potential regulatory and fiscal policies including emisgionstraints, coal
phaseout, renewable portfolio standards, EV targets, fuel efficiency standards, etc.

Key scenario results from the GCAM core:



i1 Energy system energy demands, flows, technology deployments, international trade, and prices
throughout the erergy system.

9 Agriculture and land use prices, supplies, and consumption of all agricultural and forest products, land
use and land use change.

1 Water: water demands and supplies for all agricultural, energy, and household uses.

1 Emissions 24 greenhouse ga&s and shodived species: C£) CH, N:O, halocarbons, carbonaceous
aerosols, reactive gases, sulphur dioxide.

GCAM is an integrated, multisector model that explores both human and Earth system dynamicsThe role

of models like GCAM is to bring multigieaman and physical Earth systems together in one place to shed light
on system interactions and provide scientific insights that would not otherwise be available from the pursuit of
traditional disciplinary scientific research alone. As showhimure 61, GCAM is constructed to explore these
interactions in a single computational platform with a sufficiently low computational requirement to allow for
broad explorations of scenarios and uncertainties. Components of G&Mesigned to capture the behavior

of human and physical systems, but they do not necessarily include the most detailed prszaes
representations of its constituent components. On the other hand, model components in principle provide a
faithful representation of the best current scientific understanding of underlying behavior.
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Figure6l GCAM Model Integration

GCAM allows user¥ to explore what-if scenarios, quantifying the implications of possible future

conditions. These outputs are conditional fecasts contingent on the validity of input assumptions; they are a

way of analging the potential impacts of different assumptions about future conditigrigure 62 illustrates
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811n this contex GCAM users are equivalent to GCAldsed NGFS climate policy scenario implementations whose
outputs are provided by the NGFS Scenario Explorer.



technology, and policies) and then assesses the implications of these assumptions on key scientific or-decision
relevant outcomes (e.g., commodity prices, energy use, land use, water usssiems, and concentrations).

Modeled
Scenario

Scenario
Assumptions

| Technology |
Characteristics
_
e —
Emissions
5 —
Prices
[ ——————————
Energy Supplies and

Demands

T hgncaiural
Production
Land Use

[ Concentrations and |

Relationships, and

Parameters

Temperature

Figure62. Use of scenario assumptions to produce fuller, modelled scenarios

The GCAM core is the component of the model in which economic decisions are made (e.g., land use and
technology choices), and in which dynamics anéhteractions are modelled within and among different

human and Earth systemsSupplied with input information from the GCAM data system, the GCAM core

is the heart of the dynamic character of GCAMGCAM takes in a set of assumptions and then processesg thos
assumptions to create a full scenario of prices, energy and other transformations, and commaodity and other
flows across regions and into the future. GCAM represents five different interacting and interconnected
systems. The interactions between thesefdient systems all take place within the GCAM core; that is, they
are not modelled as independent modules, but as one integrated whole. The five systems in the GCAM core are
as follows (see alseigure 63 for a schemat visualization):

1 Macroeconomy. This module takes population and labor productivity assumptions as inputs and produces
regional gross domestic product and regional populations as inputs Ffar other modules. The
macroeconomy sets the scale of economic activity in GCAM.

i1 Energy systems The energy system is a detailed representation of the sources of energy supply, modes
of energy transformation, and energy service demands such as passenger and freight transport, industrial
energy use across subsectors, and residential and commercial energy service demands. The module
reports demand forand suppy of, energy forms as well as emissianof greenhouse gases, aeros@sd
other shortlived species. Energy systems demand bioenergy from agriculture and land systems and water
from water systems.

9 Agriculture and land systems The agiculture and land systems provide information about land use, land
cover, carbon stocks and net emissions, the production of bioenergy, foork, fand forest products.
Demands are driven by the size of the population, their income levels, and commadigspThe module
reports demand for and suppbf agricultural and other commodities, land and emissions of greenhouse
gases, aerosolsand other shorlived species. The demand for bioenergy is a derived demand by the
energy sector. Agriculture and largystems demand water from water systems.

1 Water systems The water module provides information about water withdrawals and water consumption
for energy, agriculture, and municipal uses.


https://jgcri.github.io/gcam-doc/macro-econ.html
https://jgcri.github.io/gcam-doc/energy.html
https://jgcri.github.io/gcam-doc/aglu.html
https://jgcri.github.io/gcam-doc/water.html

i1 Physical Earth system The physical Earth system in GCAM is modelled using Hector, a physical Earth
system emulator that provides information about the composition of the atmosphere based on emissions
provided by the other modules, ocean acidity, and climate.
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The exact structure of the model explored in the GCAM cpifer example, the number of regions and
technologiesz is data driven. In all casgthe GCAM core represents the entire world, but it is constructed with
different levels of resolution for each of these different systems. In release version 6.0 of GCAM (which is used
for the NGFS phase IV scenarios), the eneeggnomy system operatest®2 regionsglobally, land is divided

into 384 subregions and water is tracked fa235 basinsworldwide. The Earth system module operates at a
global scale.

The core operating principle for GCAM is that of market equilibriumRepresentative agents in G&RAuse
information on prices, as well as other information that might be relevant, and make decisions about the
allocation of resources. These representative agents exist throughout the model, representing, for example,
regional electricity sectors, regiohaefining sectors, regional energy demand sectors, and land users who must
allocate land among competing crops within any given land region. Markets are how these representative
agents interact with one another. Agents indicate their intended supply andémand for goods and services

in the markets. GCAM solves for a set of market priz@ancedsupply and demand in all these markets across

the model. TheGCAM solution proceds the process foiterating on market prices until this equilibrium is
reached. Markets exist for physical flows such as electricity or agricultural commodities, but they also can exist
for other types of goods and services, for example tradable carbon permits.



https://jgcri.github.io/gcam-doc/hector.html
https://jgcri.github.io/gcam-doc/solver.html

-O- U In any single model period, GCAM derives a demand for natural gq

- starting with all the uses to which natural gas might be put,such as
%obl AET A0 Al passenger and freight transport, power generation,dnggen production,
7EAO EO Al Ag heating, cooling, and cooking, fertiler production, and other industria
OEA 1 ARBEDEA energy uses.
i AREAT EOT EI

U Those demands depend on the external assumptions aboufpr example,
electricity generating technology efficiencies, but also on the price of all
commodities in the model. GCAM then calculates the amount of natural
that suppliers would like to supply given their available technology
extracting resources and the market price. The model gathers this sa
information for all the commodities ashthen adjusts prices so that in ever
market during that period supplies of everything from rice to solar pov
match demands.

GCAM is a dynamic recursive model, meaning that decisiemakers do not know the future when planning
today. After it solves each period, the model then uses the resultitegesof the world, including the
consequences of decisions made in that peripduch as resource depletion, capital stock retirements and
installations, and changes to the landscapand then moves to the next time step and performs the same
exercise. Fo longlived investments, decisiomakers may account for future profit streams, but those
estimates would be based on current prices.

3. Key model inputs

The macroeconomy component of GCAM.O sets the scale of economic activity and associated demands

for model simulations. Assumptions about population and per capita GDP growth for each of the 32
geopolitical regions together determine the gross domestic product (GDP). GDP and population both can drive
the demands for a range of different demands within GCAMpulation and economic activity are used in
GCAM through a onavay transfer of infomation to other GCAM componentg¢see belowkey model
outputson Key model outputs for explanation on the reported GDP for scemsanidhich is different to the one
described here used for the demand determinatioRdr example, neither the price nor quantity of energy nor

the quantity of energy services provided to the economy affect the calculation of the principal model output of
the GCAM macroeconomic system, GDP (due to unidirectionality between the macro and energy modules).
Changes in future per capita GDP and population will affect the final demand for energy, food, and forestry. For
example, increases in population will increaggional consumption proportionally, while changes in per capita
GDP affect consumption through income elasticities. Thus, different assumptions of future GDP and population
growth across different socioeconomic scenarios may play key roles in detemgnarinalternative future. In
addition, regional heterogeneity in future GDP and population growth, leading to heterogeneous regional
demand growth, is also a critical driver to future changes in regional supply, biophysical responses, and trade
patterns.Table6 shows the inputs for the economic module.

Table6. Inputs required by the economic module

Name Resolution

Population Region and year




Name Resolution

Labour productivity growth rate  Region and year

Labour force participation rate Region and year

Base year GDP Region

TheEarth system model(i.e., carboncycle climate module) Hector is the default climate model within GCAM
(Hartin et al ,2015).Users still have the option of running MAGICC in GCAM version 5.1, but this option is
longer supported beginning with version 6.0 of GCANHector (v2.5.0) runs essentially instantaneously while

still representing the most critical globalcale earth system processes. This model has a thegémain carbon

cycle: a onepool atmosphere three-pool land, and foubT I 1 T AAAT 8 4EA 11T AAIT 80 OAO«
includes primary production and respiration fluxes, accommodating arbitrary geographic divisions into, e.g.,
ecological biomes or political units. Hector actively solves the inoigaarbon system in the surface ocean,
directly calculating aksea fluxes of carbon and oceanidity. Hector reproduces the global historical trends of
atmospheric CQ, radiative forcing, and surface temperatures. The model simulates all four Repregsentat
Concentration Pathways (RCPs) with equivalent rates of change of key variables over time, consistent with
compared to historical observations, MAGICC, and models floenCoupled Model Intercomparison Project
(CMIPS. Currently the GCAM sectors intetawith Hector via emissions. At every time step, emissions from
GCAM are passed to Hector. Hector converts these emissions to concentrations when necessary, and calculates
the associated radiative forcing, as well as the response of the climate systeneautid system (e.qg.,
temperature, carborfluxes, etc.).

Economic land use decisiongn GCAM are based on a probabilistic, logit model of falidcation based on
relative expected profitability of using land for competing purposes. In GCAM, there is #digin of profit
behind each competing land use within each of the 384 {asd regions. The share of land allocated to any
given use is based on the probability that that use has the highest profit among the competing uses.

The way land types are nestéd GCAM, in combination with the logit exponefitaised, determines the
substitutability of different land types in the model in future perio@isyure 64 shows a nesting diagram of land
with a subregion.

82This contrats with MESSAGELOBIOM and REMINBIAgPIE which use MAGICC as the climate model (see dedicated
box in module 1).

83GCAM requires the user to specify the logit exponents that determine the substitutability between different leaves and

nodes in the land moeal.



Figureb4. Agiculture and land use (AgLU) land nesting structure

Thefollowing Table 7shows the inputs relevant for the langse module.

Table 7Inputs required by the land allocation mo#ule

Name Resolution

Historical land use ahland cover By GLOBE Land Unit (GLU), land type, and ye
Vegetation carbon density By GLU and land type

Soil carbon density By GLU and land type

Mature age By GLU and land type

Soil time scale By geopolitical region and land type

Value of unmanagethnd By GLU

Profit rate of managed land By GLU

Logit exponents By GLU and land node

In the water module, three distinct sources of fresh water are modelled: renewable water;neoewable
groundwater, and desalinated water. Renewable water is water thaeplenished naturally by surface runoff

and subsurface infiltration and release (groundwater recharge). -Norewable groundwater is water from
aquifers whose recharge is sufficiently low as to be depletable on a human time scale and which have
replenshment timescales greater than 100 years. Renewable water andrelewable groundwater are

84 Note that this table differs fronTable29in that it lists all external inputs to the land module, including information
passed from other modules. This table shows the variables used in the GCAM simulatigored&ssing.


































































































































































































































































































































































