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Summary

The Norwegian Environment Agency (Miljedirektoratet) has requested a report to “get more
detailed and nationally policy relevant information about the IAM-scenarios assessed in the
Intergovernmental Panel on Climate Change (IPCC) Special Report on 1.5 °C global warming, and
key features and assumptions in the modelling frameworks.” We present information for scenarios
consistent with 1.5°C and 2°C, but avoid scenarios with large-scale bioenergy with carbon capture
and storage (as requested). Among the topics discussed in this report are emission pathways, carbon
price trajectories, deployment of negative emission technologies, land use change, investment
needs, deployment of key abatement options, demand for primary energy and base materials,
portfolio of abatement options, and scenarios. The starting point is the emission scenario database
(Huppmann et al. 2018) linked to the special report on global warming of 1.5 °C (V. Masson-
Delmotte 2018). However, not all information asked for by the Norwegian Environment Agency is
available in the scenarios database or produced by integrated assessment models.

The emission scenarios are integrated pathways (trajectories over time) developed by global
integrated assessment models that represent key societal systems and their interactions, such as the
energy system, agriculture, land use, and the economy. Emission scenarios consistent with 1.5 °C
and 2 °C of global warming are very demanding as these targets require large-scale transformations
of society and its systems, including how energy is produced, how agricultural systems are
organized, and how food, energy, and materials are consumed. Some aspects of all the scenarios can
be considered as unrealistic, very difficult, or in conflict with other societal objectives. Some
models cannot reach ambitious climate targets, particularly 1.5°C.

The models that have produced the emission scenarios and discussed in this report include:
AIM/CGE 2.0 (or 2.1), C-ROADS-5.005, GCAM 4.2, IMAGE 3.0.1, MESSAGE V.3, MESSAGE-
GLOBIOM 1.0, MESSAGEIX-GLOBIOM 1.0, POLES EMF33, REMIND 1.7, REMIND-MAgPIE
1.7-3.0, WITCH-GLOBIOM 3.1, and WITCH-GLOBIOM 4.4. Groups of scenarios with similar
characteristics are rarely statistical samples of all hypothetical scenarios, as often some models or
model structures are overrepresented or not all possible scenarios are explored. The REMIND and
AIM/CGE models contribute with many of the scenarios in the SR15 database, while some other
models provide only one or a few. Groupings of scenarios give an indication of the range of
outcomes, but care is required not to over interpret the statistical samples.

Most 1.5°C scenarios require large-scale use of bioenergy with carbon capture and storage
(BECCS), but this has become controversial as it may be infeasible or unsustainable. As a
consequence, the Norwegian Environment Agency, wanted scenarios with unsustainable levels of
BECCS removed. There is no clear-cut definition of what a sustainable level of BECCS is. The
special report on land gives a wide range of BECCS deployment, but the nature for which it is
deployed is important for sustainability concerns. After assessing several approaches, we decided to
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use the Norwegian Environment Agency criteria of 500GtCO, cumulative BECCS this century and
12GtCO,/yr BECCS in 2100. After applying these criteria, there remain 23 scenarios consistent
with 1.5 °C (with no or low overshoot) and 53 scenarios with 2°C (with a 66% chance). This
selection of scenarios is discussed in detail throughout the report.

Emission pathways show that at the global level CO; emissions (not including other greenhouse
gases) reach net-zero around 2050 for the selected 1.5 °C scenarios and 2075 for the selected 2°C
scenarios. Different regions reach net-zero in different years, based on cost optimizing mitigation.
Latin America is often the first region to reach net-zero (median 2042) due to its ability to provide
CO; removal, while OECD is generally after the global average (median 2058). The modelled
pathways do not consider equity. For 2 °C pathways, the net-zero year is about 15 years later than
for 1.5 °C pathways at the global level, with some variation at the regional level. For all GHGs
combined, net zero emissions (in CO»-equivalent terms) is reached around 2070 for 1.5 °C
pathways and after 2100 in 2°C pathways. The Paris Agreement calls for net-zero GHG emissions
in the second half of the century (Article 4), but only about half of the assessed 2°C scenarios reach
net-zero in that period. Consequently, the Paris net-zero constraint indicates a pathway more
consistent with 1.5 °C than 2 °C. The year of net-zero in OECD for GHGs is very close to the global
average. While the OECD has capacity for mitigation, this region does not mitigate faster or earlier
than other regions, which is a consequence of the cost-optimizing model framework that does not
introduce concepts of equity. Since models cut emissions where they are cheapest, regional
variations should not be over interpreted given equity concerns.

There is a large variation in carbon prices across models, socioeconomics, and temperature
outcomes. The carbon prices vary little between regions, and most scenario designs use global
carbon prices which exclude regional variations. Depending on the model, socioeconomics, and
climate target, carbon prices rise close to exponential over the century. Carbon prices are higher for
1.5°C and 2°C, with some models showing steep increases in carbon prices for 1.5°C scenarios
indicating this pathway is close to the feasibility limit of the model. The carbon prices are outcomes
of the model structure and are therefore very model dependent. Very high prices reflect the
difficulty of reaching targets, though care should be taken when comparing carbon prices across
models as they may not always be comparable. Models rarely consider variations in carbon prices at
the sector level and are weak on innovation. This means carbon prices from models may not be
useful for guiding policy on innovation or first-of-the-kind technologies.

Most scenario databases and publications only report and present net emissions, but models
distinguish gross positive emissions (from the burning of fossil fuels, industry, and net
deforestation) and gross negative emissions (CO, removal like BECCS and afforestation). Negative
emissions start being deployed in models almost immediately, even though net-negative emissions
may not be reached until after 2050. Negative emissions can be separated into two, one part to
cancel out residual emission and one part to reduce global temperatures after overshooting. In most
1.5 °C scenarios, the second dominates, which is partly due to the model set up where such a
temperature overshooting is allowed. The discount rate also has a major impact on the amount of
negative emissions. Models use a mix of BECCS and afforestation, but BECCS is more productive
at removing carbon for a given area of land. In general, the considered scenarios remove twice as
much CO; from BECCS than from afforestation. Models with less BECCS, often use more
afforestation.

The land use impacts of BECCS and afforestation are immense, though it is not possible to
characterize the quality of the land-use in scenarios. Some models have poor representation of land-
use, and the analysis is therefore dominated by only a few different models. The land use impacts
are generally greater for afforestation than BECCS in the assessed scenarios. Further, BECCS takes
up about four times as much CO; per unit area than afforestation, since yield improvements
generally apply to bioenergy but not afforestation. The additional land use for afforestation and
BECCS comes from yield improvements in crops and pastures. The changes in land use are
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immense in both 1.5°C and 2°C scenarios and will potentially lead to trade-offs and conflicts.
Regionally, the OECD generally uses more land for bioenergy, while most afforestation happens in
the tropics.

Investment needs are provided in detail only in some models. Those few models indicate larger
investments in energy supply compared to energy efficiency. The investment level is not very
different between 1.5 °C and 2 °C as the energy infrastructure is to be replaced anyhow.

On key abatement options, many of the mitigation measures are related to the energy sector as most
of the models are built from detailed energy models. Specific models are unlikely to consider all
technologies and measures. The models are different, such as representing the technologies
differently and with large differences in the costs of electricity generation technologies. The demand
side measures can typically be divided into energy-related and food-related measures. The supply-
side measures are linked to the energy sector. Costs on carbon capture and storage (CCS) are
typically based on studies in the energy supply sector. Most of the models include BECCS and
Afforestation and reforestation (AR) as negative emissions. Both depend heavily on land use change
and in most models both technologies are modeled explicitly and endogenously to compete with
other land use purposes such as production of energy and food crops. First-of-kind technologies and
innovation processes are rarely modelled in these types of scenarios. Thus, these models are not
useful tools to model initial investments required to scale up new technologies.

We present future demand for primary energy by source, but no data is available on the demand for
base materials. Fossil fuel use declines rapidly in 1.5 °C scenarios but does not decline to zero.
Fossil fuels are quickly replaced by non-fossil sources, such as solar, wind, and hydro. Coal drops
strongly in all scenarios, oil has a more gradual decline, while natural gas has a large variation
between scenarios with some indicating a decline and others indicating a rise before declining a few
decades into the future. Relative to baseline scenarios, coal, oil, and gas use declines substantially.
Oil use in the OECD drops by 30% by 2030 and 80% by 2050. For gas, the average indicates a
decline of 20% by 2030 and 50% by 2050 in the OECD region.

Abatement options in the industrial sector are difficult to identify in the scenarios as most of the
models have modelled the economic activities at an aggregate level. Basically, there are no
mitigation measures specific for the industrial sector although CCS technologies are considered in
industrial processes in some models.

We also show relevant literature for further reading on the models and scenarios. Accompanied with
this report, we also produce large Excel documents with numerous sheets and figures on the topics
discussed here. Users of the emission scenarios should be aware of the limitations and that the
perspective taken in the modeling are important for how they are framed.
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1

1.1

Introduction

Mandate

The Norwegian Environment Agency (Miljedirektoratet) has requested a report to “get more
detailed and nationally policy relevant information about the IAM-scenarios assessed in the
Intergovernmental Panel on Climate Change (IPCC) Special Report on 1.5°C global warming, and
key features and assumptions in the modelling frameworks.”

Specifically, information was required for two groups of scenarios

e 1.5°C-scenarios with no or limited overshoot (Below-1.5°C and 1.5°C-low-OS), and
e Below 2°C-scenarioes (Lower-2°C).

In addition, use of bioenergy with carbon capture and storage (BECCS) is constrained to include
only scenarios that have less than 12 GtCO; of BECCS per year in 2100, and less than 500 GtCO,
cumulatively to 2100. For the two groups of scenarios, the topics to be covered are as follows.

a) Emission pathways by region and sector, both for all GHGs and CO» only

b) Carbon price trajectories (calculated in 2019-USD), preferably for the energy and industry
sectors in the EU/EEA for the purpose of comparison with EUA-price trajectories.
Alternatively, information should be provided to serve this purpose, such as marginal
abatement cost over time for relevant sectors. The same should be done to assess CO»-price
trajectories for other sectors as a group, for the purpose of comparison with current non-ETS
climate policy.

¢) Deployment of negative emission technologies on a global and regional level.

d) Land use change on a global level and regional level.

e) Investment needs on a global level and regional level.

f) For each sector a description of the deployment of key abatement options, including the cost of
first-of-a-kind and cost-curves, and other important assumptions if relevant. Most importantly,
we need information about CCS in the industry and energy sectors in EU/EEA, or the region
most closely covering EU/EEA. Assumptions about CCS in different modelling frameworks
must be described.

g) As far as possible, demand for primary energy and base materials (such as oil, gas, coal,
different kinds of bioenergy, renewable electricity, cement, iron and steel, aluminum, and
chemical products such as ammonia, ethylene, methanol). Most importantly, we need
information about the demand for oil and gas globally and in Europe.

h) A detailed description of the portfolio of abatement options available in different models for
different industrial sectors (such as iron and steel, chemicals, non-metallic minerals, pulp and
paper, non-ferrous metals), and the most important assumptions about these options - such as
cost and technological maturity.

i) A list showing which scenarios are included in each selection, and references to relevant studies
and publications.

What relevant information do the integrated assessment models and scenarios from the 1.5 °C special report provide for Norway?
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1.2 Context

In October 2018, the IPCC published a special report with the title Global Warming of 1.5 °C, an
IPCC special report on the impacts of global warming of 1.5 °C above pre-industrial levels and
related global greenhouse gas emission pathways, in the context of strengthening the global
response to the threat of climate change, sustainable development, and efforts to eradicate poverty
(V. Masson-Delmotte 2018). Mitigation pathways consistent with 1.5 °C and 2 °C global warming
were produced by the research community ahead of the special report and assessed in the special
report. In addition, an emission scenario database was also produced as an addition to the special
report (Huppmann et al. 2018). This is the starting point of this report and is used to address the
topics in the mandate.

The emission scenarios are integrated pathways developed by global integrated assessment models
(IAMs) that represent key societal systems and their interactions, such like the energy system,
agriculture, land use, and the economy. These models often include simple representations of
interactions with the geophysical system, for instance with the carbon cycle and climate models. All
emission sectors and regions are covered in the models, though not necessarily modelled
individually. Pathways consistent with 1.5 °C and 2 °C are very demanding as these targets require
large-scale transformations of our society and systems, including how energy is produced, how
agricultural systems are organized, and how food, energy, and materials are consumed.

The Norwegian Environment Agency has previously commissioned several reports on related
emission pathways. van Vuuren et al. (2015) presented implications around 2050 of pathways
consistent with the 2 °C target from the IPCC’s fifth assessment report (IPCC 2014). Among points
raised in the report are the need for negative emissions and bioenergy with carbon capture and
storage (BECCS) in order to keep within carbon budgets, and whether this is possible in terms of
sustainability. Rogelj (2016) followed up on mitigation needed in order to be consistent with 2 °C.
In 2017, the Norwegian Environment Agency (Andresen and Gade 2017) synthesized what these
emission pathways mean for the industry sector and what carbon prices in the EU and technology
development are needed to follow up. All these reports were published before the special report on
global warming of 1.5 °C. This report is, hence, a follow-up of these previous studies by applying
the most recent emission pathway dataset and putting these pathways into context that is relevant for
Norwegian policy. We address the topics asked for in the mandate by utilizing the emission scenario
database linked to the special report, literature review, and expert opinion from researchers in
CICERO and other research institutes working on the emission database. However, information
available is limited for several of the topics asked for in the mandate.

1.3 Structure of the report

First, we briefly introduce the Excel document produced in this project. Second, we present the
models involved in the emission database that are relevant for this report. Third, we discuss scenario
selection. Fourth, we address the topics a) through 1) chronologically. The letters in parenthesis in
the titles indicate what topic in the mandate is presented. Not all details asked for in the task
description of the mandate are possible to identify given available dataset and current knowledge.
Fifth, we discuss the limitations and relevance for Norway, before we conclude.

What relevant information do the integrated assessment models and scenarios from the 1.5 °C special report provide for Norway?
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2 About the Excel document

As part of the delivery, we also produce three Excel workbooks with numerous sheets. Data relevant
for the topics a)-i) are provided. The first sheet contains general information relevant for all the
sheets. The following sheets provides data for topics a)-i) chronologically. The sheets contain
selection criteria as extra columns, so that for instance all scenarios can be looked at or those that
meet the BECCS criteria discussed later in the report.

What relevant information do the integrated assessment models and scenarios from the 1.5 °C special report provide for Norway?

10



REPORT 2020:18

3 Models involved in the target
scenarios

In the following sections, we will routinely be referring to different models. Because of this, we first
outline models that have been used to generate at least one of the target scenarios: AIM/CGE 2.0 (or
2.1) (Liu et al. 2018); C-ROADS-5.005 (Holz et al. 2018); GCAM 4.2 (Riahi et al. 2017); IMAGE
3.0.1 (Riahi et al. 2017; Luderer et al. 2018; McCollum et al. 2018; van Vuuren et al. 2018);
MESSAGE V.3 (Rogelj et al. 2013a; Rogel;j et al. 2013b; Rogelj et al. 2015); MESSAGE-
GLOBIOM 1.0 (Bauer et al. 2018; Luderer et al. 2018); MESSAGEIX-GLOBIOM 1.0 (Grubler et
al. 2018); POLES EMF33 (Bauer et al. 2018); REMIND 1.7 (Strefler et al. 2018); REMIND-
MAgPIE 1.7-3.0 (Bauer et al. 2018; Bertram et al. 2018; Kriegler et al. 2018); WITCH-GLOBIOM
3.1 (Riahi et al. 2017); and WITCH-GLOBIOM 4.4 (McCollum et al. 2018). The numbers in the
end of the model names indicate the model versions used in the scenarios. Below we present a brief
introduction of all the models as a background to under the target scenarios.

AIM/CGE 2.0/2.1

AIM/CGE is a general equilibrium model with technology explicit modules in power sectors
(Fujimori et al. 2014). The model is developed to analyze the climate mitigation and impact. The
energy system is disaggregated to meet this objective in both of energy supply and demand sides.
Agricultural sectors have also been disaggregated for the appropriate land use treatment. The model
is designed to be flexible in its use for global analysis.

C-ROADS-5.005

C-ROADS takes future population, economic growth and GHG emissions as scenario inputs
specified by the user and currently omits the costs of policy options and climate change damage
(Holz et al. 2018). The model aims to improve public and decision-maker understanding of the
long-term implications of international emissions and sequestration futures with a rapid-iteration,
interactive tool as a path to effective action that stabilizes the climate.

GCAM 4.2

Global Change Assessment Model (GCAM) 4.2 is a global integrated assessment model that
represents the behavior of, and complex interactions between five systems: the energy system,
water, agriculture and land use, the economy, and the climate’.

The core operating principle for GCAM is that of market equilibrium. Representative agents in
GCAM use 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, regional refining sectors, regional energy
demand sectors, and land users who have to allocate land among competing crops within any given
land region. Markets are the means by which these representative agents interact with one another.
Agents pass goods and services along with prices into the markets. Markets exist for physical flows

https://jgeri.github.io/gcam-doc/v4.2/
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such as electricity or agricultural commodities, but they also can exist for other types of goods and
services, for example tradable carbon permits.

IMAGE 3.0.1

IMAGE is an ecological-environmental model framework that simulates the environmental
consequences of human activities worldwide. The objective of the IMAGE model is to explore the
long-term dynamics and impacts of global changes that result?. More specifically, the model aims 1.
to analyze interactions between human development and the natural environment to gain better
insight into the processes of global environmental change; 2. to identify response strategies to global
environmental change based on assessment of options and 3. to indicate key inter-linkages and
associated levels of uncertainty in processes of global environmental change.

The IMAGE framework can best be described as a geographically explicit assessment, integrated
assessment simulation model, focusing a detailed representation of relevant processes with respect
to human use of energy, land and water in relation to relevant environmental processes.

MESSAGE V.3

MESSAGE V.3 is a hybrid model (energy engineering partial equilibrium model soft-linked to
macro-economic general equilibrium model), which is an integrated assessment framework
designed to assess the transformation of the energy and land systems vis-a-vis the challenges of
climate change and other energy-related sustainability issues. It consists of the energy model
MESSAGE, the aggregated macro-economic model MACRO and the simple climate model
MAGICC6. The global model description is available at

https://wiki.ucl.ac.uk/display/ ADVIAM/MESSAGE.

MESSAGE-GLOBIOM 1.0 and MESSAGEix-GLOBIOM 1.0

MESSAGE-GLOBIOM is an integrated assessment framework designed to assess the
transformation of the energy and land systems vis-a-vis the challenges of climate change and other
sustainability issues (Fricko et al. 2017). It consists of the energy model MESSAGE, the land use
model GLOBIOM, the air pollution and GHG model GAINS, the aggregated macro-economic
model MACRO and the simple climate model MAGICC6. The global model description is available
at http://data.ene.iiasa.ac.at/message-globiom/.

POLES EMF33

POLES is a partial equilibrium model and was originally developed to assess energy markets,
combining a detailed description of energy demand, transformation and primary supply for all
energy vectors. It provides full energy balances on a yearly basis using frequent data updates to as
to deliver robust forecasts for both short and long-term horizons. It has quickly been used, in the late
90s, to assess energy-related CO2 mitigation policies. Over time other GHG emissions have been
included (energy and industry non-CO2 from the early 2000s), and linkages with agricultural and
land use models have been progressively implemented.

REMIND 1.7
The regionalized model of investment and development (REMIND) is a global multi-regional

model incorporating the economy, the climate system and a detailed representation of the energy
sector?. It allows analyzing technology options and policy proposals for climate mitigation, and

https://models.pbl.nl/image/index.php/Welcome to IMAGE 3.0 Documentation
https://www.pik-potsdam.de/research/transformation-pathways/models/remind
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models regional energy investments and interregional trade in goods, energy carriers and emissions

allowances.

REMIND-MAgPIE 1.7-3.0

The is a version linking the REMIND model to the model of Agricultural Production and its Impact
on the Environment (MAgPIE), which is a global land use allocation model. MAgPIE derives future
projections of spatial land use patterns, yields and regional costs of agricultural production®.

WITCH-GLOBIOM 3.1/4.4

WITCH is a hybrid economic optimal growth model, including a bottom-up energy sector and a
simple climate model, embedded in a game theory framework>. The model evaluates the impacts of
climate policies on global and regional economic systems and provides information on the optimal
responses of these economies to climate change. The model considers the positive externalities from

leaning-by-doing and learning-by-researching in the technological change.

Table 1: Key characteristics of the models that will be analysed in the following sections. The model classification

diagnostics are from Kriegler et al. (2015).

Model Name  |[Equilibrium Type Modelling Approach Classification diagnostics
AIM/GCE General equilibrium Recursive dynamic Medium response
C-ROADS No equilibrium Recursive dynamic Not assessed

GCAM Partial equilibrium Recursive dynamic High response

IMAGE Partial equilibrium Recursive dynamic High response

MESSAGE General equilibrium Intertemporal optimization High response

POLES Partial equilibrium Recursive dynamic Medium response

REMIND General equilibrium Intertemporal optimization High response

WITCH General equilibrium Intertemporal optimization Low response

Note: Partial equilibrium models provide detailed description of processes and markets in one or
more sectors, e.g. the energy sector, assuming the rest of the economy is unaffected by any change
in the focused sectors. General equilibrium models cover the full economy allowing interactions
among all the sectors. Non-equilibrium models are not based on standard economic theory and do
not consider any equilibrium in the market of any economic sector.

https://www.pik-potsdam.de/research/projects/activities/land-use-modelling/magpie
https://www.witchmodel.org/
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4 Methods of scenario selection

There are a multitude of ways to select scenarios from a scenario database, and the criteria can vary
across a wide range of dimensions. In this section, several aspects of scenario selection will be
discussed: the method of classifying scenarios, challenges with interpreting the selected scenarios,
and different methods to refine the scenario selection.

A “pathway” and “scenario” are often used interchangeably, but they are defined slightly
differently. From SR15, the two terms are defined as:

e Emission pathways: Modelled trajectories of global anthropogenic emissions over the 21%
century are termed emission pathways.

e Scenario: A plausible description of how the future may develop based on a coherent and
internally consistent set of assumptions about key driving forces (e.g., rate of technological
change, prices) and relationships. Note that scenarios are neither predictions nor forecasts
but, are used to provide a view of the implications of developments and actions.

In short, a scenario has a set of assumptions, while a pathway is just the trajectory over time.
4.1 Scenario classification

IPCC ARS (Clarke et al. 2015) put scenarios into groups based on their CO,-equivalent
concentrations in 2100: Category 1 (430-480ppm CO»-eq), Category 2 (480-530ppm CO»-eq), and
so on. ARS used an addition set of sub-classifications such as carbon budget, scale of negative
emissions, overshoot, technology restrictions, and policy restrictions.

Scenarios in SR15 were initially classified in a similar way to AR5 but used temperature and its
level of overshoot (Table 2). The SR15 classification of scenarios into groups was also specifically
associated to characteristics of 1.5°C and 2°C pathways. Similar detail was not used for scenarios
around, say 3°C. SR15 additionally classified scenarios using a range of other criteria, but with less
detail than in ARS. Most of the additional criteria are simply summaries of variables that can be
estimated using the scenario database (e.g., year of peak temperature) and so they are much less
useful.
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Table 2.1| Classification of pathways that this chapter draws upon, along with the number of available pathways in each class. The definition of each class
is based on probabilities derived from the MAGICC model in a setup identical to AR5 WGIII (Clarke et al., 2014), as detailed in Supplementary Material 2.5M.1.4.

Pathway group | Pathway Class Pathway Selection Criteria and Description Number of Number of
Scenarios Scenarios
Pathways limiting peak warming to below 1.5°C during the entire 21st century
Below-1.5°C 9
elow wiith 50-66% likelihood*
Pathways limiting median warming to below 1.5°C in 2100 and with a
1.5°Cor 1.5°C-low-0S 50-67% probability of temporarily overshooting that level earlier, generally 44 9%
1.5°C-consistent** implying less than 0.1°C higher peak warming than Below-1.5°C pathways
Pathways limiting median warming to below 1.5°C in 2100 and with a greater
1.5°C-high-0S than 67% probability of temporarily overshooting that level earlier, generally 37
implying 0.1-0.4°C higher peak warming than Below-1.5°C pathways
P P o 7 3
Lower-2°C Pa.lhways limiting peak \.Narlmlng to below 2°C during the entire 21st century 7
2°C or with greater than 66% likelihood -
2°C-consistent Higher-2°C Pathways assessed to keep peak warming to below 2°C during the entire 58
igher-
g 21st century with 50-66% likelihood

*No pathways were available that achieve a greater than 66% probability of limiting warming below 1.5°C during the entire 21st century based on the MAGICC model projections.

** This chapter uses the term 1.5°C-consistent pathways to refer to pathways with no overshoot, with limited (low) overshoot, and with high overshoot. However, the Summary for Policymakers
focusses on pathways with no or limited (low) overshoot.

Table 2: Table 2.1 from SR15 showing the main classification of scenarios used in the report.

The temperature classification in SR15 was based on a simple climate model (MAGICC6), but
another observationally constrained simple climate model (FAIR) was also used. MAGICC6 was
used as it is well known, was used in ARS, and is familiar to the IAM community. FAIR is a new
model and gives a much lower temperature response than MAGICC6. Figure 1 shows the
temperatures response for the ‘Lower 2°C’ scenarios for MAGICC6 and FAIR. For this grouping,
MAGICCES gives a 66% probability of staying below 2°C, while FAIR gives a temperature increase
below 1.5°C. In effect, the ‘Lower 2°C’ scenarios using MAGICC6, would be below 1.5°C using
FAIR. SR15 has a discussion on these points and the differences between MAGICC6 and FAIR but
decided to use MAGICC6 for SR15 as the model is well known and has been involved in many peer
reviewed publications. However, the introduction of FAIR has highlighted a potential issue with
over reliance on MAGICC6 and this has instigated a model intercomparison of similar models to
feed into ARG (https://www.rcmip.org/). The results in this report will be exclusively based on the
MAGICCEG classification, as used in SR15, but it is important to highlight that temperature-based
classifications may depend on the simple climate model used.
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Figure 1: Lower 2°C pathways using MAGICC6 and FAIR from SR15. The scenario classification in SR15 was
done using MAGICCSB, but FAIR gives a much lower temperature response.

4.2 Interpreting classified scenarios

One challenge with working with selected groups of scenarios is that they are not a statistical
sample of all possible scenarios, and thus, may be biased from the hypothetical statistical
distribution of all scenarios. These biases may be exacerbated when selections are taken from an
already biased scenario subset. In the case of SR15, 529 scenarios in total were submitted to the
scenario database for analysis. Of those, 118 scenarios were removed from the scenario database as
they did not satisfy certain criteria (e.g., not full century, missing data, or values inconsistent with
history). In total, after including reference data, the publicly available database has 416 scenarios
available for assessment.

Within the public SR15 scenario database, there is a biased distribution of model families, Figure 2.
The REMIND and AIM/CGE models are represented by a much larger number of scenarios
compared to the much more widely known IEA scenarios (one submitted from the World Energy
Outlook and one from the Energy Technology Perspectives). Some models, such as REMIND and
AIM/CGE, submitted many sensitivity cases, which provides useful analysis to the scenario
database, but introduces bias. GCAM, a widely known IAM, had most of its scenarios removed
from the scenario database based on selection criteria (of which the GCAM modellers disagree with,
based on personal communication). Thus, if using the scenario database as a statistical ensemble, it
will be greatly skewed towards the outcomes of REMIND, AIM/CGE, and other over-represented
models, at the expense of other models. There are now ongoing discussions on how to adjust for
these biases, and this may feed into the ongoing IPCC ARG6.
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Figure 2: The distribution of model families across scenarios in the entire SR15 scenario database open for
public assess.

When selecting subsets of scenarios the biases can be further exacerbated, such as on specific
climate criteria ‘1.5°C with no or low overshoot’ (Figure 3) or ‘lower 2°C’ (Figure 4). In the 1.5°C
grouping, REMIND is represented the most, while AIM is far more represented in the 2°C
grouping. Comparing across these different scenario groups may give misleading results, since the
statistical representation underneath is not consistent. As a hypothetical example, if the ‘lower 2C’
scenarios were skewed towards a model that uses a lot of CCS, while the ‘1.5°C with no or low
overshoot’ is skewed towards a model that uses little CCS, then it may look statistically like 1.5°C
requires less CCS than 2°C even though this is not true in each individual model. Using a group of
scenarios does give an appreciation for the range of outcomes across scenarios, but care is needed
not to overinterpret the statistical samples.
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Figure 3: The distribution of models with no or low overshoot of 1.5°C, see Table 2 for definitions.
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Figure 4: The distribution of models in the lower 2°C category, see Table 2 for definitions.
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4.3 Selection criteria

After an initial scenario selection, it is further possible to refine the selection using additional
criteria. As all mitigation pathways consistent with 1.5°C and 2°C global warming are very
demanding, one can argue that some of the aspects of the scenarios are unrealistic, very difficult, or
in conflict with other societal objectives (e.g., SDGs).

The amount of bioenergy with carbon capture and storage (BECCS) on mitigation scenarios has
come under a lot of scrutiny: is realistic and is it sustainable? What is sustainable and not
sustainable depends on the circumstances and what resources are used to produce this bioenergy.
Hence, to give a clear constraint on the scenarios as a selection criterion is difficult. The special
report on land (Arneth et al. 2019) show that pathways consistent with 1.5°C and 2°C indicate
changes in forest area between 2010 and 2050 of between -2 and 12 million km?. As much as 7
million km? of land might be needed to produce bioenergy crops in 2050, compared to 0.14 million
km? today. Different sustainability concerns become a major issue around 1 to 4 million km? land
used for BECCS. The risk is clear already at 0.1 to 1 million km? in scenarios with high population
growth, low income and slow technological development. We cannot directly translate area used for
BECCS to carbon captured by BECCS since that is dependent on the circumstances, but the large
span shows that there is not a clear-cut definition of what is a reasonable selection criterion for
scenarios. We explore this further, but our analysis will be based on criteria of 500GtCO>
cumulative BECCS and of 12GtCO,/yr BECCS in 2100 as starting points.

Figure 5 shows how the number of scenarios from different model families changes as the scale of
BECCS increases. As the scale of BECCS increases, the number of scenarios from each model
family increases. As an example, the REMIND model framework has one scenario with a little over
100GtCO; cumulative BECCS in 2100, and this increases gradually until a scenario with 1200
GtCO; cumulative BECCS. Similar findings are found for the amount of BECCS in 2100.

If criteria are taken, such as 500GtCO; cumulative BECCS or 12GtCO,/yr BECCS in 2100, several
modelling frameworks will not be represented. GCAM and MERGE will no longer be in the
scenario selections, and several scenarios from sensitivity analysis will be removed. In total, based
on these criteria, for 1.5°C with no or low overshoot, only 23 scenarios will remain from the
modelling groups AIM/CGE, C-ROADS, IMAGE, MESSAGE, POLES, REMIND, and WITCH.
For lower 2°C, 53 scenarios remain, all from the same model frameworks.

It is also possible to constrain the level of BECCS in 2050, which links more closely to the IPCC
special report on climate change and land (Arneth et al. 2019) (Figure 6), a value of SGtCO»/yr in
2050. A constraint of 5GtCO,/yr in 2050 turns out to be not so different to the constraint of
12GtCO,/yr in 2100, in that both constraints select out similar scenarios. It is possible to implement
additional, different, or more strict criteria, which will further restrict the scenarios available for
analysis and the model frameworks that are represented. At the end of the day, a balance (trade-off)
is required between different criteria to avoid removing all scenarios.
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Figure 5: The number of scenarios from the main modelling frameworks as a function of BECCS, either
cumulative (top) or in 2100 (bottom).

What relevant information do the integrated assessment models and scenarios from the 1.5 °C special report provide for Norway? 20



REPORT 2020:18

12 Model selection criteria
Below 1.5°C
1.5°C low overshoot

10 -
73]
[ =
=
= 8-
[}
e
o
s 6
O
@
£
o
=z
2 4
0 - . 1
0 5 10 15

BECCS in 2050 (GtCOy/yr)

Figure 6: The number of scenarios from the main modelling frameworks as a function of BECCS to 2050.

It is important to note that filtering scenarios across one dimension, may lead to conflicts in another
dimension (Figure 7). Even though attempts were made to minimise the use of BECCS, the land
impacts are still significant, up to 400 million hectares for energy crops (supplying up to 250EJ of
bioenergy) and 1500 million hectares additional forests. The fact remains that 1.5°C is extremely
ambitious and restricting BECCS often means that bioenergy is still used as bioenergy (without
CCS) and that afforestation increases to compensate for the lower BECCS. It is, of course, possible
to implement other restrictions, such as on land-use or bioenergy, but ultimately, similar issues will
arise, and ultimately, all scenarios will be filtered out. 1.5°C, as explained in SR15 and SRCCL, will
require some level of trade-offs.
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Figure 7: The land areas used for energy crops (top) and forests (bottom) in 1.5°C scenarios with low overshoot,

filtered based on criteria on BECCS.

It is also possible to select scenarios based on land area. It is not necessarily BECCS that is the
problem, but rather, the impacts caused by the land use. Similarly, or even worse, impacts could
occur for large scale afforestation, which can sometimes cover significantly more land area. One
challenge on using land areas is that not all models report detail land use data, and so some model
frameworks would drop out because of lack of relevant data. Additionally, the extent of land use
may not correlate to impacts. The use of land for BECCS might require more intensive use, while
afforestation less intensive, with the resulting impacts from BECCS larger even though the land area
is smaller. To select scenarios on land area would really require the land to somehow to be graded
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by quality or impacts. Since that data does not exist, then there is limited option to do selections
based on land area.

4.4 Comparison of selection criteria

Figure 8 shows a comparison of the different selection criteria as applied to BECCS, for both 1.5°C
and 2°C scenarios. The constraint of 5GtCO,/yr BECCS in 2050 is clearly weaker than the
combined constraint of 12GtCO»/yr in 2100 and cumulative BECCS of 500GtCO, through to 2100.
These choices propagate down to the land used for cropland (Figure 9), but not so much forest arca
change (Figure 10). The changes are more significant for 1.5°C, less significant for 2°C.

The land area for bioenergy is reduced significantly for 1.5°C with the 12GtCO,/yr in 2100 cut off,
but the effect is less dramatic for 2°C. There are two factors that affect this. First, the constraint was
applied to BECCS, but scenarios that have constrained BECCS generally do not have constrained
bioenergy. Thus, some scenarios with a constraint on BECCS will have little impact on bioenergy
use, as the model had preferentially used bioenergy in other parts of the energy system (e.g.,
biofuels in transportation). This is particularly evident in the lower 2°C (Figure 9, bottom-right),
where scenarios are using bioenergy for reasons other than BECCS. Second, a more technical issue
discussed earlier, is that the groupings of scenarios have different model coverage, and in particular
AIM/CGE is far more representative in 2°C scenarios and uses a lot of bioenergy without CCS.

We additionally assessed using a selection based on bioenergy use, limiting bioenergy to 200EJ per
year in 2100 (figures not shown). This gave a similar outcome for BECCS to the 12GtCO»/yr limit,
but still lead to some large land-use areas for bioenergy crops (over 400 million hectares) and lead
to little change in the total increase in forest area (over 1500 million hectares).

Moving to afforestation in the constrained scenarios, Figure 10 shows that the forest area change is
significantly larger for afforestation compared to cropland. The cropland areas change up to 800
million hectares in the most extreme cases, and up to 1500 million hectares in the case of
afforestation. The underlying reason is that BECCS is more productive at removing carbon per unit
of land area (discussed in detail later). Again, the sample distribution is heavily affected by one
model, AIM/CGE. Whilst the vast majority of IAMs have considerable afforestation, some have
deforestation and this is particularly evident in POLES.

It is possible to have constraints on land areas, but the scenario data is not of sufficient quality to do
this consistently. Each model has submitted different variables for land-use and some models don’t
include any land-use data. The use of land-use data as a constraint would probably require new
primary data collection from the modelling groups, plus additional efforts to ensure they report data
with the same land-use definitions.

Hopefully these figures illustrate the challenges with selecting scenarios. It is very difficult with the
scenario information available to select scenarios that meet several criteria. Placing limits on
BECCS is justified, but this may come at the expense of greatly increased use of other types of
bioenergy use, forest areas, etc. Ultimately, it is the quality of the land use that is of interest
(SRCCL). However, scenarios do not in any way differentiate the land use by quality, or its water
use, fertilizer use, or degradation. Almost by definition, the land use in scenarios will be sustainable
according to the modelling groups. What matters is how this land is then used in practice, in the real
world.

It is possible to go through a range of different scenario groupings, but they will all ultimately lead
to the same challenges. Addressing one criterion, may lead to problems in other criteria. And
putting constraints on all possible criteria, may only leave behind a small sample of scenarios. This
partly indicates the challenges to keep temperatures below 1.5°C or 2°C, in that there are very few
options available that do not lead to major trade-offs.
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Figure 8: A comparison of BECCS deployment in 1.5°C scenarios with no or low overshoot (left) and lower 2°C
(right) with all scenarios include (top), maximum of 5GtCO,/yr BECCS in 2050 (middle), and maximum of
12GtCO,/yr BECCS in 2100 combined with cumulative maximum of 500GtCO; through to 2100 (bottom).
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