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Abstract

This technical report documents the REMIND-MAgPIE model and the REMIND-MAgPIE scenarios
that were selected to support transition risk analysis for the Task-Force for Climate Related
Financial Disclosures (TCFD) Banking Pilot Phase Il. REMIND-MAgPIE is an optimisation model that
integrates the macroeconomic, agriculture and land-use, energy, water and climate systems. It
describes, in a forward-looking fashion, the complex and non-linear dynamics in and between
these systems. In line with the TCFD recommendations, the scenarios generated with this model
can be integrated into risks assessments frameworks to identify and evaluate the risks related to a
transition to a low-carbon economy.
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The REMIND-MAGgPIE integrated assessment modelling
framework

REMIND-MAGgPIE is a comprehensive integrated assessment modelling (IAM) framework that
quantifies, in a forward-looking fashion, the complex and non-linear dynamics within and between
the energy, land-use, water, economy and climate systems. The model was created a decade ago
(Leimbach, Bauer, Baumstark, and Edenhofer 2010; Lotze-Campen et al. 2008) and is continually
being improved to generate up-to-date insights for scientific publications, and provide scientific
evidence to decision and policy makers and other relevant stakeholders on climate change
mitigation and further sustainability dimensions.

The REMIND-MAgPIE framework consists of four main components (see Figure 1). First the
REMIND model combines a macro-economic module with an energy system module. The macro-
economic core of REMIND is a Ramsey-type optimal growth model in which inter-temporal welfare
is maximised. The energy system module includes a detailed representation of energy supply and
demand sectors. Second the MAgPIE model represents land-use dynamics. The MAgPIE model is
linked to the dynamic global vegetation model LPJmL (Bondeau et al. 2007; Miiller and Robertson
2014; Schaphoff et al. 2017). For some applications that do not require detailed land-use
information, a MAgPIE-based emulator is used to make the scenario generation process more
efficient. The REMIND model is linked to the climate model MAGICC to account for changes in
climate-related variables like global surface mean temperature. In addition, REMIND can be linked
to other models to allow the analysis of other environmental impacts such as water demand, air
pollution and health effects.
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Figure 1 Overview of the REMIND-MAGgPIE integrated assessment modelling framework

Specifically, REMIND (Regional Model of Investment and Development) is an energy-economy
general equilibrium model linking a macro-economic growth model with a bottom-up engineering-
based energy system model. It covers eleven world regions (see Figure 2), differentiates various



energy carriers and technologies and represents the dynamics of economic growth and
international trade (Leimbach, Bauer, Baumstark, and Edenhofer 2010; Leimbach, Bauer,
Baumstark, Luken, et al. 2010; Leimbach et al. 2017; Mouratiadou et al. 2016). A Ramsey-type
growth model with perfect foresight serves as a macro-economic core projecting growth, savings
and investments, factor incomes, energy and material demand. The energy system representation
differentiates between a variety of fossil, biogenic, nuclear and renewable energy resources
(Bauer, Calvin, et al. 2016; Bauer, Brecha, and Luderer 2012; Bauer, Hilaire, et al. 2016; Klein et al.
2014; 2014; Robert C. Pietzcker et al. 2014). 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 adjustment costs for rapidly expanding
technologies (Robert C. Pietzcker et al. 2017). The emissions of greenhouse gases (GHGs) and air
pollutants are largely represented by source and linked to activities in the energy-economic system
(Strefler, Luderer, Aboumahboub, et al. 2014; Strefler, Luderer, Kriegler, et al. 2014). Several energy
sector policies are represented explicitly (Bertram et al. 2015; 2018; Kriegler et al. 2018), including
energy-sector fuel taxes and consumer subsidies (Jewell et al. 2018; Schwanitz et al. 2014). The
model also represents trade in energy resources (Bauer et al. 2015). More details on REMIND are
provided in the next section.

MAgPIE (Model of Agricultural Production and its Impacts on the Environment) is a global multi-
regional economic land-use optimization model designed for scenario analysis up to the year 2100.
It is a partial equilibrium model of the agricultural sector that is solved in recursive dynamic mode.
The objective function of MAgPIE is the fulfilment of agricultural demand for ten world regions at
minimum global costs under consideration of biophysical and socio-economic constraints. Major
cost types in MAgPIE are factor requirement costs (capital, labor, fertilizer), land conversion costs,
transportation costs to the closest market, investment costs for yield-increasing technological
change (TC) and costs for GHG emissions in mitigation scenarios. Biophysical inputs (0.5°
resolution) for MAgPIE, such as agricultural yields, carbon densities and water availability, are
derived from a dynamic global vegetation, hydrology and crop growth model, the Lund-Potsdam-
Jena model for managed Land (LPJmL) (Bondeau et al. 2007; Mdller and Robertson 2014;
Schaphoff et al. 2017). Agricultural demand includes demand for food (Benjamin L. Bodirsky and
Popp 2015), feed (Weindl et al. 2015), bioenergy (Humpendder et al. 2018, 2011; A. Popp et al.
2010, 2011), material and seed. For meeting the demand, MAgPIE endogenously decides, based on
cost-effectiveness, about intensification of agricultural production, cropland expansion and
production relocation (intra-regionally and inter-regionally through international trade) (Dietrich et
al. 2014; Lotze-Campen et al. 2010; Schmitz et al. 2012). MAgPIE derives cell specific land-use
patterns, rates of future agricultural yield increases(Dietrich et al. 2014), food commodity and
bioenergy prices as well as GHG emissions from agricultural production (B. L. Bodirsky et al. 2012;
A. Popp et al. 2010, 2010) and land-use change (Humpendder et al. 2014; Alexander Popp et al.
2014; 2017, 201).



The coupling approach between REMIND and MAgPIE is designed to derive scenarios with
equilibrated bioenergy and emissions markets. In equilibrium, bio-energy demand patterns
computed by REMIND are fulfilled in MAgPIE at the same bioenergy and emissions prices that the
demand patterns were based on. Moreover, the emissions in REMIND emerging from pre-defined
climate policy assumptions account for the GHG emissions from the land-use sector derived in
MAgPIE under the emissions pricing and bioenergy use mandated by the same climate policy. The
simultaneous equilibrium of bioenergy and emissions markets is established by an iteration of
REMIND and MAgPIE simulations in which REMIND provides emissions prices and bioenergy
demand to MAgPIE and receives land use emissions and bioenergy prices from MAgPIE in return.
The coupling approach with this iterative process at its core is explained elsewhere (Bauer et al.
2014).

MAGICC (Model for the Assessment of Greenhouse-gas Induced Climate Change) is a reduced-
complexity climate model that is connected to REMIND and calculates atmospheric concentrations
of GHGs and other atmospheric climate drivers, radiative forcing and global annual-mean surface
air temperature (Meinshausen, Wigley, and Raper 2011). Emission pathways of greenhouse gases,
greenhouse gas precursors and air pollutants computed by REMIND are fed to MAGICC to estimate
future changes in climate-related variables.

In addition, REMIND can be linked to other models to allow the analysis of other environmental
impacts such as water demand, air pollution and health effects.

More detailed information on the REMIND model can be found in the next sections. A
comprehensive documentation of the model is available at this URL:
https://www.iamcdocumentation.eu/index.php/Model Documentation - REMIND

The different sections of the documentation are provided in Table 1.

Table 1 Sections and URLs of the REMIND documentation

Section Link

Overview https://www.iamcdocumentation.eu/index.php/Model_Documentation_-
_REMIND

Model scope https://www.iamcdocumentation.eu/index.php/Model_scope_and_methods_-

and methods _REMIND

Socio- https://www.iamcdocumentation.eu/index.php/Socio-economic_drivers_-

economic _REMIND

drivers

Macro- https://www.iamcdocumentation.eu/index.php/Macro-economy_- REMIND

economy

Energy https://www.iamcdocumentation.eu/index.php/Energy_- REMIND

Land use https://www.iamcdocumentation.eu/index.php/Land-use_- REMIND

Emissions https://www.iamcdocumentation.eu/index.php/Emissions_- REMIND

Climate https://www.iamcdocumentation.eu/index.php/Climate_-_REMIND

Non-climate https://www.iamcdocumentation.eu/index.php/Non-

sustainability climate_sustainability_dimension_- REMIND

dimension



https://www.iamcdocumentation.eu/index.php/Model_Documentation_-_REMIND

The source code of the model is open-source and available at this URL:
https://github.com/remindmodel/remind

A primer on climate mitigation scenarios and integrated assessment models is available at the
following URL: https://climatescenarios.org/primer/ and further material can be accessed in the
SENSES Toolkit : https://climatescenarios.org.

The REMIND model

Spatial and temporal definitions

REMIND version 1.7 used for the UNEP-FI banking pilot divides the world into 11 regions (see
Figure 2). There are 5 individual countries (CHN — China; IND — India; JPN — Japan; USA — United
States of America; and RUS — Russia) and 6 aggregated regions (AFR — Sub-Saharan Africa excluding
Republic of South Africa; EUR — Members of the European Union; LAM — Latin America; MEA —
including countries from the Middle East, North Africa, and central Asia; OAS — other Asian
countries mainly located in South East Asia; and ROW — the rest of the world including among
others Australia, Canada, New Zealand, Norway, Turkey, and the Republic of South Africa).

Figure 2 Regional definition in the REMIND model

Regarding the temporal dimension, the model outputs data every five years between 2005 and
2060 and every ten years between 2060 and 2100.

Structure and modules

The structure of the REMIND model is depicted in Figure 3. The macro-economic core of REMIND is
a Ramsey-type optimal growth model in which intertemporal welfare is maximised. The model
explicitly represents regional trade in final goods, primary energy carriers, and in the case of
climate policy, emissions allowances. Macro-economic production factors are capital, labour and
final energy. REMIND uses economic output for investments in the macro-economic capital stock
as well as consumption, trade and energy system expenditures.


https://github.com/remindmodel/remind
https://climatescenarios.org/primer/
https://climatescenarios.org/

The macro-economic and energy system modules are linked via the following two channels: final
energy demand and costs incurred by the energy system (Bauer, Edenhofer, and Kypreos 2008).
Economic activity results in demand for final energy in the transportation, industry and buildings
sectors?. A production function with constant elasticity of substitution (nested CES production
function, see next section) determines the final energy demand. The energy system module
accounts for endowments of exhaustible primary energy resources as well as renewable energy
potentials. More than fifty technologies are available for the conversion of primary energy into
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Figure 3 Overview of the structure of the REMIND model

secondary energy carriers as well as for the distribution of secondary energy carriers into final

energy.

Macro-economics

Optimal growth model and solution algorithm

REMIND models each region as a representative household with a utility function that depends
upon per-capita consumption. Following welfare economic theory, utility increases with per-capita
consumption though at decreasing rates (diminishing marginal utility). The calculation of utility is
also subject to a discounting of 3%. The logarithmic relationship between per-capita consumption
and regional utility implies an elasticity of marginal consumption of 1. Thus, in line with the

! Note that this sectoral division is typically used in energy models and does not match perfectly other classifications
often used in economic circles (e.g. BICS, GICS, ISIC and NACE)



Keynes-Ramsey rule, REMIND vyields an endogenous interest rate in real terms of 5-6% for an
economic growth rate of 2-3%. This is in line with the interest rates typically observed on capital
markets.

REMIND relies on a non-cooperative Nash algorithm to converge to the optimal solution (Leimbach
et al. 2017) and do so by maximising the regional welfare subject to regional constraints and
international prices. The non-cooperative nature of this algorithm is characterized by the non-
internalisation of interregional externalities like global spillovers from learning-by-doing in the
energy sector (e.g. innovations in solar PV and wind technologies). The intertemporal balance of
payments of each region is constrained to equal zero. The equilibrium solution is found by
iteratively adjusting the international prices until global demand and supply are balanced in each
market.

CES production function
REMIND uses a nested production function with constant elasticity of substitution (CES) to

determine a region’s gross domestic product (GDP) (see Figure 4). Inputs at the upper level of the
production function include labour, capital and final energy (also called aggregated energy). We
use the population at working age to determine the labour force. Final energy input to the upper
production level forms a CES nest which comprises energy for transportation, industry and
buildings coupled with a substitution elasticity of 0.3. In turn, these three energy types are
determined by the nested CES functions of more specific final energy carriers. REMIND assumes
substitution elasticities between 1.5 and 3 for the lower levels of the CES nest. In addition, an
energy efficiency parameter is assigned to each production factor which allows efficiency
improvements to be accounted for. These parameters are tuned such that baseline economic
growth and energy intensity improvements match exogenous scenario specifications (e.g. The
Shared Socio-Economic Pathway (SSP) assumptions, see O’Neill et al. (2014) for more details).

| Labour |

(Power| Gases| Solids| Liguids |H2 [ Heat] Power | Gases | Solids| Liguids |H2 |Heat A& Bus| [Freight| [EL Train
@9@

Linear Energy System supplying all Final Energy Types

Abbreviations. Heaf: Distnct kel & heal pumps, H2: Hydrogen, LDV Light Duly Vehicle, ICE: Infernal Combustion
Engine, BEV. Baltery Electnc Vehicle, H2 FCV. Hydrogen Fuel Cell Vehicle, Av.& Bus: Aggregate of Aviation and Bus.

Figure 4 Overview of the nested CES production function in REMIND



Energy demand

Baseline final energy in REMIND is calibrated to energy demand projections. These result from the
combination of short-term econometric projections of historical trends with long-term
development assumptions (e.g SSP2 scenario assumptions). In the short-term, the econometric
regressions estimate the future demand of six energy carriers (i.e. biomass, coal, electricity, liquids,
gas, district heat) across six sectors (i.e. residential, commercial, industry, non-energy use,
agriculture and fisheries, others). They draw from the relationship between the per capita energy
carrier demand in each sector and the GDP or sectoral value added per capita. In the long-term,
the scenario assumptions follow the SSP framework and narratives. In the SSP2 middle-of-the road
scenario, continuation of historical per-capita energy demand trends is assumed as well as a
regional partial convergence towards a global trend line over time. This global trend line relates
globally averaged per capita demand for an energy carrier with per capita GDP. The convergence
assumption differs across energy carriers and sectors.

The projections show agreement with several energy stylized facts (Van Ruijven et al. 2008). In line
with the energy-ladder concept (Karekezi et al. 2012), the share of solids decreases widely. Most
notably, they exhibit a phase-out of traditional biomass in developing countries. By contrast, the
share of grid-based energy carriers, in particular electricity, is projected to increase across all
regions over the century.

Once these projections are calculated, they are aggregated to the sectoral (i.e. buildings, industry

and transportation) and energy carrier levels (e.g. electricity, liquids, gas, heat, solids, H2) defined

in REMIND. Then, the macro-economic production function of REMIND is calibrated to meet these
energy demand pathways in the baseline scenario.

In policy cases, REMIND can reduce energy intensity energy service input per unit of economic
output via two mechanisms. First, the CES production function allows for price-dependent
substitutions between aggregated energy and capital (substitution elasticity of 0.5). The
introduction of additional constraints on the supply side (e.g., carbon taxes, resource, or emission
constraints) results in higher energy prices and thus lower final energy consumption compared to
the reference trajectories. As a consequence, the share of macro-economic capital input in the
production function increases. In the absence of distortions, a reduction in final energy results in a
lower GDP and, subsequently, lower consumption and welfare values. Second, the model can
endogenously improve end-use efficiency by investing in more efficient technologies for the
conversion of final energies into energy services. For example, three vehicle technologies are
implemented in the light duty vehicle (LDV) mode of the transport sector: internal combustion
engine vehicles, battery-electric vehicles, and fuel cell vehicles.

Energy technologies

Around fifty different energy conversion technologies are represented in REMIND. The core part of
the energy system corresponds to the conversion of primary energy into secondary energy carriers
via specific energy conversion technologies (e.g. power plants, refineries). These technologies



compete with each other and are chosen to minimise the costs of the system based on investment
costs, fixed and variable operation and maintenance costs, fuel costs, emission costs, efficiencies,
lifetimes and learning rates. REMIND assumes full substitutability between different technologies
producing one energy type (e.g. power plants). The various secondary energy carriers included in
REMIND are electricity, gases, liquid fuels, hydrogen, solid fuels, district heat and local renewable
heat.

Exhaustible energy resources

Exhaustible energy resources comprise coal, oil, gas and uranium. They are represented as region-
specific extraction cost curves that relate cumulative extraction to production cost increases
(Bauer, Hilaire, et al. 2016; IHS CERA 2012; Hans-Holger Rogner et al. 2012). Extraction costs
increase over time as low-cost deposits become exhausted (Herfindahl 1967; H-H Rogner 1997;
Aguilera et al. 2009; BGR 2010; Hans-Holger Rogner et al. 2012). Fossil resources (e.g. coal, oil and
gas) are further defined by decline rates and adjustment costs (Bauer, Mouratiadou, et al. 2016;
IEA 2008; 2009; Dahl and Duggan 1998; Krichene 2002; Askari and Krichene 2010). The regional
trade of exhaustible energy resources is subject to regional- and resource-specific trade costs.

Renewable resources

Renewable resources include biomass and non-biomass renewables like water (hydro), wind, solar,
geothermal.

Regarding biomass, three types of bioenergy feedstocks are considered in REMIND, namely first-
generation biomasss (e.g. sugar, starch), ligno-cellulosic residues and second-generation purpose-
grown biomass (e.g. grassy and woody biomass). REMIND draws on an emulator of MAgPIE, which
describes bioenergy supply costs and total agricultural emissions as a function of bioenergy
demand, as described in detail in Klein et al. (2014). The supply curves capture the time, scale and
region dependent change of bioenergy production costs, as well as path dependencies resulting
from past land conversions and induced technological changes in the land-use sector, all of which
are simulated in MAgPIE.

As for non-biomass renewables, the resource potentials for hydro, solar, wind, and geothermal are
represented by using region-specific potentials (Luderer et al. 2014; Robert Carl Pietzcker et al.
2014; Robert C. Pietzcker et al. 2017). For each renewable energy type, the potentials are classified
into different grades, specified by capacity factors. Superior grades have higher capacity factors,
which correspond to more full-load hours per year. This implies higher energy production for a
given installed capacity. Therefore, the grade structure leads to a gradual expansion of renewable
energy deployment over time as a result of optimisation.



Emissions of greenhouse gases and air pollutants

REMIND simulates emissions from long-lived GHGs (CO,, CHa4, N2O, fluorinated gases), short-lived
GHGs and precursors (CO, NOy, VOC) and aerosols and precursors (SO, BC, OC, NHs). REMIND
accounts for these emissions with different levels of detail depending on the types and sources of
emissions. It calculates CO; emissions from fuel combustion, CH4 emissions from fossil fuel
extraction and residential energy use and N,O emissions from energy supply based on sources. The
energy system provides information on the regional consumption of fossil fuels and biomass for
each time step and technology. For each fuel, region and technology, REMIND applies specific
emissions factors, which are calibrated to match base year GHG inventories.

CH4, N2O, and CO; from land-use change have mitigation options that are independent of energy
consumption. However, costs are associated with these emissions. Therefore, REMIND derives the
mitigation options from marginal abatement cost (MAC) curves, which describe the percentage of
abated emissions as a function of the costs. It is possible to obtain baseline emissions - to which
the MAC curves are applied - by three different methods: by source (as described above), by an
econometric estimate, or exogenously. REMIND uses the econometric estimate for CO, emissions
from cement production as well as CHs and N2O emissions from waste handling. In both cases, the
driver of emissions depends on the development of the GDP (as a proxy for waste production) or
capital investment (as a proxy for cement production in infrastructure). REMIND uses exogenous
baselines for N,O emissions from transport and industry.

Emissions of other GHGs (e.g. fluorinated gases) are exogenous and are taken from the SSP
scenario data set from the IMAGE model. REMIND does not represent abatement options for these
gases; therefore, emissions from IMAGE scenarios best matching the target of the specific model
simulation are used.

REMIND calculates emissions of aerosols and ozone precursors (SO, BC, OC, NOyx, CO, VOC, NH3). It
accounts for these emissions with different levels of detail depending on sources and species.

For pollutant emissions of SO, BC, OC, NOy, CO, VOC and NHs related to the combustion of fossil
fuels, REMIND considers time- and region-specific emissions factors coupled to model-endogenous
activity data. Emission factors for SO, BC, and OC are assumed to decline over time according to
air pollution policies (Rao et al. 2017). Current near-term policies are enforced in high-income
countries, with gradual strengthening of goals over time and gradual technology RDD&D. Low-
income countries do not fully implement near-term policies, but gradually improve over the
century.

Land-use model emulator

There are a number of important interactions of the energy, economy and climate systems
represented in REMIND with the land system, such as emissions from land use changes and
agriculture, or bioenergy supply. In the default standalone mode, REMIND relies on reduced-form
approaches to account for these inter-linkages between the energy and the agricultural and land-
use sectors. These are derived based on the state-of-the-art land use model MAgPIE (Lotze-
Campen et al. 2008; Alexander Popp, Lotze-Campen, and Bodirsky 2010; Lotze-Campen et al.
2010).
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REMIND-MAGgPIE scenarios for transition risk analysis

Selected scenarios

In consultation with UNEP-FI and the participants of the banking pilot project, we selected a set of
eight transition scenarios that cover a range of emission reductions of varying stringency and pace.
They cover alternative assumptions on the dimensions of policy method (exploration of near-term
policy consequences vs. long-term target pathways), policy timing (immediate policy vs. delayed
implementation of policy), and technology availability (full availability of CDR vs. limited availability
of CDR). We distinguish four types of scenarios containing the specific scenarios defined as follows:

1) Near-term policy extrapolation scenarios

e NPi: National implemented policies
e NDC: Nationally Determined Contributions for 2030 (conditional commitments)

2) Immediate global climate action based on carbon budget

e Immediate2C: global climate action after 2020 to limit cumulative emissions between
2011-2100 to 1000 GtCO2 (67% chance of limiting warming to 2 degrees Celsius)

e Immediatelp5C: global climate action after 2020 to limit cumulative emissions between
2011-2100 to 400 GtCO2 (67% chance of limiting warming to 1.5 degrees Celsius)

3) Delayed global climate action based on carbon budget

e Delayed2C: delayed global climate action after 2030 to limit cumulative emissions between
2011-2100 to 1000 GtCO2 (67% chance of limiting warming to 2 degrees Celsius), following
NDCs until 2030

e Delayed1p5C: delayed global climate action after 2030 to limit cumulative emissions
between 2011-2100 to 400 GtCO2 (67% chance of limiting warming to 1.5 degrees Celsius),
following NDCs until 2030

4) Immediate global climate action based on carbon budget with alternative assumption on
technology availability

e LowCDR2C: global climate action after 2020 to limit cumulative emissions between 2011-
2100 to 1000 GtCO2 (67% chance of limiting warming to 2 degrees Celsius), assuming
limited availability of carbon dioxide removal options

e LowCDR1p5C: global climate action after 2020 to limit cumulative emissions between
2011-2100 to 400 GtCO2 (67% chance of limiting warming to 1.5 degrees Celsius),
assuming limited availability of carbon dioxide removal options

11



Motivation for the scenario choices

The selected scenarios cover a range of emission reductions and carbon prices that vary in
stringency and pace (see Figure 5). These ranges reflect the different risk levels associated with the
transition to a low-carbon future with 1.5 and 2 degrees Celsius of warming. These transition risks
can be characterised by orderly and disorderly transition pathways (NGFS 2019).

CO, emissions Carbon price
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Net negative emissions Q\"‘kk(
2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Scenarios
< NPi < Immediate2C Delayed2C < LowCDR2C

< NDC < Immediate1p5C Delayed1p5C LowCDR1p5C

Figure 5 Global CO, emissions from energy and industrial processes and carbon prices in the 8
REMIND-MAQgPIE scenarios. Historical data include CEDS (Hoesly et al. 2017) and EDGAR 5.0
(Crippa et al. 2019).

The most orderly transition pathways include the NPi and NDC scenarios which reflect currently
implemented and planned policies, respectively. Concretely, NPi represents a scenario in which
climate action is not becoming more stringent than that implied by currently implemented
policies; whereas NDC includes announced greenhouse gas emission reductions for 2030 (e.g.
country conditional NDCs). Announced longer-term targets like the 2050 net-zero emission
commitments are excluded because their scope is too broad and uncertain. It is important to note
that in these scenarios, as there is no transition to a low-carbon future over the course of this
century, global mean temperature could rise above 3 degrees Celsius and entail severe physical
climate risks.
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Orderly transition pathways in line with the goals of the Paris Agreement include the Immediate2C
and Immediatelp5C scenarios which represent globally coordinated transitions to a low-carbon
future, taking a globally cost-optimal emission trajectory into account that compensates GHG
emissions (particularly those in the short term) with carbon dioxide removal, most of which occurs
in the second half of the century (though the global upscaling of CDR technologies starts as early
as 2030 and is rapid). These scenarios are rather idealized in their assumption on both the
immediate implementation of global emission reductions and the scale up of negative emissions
technologies over the next few decades. These two scenarios should be interpreted as benchmark
against which the delayed and limited CDR cases which are more disorderly can be compared.

The Delayed1p5C and Delayed2C scenarios feature a delay in global climate action until 2030, as
countries first only live up to the NDCs and then converge on a global trajectory towards a low-
carbon future. In order to limit warming to well-below 2 degrees in these scenarios, emission
reductions after 2030 need to be steeper than in the immediatelp5C and immediate2C scenario.
In addition, more negative emissions are required to compensate for the lack of emission
reduction in the short term. The LowCDR1p5C and LowCDR2C scenarios feature also an immediate
globally coordinated transitions to a low-carbon future but under limited CDR availability. In these
scenarios, carbon removal from bioenergy with carbon capture and storage does not go beyond
6.5 GtCO2 per year over the 215 century in relatively good agreement with a recent systematic
review of the CDR literature (Fuss et al. 2018).

Scenario descriptions
All REMIND-MAgPIE scenarios provided to UNEP-FI are based on the study by Kriegler et al. (2018).

Current policy scenarios

The National implemented Policies scenario (NPi) describes energy, climate and economic
projections for the period until 2030, based on currently implemented national policies relevant
for achieving the internationally pledged INDC (Intended Nationally Determined Contributions)
targets. The emission development after 2030 assumes that countries will pursue equivalent
effort. This is represented by assuming constant relative CO;-equivalent emission reductions
between NoPolicy (a scenario without any climate policies) and NPi between 2030 and 2100. The
starting point for NPi scenario is the climate policy database containing climate, energy and

development policies in G20 countries with cut-off year of 2015. These policies can be policy
targets from national policy documents (e.g. National Communication, strategy documents) or
policy instruments (e.g. ETS, feed-in-tariff, renewable portfolio standard). In practice, policy
instruments are often implemented to achieve national (often aspirational) policy targets. As it
might be difficult to implement specific policy instruments in IAMs, we included aspirational policy
targets as currently implemented policies, but only if they are backed by effective policy
instruments. If the policy instrument ends before the policy target year, we assume continuation of
the policy instrument, but only for around five years. This leads to the definition of implemented
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policy as either a policy adopted by the government (through legislation), or a non-binding target
backed by effective policy instruments.

The NDC scenario (NDC) assumes implementation of NDCs by 2030, but no further intensification
of emission reduction commitments beyond the NDCs after 2030. The focus of this scenario is the
year 2030, which is the target year of most submitted NDCs. However, we assume that post-2030,
countries will implement equivalent effort in the same way as for NPi scenario (so by assuming
constant relative COz-equivalent emission reductions between a NoPolicy (scenario without any
climate policies) and INDCi between 2030 and 2100). It thus assumes a continuation of fragmented
and highly diversified action and does not represent an intensification of efforts toward the
achievement of the 1.5-2°C target as envisioned by the Paris Agreement, but rather the floor of
ambition implied by the submitted INDCs. It thus represents a scenario of moderate, fragmented
action in which the (conditional) commitments made in the INDCs are realized, but where the
international community fails to ratchet-up 2030 targets and increase long-term ambition relative
to the effort implied by the INDCs. This scenario will serve as a point of comparison for the 1.5°C
and 2°C scenarios.

Climate change mitigation scenarios

There are three sub-groups of scenarios achieving 1.5-2°C limits under a set of long-term carbon
budget constraints.

Immediate climate action scenarios

The ImmediateXX scenarios explore the feasibility of achieving of keeping warming below the 1.5-
2°C-limits in the most cost-effective way, by starting from today’s policies under the cumulative
(between 2011-2100) budget constraint of 400-1000 Gt CO,, respectively.

Delayed climate action scenario

The DelayedXX scenarios explore the feasibility of keeping warming below the 1.5-2°C-limits in a
global cost-effective way, starting from INDC-based near-term pathways under the cumulative
(between 2011-2100) budget constraint of 400-1000 Gt CO,, respectively.

The immediate and delayed climate action pathways are composed of two distinct phases: in the
first phase until 2020 (Immediate) or 2030 (Delayed), they follow the developments of the NPi or
NDC scenario (i.e. ImmediateXX achieves the currently implemented policies included in NPi
scenario up till the year 2020, and DelayedXX achieves the INDC targets up till 2030). In the second
phase starting from 2020 (Immediate) or 2030 (Delayed), they assume stylized, comprehensive
climate policies (CO; prices equalized across regions and sectors) limiting cumulative 2011-2100
CO; budgets at two discrete levels (400 and 1000 Gt CO, cumulative 2011-2100), in line with long-
term stabilization in the 1.5-2°C range. The carbon budget of 1000 GtCO; for the period 2011-2100
would limit global warming below 2°C relative to pre-industrial levels with at least 67%. The budget
of 400 GtCO; for the period 2011-2100 explores the effort necessary to limit global warming to
1.5°C with 66% probability by the end of the 21 century (in 2100). During the 21 century the
probability of exceeding 1.5°C is generally higher than 33% (also known as temperature
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overshoot). The same CO; price is applied to non-CO; greenhouse gases (i.e. CHa, N0, fluorinated
gases) to ensure comparable mitigation efforts across gases.

Limited CDR scenarios

The low CDR scenarios are similar to the ImmediateXX scenarios in the sense that they also
explore the feasibility of keeping warming below the 1.5-2°C-limits in a global cost-effective way,
starting from INDC-based near-term pathways under the cumulative (between 2011-2100) budget

constraint of 400-1000 Gt CO,, respectively. However, carbon dioxide removal in particular

afforestation and biomass with carbon capture and storage is limited in these scenarios, by

implementing an explicit constraint on areas available for afforestation and halving the injection

rate for geological reservoirs compared to default assumptions.

Mapping with NGFS scenarios

The REMIND-MAGgPIE scenarios provided to the UNEP-FI banking pilot overlap with some of the
scenarios used for the NGFS scenario study (NGFS 2020b; 2020a; 2020c). The mapping between

these two sets of scenario names are provided in Table 1.

Table 2 Mapping between UNEP-FI and NGFS scenario names

Kriegler et al. (2018)
and IPCC SR1.5

NGFS
scenario name

UNEP-FI
scenario name

PEP_NPi2

Current Policies

NPi

PEP_NDC3

Nationally determined contributions (NDCs)

NDC

PEP_2C full_eff

Immediate 2C scenario with CDR

Immediate2C

PEP_1p5C_full_eff

Immediate 1.5C scenario with CDR

Immediatelp5C

PEP_2C_full_NDC Delayed 2C scenario with CDR Delayed2C
PEP_1p5C_full_NDC Not available Delayed1p5C
PEP_2C_red_eff Immediate 2C scenario with limited CDR LowCDR2C
PEP_1p5C_red_eff Immediate 1.5C scenario with limited CDR LowCDR1p5C
PEP_2C_red_NDC Delayed 2C scenario with limited CDR Not Available

2 This scenario is not available in Kriegler et al. (2018) and the IPCC SR1.5 database but was generated using the model
version described in Kriegler et al. (2018).
3 Only available in Kriegler et al. (2018)

15



References

Aguilera, Roberto F., Roderick G. Eggert, Gustavo Lagos C. C., and John E. Tilton. 2009. “Depletion
and the Future Availability of Petroleum Resources.” The Energy Journal Volume 30
(Number 1): 141-74.

Askari, Hossein, and Noureddine Krichene. 2010. “An Oil Demand and Supply Model Incorporating
Monetary Policy.” Energy 35 (5): 2013-21. https://doi.org/10.1016/j.energy.2010.01.017.

Bauer, Nico, Valentina Bosetti, Meriem Hamdi-Cherif, Alban Kitous, David McCollum, Aurélie
Méjean, Shilpa Rao, et al. 2015. “CO2 Emission Mitigation and Fossil Fuel Markets: Dynamic
and International Aspects of Climate Policies.” Technological Forecasting and Social Change
90, Part A (January): 243-56. https://doi.org/10.1016/j.techfore.2013.09.009.

Bauer, Nico, Robert J. Brecha, and Gunnar Luderer. 2012. “Economics of Nuclear Power and
Climate Change Mitigation Policies.” Proceedings of the National Academy of Sciences 109
(42): 16805-10. https://doi.org/10.1073/pnas.1201264109.

Bauer, Nico, Katherine Calvin, Johannes Emmerling, Oliver Fricko, Shinichiro Fujimori, Jérome
Hilaire, Jiyong Eom, et al. 2016. “Shared Socio-Economic Pathways of the Energy Sector —
Quantifying the Narratives.” Global Environmental Change, August.
https://doi.org/10.1016/j.gloenvcha.2016.07.006.

Bauer, Nico, Ottmar Edenhofer, and Socrates Kypreos. 2008. “Linking Energy System and
Macroeconomic Growth Models.” Computational Management Science 5 (1-2): 95-117.
https://doi.org/10.1007/s10287-007-0042-3.

Bauer, Nico, Jéréme Hilaire, Robert J. Brecha, Jae Edmonds, Kejun Jiang, Elmar Kriegler, Hans-
Holger Rogner, and Fabio Sferra. 2016. “Assessing Global Fossil Fuel Availability in a
Scenario Framework.” Energy 111 (September): 580-92.
https://doi.org/10.1016/j.energy.2016.05.088.

Bauer, Nico, David Klein, Gunnar Luderer, Jérdme Hilaire, Marian Leimbach, loanna Mouratiadou,
Jessica Strefler, et al. 2014. “Climate Change Stabilization and the Energy-Land Nexus,”
Paper presented at the International Energy Workshop 2014, Beijng.

Bauer, Nico, loanna Mouratiadou, Gunnar Luderer, Lavinia Baumstark, Robert J. Brecha, Ottmar
Edenhofer, and Elmar Kriegler. 2016. “Global Fossil Energy Markets and Climate Change
Mitigation — an Analysis with REMIND.” Climatic Change 136 (1): 69-82.
https://doi.org/10.1007/s10584-013-0901-6.

Bertram, Christoph, Gunnar Luderer, Robert C. Pietzcker, Eva Schmid, EImar Kriegler, and Ottmar
Edenhofer. 2015. “Complementing Carbon Prices with Technology Policies to Keep Climate
Targets within Reach.” Nature Climate Change 5 (3): 235-39.
https://doi.org/10.1038/nclimate2514.

Bertram, Christoph, Gunnar Luderer, Alexander Popp, Jan Christoph Minx, F. Lamb William,
Miodrag Stevanovié, Florian Humpendder, Anastasis Giannousakis, and Elmar Kriegler.
2018. “Targeted Policies Can Compensate Most of the Increased Sustainability Risks in
1.5 °C Mitigation Scenarios.” Environmental Research Letters 13 (6): 064038.
https://doi.org/10.1088/1748-9326/aac3ec.

BGR. 2010. “Reserven, Ressourcen und Verfligbarkeit von Energierohstoffen 2010 - Kurzstudie.”
Hannover, Germany: Bundesanstalt fir Geowissenschaften und Rohstoffe (BGR).
http://www.bgr.bund.de/DE/Themen/Polarforschung/Schulung2/schulung-
downloadl.pdf?__blob=publicationFile&v=1.

Bodirsky, B. L., A. Popp, |. Weindl, J. P. Dietrich, S. Rolinski, L. Scheiffele, C. Schmitz, and H. Lotze-
Campen. 2012. “N20 Emissions from the Global Agricultural Nitrogen Cycle — Current State
and Future Scenarios.” Biogeosciences 9 (10): 4169-97. https://doi.org/10.5194/bg-9-
4169-2012.

16



Bodirsky, Benjamin L., and Alexander Popp. 2015. “Sustainability: Australia at the Crossroads.”
Nature 527 (7576): 40—41. https://doi.org/10.1038/527040a.

Bondeau, Alberte, Pascalle C. Smith, Sonke Zaehle, Sibyll Schaphoff, Wolfgang Lucht, Wolfgang
Cramer, Dieter Gerten, et al. 2007. “Modelling the Role of Agriculture for the 20th Century
Global Terrestrial Carbon Balance.” Global Change Biology 13 (3): 679-706.
https://doi.org/10.1111/j.1365-2486.2006.01305.x.

Crippa, M, G Oreggioni, D Guizzardi, M Muntean, E Schaaf, E Lo Vullo, E Solazzo, et al. 2019. Fossil
CO2 and GHG Emissions of All World Countries: 2019 Report.
http://publications.europa.eu/publication/manifestation_identifier/PUB_KIJNA29849ENN.

Dahl, Carol, and Thomas E. Duggan. 1998. “Survey of Price Elasticities from Economic Exploration
Models of US Oil and Gas Supply.” Journal of Energy Finance & Development 3 (2): 129-69.
https://doi.org/10.1016/51085-7443(99)80072-6.

Dietrich, Jan Philipp, Christoph Schmitz, Hermann Lotze-Campen, Alexander Popp, and Christoph
Miiller. 2014. “Forecasting Technological Change in Agriculture—An Endogenous
Implementation in a Global Land Use Model.” Technological Forecasting and Social Change
81 (Supplement C): 236-49. https://doi.org/10.1016/j.techfore.2013.02.003.

Fuss, Sabine, William F. Lamb, Max W. Callaghan, Jéréme Hilaire, Felix Creutzig, Thorben Amann,
Tim Beringer, et al. 2018. “Negative Emissions—Part 2: Costs, Potentials and Side Effects.”
Environmental Research Letters 13 (6): 063002. https://doi.org/10.1088/1748-9326/aabfof.

Herfindahl, O. C. 1967. “Depletion and Economic Theory.” In Extractive Resources and Taxation.
University of Wisconsin Press, Madison, Wisconsin: M. Gaffney (Ed.).

Hoesly, R. M., S. J. Smith, L. Feng, Z. Klimont, G. Janssens-Maenhout, T. Pitkanen, J. J. Seibert, et al.
2017. “Historical (1750-2014) Anthropogenic Emissions of Reactive Gases and Aerosols
from the Community Emission Data System (CEDS).” Geosci. Model Dev. Discuss. 2017
(March): 1-41. https://doi.org/10.5194/gmd-2017-43.

Humpendder, Florian, Alexander Popp, Benjamin Leon Bodirsky, Isabelle Weindl, Anne Biewald,
Hermann Lotze-Campen, Jan Philipp Dietrich, et al. 2018. “Large-Scale Bioenergy
Production: How to Resolve Sustainability Trade-Offs?” Environmental Research Letters 13
(2): 024011. https://doi.org/10.1088/1748-9326/aa9%e3b.

Humpendder, Florian, Alexander Popp, Jan Philip Dietrich, David Klein, Hermann Lotze-Campen,
Markus Bonsch, Benjamin Leon Bodirsky, Isabelle Weindl, Miodrag Stevanovic, and
Christoph M?ller. 2014. “Investigating Afforestation and Bioenergy CCS as Climate Change
Mitigation Strategies.” Environmental Research Letters 9 (6): 064029.
https://doi.org/10.1088/1748-9326/9/6/064029.

IEA. 2008. “World Energy Outlook 2008.” International Energy Agency.

———.2009. “World Energy Outlook 2009.” Paris, France: International Energy Agency.

IHS CERA. 2012. “Upstream Capital Cost Index (UCCI) and Upstream Operating Cost Index (UOCI).”
IHS Indexes. 2012. http://www.ihs.com/info/cera/ihsindexes/index.aspx.

Jewell, Jessica, David McCollum, Johannes Emmerling, Christoph Bertram, David E. H. J. Gernaat,
Volker Krey, Leonidas Paroussos, et al. 2018. “Limited Emission Reductions from Fuel
Subsidy Removal except in Energy-Exporting Regions.” Nature 554 (7691): 229-33.
https://doi.org/10.1038/nature25467.

Karekezi, S, S McDade, B Boardman, and J Kimani. 2012. “Chapter 2: Energy, Poverty, and
Development.” In Global Energy Assessment - Toward a Sustainable Future, 151-90.
Cambridge MA: Cambridge University Press.
http://www.iiasa.ac.at/web/home/research/Flagship-Projects/Global-Energy-
Assessment/Chapter2.en.html.

Klein, David, Florian Humpendder, Nico Bauer, Jan Philipp Dietrich, Alexander Popp, Benjamin Leon
Bodirsky, Markus Bonsch, and Hermann Lotze-Campen. 2014. “The Global Economic Long-

17



Term Potential of Modern Biomass in a Climate-Constrained World.” Environmental
Research Letters 9 (7): 074017. https://doi.org/10.1088/1748-9326/9/7/074017.

Krichene, Noureddine. 2002. “World Crude Oil and Natural Gas: A Demand and Supply Model.”
Energy Economics 24 (6): 557-76. https://doi.org/10.1016/50140-9883(02)00061-0.

Kriegler, EImar, Christoph Bertram, Takeshi Kuramochi, Michael Jakob, Michaja Pehl, Miodrag
Stevanovi¢, Niklas Hohne, et al. 2018. “Short Term Policies to Keep the Door Open for Paris
Climate Goals.” Environmental Research Letters 13 (7): 074022.
https://doi.org/10.1088/1748-9326/aac4f1.

Leimbach, Marian, Nico Bauer, Lavinia Baumstark, and Ottmar Edenhofer. 2010. “Mitigation Costs
in a Globalized World: Climate Policy Analysis with REMIND-R.” Environmental Modeling &
Assessment 15 (3): 155—73. https://doi.org/10.1007/s10666-009-9204-8.

Leimbach, Marian, Nico Bauer, Lavinia Baumstark, Michael Luken, and Ottmar Edenhofer. 2010.
“Technological Change and International Trade - Insights from REMIND-R.” The Energy
Journal 31 (Special Issue): 109-36. https://doi.org/10.5547/ISSN0195-6574-EJ-Vol31-NoSI-
5.

Leimbach, Marian, Anselm Schultes, Lavinia Baumstark, Anastasis Giannousakis, and Gunnar
Luderer. 2017. “Solution Algorithms for Regional Interactions in Large-Scale Integrated
Assessment Models of Climate Change.” Annals of Operations Research 255 (1-2): 29-45.
https://doi.org/10.1007/s10479-016-2340-z.

Lotze-Campen, Hermann, Christoph Miiller, Alberte Bondeau, Stefanie Rost, Alexander Popp, and
Wolfgang Lucht. 2008. “Global Food Demand, Productivity Growth, and the Scarcity of Land
and Water Resources: A Spatially Explicit Mathematical Programming Approach.”
Agricultural Economics 39 (3): 325—-338. https://doi.org/10.1111/j.1574-
0862.2008.00336.x.

Lotze-Campen, Hermann, Alexander Popp, Tim Beringer, Christoph Miiller, Alberte Bondeau,
Stefanie Rost, and Wolfgang Lucht. 2010. “Scenarios of Global Bioenergy Production: The
Trade-Offs between Agricultural Expansion, Intensification and Trade.” Ecological Modelling
221 (18): 2188-96. https://doi.org/10.1016/j.ecolmodel.2009.10.002.

Luderer, Gunnar, Volker Krey, Katherine Calvin, James Merrick, Silvana Mima, Robert Pietzcker,
Jasper Van Vliet, and Kenichi Wada. 2014. “The Role of Renewable Energy in Climate
Stabilization: Results from the EMF27 Scenarios.” Climatic Change 123 (3—4): 427-41.
https://doi.org/10.1007/s10584-013-0924-z.

Meinshausen, M., T. M. L. Wigley, and S. C. B. Raper. 2011. “Emulating Atmosphere-Ocean and
Carbon Cycle Models with a Simpler Model, MAGICC6 — Part 2: Applications.” Atmospheric
Chemistry and Physics 11 (4): 1457-71. https://doi.org/10.5194/acp-11-1457-2011.

Mouratiadou, loanna, Gunnar Luderer, Nico Bauer, and Elmar Kriegler. 2016. “Emissions and Their
Drivers: Sensitivity to Economic Growth and Fossil Fuel Availability across World Regions.”
Climatic Change 136 (1): 23-37. https://doi.org/10.1007/s10584-015-1368-4.

Miuller, Christoph, and Richard D. Robertson. 2014. “Projecting Future Crop Productivity for Global
Economic Modeling.” Agricultural Economics 45 (1): 37-50.
https://doi.org/10.1111/agec.12088.

NGFS. 2019. “First Comprehensive Report « A Call for Action ».” Network for Greening the
Financial System. https://www.ngfs.net/en/first-comprehensive-report-call-action.

———. 2020a. “Guide to Climate Scenario Analysis for Central Banks and Supervisors.” Network
for Greening the Financial System.
https://www.ngfs.net/sites/default/files/medias/documents/ngfs_guide_scenario_analysis
_final.pdf.

18



———. 2020c. “NGFS Climate Scenarios Database - Technical Documentation.” NGFS.
https://www.ngfs.net/sites/default/files/ngfs_climate_scenario_technical_documentation_
final.pdf.

———. 2020b. “NGFS Climate Scenarios for Central Banks and Supervisors.” Network for Greening
the Financial System.
https://www.ngfs.net/sites/default/files/medias/documents/ngfs_climate_scenarios_final.
pdf.

O’Neill, Brian C., Elmar Kriegler, Keywan Riahi, Kristie L. Ebi, Stephane Hallegatte, Timothy R. Carter,
Ritu Mathur, and Detlef P. Vuuren. 2014. “A New Scenario Framework for Climate Change
Research: The Concept of Shared Socioeconomic Pathways.” Climatic Change 122 (3): 387-
400. https://doi.org/10.1007/s10584-013-0905-2.

Pietzcker, Robert C., Thomas Longden, Wenying Chen, Sha Fu, Elmar Kriegler, Page Kyle, and
Gunnar Luderer. 2014. “Long-Term Transport Energy Demand and Climate Policy:
Alternative Visions on Transport Decarbonization in Energy-Economy Models.” Energy 64
(January): 95-108. https://doi.org/10.1016/j.energy.2013.08.059.

Pietzcker, Robert C., Falko Ueckerdt, Samuel Carrara, Harmen Sytze de Boer, Jacques Després,
Shinichiro Fujimori, Nils Johnson, et al. 2017. “System Integration of Wind and Solar Power
in Integrated Assessment Models: A Cross-Model Evaluation of New Approaches.” Energy
Economics 64 (May): 583-99. https://doi.org/10.1016/j.eneco.2016.11.018.

Pietzcker, Robert Carl, Daniel Stetter, Susanne Manger, and Gunnar Luderer. 2014. “Using the Sun
to Decarbonize the Power Sector: The Economic Potential of Photovoltaics and
Concentrating Solar Power.” Applied Energy 135 (December): 704-20.
https://doi.org/10.1016/j.apenergy.2014.08.011.

Popp, A., H. Lotze-Campen, M. Leimbach, B. Knopf, T. Beringer, N. Bauer, and B. Bodirsky. 2010.
“On Sustainability of Bioenergy Production: Integrating Co-Emissions from Agricultural
Intensification.” Biomass and Bioenergy.

Popp, Alexander, Katherine Calvin, Shinichiro Fujimori, Petr Havlik, Florian Humpendder, Elke
Stehfest, Benjamin Leon Bodirsky, et al. 2017. “Land-Use Futures in the Shared Socio-
Economic Pathways.” Global Environmental Change 42 (January): 331-45.
https://doi.org/10.1016/j.gloenvcha.2016.10.002.

Popp, Alexander, Hermann Lotze-Campen, and Benjamin Bodirsky. 2010. “Food Consumption, Diet
Shifts and Associated Non-CO2 Greenhouse Gases from Agricultural Production.” Global
Environmental Change 20 (3): 451-62. https://doi.org/10.1016/j.gloenvcha.2010.02.001.

Popp, Alexander, Steven K. Rose, Katherine Calvin, Detlef P. Van Vuuren, Jan Phillip Dietrich,
Marshall Wise, Elke Stehfest, et al. 2014. “Land-Use Transition for Bioenergy and Climate
Stabilization: Model Comparison of Drivers, Impacts and Interactions with Other Land Use
Based Mitigation Options.” Climatic Change 123 (3—4): 495-509.
https://doi.org/10.1007/s10584-013-0926-x.

Rao, Shilpa, Zbigniew Klimont, Steven J. Smith, Rita Van Dingenen, Frank Dentener, Lex Bouwman,
Keywan Riahi, et al. 2017. “Future Air Pollution in the Shared Socio-Economic Pathways.”
Global Environmental Change 42 (January): 346-58.
https://doi.org/10.1016/j.gloenvcha.2016.05.012.

Rogner, Hans-Holger, Roberto F. Aguilera, Cristina L. Archer, Ruggero Bertani, S. C. Bhattacharya,
Maurice B. Dusseault, Luc Gagnon, et al. 2012. “Chapter 7: Energy Resources and
Potentials.” In Global Energy Assessment - Toward a Sustainable Future, edited by Ji Zou,
425-512. Cambridge, UK: Cambridge University Press.
http://www.iiasa.ac.at/web/home/research/Flagship-Projects/Global-Energy-
Assessment/GEA_Chapter7_resources_lowres.pdf.

19



Rogner, H-H. 1997. “An Assessment of World Hydrocarbon Ressources.” Annual Review of Energy
and the Environment 22 (1): 217-62. https://doi.org/10.1146/annurev.energy.22.1.217.

Schaphoff, Sibyll, Werner von Bloh, Anja Rammig, Kirsten Thonicke, Hester Biemans, Matthias
Forkel, Dieter Gerten, et al. 2017. “LPJmL4 &amp;Ndash; a Dynamic Global Vegetation
Model with Managed Land: Part | &amp;Ndash; Model Description.” Geoscientific Model
Development Discussions, July, 1-59. https://doi.org/10.5194/gmd-2017-145.

Schmitz, Christoph, Anne Biewald, Hermann Lotze-Campen, Alexander Popp, Jan Philipp Dietrich,
Benjamin Bodirsky, Michael Krause, and Isabelle Weindl. 2012. “Trading More Food:
Implications for Land Use, Greenhouse Gas Emissions, and the Food System.” Global
Environmental Change 22 (1): 189-209. https://doi.org/10.1016/j.gloenvcha.2011.09.013.

Schwanitz, Valeria Jana, Franziska Piontek, Christoph Bertram, and Gunnar Luderer. 2014. “Long-
Term Climate Policy Implications of Phasing out Fossil Fuel Subsidies.” Energy Policy 67
(April): 882—94. https://doi.org/10.1016/j.enpol.2013.12.015.

Strefler, Jessica, Gunnar Luderer, Tino Aboumahboub, and Elmar Kriegler. 2014. “Economic Impacts
of Alternative Greenhouse Gas Emission Metrics: A Model-Based Assessment.” Climatic
Change, July. https://doi.org/10.1007/s10584-014-1188-y.

Strefler, Jessica, Gunnar Luderer, Elmar Kriegler, and Malte Meinshausen. 2014. “Can Air Pollutant
Controls Change Global Warming?” Environmental Science & Policy 41 (August): 33—43.
https://doi.org/10.1016/j.envsci.2014.04.009.

Van Ruijven, Bas, Frauke Urban, René MJ Benders, Henri C. Moll, Jeroen P. Van Der Sluijs, Bert De
Vries, and Detlef P. Van Vuuren. 2008. “Modeling Energy and Development: An Evaluation
of Models and Concepts.” World Development 36 (12): 2801-2821.

Weindl, Isabelle, Hermann Lotze-Campen, Alexander Popp, Christoph Miiller, Petr Havlik, Mario
Herrero, Christoph Schmitz, and Susanne Rolinski. 2015. “Livestock in a Changing Climate:
Production System Transitions as an Adaptation Strategy for Agriculture.” Environmental
Research Letters 10 (9): 094021. https://doi.org/10.1088/1748-9326/10/9/094021.

20



	Abstract
	About the authors
	Acknowledgments
	The REMIND-MAgPIE integrated assessment modelling framework
	The REMIND model
	Spatial and temporal definitions
	Structure and modules
	Macro-economics
	Optimal growth model and solution algorithm
	CES production function

	Energy demand
	Energy technologies
	Exhaustible energy resources
	Renewable resources
	Emissions of greenhouse gases and air pollutants
	Land-use model emulator


	REMIND-MAgPIE scenarios for transition risk analysis
	Selected scenarios
	Motivation for the scenario choices
	Scenario descriptions
	Current policy scenarios
	Climate change mitigation scenarios
	Immediate climate action scenarios
	Delayed climate action scenario
	Limited CDR scenarios


	Mapping with NGFS scenarios
	References


