
Supplementary Information (SI) 

“Long-term economic benefits of stabilizing warming without overshoot – the 

ENGAGE model intercomparison” 

 

The following document presents additional information to support the results and findings 

in the main article. The supplementary material includes a set of additional figures, further 

details about the set-up of scenarios, participating modelling teams and model 

characteristics, as well as underlying model assumptions. The modelling protocol can be 

found in Appendix A, and an overview of each model can be found in Appendix B. 
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1. Additional figures 
Several figures could not be included in the main article due to space constraints and can therefore 

be found in the following section of this Supplementary Material. 

 

 

Figure SI 1-1 - Forcing for scenarios with immediate action following near-term policy (NPi) in [w/m2]  
The figure shows global forcing levels, in W/m2, for scenarios with immediate action following near term policy (NPi). The 
left panel shows results for end-of-century budget scenarios. The right panel shows results for net-zero budget scenarios. 
Dotted lines show the full range of scenarios, while dashed and full lines indicate 2°C and 1.5°C scenarios, respectively. 

 

 

Figure SI 1-2 - Global mean temperature for scenarios with immediate action following near-term policy (NPi) in [°C] 
The figure shows global temperature developments, in °C, for scenarios with immediate action following near term policy 
(NPi). The left panel shows results for end-of-century budget scenarios. The right panel shows results for net-zero budget 
scenarios.  Dotted lines show the full range of scenarios, while dashed and full lines indicate 2°C and 1.5°C scenarios, 
respectively. 



 

Figure SI 1-3 - Global Kyoto gases for scenarios with immediate action following near-term policy (NPi) in [Gt CO2e/yr]  
The figure depicts how global Kyoto gases develop over the century, in Gt CO2e/yr, for scenarios with immediate action 
following near term policy (NPi). The left panel shows results for end-of-century budget scenarios. The right panel shows 
results for net-zero budget scenarios. Dotted lines show the full range of scenarios, while dashed and full lines indicate 2°C 
and 1.5°C scenarios, respectively. 

 

 

Figure SI 1-4 - CO2 net-zero year for scenarios with immediate action following near-term policy (NPi)  
This figure shows the year in which net-zero CO2 emissions are reached for various cumulative CO2 budgets. Scenarios with 
immediate action following near term policy (NPi) have been included. The colors denote different models. Full lines 
represent results from net-zero budget scenarios, and dashed lines represent end-of-century budget scenarios. The red 
shading shows the range for end-of-century budget scenarios. 



 

Figure SI 1-5 - Global mean temperature change overshoot vs maximum temperature for scenarios with immediate action 
following near-term policy  
This figure shows the relation between the temperature overshoot, the extend of net-negative emissions and the attainable 
temperature in 2100. Scenarios with immediate action following near term policy (NPi) are shown. The bubble size 
represents the amount of cumulative negative CO2 emissions in GtCO2.  The color of the bubbles distinguishes between 
end-of-century scenarios (colored red) and net-zero budget scenarios (colored blue). The background shading helps to 
distinguish between scenarios that bring temperatures back to below 1.5°C (dark green area) and 2°C (light green area) buy 
2100. 

 

 

Figure SI 1-6 - Global carbon price [US$ 2010/yr] for the same end-of-century and net-zero budget scenarios (and assuming 
immediate action as of 2020)  
This panels comkpare the carbon prices for end-of-century and net-zero budget scenarios, achieving a cumulative budget of 
600 GtCO2 for all models except IMAGE. For the model IMAGE we show the results for a budget of 800 GtCO2, because the 
model could not solve for a 600 GtCO2. Carbon prices of net-zero budget scenarios are initially higher, but drop below the 
carbon prices of end-of-century scenarios once net zero CO2 emissions are achieved.  

 



 

Figure SI 1-7 - Maximum carbon price ratio for end-of-century and net-zero budget scenarios with immediate action following 
near-term policy (NPi in 2020) 
The figure plots the maximum carbon price 'ratio' for different budgets. The maximum carbon price ratio is derived by dividing 
the maximum carbon price between 2020 and 2100 of net-zero budget scenarios by that of the end-of-century budget 
scenarios. The dark green dots denote 1.5°C scenarios, while the light green dots denote 2°C scenario. For the vast majority 
of scenarios, the end-of-century budget leads to higher maximum carbon prices than the net-zero budget scenario.  

 

Figure SI 1-8 – CO2 emissions gap and renewable gap comparing the projections of the NDCs with the required CO2 emissions 
reductions and renewable deployment in 2˚C scenarios.  
This figure illustrates the gaps for CO2 emissions and modern renewables in 2030. The gap is calculated as the difference 
between the NDC emissions and renewable deployment levels in 2030 and the respective levels in 2˚C scenarios (with net-
zero budget (blue) and scenarios with the same end-of-century budgets (red)). The colored bars depict the 25th-75th percentile 
range; the thick black line shows the mean across all scenarios; and colored lines represent results for the full 2°C scenario 
ensemble. 

 

 

 



2. Scenario design and modelling protocol 
 

Free public access to the scenario data is provided though the ENGAGE scenario portal at 

https://data.ene.iiasa.ac.at/engage/#/login  

For the moment access is restricted to the reviewers only though the following username and 

password. After review the database will be fully accessible for the public.  

Username: COV_review 
Password: COV_password 
 

Scenario naming convention (in the database) 
All scenarios were named using the following convention; a prefix (EN) to indicate that they belong to 

the scenario set generated within the ENGAGE project, followed by scenarios type and year, then 

finally with three or four numbers indicating the carbon budget in GtCO2 through to the end of the 

century. The letter “f” was added at the end of scenarios which were run using a “full-century” 

perspective (employing an end-of-century budget). 

Hence, a scenario named EN_NPi2020_1400f, would indicate that the scenario is an end-of-century 

budget scenario created in 2020, staying within 1400 GtCO2 through to 2100, with existing national 

policies implemented through to 2030, and an equivalent effort relative to a baseline scenario 

beyond 2030. 

The baseline scenario may be found in the ENGAGE database as EN_NoPolicy and the reference 

scenarios with short-term policy assumptions assuming NPi (in 2020 and beyond) and NDC (to 2030 

and beyond) are named EN_Npi2100 and EN_INDCi2100 respectively.  

The scenarios included in this study consider carbon budgets ranging from 200 GtCO2 to 3000 GtCO2, 

as indicated in Tables SI 2-1 and SI 2-2. 

https://data.ene.iiasa.ac.at/engage/#/login


 

Table SI 2-1 - Submission overview for scenarios with immediate action following near term policy (NPi) 
The table provides an overview of the scenarios run by the different modelling teams. ‘x’ indicates that a scenario was run 
successfully. A red box with an ‘i’ indicates that the scenario was not attainable (the model could not find a solution), also 
indicating that other more stringent budgets cannot be attained. 

 

 

Table SI 2-2 - Submission overview for scenarios with action following NDCs 
This figure provides an overview of the scenarios run by the different modelling teams. ‘x’ indicates that a scenario was run 



successfully. A red box with an ‘i’ indicates that the scenario was infeasible (the model could not find a solution), also 
indicating that other, more stringent, budgets cannot be attained. 

Scenario description 
The scenario design considered two temporal stages, distinguishing between the near-term policy 
assumptions and the long-term carbon budget. Each scenario thus followed a specific near-
term pathway to 2020 or 2030 followed by an implementation of the carbon budget post 2020/2030. 
For the near-term policy assumptions, the ENGAGE pathways followed the setup from CD-LINKS and 
COMMIT [1,2,3].  
 
The scenarios considered two possible near-term pathways: 

• NPi2020, the models followed the current national policy implementation to 2020 
• INDCi2030, the models followed the NDC policy implementation to 2030 
 

Net-zero budget scenarios 
In terms of the long-term assumptions post-2020 or 2030, the scenarios implemented so-called net-
zero budgets. Net-zero budgets are defined as the cumulative CO2 emissions at the time when 
temperature reaches its target (peak) value. From climate simulations we know that temperature 
stabilizes when net CO2 emissions become zero. This means that if temperatures are to be 
stabilized,  the modelling teams implemented limits on cumulative CO2 budgets (2018-2100) without 
allowing global net CO2 emissions to become negative. This assured that the implementation 
would follow a budget implementation that mimics the stabilization of temperature at the time when 
the budget is exhausted, and the emissions have become net zero. The timing when net CO2 emissions 
would reach zero was an endogenous decision of the modelling framework and depended on the 
stringency of the assumed budget.   
 

The year “net-zero”, in the results analysis, was determined by interpolating submitted CO2 emission 
trajectories to obtain annual values. The time point of “net-zero” was defined as the time-point at 
which the net CO2-trajectory dropped below 100 MtCO2.   
  
For the systematic exploration of the scenario space, the following net-zero budgets were proposed 
for the scenarios (all values are in GtCO2 and refer to cumulative emissions budgets from 2018 
onwards):  
 

• Range around 1.5C: 300, 400, 500, 600, 700, 800, 900  

• Range of 1.5C -2C: 1000, 1200, 1400, 1600, 1800, 2000  
• Higher budgets: 2500, 3000  

  
The cumulative CO2 budgets for these scenarios are calculated for the time period between 2018 and 

the time of reaching net-zero CO2. Budgets are for the 82-year period from 1 January 2019 to 31 
December 2100. In general, linear interpolation was used for arrival at yearly values, which were then 
aggregated. Yearly emissions for the calendar year 2019 were calculated as a linear interpolation of 
historic 2018 emissions and model emissions in the 2020 time-step. Tolerances for deviations from the 
defined budgets were defined as follows: +/- 2.5%, but a minimum of +/- 20Gt and maximum of +/- 
50Gt. This means that for all budgets below 800Gt, the tolerable deviation is +/- 20Gt. From 800 up 
to 2000Gt, the deviation increases linearly from +/- 20Gt to +/- 50Gt. All targets greater than 2000 
Gt also have tolerable deviations limited to +/- 50 Gt. The exact tolerances for each budget can be 
found in Table SI A-1. 

 



Table SI A-2-1 Tolerance for deviation from carbon budget for scenarios 

Target Relative Deviation 2.5% 
Deviation Minimum 

in [Gt] 

Deviation 
Maximum in 

[Gt] 

Final 
Deviation 

Limit in [Gt, 
+/-] 

200  5.00  20 50  20.00  

300  7.50  20 50  20.00  

400  10.00  20 50  20.00  

500  12.50  20 50  20.00  

600  15.00  20 50  20.00  

700  17.50  20 50  20.00  

800  20.00  20 50  20.00  

900  22.50  20 50  22.50  

1000  25.00  20 50  25.00  

1200  30.00  20 50  30.00  

1400  35.00  20 50  35.00  

1600  40.00  20 50  40.00  

1800  45.00  20 50  45.00  

2000  50.00  20 50  50.00  

2500  62.50  20 50  50.00  

3000  75.00  20 50  50.00  

    

  

Consistent trajectories for non-CO2 emissions assumed a comparable effort as for the CO2 emissions 
pathways. Two approaches were used, nonetheless generating consistent non-CO2 emissions 
pathways. The first approach applied a cumulative GHG emissions constraint for the full century 
together with a CO2 emissions constraint to keep CO2 emissions positive (greater zero). This approach 
required some iteration (fine-tuning), adjusting the stringency of the cumulative GHG emissions 
constraint until the cumulative CO2 emissions were consistent with the specifications from the 
protocol. The alternative approach implemented first the cumulative CO2 emissions in combination 
with a CO2 emissions constraint to keep CO2 emissions greater than zero. In a second step, the non-
CO2 emissions were priced with the CO2 price from the initial run.    

  
Special case of Land use emissions: Concerning land-use and food security trade-offs of climate 
policies, all scenario followed the same assumptions as in the CD-Links project. Ie, in order to avoid 
high impacts on food security, a maximum price for land and agricultural related GHG emissions was 
assumed. This included introducing a price ceiling of 200 $2010/tCO2e for CH4, N2O and CO2 emitted 
from agriculture and land sectors. The price ceiling applied to both the near- and long-term as well as 
for all scenarios (net-zero, end-of-century, and regional net-zero budget scenarios described further 
below). 
Models without land use CO2 emissions, relied on the land-use CO2 emissions trajectories of the 
equivalent scenarios from other models.   
  

End-of-century budget scenarios 
Additional scenarios assuming end-of-century budgets were run for all of the budget variations listed 
above. In end-of-century budget scenarios includes limits on the cumulative CO2 emissions between 
2018 and 2100. 



 

Baseline and reference scenarios 

The NPi scenario incorporates middle of the road socio-economic conditions throughout the century, 

based on the second marker baseline scenario from the Shared Socioeconomic Pathways (SSP2). It 

also assumes that climate, energy and land use policies that are currently ratified are implemented 

(cut-off date 1 July 2019). 

The NDC scenario builds further upon the NPi scenario and assumes that both unconditional and 

conditional NDC actions as submitted by April 2020 are implemented by 2030. After 2030, the 

scenario reflects continuation of effort (see below). 

NPi and NDC extrapolation methods 
For the NPi and NDC extrapolation method, the modelling teams were asked to follow either the 

approach used by the CD-LINKS or the COMMIT model comparison projects [1,2,3]. 

Both the NDC and NPi scenarios assume a continuation of the ambition and the fragmented mitigation 

actions across regions. For both scenarios the teams were asked to either implement two possible 

approaches:  

1) The first approach involves a constant relative CO2 equivalent (all GHG without LULUCF) emission 

reductions compared to the NoPolicy baseline. This means that from 2020/2030 to 2100, relative 

emission reductions equal to those relative emissions reductions in 2020/2030 were implemented for 

all regions.  If it were too difficult to exactly follow this approach (i.e. for intertemporal optimization 

models), the teams were instructed to follow it as much as possible, for instance by meeting the same 

relative reduction target in the year 2100. For LULUCF emissions, model teams were to decide 

themselves on how to best represent “equivalent effort” after 2030.”  

2) The second approach assumes that the ambition level in the 2020/2030 year remained at least 

constant throughout the rest of the century. This was implemented by extrapolating the “equivalent” 

carbon price in 2020/2030, using the GDP growth rate of regions. The equivalent carbon price 

represented the value of carbon that would yield the same emissions reduction as the NPi/NDC policies 

in each region (compared to NoPolicy baseline). This required running a set of (cost-optimal) sensitivity 

scenarios to derive the carbon price that resulted in the same reductions as in the NDC cases. 

Importantly, if a region had a carbon price of zero while implementing the INDC in 2030, a minimum 

carbon price of 1 $/tCO2 was assumed for 2030 (= 8 $/tCO2 in 2100 with 3%/y GDP growth). For land 

use, a carbon price ceiling of $200/tCO2 was applied.” [3]  

References 
[1] https://db1.ene.iiasa.ac.at/CDLINKSDB/dsd?Action=htmlpage&page=10 

[2] http://www.cd-links.org/wp-content/uploads/2016/06/CD-LINKS-global-exercise-

protocol_secondround_for-website.pdf 

[3] https://db1.ene.iiasa.ac.at/COMMITDB/dsd?Action=htmlpage&page=welcome 

3. Model description 

Introduction 
This appendix gives an overview of the nine models which contributed to the first generation of new 

global pathways used for an intercomparison within the main article. As stated above in the 

supplementary material, the models are hosted by IAM teams at IIASA, PBL, PIK, CMCC, E3M, TNO, 

https://db1.ene.iiasa.ac.at/CDLINKSDB/dsd?Action=htmlpage&page=10
http://www.cd-links.org/wp-content/uploads/2016/06/CD-LINKS-global-exercise-protocol_secondround_for-website.pdf
http://www.cd-links.org/wp-content/uploads/2016/06/CD-LINKS-global-exercise-protocol_secondround_for-website.pdf
https://db1.ene.iiasa.ac.at/COMMITDB/dsd?Action=htmlpage&page=welcome


NIES, COPPE UFRJ, and the European Union’s Joint Research Center. The key criterion to participate in 

the model intercomparison were the ability to provide detailed reporting on emission levels at the 

global scale. As aforementioned, all of the modelling teams involved in the generation of this first set 

of pathways are consortium members or external partners of the ENGAGE project. This appendix 

briefly describes each model and its objective, including main model characteristics and relevant 

linkages to other models used in the iterative processes. An overview of the main characteristics for 

the models compared in the main article can also be found in Table B.1 and in the Integrated 

Assessment Modelling Community’s wiki: 

https://www.iamcdocumentation.eu/index.php/IAMC_wiki. 

Table B-3-1 - Summary of main model characteristics 

Model 
name 

AIM-
Hub 

MESSAGEix-
GLOBIOM 

Remind 
MAgPIE 

GEM-E3 COFFEE WITCH IMAGE POLES TIAM-ECN 

Version 2.2 1.1 2.1.0 092019 1.1 5.0 3.0 ENGAGE 1.1 

Host 
institution 

NIES IIASA PIK E3M COPPE-UFRJ CMCC PBL JRC TNO 

Model 
type 

CGE IAM CGE CGE IAM CGE IAM IAM ESM 

Solution 
horizon Recursive 

dynamic 
(myopic) 

 

Inter-temporal 
optimization 
(foresight) 
MAgPIE: 
recursive 
dynamic 

Recursive 
dynamic 
(myopic) 

Inter-
temporal 

optimization 
(foresight) 

Inter-
temporal 

(foresight) 

Recursive 
dynamic 
(myopic) 

Recursive 
dynamic 
(myopic) 

Inter-temporal 
optimization 
(foresight) 

Solution 
concept 

General 
equilibrium 

(closed 
economy) 

General 
equilibrium 

(closed 
economy) 

General 
equilibrium 

(closed 
economy) and 
MagPIE: partial 

equilibrium 
model of the 
agricultural 

sector 

General 
equilibrium 

(closed 
economy) 

General 
equilibrium 

(closed 
economy) 

General 
equilibrium 

(closed 
economy) 

Partial 
equilibrium 

(price elastic 
demand) 

Partial 
equilibrium 

(price elastic 
demand) 

Partial 
equilibrium 

(price elastic 
demand) 

Solution 
method Simulation Optimization 

Optimization 
MAgPIE: Cost 
minimisation 

Optimization 
Linear 

Programming 
Optimization Simulation 

Simulation, 
recursive 

simulation 

Linear 
optimisation 

Base year 2005 2015 2005 2015 2010 2005 1970 2015 2005 

Time Steps 1 year 5 years 5 years 1, 5 years 5 years 5 years 1, 5 years 1 year 5, 10 years 

Horizon 2100 2100 2100 2100 2100 2150 2100 2100 2100 

Number of 
regions 

17 11-14 12 38 18 17 26 66 16 

 

Summary descriptions of the models 

 

AIM/CGE (NIES, Kyoto University) 

The Asia-Pacific Integrated Model hosted by NIES integrates a GHG emission model, global climate 

change model, and a climate change impact model. AIM is a computable general equilibrium (CGE) 

model that can be run at a global, regional or country level, covering all economic goods, as well as 

trade of goods and services. In this model, the energy system is disaggregated into supply and demand, 

with further disaggregation of agricultural sectors to ensure appropriate land-use granularity. A 

simplified climate component can be connected through soft links using MAGICC, while the AIM CGE 

model itself does not receive feedback from the climate component. The baseline year for AIM is 2005, 

and it runs in annual time steps up to 2100. The model has 17 socio-economic regions, of which 7 are 

individual countries (Japan, China, India, Turkey, Canada, United States, and Brazil), and 44 industrial 

classifications. The AIM model covers all GHG-emitting sectors, and considers a full set of GHGs, 

including CO2, CH4, N20 and F-gases, as well NOx, volatile organic compounds, CO, SO2, BC/OC and other 

radiatively active gases.  

For the land-use sector, a nesting strategy is used, with land categorized into nine ecological zones 

and allocated using a multinominal logit function and AEZ classifications, as shown in Figure SI B-1 

below. 

https://www.iamcdocumentation.eu/index.php/IAMC_wiki


 

Figure SI B-3-1 - Nesting diagram for land in AIM model using AEZ classification 

Further information about this model can be found: 

• On the IAMC wiki: https://www.iamcdocumentation.eu/index.php/Model_Documentation_-

_AIM-Hub 

• On the AIM website: https://www-iam.nies.go.jp/aim/about_us/index.html 

COFFEE (COPPE UFRJ) 

The Computable Framework For Energy and the Environment, hosted and developed by the Cenergia 

group at the Federal University of Rio de Janeiro, is a global and multi-sectoral partial equilibrium 

model with 18 regions that runs on the MESSAGE platform. It uses a base year of 2010, with a horizon 

out to 2100 in 5-year time steps. The objective of the model is to assess the potential synergies and 

trade-offs between energy systems and environmental and climate policy. The model includes all 

energy and land-use systems, with a hard-link between the two. The macroeconomic inputs into the 

mode come from exogenous macroeconomic drivers providing demand growth over time, or from the 

group’s TEA model, which pulls from the SSP database.  

The energy modelling in COFFEE is designed such that demand with the lowest possible total system 

cost. The model incorporates the main elements such as resources and conversion technologies as well 

as flows through different levels of the energy system, as shown in Figure SI-B-2. The model also 

simulates emissions from GHGs, particularly CO2, NH4, and N2O.  

https://www.iamcdocumentation.eu/index.php/Model_Documentation_-_AIM-Hub
https://www.iamcdocumentation.eu/index.php/Model_Documentation_-_AIM-Hub
https://www-iam.nies.go.jp/aim/about_us/index.html


 

Figure SI B-3-2 - Representation of the energy system in COFFEE 

For land-use analysis, the model looks at seven land cover categories and seven combined cost 

categories to generate land-use estimates for each region, with a spatial resolution of 300m by 300m. 

Soil productivity was assessed using a productivity index based on family-level soil taxonomy 

information, as set out in the UNESCO Soil Map of the World. 

Further information about this model can be found: 

• On the IAMC wiki: https://www.iamcdocumentation.eu/index.php/Model_Documentation_-

_COFFEE-TEA 

• On the COPPE website: http://www.cenergialab.coppe.ufrj.br/tools 

 

GEM-E3 (E3M) 

The General Equilibrium Model for Economy – Energy – Environment is a recursive, dynamic CGE 

model designed to evaluate energy, climate and environmental policies through the interactions 

between the economy, the environment, and energy systems. The model has a modular framework 

to provide flexibility in assessing different policy and economic regimes. The global model covers 31 

sectors which are linked through endogenous bilateral trade flows, and uses 2011 as a base year with 

a time horizon out to 2100 in 5-year time steps as the default, although 1-year time steps can also be 

used.  

For energy sector analysis, GEM-E3 only considers energy-related depletable resources as energy 

resource endowments, with reserves classed as a discrete production factor. Energy and fuels are 

inputs in the nested production functions, with different substitution elasticities at each level. Land is 

considered as a separate production factor. 

Further information about this model can be found: 

• On the IAMC wiki: https://www.iamcdocumentation.eu/index.php/Model_Documentation_-

_GEM-E3 

• On the GEM-E3 website: https://e3modelling.com/modelling-tools/gem-e3/ 

https://www.iamcdocumentation.eu/index.php/Model_Documentation_-_COFFEE-TEA
https://www.iamcdocumentation.eu/index.php/Model_Documentation_-_COFFEE-TEA
http://www.cenergialab.coppe.ufrj.br/tools
https://www.iamcdocumentation.eu/index.php/Model_Documentation_-_GEM-E3
https://www.iamcdocumentation.eu/index.php/Model_Documentation_-_GEM-E3
https://e3modelling.com/modelling-tools/gem-e3/


IMAGE (PBL) 

IMAGE is an ecological-environmental model framework developed and maintained by PBL 

Netherlands Environmental Assessment Agency. IMAGE is structured around two main systems, the 

socio-economic system (Human) system and the natural environment (Earth) system, with a set of 

linked and integrated models that provide the flexibility to perform sensitivity analyses. It has a 

geographical resolution of 26 regions and can be run with time steps of 1 or 5 years.  

Within the IMAGE framework, the TIMER model is used for the global energy sector, describing 

demand and production of primary and secondary energy as well as related GHG emissions and 

regional air pollutants. The CGE model MAGNET is used to show changes in food production and 

trade, while the LPJ-ml model also contributes to assessing potential changes in the land-use sector. 

The Earth system component uses the emissions from the energy and land use systems as input to 

calculate changes in atmospheric composition. IMAGE is also linked to the MAGICC model, which, in 

conjunction with AOS, allows for the assessment of changes in radiative forcing caused by interalia 

GHG emissions and aerosols. 

Further information about this model can be found: 

• On the IAMC wiki: https://www.iamcdocumentation.eu/index.php/Model_Documentation_-

_IMAGE 

• On the IMAGE website: 

https://models.pbl.nl/image/index.php/Welcome_to_IMAGE_3.0_Documentation 

MESSAGEix-GLOBIOM (IIASA) 

Model for Energy Supply Strategy Alternatives and their General Environmental Impacts 

(MESSAGEix) uses a linear programming (LP) optimization strategy for medium- and long-term 

energy system and planning analysis. MESSAGEix, much as IMAGE, is a framework into which other 

models can be linked to provide in-depth assessments on specific sectors and systems. For the 

scenarios within this article, MESSAGEix was paired with MACRO and GLOBIOM. MACRO is a 

macroeconomic model soft-linked to MESSAGEix which iteratively calculates internally consistent 

GDP and energy demand projections, taking into account price-induced changes. 

The Global Biosphere Management Model (GLOBIOM) is a partial-equilibrium model developed by 

IIASA to represent land-use and related activities. It is a bottom-up model based on grid-cell 

information, including biophysical and technical cost details, allowing it to take into account a rich set 

of environmental parameters. 

The combined MESSAGEix-GLOBIOM framework has global coverage with 11 regions, and the FSU 

(Former Soviet Union) can also be disaggregated into four sub-regions, for a 14-region model when 

appropriate. The model uses 2010 as a base year, with a horizon out to 2100. The default time step is 

10 years, however, the model can also be calibrated to use 2015 as a base year and run on 5-year 

increments to 2060. 

Further information about this model can be found: 

• On the IAMC wiki: https://www.iamcdocumentation.eu/index.php/Model_Documentation_-

_MESSAGE-GLOBIOM 

• On the MESSAGEix-GLOBIOM website: 

https://docs.messageix.org/projects/global/en/latest/overview/index.html 

• GITHUB repository: https://github.com/iiasa/message_doc 

 

https://www.iamcdocumentation.eu/index.php/Model_Documentation_-_IMAGE
https://www.iamcdocumentation.eu/index.php/Model_Documentation_-_IMAGE
https://models.pbl.nl/image/index.php/Welcome_to_IMAGE_3.0_Documentation
https://docs.messageix.org/projects/global/en/latest/overview/index.html
https://github.com/iiasa/message_doc


POLES (JRC) 

The Prospective Outlook on Long-term Energy System model hosted by the European Union’s Joint 

Research Centre is a global energy-economy partial equilibrium simulation model. It uses dynamic 

year-by-year recursive modelling from a base year of 2015, with endogenous international energy 

prices and lagged adjustments of supply and demand by world region. The model has 66 regions, but 

covers 80 countries and regions for fossil fuel supply.  

The world energy system is covered in the model through modules on energy supply, energy 

transformation and final energy demand. In the land-use sector, land is disaggregated into five large 

categories, with yields evolving over time. A soft linkage with the GLOBIOM model is used to derive 

GHG emissions from agriculture and other land-use. 

Further information about this model can be found: 

• On the IAMC wiki: https://www.iamcdocumentation.eu/index.php/Model_Documentation_-

_POLES 

• In a JRC Technical Report: https://ec.europa.eu/jrc/en/publication/poles-jrc-model-

documentation-0 

Remind-MAgPIE (PIK) 

The Regional Model of Investment and Development hosted by PIK is an energy-economy general 

equilibrium model which links a macro-economic growth model with a bottom-up engineering-based 

energy system model. It covers twelve world regions, differentiates between various energy carriers 

and technologies and represents the dynamics of economic growth and international trade. It is an 

inter-temporal optimization model, solving for the perfect-foresight equilibrium of the global economy 

between the years 2005-2150, with flexible time steps. The default time step is 5 years from 2005 

(base year) to 2060, then 10-year time-steps out to 2100, followed by 20 year time-steps. 

The model treats energy as a factor input, with different final energy types contributing to GDP 

calculations in a nested CES production function, as shown in Figure SI B.3. The model also 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. The emissions of greenhouse gases (GHGs) and air pollutants are largely 

represented by source and linked to activities in the energy-economic system. Several energy sector 

policies are represented explicitly, including energy-sector fuel taxes and consumer subsidies. The 

model also represents trade in energy resources. 

 

Figure SI B-3-3 - REMIND CES production function 
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Land-use analysis in the REMIND model comes from reduced-form approaches to represent and 

account for the inter-linkages between the energy, agricultural, and land-use sectors. These are 

derived from a soft-linked land-use model, MAgPIE. The soft-link between REMIND and MAgPIE 

focuses in the interactions between bioenergy supply and demand, and land-use emissions and GHG 

prices, as well as the changes in these engendered by changing land-use. The models run iteratively 

until the markets for bioenergy and emission mitigation across the energy and land-use sectors are in 

equilibrium. 

More information about the REMIND-MAgPIE model is available: 

• On the IAMC wiki: https://www.iamcdocumentation.eu/index.php/Model_Documentation_-

_REMIND 

• on its dedicated documentation sites: https://rse.pik-potsdam.de/doc/remind/2.1.0/) and 

https://www.pik-potsdam.de/en/institute/departments/transformation-

pathways/models/remind 

• on GitHub: https://github.com/remindmodel/remind 

TIAM-ECN (TNO) 

TIAM-ECN is the TIMES Integrated Assessment Model (TIAM) of the Energy Transition department of 

TNO (formerly the Energy research Centre of the Netherlands, ECN) used for long-term energy systems 

and climate policy analysis. As a TIMES model, it is developed and maintained in the context of the 

Energy Technology Systems Analysis Program (ETSAP) of the International Energy Agency (IEA). TIAM-

ECN analysis typically consists of running multiple scenarios, which are compared and assessed with 

each other, as well as with those from other IAMs. 

TIAM-ECN has a global scope with a world energy system disaggregated in 36 distinct regions. It is a 

linear optimisation model, based on energy system cost minimisation with perfect foresight until 2100. 

It simulates the development of the global energy economy over time from resource extraction to final 

energy use. The objective function is represented by the discounted total energy system costs summed 

over all time periods and across all regions. The main cost components aggregated in the objective 

function are the investment costs and fixed plus variable operation and maintenance costs for various 

energy supply and demand options, including emission reduction measures. TIAM-ECN is based on a 

partial equilibrium approach with exogenous demands for energy services. These services, however, 

can respond to changes in their respective prices through end-use price elasticities. Hence, savings in 

energy demand and corresponding overall energy system cost variations are accounted for in the 

model. TIAM-ECN is operated with a comprehensive technology database that contains many possible 

fuel transformation and energy supply pathways, and encompasses technologies based on fossil, 

nuclear and renewable energy resources. Both currently applied technologies and future applicable 

advanced technologies, such as ultra-supercritical fossil-fuelled power plants, hydrogen technologies, 

a broad variety of renewable energy options, and carbon dioxide capture and storage (CCS) techniques 

in power plants and industrial applications, are available in the model’s technology portfolio. 

Since TIAM-ECN is an energy system model, it allows for analysing GHG (carbon dioxide (CO2), methane 

(CH4) and nitrous oxide (N2O)) reduction pathways over the entire energy supply chain up to end-use 

energy demand. Horizontal and vertical interdependencies and substitution effects of energy supply 

are thereby accounted for. For instance, the use of hydrogen in the transport sector as climate change 

mitigation measure depends, evidently, on the availability and price of hydrogen (vertical dimension). 

The nature and deployment scale of hydrogen production technology in industry has a significant 

impact on the supply costs of hydrogen, notably for the transport sector (horizontal dimension). 

Besides this integrated systems approach, TIAM-ECN features details of energy extraction, conversion 

and demand, such as available fossil and renewable energy resources, potentials for storage of CO2, 
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and region-specific (energy) demand developments. Region- and sector-specific demands for end-use 

energy and industrial products are driven by socio-economic parameters.  

Further information about this model can be found: 

• In the paper: van der Zwaan BCC, Kober T, Dalla Longa F, van der Laan A, Kramer GJ (2018). 

An integrated assessment of pathways for low-carbon development in Africa. Energy Policy 

117, 387-395. 

• In the paper: Kober T, van der Zwaan BCC, Rösler H (2014). Emission certificate trade and 

costs under regional burden-sharing regimes for a 2°C climate change control target. Climate 

Change Economics 5, 1, 1-32. 

WITCH (CMCC) 

The World Induced Technical Change Hybrid model developed by the RFF-CMCC European Institute 

on Economics and the Environment is a dynamic global model using a unified framework to assess 

climate change mitigation and adaptation policies. Taking 2005 as a base year and running with a 

horizon out to 2150, the model uses 5-year time steps to generate optimal mitigation and adaptation 

strategies for the world, disaggregated into 17 regions.  

It hard-links a compact representation of the energy sector with the rest of the economy, and soft-

links to the GLOBIOM model (described above in MESSAGEix-GLOBIOM) for land-use representation, 

and MAGICC for future climate simulations. 

Further information about this model can be found: 

• On the IAMC wiki: https://www.iamcdocumentation.eu/index.php/Model_Documentation_-

_WITCH 

• On the WITCH website: https://www.witchmodel.org/documentation/ 

https://www.iamcdocumentation.eu/index.php/Model_Documentation_-_WITCH
https://www.iamcdocumentation.eu/index.php/Model_Documentation_-_WITCH
https://www.witchmodel.org/documentation/

