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Methods 

Defining fossil fuel subsidies 
There are two main ways to define and calculate fossil fuel subsidies. The most widely-used 
approach is to define subsidies as all government interventions which make the cost of fossil 
fuels and electricity generated from fossil fuels lower than under normal market conditions. This 
is the definition we use in this manuscript and reflects the IEA and OECD approach to 
measuring fossil fuel subsidies either using a price-gap method1-3 or through an inventory of 
budgetary expenditures4. The budget inventory approach is also used by two independent non-
profit organizations Overseas Development Institute (ODI) and International Institute for 
Sustainable Development (IISD) for estimating fossil fuel production subsidies5,6. A less-
common approach to measuring fossil fuel subsidies considers not only support mechanisms 
which decrease the price of a fuel below its competitive price but also include un-priced social, 
fiscal, and environmental externalities as subsidies, or all cases where a fuel is not taxed at the 
“Pigouvian” tax rate7-9. This approach, followed by the IMF and what they call the “post-tax 
subsidies”, increases the fossil fuel subsidy estimate by up to 10 times8. 

We opted to use the narrower definition for four reasons. First, the goal of our study is to tease 
out the effect of subsidy removal as a policy measure distinct from climate, environmental, 
health and other policies. This goal cannot be achieved if we mix subsidy removal with imposing 
a carbon tax or pricing other externalities such as air pollution. Second, it is in-line with global 
fossil fuel subsidy inventories which were set up following the G20 commitment to phase-out 
subsidies10,11. In order to understand the implications of such a phase-out, it is important to use a 
definition of subsidies which is as close to the political meaning of this pledge as possible. The 
third reason is that we believe the political dynamics of fossil fuel subsidy phase-out are distinct 
from the political dynamics of pricing environmental externalities. A number of recent scholarly 
contributions have explored the political economy of fossil fuel subsidies12 as a case of rent-
seeking behavior13 or crude poverty alleviation and development policy14. Neither of these 
explanations applies to the political dynamics of pricing energy externalities which likely follow 
different logics15-17. Finally, this is closest to the definition used in most previous assessments of 
the energy and emissions impact of removing fossil fuel subsidies1,18,19 which makes it possible to 
relate our results to this previous work. 

Energy price and subsidy data 
We compiled historic price data for primary energy prices, end-use energy prices, and fossil fuel 
and electricity subsidies (see also ref. 20). The primary energy price data was from the British 
Petroleum21. For both the end-use prices and fossil fuel subsidy data, we aimed for as globally-
comprehensive a dataset as possible. The end-use energy price data was compiled from three 
globally-comparative  sources (Enerdata22, IEA23, GIZ’s inventory of gasoline and diesel prices24) 
and a handful of national or regionally-focused sources25-28. Where multiple data sources were 
available, the most comprehensive data source was used (generally Enerdata); any gaps were 
filled in by other data sources (e.g. IEA price data for IEA Member countries23, sector-specific 
reports25,26 and national data sources27-29). Wherever possible, price data was calculated as the 
average from 2006 to 2010. In instances where multiple fuels are used in a given sector (such as 
gasoline and diesel in transport), the different product prices were aggregated to the sectoral level 
using energy data from the IEA30. In all cases, the prices were converted to USD2005/GJ using 
the World Bank Inflation index31 and the energy conversion factors listed in Supplementary 
Table 20. Regional price levels were aggregated from country-level data based on a weighted 
average. 
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For fossil fuel subsidies, we compiled a comprehensive data set of consumption and production 
subsidies based on the IEA’s dataset on consumer subsidies2,3,32, the OECD’s inventory of fossil 
fuel support in OECD countries as well as six large countries (Brazil, Russia, India, Indonesia, 
China, and South Africa – Supplementary Text 5)4 and GIZ’s inventory of gasoline and diesel 
prices24. We constructed one dataset for 2013 (which represents subsidies under high oil prices) 
and one dataset for 2015 (which represents subsidies low oil prices). The IEA datasets were 
available for both 20132 and  20153,32. Since the other two datasets4,24 did not cover the period of 
recently low oil prices we used the fact that subsidies have historically tracked the oil price 
(Supplementary Figure 1) to extrapolate subsidy rates under low oil prices by scaling them down 
(Supplementary Figures 2 and 3, Supplementary Text 4). 

For compiling the subsidy dataset, when multiple values were available for a given fuel/sector 
combination we prioritized the IEA2,3,32 and OECD4 over the GIZ dataset24 since these two 
datasets focus on subsidies. When both the IEA and OECD provided an estimate for the same 
fuel-sector-country, we generally used the larger of the two values since we wanted to err on the 
side of over-estimating subsidies. We also performed a sensitivity analysis of our results with a 
higher estimate of production subsidies published by the ODI and IISD5,6 (Supplementary Table 
18). (The ODI and IISD estimates of production subsidies are several times bigger than the 
OECD estimates since they include several measures which OECD member and partner 
countries do not consider subsidies.) 

Getting the prices right and modeling fossil fuel subsidies 
There were two main model developments which were required to effectively model fossil fuel 
subsidy removal: (1) calibrating final (end-use) and primary (resources) energy prices and (2) 
incorporating a specific representation of energy subsidy and tax rates. In the first step, we 
needed to make sure that the energy prices in each model are consistent with those that have 
been observed in reality. Historically, integrated assessment models have had trouble 
reproducing observed prices. Instead, modelling teams have typically focused on calibrating the 
relative price differences between fuels and technologies. In this exercise, that approach would 
not work because if the prices in the model are lower than what has been observed in reality, the 
change in energy and emissions from removing an energy subsidy in the model would be 
inaccurate. In addition, global integrated assessment models usually calculate energy prices 
endogenously. In the present study we slightly deviate from this practice by requiring the models 
to target two distinct oil price paths after the year 2020, while retaining the endogenous price 
formation features of the models to the greatest extent possible. Each modelling team calibrated 
their model based on the model structure and features. This leads to two oil price paths: one in 
which oil stays below 60 USD2005 per barrel (the low oil scenario) and another in which it stays 
above 100 USD2005 per barrel (the high oil scenario). In calibrating different fuel prices to the two 
oil price levels, we assumed that crude oil and natural gas prices follow each other. (We also did a 
sensitivity and ran a case where we de-coupled the oil and gas prices – Supplementary Text 8 and 
Supplementary Figures 18-22).  

In the second step in modeling subsidies, we added fossil fuel subsidies based on empirical 
subsidy data to the prices of energy carriers (oil, natural gas, coal and electricity). For the high oil 
price scenario, we ensured that all models in the base year show bulk level subsidies which are 
within 10% of those empirically observed under the high oil price (see Energy price and subsidy 
data). For this scenario, the subsidy rate remained the same in 2020 and throughout the rest of 
the modelling period. For the low oil price scenario, the subsidy rate starts at the same level and 
reaches the empirically observed (see Energy price and subsidy data) in 2020, the same year the 
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oil price reaches below 60 USD2005 per barrel (Figure 1). For the phase-out scenarios, subsidy 
phase-out, starts in 2020 and is completed by 2030.  

In GEM-E3 taxes and subsidies on products (incl. energy products) are part of the Input-Output 
table transactions and are included in the base year calibration of the model. The projection of 
energy prices to 2050 for the different scenarios was made by setting an exogenous crude oil and 
natural gas base price. The end-use prices are then endogenously calculated. In the current study 
the subsidy rates were imposed in the base year so as to calibrate end user prices to the prices 
derived from the historical price data. Different subsidy rates were used to differentiate between 
industry, transport and the residential sector.  

In IMAGE, the sectoral energy price of each energy carrier at the end-use level (coal, oil, gas, 
bio-energy, electricity, hydrogen) is calculated endogenously based on the primary energy price, 
energy taxes, the costs of energy conversion throughout the energy supply chain and a price 
adjustment factor that calibrates the endogenously calculated prices to historical fuel prices. 
Primary energy prices are calculated endogenously, based on resource depletion, technology 
learning and a second price adjustment factor to correct for price influences other than 
production costs, such as periods of geopolitical instability. These primary energy prices are 
calibrated to historically observed primary energy prices. To model the high and low oil prices 
cases, we changed the price adjustment factors to reach the target settings of >100 USD2005 per 
barrel and <60 USD2005 per barrel. For natural gas, the relative price difference in the oil market 
was used to shift the regional gas prices accordingly. The subsidies were added explicitly at both 
the primary and end-use level.  

In MESSAGE, 2020 prices are calculated endogenously and represent the technical cost of 
bringing a product to market: the extraction, refining, transport and distribution costs. In order 
to calibrate these endogenous prices to historical price data (and represent non-technical costs 
such as fossil fuel subsidies, taxes and profits to firms), we use price adjustment factors. The 
price adjustment factor builds in these previously unrepresented components so that the 
endogenous prices which the model produces matches real-world prices. At the primary level, 
crude oil and coal were calibrated to a single global price since they are both globally-traded 
commodities. For natural gas, three different regional market prices were used representing the 
regionally-fragmented natural gas markets though they were all scaled along with the high and 
low oil price cases since natural gas and crude oil typically follow each other. Then, to depict the 
high and low oil price cases, we shifted the crude oil and natural gas supply curves to reach the 
target price levels in 2020: 110 USD2005 per barrel for high-oil prices and to 45 USD2005 per barrel 
for a low-oil prices. At the end-use level, we added price adjustment factors at the regional level 
for individual fuels and sectors. For this calibration, we also applied price adjustment factors (but 
not subsidy rates) to “new fuels” which are still niche fuels and thus which we do not have 
historical data for (e.g. biofuels or compressed natural gas in transport) to avoid distortions. 
Electricity subsidies in Russia+ and MENA as well as Brazil’s oil-power production subsidies 
were allocated to electricity production based on the power generation of those regions. Where 
the subsidy rate for an oil product was higher under the low oil price scenario in MESSAGE, the 
subsidy rates for the high oil price was adjusted to the empirically observed value from 2020. 

In REMIND, prices for fossil fuels are endongeously calculated based on the interaction of the 
long-term depletion of resources represented by different bins with increasing extraction costs 
and short-term constraints on increases and declines of extraction from these different regional 
quality bins. The latter constraints lead to higher prices in the short- to mid-term and thus ensure 
that price developments in the model broadly follow historic trends33. In the high and low oil 
price cases, adjusted versions of the “Low fossils” and “High fossils” specifications for gas and 
oil resources of the cited study33 were used, so that the emerging prices comply with the target 
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price levels in the present study. All taxes and subsidies are recycled through the overall 
representative household budget constraint in each region. 

In WITCH, 2005 prices were calibrated to historical price data. At the final energy level, we used 
‘price adjustment factors’ to match endogenous price data from the model to historical values. 
Through this calibration, and similar to MESSAGE, the endogenous prices from WITCH are 
brought to the real-world prices. At the primary level, crude oil and coal were calibrated to a 
single global price since they are both globally-traded commodities. To depict the high and low 
oil price cases, we shifted the crude oil and natural gas supply curves to reach the target price 
levels in 2020: 110 USD2005 per barrel for high-oil prices and to 40 USD2005 per barrel for low-oil 
prices. For natural gas, regional price mark-ups reflect the different prices across the three main 
regional gas markets. At the end-use level, we added price adjustment factors at the regional level 
for individual fuels and sectors. All price adjustment factors were kept constant under the 
subsidized scenarios. All taxes and subsidies are recycled through the overall representative 
household budget constraints in each region. 

Modeling nationally determined contribution range 
One of the key features of the recent Paris climate Agreement is that every country submits a 
national climate plan, or “nationally determined contribution” (NDC). These plans lay out what 
the country plans to do to stabilize or decrease GHG emissions34. Unlike earlier climate efforts, 
which took a top-down approach to determining how much countries need to decrease GHG 
emissions, in the Paris Agreement countries themselves determined their plans and national 
goals. Since these plans were formulated by national governments, with little to no coordination 
between countries, they vary in their scope and exactly how they define planned emission 
reductions. As a result, there is uncertainty into how much the NDCs add up to34,35.  

In this paper, we draw on a comprehensive set of scenarios which systematically evaluates NDC 
emission reductions on a comparable bases including defining uncertainties due to the ambiguity 
about how NDCs are formulated36. As explained in the Methods of that paper (p. 10), the NDCs 
are aggregated from the national level to the respective model region. The actual NDCs are 
formulated in terms of: emission targets (which that paper calls ‘constraints’), energy mix (share) 
targets (e.g. 20% from renewable energy by 2030), or generation targets (e.g. 20 GW of nuclear 
by 2030). The targets are defined with respect to a historic levels (e.g. 2000) or a future year (e.g. 
2030). The emission targets are expressed in terms of an absolute amount of emissions, a 
percentage of reduction against the base year, or a reduction in the emission intensity of GDP. 
The paper recalculated all these types of targets into modelling constraints as follows: 

- National emission targets were translated into 2030 emission constraints depending on 
how these targets were formulated. For historically-defined targets, the model used 
historical emission inventories. For targets defined in terms of reductions against the 
Baseline, constraints were calculated using either national baseline emission projections 
or down-scaled projections from the regional no-policy reference scenario. The intensity 
targets were recalculated to absolute targets using GDP projections from shared socio-
economic pathways (Supplementary Text 7) with various levels of GDP growth, hence 
defining uncertainty ranges. The national emission constraints were then up-scaled to 
regional emission constraints in 2030 used in the modelling. 

- National energy/electricity mix (share) targets were aggregated from the national 
level to regional energy mix constraints using the current shares of national energy supply 
in the respective region as explained in detail in ref. 36 (page 10). 

- National generation targets were recalculated to regional energy constraints using 
current capacity factors for the specific type of generation.  



 

6 

- Where no national target was defined, baseline emissions were used as a constraint. 

For the main results in the paper, we use a set of scenarios with a middle of the road baseline 
(SSP2)37 similar to our fossil fuel subsidy case and explore a range of scenarios which address 
five main types of uncertainties: historical emission variation, alternative energy accounting 
methods, attribution of non-commercial biomass, ranges within the NDCs themselves, and 
conditionality (see also Supplementary Table 15). For the Baseline sensitivity, we use the NDCs 
under SSP1 and SSP3 assumptions as well (Supplementary Text 7, Supplementary Figures 14-
17). The modeled NDCs represent national plans as of September 3, 2016 and do not account 
for political uncertainty related to national plans changing such as the US’ plan to pull out of the 
Paris climate agreement all together (the US NDC remains unchanged as of July 2017).  

In order to make the effects of subsidy removal comparable to the effects of NDCs, we only 
included CO2 emission reductions from fossil fuel and industry modeled in NDC scenarios. In 
regions which do not have binding emissions constraints (but rather technology and emission 
intensity targets), NDCs can actually lead to slightly higher regional emissions due to carbon 
leakage. This carbon leakage is triggered by lower global fossil fuel prices from constrained 
demand in regions with more conditional climate plans. Note that there is very little overlap 
between fossil fuel subsidy removal efforts and NDCs; only about a dozen countries include 
subsidy reform as part of their NDCs38 and those that do are not the biggest subsidizers nor the 
biggest emitters. 

Code availability 
All models included in this study either have or are in the process of making all or part of their 
code publicly available. This section details the current state of code availability of each model 
and documents contact details to where any queries should be addressed for each model. 
Additionally, Model documentation is included in Supplementary Text 1 and also available on 
the ADVANCE wiki: http://themasites.pbl.nl/models/advance/index.php/ADVANCE_wiki.  

The current code base of GEM-E3, developed at the Energy-Economy-Environment Modelling 
Laboratory (E3MLab), is not currently available in a publicly shareable version, however future 
model developments will be shareable in the form of both code and documentation, but not the 
datasets. The code will continue to be developed and hosted by E3MLab 
(http://www.e3mlab.ntua.gr/e3mlab/). Requests for code should be addressed to the E3MLab 
team (central@e3mlab.eu).  

The current code of IMAGE is not available in a publicly shareable version, although efforts are 
being made to have the most important parts of future model versions shareable under an 
open source license. The code will continue to be developed and hosted by PBL. In addition to 
the documentation in this paper, a detailed documentation of IMAGE is available at: 
http://themasites.pbl.nl/models/image/index.php/Welcome_to_IMAGE_3.0_Documentation. 
Requests for code should be addressed to the IMAGE team (IMAGE-info@pbl.nl). 

The current code base of MESSAGE is not available in a publicly shareable version. Future 
model versions which are currently under development will be shareable and under an 
open source license. The code will continue to be developed and hosted by IIASA’s 
Energy Program: http://www.iiasa.ac.at/web/home/research/researchPrograms/Energy/MES
SAGE.en.html). Requests for code should be addressed to the MESSAGE team 
(webapps.ene.admin@iiasa.ac.at). 

The source code of REMIND can be downloaded from the institute’s webpage 
(https://www.pik-potsdam.de/research/sustainable-solutions/models/remind) for the purpose 
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of reading, thus enabling transparency and review. A license that would allow further uses is 
currently under discussion. 

The current code base of WITCH, is currently not available in a publicly shareable version. A 
version of the WITCH source code is however available upon request. The public release of a 
future version of the model under an open source license is planned 
at: https://github.com/witch-team. Requests for code should be addressed to the WITCH team 
(witch@feem.it). 
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Supplementary Figures 
Supplementary Figure 1. Historic energy subsidies and the oil price. Historical subsidy data are 
compiled from refs. 2-4,39,40. 
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Supplementary Figure 2. Scaling fossil fuel subsidies for OECD4 and GIZ24. Panels (a), (c) and 
(e) show the weighted average of oil, gas, and electricity consumption subsidies for different groups of 
countries and how they change with the oil price. Panels (b), (d) and (f) show how we regress these 
data against the oil price in order to scale them down for the low oil price scenario (see 
Supplementary Text 4 for explanation.) Subsidies with a solid line are scaled down in the low oil price 
scenario whereas those depicted with the dashed line are not. Data are compiled from refs. 
2,3,24,39,40. 
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Supplementary Figure 3. Scaling oil and gas production subsidies for OECD4. Panels (a) and (c) 
show the weighted average of oil and gas production subsidies for different groups of countries and 
how they change with the oil price. Panels (b) and (d) how we regress these data against the oil price 
in order to scale them down for the low oil price scenario (see Supplementary Text 4 for explanation. 
Subsidies with a solid line are scaled down in the low oil price scenario whereas those depicted with 
the dashed line are not. Data are from ref. 4. 
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Supplementary Figure 4. Regional subsidy rates. The first column represents subsidies as a 
proportion of regional GDP. The second column represents the total subsidies divided by total primary 
energy supply of fossil fuels. The third column is the total consumer subsidies divided by total final 
energy supply. The fourth column is total producer subsidies divided by total fossil fuel extraction. 
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Supplementary Figure 5. Global and regional impact of subsidy removal and NDCs on CO2 
emissions. Panels (a) and (c) show the impact of subsidy removal on global annual CO2 emissions 
from fossil fuels and industry compared to each model’s Baseline in %. Panels (b) and (d) show the 
cumulative change in CO2 emissions from fossil fuels and industry from 2020 to 2030 at the regional 
level from subsidy removal (colored bars – in Gt). In the top two panels, (a) and (b), the changes are 
shown under low oil prices; the bottom two panels, (c) and (d), show the changes under high oil 
prices. In all panels, we compare the emissions impact of fossil fuel subsidy removal to the emissions 
impact from the NDCs under the Paris climate agreement. Unconditional NDCs are represented with 
solid lines and conditional NDCs with dashed lines. The NDC results are modeled using MESSAGE36. 
The uncertainty range for the NDCs represents variations in their effect arising from different historical 
emissions inventories, alternative accounting methods, attribution of non-commercial biomass and 
ranges within the NDCs themselves (see Methods, Supplementary Table 15 and ref. 36). Note the 
regional definition (Supplementary Table 10 – Supplementary Table 14) can influence the absolute 
size of emission changes in panels (b) and (d). 
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Supplementary Figure 6. Global and regional impact of subsidy removal and NDCs on CO2 
emissions under high oil prices. (a) The impact of subsidy removal on global annual CO2 
emissions from fossil fuels and industry compared to each model’s Baseline in Gt/year. (b) 
Cumulative change in CO2 emissions from fossil fuels and industry from 2020 to 2030 at the regional 
level from subsidy removal (colored bars – in %). In both panels, we compare the emissions impact of 
fossil fuel subsidy removal to the emissions impact from the NDCs under the Paris climate 
agreement. Unconditional NDCs are represented with solid lines and conditional NDCs with dashed 
lines. The NDC results are modeled using MESSAGE36. The uncertainty range for the NDCs 
represents variations in their effect arising from different historical emissions inventories, alternative 
accounting methods, attribution of non-commercial biomass and ranges within the NDCs themselves 
(see Methods, Supplementary Table 15 and ref. 36).  
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Supplementary Figure 7. Global and regional impact of subsidy removal on final energy 
demand. Panels (a) and (c) show the impact of subsidy removal final energy demand compared to 
each model’s Baseline in %. Panels (b) and (d) show the cumulative change in final energy demand 
from 2020 to 2030 at the regional level from subsidy removal (colored bars – in EJ). In the top two 
panels, (a) and (b), the changes are shown under low oil prices; in the bottom two panels, (c) and (d), 
shows the changes under high oil prices. Note the regional definition (Supplementary Table 10 – 
Supplementary Table 14) can influence the size of energy demand changes. 
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Supplementary Figure 8. Energy demand impacts of subsidy removal. Panels (a) and (c) show 
the impact of subsidy removal on global energy demand compared to each model’s Baseline energy 
demand. Panels (b) and (d) Cumulative change in energy demand from 2020 to 2030 at the regional 
level. In the top two panels, (a) and (b), the changes are shown under low oil prices; in the bottom two 
panels, (c) and (d), the changes are shown under high oil prices. 
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Supplementary Figure 9. The impact of fossil fuel subsidy removal on the use of solid fuels 
(coal and traditional biofuels) in developing regions. Under subsidy removal, a higher percentage 
of the population depends on solid fuels. Panel (a) shows the development under low oil prices while 
panel (b) shows the development under high oil prices. Analysis with IMAGE. 

 
Supplementary Figure 10. Change in supply of different fuels from subsidy removal in 2030 
under low oil prices. “Solar, wind and geo.” indicates the aggregate change in solar, wind and 
geothermal power. Positive values of “Net change” indicate a decrease in the total primary energy 
supply, negative values an increase. Note that the region definition (Supplementary Table 10 – 
Supplementary Table 14) can influence the size of energy system changes.  
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Supplementary Figure 11. Change in supply of different fuels from subsidy removal in 2030 
under high oil prices. “Solar, wind and geo.” indicates the aggregate change in solar, wind and 
geothermal power. Positive values of “Net change” indicate a decrease in the total primary energy 
supply, negative values an increase. Note that the region definition (Supplementary Table 10 – 
Supplementary Table 14) can influence the size of energy system changes. 
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Supplementary Figure 12. Change in supply of different fuels from subsidy removal in 2030 
under high oil prices. “Solar, wind and geo.” indicates the aggregate change in solar, wind and 
geothermal power. Positive values of “Net change” indicate a decrease in the total primary energy 
supply, negative values an increase. Note that the region definition (Supplementary Table 10 – 
Supplementary Table 14) can influence the size of energy system changes. 
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Supplementary Figure 13. Change in shares in cumulative Primary Energy Supply of different 
fuels from subsidy removal from 2020-2030. The effect of subsidy remove on shares of different 
energy sources in cumulative Primary Energy Supply (PES) in 2020-2030 by region under low and 
high oil prices. The columns correspond to different energy sources, where “OtherRES” includes 
hydro, wind, solar, and geothermal energy. The rows correspond to the 11 global regions and the 
world as a whole. The top pane shows the low oil price case and the bottom pane – the high oil price 
case. The dots in the figure represent how much a share of a given energy source in a given region 
will change as a result of subsidy removal (in percentage points (p.p.) of PES aggregated over 2020-
2030) according to a specific model. The bars encompass the range of modelling results. The Figure 
demonstrates that the shares of renewable energy are not notably affected by subsidies removal 
(OtherRES column) globally or in any of the regions. Another notable effect are increases in the share 
of oil and coal in several models in MENA and Russia+. Finally, the Figure shows a largely similar 
effect of subsidy removal under low and high oil price cases. 
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Supplementary Figure 14. Sensitivity of emissions results to different SSP assumptions. All 
changes are shown relative to the relevant SSP Baseline and under low oil prices. Panels (a) and (b) 
show sensitivity of the impact of subsidy removal on global annual CO2 emissions from fossil fuels 
and industry to varying the baseline assumptions. (See discussion in the main text and 
Supplementary Text 7). In both panels, the grey range shows the model range from Figure 3a and 
Supplementary Figure 6a respectively and the difference is compared to each model’s Baseline in 
absolute terms in panel (a) and relative terms in panel (b). In panels (a) and (b), SSP1 is represented 
with a dotted line and SSP2 is represented with a dashed line. Panels (c) and (d) show the sensitivity 
of the impact of subsidy removal on regional cumulative CO2 emissions from fossil fuels and industry 
to varying baseline assumptions. In both panels, the change represents the cumulative change in CO2 
emissions from fossil fuels and industry from 2020 to 2030 at the regional level from subsidy removal 
(Gt). The range from all the models is represented by the colored bars and the core scenario result 
from the paper is represented with black. The SSP1 sensitivity is represented with green in panel (c) 
and the SSP3 sensitivity is represented with red in panel (d). In all panels, emission reductions from 
unconditional NDCs are represented with solid bar ranges and emission reductions from conditional 
NDCs are represented with dashed bar ranges. The NDC results are modeled using MESSAGE36. 
The uncertainty range for the NDCs represents variations in their effect arising from different historical 
emissions inventories, alternative accounting methods, attribution of non-commercial biomass and 
ranges within the NDCs themselves (see Methods, Supplementary Table 15 and ref. 36).  
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Supplementary Figure 15. Sensitivity of energy demand results to different SSP assumptions. 
All changes are shown relative to the relevant SSP Baseline. Panel (a) shows the sensitivity of the 
impact of subsidy removal on global final energy demand to varying the baseline assumptions. (See 
discussion in the main text and Supplementary Text 7). The grey range shows the model range from 
Figure 3a and the difference is compared to each model’s Baseline in absolute terms. Panel (b) 
shows the sensitivity of the cumulative final energy demand to varying baseline assumptions: SSP1 is 
represented with a dotted line and SSP2 is represented with a dashed line. The change in panel (b) 
represents the cumulative change in final energy demand from 2020 to 2030 at the regional level from 
subsidy removal. The range from all the models is represented by the colored bars and the core 
scenario result from the paper is represented with black. In panel (b), the SSP1 sensitivity is 
represented with green dots and the SSP3 sensitivity is represented with red ones. All results are 
under low oil prices. 
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Supplementary Figure 16. Sensitivity of changes in change of supply of different fuels to 
different SSP assumptions for four representative regions. All changes are shown relative to the 
relevant SSP Baseline under low oil prices. “Solar, wind and geo.” indicates the aggregate change in 
solar, wind and geothermal power. Positive values of “Net change” indicate a decrease in the total 
primary energy supply, negative values an increase. Central scenario is the main scenario from the 
paper and consistent with SSP2 assumptions (see Supplementary Text 7). 
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Supplementary Figure 17. Sensitivity of changes in supply of different fuels to different SSP 
assumptions for six remaining regions. All changes are shown relative to the relevant SSP 
Baseline under low oil prices. “Solar, wind and geo.” indicates the aggregate change in solar, wind 
and geothermal power. Positive values of “Net change” indicate a decrease in the total primary 
energy supply, negative values an increase. Central scenario is the core scenario from the paper and 
consistent with SSP2 assumptions (see Supplementary Text 7). 
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Supplementary Figure 18. Sensitivity of emissions results to decoupling oil and gas prices 
under high oil prices. Panel (a) shows sensitivity of the impact of subsidy removal on global annual 
CO2 emissions from fossil fuels and industry to low gas prices in the high oil price case. (See 
Methods). In panel (a), the grey band shows the model range from Supplementary Figure 6a and the 
difference is compared to each model’s Baseline. The high oil scenario is represented by a solid line, 
the sensitivity where gas prices stay low and oil prices rise is represented with a dashed line. Panel 
(c) shows the sensitivity of the impact of subsidy removal on regional cumulative CO2 emissions from 
fossil fuels and industry to decoupling oil and gas prices at the regional level. The change represents 
the cumulative change in CO2 emissions from fossil fuels and industry from 2020 to 2030 at the 
regional level from subsidy removal (Gt). The range from all the models for the high oil price case (in 
Supplementary Figure 6b) is represented by the colored bars and the scenario result from the high oil 
scenario where oil and gas prices are coupled is shown with black. The sensitivity under which gas 
prices are decoupled from oil prices is represented with green in panel (b). (For more details see also 
Supplementary Text 8). In both panels, we compare the emissions impact of fossil fuel subsidy 
removal to the emissions impact from the NDCs under the Paris climate agreement. Unconditional 
NDCs are represented with solid lines and conditional NDCs with dashed lines. The NDC results are 
modeled using MESSAGE36. The uncertainty range for the NDCs represents variations in their effect 
arising from different historical emissions inventories, alternative accounting methods, attribution of 
non-commercial biomass and ranges within the NDCs themselves (see Methods, Supplementary 
Table 15 and ref. 36). 
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Supplementary Figure 19. Sensitivity of final energy demand results to decoupling oil and gas 
prices under high oil prices. Panel (a) shows the sensitivity of global final energy demand 
reductions from subsidy removal under high oil prices with low gas prices. (See also Supplementary 
Text 8). Panel (b) shows the sensitivity of regional final energy demand reductions from subsidy 
removal under high oil prices with low gas prices. In both panels, the changes are shown under high 
oil prices. In panel (a), the grey range shows the model range from subsidy removal under high oil 
prices (Supplementary Figure 8a). In panels (a), the core scenario is represented with a solid line and 
the sensitivity under high oil prices and low gas prices is represented with a dashed line. In panel (c) 
the range from all the models for the regional impact on final energy demand is represented by the 
colored bars and the scenario result from the high oil scenarios from the main paper is represented in 
black whereas the sensitivity with under de-coupled oil and gas prices in green. 
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Supplementary Figure 20. Sensitivity of changes in different fuel supply to de-coupled oil and 
gas prices in four representative regions. “Solar, wind and geo.” indicates the aggregate change in 
solar, wind and geothermal power. Positive values of “Net change” indicate a decrease in the total 
primary energy supply, negative values an increase. Scenarios labeled “IMAGE” and “MESSAGE” are 
changes from subsidy removal under high oil prices also depicted in Supplementary Figure 11. 
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Supplementary Figure 21. Sensitivity of changes in different fuel supply to de-coupled oil and 
gas prices in six remaining regions. “Solar, wind and geo.” indicates the aggregate change in solar, 
wind and geothermal power. Positive values of “Net change” indicate a decrease in the total primary 
energy supply, negative values an increase. Scenarios labeled “IMAGE” and “MESSAGE” are 
changes from subsidy removal under high oil prices also depicted in Supplementary Figure 11. 
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Supplementary Figure 22. Sensitivity of emissions results to higher production subsidies. 
Sensitivity analysis with the WITCH model. Panels (a) and (c) show the sensitivity of global emission 
reductions from subsidy removal to higher production subsides. (See also Supplementary Text 9). 
Panels (b) and (d) show the sensitivity of regional emission reductions from subsidy removal to higher 
production subsidies. In panels (a) and (b), the changes are shown under low oil prices; in panels (c) 
and (d), the changes are shown under high oil prices. In panels (a) and (b), the grey range shows the 
model range from subsidy removal under low and high oil prices (Figure 3a and Supplementary 
Figure 6a respectively). In panels (a) and (c), the core scenario is represented with a solid line and 
sensitivity with higher production subsidies is represented with a dotted line. In panels (c) and (d), the 
range from all the models for the regional impact on CO2 emissions is represented by the colored 
bars and the scenario result from the low and high oil scenarios from the main paper is represented in 
black whereas the sensitivity with higher production subsidy values is represented in green. In all 
panels, emission reductions from unconditional NDCs are represented with solid bar ranges and 
emission reductions from conditional NDCs are represented with dashed bar ranges. Unconditional 
NDCs are represented with solid lines and conditional NDCs with dashed lines. The NDC results are 
modeled using MESSAGE36. The uncertainty range for the NDCs represents variations in their effect 
arising from different historical emissions inventories, alternative accounting methods, attribution of 
non-commercial biomass and ranges within the NDCs themselves (see Methods, Supplementary 
Table 15 and ref. 36). 
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Supplementary Figure 23. Sensitivity of energy demand to higher production subsidies. 
Sensitivity analysis with the WITCH model. Panels (a) and (c) show the sensitivity of global final 
energy demand reductions from subsidy removal to higher production subsides. (See also 
Supplementary Text 9). Panels (b) and (d) show the sensitivity of regional final energy demand 
reductions from subsidy removal to higher production subsidies. In panels (a) and (b), the changes 
are shown under low oil prices; in panels (c) and (d), the changes are shown under high oil prices. In 
panels (a) and (b), the grey range shows the model range from subsidy removal under low and high 
oil prices (Figure 4a and Supplementary Figure 8a respectively). In panels (a) and (c), the core 
scenario is represented with a solid line and sensitivity with higher production subsidies is 
represented with a dotted line. In panels (c) and (d), the range from all the models for the regional 
impact on final energy demand is represented by the colored bars and the scenario result from the 
low and high oil scenarios from the main paper is represented in black whereas the sensitivity with 
higher production subsidy values is represented in green. 
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Supplementary Figure 24. Sensitivity of changes in fuel supply to higher production subsidies 
under low oil prices. Sensitivity analysis with the WITCH model. Higher production subsidies from 
refs. 16, 17 and described in Supplementary Text 9. Changes under low oil prices are changes from 
Figure 5 in the paper. “Solar, wind and geo.” indicates the aggregate change in solar, wind and 
geothermal power. Positive values of “Net change” indicate a decrease in the total primary energy 
supply, negative values an increase. 

 
Supplementary Figure 25. Sensitivity of changes in fuel supply to higher production subsidies 
under high oil prices. Sensitivity analysis with the WITCH model. Higher production subsidies 
described in Supplementary Text 9. Changes under high oil prices are changes from Supplementary 
Figure 11. “Solar, wind and geo.” indicates the aggregate change in solar, wind and geothermal 
power. Positive values of “Net change” indicate a decrease in the total primary energy supply, 
negative values an increase. 
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Supplementary Tables 
Supplementary Table 1. Summary of key model characteristics  

Model No. of 
regions 

Equilibrium type Modeling approach Flexibility 
of Supply 
TI-p(1) 

Flexibility 
of 
Demand 
CoEI(2)  

GEM-E3 18 Computable 
general equilibrium 

Recursive dynamic Low(3) High 

IMAGE 26 Partial equilibrium Recursive dynamic Mixed Low 

MESSAGE 11 General equilibrium Intertemporal optimization High Low 

REMIND 11 General equilibrium Intertemporal optimization High Low 

WITCH 13 General equilibrium Intertemporal optimization Low High 
(1) The TI-p or the Transformation Index (primary energy) classification of model behavior under carbon taxes 
from Kriegler et al.41 “Low” indicates a relatively smaller transformation of primary energy supply compared to 
other models whereas “High” indicates a relatively larger transformation of the primary energy system 
compared to other models. Models which are “low” are general said to be “stiff” in terms of supply changes 
whereas those that are “high” are “flexible” in terms of supply changes. 
(2) CoEI or the carbon intensity over energy intensity indicator characterizes model behavior under carbon 
taxes from Kriegler et al.41 “Low” indicates models which have a stronger reduction in carbon intensity relative 
to energy intensity compared to other models whereas “High” indicates models which have a stronger demand 
response compared to growth in low carbon energy sources. Models which are “low” are general said to be 
“stiff” in terms of energy demand changes whereas those that are “high” are “flexible” in terms of energy 
demand changes. 
(3) From GEM-E3 modeling team. 

 
Supplementary Table 2. Oil price elasticity, energy demand price elasticity and income 
elasticity in the transport sector in 2030. Price elasticity in column two is calculated from the 
difference in oil price and oil demand between the scenarios with and without subsidies under both 
low and high oil prices in the transport sector in 2030 for regions which show at least a 5% price 
difference between the two scenarios. The range reflects the relative flexibility of oil demand in 
different regions. Implicit price elasticities for IMAGE, MESSAGE, REMIND, and WITCH in column 
three represent the mean from the price shock scenarios as reported in ref. 42 (price elasticity for 
WITCH is reported to an additional significant digit to that reported in the paper). Income elasticities 
are the mean of the values reported in ref. 42. See Supplementary Text 3 for more discussion. 

 Oil price elasticity Energy demand price elasticity Income elasticity42 

 Regional range for 
scenarios in this study 

From price shocks analysis42  

GEM-E3 -0.33 – -0.08 -0.01a 0.8a 

IMAGE -0.71 – -0.20 -0.4 0.6 

MESSAGE -1.29 – -0.11 -0.4 Not available 

REMIND -0.35 – 0.01 -0.3 0.4 

WITCH -0.51 – -0.07 -0.01 1.0 
a For GEM-E3, the shock price and income elasticity is calculated by the GEM-E3 modeling team for this study. 
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Supplementary Table 3. Subsidy levels under high oil prices (2013) by the MESSAGE regions. 
All subsidy values are in Billion USD2005. Regional estimates in other models may vary slightly 
depending on regional definitions (See Supplementary Table 10 –Supplementary Table 14). Totals 
sometimes do not equal to the sum of the underlying components due to rounding. The last column 
shows the share of government revenues spent on subsidies. Government revenues are calculated 
based on data from IMF ref. 43. 

 Production Consumption Total  

billion USD2005 Oil Gas Coal Total  
prod. Oil Gas Coal Elect. Total 

cons.  % Govt 
Revenues 

World 15 5 2 22 324 107 4 110 545 567 3% 

MENA 0 0.02 0 0 134 40 0 44 218 218 22% 

Russia+ 5 0.2 0.3 6 6 37 2 26 71 77 10% 

Latin America 4 0.4 0 4 54 11 0 17 82 86 6% 

India+ 0.6 0 0.01 0.6 30 10 0 9 49 50 15% 

Rest of Asia 0 0 0.1 0.1 25 0.5 0.3 7 33 33 6% 

Africa 0 0 0 0 9 0.4 0 0.7 10 10 4% 

China+ 0.5 1 0 2 38 2 0 7 46 48 2% 

Europe 0.5 0.3 1 2 18 6 1 0 25 27 0.4% 

North America 4 2 0.3 6 2 2 0.1 0.4 5 11 0.2% 

Pacific OECD 0.2 0.5 0.2 0.9 6 0.008 0 0.4 6 7 0.4% 

 
Supplementary Table 4. Bulk subsidy levels under low oil prices (2015) by the MESSAGE 
regions All subsidy values are in Billion USD2005. Regional estimates in other models may vary 
slightly depending on regional definitions. (See Supplementary Table 10 –Supplementary Table 14). 
Totals sometimes do not equal to the sum of the underlying components due to rounding. The last 
column shows the share of government revenues spent on subsidies. Government revenues are 
calculated based on data from IMF ref. 43. 

 Production Consumption Total  

billion USD2005 Oil Gas Coal Total  
prod. Oil Gas Coal Elect. Total 

cons.  % Govt. 
Revenues 

World 3 3 2 7 166 70 2 82 320 327 2% 

MENA 0 0.02 0 0.02 65 29 0 35 129 129 19% 

Russia+ 0 0 0.1 0.1 3 21 0.8 17 41 41 9% 

Latin America 0 0 0 0 26 6 0 13 45 45 4% 

India+ 0 0 0.01 0.01 12 5 0 3 20 20 5% 

Rest of Asia 0 0 0.1 0.1 9 0.1 0.1 5 14 14 2% 

Africa 0 0 0 0 3 0.03 0 2 5 5 2% 

China+ 0 0 0 0 22 0.1 0.002 6 28 28 1% 

Europe 0.4 0.3 1 2 18 6 1 0 25 28 0.4% 

North America 2 2 0.3 4 3 3 0.07 0.5 6 15 0.2% 

Pacific OECD 0.2 0.4 0.01 0.7 6 0.008 0 0.4 6 7 0.4% 
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Supplementary Table 5. Historical and future subsidy levels under different oil prices. Dollar 
units are in USD2005. The subsidy rate represents the total subsidies divided by total primary energy 
supply of fossil fuels. 2030 values reflect the full model range. At the regional level, where models 
differ on their exact regional definitions, 2013 and 2015 values are reported for the MESSAGE 
regions and are calibrated to a dataset which we compiled from different sources2-4,24,32 (see also 
Methods). For 2013 and 2015 calculations, energy data are from the IEA44 and GDP data from the 
IMF43. Base year ranges for all models as well as for 2020 are reported in Supplementary Table 7. 
For regional definitions see Supplementary Tables 9 – 14. 

 2013  2015  2030 

 High oil prices Low oil prices High oil prices Low oil prices 

 bln. 
$ 

% 
GDP 

$/ 
GJ 

bln. 
$ 

% 
GDP 

$/ 
GJ bln. $ % GDP $/GJ bln. $ % GDP $/GJ 

World 567 1% 1.2 327 0.6% 0.7 755-963 0.8-1.0% 1.4-1.9 556-687 0.6-0.7% 0.9-1.1 

MENA 218 11% 5.3 129 6% 3.0 268-364 6.3-10.4% 5.8-7.4 193-267 5.0-6.5% 3.3-4.5 

Russia+ 77 6% 1.7 41 3% 0.9 40-114 1.4-4.9% 1.3-2.6 28-78 1.6-2.8% 0.9-1.7 

Latin America 86 2% 3.5 45 1% 1.8 69-140 1.3-2.1% 3.4-4.9 39-96 0.9-1.4% 1.7-3.0 

India+ 50 3% 1.7 20 1% 0.7 94-122 1.6-3.0% 1.6-3.0 50-71 1.0-1.6% 0.9-1.4 

Rest of Asia 33 1% 1.2 14 0.5% 0.5 41-88 0.7-1.6% 1.3-1.7 24-45 0.4-0.9% 0.6-1.2 

Africa 10 1% 1.5 5 0.4% 0.7 3-22 0.5-1.2% 0.6-2.0 2-19 0.3-0.8% 0.3-0.9 

China+ 48 0.8% 0.4 28 0.4% 0.2 67-103 0.3-0.7% 0.5-1.1 36-88 0.2-0.6% 0.3-0.6 

Europe 27 0.2% 0.5 26 0.2% 0.5 21-28 0.09-0.1% 0.3-0.5 21-42 0.1-0.2% 0.3-0.6 

North America 11 0.1% 0.1 11 0.07% 0.1 5-15 0.02-0.08% 0.06-0.2 7-12 0.03-0.06% 0.07-0.1 

Pacific OECD 7 0.3% 0.1 7 0.1% 0.3 0.6-9 0.01-0.1% 0.04-0.4 0.5-12 0.008-0.2% 0.02-0.5 

 
Supplementary Table 6. Fossil fuel subsidies as share of energy-related market transactions. 
Calculation based on the GEM-E3 model. The numerator includes all subsidies and the denominator 
is the value of all energy transactions at the end-use level including taxes.  

 2015 2020 2030 2040 2050 

High oil prices 10% 10% 13% 15% 17% 

Low oil prices 10% 6% 8% 9% 10% 
 
  



 

34 

Supplementary Table 7. Base year range and 2020 subsidy levels under different oil prices. 
Subsidy ranges are reported to the nearest billion and percent of GDP to the nearest tenth of one 
percent. The subsidy rate represents the total subsidies divided by total primary energy supply of 
fossil fuels. The range in the base year value reflects the range between models due to base year 
calibration (see Methods) and regional definitions (Supplementary Table 10 – Supplementary Table 
14). Dollar units are in USD2005.  

 Base year (2010) 2020   

    High oil prices Low oil prices 

 billion $ % GDP $/GJ billion $ % GDP $/GJ billion $ % GDP $/GJ 

World 530-555 1.0-1.1% 1.2-1.3 640-696 0.9-1.0% 1.4-1.5 393-490 0.6-0.7% 0.8-0.9 

MENA 205-218 10.7-12.5% 5.4-7.3 208-279 7.1-10.9% 5.2-7.4 152-183 5.8-6.7% 3.2-4.0 

Russia+ 36-69 3.7-5.7% 1.6-1.9 42-94 2.2-4.9% 1.4-2.3 22-71 1.6-4.1% 0.8-1.7 

Latin America 45-95 1.8-2.9% 3.4-4.3 56-113 1.7-2.3% 3.5-4.6 32-73 0.9-1.5% 1.7-2.9 

India+ 25-52 1.8-3.4% 1.2-2.2 60-80 2.6-3.0% 1.4-2.7 32-50 1.1-1.7% 0.8-1.2 

Rest of Asia 24-53 1.2-2.7% 1.1-1.8 29-65 0.9-1.9% 1.2-1.7 20-33 0.5-1.0% 0.6-1.0 

Africa 2-13 0.7-1.5% 0.6-2.2 3-16 0.6-1.2% 0.6-2.2 1-13 0.3-1.1% 0.3-1.0 

China+ 40-48 0.8-1.1% 0.4-0.5 56-70 0.5-0.8% 0.5-0.9 28-62 0.3-0.7% 0.2-0.5 

Europe 21-36 0.1-0.2% 0.3-0.6 22-30 0.1-0.2% 0.3-0.6 20-38 0.1-0.2% 0.3-0.7 

North America 7-10 0.05-0.07% 0.09-0.1 5-14 0.03-0.08% 0.07-0.2 6-11 0.03-0.07% 0.07-0.1 

Pacific OECD 0.8-7 0.02-0.1% 0.04-0.3 0.6-9 0.01-0.2% 0.03-0.4 0.3-10 0.006-0.2% 0.02-0.4 

 
Supplementary Table 8. 2050 subsidy levels under different oil prices. Subsidy ranges are 
reported to the nearest billion and percent of GDP to the nearest tenth of one percent. The subsidy 
rate represents the total subsidies divided by total primary energy supply of fossil fuels. Dollar units 
are in USD2005.  

 High oil prices Low oil prices 

 billion $ % GDP $/GJ billion $ % GDP $/GJ 

World 1,090-1,643 0.7-1.1% 1.6-2.4 799-1123 0.5-0.8% 1.0-1.5 

MENA 377-703 4.9-10.6% 6.6-7.2 275-444 3.6-6.3% 3.6-5.0 

Russia+ 44-142 0.7-4.7% 1.3-2.7 38-86 1.2-1.9% 0.9-1.6 

Latin America 95-227 0.9-2.1% 3.0-5.3 53-152 0.7-1.3% 1.6-3.3 

India+ 159-257 1.0-2.7% 1.6-3.7 86-146 0.4-1.5% 0.6-1.5 

Rest of Asia 45-151 0.4-1.4% 1.1-2.3 34-81 0.3-1.0% 0.6-1.7 

Africa 5-64 0.09-1.2% 0.5-1.4 3-51 0.3-0.5% 0.4-0.8 

China+ 83-144 0.2-0.7% 0.5-1.3 54-118 0.2-0.5% 0.3-0.8 

Europe 16-32 0.05-0.1% 0.2-0.5 25-33 0.08-0.2% 0.3-0.6 

North America 7-14 0.02-0.5% 0.06-0.1 8-16 0.03-0.06% 0.08-0.2 

Pacific OECD 0.3-13 0.005%-0.1% 0.2-0.5 1-12 0.02-0.2% 0.07-0.5 
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Supplementary Table 9. General regional descriptions. Note that all modeling is carried out in 
models’ native regions and results are mapped onto the 10-region set. The exact countries contained 
in the regional mapping vary slightly and are reported in Supplementary Table 10 – Supplementary 
Table 14. Some models also have a “Rest of the World” region. 

Region Description 

Africa Includes countries in Sub-Saharan Africa. Some models also include North 
African countries but others do not. For REMIND and WITCH, South Africa is 
included in the Rest of the World region. 

China+ Primarily composed of China but in some models includes additional Asian 
countries such as Cambodia, Vietnam, North Korea, and Mongolia. 

Europe Eastern and Western European countries (i.e. EU27) but REMIND and WITCH 
also include Turkey. 

India+ Primarily India but in some models also includes other South Asian countries 
such as Nepal, Pakistan, Bangladesh, and Afghanistan. 

Latin America Latin American and Caribbean countries. 

Middle East & 
North Africa 
(MENA) 

Middle Eastern countries such as Iran, Iraq, Israel, Saudi Arabia and Qatar. This 
also includes North African countries such as Algeria, Egypt, Morocco, Tunisia 
and for REMIND it also includes the Central Asian former Soviet states. In GEM-
E3, this region also includes other major energy producing countries such as 
Venezuela and Azerbaijan. 

North America For most models this includes the United States of America and Canada but in 
REMIND, Canada is included in the Rest of the World region and for WITCH, 
Canada is included in the Pacific OECD region. 

Pacific OECD OECD (Organization for Economic Co-operation and Development) countries 
which are in the Eastern Hemisphere and abut the Pacific Ocean. For most 
models this region is dominated by Japan, Australia and New Zealand. For 
REMIND, only Japan is included, Australia and New Zealand are included in the 
Rest of the World region. WITCH also does not include Australia, which is 
instead part of the Rest of the World region. WITCH also includes Canada in the 
Pacific OECD.  

Russia+ This region is dominated by Russia. For all models except REMIND, it also 
includes Reforming Economies which were part of the Soviet Union such as 
Ukraine, Kazakhstan and Azerbaijan. WITCH also includes Turkey in this region. 

Rest of Asia Includes other Asian countries which are not in the India or China regions such 
as South Korea, Malaysia, Philippines, Singapore, Thailand and Indonesia. For 
WITCH, South Korea is included in the Rest of the World region. 

This table includes a full list of the super regions along with a non-exhaustive sample of countries 
included in each. 
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Supplementary Table 10. GEM-E3 regional definitions 

Region Native model region Countries 

Africa South Africa South Africa 

China+ China China 

Europe EU-28, Turkey,  
Rest of Annex I 

Andorra, Austria, Belarus, Belgium, Bosnia and Herzegovina, 
Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, 
Faroe Islands, Finland, France, Germany, Gibraltar, Greece, 
Hungary, Iceland, Ireland, Italy, Kosovo, Latvia, Lithuania, 
Luxembourg, Macedonia, Malta, Montenegro, Netherlands, 
Norway, Serbia, Switzerland, Ukraine, Poland, Portugal, 
Romania, Slovakia, Slovenia, Spain, Sweden, Turkey, United 
Kingdom 

India+ India India 

Latin America Argentina, Brazil, 
Mexico 

Argentina, Brazil, Mexico 

MENA Saudi Arabia, Rest of 
energy producing 
countries 

Algeria, Azerbaijan, Iran, Iraq, Kuwait, Lebanon, Libya, 
Nigeria, Qatar, Saudi Arabia, Syria, United Arab Emirates, 
Venezuela, Yemen 

North America Canada, USA Canada, United States of America 

Pacific OECD Oceania, Japan American Samoa, Australia, Christmas Island, Cocos 
(Keeling) Islands, Cook Islands, Fiji, French Polynesia, Japan, 
New Zealand, Papua New Guinea, Samoa, Solomon Islands, 
Tonga, Vanuatu 

Russia+ Russia Russia 

Rest of Asia Indonesia, S. Korea Republic of Korea, Indonesia 

Rest of the 
World 

Rest of the world Afghanistan, Albania, Angola, Antarctica, Armenia, Aruba, 
Bahamas, Bahrain, Bangladesh, Barbados, Belize, Benin, 
Bermuda, Bhutan, Bolivia, Botswana, Bouvet Island, British 
Indian Ocean Territory, Brunei Darussalam, Burkina Faso, 
Burundi, Cambodia, Cameroon, Cape Verde, Cayman 
Islands, Central African Republic, Chad, Chile, Colombia, 
Comoros, Congo, The Democratic Republic Of Congo, Costa 
Rica, Côte D'Ivoire, Cuba, Djibouti, Dominica, Dominican 
Republic, Ecuador, Egypt, El Salvador, Equatorial Guinea, 
Eritrea, Ethiopia, Falklands Islands (Malvinas), French 
Guiana, French Southern Territories, Gabon, Gambia, 
Georgia, Ghana, Greenland, Grenada, Guatemala, Guinea, 
Guinea-Bissau, Guyana, Haiti, Honduras, Hong Kong, Israel, 
Jamaica, Jordan, Kazakhstan, Kenya, Kyrgyzstan, Democratic 
Republic of Lao, Lesotho, Liberia, Macau, Madagascar, 
Malawi, Malaysia, Maldives, Mali, Mauritania, Mauritius, 
Moldova, Mongolia, Montenegro, Morocco, Mozambique, 
Myanmar, Namibia, Nepal, New Caledonia, Nicaragua, Niger, 
Oman, Pakistan, Panama, Paraguay, Peru, Philippines, 
Puerto Rico, Rwanda, Saint Lucia, Saint Vincent And The 
Grenadines, Sao Tome And Principe, Senegal, Sierra Leone, 
Singapore, Somalia, Sri Lanka, Sudan, Suriname, Swaziland, 
Tajikistan, Tanzania, Thailand, Togo, Trinidad And Tobago, 
Tunisia, Turkmenistan, Uganda, Uruguay, Uzbekistan, 
Vietnam, Zambia, Zimbabwe 
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Supplementary Table 11. IMAGE regional definitions 

Region Native model regions Countries 

Africa East Africa, Western 
Africa, Rest South 
Africa, South Africa 

Angola, Benin, Botswana, Burkina Faso, Burundi, Cameroon, 
Cape Verde, Central African Republic, Chad, Comoros, 
Congo, the Democratic Republic of the Congo, , Côte D'Ivoire, 
Djibouti, Equatorial Guinea, Eritrea, Ethiopia, Gabon, Gambia, 
Ghana, Greenland, Guinea, Guinea-Bissau, Kenya, Lesotho, 
Liberia, Madagascar, Malawi, Mali, Mauritania, Mauritius, 
Mozambique, Namibia, Niger, Nigeria, Réunion, Rwanda, 
Saint Helena, Sao Tome And Principe, Senegal, Seychelles, 
Sierra Leone, Somalia, South Africa, Sudan, Swaziland, 
Tanzania, Togo, Uganda, Zambia, Zimbabwe 

China+ China China, Hong Kong, Macau, Mongolia, Taiwan 

Europe Western Europe, 
Turkey, Central Europe 

Albania, Andorra, Austria, Belgium, Bosnia and Herzegovina, 
Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, 
Faroe Islands, Finland, France, Germany, Gibraltar, Greece, 
Hungary, Iceland, Ireland, Italy, Latvia, Liechtenstein, 
Lithuania, Luxembourg, Macedonia, Malta, Monaco, 
Netherlands, Norway, Poland, Portugal, Romania, San 
Marino, Serbia, Slovakia, Slovenia, Spain, Sweden, 
Switzerland, Turkey, United Kingdom 

India+ India, Rest South Asia Afghanistan, Bangladesh, Bhutan, Maldives, Nepal, Pakistan, 
Sri Lanka, India 

Latin 
America 

Brazil, Mexico, Rest 
Central America, Rest 
South America 

Anguilla, Argentina, Aruba, Bahamas, Barbados, Belize, 
Bermuda, Bolivia, Brazil, Cayman Islands, Chile, Colombia, 
Costa Rica, Cuba, Dominica, Dominican Republic, Ecuador, 
El Salvador, Falklands Islands (Malvinas), French Guiana, 
Grenada, Guadeloupe, Guatemala, Guyana, Haiti, Honduras, 
Jamaica, Martinique, Mexico, Montserrat, Netherlands 
Antilles, Nicaragua, Panama, Paraguay, Peru, Puerto Rico, 
Saint Kitts And Nevis, Saint Lucia, Saint Vincent And The 
Grenadines, Suriname, Trinidad And Tobago, Turks And 
Caicos Islands, Uruguay, Venezuela, Virgin Islands (British), 
Virgin Islands (US) 

MENA Middle East, North 
Africa 

Algeria, Bahrain, Egypt, Iran, Islamic Republic Of, Iraq, Israel, 
Jordan, Kuwait, Lebanon, Oman, Qatar, Saudi Arabia, Syrian 
Arab Republic, United Arab Emirates, Yemen Western Sahara 

North 
America 

Canada, USA Canada, Saint Pierre And Miquelon, United States of America 

Pacific 
OECD 

Japan, Oceania American Samoa, Australia, Cook Islands, Fiji, French 
Polynesia, Japan, Kiribati, Marshall Islands, Micronesia, 
Nauru, New Caledonia, New Zealand, Niue, Norfolk Island, 
Palau, Pitcairn, Samoa, Solomon Islands, Tokelau, Tonga, 
Tuvalu, Vanuatu, Wallis And Futuna 

Russia+ Russia, Kazakhstan 
region, Ukraine region 

Armenia, Azerbaijan, Belarus, Georgia, Kazakhstan, 
Kyrgyzstan, Moldova, Russia, Tajikistan, Turkmenistan, 
Ukraine, Uzbekistan 

Rest of Asia Indonesia, Korea, 
Southeast Asia 

Brunei Darussalam, Cambodia, East Timor, Indonesia, 
Democratic Republic of Korea, Republic Of Korea, Democratic 
Republic of Lao, Malaysia, Myanmar, Papua New Guinea, 
Philippines, Singapore, Thailand, Vietnam 
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Supplementary Table 12. MESSAGE regional definitions 

Region Native model 
regions 

Countries 

Africa Sub-saharan Africa Angola, Benin, Botswana, British Indian Ocean Territory, 
Burkina Faso, Burundi, Cameroon, Cape Verde, Central 
African Republic, Chad, Comoros, Congo, The Democratic 
Republic Of Congo, Côte D'Ivoire, Djibouti, Equatorial Guinea, 
Eritrea, Ethiopia, Gabon, Gambia, Ghana, Guinea, Guinea, 
Bissau, Kenya, Lesotho, Liberia, Madagascar, Malawi, Mali, 
Mauritania, Mauritius, Mozambique, Namibia, Niger, Nigeria, 
Réunion, Rwanda, Saint Helena, Sao Tome And Principe, 
Senegal, Seychelles, Sierra Leone, Somalia, South Africa, 
Swaziland, Tanzania, Togo, Uganda, Zambia, Zimbabwe 

China+ Centrally planned 
Asia and China 

Cambodia, China, Hong Kong, Democratic Republic Of Korea, 
Democratic Republic Of Lao, Mongolia, Vietnam 

Europe Western Europe, 
Eastern Europe 

Albania, Andorra, Austria, Belgium, Bosnia and Herzegovina, 
Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, 
Faroe Islands, Finland, France, Germany, Gibraltar, Greece, 
Greenland, Hungary, Iceland, Ireland, Italy, Latvia, 
Liechtenstein, Lithuania, Luxembourg, Macedonia, Malta, 
Monaco, Netherlands, Norway, Poland, Portugal, Romania, 
Slovakia, Slovenia, Spain, Sweden, Switzerland, Turkey, 
United Kingdom 

India+ South Asia Afghanistan, Bangladesh, Bhutan, India, Maldives, Nepal, 
Pakistan, Sri Lanka 

Latin America Latin America Antigua and Barbuda, Argentina, Bahamas, Barbados, Belize, 
Bermuda, Bolivia, Brazil, Chile, Colombia, Costa Rica, Cuba, 
Dominica, Dominican Republic, Ecuador, El Salvador, French 
Guiana, Grenada, Guadeloupe, Guatemala, Guyana, Haiti, 
Honduras, Jamaica, Martinique, Mexico, Netherlands Antilles, 
Nicaragua, Panama, Paraguay, Peru, Saint Kitts And Nevis, 
Saint Lucia, Saint Vincent And The Grenadines, Suriname, 
Trinidad And Tobago, Uruguay, Venezuela 

MENA Middle East Algeria, Bahrain, Egypt, Iran, Iraq, Israel, Jordan, Kuwait, 
Lebanon, Libya, Morocco, Oman, Qatar, Saudi Arabia, Sudan, 
Syria, Tunisia, United Arab Emirates, Western Sahara, Yemen 

North America North America Canada, Guam, Puerto Rico, United States, Virgin Islands 
(British), Virgin Islands (US), United States of America 

Pacific OECD Pacific OECD Australia, Japan, New Zealand 

Russia+ Former Soviet 
Union 

Armenia, Azerbaijan, Belarus, Georgia, Kazakhstan, 
Kyrgyzstan, Moldova, Russia, Tajikistan, Turkmenistan, 
Ukraine, Uzbekistan 

Rest of Asia Other Pacific Asia American Samoa, Brunei Darussalam, East Timor, Fiji, French 
Polynesia, Indonesia, Kiribati, Republic Of Korea, Malaysia, 
Myanmar, New Caledonia, Papua New Guinea, Philippines, 
Samoa, Singapore, Solomon Islands, Taiwan, Thailand, 
Tonga, Vanuatu 
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Supplementary Table 13. REMIND regional definitions 

Region Native model 
regions 

Countries 

Africa Sub-saharan Africa Angola, Benin, Botswana, Burkina Faso, Burundi, 
Cameroon, Cape Verde, Central African Republic, Chad, 
Comoros, Congo, Congo, The Democratic Republic Of The, 
Côte D'Ivoire, Djibouti, Equatorial Guinea, Eritrea, Ethiopia, 
Gabon, Gambia, Ghana, Guinea, Guinea-Bissau, Kenya, 
Lesotho, Liberia, Madagascar, Malawi, Mali, Mauritania, 
Mauritius, Mozambique, Namibia, Niger, Nigeria, Réunion, 
Rwanda, Sao Tome And Principe, Senegal, Seychelles, 
Sierra Leone, Somalia, Sudan, Swaziland, Tanzania, United 
Republic Of, Togo, Uganda, Zambia, Zimbabwe 

China+ China China, Hong Kong, Macau 

Europe EU 27 Austria, Belgium, Bulgaria, Cyprus, Czech Republic, 
Denmark, Estonia, Finland, France, Germany, Greece, 
Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, 
Netherlands, Poland, Portugal, Romania, Slovakia, Slovenia, 
Spain, Sweden, United Kingdom 

India+ India India 

Latin America Latin America and 
the Caribbean 

Antigua and Barbuda, Argentina, Bahamas, Barbados, 
Belize, Bermuda, Bolivia, Brazil, Chile, Colombia, Costa 
Rica, Cuba, Dominica, Dominican Republic, Ecuador, El 
Salvador, French Guiana, Grenada, Guadeloupe, 
Guatemala, Guyana, Haiti, Honduras, Jamaica, Mexico, 
Nicaragua, Panama, Paraguay, Peru, Suriname, Trinidad 
And Tobago, Uruguay, Venezuela, Palau, Saint Kitts And 
Nevis, Saint Lucia, Saint Vincent And The Grenadines 

MENA Middle East and 
North Africa 

Algeria, Armenia, Azerbaijan, Bahrain, Egypt, Georgia, Iran, 
Iraq, Israel, Jordan, Kazakhstan, Kuwait, Kyrgyzstan, 
Lebanon, Libya, Martinique, Morocco, Oman, Qatar, Saudi 
Arabia, Syria, Tajikistan, Tunisia, Turkmenistan, United Arab 
Emirates, Uzbekistan, Western Sahara, Yemen 

North America United States of 
America 

Puerto Rico, United States 

Pacific OECD Japan Japan 

Russia+ Russia Russia 

Rest of Asia Other Asia Afghanistan, Bangladesh, Bhutan, Brunei Darussalam, 
Cambodia, East Timor, Fiji, Indonesia, Kiribati, Democratic 
Republic Of Korea, Republic Of Korea, Democratic Republic 
Of Lao, Malaysia, Maldives, Mongolia, Myanmar, Nepal, New 
Caledonia, Pakistan, Papua New Guinea, Philippines, 
Singapore, Solomon Islands, Sri Lanka, Taiwan, Thailand, 
Vietnam, Vanuatu 

Rest of the World Rest of the World Albania, Australia, Belarus, Bosnia and Herzegovina, 
Canada, Croatia, Iceland, Macedonia, Moldova, Montenegro, 
New Zealand, Norway, Serbia, South Africa, Switzerland, 
Turkey, Ukraine 
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Supplementary Table 14. WITCH regional definitions 

Region Native model region Countries 

Africa Sub-Saharan Africa Angola, Benin, Botswana, Burkina Faso, Burundi, Cameroon, 
Cape Verde, Central African Republic, Chad, Comoros, Congo, 
the Democratic Republic of Congo, Côte d’Ivoire, Equatorial 
Guinea, Eritrea, Ethiopia, Gabon, Gambia, Ghana, Guinea, 
Guinea-Bissau, Kenya, Lesotho, Liberia, Madagascar, Malawi, 
Mali, Mauritania, Mauritius, Mayotte, Mozambique, Namibia, Niger, 
Nigeria, Réunion, Rwanda, Saint Helena, Sao Tome and Principe, 
Senegal, Seychelles, Sierra Leone, Somalia, Sudan, Swaziland, 
Tanzania, Togo, Uganda, Zambia, Zimbabwe 

China China and Taiwan China, Hong Kong, Macau, Taiwan 

Europe Western Europe, 
Eastern Europe 

Andorra, Austria, Belgium, Bulgaria, Cyprus, Czech Republic, 
Denmark, Estonia, Faroe Islands, Finland, France, Germany, 
Gibraltar, Greece, Greenland, Vatican, Hungary, Iceland, Ireland, 
Italy, Latvia, Lichtenstein, Lithuania, Luxembourg, Monaco, 
Netherlands, Norway, Poland, Portugal, Romania, San Marino, 
Slovakia, Slovenia, Spain, Sweden, Switzerland, United Kingdom 

India India, South Asia Afghanistan, Bangladesh, Bhutan, India, Maldives, Nepal, 
Pakistan, Sri Lanka 

Latin 
America 

Latin America, 
Mexico and 
Caribbean 

Anguilla, Antigua and Barbuda, Argentina, Aruba, Bahamas, 
Barbados, Belize, Bolivia, Brazil, Cayman Islands, Chile, 
Colombia, Costa Rica, Cuba, Dominica, Dominican Republic, 
Ecuador, El Salvador, Falkland Islands, French Guiana, Grenada, 
Guadeloupe, Guatemala, Guyana, Haiti, Honduras, Jamaica, 
Martinique, Mexico, Montserrat, Nauru, Netherlands Antilles, 
Nicaragua, Niue, Panama, Paraguay, Peru, Puerto Rico, Saint 
Kitts and Nevis, Saint Lucia, Saint Vincent and the Grenadines, 
Suriname, Trinidad and Tobago, Turks and Caicos Islands, 
Uruguay, Venezuela, Virgin Islands (British), US Virgin Islands 

MENA Middle East and 
North Africa 

Algeria, Bahrain, Djibouti, Egypt, Iran, Iraq, Israel, Jordan, Kuwait, 
Lebanon, Libya, Malta, Morocco, Oman, Qatar, Saudi Arabia, 
Syria, Tunisia, United Arab Emirates, Western Sahara, Yemen 

North 
America 

United States Bermuda, United States, United States Minor Outlying Islands 

Pacific 
OECD 

Canada, Japan, New 
Zealand 

Canada, Christmas Island, Japan, New Zealand, Saint Pierre & 
Miquelon 

Russia Transition Economies Albania, Armenia, Azerbaijan, Belarus, Bosnia and Herzegovina, 
Croatia, Georgia, Kazakhstan, Kyrgyzstan, Macedonia, Moldova, 
Montenegro, Russia, Serbia, Tajikistan, Turkey, Turkmenistan, 
Ukraine, Uzbekistan 

Rest of 
Asia 

Southeast Asia American Samoa, Brunei Darussalam, Cambodia, Cocos (Keeling) 
Islands, Cook Islands, East Timor, Fiji, French Polynesia, Guam, 
Indonesia, Kiribati, Democratic Republic of Korea, Democratic 
Republic of Lao, Malaysia, Marshall Islands, Federated States of 
Micronesia, Mongolia, Myanmar, New Caledonia, North Mariana 
Islands, Palau, Papua New Guinea, Philippines, Pitcairn, Samoa, 
Singapore, Solomon Islands, Thailand, Tokelau, Tonga, Tuvalu, 
Vanuatu, Vietnam, Wallis and Futuna 

Rest of 
World 

Korea, South Africa, 
Australia 

Australia, Republic of Korea, South Africa 
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Supplementary Table 15. Key uncertainties included in the NDC scenarios from ref. 36.  

NDC uncertainty Description Implementation 

historical emission 
inventory variation 

There are different emission inventories 
which vary in their estimates of historical 
emissions. When NDCs are specified as a 
percentage change from a historical value, 
this leads to uncertainty. 

NDCs are assessed with 
respect to three different 
historical emission 
datasets45-47. 

alternative energy 
accounting methods 

There are different methods for calculating 
the percentage of non-combustible energy 
sources at the primary energy level. The 
method used influences the emission 
reduction estimates which contain a target 
to achieve a specific share of renewable or 
nuclear energy in the energy mix. 

NDCs are assessed using 
two primary energy 
accounting methods: the 
direct equivalence and the 
partial substitution method48. 

attribution of non-
commercial biomass 

In many regions, a significant portion of 
energy demand is met by non-commercial 
biomass such as firewood49. Whether or 
not this source is counted as contributing 
to renewable energy sources can 
influence the emission impacts of 
achieving certain renewable energy 
targets. 

Two cases: one in which 
non-commercial biomass is 
counted as contributing to 
renewable energy and one 
under which it is not.  

ranges within the 
NDCs 

Some countries do not provide a single 
emission reduction level but provide a 
range. 

Two cases: one with the 
minimum level from each 
range and one with the 
maximum reduction level 
from each range. 

conditionality Some actions within NDCs are dependent 
upon certain conditions such as the 
availability of financing. 

Two cases: one which 
includes all conditional 
actions and one which 
excludes them. 
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Supplementary Table 16. Change in the average carbon price from subsidy removal required 
to achieve 550 ppm CO2eq under low oil prices.  

 Relative  Absolute ($/t CO2) 

GEM-E3 -12% -2.1 $/t 

IMAGE -7% -1.2 $/t 

MESSAGE -4% -0.7 $/t 

REMIND -4% -0.7 $/t 

WITCH -4% -1.3 $/t 
 
Supplementary Table 17. Change in the average carbon price from subsidy removal needed to 
reach climate stabilization targets under sensitivity runs. (See Supplementary Text 6).  

 550 - High oil prices 450 - Low oil prices 450 - High oil prices 

 Relative  Absolute 
($/t CO2) 

Relative Absolute 
($/t CO2) 

Relative Absolute 
($/t CO2) 

MESSAGE -5% -0.7 $/t -2% -1.8 $/t -4% -2.7 $/t 

REMIND -7% -0.7 $/t     
 
 
Supplementary Table 18. Bulk production subsidy levels under low and high oil prices and in 
the high production subsidies sensitivity in WITCH in 2020. (See Supplementary Text 9). The 
table shows the bulk subsidy values of production subsidies for the base year under high oil prices 
and in the higher production subsidies scenarios. The production values for the High and low oil 
prices scenarios from the paper are based on data from ref. 4 whereas the production values for the 
higher production subsidies are based on data from refs. 5,6. Totals sometimes do not equal to the 
sum of the underlying components due to rounding. 

[billion 
USD2005] 

Core scenarios from paper Higher production subsidies scenario 
High oil prices Low oil prices  High oil prices Low oil prices 
Oil Gas Coal Total Oil Gas Coal Total Oil Gas Coal Total Oil Gas Coal Total 

World 14 6 2 22 6 3 2 11 64 30 8 94 93 31 6 131 
MENA 0 0.02 0 0.02 0 0.02 0 0.02 22 6 0 24 29 6 0 22 
Russia+ 5 0.2 0.3 5 0.02 0.006 0.2 0.2 18 5 0.5 25 25 6 0.3 32 
Latin America 4 0.4 0 4 0 0 0 0 10 6 0.1 16 16 6 0.04 22 
India+ 0.3 0 0.01 0.3 0 0 0.01 0.01 0 0 0.1 0.1 0 0 0.1 0.1 

Rest of Asia 0 0 0 0 0 0 0 0 0.2 0.1 0.4 1 0.5 0.1 0.1 0.7 

Africa 0 0 0 0 0 0 0 0 0.8 0.1 0 1 2 0.1 0 2 
China+ 0.2 2 0 3 0 0 0 0 0.2 0.1 2 3 0.4 0.2 2 2 
Europe 1 0.2 1 2 2 0.2 1 3 5 1 2 5 8 2 2 11 
N. America 2 2 0.1 4 2 2 0.2 4 5 7 2 14 7 8 1 16 
Pacific OECD 1 1 0.2 2 3 1 0.2 4 2 0.8 0.1 3 3 1 0.2 4 
Rest of World 0.02 0.02 0.2 0.3 0.05 0.005 0.1 0.2 1 2 1 3 3 2 1 6 
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Supplementary Table 19. Number of people living under $3.10 per day in each region. Data are 
based on data from the World Bank50. Percentage of population living under $3.10 per day (PPP) was 
aggregated for countries from 2005-2015 with the most recent year available. Only those countries 
which have fossil fuel subsidies in our dataset were included. Aggregation is based on the MESSAGE 
regions. See Supplementary Text 10 for discussion. 

 Millions of 
people 

% of 
population 

World 1356 28% 

MENA 1.4 2% 

Russia+ 1.0 0.5% 

Latin America 45 9% 

India+ 880 52% 

Rest of Asia 94 26% 

Africa 172 52% 

China+ 161 11% 

Europe 2 2% 

North America 0 0% 

Pacific OECD 0 0% 

 
Supplementary Table 20. Conversion factors from volume to energy content, with reference 

Energy conversion Value Reference 

LPG GJ/l 0.02 MIT Energy club units conversion51 

Crude oil GJ/bl 6.1 MIT Energy club units conversion51 

Fuel oil GJ/kg 39.3 From IEA B2020 used light fuel oil for “all other countries”23 

Heating oil GJ/kl 39.2 From IEA B2020 used heavy fuel oil average23 

95 gasoline GJ/l 0.03 MIT Energy club units conversion51 

diesel GJ/l 0.04 MIT Energy club units conversion51 

coal GJ/t 30 MIT Energy club units conversion51 

natural gas MJ/SCM 0.038 MIT Energy club units conversion51 
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Supplementary Text 1 Model descriptions 
In addition to the modeling descriptions below, all models are documented on the following 
website: http://themasites.pbl.nl/models/advance/index.php/ADVANCE_wiki.  

GEM-E3: The GEM-E3 model is a multi-regional, multi-sectoral, recursive dynamic computable 
general equilibrium (CGE) model which provides details on the macro-economy and its 
interaction with the environment and the energy system52,53. It is an empirical, large scale model, 
written entirely in structural form which runs to 2050. GEM-E3 allows for a consistent 
comparative analysis of policy scenarios since it ensures that in all scenarios, the economic 
system remains in general equilibrium. In addition, it incorporates micro-economic mechanisms 
and institutional features within a consistent macro-economic framework and avoids the 
representation of behavior in reduced form54. The model is dynamic, recursive over time, driven 
by accumulation of capital and equipment. Technology progress is explicitly represented in the 
production function, either exogenous or endogenous, depending on R&D expenditure by 
private and public sector and taking into account spillovers effects. R&D is explicitly introduced 
in the model as a separate economic activity. R&D is a substitute for energy, capital and labor 
and firms decide to purchase R&D services based on relative prices (increase in prices for energy 
will increase energy efficiency through R&D). Knowledge is a function of R&D expenditures, 
learning by doing and a phasing-out effect. Knowledge is cumulative and builds up a stock that is 
linked to productivity. Firms optimize their optimal use of production factors including R&D. 
Technology diffusion is represented in two ways: i) bilateral trade and the exchange of innovative 
goods and their use as intermediate inputs through lower production costs, and ii) explicit 
technology diffusion through knowledge diffusion based on patent-citation data. Endogenous 
learning by doing rates are included (reduction in capital cost for each doubling of capacity). The 
model is modularly built allowing the user to select among a number of alternative closure 
options and market institutional regimes depending on the issue under study. The GEM-E3 
model includes projections of: full Input-Output tables by country/region, national accounts, 
employment by economic activity, unemployment rate, balance of payments, public finance and 
revenues, household consumption, energy use and supply, GHG emissions and atmospheric 
pollutants. The model features discrete representation of power producing technologies, semi-
endogenous learning by doing effects, equilibrium unemployment, option to introduce energy 
efficiency standards, formulates emission permits for GHG and atmospheric pollutants. 

IMAGE: The IMAGE modeling framework focuses on the chain of global environmental 
change for both climate and land use. Important inputs into the system are assumptions on 
population and economic development. Next, two models describe the trends in the demand for 
key environmental services: energy and food demand. The global energy system model TIMER55 
has been developed to simulate long-term energy baseline and climate change mitigation 
scenarios (which run to 2100). The model describes the investments in and use of different types 
of energy options influenced by technology development (learning-by-doing) and resource 
depletion. IMAGE includes technological development in the form of learning curves for most 
fuels and renewable options. Costs decrease endogenously as a function of the cumulative energy 
capacity. It is assumed that the supply of energy always meets the demand and the decision to 
invest in additional capacity is based the price of energy produced per technology, using a 
multinominal logit equation that assigns larger market shares to the lower cost options. Inputs to 
the model are macro-economic scenarios and assumptions on technology development, 
preference levels and restrictions to fuel trade. For food and agriculture, the IMAGE system 
uses projections made by the computable-general-equilibrium MAGNET model. This model 
describes, in interaction with the main IMAGE framework, changes in food production and 
trade for a broad set of crops and animal products. The Terrestrial Environment System (TES) 
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of IMAGE56 computes land-use changes based on regional production of food, animal feed, 
fodder, grass, bio-energy and timber, with consideration of local climatic and terrain properties. 
Emissions from land-use changes, natural ecosystems and agricultural production systems, and 
the exchange of carbon dioxide between terrestrial ecosystems and the atmosphere are also 
simulated. Through the linkage to IMAGE, internally consistent projections of GDP and energy 
demand are calculated in an iterative fashion that takes price-induced changes of demand and 
GDP into account. The Atmospheric Ocean System (AOS) part of IMAGE calculates changes 
in atmospheric composition using the emissions from the TIMER model and TES, and by 
taking oceanic carbon dioxide uptake and atmospheric chemistry into consideration. 
Subsequently, AOS computes changes in climatic parameters by resolving the changes in 
radiative forcing caused by greenhouse gases, aerosols and oceanic heat transport. 

MESSAGE: The MESSAGE model (Model for Energy Supply Strategy Alternatives and their 
General Environmental Impact) is an energy-economic model based on a linear programming 
(LP) optimization approach which is used for medium- to long-term energy system planning and 
policy analysis and which runs to 211057-59. (Version ‘V.5a’ of MESSAGE was used for this 
paper)60. The model minimizes total discounted energy system costs, and provides information 
on the utilization of domestic resources, energy imports and exports and trade-related monetary 
flows, investment requirements, the types of production or conversion technologies selected 
(technology substitution), pollutant emissions, and inter-fuel substitution processes, as well as 
temporal trajectories for primary, secondary, final, and useful energy. Technology diffusion in 
MESSAGE is determined by (soft) dynamic constraints that relate the construction of a 
technology added or the activity (level of production) of a technology in a period to construction 
or the activity in the previous period. By soft constraints we refer to the fact that technological 
diffusion can be accelerated at additional cost61. The technology diffusion patterns produced by 
the model have been compared to similar patterns from long-term observational data and 
generally been found to be consistent with these62. To estimate regionally-aggregated, sector-
based air pollutant emissions and related pollution control costs, MESSAGE has been linked to 
the Greenhouse Gas and Air Pollution Interactions and Synergies (GAINS) model63,64. or the 
estimation of price-induced changes of energy demand, iterations between the MESSAGE 
model and the macro-economic model MACRO65 are relied upon. In MACRO, capital stock, 
available labor, and energy inputs determine the total output of the economy according to a 
nested constant elasticity of substitution (CES) production function. Through the linkage to 
MESSAGE, internally consistent projections of GDP and energy demand are calculated in an 
iterative fashion that takes price-induced changes of demand and GDP into account. MESSAGE 
is used in conjunction with MAGICC (Model for Greenhouse gas Induced Climate Change) 
version 666 for calculating internally consistent scenarios for climatic indicators such as 
atmospheric concentrations, radiative forcing, annual-mean global surface air temperature and 
global-mean sea level implications.  

REMIND: The REMIND model is a multi-regional, inter-temporal energy-economy-
environment model which runs through 2100. The model is composed of two main 
components: (i) the macro-economic growth module that describes socio-economic 
developments and determines the economy’s demand for final energy, (ii) a detailed energy 
system module describing conversion pathways from various types of primary energy via 
secondary energy to final67. A key feature of the model is that these two components are solved 
in an integrated, intertemporal optimization framework, thus fully accounting for all feedbacks in 
the system and assuming perfect foresight by economic actors. The macro-economic core of 
REMIND is a Ramsey-type intertemporal general equilibrium model in which global welfare is 
maximized. The model computes a Pareto-optimal solution, which corresponds to the market 
equilibrium in the absence of non-internalized externalities. The energy system module accounts 
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for regional endowments of exhaustible primary energy resources (coal, oil, gas and uranium) 
and renewable energy potentials (biomass, hydro power, wind power, solar energy, geothermal 
energy). REMIND represents the build-up and vintaging of capacity stocks of more than 70 
technologies that convert primary into secondary energy carriers or distribute these secondary 
energy carriers to end use sectors. The inertia of technological up-scaling and diffusion are 
captured by a mark-up factor on investment costs that scales with the square of the change in 
newly installed capacity from one time-step to the next. For renewable power generation 
technologies and alternative vehicle technologies, reduction of investment costs are implemented 
via learning rates and a conservative estimate on floor costs. Learning-by-doing effects are 
explicitly represented via global learning curves for wind and solar technologies as well as electric 
vehicles. There is no further direct representation of R&D in the model, as the autonomous 
energy efficiency improvement is implemented through the calibration. 

WITCH: The WITCH (World Induced Technical Change Hybrid) model is a global integrated 
assessment model with two main distinguishing features: a regional game-theoretic setup, and an 
endogenous treatment of technological innovation for energy conservation and 
decarbonization68,69. A top-down inter-temporal Ramsey-type optimal growth model is hard 
linked with a representation of the energy sector described in a bottom-up fashion, hence the 
hybrid denomination. The time horizon is 2150. The regional and intertemporal dimensions of 
the model make it possible to differentiate and assess the optimal response to several climate and 
energy policies across regions and over time. The non-cooperative nature of international 
relationships is explicitly accounted for via an iterative algorithm which yields the open-loop 
Nash equilibrium between the simultaneous activity of a set of representative regions. Regional 
strategic actions interrelate through GHG emissions, dependence on exhaustible natural 
resources, trade of fossil fuels and carbon permits, and technological R&D spillovers. R&D 
investments are directed towards either energy efficiency improvements or development of 
carbon-free breakthrough technologies. Such innovation cumulates over time and spills across 
countries in the form of knowledge stocks and flows. R&D investments along with investments 
in energy technologies and the final goods sector are endogenously determined in the 
intertemporal optimization. Within the energy sector, for new renewable energy sources (wind 
and solar), battery development, and advanced biofuels, learning is also taken into account 
through one or two factor learning curves, which determine future capital costs. The 
competition for land use between agriculture, forestry, and bioenergy, which are the main land-
based production sectors, is described through a soft link with a land use and forestry model 
(GLOBIOM, Global Biosphere Management Model)70. A climate model (MAGICC) is used to 
compute climate variables from GHG emission levels and an air pollution model (FASST) is 
linked to compute air pollutant concentrations. While for this exercise WITCH is used for cost-
effective mitigation analysis, the model supports climate feedback on the economy to determine 
the optimal adaptation strategy, accounting for both proactive and reactive adaptation 
expenditures. 

Supplementary Text 2 Model differences 
An important feature of our study is the use of multiple models to address uncertainties and 
ambiguities related to different methods of representing energy-economy systems. For example, 
should investment decisions be represented as based on information about the future (as they 
most commonly are in perfect foresight models), or should they be represented as based only on 
present information (as they most commonly are in simulation models)? In the real world, 
investors are informed by both the future and present, but in models, one approach is usually 
emphasized over the other. A common way to overcome the limitations which a single modeling 
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approach imposes is to compare the results of models with fundamentally different 
characteristics, as we have done in this study to ensure that the results are robust against what is 
commonly known as model uncertainty. Supplementary Table 1 summarizes key characteristics 
of the models in this study. For this study, we selected models that differ in their representation 
of the economy (equilibrium type), modeling approach, and in the key model characteristics of 
flexibility of supply and flexibility of demand (explained in the next paragraph). 

The results which we report are robust for all models, but there are certain variations in the 
projected effects of subsidy removals on emission reductions, energy demand and the energy 
mix, explained by different assumptions and model characteristics. One of the most important 
model differences for our study is whether or not price changes have a stronger effect on energy 
demand (model flexibility of demand) or whether price changes more readily induce changes in 
the energy mix (model flexibility of supply)41. This characteristic is determined by earlier work on 
diagnostic indicators which measure an IAMs response to a carbon price41. The first indicator 
measures the Flexibility of supply compared to other models. It quantifies the response in 
transformation primary energy supply (TI-p) relative to other models: a high TI-p will show 
relatively larger changes in the primary energy mix from a given carbon price compared to one 
with a low TI-p. The second indicator measures the Flexibility of demand or how much the energy 
intensity changes from a given carbon price. This indicator – Carbon Intensity over Energy 
Intensity (CoEI) measures how the carbon intensity of an energy system changes (as a 
proportion of Baseline carbon intensity) compared to the overall energy intensity changes (also 
as a proportion of Baseline energy intensity) under a given carbon price. A model with a high 
CoEI value shows relatively higher energy intensity (and demand) response than a model with 
low CoEI. The CoEI and TI-p indicate how the model balances energy demand changes with 
energy supply changes not only in response to a climate policy but also in response to other 
changes in energy pricing, such as subsidy removal, as investigated in our study. 

WITCH and GEM-E3 are comparatively more flexible on demand than on supply and therefore 
show a higher drop in demand response to subsidy removal (Figure 4), which also translates into 
a larger drop in emissions in these models (Figure 3). In particular, emission reductions in 
WITCH become comparable to the NDCs in India+ (Supplementary Figure 5 and 6). In 
contrast, MESSAGE and REMIND have higher flexibility of supply and therefore model 
substitution of oil or natural gas with coal. This can lead to lower emission reductions or even 
emission increases following removal of oil and natural gas subsidies in some regions in these 
models (Figure 3). IMAGE has low flexibility of demand and therefore shows the smallest 
demand and emissions drop from subsidy removal (Figures 3 and 4). In contrast to the other 
models, natural gas in IMAGE remains competitive even after subsidy removal, so its use does 
not decrease, even in MENA and Russia+ (Figure 5 and Supplementary Figure 11). As already 
mentioned, the flexibility of global energy trade, which may lead to an effect similar to carbon 
leakage following subsidy removal, also differs across models. Finally, models also have slightly 
different regional definitions (Supplementary Tables 10-14), which can explain certain variations 
in regional results. For example, the ‘Rest of Asia’ region in GEM-E3 is dominated by Indonesia 
with its high subsidies for coal-fired electricity which results in the highest projected emissions 
reductions compared to other models and which are comparable to the NDCs under both low 
and high oil prices (Figure 3 and Supplementary Figure 6). 

Supplementary Text 3 Fuel price and income elasticity 
The impact of subsidy removal on emissions and energy systems depends on the response of 
fuel demand to price changes or the fuel price elasticity. For the models used in this study, fuel 
price elasticities are not an exogenous parameter but rather inherent characteristics of each 
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model which reflect the response of the energy-economy system to changes in prices. In 
Supplementary Table 2 we report the range of implicit oil price elasticities in our scenarios, as 
well as the transport energy demand price and income elasticities from earlier work42. For the 
former, we calculated the elasticity using the difference in the oil price and demand in transport 
between the scenarios with and without subsidies under both low and high oil prices in regions 
which show at least a 5% difference in the oil price in the transport sector in 2030 from subsidy 
removal. The range in each model represents the different availability of alternative options for 
switching away from oil or reducing demand in the transport sector. The estimate of implicit 
transport energy demand price elasticity which we report is from Edelenbosch et al.42 who used a 
set of price shock scenarios to calculate the implicit transport energy demand price elasticity. The 
oil price elasticity of the transport sector for the models used in this study is between 0.01 and -
1.27 while the transport energy demand price elasticity ranges from -0.01 to -0.4 (Supplementary 
Table 2). 

Consistent with earlier work42,52,54,71, we find that the implicit elasticities in the different models in 
this study fall within the empirical range observed in the literature72,73 (for long-term elasticity 
which generally relates to time periods of longer than 10 years74). Empirical estimates of long-
term elasticity of fuel consumption in the transport sector range from -0.01 to -1.81 by dynamic 
estimation methods and -0.11 to -1.12 by cross-sectional estimation methods72. This is consistent 
with earlier estimates of long-run price elasticity of gasoline which ranged from 0 to -2.7273. 

While fuel price elasticity reflects a change in demand in response to price changes, income 
elasticity reflects a change in demand in response to change in income. It is an important 
characteristic of any future scenario where energy demand increases following economic growth. 
The implicit income elasticity of transportation energy demand in the participating models is 
between 0.38 and 0.98 (Supplementary Table 2). This is well within empirical estimates, which 
range from 0.27 to 1.71 for long-term dynamic estimation and from 0.02 to 1.4 for static model 
estimation72. These ranges are also consistent with earlier estimates which ranged from 0.05 to 
2.7373. 

Supplementary Text 4 Scaling fossil fuel subsidy data 
The low oil scenario is based primarily on subsidy rates from the IEA for subsidies for the year 
20153 (also available at: http://www.iea.org/statistics/resources/energysubsidies/.). This dataset 
accounts for approximately 80% of the bulk subsidies in our subsidy dataset. For the remaining 
20% of subsidies in our dataset, the most recent subsidy estimate we have is from subsidies 
under high oil prices. However, historically, fossil fuel subsidies have generally followed the oil 
price (Supplementary Figure 1) so using the 2014 rates would likely overestimate the subsidies. 
Thus, we used historical subsidy rates, their correlation to the oil price, and the change in oil 
price from 2014 to 2015 to project subsidy rates under low prices. 

To do this analysis, we relied on historical subsidy from the OECD4 and the IEA2,3,39,40,75 and 
energy data from the IEA for the year 2014 (which was the most recent year available)44. We 
calculated the weighted average of consumption subsidies for oil, gas and electricity for OECD 
countries, non-OECD oil and gas importers and non-OECD oil and gas exporters 
(Supplementary Figure 2). These three groups follow the three archetypal regions in our paper, 
but they also have different practical relationships with the oil price. For non-OECD oil and gas 
exporters, the correlation between fossil fuel subsidies and oil prices should be the strongest; this 
is because in these countries, it’s not only that the need for fossil fuel subsidies is lower when the 
oil price falls but also that the funding mechanism for it is also depressed since for these 
countries, the government budgets relies on oil prices to fund fossil fuel subsidies76. For non-
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OECD oil and gas importers, the need for fossil fuel subsidies is lower when the oil price falls. 
In OECD countries, where ‘subsidies’ are primarily reduced taxes, the link should be the 
weakest. In fact we found, that in OECD countries, the weighted average subsidy rate does not 
correlate with the oil price so we did not scale the subsidy rate in OECD countries from the 
2014 for the low oil price world. For non-OECD countries, we used the linear regressions in 
panels (b), (d), and (f) in Supplementary Figure 2 and scaled the subsidy rate based on the 
difference in the oil price from 2014 and 2015. (For GIZ data, we used the difference in the oil 
price from 2012 to 2015 since the GIZ data came from 2012.) 

For production subsidies, we performed a similar analysis for OECD and non-OECD countries 
(Supplementary Figure 3). What we found was that in OECD countries, production subsidies do 
not follow the oil price whereas in non-OECD countries they do. Thus, we scaled production 
subsidies down for non-OECD countries for the low oil price scenario but not for OECD 
countries using the same method described in the paragraph above. 

Supplementary Text 5 OECD dataset 
The OECD dataset4 includes approximately 140 billion USD2005 in 2014 of ‘budgetary support 
measures’ to fossil fuels. In our analysis, we include approximately 90% of all consumer, 
producer and “general services” support measures (both budgetary transfers and tax expenditure 
mechanisms). We exclude measures which are already counted in the IEA dataset on consumer 
fossil fuel subsidies or are particularly small and not represented in our models. When in doubt 
we included a subsidy. In this section we list the cases which we excluded. In all cases of 
exclusion, the subsidy values are small and as a result would not affect our results.  

We exclude subsidies related to “Labor” or “Stockholding” which are not specifically 
represented in our models. (Labor accounts for about a half a billion USD2005 in 2014 and there 
are only a couple of stockholding measures reported which amount to under 0.2 billion USD2005. 
While we included measures related to “Knowledge” that were focused on exploration and 
development of new fossil resources, we excluded those focused on research and development. 
(These R&D measures amounted to less than 1 billion USD2005 in 2014). We also excluded tax 
breaks on natural gas in transportation (which amounted to less than 0.09 billion USD2005) since 
we do not represent the tax regime in the transport sector. Additionally, we excluded the scant 
electricity generation subsidies in OECD countries since these usually go to subsidize cleaner 
production technologies such as cogeneration plant, combined heat and power, or in the case of 
Korea even for renewables generation. These subsidies amounted to about half a billion dollars 
in 2014. The electricity generation subsidies in non-OECD countries are captured in the IEA 
dataset except for Brazil. For Brazil, for all models except MESSAGE, we allocate these 
subsidies to the end-use electricity use based on 2013 consumption levels. 

Supplementary Text 6 Carbon price discussion 
The ‘average carbon price’ is a common metric to measure how expensive mitigation is in a 
given scenario (see ref. 77). The reason it is useful to take an average carbon price is that carbon 
prices change over time; this metric averages out the effort needed to reach a given stabilization 
target. We follow the methodology from the IPCC WGIII77 and measure the average carbon 
price in our study period (2020-2050) using a 5% discount rate. All five models in our study ran a 
550 ppm CO2eq stabilization target by 2100 with and without subsidies under low oil prices. We 
report this range in the main paper and the model results in Supplementary Table 16. In 
addition, using the MESSAGE and REMIND model, we ran a set of scenarios with the 550 
ppm CO2eq stabilization target under high oil prices (Supplementary Table 17). Under high oil 
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prices, the absolute effect of subsidy removal on the carbon price would be comparable but the 
relative decrease would be larger since the required carbon tax is generally lower under high oil 
prices. Using MESSAGE, we tested the sensitivity of the results impact to a more stringent 
concentration target (450 ppm CO2eq by 2100). The absolute decrease in the carbon tax in these 
scenarios is larger because there are more subsidized fossil fuels (oil and gas) vis-à-vis less 
subsidized fossil fuels (coal) in the system. Under the 450 ppm stabilization target, there is 
actually more oil and gas relative to coal compared to in the 550 ppm stabilization target. 
However, in the 450 ppm stabilization target since the carbon tax is so much higher, it results in 
a lower relative decrease in the necessary carbon tax (Supplementary Table 17). 

Supplementary Text 7 Different Baseline assumptions 
One question is would our results hold up under different assumptions about Baseline 
developments namely different trends in GDP, technological developments, and demographic, 
economic, technological and resource availability assumptions. To test this, we used the shared 
socio-economic pathways (SSPs) designed to reflect a wide range of uncertainties in long-term 
climate scenarios78-81. The SSP scenario design relies on the principle of “internally-consistent” 
scenarios meaning that assumptions should be varied in a way that makes sense with how other 
variables change82. For example, a scenario with resource scarcity would have higher rates of 
technological development.  

We modelled the effect of subsidy removal in WITCH and IMAGE for three SSPs: SSP1 
(‘Sustainability World’ – with lower energy demand, fossil fuel use and emissions), SSP2 (‘Middle 
of the Road’) and SSP3 (‘The Regional Rivalry’ – with higher energy demand, fossil fuel use and 
emissions). The results reported in this paper are in agreement with the ones obtained in SSP2. 
This set of assumptions represents the biggest challenge for climate change mitigation (SSP3), 
the most optimistic developments for climate change mitigations (SSP1) and an intermediate 
path (SSP2). SSP3, or the ‘Regional Rivalry – Rocky road’ scenario is characterized by high 
energy demand and fossil-fuel use with a material-intensive economy, low GDP growth and slow 
technological change. In contrast, the SSP1, or the ‘Sustainability’ scenario is characterized by 
lower fossil fuel use and energy demand through rapid improvements in low-carbon 
technologies and dematerialization of the economy and higher GDP growth. In the middle of 
these two extremes is the SSP2 scenario, or ‘Middle of the Road’ scenario which represents a 
continuation of current trends (and is comparable to the assumptions we use in the core set of 
scenarios in the paper). The reason these three scenarios are useful to test the robustness of the 
findings in our paper is that they allow us to explore if our emissions and energy findings are 
robust under scenarios with significantly higher emissions and energy demand (SSP3) and 
significantly lower emissions and energy demand (SSP1)83. Since we can compare them to 
various SSP implementations of the NDC scenarios36, we can also use this scenario set-up to 
investigate relationship between the impact of subsidy removal and the NDCs. 

The emissions and energy system impacts of subsidy removal in SSP1 and SSP3 are very similar 
to the ones reported in SSP2 (Supplementary Figures 14-17). However, the projected emission 
reductions from implementing the NDCs are different which in some cases changes the 
relationship between the NDCs and the effects of subsidy removal (Supplementary Text 7). In 
particular, the effects of implementing NDCs in India+ and in the Rest of Asia region become 
comparable to the effects of subsidy removal. In SSP3, the effect of implementing the NDCs 
becomes comparable to the effect of subsidy removal in India+, but in Latin America and 
Russia+ the NDCs would deliver stronger emission reductions than subsidy removal 
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We find that at the global level, varying the SSP assumptions has a minimal effect on the 
emissions impacts of subsidy removal (Supplementary Figure 14). Varying the SSP assumptions, 
however does change the emission impact of NDCs relative to the relevant SSP Baseline. This is 
because many of the NDC commitments are relative to 2005 emission levels. In SSP1, the 
projected emission reduction from implementing the NDCs is lower and therefore fossil fuel 
subsidy removal achieves an effect closer to the lower estimate of the NDCs (Supplementary 
Figure 14). In this case, subsidy removal would deliver 1.9 Gt of CO2 emissions reductions from 
fossil fuels and industry compared to 2.4 Gt reductions of the minimum level from the 
unconditional NDCs. However, an SSP1 world would represent a distinct departure from 
historical trends with lower fossil fuel resource use and rapid improvements in technological 
development and energy intensity83. If, on the other hand, we are actually moving towards an 
SSP3 world, which is characterized by very high emissions from high fossil fuel use and low 
technological development, the difference between fossil fuel subsidy removal and NDCs would 
be even greater.  

At the regional level, varying the SSP assumptions has a very small impact on the emissions 
effect of subsidy removal (Supplementary Figure 14). However, in a few regions, varying the SSP 
assumptions can change the NDC impact enough to change the relationship between subsidy 
removal and NDCs. The most prominent example of this effect is in India+ whose main NDC 
target emission intensity. Under SSP1 in India+, the emission reduction from NDCs is lower 
than in SSP2 because it is primarily defined in terms of emissions intensity reduction relative to 
the 2005 level. In contrast, under the SSP3 scenario in India+, under the NDC scenario, 
emissions actually increase because fossil fuels become cheaper globally which leads to carbon 
leakage (see also Methods). In Russia+ and Latin America, NDCs have the largest impacts under 
SSP3 assumptions because they are largely defined in terms of historical emission levels (e.g. 
1990 levels for Russia and 2005 for Brazil) so subsidy removal may have a smaller effect on 
emissions than NDCs under this type of a Baseline. The final region which can change the 
qualitative results is for the Rest of Asia which sees lower emission reductions from NDCs 
under SSP1 which would be comparable to those achieved from subsidy removal. 

Varying the SSP assumptions changes the quantitative results of effect of subsidy removal on 
final energy demand and the energy mix but not the qualitative results (Supplementary Figure 15 
– Supplementary Figure 17). The biggest effect is the larger decrease in demand from subsidy 
removal in WITCH, which has flexible demand and inflexible supply, under SSP3 assumptions 
(compared to the core scenario with SSP2 assumptions). This is due to the relatively higher 
energy demand assumptions under SSP3 and the relatively higher demand to supply flexibility in 
WITCH (see Supplementary Text 2). Note that we did not test the robustness of the full model 
range under different Baseline assumptions thus the full range of impacts was not explored with 
this sensitivity (in particular, the models/regions which have a positive emission impact from 
subsidy removal – see main text for more discussion). 

Supplementary Text 8 Decoupling oil and gas prices 
One of the assumptions in our scenarios is the coupling of oil and gas prices in all world regions 
except North America. This is to reflect the fact that since the shale gas revolution, natural gas 
and oil prices in the U.S. have sharply de-coupled while remaining coupled elsewhere84-87 where 
natural gas contracts continue to be pegged to oil prices88,89. However, there is intense debate as 
to whether or not the de-coupling of oil and natural gas prices will continue and spread 
globally90-97. 
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Given the uncertainty about the relationship between the oil and natural gas prices, the question 
naturally arises, how would our results hold up under oil and natural gas de-coupling? Our 
findings remain valid if gas prices do not rise with oil prices in the future. Globally, the emissions 
effect of subsidy removal under de-coupled oil and gas prices is minimal (Supplementary Figure 
17). De-coupling of oil and gas prices is likely to have more noticeable (but still modest) effects 
in oil and gas exporting regions (Supplementary Figure 18 – Supplementary Figure 21). Similar to 
the core scenarios, emission and energy demand effects of subsidy removal in MENA and 
Russia+ remain lower in IMAGE than in other models as gas remains competitive even without 
subsidies. In Russia+ with high oil and low gas prices, final energy demand remains essentially 
un-changed after subsidy removal (Supplementary Figure 19).  

In MESSAGE, the emissions and energy effects of subsidy removal are somewhat higher in 
most world regions in this scenario under the decoupling scenario as compared to the standard 
subsidized scenario under high oil prices (and high gas prices) but they are still lower than the 
NDCs and generally within the range of values from the other models. This is because with 
lower gas prices there is more subsidized gas in the system. As a result, subsidy removal generally 
leads to a greater (Supplementary Figure 20 and Supplementary Figure 21). While in most 
regions, this leads to more emission reductions, in MENA, MESSAGE models slightly lower 
emission impacts of subsidy removal under decoupled oil and gas prices, which are still higher 
than the non-conditional NDC of that region and are within the range of values provided by 
other models; because the gas is replaced by coal following subsidy removal under low gas prices 
(Supplementary Figure 18 and Supplementary Figure 20).  

Supplementary Text 9 Higher production subsidies 
We used the WITCH model to run a third sensitivity with higher production subsidies based on 
a dataset from the non-profit organizations Overseas Development Institute (ODI) and 
International Institute for Sustainable Development (IISD)5,6. These references cover only G20 
countries, but they include measures which the OECD does not include as subsidies and thus 
arrive at much larger estimate for production subsidies. In ref. 5, the authors report subsidies for 
each of the G20 countries; extrapolating this to the world (using average subsidy rates for each 
fuel and global production amounts), they estimate global production subsidies to be about 92 
billion USD2005 in 201398. Using these global averages and a systems dynamic model with a single 
global region, ref. 5 estimates that removing all production subsidies would lead to a reduction of 
about 1.1 Gt CO2 emissions per year. The results in our paper are not directly comparable to 
their work because our results include consumer subsidies (which are three to five times larger 
depending on the oil price) and are based on an energy-economy model with distinct regions 
rather than a single-region systems dynamic model. 

In order to use a comparable set of assumptions, we first took a weighted average of the national 
data from ref. 5 for the WITCH regions. For the Middle East region, there was no nationally-
available data. So we started with the subsidy rate available for Russia and adjusted it until the 
total global subsidies matched the total global production subsidies for 2013 which ref. 98 
report. We then ran two sets of scenarios with higher production subsidies (under both high and 
low oil prices). In these scenarios, production subsidies are about 96 billion USD2005 in the base 
year compared to 21 billion in the core scenarios USD2005. We didn’t scale production subsidies 
down as we do in the core scenarios since this is a sensitivity and since we don’t have historical 
data for this dataset to establish such a scaling relationship.  

We find that the higher production subsidy assumptions have a minimal impact on our results 
(Supplementary Figure 22 – Supplementary Figure 25). Higher production subsidies lead to 
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slightly lower CO2 emissions from fossil fuels and industry and lower final energy demand 
(Supplementary Figure 22). The decrease in demand from subsidy removal is somewhat larger 
than our core scenario under low oil prices (Supplementary Figure 23) where the production 
subsidies are about nine times higher than our core scenario (Supplementary Table 18).  

Supplementary Text 10 Distribution of poor in subsidizing 
countries 
Fossil fuel subsidy removal in oil and gas exporting regions would not only be likely to have the 
biggest emissions effect but it may affect fewer poor people than in other middle- and low-
income regions. Our analysis shows that both the absolute number and the relative share in 
population of those living under $3.10/day is significantly smaller in the regions which are the 
highest subsidizers (MENA, Russia+, Latin America) and where removing fossil fuel subsidies 
would have the largest emission impacts (Supplementary Table 19). These regions, where only 
4% of those living under $3.10/day live, account for about 2/3 of global subsidies. In most 
countries, energy subsidies account for larger shares of poor people’s incomes76 even though 
they are criticized for ‘leaking’ benefits to higher income groups99,100. The distributional impacts 
of subsidy removal is influenced by the specific allocation of subsidies99,101 and the approach to 
their reform102, which is out of scope of this study. Nevertheless, a first order analysis clearly 
shows that fewer poor are likely to be affected by subsidy removal in energy exporting regions 
than in other lower- and middle-income regions. 
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