
Suppl. Note 1: 

The data on observations of technological trends is an integral part of our database parameterising 
the FTT model, in which historical trends of technological diffusion are carefully documented. 
Notably, power generation data are obtained from the IEA and augmented by data gathered from 
other sources where gaps exist (IRENA, renewables associations, government websites). Data on 
cars were obtained by merging numbers from Marklines with data obtained from a large number of 
manufacturer websites for most regions featured in E3ME-FTT.30,40 Data on heating systems and 
steelmaking were obtained from similar combinations of resources.41 Technological data for power  
generation and transport were updated recently up to 2018 or 2019 for this modelling exercise, 
while heat technology data dates from 2016. Time series cover at least 5 years in each case. 
Trends in diffusion of electric vehicles, heat pumps and solar PV are readily observable and 
different in each region. 

Suppl. Note 2: 

Before the COVID crisis, OPEC members collectively produced 19% (34% of oil, 17% of gas) but 
consumed 9% of global primary energy, accounting for 0.73% of their combined national 
employment and 19% of their industrial output. The US (Russia, Canada), with a recent surge in oil 
and gas production, contributed 15% (14%, 5%) of global energy, while they also consumed 15% 
(6%, 2%). This corresponds to 0.13% (0.72%, 0.62%) of regional employment and 8% (8%,7%) of 
industrial output situated in oil, gas and coal-related activities.  

With changes in output and oil and gas prices, a multiplier effect arises as intermediate and final 
output directly and indirectly related to fossil fuel production, transportation and refining are 
affected. The US has only recently become a net exporter of oil and gas, following the shale 
revolution, but it also plays an important role in the global oil refining industry, importing crude and 
exporting manufactured fuels. Thus changes in oil and gas prices affect the US at various points in 
its intermediate and final production and exports. These data are obtained from our E3ME 
economic database. Economic data in E3ME originate from a combination of IEA  data, national 
accounts, World Bank data, Comtrade, OECD, Rystad and national datasets. 

Suppl. Note 3.  

At the onset of recessions, financial crises and exogenous economic shocks (e.g. COVID-19), 
government spending generally automatically increases on the basis of deficit and an expansion of 
the national debt to cover expenses such as unemployment benefits, poverty relief and various 
types of support to individuals and ailing businesses. Including such mitigation measures would be 
extremely complicated and would unnecessarily obscure the analysis presented in this work. 
Notably, the impacts of the new energy geography would to some degree have to be measured on 
the back of the expansion of the deficit and national debt instead of GDP and employment. 
Furthermore, it is not possible to determine the levels of credit-worthiness that various nations 
would be perceived to have and the lending terms that they would be facing in domestic and 
international credit markets, nor the exact size of sovereign wealth funds where they exist (e.g. 
Saudi Arabia, Norway). Thus, while the employment impacts of loss of economic activity in fossil 
fuel sectors and dependent industries could likely be substantially mitigated by deficit spending in 
fossil producer regions (e.g. Canada, US, Russia, OPEC), thus making the absolute economic 
impacts presented here unrealistic, we must stress that deficit spending decisions are inherently 
political, and that the results presented are contingent on an assumption of government budget 
neutrality, for the sake of clarity.  

Suppl Note 4: 

We take the InvE scenario as a reference, and use estimated GDP losses against InvE for each 
E3ME region as the criteria upon which political decisions are taken in the climate policy game 
(GDP is also a reasonable proxy for employment in the present context, thus using employment 
generates the same results). We cluster nations within three broad groups facing similar economic 
incentives from low-carbon transition dynamics, and assume collective decisions in each group, 
namely the Importers (here the EU, China, Japan, South Korea), the High-Cost Exporters (here the 
US, Canada, Russia) and the Low-Cost Exporters (OPEC).  



Taking the triplet of scenarios TDT, EU-EA Net-Zero and Net-zero, we describe the incentives 
faced by Importers whether or not to decarbonise, by OPEC to either ramp-up production of fossil 
fuels (SO) or implement strict quotas (QU), and High-Cost Exporters (HCE) whether or not to 
follow importers in decarbonising. We assume that it is not possible for Importers to force HCE to 
decarbonise against their will, nor for HCE to impose onto Importers to cancel their net-zero plans, 
and therefore not one group can unilaterally decide the overall scenario. 

We use a simple two-by-two game theory framework in two stages. This is illustrated in Suppl. Fig. 
6. A decision is made by Importers whether to decarbonise or not, which is linked to a decision by 
OPEC whether to observe quotas (QU) or flood markets (SO).  This can be summarised in two 
simple two-by-two payoff matrices between Importers, High-Cost Exporters and Low-Cost 
Exporters, given in Table 1.  

In the Importers vs OPEC game, Importers have incentive to decarbonise, while OPEC have 
incentive to flood markets with oil and gas. The strategy of importers to decarbonise is dominant. 
This leaves HCE to decide, given the decisions of Importers and OPEC, whether or not to follow 
Importers in decarbonising, since in decarbonising, they can in principle generate activity in the 
low-carbon sectors despite that they lose out in the high carbon sectors. However, we find that in 
the OPEC vs HCE game, HCE do not decarbonise, and this is dominant. The interpretation 
therefore is that EU-EA Net-Zero QU is a Nash equilibrium. 

This may seem to clash with our previous report10 which stated that if the World decarbonises, the 
US is better off decarbonising as well, as otherwise it becomes an importer of oil and gas while it 
forgoes low-carbon investment benefits. This result remains true, however it critically depends on 
how many other countries do decarbonise, and here in the EU-EA Net-Zero, large amounts of 
fossil fuels remain in use, maintaining some non-negligible level of activity in US production and 
fuel transformation, whereas in the Net-Zero scenario US fossil fuel-related activity shuts down 
entirely. 

   



 

 

Suppl Figure 1: Technology dynamics for solar photovoltaic (PV, left) and electric vehicles (EV, right). The dashed and 
dotted lines, associated with the left-hand side vertical axes, show technological costs for chosen regions given in the 
legend. The dashed lines show PV and EV levelised costs (the break-even service costs for one unit of electricity or 
transport), while the dotted lines show the levelised costs of the best fossil alternative, gas turbines and petrol vehicles 
(for vehicles, the mid-range class was used). The solid lines, associated with the right-hand side vertical axes, show 
the diffusion of solar PV and EVs. The dynamics show that costs going down incentivise more technology uptake, 
which generates cost reductions, in a positive reinforcing cycle. Fossil technologies are mature, without substantial 
learning, their cost dominated by resource costs. In the case of gas turbine costs, the fluctuations are related to 
variations in capacity factors (or load hours) that vary according to how the plants are used to balance the electricity 
grid. 

 

  



 

Suppl Figure 2: Projections for all scenarios of all major energy vectors in the economy. Dashed lines are guide to the 
eyes indicating totals of other scenarios in the same quantity. 

 

  



 

Suppl Figure 3: Projections for all scenarios of non-renewable energy use by region. 

 

  



 

Suppl Figure 4: Projections for all scenarios of renewable energy use by region. 

 

  



 

Suppl. Figure 5: Cumulated gains and losses in the value of fossil fuel assets, GDP, investment and fossil fuel 
production across chosen economies, (A) for the Net-zero SO scenario, relative to the InvE scenario, expressed in 
absolute, and (B) for the EU-EA Net-zero SO scenario relative to the InvE undiscounted. Gains are positive and 
losses negative. Values are cumulated over 15 years, between 2022 and 2036, using a 6% discount rate.  

 

  



 

Suppl. Figure 6: Illustration of the game and possible scenario outcomes. Importers can decide between a high or low-
carbon energy system. OPEC can decide between observing quotas or flooding fossil fuel markets. High-Cost 
Exporters (HCE) can choose between high or low-carbon energy systems. The combinations of decisions leading to 
overall scenarios are shown at the bottom. N/A are infeasible scenarios, where HCE deciding unilaterally to 
decarbonise is ruled out by existing low-carbon policy in importer countries.  

 

  



Total 
N QU SO 

TDT EU-EA N-Z InvE TDT EU-EA N-Z InvE TDT EU-EA N-Z 

N 

InvE 3.92 7.17 11.44 -0.32 3.86 7.11 11.15 0.21 3.95 7.33 11.68 

TDT 0.00 3.25 7.52 -4.24 -0.06 3.18 7.23 -3.71 0.03 3.41 7.76 

EU-EA   0.00 4.27 -7.49 -3.31 -0.07 3.98 -6.96 -3.22 0.16 4.51 

N-Z     0.00 -11.76 -7.58 -4.33 -0.28 -11.23 -7.48 -4.11 0.24 

QU 

InvE       0.00 4.18 7.43 11.47 0.53 4.27 7.65 12.00 

TDT         0.00 3.24 7.29 -3.65 0.09 3.47 7.82 

EU-EA           0.00 4.05 -6.89 -3.15 0.23 4.58 

N-Z             0.00 -10.94 -7.20 -3.82 0.53 

SO 

InvE               0.00 3.74 7.12 11.47 

TDT                 0.00 3.38 7.73 

EU-EA                   0.00 4.35 

N-Z                     0.00 
Suppl. Table 1: Total global loss of fossil fuel revenues between 2022 and 2036 discounted by 6% for all possible pairs 
of scenarios, assuming that investors expect either of the vertical left-hand side scenarios, and that either of the 
horizontal top scenarios are realised. 

  



Oil 
N QU SO 

TDT EU-EA N-Z InvE TDT EU-EA N-Z InvE TDT EU-EA N-Z 

N 

InvE 1.83 4.21 7.10 -0.24 1.79 4.17 6.83 0.15 1.85 4.35 7.28 

TDT 0.00 2.38 5.27 -2.07 -0.03 2.34 5.00 -1.68 0.02 2.53 5.46 

EU-EA   0.00 2.89 -4.45 -2.42 -0.04 2.62 -4.06 -2.36 0.14 3.07 

N-Z     0.00 -7.34 -5.31 -2.93 -0.27 -6.95 -5.25 -2.74 0.19 

QU 

InvE       0.00 2.04 4.41 7.07 0.39 2.10 4.60 7.53 

TDT         0.00 2.37 5.03 -1.64 0.06 2.56 5.49 

EU-EA           0.00 2.66 -4.02 -2.31 0.19 3.12 

N-Z             0.00 -6.68 -4.98 -2.47 0.46 

SO 

InvE               0.00 1.70 4.20 7.13 

TDT                 0.00 2.50 5.43 

EU-EA                   0.00 2.93 

N-Z                     0.00 

 

Coal 
N QU SO 

TDT EU-EA N-Z InvE TDT EU-EA N-Z InvE TDT EU-EA N-Z 

N 

InvE 0.18 0.30 0.37 0.00 0.18 0.30 0.37 0.00 0.18 0.30 0.37 

TDT 0.00 0.12 0.19 -0.18 0.00 0.12 0.19 -0.18 0.00 0.12 0.19 

EU-EA   0.00 0.07 -0.30 -0.12 0.00 0.07 -0.30 -0.12 0.00 0.07 

N-Z     0.00 -0.37 -0.19 -0.07 0.00 -0.37 -0.19 -0.07 0.00 

QU 

InvE       0.00 0.18 0.30 0.37 0.00 0.18 0.30 0.37 

TDT         0.00 0.12 0.19 -0.18 0.00 0.12 0.19 

EU-EA           0.00 0.07 -0.30 -0.12 0.00 0.07 

N-Z             0.00 -0.37 -0.19 -0.07 0.00 

SO 

InvE               0.00 0.18 0.30 0.37 

TDT                 0.00 0.12 0.19 

EU-EA                   0.00 0.07 

N-Z                     0.00 

 

Gas 
N QU SO 

TDT EU-EA N-Z InvE TDT EU-EA N-Z InvE TDT EU-EA N-Z 

N 

InvE 1.74 2.37 3.61 -0.08 1.72 2.34 3.59 0.07 1.75 2.38 3.67 

TDT 0.00 0.62 1.87 -1.82 -0.03 0.60 1.85 -1.68 0.01 0.64 1.92 

EU-EA   0.00 1.24 -2.44 -0.65 -0.02 1.23 -2.30 -0.62 0.02 1.30 

N-Z     0.00 -3.69 -1.89 -1.26 -0.01 -3.54 -1.86 -1.23 0.06 

QU 

InvE       0.00 1.79 2.42 3.67 0.14 1.83 2.46 3.74 

TDT         0.00 0.63 1.88 -1.65 0.03 0.67 1.95 

EU-EA           0.00 1.25 -2.28 -0.60 0.04 1.32 

N-Z             0.00 -3.53 -1.85 -1.21 0.07 

SO 

InvE               0.00 1.68 2.32 3.60 

TDT                 0.00 0.64 1.92 

EU-EA                   0.00 1.28 

N-Z                     0.00 
Suppl. Table 2: Global loss of fossil fuel revenues by fuel type between 2022 and 2036 discounted by 6% for all possible 
pairs of scenarios, assuming that investors expect either of the vertical left-hand side scenarios, and that either of the 
horizontal top scenarios are realised. 



 

 

Scenarios 
Probability of warming not exceeding X°C (%) Median of the  

peak warming (°C) 4 °C 3 °C 2 °C 1.5 °C 

IEA 80.2 8.1 0 0 3.49 

TDT 98.8 77.9 1.2 0 2.63 

EU-EA Net-Zero 100 98.8 47.7 1.2 2.02 

Net-zero 100 100 94.2 52.3 1.49 

Suppl. Table 3: Likelihoods of exceeding various climate thresholds and median peak warming for each E3ME-FTT 
scenario, using GENIE. 

 

 

 


