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Supplementary Methods

Historical models
Original observations were extracted from  the multi-regional input-output (MRIO) models: EXIOBASE (49 regions, 163 economic sectors, 1995-2016 (Stadler et al., 2018)), WIOD (41 regions, 30 sectors, 1995-2009; (Dietzenbacher, Los, Stehrer, Timmer, & de Vries, 2013)), Eora (187 regions, variable sector detail, 1970-2013; (Lenzen, Kanemoto, Moran, & Geschke, 2012)) and the OECD ICIO (61 countries, 34 sectors, 1995-2011; (OECD, 2015)). A fifth MRIO model in the form of GTAP (Narayanan, Aguiar, & McDougall, 2012)  has been manipulated to give annualised estimates of PBCA (1960-2015) and CBCA (1990-2014) (Peters, Davis, & Andrew, 2012), published through the Global Carbon Project (Le Quéré et al., 2018).
The mean rate of change of all models was taken over the time series. A full analysis of relative standard deviations across the model results before and after harmonisation was produced. Such deviations are at a country level typically 10% or less, and significantly lower after indexing to 2007. Furthermore, the consumption-based accounts present a similar, albeit slightly higher, degree of variation across the models as production based emissions accounts (both in the results used here and in deeper analysis of raw data uncertainty in the literature (Karstensen, Peters, & Andrew, 2015; Lenzen, Wood, & Wiedmann, 2010; Moran and Wood, 2014; Rodrigues, Moran, Wood, & Behrens, 2018)).
Future scenarios
Future emission levels and net transfers are projected using the global Macro-Econometric Energy-Environment-Economy Model (E3ME) (Barker, Anger, Chewpreecha, & Pollitt, 2012; Mercure et al., 2018). E3ME is an econometric model consisting of a detailed representation of the economic national accounting system with equations for physical energy demand and greenhouse gas emissions. E3ME is organised around production sectors, which enables a more accurate representation of the effects of policies than is common in most macroeconomic modelling approaches. The model addresses the issues of energy security and climate stabilisation both in the medium and long terms, with particular emphasis on dynamics, uncertainty and the design and use of economic instruments, such as emission allowance trading schemes.  
We analysed two scenarios: the baseline scenario under current policies, and a scenario constructed based on the nationally determined contributions (NDCs) agreed at COP21 in Paris. The baseline projections of production-based emissions are consistent with the International Energy Agency’s World Energy Outlook 2014 Current Policies Scenario (IEA, 2014), extrapolated to 2050. The NDC scenario assumes that NDCs that are scheduled to begin in 2021 have been already gradually implemented since their announcement in 2015. Five-year NDCs are extrapolated until 2030. Trade volumes in the baseline case are extrapolated from historical data and take into account the recent slowdown in growth rates. In the NDC scenario, changes from baseline trade are estimated using the model’s econometric equations, in which trade volumes are a function of economic activity rates, relative prices and technology indices. We linked the scenarios into the historical account by benchmarking to 2007, focussing on the long-run estimates. A sensitivity analysis for key model parameters, including increased exogenous trade, is also conducted, and presented in the SI.
Many NDC targets include land-use, land-use change and forestry (LULUCF) emissions, which go beyond the scope of the current version of the E3ME model. It was therefore necessary to estimate contributions to the targets from land use and remove these contributions from the macroeconomic modelling exercise. To process the inputs into consistent targets, the main steps were therefore to, where necessary: factor out LULUCF emissions and exclude non-CO2 emissions
For the countries where LULUCF emissions are important, such as Brazil and Indonesia, we have made LULUCF emission reductions broadly consistent either with previous projections (e.g. in AR5) or using a linear extrapolation of EDGAR LULUCF emissions data.
To remove non-CO2 emissions a ‘cost-curve’ approach was applied. The US EPA(USEPA, 2013) cost curves were used to carry out the calculations. As in the case of intensity targets, there is a circular element to this calculation, as the non-CO2 emissions are not known without a carbon price, but it is not possible to model the carbon price without knowing the level of non-CO2 emissions. Although it is a fairly resource-intensive approach to the analysis, an iterative approach was therefore adopted in order to obtain consistent values.

1.1.1. E3ME Background

The structure of E3ME is based on the system of national accounts, with further linkages to energy demand, material demand and environmental emissions. The labour market is also covered in detail, including both voluntary and involuntary unemployment. In total, there are 33 sets of econometrically estimated equations, also including the components of GDP (consumption, investment, international trade), prices, energy demand and materials demand. Each equation set is disaggregated by country and by sector.
E3ME’s historical database covers the period since 1970 and the model projects forward annually to 2050. The main data sources for European countries are Eurostat and the IEA, supplemented by the OECD’s STAN database and other sources where appropriate.  For regions outside Europe, additional sources for data include the UN, OECD, World Bank, IMF, ILO and national statistics. Gaps in the data are estimated using customised software algorithms.

[bookmark: _GoBack]Linking the economy to energy consumption and CO2 emissions
Figure SI 1 shows how the three components (modules) of the model - energy, environment and economy - fit together.  Each component is shown in its own box, with its own units. The linkages between the components of the model are shown explicitly by the arrows that indicate which values are transmitted between components.
The economy module provides measures of economic activity and general price levels to the energy module; the energy module provides measures of emissions of the main air pollutants to the environment module but also returns energy prices and the output of the energy supply sector to the economy.
E3ME estimates emissions levels on a production basis. The estimation of consumption-based emissions is done outside the formal E3ME modelling framework. A separate algorithm is used to interrogate the model results for sectoral emissions and trade patterns to convert the emissions results to a consumption basis. Although the sectoral classification used in the forward-looking projections is different to that used in the historical analysis in the paper, the conceptual approach is identical (see Section 3).

[image: ]Figure SI 1: Basic structure of E3ME

The post-Keynesian, macro-econometric approach
The underlying theory of E3ME is guided by post-Keynesian economics (see e.g.(Lavoie, 2014),(King, 2015)) and the behavioural parameters are determined on this basis. The starting point is one of fundamental uncertainty(Keynes, 2013), with agents making decisions with only a limited knowledge of the possible outcomes; this precludes the possibility of optimising behaviour, either at individual level or for the system as a whole.
The modelling approach is therefore one of simulation, based on predictions of what would happen in the real world, rather than what would happen if all agents optimised. As a result, prices do not instantly adjust to equilibrium values, although they are likely to move in this direction. The key question is how behaviour is determined if not through optimisation; this is where the econometrics comes in, with the underlying assumption that information on past and current behaviour can be used for future predictions.
Together, this means that the level of production is determined by the level of demand rather than the level of production factors as in Computable General Equilibrium (CGE) models(Pollitt, Lee, & Seung-Joon, 2015). While production capacity cannot be exceeded, there is usually spare capacity within the economy and any increase in aggregate demand could potentially draw on this spare capacity, leading to an increase in production. Key properties of the model that result from this include:
· Multiplier effects are a feature of the modelling, as an initial increase to demand can draw on spare capacity (or, conversely, a decrease in demand can add to available capacity).
· Involuntary unemployment is a standard outcome from the model, as the demand for labour will rarely be sufficient to absorb all available labour.
· The activities of the financial sector, in terms of supplying credit for investment, are critical with respect to the wider economy(McLeay, Radia, & Thomas, 2014) (Pollitt and Mercure, 2018).


E3me scenario specifications
Table 1 shows the base emissions levels that were used to estimate the absolute targets. Figures include all sources of emissions, including LULUCF. Where targets are set against a BAU case, the national baseline is used to estimate an absolute level of emissions for 2030, which is then used in our modelling exercise.
For China and Taiwan, the NDC has been interpreted as CO2 emissions peaking at or before 2030. For India the NDC has been interpreted as a reduction in carbon intensity; this was calculated iteratively as both GDP and CO2 levels change in response to the carbon price. 

[bookmark: _Ref471983718]Table 1: Summary of targets
	E3ME region
	Base year
	% reduction
	GHG emissions in Base year, mtCO2e 

	EU28
	1990
	40
	5,748

	Norway
	1990
	40
	65

	Switzerland
	1990
	35
	56

	Iceland 
	1990
	40
	22

	Turkey
	BAU 2030
	21
	1,175

	Macedonia
	BAU 2030
	30
	18

	USA
	2005
	26
	7,075

	Japan
	2005
	25.4
	1,452

	Canada
	2005
	30
	779

	Australia
	2005
	26
	613

	New Zealand
	2005
	30
	82

	Russia
	1990
	25
	3,591

	Rest of Annex I
	1990
	28
	185

	China
	Peaking before 2030

	India
	Carbon intensity

	Mexico
	BAU 2030
	21
	1,110

	Brazil 
	2005
	37
	2,547

	Argentina
	BAU 2030
	15
	670

	Colombia
	BAU 2030
	20
	335

	Rest Latin America
	Level Target

	Korea  
	BAU 2030
	37
	851

	Taiwan 
	Set to same as China (Peaking before 2030)

	Indonesia
	BAU 2030
	29
	2,881

	Rest of ASEAN 
	Level Target
	

	Rest of OPEC
	Level Target

	Rest of World
	Level Target

	Ukraine
	1990
	40
	940

	Saudi Arabia
	BAU 2030
	14
	922

	Nigeria
	BAU 2030
	20
	900

	South Africa
	Level Target

	Rest of Africa
	Level Target

	Africa OPEC            
	Level Target



Table 2 shows how the targets for GHG emissions in 2030 are converted into CO2 emissions, with LULUCF emissions excluded. All figures are given in mtCO2eq.
The table only includes countries or regions where the estimated target was below the E3ME baseline values, i.e. further action beyond the baseline is required and a positive carbon price is entered into the model. It should be noted that some of the countries that did not have carbon prices set experience an increase in emissions due to carbon leakage effects; however, even factoring this in these countries remained within their targets and so no domestic carbon pricing was required.

[bookmark: _Ref471983747]Table 2: GHG and CO2 targets
	E3ME region
	GHG target for 2030
	CO2 target for 2030

	EU 28
	3,448.6
	2,880.3

	Norway
	39.1
	34.6

	Switzerland
	36.3
	31.7

	Macedonia
	12.4
	10.3

	USA
	5,235.8
	4,600.4

	Japan 
	1,083.4
	966.0

	Canada
	545.0
	446.1

	Australia
	453.8
	344.3

	New Zealand
	57.7
	42.4

	Mexico
	876.6
	634.0

	Rest Latin America
	783.0
	470.7

	Korea 
	535.9
	478.3

	Indonesia 
	920.9
	704.6

	Rest of ASEAN 
	1,233.4
	871.1

	Rest of OPEC
	1,655.2
	1,320.9

	Rest of World
	2,202.0
	1,813.2

	Saudi Arabia
	792.9
	666.7

	South Africa
	398.0
	331.2

	Rest of Africa
	1,259.9
	476.7

	Africa OPEC 
	246.5
	220.0



Table 3 compares the reductions in emissions to the E3ME baseline projections and shows the relative reduction in CO2 emissions that must be made. This forms the basis for the carbon prices that are set in the model scenario. Again, all figures are given in mtCO2e.

[bookmark: _Ref471983768]Table 3:Targets in the E3ME model
	E3ME region
	CO2 target for 2030
	E3ME baseline
	% reduction required

	EU28
	2,880.3
	3,886.0
	-25.9

	Norway
	34.6
	43.7
	-20.9

	Switzerland
	31.7
	42.6
	-25.6

	Macedonia
	10.3
	11.7
	-11.6

	USA
	4,600.4
	6,315.1
	-27.2

	Japan 
	966.0
	1,237.3
	-21.9

	Canada
	446.1
	625.5
	-28.7

	Australia
	344.3
	467.2
	-26.3

	New Zealand
	42.4
	47.7
	-11.0

	Mexico
	634.0
	658.9
	-3.8

	Rest Latin America
	470.7
	530.8
	-11.3

	Korea 
	478.3
	770.5
	-37.9

	Indonesia 
	704.6
	755.2
	-6.7

	Rest of ASEAN 
	871.1
	1,024.5
	-15.0

	Rest of OPEC
	1,320.9
	1,713.9
	-22.9

	Rest of World
	1,813.2
	3,120.8
	-41.9

	Saudi Arabia
	666.7
	694.3
	-4.0

	South Africa
	331.2
	341.2
	-2.9

	Rest of Africa
	476.7
	548.6
	-13.1

	Africa OPEC         
	220.0
	232.7
	-5.5



E3ME is designed to model specific policies and the NDCs in most cases do not specify the policies that will be implemented. Instead the NDCs provide a set of targets for emission reductions, sometimes with an indication of which sectors will contribute to making the reductions in emissions (notably for emissions from LULUCF but also relating to renewables or other specific sectors).
In order to model the NDC targets being met, it is therefore necessary to implement in the model an assumption about the measures that are put in place - a carbon price is used to do this.
While this approach is standard in the modelling community it is important to recognise that it does entail certain assumptions. For example, the carbon price is assumed to be ‘efficient’ in that it is set in a stable manner and does not e.g. over or under-shoot the necessary rate required. This is not the same as saying that an optimal outcome is achieved (as E3ME is not an optimising model) but it does mean that some market dynamics are excluded from the analysis.
The modelling approach may also under-emphasise the role that the power sector is expected to play in meeting the targets. Many countries are imposing additional regulations on the power sector (compared to e.g. industrial sectors) because the technologies to decarbonise the power sector already exist, and it is not subject to competitiveness constraints. However, by imposing a single carbon price across all sectors in the scenario, the burden is shared equally in relative terms.
In addition, the carbon price is assumed not to raise revenues – essentially meaning it is a regulation rather than a market-based instrument. Again this follows the standard modelling approach and, again, there are important limitations to this approach (e.g. the cost of complying with regulation could create jobs in support sectors). Nevertheless, the modelling is able to give a reasonable first estimate of the impacts on consumption based emissions of reducing emissions in line with the targets set in the NDCs. 

E3mE Sensitivity Analysis

The levels of emission transfers are determined by a combination of expected rates of growth in global trade and trends in emissions reduction in the traded sectors. Both factors are subject to considerable uncertainty in the projections.

To assess the robustness of our findings, we assessed sensitivities in which the projections for the two factors are modified. The sensitivities are tested on the NDC scenario and in both cases we modify the input assumptions upwards to see if it is possible to return the NDC scenario to baseline trends (i.e. prevent the flattening of the level of net emissions transfers up to 2030). The two cases are designed to show substantial amounts of variation:
· A sensitivity where global production is 10% more energy intensive by 2030 than in the scenario
· A scenario in which global trade grows by 0.6 percentage points per year more than in the baseline (and scenario)



Supplementary results

Most supplementary results are included in the Excel supplementary information, with some extracts here.

[image: ] Figure SI2 Projections of production based and consumption based emissions various regions, baseline scenario. Full numerical results available in supporting data.


[image: ]
Figure SI3 Projections of production based and consumption based emissions various regions, NDC scenario. Full numerical results available in supporting data.

Historical model variation

Results for the analysis of variation of the historical models is included in the supplementary dataset. Results are reported for overall variance between model results, and variance based on growth rates.

E3mE Sensitivity Analysis


Figure SI4 SI5 and Table 4 shows the results from the additional simulations. The solid red line shows the results from the NDC scenario, as presented in the main text. The dashed red line shows the sensitivity with the higher energy intensity and the dotted red line shows the sensitivity with additional trade. In both cases there is a modest growth in the level of emissions transfers, but it is far from sufficient to provide a return to previous trends.

These additional model results suggest that a substantial change in trends in emissions intensity and trade would be required to obtain a trend in emissions transfers that matches the historical data (or even compares to the baseline case). Overall, there is a clear new trend for the level of emissions transfers to flatten with, at most, a very slow rate of growth. 
[image: ]
Figure SI4 Projections of production based and consumption based emissions for baseline scenario under sensitivity of increased trade and higher energy intensity.
[image: ]
[bookmark: _Ref462733672]Figure SI5 Projections of production based and consumption based emissions for NDC scenario under sensitivity of increased trade and higher energy intensity.

[bookmark: _Ref516584351]Table 4: Net transfers of emissions for OECD and non-OECD countries under sensitivity of increased trade and higher energy intensity.
	
	Baseline
	Baseline-Fuel
	Baseline-Trade
	INDC
	INDC-Fuel
	INDC-Trade

	2015
	-   1,507.7 
	-   1,507.7 
	-   1,507.7 
	-   1,507.7 
	-   1,507.7 
	-   1,507.7 

	2016
	-   1,551.5 
	-   1,551.5 
	-   1,551.5 
	-   1,531.2 
	-   1,531.3 
	-   1,531.3 

	2017
	-   1,550.0 
	-   1,550.1 
	-   1,550.0 
	-   1,522.4 
	-   1,522.5 
	-   1,522.5 

	2018
	-   1,551.4 
	-   1,551.4 
	-   1,551.4 
	-   1,512.9 
	-   1,512.8 
	-   1,512.8 

	2019
	-   1,553.7 
	-   1,563.6 
	-   1,558.0 
	-   1,505.3 
	-   1,514.6 
	-   1,509.7 

	2020
	-   1,556.2 
	-   1,575.1 
	-   1,564.8 
	-   1,498.7 
	-   1,516.8 
	-   1,507.4 

	2021
	-   1,565.4 
	-   1,594.2 
	-   1,578.9 
	-   1,498.1 
	-   1,524.5 
	-   1,511.4 

	2022
	-   1,576.1 
	-   1,614.7 
	-   1,594.6 
	-   1,496.7 
	-   1,531.9 
	-   1,514.5 

	2023
	-   1,587.8 
	-   1,636.2 
	-   1,611.7 
	-   1,493.4 
	-   1,536.9 
	-   1,516.8 

	2024
	-   1,599.9 
	-   1,657.4 
	-   1,629.3 
	-   1,488.9 
	-   1,540.6 
	-   1,517.4 

	2025
	-   1,611.6 
	-   1,678.1 
	-   1,646.9 
	-   1,482.3 
	-   1,542.1 
	-   1,515.9 

	2026
	-   1,621.9 
	-   1,697.0 
	-   1,662.8 
	-   1,475.5 
	-   1,542.7 
	-   1,514.9 

	2027
	-   1,632.6 
	-   1,724.5 
	-   1,693.5 
	-   1,473.3 
	-   1,553.5 
	-   1,529.4 

	2028
	-   1,654.0 
	-   1,740.0 
	-   1,705.4 
	-   1,469.0 
	-   1,549.3 
	-   1,521.2 

	2029
	-   1,664.7 
	-   1,757.2 
	-   1,720.5 
	-   1,466.9 
	-   1,550.6 
	-   1,520.4 

	2030
	-   1,682.4 
	-   1,783.0 
	-   1,746.0 
	-   1,469.0 
	-   1,559.7 
	-   1,530.0 

	2031
	-   1,700.7 
	-   1,808.1 
	-   1,770.9 
	                -   
	                -   
	                -   

	2032
	-   1,718.2 
	-   1,834.9 
	-   1,796.7 
	                -   
	                -   
	                -   

	2033
	-   1,738.1 
	-   1,863.4 
	-   1,824.1 
	                -   
	                -   
	                -   

	2034
	-   1,758.8 
	-   1,893.1 
	-   1,853.3 
	                -   
	                -   
	                -   

	2035
	-   1,780.3 
	-   1,922.1 
	-   1,882.4 
	                -   
	                -   
	                -   

	2036
	-   1,801.7 
	-   1,953.1 
	-   1,913.9 
	                -   
	                -   
	                -   

	2037
	-   1,825.5 
	-   1,985.2 
	-   1,946.6 
	                -   
	                -   
	                -   

	2038
	-   1,849.3 
	-   2,019.6 
	-   1,981.8 
	                -   
	                -   
	                -   

	2039
	-   1,875.5 
	-   2,054.1 
	-   2,018.8 
	                -   
	                -   
	                -   

	2040
	-   1,902.3 
	-   2,090.6 
	-   2,058.7 
	                -   
	                -   
	                -   

	2041
	-   1,933.7 
	-   2,131.5 
	-   2,100.2 
	                -   
	                -   
	                -   

	2042
	-   1,966.1 
	-   2,172.5 
	-   2,141.4 
	                -   
	                -   
	                -   

	2043
	-   2,001.0 
	-   2,215.3 
	-   2,186.3 
	                -   
	                -   
	                -   

	2044
	-   2,039.8 
	-   2,256.6 
	-   2,231.3 
	                -   
	                -   
	                -   

	2045
	-   2,078.2 
	-   2,305.0 
	-   2,281.0 
	                -   
	                -   
	                -   

	2046
	-   2,120.9 
	-   2,358.4 
	-   2,331.2 
	                -   
	                -   
	                -   

	2047
	-   2,164.4 
	-   2,414.2 
	-   2,383.0 
	                -   
	                -   
	                -   

	2048
	-   2,214.2 
	-   2,475.7 
	-   2,436.5 
	                -   
	                -   
	                -   

	2049
	-   2,258.9 
	-   2,535.1 
	-   2,490.9 
	                -   
	                -   
	                -   

	2050
	-   2,315.1 
	-   2,613.5 
	-   2,551.1 
	                -   
	                -   
	                -   
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