Counting consumption-based energy system emissions: linking an energy system and eeio model for the UK
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Overview
Nearly a quarter of global GHG emissions are due to trade that is not captured in current policy, and the difference between production emissions and emissions associated with consumption is growing. In the absence of a global emissions agreement and with different levels of ambition between countries, there is increasing concern for countries with ambitious GHG mitigation targets that emissions are being exported rather than reduced, and territorial reductions are being offset because of carbon leakage. Consumption-based accounting can be a robust and effective means of mitigating the carbon leakage effect, and studies have shown that there is a need to include consumption-based indicators as a complement to production-based accounts. Further, there is growing policy recognition that consumption based accounting is needed to achieve significant carbon reductions on a global level, yet there are few studies which address this issue within energy system analysis and other quantitative policy analysis. 

The growing gap between consumption and production emissions motivates two important questions: 
· What are the global implications of current energy system pathways based on territorial (production based) emissions accounting? 
· How would energy and climate change policy change were emissions counted on the basis of consumption rather than on production? 

Climate policy analyses have a strong focus on decarbonisation pathways for energy systems, and bottom-up energy system models have long underpinned these studies. We expand one such existing model to enable us to look at these questions for the first time by taking into account the full lifecycle GHG emissions, including indirect and leaked carbon emissions, associated with energy infrastructure, trading, construction and manufacture, within an energy system model. We differentiate between domestic indirect emissions, which arise from the domestic manufacturing and construction of energy system infrastructure and technologies, and imported emissions, arising from emissions caused abroad for the supply of energy domestically. 

The UK is used as a case study for this paper. The UK government has set an ambitious decarbonisation target for 2050, requiring territorial emissions to be reduced by 80% on 1990 levels. The government is however increasingly recognising that emissions savings already achieved are undermined by carbon leakage. The motivations for this study are equally highly relevant to other developed and developing counties who engage in international trade. Moreover, the methodology is applicable depending on data availability.

Methods
The methodology is based on linking two established energy-economic models for the UK: the UK TIMES Model (UKTM), a bottom-up energy system model, and a multi-regional, environmentally extended input-output (MR-EEIO) model. 

UKTM is a newly developed energy system model for the UK, as a successor to UK MARKAL. As a  partial equilibrium, cost optimization model of the complete UK energy system, it calculates optimal investment for the UK to reach ambitious 2050 climate targets based on alternative fuel and technology pathways. UKTM is based on a strong pedigree of models with a history of significant policy contribution in the UK. 

The MR-EEIO model calculates the lifecycle emissions associated with all energy technologies, infrastructure and trade in the UK. Input-output analysis converts monetary flows to physical flows (for example greenhouse gas emissions) between sectors in an economy and uses the composition of purchases for an average economic sector from a country’s National Accounts to estimate the environmental impact along the full supply-chain of a product.

Figure 1 describes the process of including and balancing indirect emissions across the energy system. We project forward scenarios of future international indirect emissions based on assumptions around the UK trade balance in different economic sectors, and the level of decarbonisation of the rest of the world, to estimate the sensitivity of results to alternative futures. 

[bookmark: _Ref357094513]Figure 1: Simplified UKTM energy system with addition (+) and removal (-) of indirect emissions (domestic and international) 
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Results
Results show firstly that balancing domestic indirect emissions within the energy system model does not significantly change least-cost energy system pathways, and that uncertainties surrounding new low-carbon technology costs and attributes are likely to dominate the effect of domestic indirect emissions. 

Secondly, we find significant carbon leakage from the UK for the supply of energy, via imported electricity and biofuels, and via lifecycle emissions from the manufacture of imported energy technologies. The level of carbon leakage is very sensitive to the rate that energy technologies and fuels are imported versus produced domestically, and the rate at which other regions decarbonise in the future. 

Thirdly, we present the least-cost energy system formulation when a consumption-based accounting system is in place for the UK, showing the robustness of current pathways in the face of uncertain future objectives. 

Conclusions
The IPCC’s latest Special Report on Renewable Energy Sources and Climate Change Mitigation recognises the important contribution life-cycle analysis can play in informing the evidence base for climate change mitigation policy. A key issue explored in this research is how important lifecycle emissions are for the feasibility of stringent emissions targets. A second key issue is in the relative costs imposed on an OECD country like the UK under fuller emissions accounting. A third key issue is in the robustness of the optimal decarbonisation pathways and results energy mix under full accounting. 
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