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Overview
To decarbonize the U.S. economy over the next 35 years, a large transformation of the energy system is necessary. The main finding of this study is that it is technically feasible to achieve 80% GHG emissions reduction below 2005 levels by 2050 through deployment of existing or near-commercially available technologies.  GHG reductions are primarily achieved through high levels of electricity sector decarbonization, electrification of end uses, and switching the remaining end-uses to lower carbon fuels (such as natural gas). However, deep decarbonization by 2050 triggers very high CO2 emissions shadow prices, unless significant cost reductions of zero and near-zero carbon technologies occur, particularly, carbon capture and storage (CCS). 

Method

[bookmark: _Hlk485365249][bookmark: _Hlk485724856]In this study, we utilized the MARKAL integrated energy systems modeling platform with a modified version of the EPA 9-region U.S. energy system database (EPAUS9r). MARKAL is a bottom-up, dynamic, linear programming optimization energy system model to find the cost-optimal long-term pathway within the context of the entire energy system. MARKAL represents energy imports and exports, domestic production of fuels, fuel processing, infrastructures, secondary energy carriers, end-use technologies and energy service demands of the entire economy. We adopted and modified the publicly available EPAUS9r2014 database. 

Results
The results show that CO2 reduction policies accelerate the deployment of renewables and CCS only in the scenarios where the decarbonization policies are more stringent than the Clean Power Plan (CPP). Electricity generation mixes in reference scenarios are largely dependent on natural gas price, but also show significant sensitivity to cost reductions in CCS. When increased CCS learning rates are incorporated into the model runs, more CCS is optimal in the near-term and long-term future in the scenarios with CO2 constraints.  An 80% reduction scenario also prompts electrification in end-use demand sectors, most notably in light duty transportation and the commercial sectors, therefore by 2050 electricity usage is 40% higher than in reference scenario creating even more dependence on CO2 management in the electricity generation sector. 
[image: ]
Fig. 1. System-wide CO2 Emissions: Historical (1955-2015) and Projections (2005-2050). Left-hand “Window” shows system-wide CO2 in 1870-2015 and scenarios projections. Solid lines indicate EMF 32 scenarios and dotted lines display corresponding scenarios with R&D goals. 

Conclusions
Though uncertainties on technological change, economic growth, and political agendas affect the scenario projections, the following conclusions emerge from this study:

· The U.S. could achieve an 80% CO2 emission reduction by 2050, but the costs of replacing fossil fuels will be quite substantial and the change to the nation’s energy infrastructure would be unprecedented. Thus, without the improvements in costs and performance from CCS, a lower long-term reduction target (e.g. 50% reduction below 2005) could be more realistic. 
· [bookmark: _GoBack]There are inconsistencies between the long-term COP 21 goals and near-term mitigation ambitions, such as CPP. Our analysis reveals that there clearly is momentum towards decarbonization in the short-term future in majority of reference, CPP and CO2 taxation scenarios, then scenarios miss COP 21 targets without further action or technological improvement.   
· Improvements in the performance and costs of CCS are uneconomic for CO2 emissions reductions under reference and CPP scenarios unless natural gas prices are high.
· In the scenarios with CO2 constraints, decarbonization occurs principally in the power sector alone. Currently emissions from the transportation sector account for about 40 % of CO2 emissions, so increasing the deployment of low-emission or emissions-free vehicles is a crucial part of meeting climate change targets.  
The viability of deep decarbonization by 2050, if the U.S. follows the current policy pathway until 2020 or 2025 before pursuing the long-term mitigation target, could be achievable with radical efforts. This has severe effects on transformation pathways and reaching the target with lower near-term goals implies faster and more aggressive alterations of energy systems and high long-term mitigation costs.  

Although CCS has not been deployed in energy applications beyond the demonstration level, our scenarios with and without CCS R&D goals, as well as the literature reviewed, indicate that CCS could play a very important role under stringent climate targets. Thus, accelerated support and funding for the large‐scale CCS demonstrations is crucial for the fulfillment of both short and long-term emissions reductions targets. 
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