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Overview

   Increasing concerns over U.S. oil imports, anthropogenic climate change, and urban air quality motivate interest in alternative fuels and vehicles. Hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), and battery electric vehicles (BEVs)—known collectively as electric drive vehicles (EDVs) —may represent a clean and affordable option to meet growing U.S. light duty vehicle (LDV) demand. EDVs offer three key benefits over competing vehicle technologies: (1) reduced consumption of petroleum-based fuels,1 (2) lower refueling infrastructure costs compared to alternatives such as H2 and compressed natural gas,2 and (3) a shift in energy production from vehicles to the electricity grid, where emissions from large, centralized facilities are cheaper and easier to control.3,4  While previous work5,6,7 has applied different methodologies and models to quantify the environmental benefits of EDVs, they only consider a single point in time or employ sector-specific models or calculations that ignore the interaction of EDVs with the rest of the energy system over time. Recent analyses based on energy system models mainly focus on CO2 emissions and have been run with a limited set of scenarios,2,8,9 which make it difficult to draw insight specific to EDVs.
   This study employs an energy system model to meet the following objectives: (1) identify the conditions under which EDVs achieve high LDV market penetration in the U.S. through 2050, and (2) quantify the associated change in CO2, SO2, and NOX emissions at the national level. The model minimizes the system-wide cost of energy over time and links all sectors of the economy together through a consistent set of energy prices. Therefore, rather than characterizing the rest of the energy system through exogenous inputs and isolating the effects of EDV deployment, application of an energy system model can help characterize the broader impacts due to dynamic interactions across the energy system.
Methods

   We employ the Integrated MARKAL-EFOM System (TIMES)10, which is a widely used bottom-up, technology rich energy system model and operates on the National U.S. TIMES Dataset (NUSTD)11, constructed specifically for this analysis. TIMES performs linear optimization to identify the least-cost way to satisfy end-use demands, subject to user-imposed constraints such as emissions limits and maximum growth rates on technology capacity. Model outputs by future time period include the optimal installed capacity and utilization by technology, marginal energy prices, and emissions. We developed NUSTD, a TIMES-compatible input dataset containing fuel prices; technology cost and performance estimates; and end-use demands to represent the U.S. as a single region over the next four decades. Conceptually, NUSTD can be categorized into 4 parts: fuel supply, electric sector, transport sector, and the remaining end-use sectors (i.e., commercial, residential, industrial). Given the focus on EDV deployment, the database contains significant technological detail in the transportation and electric sectors. Fuel supply is represented by a set of exogenously specified fuel prices drawn from the output to the Annual Energy Outlook (AEO) 2012.12 The remaining end-use sectors (commercial, industrial, residential) each contain a single aggregate energy demand with no explicit representation of demand devices. While the lack of technology detail is a key simplification, we assume that technology switching in these end use sectors will have a limited effect on vehicle deployment. To address future uncertainty, we examine the effect of 5 factors on EDV deployment: crude oil and natural gas prices, a federal CO2 policy, a federal renewable portfolio standard (RPS), and EDV battery cost. To characterize possible EDV deployment over the next half century, assumed values associated with each factor are blended to create a large set of 108 scenarios that capture a wide range of potential outcomes.
Results
   The lowest EDV deployment corresponds to high natural gas prices, low oil prices, no RPS, no CO2 policy, and high battery cost. The combination of low oil prices and high battery cost prevent EDV deployment. By contrast, the highest deployment of EDVs corresponds to low natural gas prices, high oil prices, the RPS, the CO2 policy, and low battery cost. In this scenario, dramatic reductions in battery cost coupled with low electricity prices relative to liquid fuels make BEV160s and PHEV60s the most cost-effective EDV alternatives in the long run. No EDV deployment occurs with high battery costs, low oil prices, and no CO2 policy. At least 1 of these 3 scenario assumptions must change in order for EDVs to achieve some level of market penetration in 2050. The maximum EDV market share is 42% because EDV deployment is largely limited to the compact and full size vehicle classes. EDVs in larger size classes are generally not cost-effective under the broad range of scenario assumptions we tested. 
   While the scenario parameters influence EDV deployment, the EDV deployment does not in turn produce a discernible effect on total system-wide emissions. The CO2 policy has a large and direct effect on system-wide emissions. The CO2 policy imposes a binding constraint on system-wide CO2 emissions, which results in 54 scenarios with 2050 emissions of approximately 3500 MtCO2. In these cases, the SO2 and NOX also decrease because much of the conventional coal capacity in the electric sector is retired. The CO2 cap results in marginal CO2 prices of 37-125 $/tonne CO2, which all else equal, only increase EDV deployment by approximately 3%. In the 54 scenarios without CO2 policy, although low natural gas prices and the presence of the RPS do not produce an effect on EDV deployment, they do affect system-wide emissions. The RPS reduces electric sector emissions by forcing a minimum share of renewables, which produces a modest reduction in system-wide emissions. Similarly, lower natural gas prices lead to higher shares of new natural gas rather than coal capacity in the electric sector. The result is uniformly lower system-wide SO2, NOX, CO2 emissions at lower natural gas prices. 

Conclusions

   Among the scenario variables tested, oil prices and battery cost have the biggest effect on EDV deployment. The natural gas price and RPS scenarios do not have a statistically significant influence on EDV deployment. The model results do not demonstrate a clear and consistent trend toward lower system-wide emissions as EDV deployment increases. In addition to the trade-off between lower tailpipe and higher electric sector emissions associated with plug-in vehicles, the scenarios produce system-wide emissions effects that often mask the effect of EDV deployment. Therefore, it is not enough to simply incentivize the purchase of EDVs and wait for emissions benefits to accrue. The emissions benefits – if any – will depend on a broad set of future conditions. Among the scenario variables, the CO2 cap produced the largest and most consistent drop in CO2, SO2, and NOX emissions. In the absence of a CO2 policy, the promotion of clean electricity can provide direct emissions reductions and also lower the emissions footprint from vehicle charging.
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