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Overview
Production and reserves of unconventional natural gas (mostly shale gas) have increased over the course of the last few years (EIA, 2013a & 2013b). The use of natural gas in the transportation sector has so far been low (EPA, 2013). Having a domestic low cost abundant fossil fuel has stimulated strong industrial and policy interest in making natural gas an important fuel for road transportation (ACCD, 2012; EIA 2013c; Pirog, 2012). Efforts have been devoted to assess the environmental performance of alternative fuel pathways, either on a range of fuel-vehicle pathways (Wang et al., 2000; NRC, 2010), or with a focus on a specific fuel (Jacobson et al., 2005; Hill et al., 2005; Jaramillo, et al. 2008; Samaras et al. 2008; Huo et al., 2009; Michalek et al., 2011; Nopmongcol et al., 2011; Venkatesh, 2011), or yet with a focus on specific regions (Allaban et al. 2007; Chester et al., 2010; NRC, 2010; Mashayekh et al., 2011). Outdated data, narrowed focus on studied pathways and different assumptions have limited the applications of findings from existing studies. Natural gas-based fuel pathways have seldom been the center of these studies as natural gas supply was thought to be limited until recently.
Methods
We expand the scope of previous studies and evaluate a broad set of natural gas pathways for both light-duty vehicles and heavy-duty vehicles (Figure 1). We estimate life cycle greenhouse gas (GHG) emissions of natural gas-derived fuels and compare them with conventional gasoline and diesel pathways. GHG emissions are estimated for the full life cycle. Vehicle manufacturing is not included in the system boundary, but emissions from battery manufacturing are included. We use Monte-Carlo simulations to explicitly assess the uncertainty in natural gas upstream (using data from Allen et al, 2013; EIA, 2013; EPA, 2013) and fuel production technologies. Sensitivity analysis is performed on the source of electricity used in the life cycle and on the global warming potentials (GWP).
We also estimate the damage reduction benefits from natural gas-derived fuel pathways with regard to reduced tailpipe criteria air pollutants (CAP, including SOx, NOx, CO, PM2.5 and VOCs) compared to gasoline passenger vehicles. Tailpipe emissions are estimated using the GREET model (ANL, 2013) with updated parameters. We rely on the AP2 model (Muller, 2011) to estimate the monetary reductions of health and non-climate damages. 
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Figure 1: Study system boundary of natural gas pathways. The final two columns indicate whether the pathway is for passenger vehicle, semi-trailer truck or both. Abbrevations: CNG, compressed natural gas; HEV, hybrid electric vehicle; FCV, fuel cell vehicle; PHEV -X, plug-in electric vehicle with an all electric range of X kilometers; LH2, liquid hydrogen; GH2, gaseous hydrogen.

Results
We present preliminary results of lifecycle GHG emission comparisons in Figure 2. We find that PHEVs (charged with natural gas-based electricity) and hydrogen-based vehicles are likely to provide reductions of life cycle greenhouse gas emissions compared to conventional vehicles that run on gasoline and diesel. CNG could also reduce emissions, but these reductions are likely to be lower than what could be achieved with hydrogen FCV and PHEVs.
In terms of health and non-climate damages, we find significant geographical variations of reduction benefits for all pathways (CNG and PHEV60 reduction benefits shown in Figure 3). PHEV60 provides large reductions in driving emissions, but urban air pollution benefits for CNG are small and concentrated in few urban areas.
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[bookmark: _Ref376502045][bookmark: OLE_LINK18][bookmark: OLE_LINK19]Figure 2 Life cycle GHG emissions of natural gas-derived fuels for LDV. (FTG1 and FTG2 are short for F-T gasoline with and without CCS, respectively; LH2c, GH2c, and GH2d refer to LH2 produced centrally, GH2 produced centrally and GH2 produced at refuelling stations.)
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Figure 3 Health and non-climate damage reduction benefits of alternative natural gas-derived pathways compared to conventional gasoline pathway. Each figure represents damage reduction benefits for one pathway. The unit is 2012 cent/km. Colors are used to indicate the scale of reduction benefits.
Conclusions
We find that using natural gas for road transportation doesn’t necessarily provide environmental and health air emission benefits compared to existing petroleum-based pathways. GHG emission potentials and CAP emission reduction benefits are determined by how and where to use natural gas for road transportations. Thus, government and industry should work together to make sure natural gas provides environmental benfits rather than environmental burdens to the society by replacing gasoline in road transportations. 
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