Wells to Wheels: Environmental Implications of Natural Gas As A

Transportation Fuel

Hao Cai®, Andrew Burnham, Rui Chen, Michael Wang

Systems Assessment Group
Energy Systems Division

Argonne National Laboratory

Keywords

Natural gas vehicles; Water consumption; Greenhouse gas emissions; NOx and PM

emissions; Costs

Abstract: We assessed freshwater consumption, greenhouse gas (GHG) emissions, and air
emissions of using compressed and liquefied natural gas (NG) as transportation fuels by three
heavy-duty NG vehicles (NGV) types from a wells-to-wheels (WTW) perspective. We analyzed
freshwater consumption for NG production in major U.S. shale gas plays from recent reports
and studies. We reviewed recent literature quantifying methane leakage from the NG supply

chain and vehicle use to improve the estimates of NGV GHG emissions. Results show that NGVs
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could reduce freshwater consumption significantly and offer air emissions reduction benefits
compared to their diesel counterparts. NGV WTW GHG emissions are largely driven by the
vehicle fuel efficiency, as well as methane leakage rates of both the NG supply chain and vehicle
end use: we estimate WTW GHG emissions of NGVs to be slightly higher than those of the
diesel counterparts given the estimated WTW methane leakage. We found that the cost-
effectiveness of NGVs is impacted by incremental cost of NG storage tanks and the price
difference between NG and diesel fuels. These findings for NGVs shed light on their

environmental and economic impacts from a WTW holistic point of view.

1. Introduction

In 2015, natural gas (NG) was the most produced energy source in the U.S., accounting for 32%
of the total U.S. energy production (U.S. Energy Information Administration, 2016a). NG
production in the U.S. has increased from 23.5 trillion cubic feet (TCF) in 2006 to 32.9 TCF in
2015 (U.S. Energy Information Administration, 2016b). This is largely due to production of NG
from shale formations through the advent of horizontal drilling and high-volume hydraulic
fracturing technologies over the past decade, which increased from 2.0 TCF in 2007 to 15.5 TCF
in 2015, accounting for 47% of U.S. natural gas production currently (U.S. Energy Information
Administration, 2016b). The shale gas boom is primarily a U.S. phenomenon as Canada and
China are the only other countries that are producing commercial volumes of shale gas (U.S.
Energy Information Administration, 2016c). A large portion of the U.S. shale gas production
growth has occurred in the Marcellus play, where production reached an average of 5.7 TCF in

2015 (U.S. Energy Information Administration, 2016d), as shown in Fig. 1. Fig. B.1 shows the



geographic distribution of major shale plays in the U.S. (U.S. Energy Information Administration,

2016e).

Abundant gas reserves and increased production provides an opportunity to expand the use of
NG in various end-use sectors in the U.S. In 2015, NG is the second most consumed energy
source (29%) in the U.S., of which 35% was consumed in the electric power sector, followed by
the industrial sector (33%), residential and commercial sector (28%), and the transportation
sector (3%). The transportation sector has been explored as a growth sector for NG, as it
consumes predominantly petroleum-based fuels and accounts for 28% of the total primary
energy consumption in the U.S. (U.S. Energy Information Administration, 2016f). As the NG cost
has been consistently low lately, significant research and development has been undertaken to
transform it to fuels, such as Fischer-Tropsch diesel, dimethyl ether, and hydrogen. In addition,
significant efforts have been made to overcome technical and market barriers of its use as
compressed natural gas (CNG) and liquefied natural gas (LNG). Research needs for impact
analysis and assessment of expanding the use of NG fuels on energy consumption, emissions,

energy security, and ownership costs have been highlighted (Wang et al., 2015a).

The objective of this study is to perform a wells-to-wheels (WTW) analysis of freshwater
consumption, GHG emissions, air pollutant emissions, and ownership costs of CNG and LNG
vehicles in the heavy-duty vehicle (HDV) sector. The WTW system boundary includes the wells-
to-pump (WTP), which includes the entire NG supply chain that involves with production,
processing, transmission, storage, and distribution of NG to CNG or LNG plants, as well as the

pump-to-wheels (PTW) including refueling and use of CNG or LNG fuels by vehicles. This study



provides important results on the environmental, technological, and economic impacts of
introducing NGVs in the U.S. heavy-duty vehicle sector, which represents the second largest
and fastest growing share of transportation energy demand (U.S. Energy Information
Administration, 2016g). In this analysis, we examined three key NGV markets: refuse trucks,

transit buses, and freight trucks (TIAX, 2013), and two types of NG fuels, i.e., CNG and LNG.

1.1 Freshwater consumption

The process of hydraulic fracturing (HF, also known as “fracking”)” uses large quantities of high
pressure fluid to create fractures in a rock formation thousands of feet below the earth’s
surface and facilitate the release of shale gas and liquid (EPA, 2016). More than 90% of the HF
fluid volume is water, and the remaining portion usually consists of proppant (2%-10% of the
total volume, mostly sand) and additive chemicals (U.S. Environmental Protection Agency,
2016a; U.S. Department of Energy, 2009). Although the amount of HF fluid could vary by the
shale formation and the quality of local water, it has been estimated that a typical well may
require 2-10 million gallons of water for HF completion (Harper, 2008; Ernstoff and Ellis, 2013;
Yang et al., 2015). As the development of shale gas in the U.S. intensifies, concerns regarding its
direct environmental impacts, especially on the consumption and contamination of the surface

and ground water, have also increased.

The characteristics of various shale formations can lead to different estimated ultimate
recovery (EUR) of shale gas. As the amount of HF water is closely associated with the
production of shale gas and liquid, the water consumption factor (WCF) metric has been

introduced to reflect the quantity of water directly consumed per energy unit of the final fuel



products (Lampert et al., 2016; Clark et al., 2013). However, the EUR is an estimation of the
guantity of fossil energy that is recoverable from a well, which could vary due to time, method,
and technology of the exploration and estimation. For instance, U.S. Energy Information
Administration (EIA) estimated the EUR of the Marcellus play at 0.39 billion cubic feet
(BCF)/well (average of 1200 wells) in 2008, which increased to 5.78 BCF/well (average on 2191
wells) in 2012 (U.S. Energy Information Administration, 2016j; Staub, 2015). The US Geological
Survey assessed the Jurassic and Cretaceous rocks of the US Gulf Coast back in 2010 and
estimated a mean of 70.4 TCF of NG was contained in the Bossier and Haynesville Formations.
In an updated 2017 USGS assessment, the same regions were estimated to contain a mean of
304.4 TCF of NG, in addition to 4.0 billion barrels of oil and 1.9 billion barrels of natural gas
liquid (U.S. Geological Survey, 2017). Therefore, a sensitivity analysis of the WCFs affected by
the EUR variations seems necessary for understanding the overall impact on water depletion by

the shale gas pathways.

1.2 GHG emissions

Argonne National Laboratory has been evaluating the NG fuel pathways with a focus on
guantifying the methane leakage of the NG supply chain and its impacts on WTW GHG
emissions of NG fuel pathways and NGVs (Wang and Huang, 2000; Burnham et al., 2012;
Burnham, 2016). The National Research Council discussed GHG emissions from CNG use
primarily based on previous Argonne studies and the Greenhouse gases, Regulated Emissions,
and Energy use in Transportation (GREET) model (National Research Council, 2013). Rose et al.
(2013) found that significant reductions in life-cycle GHG and criteria air pollutant emissions

were obtained by CNG refuse trucks compared to the diesel counterparts based on real-time

5



operational data in British Columbia, Canada. WTW GHG emissions of light-duty, medium-duty,
and heavy-duty vehicles powered by NG-derived fuels, including CNG, LNG, electricity, and
hydrogen were examined and compared to their gasoline and diesel counterparts, and vehicle
fuel efficiency and methane leakage rate of the NG supply chain were found to be major drivers

to the relative GHG emission performances of NG-based vehicles (Tong et al., 2015).

Recently, new data covering previously overlooked emission sources of methane leakage
associated with the NG supply chain, such as gas gathering plants, have been collected and
provide a new opportunity to examine the GHG emission impacts of the NG industry (Zavala-
Araiza et al., 2015; Littlewood et al., 2016). In an effort to reconcile divergent estimates of
methane leakage from natural gas production through distribution obtained from top-down
and bottom-up measurements, Zavala-Araiza et al. (2015) refined sampling techniques for top-
down estimates and accounting methodologies for bottom-up estimates. Zavala-Araiza et al.
(2015) found that estimates in the Barnett shale oil and gas play using both approaches
converged with a 10% difference. While the methane leakage represented about 1.5% of
natural gas production, a small proportion of high-emitters were found responsible for half of
total methane emissions. Lately, a synthesis of methane emission data from a series of ground-
based field measurements shows that 1.7% of the methane in natural gas is emitted from the
production through distribution natural gas supply chain (Littlewood et al., 2016). Extending
this natural gas supply chain to fuel production, refueling, and end use, recent findings on CNG
and LNG refueling stations and vehicle methane emissions have identified a major information
gap on the life-cycle performance of NGVs (Clark et al., 2016). The impact of these station and

vehicle emissions is not well known and needs to be assessed on a WTW basis.



1.3 NOx and PM emissions

One of the original drivers of NGV development has been its ability to have low air pollutant
emissions. Diesel HDVs contribute substantially to nitrogen oxides (NOy) and particulate matter
(PM) emissions and to the resultant air quality effects of ground-level ozone formation driven
by NOyx and the adverse health impacts of PM (Nelson et al., 2008; Peretz et al., 2008; Pope,
2004). In 2016, 211 U.S. counties with 119 million people, about 40% of the U.S. population,
were in ozone nonattainment (i.e., not meeting the U.S. air quality standards) (U.S.
Environmental Protection Agency, 2016b). Twelve counties in California’s South Coast and San
Joaquin air basins with a total population of 20 million were designated as “extreme” ozone
nonattainment areas (U.S. Environmental Protection Agency, 2016b). These areas had ozone
values 233% higher (175 ppb) than the previous standard of 75 ppb. In 2015, the U.S.
Environmental Protection Agency (EPA) revised the ozone standard to 70 ppb, which results in

241 additional counties not meeting the standard based on 2012-2014 air quality data.

In 2016, 20 counties with 23 million people were in PM; s (PM with aerodynamic diameters less
than 2.5 micrometers) nonattainment areas with respect to the most recent 2012 annual
standard. In 2016, additional areas were in non-attainment of previous PM; 5 standards as 35
counties with 13 million people were in nonattainment of the 2006 24-hour PM; 5 standard and
13 counties with 3 million people were in nonattainment of the 1997 annual PM; 5 standard
(U.S. Environmental Protection Agency, 2016b). In total 68 counties with 39 million people are

in PMa2.s non-attainment in 2016.



These situations have led to increasingly stringent standards for NOx and PM emissions, with
the EPA tightening the HDV engine standards for both pollutants by ~98% from 1988 to 2010.
Currently, the EPA and California Air Resources Board (CARB) standards for NOx and PM are 0.2
g/bhp-hr (break horsepower-hour) and 0.01 g/bhp-hr, respectively. Because of severe air
quality concerns in California, CARB adopted optional low NOx standards in 2014, with three
levels to which engines can be certified: 0.10, 0.05, or 0.02 g/bhp-hr. In 2016, the South Coast
Air Quality Management District along with 10 other state and local agencies, petitioned the
EPA to revise the EPA HDV NOy standard to be 0.02 g/bhp-hr (South Coast Air Quality
Management District, 2016). The petition states that to meet the new 70 ppb ozone standard,

these areas will need the lower HDV engine standard for NOx emissions.

The first heavy-duty engines to meet both the EPA/CARB 2010 standards and the CARB optional
0.02 g/bhp-hr NOx standard were natural gas powered 8.9-liter (L) engines, suited for refuse,
transit, and freight (below 66,000 pounds gross vehicle weight) applications (Cummins
Westport Inc, 2016). However, to meet these standards, NGVs rely on the integration of
sophisticated engine controls and aftertreatment devices and not just the inherent qualities of
the fuel. While all engines sold today meet the EPA/CARB 2010 standards, to fully understand
the relative emissions of NGVs as compared to diesel vehicles, analysis of in-use performance is
crucial (Nylund and Koponen, 2012; Miller et al., 2013; Yoon et al., 2013; Carder et al., 2014;
Wang et al., 2015b; Quiros et al., 2016; Johnson et al., 2016; Anenberg et al., 2017; Sandhu et

al., 2017).



1.4 Economics

The rapid increase in NG production from shale formations has led to significant interest in its
use for transportation. NGVs typically have lower and more stable fuel costs than their
conventional counterparts (U.S. Department of Energy, 2017a). However, due to the cost of NG
storage tanks, NGVs cost significantly more than gasoline and diesel vehicles. In recent years,
the focus on heavy-duty NGVs in lieu of light-duty vehicles has been driven by economics (Rood
Werpy et al., 2010; Krupnick, 2011; Deal, 2012; Gao et al., 2013). Many heavy-duty vehicles are
large fuel users that are able to pay back the incremental vehicle cost via the use of lower cost
NG fuel (Johnson, 2010; Deal, 2012; National Petroleum Council 2012; Laughlin and Burnham,
2014; Jaffe et al. 2015). The literature has found that the major factors that drive the payback
of NGVs versus diesels include incremental vehicle cost, fuel price differential, vehicle usage,

and relative fuel efficiency.

2. Methodology and Data

We defined a WTW system boundary to estimate the GHG emissions, freshwater consumption,
air pollutant emissions, and costs of NGVs, as shown in Fig. 2. The NGVs we analyzed include a
Class 8 LNG combination short-haul truck, a Class 8 CNG transit bus, and a Class 8 CNG refuse
truck, in comparison to their diesel counterparts. These NGVs represent the major niche
markets that heavy-duty NGVs have entered in the U.S. (Cai et al., 2015b). The functional unit
used is one ton of freight cargo moved for one -mile (ton-mile) by HDVs, which is a common

metric used to evaluate energy and environmental performances of HDVs (NRC, 2010; Tong et



al., 2015a). Table A.1 shows the engine type, vehicle application, fuel type, and fuel source

considered in this analysis.

We employed two models to conduct the WTW analysis: 1) The GREET model (Argonne
National Laboratory, 2016) for GHG emissions, freshwater consumption, and air emissions
modelling, and 2) the Alternative Fuel Life-Cycle Environmental and Economic Transportation

(AFLEET) model for costs analysis.

2.1 Freshwater consumption

WTW freshwater consumption of NGVs is estimated with GREET, which calculates the direct
process water consumption and indirect water consumption associated with production,
processing, transportation, and distribution of NG, CNG, and LNG fuel production and
distribution. We analysed direct water consumption factors associated with shale NG
production and used them to calculate the direct water consumption of the NG supply chain.
We also used the water consumption factors characterized for various fuel production
pathways, e.g. electricity, gasoline and diesel fuels (Lampert et al., 2016) to calculate indirect

water consumption associated with the NG supply chain and the production of CNG/LNG.

Freshwater is consumed during the initial well development of conventional NG production and
during horizontal drilling and HF for shale gas production. US shale gas production from HF
increases the water intensity relative to conventional gas production (Lampert et al., 2016). To
assess the water consumption of NG production, we analyzed the latest well-specific water

consumption data available for shale gas production. For water consumption associated with
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the conventional NG production, we used the water consumption factors we determined

earlier (Lampert et al., 2016).

Eight major regions of shale gas production in the U.S. were selected in this study: Marcellus,
Utica, Barnett, Eagle Ford, Bakken, Fayetteville, Haynesville, and Woodford. States and counties
within the boundary of each region were identified according to EIA’s Drilling Productivity
Report (U.S. Energy Information Administration, 2016d) and “Major tight oil and shale gas plays
in lower 48 States” map (U.S. Energy Information Administration, 2016h). One-time HF water
consumption (gal/well) for 6565 newly fractured wells in the eight shale gas plays in 2015 were
extracted from FracFocus (FracFocus, 2016). Among the eight plays, Eagle Ford (2191), Bakken

(1403), and Marcellus (1158) had drilled the most new wells.

Because FracFocus reporting was voluntary for many states and operators, duplicated entries,
incomplete entries, and typos were first removed from all regions, which accounted for 34% of
the total reported entries. Secondly, re-entries that might indicate re-fracturing activities in
FracFocus were also identified (approximately 5% of the total reported entries) but eliminated
because lack of clarity of their physical meanings in FracFocus. Moreover, even though the
voluntary reports in FracFocus might not include all newly fractured shale wells in the U.S., the
average HF water consumption of the wells available in each region was representative due to
the normal distribution of reported wells and results from previous studies (Chen and Carter,
2016; Clark et al., 2013; Kondash and Vengosh, 2015; U.S. Environmental Protection Agency,

2015a, 2015b).
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Each well co-produces gas and oil with varying fractions. Thus, shale gas-specific water
consumption requires allocation of well-level water consumption between shale gas and shale
oil production. Multiple co-product methods may be used for this purpose with its own
strengths and limitations (Wang et al., 2011). We chose the energy-based allocation method
because shale gas and shale oil are both energy products. Since the FracFocus data does not
specify the production of gas and oil from each shale well, we applied the energy-based
allocation method based on the energy outputs of total dry shale gas and unconventional oil
products in each region where each well was located to calculate the HF water consumption

associated with dry shale gas production only, as shown in Eq. (2):

_ Eshale gas
Vshate gas = Voverain X Eq. (2)

Eoverall

where Vspgie gas is the well-specific HF water consumption that is allocated to dry shale gas
only; Voyerau is the overall HF water consumption to produce both shale gas and oil; Espgie gas
is the energy output of the total shale gas; and E, .41 i the energy output of the overall shale

gas and oil production (U.S. Energy Information Administration, 2016i).

We obtained the Egpgie gas aNd Egperqu in €ach region in 2015 from the EIA (U.S. Energy
Information Administration, 2016i). EIA does not report either dry shale gas or shale oil
production in Fayetteville or Barnett. For these plays, the allocation method was based on the
ratio of shale gas wells out of all HF wells in the FracFocus report (U.S. Environmental
Protection Agency, 2015b) and the share of dry shale gas production (U.S. Energy Information

Administration, 2016j) of the gross shale gas withdrawal, as shown in Eq. (3):
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Nshaie gas well Edry shale gas
= Voveran X . X z g Eq. (3)
Ntotal well Egross withdrawal

Vshale gas

shale gas well

N
where is the fraction of shale gas well count among all HF wells reported in EPA’s

Ntotalwell

previous study on FracFocus (U.S. Environmental Protection Agency, 2015b) (data covered the
period between January 2011 and February 2013); E 4y shaie gas IS the U.S. average of the dry
shale gas energy (U.S. Energy Information Administration, 2016i); and Egyoss withdrawat is the
U.S. average of the gross withdrawn energy from shale gas wells (U.S. Energy Information

Administration, 2016k).

The energy-based allocation factor for shale gas production ranges from about 13% for Bakken
to about 100% in Haynesville and Fayetteville in 2015. After allocation, the plays that consumed
the largest amount of HF water for shale gas production were Marcellus (9.17x10° gal/well),
Utica (8.98x10° gal/well), and Haynesville (8.71x108 gal/well), which are all gas-dominant plays,
while Bakken (0.52x10° gal/well), Barnett (2.08x10° gal/well), and Eagle Ford (2.84x10°
gal/well), which are either shale oil-dominant plays (Bakken and Eagle Ford) or produced
significantly more shale oil (Barnett) than other plays, consumed the smallest amount of HF
water. This trend, as shown in Fig. B.2, agrees with what (Gallegos et al., 2015) found that HF of
shale gas reservoirs often utilizes fluid with high water content (slickwater) whereas HF fluid for
tight oil reservoirs contains more gel and less water. The variability of HF water consumption
among plays are also attributable to other factors such as geologic characteristics, machinery

technology, and vertical and lateral length of the well (Chen and Carter, 2016).
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The volume of drilling water is considerably small compared to that of HF water (Clark et al.,
2013; Horner et al., 2016), but it may vary by region due to the differences in geologic
characteristics, drilling technology, etc. In this study, region specific drilling-to-HF water
consumption ratios (Clark et al., 2013; Mantell, 2013, 2011), as shown in Table B.1, were
adopted to calculate the average volume of drilling water use. Energy-based allocation of
drilling water ranges from 0.02x10° gal (Bakken) to 0.52x10° gal (Haynesville) per well, with a
production-weighted U.S. average at 0.20x10° gal per well. High drilling water usage in
Haynesville has been previously reported (Clark et al., 2013; Mantell, 2013, 2011). As for
Fayetteville, significantly shallower (4315 ft on average) and less dispersed true vertical depth
of studied wells might have been one of the reasons of its relatively low water requirement for

drilling.

The WCFs for drilling and HF represent the water consumed to produce a unit of energy output
of such operations. We calculated the WCFs from the play-specific water consumption
(gal/well, for both drilling and HF) divided by the average estimated ultimate recovery (EUR) of

each shale gas play.

We reviewed the gas EURs in each play estimated in previous studies. Variation in estimation of
gas EURs mostly reflected different methodologies and historical production data used to
predict the EURs. We chose EIA’s estimation when it is available (Staub, 2015), which generally

aligns well with the range of other estimates in literature, as summarized in Table B2.

The total WCF for shale gas production in 2015 that includes drilling and HF water consumption

ranges from 0.9 (Eagle Ford) to 3.4 (Utica) gal/mmBtu, with a production-weighted average at
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1.7 gal/mmBtu, as shown in Fig. 3. Some play-specific WCFs derived from this study are higher
than previously reported values (Bibby et al., 2013; Gallegos et al., 2015; Kondash and Vengosh,
2015; Mantell, 2013); for instance, Kondash and Vengosh (2015) reported 0.88 gal/mmBtu WCF
for Marcellus and 0.90 gal/mmBtu for Haynesville, which were 0.61 and 0.59 gal/mmBtu,
respectively, lower than those from this study. Differences as such are mainly caused by the
increases in the average length of the horizontal drilling and its associated HF water demand:
FracFocus reported a median of 5.79 million gallon HF water per well was required for
Marcellus formation in 2013, which jumped to 8.87 million gal/well in 2015; similarly, HF in
Haynesville formation consumed a median of 4.85 million gallon of water per well in 2013 and
8.27 million gal/well in 2015 (FracFocus, 2016; Gallegos et al., 2015). One major reason causing
this increase is the increasing annual HF water use for newly fractured wells: all data in
referenced studies reflected HF activities prior to early 2013; however, the annual HF water use
per well increased significantly in many plays between 2013 and 2015 (14% in Woodford, 51%
in Eagle Ford, 52% in Marcellus, 55% in Haynesville, 90% in Utica, and 92% in Bakken, after
energy-based allocation). Factors such as well characteristics, number of fracturing stages,
production strategy, and oil price might have caused different water consumption intensities
among different shale gas plays and induced the change in water requirement for fracturing
overtime (Bibby et al., 2013; Chen and Carter, 2016; Murray, 2013; Scanlon et al., 2014). Note
that while these WCFs represent an up-to-date estimation of the major shale gas plays in the
U.S., these WCFs are conservative estimates because we assumed that the water is freshwater
entirely due to the limitation of the FracFocus database that does not distinguish the water

sources, which might include recycled flowback or produced water, in addition to freshwater.
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2.2 GHG emissions

GREET calculates the WTW GHG emissions of carbon dioxide (CO3), nitrous oxide, and methane
(CH4) based on their 100-year Global Warming Potentials as suggested by the
Intergovernmental Panel for Climate Change in its Fifth Assessment Report for various fuel
production pathways and vehicle operations on a holistic platform. CO, emissions from fuel
combustion are calculated on a carbon mass balance basis, and non-combustion CO2 emissions
such as fugitive CO, emissions from NG fields are taken into account separately in GREET. For
the NGVs modeled in this study, we applied a fuel combustion technology-based approach to
estimating the upstream process fuel production and WTW GHG emissions of each life-cycle

stage on per mile of vehicle driven basis, using Eq. (B.1).

We analyzed the EPA’s 2016 greenhouse gas inventory (GHGI) (U.S. Environmental Protection
Agency, 2016c) along with other sources to estimate the methane leakage associated with NG
production, processing, transmission, and distribution as seen in Table C.1. The EPA’s GHGlI is
updated annually to improve its methodology and include the latest data found in other
analyses. For example, the 2016 EPA GHGI incorporated the latest Greenhouse Gas Emissions
Reporting Program data to update its emission factors and activity data for well completions
and workovers. When analyzing methane leakage, both emissions and NG throughput are
needed to develop emission factors. Using data from the U.S. EIA, we estimate the NG
throughput for NG production, processing, transmission, and distribution, as shown in Table

C.2.
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Table 1 summarizes the methane emissions as a percentage of the volumetric NG throughput
by stage for both conventional NG and shale NG supply chains. The overall NG supply chain
leakage of a unit of NG throughput is calculated based on the leakage rate of each supply chain
stage (Burnham et al., 2015), using Eq. (3). Compared to previous EPA GHGI-based updates,
these new updates show that the methane leakage rates for completion and workover have
increased significantly, and the well equipment emissions also increased dramatically due to
inclusion of emissions from gathering plants that were not considered in previous EPA GHGls.
However, the leakage from NG transportation and NG distribution has decreased significantly.
As a result, we estimated an overall methane leakage rate of 1.32% and 1.34%, respectively, for
the conventional and shale gas supply chain, which represent a slight increase compared to the
estimates on the basis of the 2015 EPA GHGI, as shown in Fig. C.1, which is mostly due to

inclusion of leakage at gas gathering plants in the 2016 EPA GHGI.

L 1
1-L)x(A-Ly)x.x(1-L,
Loveran = 1
1-L)XxA—-Ly)X..x(1—-Ly,)
=1-(1-L)XxA—-Ly)x..x(1—-1L,) Eq. (3)

Where: L, Ly, and L, are the methane leakage rates on a given NG throughput basis at supply
chain stage 1, 2, and n, respectively; and L,yerqu 1S the overall methane leakage rate on an NG

throughput basis for the entire NG supply chain.
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Our estimated methane leakage rate based on 2016 EPA GHGI is compared to previous bottom-
up measurement. For example, recent measurement of methane leakage from U.S. gas fields,
gathering facilities, and processing plants (Marchese et al., 2015), from the U.S. natural gas
transmission and storage system (Zimmerle et al., 2015) and from U.S. natural gas local
distribution systems (Lamb et al., 2015) showed that the methane leakage rate of the overall
U.S. natural gas supply chain was about 0.99%. Our estimation is also on par with and the
recent synthesis of measurements that suggested a 1.7% leakage rate between extraction and
distribution (Littlefield et al., 2017). On the other hand, top-down estimates from satellite
remote sensing and aircraft measurement suggested the methane leakage rates of specific NG
production fields could be much higher. For example, methane emissions estimate from
airborne measurements over the Uintah Basin ranged from 6.2% to 11.7% of the NG production
(Karion et al., 2013). Remote sensing of fugitive methane emissions from shale oil and gas
production Bakken and Eagle Ford showed that these emissions accounted for 2.8-17.4% and

2.9-15.3%, respectively, on a volumetric basis (Schneising et al., 2014).

Brandt et al. (2014) investigated the large discrepancy between the bottom-up measurement
and top-down satellite observation of methane leakages. They found that national scale
atmospheric measurements suggest EPA’s total methane inventory undercounts emissions by
50% (+/- 25%), though they discuss the difficulties in trying to attribute the emissions to specific
sectors, specific activities, and specific products. Those atmospheric measurements point to the
NG sector for some of the unaccounted emissions and that a small fraction of “super-emitters”
was likely an important reason why the estimates from airborne measurements were typically
higher than inventories. Brandt et al. (2014) found that the top-down studies estimating high
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leakage rates were unlikely to be representative of the NG industry because if the leakage at
those sites were commonplace, the emissions from the NG industry would exceed the
unaccounted emissions from all fossil and biogenic sources. Most recently, super-emitters were
found to cause additional emissions that could explain the gap between component-based
methane emissions as characterized in the 2016 EPA GHGI and site-based measurement of
methane emissions that were about 1/3 higher than the 2016 EPA GHGI (Marchese et al., 2015;
U.S. Environmental Protection Agency, 2016c). Another finding on the role of super-emitters
was revealed in an effort to reconcile divergent estimates (Zavala-Araiza et al., 2015). A
potentially large but normally unaccounted source of methane emissions could be abandoned
oil and gas wells, which could represent 5-8% of annual anthropogenic methane emissions in

Pennsylvania (Kang et al., 2015; Kang et al., 2016).

Model-year 2014-2018 NGVs need to comply with the EPA/National Highway Traffic Safety
Administration Phase 1 HDV fuel consumption and GHG emission standard. While NGVs use a
lower carbon fuel than diesel vehicles, NGVs have significantly higher methane emissions from
both tailpipe and crankcase (if it is not closed). In the proposal of the Phase 2 HDV fuel
consumption and GHG standards standard, EPA stated that starting in 2021 NG engine
crankcases needed to be closed. While EPA did not finalize that requirement, in 2016 Cummins
Westport released their 8.9-L ISL G Near Zero engine with closed crankcase ventilation (CCV)
and plans to have CCV on their 6.7-L ISB G and 11.9-L ISX G engine models by 2018 (Cummins
Westport Inc, 2016). We considered both cases where new NGVs have open and closed

crankcase in our emissions modeling.
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NGVs with open crankcase ventilation allows methane emissions to escape to the atmosphere
from the crankcase. Methane emissions from such NGVs have been a data gap due to limited
emission testing until West Virginia University has recently conducted a comprehensive
emission measurement study on 22 heavy-duty NGVs equipped with both the 8.9-L ISL G engine
and the 11.9-L ISX G engine (Clark et al., 2016). In-use emissions were measured for eight CNG
and six LNG refueling stations and the vehicles to provide complete PTW emission
measurement. It was found that open crankcase methane emissions are the most dominant
emission source, accounting for about 67% and 42% of the total PTW emissions for CNG refuse
trucks and LNG short-haul trucks, respectively, while this sources contributes to about 16% of
the PTW emissions for CNG transit buses (Clark et al., 2016). We used these new PTW emission
factors, as shown in Table D.1, to update the previous assumptions adopted in the GREET
model in this WTW analysis. We adopted the fuel economy assumptions for CNG and LNG
vehicles that are adopted in GREET, as shown in Table D.2, which were based on a
comprehensive literature review (Cai et al., 2015b). In this analysis, we evaluate the impact of
different supply chain and vehicle CH4 emission scenarios on the WTW GHG emissions of NGVs

in a sensitivity analysis.

2.3 Air emissions

We used the EPA’s MOVES (MOtor Vehicle Emission Simulator) 2014 model to estimate the in-
use air pollutant emission factors of the diesel heavy-duty vehicles we considered. The
emissions we simulated from MOVES2014 are: (1) volatile organic compounds (VOCs), (2) CO,
(3) NOy, (4) particulate matter less than 10 microns (PM1o), and (5) PM3s. In this analysis, we

focus on NOx and PM, as those are the air pollutant emissions that have received the most
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regulatory scrutiny for HDVs; for more details on other emissions see Cai et al. (2015b) and
Table D.4. The MOVES2014 emission factors are model-year-specific and account for the

impacts of different driving cycles.

However, MOVES2014 has several major weaknesses including not having in-use test data for
HDVs meeting the EPA/CARB 2010 standards. The in-use testing of diesels did include model
year (MY) 2007-2009 vehicles, which have diesel particulate filters to control PM, but did not
include post-MY 2010 vehicles using selective catalytic reduction (SCR) to control NOx.
Therefore, EPA made assumptions on the performance of SCR-equipped diesels (U.S.
Environmental Protection Agency, 2015c). New studies have found that in real-world operation
diesel HDVs can emit NOx at much higher rates than what their engines were certified to meet
the EPA/CARB 2010 standards (Miller et al., 2013; Carder et al., 2014; Quiros et al., 2016;
Anenberg et al. 2017; Sandhu et al., 2017). In a sensitivity analysis, we examine diesel results

from these in-use studies as compared to MOVES2014 estimates.

In addition, MOVES2014 has limited data on alternative fuel vehicles, estimating current post-
2007 stoichiometric heavy-duty NGVs by scaling in-use estimates of MY 1994-2004 lean-burn
NGVs by their relative EPA certification data (U.S. Environmental Protection Agency, 2015c).
Several studies have examined in-use emissions of stoichiometric NGVs meeting the EPA/CARB
2010 standard (Nylund and Koponen, 2012; Yoon et al., 2013; Carder et al., 2014; Wang et al.,
2015b; Quiros et al., 2016). These engines use stoichiometric combustion with cooled exhaust
gas recirculation and a three-way catalyst to meet the most recent standards, but do not need

to use particulate filters or SCR. In October 2016, Cummins Westport began production of an
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8.9-L stoichiometric engine with an improved three-way catalyst, branded the ISL G Near Zero,
meeting CARB’s optional NOx standard of 0.02 g/bhp-hr (Cummins Westport Inc, 2016). A
recent study examined the in-use emissions of a NGV using this “near-zero” stoichiometric
engine (Johnson et al., 2016). In this study we analyze the NOx and PM of NGVs meeting both
EPA/CARB 2010 (0.2 g/bhp-hr), which we refer to as “current” and CARB 0.02 g/bhp-hr

standards, which we refer to as “near-zero”.

Several types of current NG and diesel HDVs, including refuse trucks, transit buses, and freight
trucks, were tested on a chassis dynamometer over multiple duty-cycles to help understand
how real-world driving conditions influence emissions (Carder et al. 2014). In a later study, a
current NGV and several diesel freight trucks were tested on-road using portable emissions
measurement systems (Quiros et al. 2016). As theses NGVs and diesel vehicles were tested on
the same cycles, we use these studies along with MOVES2014 to understand how NGVs
compare to their conventional diesel counterparts. We then supplement the other studies in

Table D.4 to better understand variance of emissions for both current and near-zero NGVs.

Results from EPA/CARB 2010 compliant freight trucks showed that the heavy-duty NGVs had
PM emissions ranging from 80% lower to 40% higher than diesels equipped with diesel

particulate filters (DPFs), depending on the duty-cycle (Carder et al. 2014; Quiros et al. 2016). In
absolute terms, the PM emissions from all the tested NGVs and diesels with DPFs were very
low, ranging from about 1-10 mg/mi for all vehicles, which agrees well with MOVES2014 (Cai et

al., 2015b).
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The testing also showed that the current NG freight trucks had 42—95% lower NOx emissions
and that a NG refuse truck had NOx emissions ranging from 70% lower to 116% higher than
their diesel counterparts depending on the duty-cycle (Carder et al. 2014; Thiruvengadam et al.,
2015; Quiros et al., 2016). However, using relative ratios can be misleading as all the current
NGVs consistently had low NOyx ranging from 0.2—0.9 g/mi, while the diesel freight trucks NOy
ranged from 0.6-9.0 g/mi and diesel refuse ranged from 0.7—1.3 g/mi. In high-speed duty
cycles, the SCR system performs well and the diesel trucks have relatively low NOx emissions.
The test results showed that diesel engine temperatures did not reach levels to support
sustained SCR performance in duty-cycles with significant amounts of idling, low speeds, and
low engine loads, resulting in very high NOx emissions. For example, in duty-cycles representing
near-dock port and local drayage operations, the exhaust gas temperatures were below 250°C
for more than 95% of the time, which limited SCR activity and resulted in NOx emissions of 9.0
g/mi and 5.4 g/mi, respectively (Carder et al., 2014; Thiruvengadam et al., 2015). The NGVs
typically had much lower NOy emissions in duty-cycles with low speeds and low engine loads, as
diesel engine temperatures did not support sustained selective catalytic reduction

aftertreatment performance in those operations.

A limitation of these studies is that they are not a consistent comparison of engine
technologies. The natural gas and diesel engines tested were not always produced by the same
manufacturer, have the same displacement, or from the same model-year. While the diesel
trucks in Carder et al. (2014) were the first generation after 2010 standard implementation, the
truck in Quiros et al. (2016) were newer (MY 2013-2014) and in the same duty cycles showed
lower NOx emissions. As the measurements and engines are not consistent between the two
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studies, it is unclear if the reduction in NOy for the new diesel vehicles is due to original
equipment manufacturers (OEMs) improving their SCR systems. Unfortunately, there is limited
in-use emissions data on 2010-compliant NGVs versus diesel trucks, and thus it is difficult to

draw conclusions from testing results.

While OEMs see a path to 0.1 g/bhp-hr with a small reduction in fuel efficiency for diesel
vehicles, further NOx reductions would likely cause larger efficiency penalties (Eckerle, 2015).
Even with new diesel technologies, reaching 0.02 g/bhp-hr NOx levels will be challenging
(Eckerle, 2015). A CNG refuse truck equipped with a “near-zero” stoichiometric engine meeting
that standard was tested on a chassis dynamometer over several different duty-cycles (Johnson
et al., 2016). The results show similar PM emissions to the current NGVs, which is not surprising
as the focus of the engine is to reduce NOx. The “near-zero” NOx emissions were extremely low
ranging from 0.01-0.09 g/mi for hot start tests, ranging from 78-97% lower than the
corresponding results for the current NGVs (Carder et al., 2014; Johnson et al., 2016). Limited
cold start tests were done which showed slightly higher emissions 0.08-0.22 g/mi than hot
starts. The impact of cold starts on in-use NOx for both diesel and NGVs should be analyzed

further.

In this analysis, we assume that both the current- and “near-zero” NGVs have the same PM
emissions as their diesel counterparts, as recent testing shows they have very similar emission
rates. Furthermore, we assume that the refuse, transit, and freight NOx emissions are 0.9, 0.7,
and 0.2 g/mi for current NGVs, and 0.09, 0.07, and 0.05 g/mi for “near-zero” NGVs,

respectively.
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2.4 Costs

The AFLEET Tool was developed for the U.S. Department of Energy’s Clean Cities Program by
Argonne National Laboratory to estimate both the economics and environmental performance
of alternative fuel vehicles in various vocations (Burnham, 2016). We used the Simple Payback
Calculator feature of the AFLEET Tool that calculates the mileage and time needed for operating
savings to pay back the incremental acquisition cost of an NGV as compared to its conventional
counterpart; see Appendix E for a discussion of payback versus net present value analysis. The
annual operating costs included in this calculation are fuel, diesel emission control fluid (i.e.,
urea), and maintenance costs. The payback time is calculated by providing the expected annual
mileage of the vehicle. The acceptable payback time will depend on each vehicle operator as
municipal fleets may have a greater tolerance for longer paybacks than private fleets due to the

potential environmental benefits of NGVs.

As retail diesel fuel prices can be quite volatile, we examined how the cost differential between
diesel and both CNG and LNG impacts the economics of NGVs (U.S. Department of Energy,
2017a). We also examine different incremental costs of NGVs as the potential for lower cost

storage tanks improves their economic viability.

2.5 Baseline diesel vehicles

We used GREET 2016 to model the GHG emissions, water consumption, and air pollutant
emissions of MY 2015 diesel transit bus, diesel refuse truck, and diesel short-haul truck as
baseline counterparts to the NGVs. The diesel fuel production pathway in GREET has recently

been updated to address impacts of new crude sources including U.S. shale oil production in
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Bakken (Brandt et al., 2016) and Eagle Ford (Yeh et al., 2017) and Canadian oil sands (Cai et al.,
2015a), diesel fuel production (Elgowainy et al., 2014), as well as diesel vehicle tailpipe
emissions (Cai et al., 2015b). Water consumption associated with petroleum diesel produced in
U.S. refineries has recently been assessed and used in this study (Henderson, 2016). Tables D.2
and D.3 summarize the fuel economy and tailpipe NOx, PM1o, and PM3 s emission factors of the

three heavy-duty diesel vehicle types (Cai et al., 2015b).

3. Results and Discussion

3.1 WTW water consumption

WTW water consumption of NGVs provides an important angle to evaluate the environmental
and sustainable impacts of utilizing NG as a feedstock to produce transportation fuels in a water
resource constrained world. When the U.S. average NG mix that consists of 47% of shale gas
and 53% of conventional NG is the feedstock for LNG production, the LNG combination short-
haul truck has a WTW water consumption of about 0.0044 gallon per ton-mile (gal/ton-mi),
assuming that freshwater-free air or seawater cooling technology is used for process cooling in
LNG plants. This represents a reduction of WTW water by about 81% relative to that of the
diesel counterpart, as shown in Fig. 4. Diesel has higher water consumption associated with on-
shore crude oil production, as well as higher water consumption associated with the fuel

production in the refinery than NG processing and NG fuel production (Lampert et al., 2016).

Water consumption associated with NG supply chain is the major contributor, accounting for
about 78% of the WTW water consumption of the vehicle, while indirect water consumption

associated with process energy consumption in the LNG plant and with transportation of LNG
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fuel to the refueling station by truck accounted for about 22% of the WTW water consumption.
Shale gas production, of which higher water (1.7 gal/mmBtu) is consumed than conventional
NG production (0.1 gal/mmBtu), contributes to about 34% of the WTW water consumption. NG
processing that consumes mostly NG and a small amount of electricity, accounts for about 36%
of the WTW water consumption. Thomas and Burlingame (2007) reported only 1 out of 24 LNG
plants (3 out of 77 individual liquefaction trains) worldwide used freshwater cooling tower as
the cooling method. In fact, their summary of the LNG plants in existence in 2007 showed the
most common cooling method used by the LNG industry was seawater cooling (13 out of 24

plants, 54 out of 77 trains), followed by air cooling (10 out of 24 plants, 20 out of 77 trains).

On the other hand, if LNG plants use freshwater instead of air or saline water for process
cooling, LNG production would be very water use intensive, and LNG combination short-haul
truck could exhibit a WTW water consumption of as high as 0.68 gal/ton-mi with about 90 m?3 of
cooling water required to produce one ton of LNG fuel (GEA Group, 2016). Because of the
harmfully high water temperature and chlorination caused by seawater cooling system that
have raised serious public concern on safety of the marine habitat and the fishery industry, in
addition to the economic and/or operational reasons, the LNG industry nowadays has been
gradually shifting its preference to the freshwater-free air-cooling technology (GE Oil & Gas,

2007; Gaucher et al., 2015; Thuncher, 2016).

For the CNG refuse truck and transit bus, water consumption associated with the NG supply
chain, particularly shale gas recovery and NG processing, and with NG compression at CNG

stations that consumes water-intensive electricity account for about 44% and 56%, respectively,
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of their WTW water consumption. On a WTW basis, these CNG vehicles provide a great
opportunity to reduce water consumption by 62%, relative to their diesel counterparts. For all
the three NGV types, increasing production and use of shale gas from the current level would
increase their WTW water consumption. However, even if the LNG and CNG fuels are produced
entirely from shale gas, the LNG short-haul combination truck, the CNG refuse truck and the
CNG transit bus would still exhibit as much as 59%, 39%, and 39% lower WTW water

consumption, respectively, than that of their respective diesel counterparts.

We conducted sensitivity analysis to examine the impact of variation in shale gas EUR of
different plays as reported in literature on the WTW water consumption of the NGVs, as shown
in the error bars in Fig. 4. Despite the resulting variation in WTW water consumption among
different shale gas production regions in the U.S., all the NGVs still provide an opportunity to
significantly reduce the WTW water consumption relative to their diesel counterparts. Our
analysis shed new light on previous studies that have generally found that the water quantity
impacts of shale gas production are, on average, not significantly worse than those of

conventional NG production (Kuwayama et al., 2015).

3.2 WTW GHG emissions

In Fig. 5, WTW GHG emissions of the three NGVs with open crankcases versus their diesel
counterpart are displayed. In our default case, the LNG combination short-haul truck, CNG
refuse truck, and CNG transit but emit 1%, 6%, and 8% more WTW GHG emissions than their
diesel counterparts, respectively. The WTW GHG emissions of these NGVs are strongly

dependent on their vehicle fuel economy, as 71-75% of their WTW GHG emissions come from
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CO: tailpipe combustion emissions. The NG supply chain contribute 13% of the WTW GHG
emissions of the LNG combination short-haul truck. The emission contribution of the NG supply
chain is even higher for the CNG refuse truck and transit bus, accounting for about 20% of their

WTW GHG emissions.

The CNG vehicles have higher supply chain GHG emissions due to leakage from long distance
NG transmission and local NG distribution pipelines delivering to CNG refueling stations. For
LNG, liguefaction plants are typically built close to NG sources, with the NG is taken directly off
the high-pressure transmission pipelines after a short distance. CNG compression, which
consumes electricity with an energy efficiency of about 98%, is relatively a small emission
source, accounting for about 4% of the total WTW GHG emissions. LNG production and
distribution to the refueling station contributes about 11% of the total WTW GHG emissions
because of significant energy requirement in the liquefaction process, which is about 91%
efficient, (Brinkman et al., 2005) and CH4 emissions due to LNG boil-off losses during

distribution and storage.

Fig. 5 shows the WTW impact of eliminating crankcase CHa4 emissions from these NGVs. WTW
GHG emissions would be reduced by 7%, 9%, and 7%, respectively, for the LNG combination
short-haul truck, CNG refuse truck, and CNG transit bus. As a result, these NGVs would have

about the same level GHG emissions as their diesel counterparts.

Two factors largely determine whether the NGVs provide WTW GHG emission reductions as
compared to their diesel counterparts: NGV relative fuel economy and CH4 emission leakage

during the NG supply chain and vehicle use. In our sensitivity analysis, Fig. 6 shows the

29



relationship between these factors for CNG and LNG vehicles. With the default fuel economy
(15% reduction, 15% reduction, and 10% reduction) and WTW leakage rates (3.0%, 3.2%, and
2.9% for refuse, transit, and freight, respectively), these NGVs do not offer WTW GHG emission
reductions as compared to diesels. The WTW leakage rates need to be less than 2.7% for CNG
vehicles with a 15% fuel economy penalty, and less than 2.8% for LNG vehicles with a 10%
penalty to breakeven with the diesel counterpart. Thus, if NGV manufacturers can improve
both fuel economy and CHa leakage along the NG supply chain improves, NGVs can have better
GHG emission performance. However, even as the NGV industry works to reduce vehicle CHa
emissions, if supply chain CH4 emissions prove to be much larger than currently estimated,

significant fuel economy improvements will be needed to be on par with diesel vehicles.

3.3 WTW NOyx and PM emissions of NG vehicles

As shown in Fig. 7(a), WTW NOyx emissions of the diesel short-haul trucks are largely from
tailpipe emissions, while the LNG short-haul trucks have much lower vehicle emissions and
slightly higher upstream emissions. The LNG short-haul trucks show the largest relative NOx
benefit (57-64% reduction) as compared to the CNG refuse trucks (0—34% reduction) and
transit buses (2% increase — 27% reduction) versus their diesel counterparts. NOx emissions
associated with feedstock activities, such as natural gas recovery, processing, and
transportation are about 85% lower for LNG as compared to CNG, which accounts for most of
the difference between these fuels. Because of the benefit from both upstream and tailpipe
NOy emissions, the LNG short-haul trucks offer significant WTW NOyx emission reductions, about

57% for current and 64% for near-zero, compared to their diesel counterparts.

30



For CNG vehicles, the upstream NOx emissions are the major contributor to WTW emissions,
mostly due to compressors used for long distance NG transmission pipelines to the refueling
stations for CNG production (Dunn et al., 2013). Vehicle tailpipe emissions account for only
about 28-39% of the WTW emissions for the current CNG transit bus and refuse truck,
respectively. As a result, current CNG vehicles produce a similar amount of WTW NOx emissions
to their diesel counterparts. However, as transmission pipelines are not often in heavily
populated areas, the benefit from lower vehicle emissions is likely more impactful to human
health than the higher WTP emissions. The near-zero CNG vehicles reduce WTW NOy emissions

compared to diesel vehicles by about 27-34% for the transit bus and refuse truck, respectively.

As shown in Fig. 7(b), the NGVs have 14-34% lower WTW PMjio and PM3.s emissions than their
diesel counterparts, due to their lower WTP emissions. We do not show separate PM results for
current and near-zero NGVs, as they are assumed to have the same emissions. As mentioned
previously WTP emission benefits in unpopulated areas have a smaller impact on human health

than those in populated areas.

In our sensitivity analysis, we examine the impact of in-use diesel NOx emissions higher than
MOVES2014 estimates for a short-haul truck. In Fig. 8 and Fig.D.1, the current LNG, near-zero
LNG, and diesel tailpipe and WTW NOx are shown, respectively, for various duty-cycles tested
in Carder et al. (2014) and Sandhu et al. (2017). The figure shows that variability in diesel
tailpipe emissions drives the absolute difference between diesels and NGVs. The absolute
difference between current and near-zero short-haul NGVs is relatively small, though it is

somewhat larger for refuse and transit applications. In duty-cycles where SCR performs poorly,
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diesel vehicles can have many times higher tailpipe emissions compared to NGVs (e.g. 2000%
higher than current and 19000% higher than near-zero in near-dock cycle). Further research is
needed to better estimate the in-use activity and duty-cycle NOx emissions of all types of diesel

HDVs to better inform where NGVs can provide the most air quality benefits.

3.4 Costs of NG vehicles

The economics of NGVs depends on having low enough operating costs to payback the
incremental cost of storage tanks as compared to diesel vehicles. Retail natural gas prices have
been consistently around $2.30 per diesel gallon equivalent (DGE) (or $2.00 per gasoline gallon
equivalent) for more than decade (U.S. Department of Energy, 2017a). While diesel prices have
ranged from about $2 to S5 per DGE in that same time, as seen in Fig. F.1 (U.S. Department of
Energy, 2017a). Fuel prices can differ significantly by state and region, as areas such as
California consistently have higher diesel prices. In addition, many fleets using NGVs build an
on-site fueling station, which can lead to significantly lower fuel prices (Rood Werpy et al.,

2010).

However, the challenge of building NGV refueling infrastructure is that a fast-fill refueling
station, capable of filling near diesel station speeds, can cost $1 million or more, while time-fill
stations, which fill overnight can approach $1 million for a large fleet (Smith and Gonzales,
2014). Short-haul NGVs can require refueling stations along their route, while return-to-base
fleets, such refuse and transit, will fuel at a fleet depot. Currently, there are 938 public and 753

private CNG stations and 83 public and 57 private LNG stations (U.S. Department of Energy,
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2017b). While CNG stations are found in both metro areas and highways, LNG stations are

primarily found near highways.

Using the AFLEET 2016 tool and the NGV and diesel fuel economy data discussed above for
each vehicle type, we analyzed the breakeven vehicle miles traveled (VMT) to payback the NGV
incremental cost (Burnham, 2016). We analyzed a fuel price differential ranging from
$0.00/DGE to $3.00/DGE and two scenarios of NGV incremental costs to examine the sensitivity
of these two factors. The high incremental cost scenario uses default AFLEET 2016 data
representing costs today ($50,000 for refuse and short-haul trucks and $60,000 for transit
buses), while the low cost scenario assumes half of today’s incremental cost representing an
optimistic future scenario (525,000 for refuse and short-haul trucks and $30,000 for transit
buses). Following the sensitivity analysis, we examine recent CNG, LNG, and diesel prices to

examine the current economic performance of today’s NGVs.

As seen in Fig. 9(a), the high cost CNG refuse trucks are estimated to have a breakeven mileage
of 660,000 miles at a $0.50 per DGE differential, while it drops to 137,000 miles at $1.00 per
DGE and 77,000 miles at $1.50 per DGE. Refuse trucks are estimate drive about 23,400
miles/year on average, so for the above cases the payback 28.2 years, 5.9 years, and 3.3 years
respectively. The payback curves are exponential in nature and for the high cost CNG refuse

case, payback periods drop quickly beyond $0.75 per gallon.

The high cost CNG transit buses are estimated to have a breakeven mileage of 2.6 million miles
at a $0.50 per DGE differential, while it drops to 413,000 miles at $1.00 per DGE and 225,000

miles at $1.50 per DGE. Transit buses are estimate drive about 35,000 miles/year on average, so
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for the above cases the payback 73.4 years, 11.8 years, and 6.4 years respectively. The high cost

CNG transit case has payback periods that drop quickly beyond $1.25 per gallon.

The high cost LNG short-haul freight trucks have a similar curve to CNG transit buses. They are
estimated to have a breakeven mileage of 1.3 million miles at a $S0.50 per DGE differential,
while it drops to 470,000 miles at $1.00 per DGE and 285,000 miles at $1.50 per DGE. Short-
haul freight trucks are estimate drive about 170,000 miles/year on average, so for the above

cases the payback 65.0 years, 7.6 years, and 2.7 years respectively.

When looking at the low vehicle cost scenarios in Fig. 9(b), where the increment costs are
estimated to be half the high cost scenarios, the breakeven VMT is reduced in half as well.

Changes in breakeven VMT are linearly dependent on the incremental cost.

From April 2011 to October 2014, national average retail diesel prices were consistently around
$4.00 per DGE, resulting in a $1.65 per DGE price differential between retail CNG prices (U.S.
Department of Energy, 2017a). During that same time private station CNG pricing was about
$0.40 per DGE cheaper than retail CNG, and thus had more than a $2.00 differential with diesel,
which does not have private station price benefit (U.S. Department of Energy, 2017a). In 2015,
diesel prices dropped significantly and in the past two years have averaged about $2.65 per
DGE. The fuel price differential for CNG versus diesel was $0.30 per DGE for retail and $0.70 per
DGE for private stations. Historical LNG fuel price data is not available due to the limited
number of LNG stations, but the most recent available data (July — October 2016) shows that

retail LNG was priced at $0.10/DGE more than CNG.
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We utilized private station pricing to examine the current economics of CNG refuse trucks and
transit buses as we assumed they fuel at a fleet depot. At current vehicle costs and at the 2011-
2014 fuel price differential of $2.05/DGE, CNG refuse trucks have a breakeven mileage of
51,000 miles and 2.2 years. At today’s fuel price differential of $S0.70 per DGE, CNG refuse
trucks have a breakeven mileage of 261,000 miles and 11.2 years. At the 2011-2014 fuel price
differential of $2.05/DGE, CNG transit buses have a breakeven mileage of 149,000 miles and 4.3
years. At today’s fuel price differential of $0.70 per DGE, CNG refuse trucks have a breakeven

mileage of 832,000 miles and 23.8 years.

We utilized retail pricing, with the assumption that LNG cost $S0.10 more than CNG, for LNG
short-haul trucks as we assumed they fuel at public stations. At current vehicle costs and at the
2011-2014 fuel price differential of $1.55/DGE, LNG freight trucks have a breakeven mileage of
273,000 miles and 1.6 years. At today’s fuel price differential of $0.20 per DGE, LNG freight
trucks do not have a breakeven mileage as the small fuel cost savings are cancelled out by the
small increase in vehicle maintenance (Burnham, 2016). For both CNG and LNG vehicles, these

large swings in diesel prices drastically influence their economics.

4. Conclusions

Environmental impacts of NGVs from the perspective of water consumption, GHG emissions,
and NOx and PM emissions were evaluated on a WTW basis. Significant reduction in water
consumption is found for NGVs compared to their diesel counterparts, despite the variation in
water consumption associated with shale gas production in various regions. This provides an

opportunity to lessen the water stress caused by production and use of diesel in the HDV sector
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with the introduction and potential expansion of the use of CNG and LNG counterparts,
especially in regions facing severe shortage of freshwater supply. Other water resource
impacts, such as water quality, season-dependent stress on local water supply, and treatment
of produced water in gas field, are not considered in this analysis and warrant further research

despite on-going efforts.

WTW GHG emissions of NGVs are slightly higher than those of their diesel counterparts with
the methane leakage rate of the natural gas supply chain estimated based on the EPA GHGI, the
recent disclosed PTW methane emissions of NGVs, and their 10-15% fuel economy penalty.
However, new NG engine with closed crankcase design that has reached the market has similar
WTW GHG emissions. Other opportunities to reduce GHG emissions of NGVs include fuel
economy improvement of NGVs and mitigation of methane leakage associated with the NG
supply chain. However, without significant improvements in both methane leakage and fuel

economy NGVs using fossil-based NG will not provide large GHG benefits.

Current NGVs that use stoichiometric engines equipped with a three-way catalyst can provide
consistently low tailpipe PM and NOx emissions across different duty-cycles, with new near-zero
NGVs providing even lower NOx emissions. However, the absolute NOy benefits of NGVs, as
compared to diesel counterparts, is largely driven by the performance of diesel vehicle’s SCR
aftertreatment systems, which can be highly duty-cycle dependent. In applications with long
idle times, low speeds, and low loads, SCR performance can be poor, causing NOx emissions to
be several times higher than in applications where SCR performance is optimal. Further

analysis is needed on in-use duty-cycles of various types of diesel HDVs and their impact on
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NOx emissions. This information is necessary to update future versions of EPA's MOVES model
and to better understand real-world NOx emissions from the HDV sector. While NGVs provide
lower tailpipe NOx emissions, upstream emissions can be larger for CNG. Therefore, research on
the location of WTP emissions is needed to fully understand the potential for NGVs to improve

air quality and their impact on human populations.

NGVs offer the ability to reduce annual operating costs due to the low and stable cost of NG-
based fuels. However, the challenges of NGVs are the high incremental costs of NG storage
tanks and the potential high costs of NG fueling infrastructure. High fuel use heavy-duty
vehicles, such as refuse trucks, transit buses, and short-haul freight trucks offer opportunities
for NGVs to provide significant economic benefits. If fuel price differentials are more than $1.50
per DGE, these applications can provide fast paybacks. In such circumstances, NGVs may
become cost effective and penetrate the market faster, which in turn helps overcome other
technical and market barriers such as NG distribution and storage. An expansion of NGVs would
bring about benefits of less water consumption and air emissions to the U.S. transportation

sector.

Acknowledgments

This study was supported by the Vehicle Technologies Office (VTO) of the U.S. Department of
Energy’s Office of Energy Efficiency and Renewable Energy under Contract DE-AC02-
06CH11357. We thank Dennis Smith of the VTQO’s Clean Cities Program and Kevin Stork of VTO’s

Fuels and Lubricants Team for their support and guidance.

37



Reference

Argonne National Laboratory, 2016. Summary of expansions, updates, and results in GREET®
2016 Suite of models.

Anenberg, S., Miller, J., Minjares, R., Du, L., Henze, D., Lacey, F., Malley, C., Emberson, L.,
Franco, V., Klimont, Z., Heyes, C., 2017. Impacts and mitigation of excess diesel-related
NOx emissions in 11 major vehicle markets. Nature 545, 467-471, doi:
10.1038/nature22086

Bibby, K.J., Brantley, S.L., Reible, D.D., Linden, K.G., Mouser, P.J., Gregory, K.B., Ellis, B.R., Vidic,
R.D., 2013. Suggested Reporting Parameters for Investigations of Wastewater from
Unconventional Shale Gas Extraction. Environ. Sci. Technol. 47, 13220-13221.
doi:10.1021/es404960z

Brandt, A.R., Heath, G.A., Kort, E.A., O'Sullivan, F., Petron, G., Jordaan, S.M., Tans, P., Wilcox, J.,
Gopstein, A.M., Arent, D., Wofsy, S., Brown, N.J., Bradley, R., Stucky, G.D., Eardley, D.,
Harriss, R., 2014. Methane Leaks from North American Natural Gas Systems. Science,
343, 733-735. DOI: 10.1126/science.1247045

Brandt, A.R., Yeskoo, T., McNally, M.S., Vafi, K., Yeh, S., Cai, H., Wang, M.Q., 2016. Energy
Intensity and Greenhouse Gas Emissions from Tight Oil Production in the Bakken
Formation. Energy Fuels 30, 9613—9621. doi:10.1021/acs.energyfuels.6b01907

Brinkman, N., Wang, M., Weber, T., Darlington, T., 2005. GM Study: Well-to-Wheels Analysis of
Advanced Fuel/Vehicle Systems - A North American Study of Energy Use, Greenhouse
Gas Emissions, and Criteria Pollutant Emissions. Argonne National Laboratory,
https://greet.es.anl.gov/publication-4mz3q5dw (accessed 5.16.17).

Burnham, A,, Elgowainy, A., Wang, M., 2015. Updated Fugitive Greenhouse Gas Emissions for
Natural Gas Pathways in the GREET 2015 Model, Argonne National Laboratory,
https://greet.es.anl.gov/publication-fugitive-ch4-2015 (accessed 5.16.17).

Burnham, A,, Han, J., Clark, C.E., Wang, M., Dunn, J.B., Palou-Rivera, |., 2012. Life-cycle
greenhouse gas emissions of shale gas, natural gas, coal, and petroleum. Environ. Sci.
Technol. 46, 619—627. DOI: 10.1021/es201942m

Burnham, A., 2016. AFLEET Tool. URL https://greet.es.anl.gov/afleet (accessed 1.16.17).

Cai, H., Brandt, A.R., Yeh, S., Englander, J.G., Han, J., Elgowainy, A., Wang, M.Q., 2015a. Well-to-
Wheels Greenhouse Gas Emissions of Canadian Oil Sands Products: Implications for US
Petroleum Fuels. Environ. Sci. Technol. 49, 8219-8227.

Cai, H., Burnham, A., Wang, M., Hang, W., Vyas, A., 2015b. The GREET Model Expansion for
Well-to-Wheels Analysis of Heavy-Duty Vehicles (No. ANL/ESD-15/9), Argonne National
Laboratory..

California Air Resources Board, 2015. Evaluation of Particulate Matter Filters in OnRoad Heavy-
Duty Diesel Vehicle Applications.

Carder, D.K., Thiruvengadam, A., Besch, M.C., Gautam, M., 2014. In-Use Emissions Testing and
Demonstration of Retrofit Technology for Control of On-Road Heavy-Duty Engines.

Chen, H., Carter, K.E., 2016. Water usage for natural gas production through hydraulic
fracturing in the United States from 2008 to 2014. J. Environ. Manage. 170, 152-159.
doi:10.1016/j.jenvman.2016.01.023

38



Clark, C.E., Horner, R.M., Harto, C.B., 2013. Life Cycle Water Consumption for Shale Gas and
Conventional Natural Gas. Environ. Sci. Technol. 47, 11829-11836.
do0i:10.1021/es4013855

Clark, N.N., McKain, D.L., Johnson, D.R., Wayne, W.S,, Li, H., Akkerman, V., Sandoval, C.,
Covington, A.N., Mongold, R.A,, Hailer, J.T., Ugarte, O.J., 2016. Pump-to-Wheels
Methane Emissions from the Heavy-Duty Transportation Sector. Environ. Sci. Technol.
doi:10.1021/acs.est.5b06059

Cummins Westport Inc, 2016. ISL G Near Zero - Models. URL
http://www.cumminswestport.com/models/isl-g-near-zero (accessed 1.16.17).

Dunn, J., Elgowainy, A., Vyas, A., Lu, P., Han, J., Wang, M., 2013. Update to Transportation
Parameters in GREET.

Eckerle, W., 2015. Engine Technologies for GHG and Low NOx. Presentation at the Symposium
on California’s Development of Its Phase 2 Greenhouse Gas Emission Standards for On-
Road Heavy-Duty Vehicles.

Elgowainy, A., Han, J., Cai, H., Wang, M., Forman, G.S., DiVita, V.B., 2014. Energy Efficiency and
Greenhouse Gas Emission Intensity of Petroleum Products at US Refineries. Environ. Sci.
Technol. 48, 7612-7624. doi:10.1021/es5010347

Ernstoff, A.S., Ellis, B.R., 2013. Clearing the waters of the fracking debate. Michigan Journal of
Sustainability 1, 109—129. doi:http://dx.doi.org/10.3998/mjs.12333712.0001.009

FracFocus, 2016. FracFocus Chemical Disclosure Registry.

Gallegos, T.J., Varela, B.A., Haines, S.S., Engle, M.A,, 2015. Hydraulic fracturing water use
variability in the United States and potential environmental implications. Water Resour.
Res. 51, 5839-5845. d0i:10.1002/2015WR017278

Gaucher, A., Provost, J., Lang, T., 2015. DIESTA brings new wind for air-cooled LNG, in: Day-2
Conference Newspaper. Presented at the Gastech Conference & Exhibition, Singapore

GE Oil & Gas, 2007. Air cooled heat exchangers. http://site.ge-
energy.com/businesses/ge_oilandgas/en/literature/en/downloads/air_cooled_heatexc
hangers.pdf (accessed 5.26.17)

GEA Group, 2016. LNG: mini, small and medium scale.

Harper, J.A., 2008. The Marcellus Shale - An Old “New” Gas Reservoir in Pennsylvania.
Pennsylvania Geology 38, 2—-13

Henderson, R., 2016. Water Consumption in US Petroleum Refineries.

Horner, R.M., Harto, C.B., Jackson, R.B., Lowry, E.R., Brandt, A.R., Yeskoo, T.W., Murphy, D.J.,
Clark, C.E., 2016. Water Use and Management in the Bakken Shale Qil Play in North
Dakota. Environ. Sci. Technol. 50, 3275—-3282. doi:10.1021/acs.est.5b04079

Johnson, C., 2010, Business Case for Compressed Natural Gas in Municipal Fleets, NREL/TP-7A2-
47919, National Renewable Energy Laboratory, Golden, CO.

Johnson, K., Jiang, Y., Yang, J., 2016, Ultra-Low NOx Natural Gas Vehicle Evaluation ISL G NZ,
College of Engineering-Center for Environmental Research and Technology, University of
California, Riverside, CA.Kang, M., Baik, E., Miller, A.R., Bandilla, K.W., Celia, M.A., 2015.
Effective Permeabilities of Abandoned Qil and Gas Wells: Analysis of Data from
Pennsylvania. Environ. Sci. Technol. 49, 4757-4764. DOI: 10.1021/acs.est.5b00132.

Kang, M., Christian, S., Celia, M.A., Mauzerall, D.L., Bill, M., Miller, A.R., Chen, Y., Conrad, M.E.,
Darrah, T.H., Jackson, R.B., 2016. Identification and characterization of high methane-

39



emitting abandoned oil and gas wells. Proc. Natl. Acad. Sci. 113, 13636-13641. doi:
10.1073/pnas.1605913113

Karion, A., Sweeney, C., Pétron, G., Frost, G., Michael Hardesty, R., Kofler, J., Miller, B.R.,
Newberger, T., Wolter, S., Banta, R., Brewer, A., Dlugokencky, E., Lang, P., Montzka, S.A.,
Schnell, R., Tans, P., Trainer, M., Zamora, R., Conley, S., 2013. Methane emissions
estimate from airborne measurements over a western United States natural gas field.
Geophys. Res. Lett. 40, 4393-4397. doi:10.1002/grl.50811

Kondash, A., Vengosh, A., 2015. Water Footprint of Hydraulic Fracturing. Environ. Sci. Technol.
Lett. 2, 276-280. doi:10.1021/acs.estlett.5b00211

Kuwayama, Y., Olmstead, S., Krupnick, A., 2015. Water Quality and Quantity Impacts of
Hydraulic Fracturing. Curr. Sustain. Energy Rep. 2, 17-24.

Lamb, B.K., Edburg, S.L., Ferrara, T.W., Howard, T., Harrison, M.R., Kolb, C.E., Townsend-Small,
A., Dyck, W., Possolo, A., Whetstone, J.R., 2015. Direct Measurements Show Decreasing
Methane Emissions from Natural Gas Local Distribution Systems in the United States.
Environ. Sci. Technol. 49, 5161-5169. doi:10.1021/es505116p

Lampert, D., Cai, H., Elgowainy, A., 2016. Wells to wheels: water consumption for
transportation fuels in the United States. Energy Environ. Sci. 9, 787-802.
doi:10.1039/C5EE03254G

Littlefield, J.A., Marriott, J., Schivley, G.A., and Skone, T.J., 2017. Synthesis of recent ground-
level methane emission measurements from the U.S. natural gas supply chain. J. Clean.
Prod., 148, 118-126.

Mantell, M., 2013. Recycling and reuse of produced water to reduce freshwater use in hydraulic
fracturing operations.

Mantell, M., 2011. Produced Water Reuse and Recycling Challenges and Opportunities Across
Major Shale Plays.

Marchese, A.J., Vaughn, T.L., Zimmerle, D.J., Martinez, D.M., Williams, L.L., Robinson, A.L.,
Mitchell, A.L., Subramanian, R., Tkacik, D.S., Roscioli, J.R., Herndon, S.C., 2015. Methane
Emissions from United States Natural Gas Gathering and Processing. Environ. Sci.
Technol. 49, 10718-10727. doi:10.1021/acs.est.5b02275

Miller, W., Johnson, K.C., Durbin, T., Dixit, P., 2013. In-Use Emissions Testing and Demonstration
of Retrofit Technology for Control of On-Road Heavy-Duty Engines.

Murray, K.E., 2013. State-Scale Perspective on Water Use and Production Associated with Oil
and Gas Operations, Oklahoma, U.S. Environ. Sci. Technol. 47, 4918-4925.
doi:10.1021/es4000593

Nelson, P.F., Tibbett, A.R., Day, S.J., 2008. Effects of vehicle type and fuel quality on real world
toxic emissions from diesel vehicles. Atmos. Environ. 42, 5291-5303.
doi:10.1016/j.atmosenv.2008.02.049

Nylund, N.-O., Koponen, K., 2012. Fuel and Technology Alternatives for Buses: Overall Energy
Efficiency and Emission Performance.
http://www?2.vtt.fi/inf/pdf/technology/2012/T46.pdf (accessed 5.15.17)

Peretz, A., Sullivan, J.H., Leotta, D.F., Trenga, C.A., Sands, F.N., Allen, J., Carlsten, C., Wilkinson,
C.W,, Gill, E.A., Kaufman, J.D., 2008. Diesel Exhaust Inhalation Elicits Acute
Vasoconstriction in Vivo. Environ. Health Perspect. 116, 937-942.

40


http://www2.vtt.fi/inf/pdf/technology/2012/T46.pdf

Pope, C.A., 2004. Air pollution and health - good news and bad. N. Engl. J. Med. 351, 1132—-
1134. doi:10.1056/NEJMe048182

Quiros, D.C., Thiruvengadam, A., Pradhan, S. et al. 2016, Real-World Emissions from Modern
Heavy-Duty Diesel, Natural Gas, and Hybrid Diesel Trucks Operating Along Major
California Freight Corridors, Emiss. Control Sci. Technol. 2: 156. doi:10.1007/s40825-
016-0044-0

Rood Werpy, M., Santini, D., Burnham, A., Mintz, M., Systems, E., 2010. Natural Gas Vehicles:
Status, Barriers, and Opportunities. (No. ANL/ESD/10-4). Argonne National Laboratory
(ANL).

Rose, L., Hussain, M., Ahmed, S., Malek, K., Costanzo, R., Kjeang, E., 2013. A comparative life
cycle assessment of diesel and compressed natural gas powered refuse collection
vehicles in a Canadian city. Energy Policy, 52, 453-461.
http://dx.doi.org/10.1016/j.enpol.2012.09.064

Sandhu, G.S., Sonntag, D., Sanchez, J., 2017. In-Use Emission Rates for MY 2010+ Heavy-Duty
Diesel Vehicles, CRC On-Road Vehicle Emissions Workshop, Long Beach, CA

Scanlon, B.R., Reedy, R.C,, Nicot, J.-P., 2014. Comparison of Water Use for Hydraulic Fracturing
for Unconventional Qil and Gas versus Conventional Qil. Environ. Sci. Technol. 48,
12386-12393. d0i:10.1021/es502506v

Schneising, O., Burrows, J.P., Dickerson, R.R., Buchwitz, M., Reuter, M., Bovensmann, H., 2014.
Remote sensing of fugitive methane emissions from oil and gas production in North
American tight geologic formations. Earths Future 2, 2014EF000265.
doi:10.1002/2014EF000265

Smith, M., Gonzales, J., 2014. Costs Associated with Compressed Natural Gas Vehicle Fueling
Infrastructure.

South Coast Air Quality Management District, 2016. Petition to EPA for Rulemaking to Adopt
Ultra-Low NOx Exhaust Emission Standards for On-Road Heavy-Duty Trucks and Engines.

Staub, J., 2015. The Growth of U.S. Natural Gas: An Uncertain Outlook for U.S. and World
Supply. URL http://www.eia.gov/conference/2015/pdf/presentations/staub.pdf
(accessed 6.28.16).

Thiruvengadam, A., Besch, M.C., Thiruvengadam, P., Pradhan, S., Carder, D., Kappanna, H.,
Gautam, M., Oshinuga, A., Hogo, H., Miyasato, M., 2015. Emission Rates of Regulated
Pollutants from Current Technology Heavy-Duty Diesel and Natural Gas Goods
Movement Vehicles. Environ. Sci. Technol., 49(8), 5236-5244.

Thomas, C., Burlingame, R., 2017. Direct seawater cooling in LNG liquefaction plants. Presented
at the 15th International Conference & Exhibition on Liquefied Natural Gas (LNG 15),
Barcelona, Spain

Thuncher, J., 2016. Sea-cooling system out, air-cooling system in [WWW Document]. Squamish
Chief. URL http://www.squamishchief.com/news/local-news/sea-cooling-system-out-
air-cooling-system-in-1.2371049 (accessed 4.28.17)

TIAX, 2013. U.S. and Canadian Natural Gas Vehicle Market Analysis: Comparative and Scenario
Analysis.

Tong, F., Jaramillo, P., Azevedo, |.M.L., 2015a. Comparison of Life Cycle Greenhouse Gases from
Natural Gas Pathways for Medium and Heavy-Duty Vehicles. Environ. Sci. Technol. 49,
7123-7133. d0i:10.1021/es5052759

41



Tong, F., Jaramillo, P., and Azevedo, I., 2015b. Comparison of Life Cycle Greenhouse Gases from

u.s.

u.s.

u.S.

u.S.

u.S.

u.S.

u.S.

u.S.

u.s.

u.s.

u.s.

u.s.

u.s.

u.s.

u.S.

u.S.

u.S.

Natural Gas Pathways for Light Duty Vehicles. Energy & Fuels, 29(9), 6008-6018. DOI:
10.1021/acs.energyfuels.5b01063

Department of Energy, 2009. Modern Shale Gas Development in the United States: A
Primer. U.S. Department of Energy: Office of Fossil Energy, and National Energy
Technology Laboratory

Department of Energy, 2017a. Alternative Fuels Data Center: Fuel Prices. URL
http://www.afdc.energy.gov/fuels/prices.html (accessed 5.19.17).

Department of Energy, 2017b. Alternative Fuels Data Center: Alternative Fueling Station
Locator. URL http://www.afdc.energy.gov/locator/stations/ (accessed 1.16.17).

Energy Information Administration, 2016a. U.S. Energy Facts. URL
http://www.eia.gov/energyexplained/?page=us_energy _home (accessed 1.13.17).

Energy Information Administration, 2016b. U.S. Natural Gas Gross Withdrawals from Shale
Gas (Million Cubic Feet). URL
http://www.eia.gov/dnav/ng/hist/ngm_epg0_fgs_nus_mmcfa.htm (accessed 6.27.16).

Energy Information Administration, 2016c. Shale gas and tight oil are commercially
produced in just four countries - Today in Energy - U.S. Energy Information
Administration (EIA). URL http://www.eia.gov/todayinenergy/detail.cfm?id=19991
(accessed 6.27.16).

Energy Information Administration, 2016d. Drilling Productivity Report. URL
http://www.eia.gov/petroleum/drilling/#tabs-summary-2 (accessed 1.8.17).

Energy Information Administration, 2016e. Shale in the Unites States. URL
https://www.eia.gov/energy_in_brief/article/shale_in_the_united_states.cfm (accessed
6.27.16).

Energy Information Administration, 2016f. Energy Use for Transportation. URL
http://www.eia.gov/energyexplained/?page=us_energy_transportation (accessed
1.13.17).

Energy Information Administration, 2016g. Annual Energy Outlook 2016. URL
http://www.eia.gov/outlooks/aeo/ (accessed 1.13.17).

Energy Information Administration, 2016h. Major Tight Oil and Shale Gas Plays in Lower 48
States.

Energy Information Administration, 2016i. U.S. tight oil production - selected plays, Shale in
the United States.

Energy Information Administration, 2016j. U.S. dry shale gas production, Shale in the
United States.

Energy Information Administration, 2016k. Gross withdrawals from shale gas wells, Natural
gas gross withdrawals and production.

Environmental Protection Agency, 2015a. Assessment of the potential impacts of hydraulic
fracturing for oil and gas on drinking water resources. Washington, D.C.

Environmental Protection Agency, 2015b. Analysis of hydraulic fracturing fluid data from
the FracFocus Chemical Discrosure Registry 1.0. Washington, D.C.

Environmental Protection Agency, 2015c, Exhaust Emission Rates for Heavy-Duty On-road
Vehicles in MOVES2014, EPA-420-R-15-015a,
https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100NO46.pdf (accessed 5.15.17)

42


https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100NO46.pdf

U.S. Environmental Protection Agency, O., 2016a. Hydraulic Fracturing for Qil and Gas: Impacts
from the Hydraulic Fracturing Water Cycle on Drinking Water Resources in the United
States (Final Report) (No. EPA/600/R-16/236F). Washington, DC

U.S. Environmental Protection Agency, O., 2016b. Nonattainment Areas for Criteria Pollutants
(Green Book). URL https://www.epa.gov/green-book (accessed 1.16.17).

U.S. Environmental Protection Agency, O., 2016c. U.S. Greenhouse Gas Inventory Report: 1990-
2014. URL https://www.epa.gov/ghgemissions/us-greenhouse-gas-inventory-report-
1990-2014.

U.S. Geological Survey, 2017. USGS Estimates 304 Trillion Cubic Feet of Natural Gas in the
Bossier and Haynesville Formations of the U.S. Gulf Coast [WWW Document]. URL
https://www.usgs.gov/news/usgs-estimates-304-trillion-cubic-feet-natural-gas-bossier-
and-haynesville-formations-us-gulf (accessed 5.26.17)

U.S. National Research Council (NRC), 2013. Transitions to Alternative Vehicles and Fuels. The
National Academies Press, Washington, DC.

Wang, M. Q., Huang, H. S., 2000. A Full Fuel-Cycle Analysis of Energy and Emissions Impacts of
Transportation Fuels Produced from Natural Gas. Argonne National Laboratory (ANL),
Argonne, IL.

Wang, M., Huo, H., Arora, S., 2011. Methods of dealing with co-products of biofuels in life-cycle
analysis and consequent results within the U.S. context. Energy Policy, Sustainability of
biofuels 39, 5726-5736. doi:10.1016/j.enpol.2010.03.052

Wang, M., Zigler, B., Polsky, Y., 2015a. Research and Development Needs to Enable the
Expansion of Natural Gas Use in Transportation. URL
https://greet.es.anl.gov/publication-rd-ng-transportation (accessed 1.13.17).

Wang, X., Pradham, S., Thiruvengadam, A., Besch, M., Thiruvengadam, P., Quiros, D., Hu, S.,
Huai, T., 2015b. In-Use Evaluation of Regulated, Ammonia and Nitrous-Oxide Emissions
from Heavy-Duty CNG Transit Busses Using a Portable FTIR and PEMS. Presented at the
Portable Emissions/Activity Measurement Systems International Conference &
Workshop, Riverside, CA.
http://www.cert.ucr.edu/events/pems2015/liveagenda/09quiros.pdf (accessed 5.15.17)

Yang, L., Grossmann, |.E., Mauter, M.S., Dilmore, R.M., 2015. Investment optimization model
for freshwater acquisition and wastewater handling in shale gas production. AIChE J. 61,
1770-1782. doi:10.1002/aic.14804

Yeh, S., Ghandi, A., Scanlon, B.R., Brandt, A.R., Cai, H., Wang, M.Q., Vafi, K., Reedy, R.C., 2017.
Energy Intensity and Greenhouse Gas Emissions from Qil Production in the Eagle Ford
Shale. Energy Fuels. doi:10.1021/acs.energyfuels.6b02916

Yoon, S., Collins, J., Thiruvengadam, A., Gautam, M., Herner, J., Ayala, A., 2013. Criteria
Pollutant and Greenhouse Gas Emissions from CNG Transit Buses Equipped with Three-
Way Catalysts Compared to Lean-Burn Engines and Oxidation Catalyst Technologies. J.
Air Waste Manage. Assoc. 63(8):926-933

Zavala-Araiza, D., Lyon, D.R., Alvarez, R.A., Davis, K.J., Harriss, R., Herndon, S.C., Karion, A., Kort,
E.A,, Lamb, B.K,, Lan, X., Marchese, A.J., Pacala, S.W., Robinson, A.L., Shepson, P.B.,
Sweeney, C., Talbot, R., Townsend-Small, A., Yacovitch, T.l., Zimmerle, D.J., and
Hamburg, S.P., 2015. Reconciling divergent estimates of oil and gas methane emissions.
Proc. Natl. Acad. Sci., 112(51), 15597-15602.

43


http://www.cert.ucr.edu/events/pems2015/liveagenda/09quiros.pdf

Zimmerle, D.J., Williams, L.L., Vaughn, T.L., Quinn, C., Subramanian, R., Duggan, G.P., Willson,
B., Opsomer, J.D., Marchese, A.J., Martinez, D.M., Robinson, A.L., 2015. Methane
Emissions from the Natural Gas Transmission and Storage System in the United States.
Environ. Sci. Technol. 49, 9374-9383. doi:10.1021/acs.est.5b01669

44



