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Abstract

Natural gas has gained attraction as an alternative fuel for heavy-duty vehicles due to its
lower prices and carbon dioxide (CO2) emissions as compared to diesel. However, methane is the
main component of natural gas, and it is a potent greenhouse gas (GHG). The global warming
potentials (GWPs) of methane are 86 and 34 times as high as those of CO: in 20- and 100-year
horizons, respectively. The potential of natural gas to reduce GHG emissions from heavy-duty
vehicles can be undermined if enough methane is emitted along the natural gas supply chain.

A high-volume sampling (HVS) system was developed to accurately quantify methane
emissions from the pump-to-tank (PTT) segment or the natural gas refueling infrastructure. This
segment is the least documented portion in the life cycle analysis of natural gas. The accuracy of
the HVS system was validated by comparing the measurements with known flow rates of injected
methane and COz2. The results showed that the HVS system was capable of measuring steady-state
leaks and transient emissions with a maximum uncertainty of 6.6%.

The utility of the HVS system was demonstrated to measure methane emissions from a
pilot and fully-operational time-fill compressed natural gas (CNG) refueling station. A data set of
component-level emission rates from compressors, component and nozzle leaks, and nozzle
venting events was generated. The results showed that compressors were a significant source of
emissions in the pilot station, contributing 88.6% to the annual emissions. Prior to regularly
scheduled maintenance, compressor emissions and nozzle leaks in the fully-operational station
contributed 32.9% and 66.6% to the annual emissions, respectively. The PTT methane emissions
from the pilot and fully-operational stations were 1.4 + 0.8% and 0.7 £ 0.7% of the total

throughputs, respectively. Using these data, practical solutions were recommended and
iii



implemented to reduce the PTT methane emissions by 80 + 20% and 98 + 2% in the pilot and
fully-operational stations, respectively. The HVS methodology presented in this study can be
applied to accurately quantify methane emissions from a wide range of natural gas refueling
infrastructure including fast-fill CNG and liquefied natural gas (LNG) refueling stations, and LNG

bunkering facilities.



Lay Summary

Natural gas has the lowest carbon content among fossil fuels. If used to substitute diesel as
a heavy-duty transportation fuel, natural gas can reduce carbon dioxide emissions at the engine
tailpipes. However, the main component of natural gas is methane, a greenhouse gas 34 times more
potent than carbon dioxide. If enough methane is released to the atmosphere upstream of the end
use, the life cycle greenhouse gas emissions of natural gas fuel can be similar or even greater than
those of diesel. A portable measurement system was developed to quantify the amount of methane
emitted from natural gas refueling stations. The system was deployed at two compressed natural
gas refueling stations to measure methane emission rates from sources within the stations. The
annual methane emissions from the stations were compared with the total natural gas supplied to

the stations.
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Chapter 1: Introduction

The 2015 Paris climate accord marked the start of collective efforts by governments around
the world to combat climate change and reduce greenhouse gas (GHG) emissions. The agreement
set a limit of 1.5°C for the global temperature rise by the end of this century as compared to pre-
industrial levels by reducing the amount of GHGs emitted into the atmosphere [1]. Substituting
petrochemical fuels, such as diesel and gasoline, with natural gas has been considered as a bridge
solution to reduce carbon dioxide (CO2) emissions from the transportation sector [2]. Reducing
GHG emissions in the near-term would ensure that more options would be available toward the
end of the century to meet the overarching objective of the Paris Agreement.

This chapter describes the background and motivation that drive the inception and the work
encompassed in this thesis. The role of natural gas as a transportation fuel for heavy-duty vehicles
and the importance of considering methane (CHa4) emissions from the natural gas fuel supply chain

are discussed. Finally, the objectives and structure of the thesis are presented.

1.1 Natural Gas as a Transportation Fuel for Heavy-Duty Vehicles

Natural Resources Canada (NRCan) estimated that the transportation sector consumed
2,683 PJ or 21% of Canada’s primary energy supply in 2016 [3]. Gasoline and diesel accounted
for 58% and 28% of the total fuel mix, respectively, while natural gas accounted for less than 1%
[3]. From 2000 to 2017, GHG emissions from the transportation sector increased by 19% from
146 to 174 Mt COcze [4]. Within the same timeframe, the GHG emissions from the heavy-duty
transportation sector grew by 53% from 43 to 66 Mt COze [4]. Several factors, including increased

inter-provincial and international trades, and online commerce [3], contributed to this GHG
1



emission growth rate, which is almost 2.8 times greater than that of the whole transportation sector
between 2000 and 2017. The heavy-duty transportation sector traditionally uses diesel fuel as its
primary energy source [5].

In the long term, decarbonization of the global transportation system would be required if
the 1.5°C goal of the Paris climate accord were to be achieved. In a 100% renewable future, it is
expected that light-duty transportation would be mainly powered by batteries and grid electricity.
On-road heavy-duty vehicles would be powered by hydrogen fuel cells and renewable methane-
fueled internal combustion engines [6].

In the near- to medium-term, natural gas has been regarded as a means of cutting
transportation-related GHG emissions [2]. Compared to diesel, natural gas can theoretically reduce
tailpipe CO2 emissions by approximately 25%. Although there is a wide range of estimates in the
literature, the actual reductions in CO2 emissions are generally not as high due to the lower
efficiency of the current-technology natural gas engines. Nevertheless, advancement in natural gas
engine technology, as well as improvements in other factors affecting the fuel economy such as
vehicle aerodynamics, weight, and tire rolling resistance, are expected to narrow the gap between
actual and theoretical reductions in CO2 emissions [7].

Natural gas also provides environmental benefits in terms of air pollutants. Natural gas
vehicles (NGVs) emit lower nitrogen oxides (NOx) than their diesel counterparts. Several studies
showed that natural gas freight trucks consistently emit 42% to 95% lower NOx as compared to
diesel freight trucks [8-10]. The tailpipe particulate matter (PM) emissions of NGVs are similar
to those of diesel trucks [8]. However, NGVs’ compliance with the PM emission standards is
achieved without the need of particulate filter in the exhaust aftertreatment system. This is due to

the soot-free combustion of natural gas [5].



From an economic perspective, natural gas is considered one of the most attractive
alternative fuels to power the heavy-duty transportation sector [8,11]. Resulting from the shale gas
revolution, the United States (US) Energy Information Administration (EIA) projected that the
prices of natural gas would remain lower than those of oil for the next 30 years [12]. Canada’s
position as the fourth largest producer of natural gas in the world, as well as the integration of
Canada’s natural gas markets with those of the US, result in the abundant supply of low-cost
natural gas in North America [13].

The adoption of natural gas as an on-road transportation fuel poses minimal risks as natural
gas engine and fuel dispensing technologies are mature and readily available [2,14]. Natural gas,
in the form of compressed natural gas (CNG), has been widely used as an on-road transportation
fuel for light-duty, transit, and refuse applications [15]. Liquefied natural gas (LNG) is a more
energy-dense fuel and currently being developed as a diesel substitute for long-distance road
transportation [2].

Based on the potential market penetration and growth of natural gas, researchers from the
University of California, Davis developed scenarios for natural gas fuel adoption in California by
2035. CNG would be used in medium-duty delivery and short-haul heavy-duty trucks. They
estimated that the number of CNG vehicles would grow from 48,000 in 2015 to 66,000 in 2035.
LNG would fuel 14% of the 70,000 long-haul heavy-duty freight trucks, and the number of public
LNG refueling stations would increase from 46 in 2017 to 100 in 2035 to serve long-haul freight
trucks operating along the key freight corridors [15]. Several scenarios also suggested even more
optimistic projections with natural gas vehicles representing half of heavy-duty fleet in the US by

2035 [16].



1.2 Well-to-Wheel Greenhouse Gas Emissions of Natural Gas Fuel

Despite the cost advantage and already demonstrated technologies, the widespread
adoption of natural gas as a transportation fuel has been hampered by its uncertain environmental
performance [2,15]. The initial public perception is that switching from diesel to natural gas fuel
is climatically beneficial as the combustion of natural gas produces less CO2 per unit usable
energy. However, recent research studies revealed that methane emissions across the natural gas
fuel supply chain could erode the GHG benefits that are gained at the tailpipe [17]. Methane, the
main component of natural gas, is a potent GHG with global warming potentials (GWPs) 86 and
34 times as high as those of CO2 in 20- and 100-year horizons, respectively. Atmospheric methane
dissociates into other components after its estimated lifetime of 11 years, leading to decrease in its
radiative forcing [18]. While the GWP of methane decreases over time, its short-term impact could
be significant. Therefore, the amount of uncontrolled methane release across the natural gas supply
chain should be considered when assessing the effectiveness of using CNG and LNG fuels in
cutting transportation-related GHG emissions.

Figure 1 shows the well-to-wheel (WTW) supply chain of natural gas fuel. It comprises
the well-to-pump (WTP) and pump-to-wheel (PTW) segments. The boundary of the WTP segment
encompasses natural gas production, gathering and processing, transmission and storage, and
natural gas fuel production and distribution. The PTW segment is composed of the pump-to-tank
(PTT) segment, which includes CNG and LNG refueling stations, and the tank-to-wheel (TTW)

segment or the use of natural gas fuels by vehicles [8,19].
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Figure 1. The well-to-pump (WTP) and pump-to-wheel (PTW) segments of the natural gas fuel supply chain. The
highlighted box in red shows the pump-to-tank (PTT) system boundary considered in this thesis.

As shown in Figure 1, the natural gas fuel supply chain consists of the CNG and LNG fuel
pathways. In the CNG fuel pathway, natural gas is transported to the CNG refueling station by
pipeline and compressed to a pressure between 16.5 and 24.8 MPa (2400 and 3600 psi). In fast-
fill CNG stations, CNG is stored in pressurized vessels before being dispensed to natural gas
vehicles. In time-fill CNG stations, high-pressure natural gas is dispensed directly from the
compressors into vehicle fuel tanks [15,20]. In the LNG fuel pathway, natural gas feedstock is
transported using pipeline from the supply site to a central liquefaction plant. Following
liquefaction, LNG is transported using tanker trucks and offloaded to storage tanks in refueling
stations. LNG is then dispensed into vehicle tanks to power the engines [2,14,15].

A natural gas life cycle assessment (LCA) conducted by Tong et al. [11] concluded that
CNG and LNG fuels, as compared to diesel, increased the life cycle GHG emissions of Class 8
trucks by 0% to 3% and 2% to 13%, respectively. Methane leakage across the natural gas fuel
supply chain plays a key role in determining whether CNG and LNG fuels are net GHG emission

reducers [11]. Another study by Camuzeaux et al. [17] claimed that no climate benefits would be
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gained by switching from diesel to natural gas fuel if methane emissions in the PTW segment were
high enough. Speirs et al. [7] also indicated that, although switching to natural gas could reduce
WTW GHG emissions by 16% in the best-case scenario, the worst-case scenario suggested that
natural gas heavy-duty vehicles emitted more WTW GHG than their diesel counterparts. In the
context of natural gas fuel use in Canada and the province of British Columbia (BC), Sharafian et
al. [21] conducted a LCA to evaluate the impact of replacing diesel with LNG in the heavy-duty
transportation sector. They concluded that the WTW GHG emissions would change by +1.7% to
+24% for Canada, and by —8% to +16% for BC under 20- and 100-year horizons, respectively, if
there were no reductions in the current WTW methane emissions. They showed that if 2.4%
methane (mass basis) is emitted along the LNG supply chain in Canada, using LNG as a fuel in
heavy-duty trucks produces the same amount of GHG emissions as their diesel counterparts in a
100-year time horizon. From the life cycle standpoint, disagreement regarding the environmental
benefits of natural gas fuel makes the development of a reliable methane emission database
necessary if natural gas is to power a significant percentage of heavy-duty vehicles in the years to
come [2,17].

A large number of studies, such as the methane research series supported by the
Environmental Defense Fund (EDF), have been conducted to investigate the WTP methane
emissions [22,23,32,33,24-31]. A significant data gap existed in the PTW segment until Clark et
al. [19] investigated methane emissions from the natural gas refueling infrastructure and natural
gas-fueled heavy-duty vehicles. PTW emission data included in models such as the Greenhouse
Gases, Regulated Emissions, and Energy Use in Transportation (GREET) developed by Argonne
National Laboratory only include TTW methane emissions from vehicle tailpipes and engine

crankcases [16]. The PTT is the least well-documented portion in the entire life cycle analysis of
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natural gas fuel due to the lack of environmental regulations to abate methane emissions from this
segment.

In this thesis, a methane emission quantification system is designed and developed. The
capability of this system to quantify methane emissions from the PTT segment of the CNG fuel
supply chain is assessed. The fence line of a time-fill CNG refueling station represents the PTT
system boundary considered in this thesis. Continuous leaks from station components and nozzles
are characterized, and emissions from compressors, nozzle venting events, and nozzle disconnects

are quantified.

1.3 Objectives and Approach
The main objective of this thesis work is to quantify PTT methane emissions from natural
gas refueling infrastructure within the context of the province of British Columbia with potentials
to extend the results to Canada at large. A better understanding on the magnitude of methane
emissions from the PTT segment would reduce the uncertainty in assessing the climate impacts of
switching from diesel to natural gas fuel. Specifically, this thesis aims to:
e Generate a data set of component-level methane emissions for sources within a
time-fill CNG refueling station;
e Quantify the PTT methane emissions from time-fill CNG refueling stations for
heavy-duty vehicles;
e Suggest abatement and mitigation strategies to reduce PTT methane emissions from
time-fill CNG refueling stations.

To achieve the above objectives, the method and approach of this thesis work are to:



Design and develop a measurement system to directly quantify methane mass
emission rates from natural gas facilities;
Validate and assess the performance, accuracy, and uncertainty of the developed

measurement system.

1.4 Thesis Structure

This thesis is organized into five chapters. The overview of each chapter is outlined below.

Chapter 1 introduces the background, motivation, objectives, and approach of this
thesis work.

Chapter 2 provides a review of methane emission measurement methods that can
be applied to quantify methane emissions from natural gas facilities.

Chapter 3 presents the design, component selection, and development of the high-
volume system to quantify methane mass emission rates from natural gas facilities.
Sensor calibration and system validation are discussed, and accuracy and
uncertainty of the system are evaluated.

Chapter 4 reports the field measurement results to quantify PTT methane emissions
from the CNG fuel supply chain. A data set of component-level methane emissions
for sources within a time-fill CNG refueling station, and methane emissions as
percentages of station throughputs are presented. Abatement and mitigation
strategies to reduce methane emissions from time-fill CNG refueling stations are
also discussed.

Chapter 5 describes the conclusions and recommendations for future research.



Chapter 2: Methane Emission Measurement Methods: Background Review

Methane emission measurements are conducted along a spectrum of spatial and temporal
scales, from global annual assessments to instantaneous measurements of component emissions
(Figure 2). Spatially, measurement methods are classified into top-down and bottom-up
approaches. Temporally, measurements can be done over second, day, month, and year timescales

[34].
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Figure 2. Methane emission measurements across a range of spatial and temporal scales.



Top-down approach aggregates emissions from multiple sources as a whole, while bottom-
up approach extrapolates measurements from individual sources to estimate the total emissions at
larger scales. As shown in Figure 2, top-down estimates at global, continental, and regional levels
can be made by using satellite-, tower-, and aerial-based measurement methods. Bottom-up
estimates at these levels can be constructed from site, facility, and individual emissions measured
by using downwind and point-source measurements.

The dashed purple box in Figure 2 encompasses measurement methods that are applicable
to create methane emission estimates at facility level. The top-down approach to measure the total
methane emissions from a natural gas refueling facility includes aerial-based and downwind
measurements. Although high-resolution methane-sensing satellites (i.e., TROPOMI and
GHGSat) have recently been launched, current satellite-based measurements do not allow for
facility-level estimations of methane emissions due to their low spatial resolutions [34,35]. Tower-
based measurements are used to estimate methane emissions at the regional and city levels using
a network of fixed sensors [34]. In the top-down approach, the facility emissions are measured as
a whole [34]. In the bottom-up approach, emission factors, which are derived from measurements
of individual components and single processes within the facility, are multiplied by facility activity
data to estimate the total facility methane emissions [25,34]. The only bottom-up approach to
facility-level emissions is point-source measurements.

In the top-down approach, facility emissions comprise contributions from all emission
sources within the facility, including any unknown and inaccessible sources. However, this
approach does not provide emission factors from particular sources or activities. Moreover,

isolating a facility within the measurement area and disaggregating the measured emissions into
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individual sources are difficult due to the sources being intermixed at the points of measurements
[34].

In the bottom-up approach, facility-level emissions are granularized into emission factors,
which are the necessary information for facility operators to mitigate emissions more effectively
by targeting the sources. Additionally, the emission factor data can be combined with activity data
and extrapolated to estimate the total methane emissions from similar facilities [34].

Table 1 provides a review on the various top-down and bottom-up methods that can be

applied to estimate the total methane emissions from natural gas refueling facilities.
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Table 1. Summary of methods for measuring methane emissions from a natural gas refueling facility.

Method

Advantages

Limitations

Status and references

Top-down approach

to facility-level emissions

Facility-scale aerial-

based measurements

e Measures the total methane
emissions remotely without
the need of direct access to

the facility [34,36].

Requires appropriate
meteorological conditions
[34,36].

Only applicable to high-emitting
facilities due to the higher limits
of detection than point-source
measurements [34].

Difficult to isolate the facility
from closely-located sources

[34,36].

Has been used to quantify
methane emission rates from
natural gas compressor stations
(Lavoie et al. [37] and Nathan et
al. [38]), gathering and boosting
stations (Vaughn et al. [39]), gas
processing plants and landfills
(Lavoie et al. [37]), and flares

(Gvakharia et al. [40]).

External tracer

e Measures the total methane
emissions from a facility

[26,34].

Difficult to isolate facility if
interfering sources are present

[34,36].

Has been applied to quantify
methane emission rates from

natural gas compressor stations

12



Does not rely on theoretical

modeling [26].

Requires appropriate
meteorological conditions [34].
Prone to bias if tracer is at a
significant distance from

methane emission sources [34].

(Subramanian et al. [28]),
gathering and boosting stations
(Vaughn et al. [39]), gathering
facilities and processing plants
(Marchese et al. [27], Mitchell et
al. [25], and Roscioli et al. [26]),
and biogas plants (Fredenslund et

al. [41]).

Inverse dispersion

modeling

Measures the total methane
emissions remotely without
the need of direct access to

the facility.

Difficult to isolate facility if
interfering sources are present
[34,36].

Relies on models of
meteorological conditions [34].
Often results in estimates with

significant uncertainties [34,36].

Has been used to estimate
methane emission rates from well
pads, compressor stations, gas
processing plants, and landfills

(Lan et al. [42]).
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Bottom-up approach to facility-level emissions

Point-source e Measures the total methane
measurements emissions from individual

point sources [34].

Requires an extensive number of
individual measurements [34].
Limited to measurements of

safely accessible sources [34].

Has been applied to quantify
emission rates from natural gas
compressor stations (Subramanian
et al. [28]), gathering and boosting
stations (Vaughn et al. [39]),
compressor stations and storage
facilities (Johnson et al. [43]),
biogas plants (Fredenslund et al.
[41]), and CNG and LNG

refueling stations (Clark et al.

[19]).
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2.1 Top-Down Approach to Facility-Level Emissions
2.1.1 Facility-Scale Aerial-Based Measurements

Aerial-based measurements can be applied at a wide range of spatial scales from global,
continental, national, urban areas, specific oil- and gas-producing fields, and point or area sources.
At the smallest scales, this approach can be used to target individual facilities and estimate the
total methane emissions from point or area sources on the order of 10 — 100 m size [44,45].

The most common type of aerial-based measurements is the mass balance technique [45].
Figure 3 shows the schematic overview of the aerial-based mass balance technique. Methane
concentrations at multiple altitudes on the downwind of the facility are measured such that the
methane plume is captured on a two-dimensional vertical plane. Applying the Gauss’s theorem
and using the horizontal wind and methane concentration data, the flux of methane passing through
the plane is calculated and the total emissions from the facility are estimated [36]. This technique
was used to quantify methane emission rates from one compressor station and four gas processing
plants in the Barnett Shale, US by Lavoie et al. [37], from a compressor station in the Barnett
Shale, US by Nathan et al. [38], and from flares in the Bakken Shale, US by Gvakharia et al. [40].

The most recent development of the aerial-based mass balance technique was demonstrated
by Conley et al. [45]. In this technique, an aircraft is flown at multiple altitudes circumscribing the
target facility to create a virtual cylinder instead of a two-dimensional vertical plane [45]. This
technique was used by Vaughn et al. [39] to quantify methane emission rates from natural gas
gathering stations in the Fayetteville Shale, US.

The main advantage of the aerial-based approach is its capability to measure the total
methane emissions remotely without the need of direct access to the facility. Emissions from

multiple facilities within an area can also be measured in one flight. However, as measurements
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are taken several kilometers downwind the facility, instrument with high enough sensitivity is
required to measure methane concentrations above the background. Additionally, it is difficult to
isolate the target facility from closely-located sources as multiple sources commingle at the
concentration plane or cylinder generated by the flight paths. Aerial-based measurements also rely

on favorable meteorological conditions and can be costly to deploy [34,36,45].
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Figure 3. Schematic overview of the aerial-based mass balance technique.
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2.1.2 External Tracer

Aggregate methane emissions from a facility with multiple emission sources can be
quantified using the external tracer method [25,28,34]. Figure 4 shows the schematic overview of
the external tracer method. In this method, a tracer gas is released at or near the emission source
at a known flow rate. Simultaneous measurements of both methane and the tracer gas
concentrations are taken across the plumes on the downwind, typically 0.5 to 3 km from the

emission source using instruments in a mobile platform. Assuming that the methane and tracer
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gases are collocated and undergo the same dispersion in the atmosphere, the methane emission

rate can be calculated from the ratio of the concentrations of the two gases [26,34,36].

CH, emitting
facility w
L]

A
4

Concentration

Figure 4. Schematic overview of the external tracer method.

A single tracer gas, such as sulphur hexafluoride, nitrous oxide, or acetylene, is
traditionally used in the external tracer method [36]. Roscioli et al. [26] expanded the method and
employed a second tracer to mitigate the situation where there is a separation distance between the
tracer release point and the unknown emission source. The second tracer also provides internal
standard and eliminates the need for additional instrument calibration.

Fredenslund et al. [41] used the single tracer gas method to quantify methane emissions
from four biogas plants. Subramanian et al. [28] used the top-down dual tracer gas method to
measure methane emissions from 45 compressor stations in 16 US states across the South, Mid-
Atlantic, Northeast, Midwest, and Mountain West, and compared the results with those obtained

using the bottom-up point-source measurements. The estimates from both measurements at most
17



sites were found to agree within experimental uncertainty. The dual tracer gas method was also
used to measure facility-level methane emissions from 114 natural gas gathering facilities and 16
processing plants in 13 US states by Marchese et al. [25] and Mitchell et al. [27]. Vaughn et al.
[39] used the method to quantify methane emissions from 14 natural gas gathering stations in the
Fayetteville Shale, US and compared the results with those measured using the aircraft-based mass
balance technigque and point-source measurements combined with engineering estimates.

The external tracer is an established method to measure the total methane emissions from
a facility. The main advantage of the method is that, it does not rely on theoretical modeling of gas
dispersion, which is a complex function of wind speed and direction history, distance from the
emission source, temperature, etc. [26]. When the methane and tracer gas plumes are fully mixed
on the downwind, the analysis of the data is straightforward [36].

The external tracer method however requires appropriate meteorological conditions to
ensure for sufficient mixing between the methane and tracer gases. The method relies on the correct
placement of the tracer gas, as the results are prone to bias if there is a significant distance between
the tracer release point and the unknown emission source. The presence of interfering methane

sources can also cause significant errors in the total facility methane emissions [26,34,36].

2.1.3 Inverse Dispersion Modeling

The inverse dispersion modeling method can be used to measure the total methane
emissions from a facility by taking downwind measurements of methane alone without a tracer
gas. Downwind measurements can be taken dynamically (e.g., in a moving vehicle) to capture the

methane plume, or at a stationary point. By feeding these measurement data into a dispersion
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model, along with meteorological data such as wind speed, wind direction, and turbulence, the
methane emission rate can be calculated [34,36].

Lan et al. [42] collected downwind methane concentrations data and meteorological
parameters, and used the Gaussian dispersion model to estimate methane emissions from 125 well
pads, 13 compressor stations, two gas processing plants, and 12 landfills in the Barnett Shale, US.
Methane emissions from six of the compressor stations and one of the gas processing plants were
also estimated using the Environmental Protection Agency AERMOD model. Uncertainty in the
measurements were estimated using the Monte Carlo probabilistic uncertainty, and the results from
both gas dispersion models agreed with each other within the measurement uncertainties [42].

The advantage of the inverse dispersion modeling over the external tracer method is that it
measures the total facility methane emissions remotely without the need of direct access. However,
as with the external tracer, it is difficult to isolate the total methane emissions from a facility if
interfering sources are present. The inverse dispersion modeling method also requires desirable
meteorological conditions, as high-quality data are critical as inputs to the models for emission
estimates. Uncertainties in the estimates of emissions from dispersion models are usually
significant [34,36]. For example, Lan et al. [42] reported that emission rates from compressor
stations and gas processing plants had uncertainty bounds of —83/+295% for the Gaussian

dispersion model and —37/+273% for the AERMOD model [42].

2.2 Bottom-Up Approach to Facility-Level Emissions
The only method in the bottom-up approach to facility-level emissions is point-source
measurements. Point-source measurements can be applied to discrete emission sources that are

well-defined. The methane emission rate at a point can be determined by measuring the
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composition and flow rate of the gas at that point [34]. Many components in the natural gas supply
chains (e.g. valves, flanges, connectors, reciprocating compressor rod packing, and vents) act as
point sources.

The main advantage of point-source measurements is that it provides component-level
granularity so that the sources can be targeted for emission reductions. However, point source
measurements require an extensive number of individual measurements and are limited to safely
accessible sources under normal operations [34].

Subramanian et al. [28] used point-source measurements to estimate site-level methane
emissions from 36 compressor stations in the transmission system and nine compressor stations
associated with underground storage facilities. Vaughn et al. [39] used direct measurements to
generate methane emission rate estimates from natural gas gathering and boosting stations in the
Fayetteville Shale, US. Fredenslund et al. [41] used on-site methods to quantify methane emissions
from four biogas plants and compared the results with those obtained using the single tracer gas
method. Johnson et al. [43] quantified methane emission rates from three natural gas compressor
stations and two natural gas storage facilities using microdilution high-volume sampling (HVS)
systems, and the same systems were used by Clark et al. [19] to quantify methane emissions from
CNG and LNG refueling stations.

Methane emission estimates made from point-source measurements require a two-step
process. First, all components within the facility are scanned to identify sources of leaks and
emissions. Second, methane emission rates from all identified sources are measured directly [28].
These measurements are compiled to develop emission factors, i.e. emission rates per leak source.

By multiplying these emission factors with activity data of the facility (e.g., the number of
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refueling events), the total facility methane emissions can be estimated [34]. The details of each

of the steps in point-source measurements are outlined in the following sections.

2.2.1  Emission Source Detection

Point-source measurements typically begin by performing a site inventory to identify all
methane emission sources within the facility [46]. Components including flanges, unions,
connectors, valves, valve stem packing, rod packing vents, open ended lines, pneumatic devices
and controllers are checked for leaks [28,39]. Once detected, sources are identified and marked for
emission rate quantifications.

The most widely used techniques for source detection are optical gas imaging cameras and
handheld methane detectors. The former have the advantage of being capable to sense leaks from
a distance without sampling the gas directly, and reach areas that are hard to access [41]. They can
also screen a large number of components simultaneously, reducing the time required for source
detection [43]. Subramanian et al. [28] performed source detection using a thermal gas imaging
camera FLIR GasFindIR HSX (FLIR Systems, Inc., Wilsonville, OR, US). Vaughn et al. [39]
employed optical gas imaging cameras FLIR GF320 (FLIR Systems, Inc., Wilsonville, OR, US)
and Opgal EyeCGas (Opgal Optronic Industries Ltd., Karmiel, Israel), as well as a laser methane
detector RMLD-IS (Heath Consultants Inc., Houston, TX, US) to locate emission sources.
Fredenslund et al. [41] utilized optical gas imaging camera FLIR GF320 and portable methane
analyzer EX-TEC PM 4 (Sewerin, Gltersloh, Germany) to locate emission sources within biogas
plants. Johnson et al. [43] and Clark et al. [19] used handheld methane detectors Eagle Il (RKI
Instruments, Union City, CA, US) and an infrared camera FLIR GF-320 (FLIR Systems, Inc.,

Wilsonville, OR, US) for source detection. Other techniques for source detection include organic
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vapor analyzers (OVAs), toxic vapor analyzers (TVAS), acoustic leak detectors, and soap bubble

screening [47].

2.2.2 Emission Rate Quantification

A number of techniques can be employed for emission rate quantification. Fredenslund et
al. [41] quantified methane leakages from digesters, biomass storage tanks, gas storage units, and
ventilation units in biogas plants using the HVS technigue. Methane concentration was measured
using a photoacoustic gas monitor INNOVA 1412 (LumaSense Technologies, Ballerup,
Denmark), laser gas detection module LGD F200 A CH4 (Axetris, Kaegiswil, Switzerland), or
flame ionization detector with a non-methane hydrocarbon cutter 3-900 (J.U.M. Engineering,
Bavaria, Germany). The flow rate of the biogas-air mixture was measured using a pitot
tube/micromanometer ManoAir 100 (Schiltknecht, Gossau, Switzerland) or calculated from
differential pressure across an orifice measured using a pressure sensor. Subramanian et al. [28]
collected 1,398 individual direct measurements from component leaks (i.e. valves, flanges,
connectors, open ended lines, etc.) and vented sources (i.e. reciprocating compressor rod packing,
blowdown vents, centrifugal wet seals, etc.) using Bacharach Hi Flow Samplers (BHFSs)
(Bacharach, New Kensington, PA, US) as the primary measurement devices, as well as acoustic
emission instruments, anemometers, turbine flow meters, calibrated bags, and rotameters. Boom
lifts, scaffolding, and extension poles were used to aid in quantifying emission sources at elevated
heights. In the case of leaks or vents that could not be safely accessed, the average emission rates
from the same components or leak types were used. Unburned methane emissions from engine and

turbine exhausts were estimated using AP-42 emission factors [28].

22



BHFSs were also used by Vaughn et al. [39] as the primary devices for component-level
measurements of flanges, unions, valve stem packing, rod packing vents, connectors, pressure
regulators, tank vents, open ended lines, pneumatic devices, and controllers. Emissions from
compressor engine crankcase vents and glycol dehydrator vents were estimated using Monte Carlo
models. Unburned methane emissions from engine exhausts were estimated from the average
emissions of representative engines [39].

Instead of using BHFSs, Johnson et al. [43] quantified methane emissions from natural gas
compressor stations using HVS systems that they developed. The same systems were also used by
Clark et al. [19] to quantify methane emissions from CNG and LNG refueling stations for heavy-
duty vehicles. Details regarding the BHFS and HVS system are elaborated in the subsequent

sections.

2.2.2.1 Bacharach Hi Flow Sampler

The BHFS was introduced in 2001 as a commercially available instrument to measure
methane emissions in the natural gas industry. It has been used as the main instrument for
measurement campaigns throughout the natural gas supply chain from production, processing,
transmission, storage, to distribution [48,49].

The instrument generates a maximum suction flow rate of 17 m®h (10 scfm). The sampling
hose, equipped with a variety of attachment options such as capture bag and flange strap, is placed
adjacent to the point source to capture the entire natural gas leak along with surrounding air [48—
50].

Methane mass emission rate is calculated from the volumetric flow rate of the captured

natural gas-air mixture and methane concentration in the stream. Volumetric flow rate of the
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captured natural gas-air mixture is determined by measuring pressure drop across an orifice.
Methane concentration in the stream is measured using a catalytic oxidation sensor for
concentrations between 0% and 5%, or thermal conductivity sensor for concentrations between
5% and 100% [48-50].

Although the BHFS is the primary instrument to measure methane emissions across the
natural gas supply chain, it has a few of known limitations. The assumption that the BHFS
completely captures the entire natural gas leak may not be valid due to the relatively low suction
flow rate of the instrument. The instrument is also not methane specific and responds to heavier
hydrocarbons in the natural gas [46]. The manufacturer of the BHFS claims that the instrument
has an accuracy of +10% [51].

Howard et al. [49] reported that, under certain circumstances, the BHFSs could fail to
transition between the catalytic oxidation and thermal conductivity sensors to measure low and
high methane concentrations, respectively. The failure was especially observed when the BHFS
had not been calibrated for 2 weeks, used an out-of-date firmware, and was used for natural gas
with methane content of less than 91%. This sensor transition failure can potentially result in

erroneously low methane emission estimates.

2.2.2.2  High-Volume Sampling System

The HVS system was developed by a group of researchers out of West Virginia University
led by Derek Johnson to overcome the limitations of the BHFS. Drawing on their expertise in
automotive emissions testing, the HVS system design follows the principle of constant volume
sampling for automotive emission certification [46]. The HVS system is portable and can be

configured to be mounted on a cart, truck bed, or utility vehicle bed. It has been used to quantify
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methane emissions from conventional and unconventional natural gas well sites, compressor
stations, storage facilities, and CNG and LNG refueling stations [16,19,43,52-54].

The HVS system has a significantly higher flow rate than the BHFS, capable of drawing
between 68 and 2,549 m®h (40 and 1,500 scfm) of air. It eliminates the interference of ethane,
propane, and heavier hydrocarbons in the measurements, as well as the sensor transition failures,
by using laser absorption spectroscopy instead of catalytic oxidation and thermal conductivity
sensors. It is significantly more accurate than the BHFS with uncertainty of +4.4% of the reading
[46].

As mentioned in Section 1.3, two of the specific objectives of this thesis work are to
quantify PTT methane emissions from time-fill CNG refueling stations and suggest abatement
strategies for reducing the emissions. Almost all components within a CNG refueling station act
as point sources. Point-source measurements allow for quantification of emissions from each of
the sources and evaluation of their contribution to the overall PTT methane emissions. This
information would provide data-driven insights to help station operators and regulators identify
which sources could be targeted and prioritized for emission reductions. Additionally, the data for
component-level emissions can be amalgamated into emission factors that can be used to estimate
methane emissions from other refueling stations.

As per literature review, and analysis of the available point-source measurement
technologies and their operating ranges and accuracies (BHFS [51] and the HVS system [46]), the
HVS system is the most suitable method to achieve the objectives of this thesis work. The
flexibility and underlying working principle of the system allow for accurate measurements of
component-level methane emissions for sources within natural gas refueling infrastructure. The

capability of the system to measure methane emissions from CNG and LNG refueling stations has
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also been proven in the literature [16,19,46]. Details of the design and validation of the HVS

system are presented in the subsequent chapter.
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Chapter 3: Development of the High-Volume Sampling System

3.1 Design of the High-Volume Sampling System

The schematic of the HVS system is shown in Figure 5. The main components of the
system include an inlet hose, damper, explosion-proof blower, outlet pipe, mass air flow (MAF)
sensor, GHG analyzer, and a thermocouple. The specifications of the components are shown in

Table 2.

Explosion-
sampling port proof blower

MAF sensor

Thermocouple Outlet

Figure 5. Schematic of the HVS system.

Table 2. Specifications of the components of the HVS system.

Component Specifications

Inlet hose Polyurethane dust-flex ducting
Inner diameter: 102 mm
Length: 3m

Damper Round duct iris damper

Diameter: 102 mm

Explosion-proof blower | Airflow at 25.4 mm static pressure: 586 m%h
Outlet pipe Standard-wall ABS pipe

Inner diameter: 102 mm

Length: 1.2 m
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MAF sensor Hot wire mass air flow sensor

Repeatability: +4%

Outer diameter: 90 mm

GHG analyzer Off-axis integrated cavity output spectroscopy

Repeatability: +2 ppb for methane, £300 ppb for CO:

Measurement range: 0 — 100,000 ppm for methane, 0 — 20,000 ppm
for CO2

Thermocouple Type-T thermocouple

Accuracy: £1°C

The blower creates suction to capture the diluted natural gas leak and directs it into the
sampling port. The damper is adjusted to control the flow rate and the mixing ratio of the natural
gas-air mixture. The calibrated MAF sensor measures the standard volumetric flow rate of the
natural gas-air mixture passing through the HVS system, and the GHG analyzer measures the
concentration of methane in the natural gas-air stream.

The GHG analyzer quantifies methane, carbon dioxide, and water vapor concentrations
based on the off-axis integrated cavity output spectroscopy (ICOS) technology [55]. Unlike the
catalytic oxidation and thermal conductivity sensors that respond to the non-methane hydrocarbon
components of natural gas [48], the GHG analyzer is methane specific. It provides higher accuracy
and can measure methane concentrations between 0.01 and 100,000 ppm with repeatability of £2
ppb [55].

The methane mass flow rate is determined using Eq. (1):

mCH4, = Vair pCH4_ (CCH4,0ut - CCH4,iTl) X 10_6 (1)

where, mcy, is the methane mass flow rate (g/h), V,ir is the standard volumetric flow rate of air

(m3/h), pcu, is the density of methane at standard condition (g/m?), and Cch,out aNd Cep, in are
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the exhaust and background methane concentrations (ppm). Measurements are conducted at
atmospheric pressure, and temperature is continuously monitored using the thermocouple. Using
these data, thermodynamic properties, e.g. density of methane, are calculated. It is assumed that
the standard volumetric flow rate of the natural gas-air mixture is equal to the standard volumetric
flow rate of air since the expected methane concentration in the flow passing through the HVS
system is less than 5% (50,000 ppm).

After taking into account the pressure drop across the inlet hose, the HVS system is capable
of drawing between 125 and 340 m®/h of air. Given that the GHG analyzer can measure methane
concentrations between 0.01 and 100,000 ppm, the methane mass emission rate that can be
measured by the HVS system is between 0.000821 and 22,300 g/h. Final assembly of the HVS

system is shown in Figure 6.
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Figure 6. Final assembly of the HVS system.
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3.2 Mass Air Flow Sensor Calibration

In order to measure the standard volumetric flow rate of the air stream, the MAF sensor
was calibrated using an air flow bench of orifice plate-type with an accuracy of +0.5%. Figure 7
shows the air flow rate passing through the HVS system as a function of MAF sensor voltage
output. Error bars are not visible on the scale of the figure. A cubic curve is fitted on the calibration
data set to correlate the MAF sensor voltage output, Vi 4, (V) to the air volumetric flow rate, V,;,,

(m3h).
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Figure 7. MAF sensor calibration curve.

Since the rated flow rate of the blower in the HVS system is 586 m?/h, the MAF sensor
calibration was performed for flow rates between 0 and 680 m®h. A stabilization period of 1

minute to ensure for steady-state condition, and data logging period of 2 minutes for each data
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point were followed during the calibration process. As shown in Figure 7, the air volumetric flow

rate is given by Eq. (2).

Vair = 27.081 V3, — 8.269 V2,45 + 29.216 Vyyap — 0.439 )

3.3 Uncertainty Analysis

The methane mass emission rate, 1.y, , is calculated by Eg. (1). The volumetric flow rate

of the air passing through the HVS system, V,;,., is obtained using the MAF sensor, and the exhaust
and background methane concentrations, Ccy, oyt and Ccp, in, are measured using the GHG
analyzer. The combined uncertainty can therefore be determined using the law of propagation of
uncertainty.

The percentage uncertainty in the volumetric flow rate of air, w;, . , is given by Eg. (3),
and is a function of the MAF sensor repeatability, uy .z, and air flow bench uncertainty,
Urow Bench- 1He percentage uncertainty in the standard volumetric flow rate of air is therefore

+4.0%.

. — 2 2
uVair - \/uMAF + UFiow Bench (3)

The uncertainty in the methane mass flow rate, Urincyy,» is determined using the law of

propagation of uncertainty, and is given by Eq. (4).
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Uiy, = <amCH4 uy )2 + <—amCH4 u )2 + < Orftcn, u )2 4)
TiCHy aVair Vair aCCH4,out CCHaout aCCH4,in CCH4'in

Using Egs. (1) and (4), the uncertainty in the methane mass flow rate measurements,

Urirgyy,» CAN be expressed as follows:

_ 2 - _6\?
Ui, = | (P, (Comyoue = Cortyin) X 100, )" + (Vair P, gy, ,, X 10°°)
. N2 ©)
+ (Vair pCH4 uCCH4,in x 10 ) ]

The uncertainty of the measured methane mass emission rate is +4.0%. The dominating
source of uncertainty is the uncertainty in the volumetric flow rate of the air stream measured by
the MAF sensor. Uncertainty analysis for the air volumetric flow rate of 341 m3/h, and exhaust
and background methane concentrations of 37.407 and 1.951 ppm is shown in Table 3. The

expected methane mass flow rate, my, , is 7.94 £ 0.32 g/h.

Table 3. Uncertainty analysis for methane mass flow rate of 7.94 g/h.

Parameter Value u,, (%) Uy,
Vir (M3h) 341 4.0 14
CeHy,out (PPM) 37.407 0.002
Cen,,in (PPM) 1.951 0.002
Pcu, (9/M°) 656.88

mey, (9/h) 7.94 4.0 0.32
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3.4 System Validation

Following the MAF sensor calibration, continuous leak and transient emission tests are
required to validate the accuracy of the HVS system. The schematic of the test setup is shown in
Figure 8. For safety reasons, validation tests were conducted using 4% methane-96% nitrogen gas
mixture and 99.5% carbon dioxide.

In the continuous leak and transient emission tests, a mass flow controller (MFC), with 3.0
m3/h (50 slpm) capacity calibrated for gases including methane and CO2, was used to inject a
known flow rate of gas from a cylinder into the HV'S system. The outlet pressure of the gas cylinder
was regulated at 138 kPag (20 psig) using a pressure regulator. The true flow rate or total mass of
methane or CO:2 injected, as indicated by the MFC, was compared to the flow rate or total mass

measured by the HVS system.
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Figure 8. Schematic of the experimental setup for the continuous leak and transient emission tests. “d” and blue
arrow show the distance and the direction of leak, respectively, in the continuous leak test with varying distance
from leak source.
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3.4.1 Continuous Leak Test

To validate the accuracy of the HVS system, continuous leak tests were conducted to
simulate conventional steady-state leaks from the station components. Certain amounts of methane
and CO:2 were injected using the MFC. The effects of varying the flow rate, and distance between
the leak source and sampling port, on the accuracy of the HVS system were investigated. Methane
was used in the test with varying flow rate, while the test with varying distance from leak source
was conducted using COz2. A stabilization period of 30 seconds to ensure for steady-state condition,
and data logging period of 60 seconds were observed during the tests. Upon completion, the
difference between the injected and measured methane or CO2 flow rate was calculated and
compared to the expected uncertainty.

Figure 9 shows a comparison between the actual methane mass flow rate set by the MFC
and the methane mass flow rate measured by the HVS system. The background and injected
methane concentrations measured by the GHG analyzer are 1.951 and 37.407 ppm, and the
methane-air mixture volumetric flow rate measured by the MAF sensor are 341 m3/h (Figure 9(a)).

Figure 9 shows delayed response to the change in methane concentration in the stream.
This delay is characteristic of the GHG analyzer, which is mainly caused by the flow time passing
through the measuring cell. The response time of the GHG analyzer includes dead time of 6.5
seconds and time constant of 7.0 seconds to reach 63% of its steady-state value. For conventional
continuous leak, only the steady-state part of the data is considered and therefore the response time

does not affect the measurements.
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Figure 9. (a) Methane concentration and the methane-air mixture volumetric flow rate measured by the GHG
analyzer and the MAF sensor, respectively, and (b) a comparison of measured methane mass flow rate against the
actual methane mass flow rate set by the MFC.
Following a similar calculation given by Eq. (1), the methane mass flow rate is calculated.

Based on the HVS measurements, 7.94 g/h of methane is injected, which has 0.8% difference from

the actual methane mass flow rate of 7.88 g/h set by the MFC (Figure 9(b)).

3.4.1.1 Continuous Leak Test with Varying Methane-Air Mixture Flow Rate

To test the accuracy of the HVS system for the range of expected steady-state emissions in
the pump-to-tank segment of the natural gas fuel supply chain, the actual methane mass flow rate
was varied from 7.88 to 78.8 g/h using the MFC. The averages of methane leaks from LNG and
CNG stations are 12.80 and 35.69 g/h, respectively [19]. The methane-air mixture flow rate was
also changed from 125 to 340 m®/h. Figure 10 indicates that the HVS system measures the methane
mass flow rate with maximum relative difference of 6.6% from the injected methane stream from

the MFC.
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Figure 10. A comparison of measured methane mass flow rate by the HVS system and the actual methane mass
flow rate set by the MFC.

3.4.1.2 Continuous Leak Test with Varying Distance from Leak Source

In the HVS method, it is important that the entire natural gas leak is captured by the system.
In an ideal case, the HVS system sampling port coincides with the leak source and the jet of the
leak is in the same direction as the suction of the system. Due to limitations in the actual natural
gas facilities to get access to leak sources and environmental factors such as wind, there could be
a distance separating the leak source and the HV'S system sampling port. This distance (d) and the
direction of leak were simulated in the test as shown in Figure 8. The test was conducted with
direction of the jet of the leak perpendicular to the suction of the HVS system.

Figure 11 shows that varying the distance between the HVS system sampling port and the
continuous leak source significantly impacts the CO2 mass flow rate measurements. The results
indicate that the HVS system can quantify CO2 mass flow rates with £10% accuracy as long as
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the distance between the leak source and the HVS system sampling port is maintained at less than
50 mm. For longer distance of 100 mm, the measurement uncertainty dramatically increases to as

high as £83%.
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Figure 11. Effect of distance from the leak source on the CO, mass flow rate measurements of the HVS system.
The actual CO, mass flow rate set by the MFC was varied from 1,085 to 3,254 g/h.
In such a case that there is a gap between the leak source and the HVS sampling port, a
covering such as plastic sheeting should be used to enclose the source. Measurements should also
be taken multiple times from various directions to ensure that all leak is captured by the HVS

system.
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3.4.2 Transient Emission Test

Transient emission test was conducted to simulate transient emissions, such as emissions
from venting events or nozzle disconnects. Figure 12 shows an example of the time-series results
of the transient emission test. Figure 12(a) shows the methane concentration and methane-air
mixture volumetric flow rate measured by the GHG analyzer and the MAF sensor, respectively.
As opposed to considering the steady-state part of the data and comparing the actual to measured
flow rates (Figure 12(b)), the total mass of methane injected by the MFC is compared to the total

mass of methane measured by the HVS system (Figure 12(c)). The total methane mass, mcy,, is

determined using Eq. (6):

t2
Mcy, = f Vair PcH, (CCH4,0ut - CCH4,in) X 107° dr (6)
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Figure 12. (a) Methane concentration and the methane-air mixture volumetric flow rate measured by the GHG
analyzer and the MAF sensor, respectively, (b) a comparison of the measured methane mass flow rate against the
actual methane mass flow rate set by the MFC, and (c) a comparison of time-cumulative measured methane mass

against the time-cumulative actual methane mass.

To test the accuracy of the HVS system to measure transient emissions in the pump-to-tank
segment of the natural gas fuel supply chain, the total mass of methane injected by the MFC was
varied by changing the duration of injection from 3 to 30 seconds. A constant injection rate of
0.0219 g/s, which is the maximum flow rate of the MFC for 4% methane, was applied throughout

the test. Figure 13 shows that the HVS system is capable to quantify transient emissions with

maximum relative difference of 6.6% from the injected methane stream from the MFC.
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Figure 13. A comparison of measured methane mass by the HVS system and the actual methane mass set by the

MFC under transient methane injections.
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Chapter 4: Pump-to-Tank Methane Emissions from Time-Fill Compressed

Natural Gas Refueling Stations

CNG refueling stations are designed and built unique to their applications. The size of
equipment, such as compressors and storage tanks, and pressure outputs of the compressors are
determined by the types of vehicles, demand or fleet size, and regional and national standards. The
two general types of CNG refueling stations are fast-fill and time-fill [20].

Fast-fill CNG refueling stations are used for public retail applications. The vehicles arrive
at the station at arbitrary times and are refueled from the on-site storage system, which usually
consists of three vessels storing natural gas at pressures between 29.0 and 31.7 MPa (4,200 and
4,600 psi). Dispensing CNG from high-pressure storage system allows the vehicles to be refueled
in short periods of time [19,20].

The time-fill is the most commonly used configuration of CNG refueling stations for
private fleet applications, which run on set schedules and return to central locations after operations
such as transit buses and refuse trucks. The vehicles are refueled directly from compressors for a
period of several hours, commonly overnight when they are out of service and electricity prices
are lower [19,20].

The PTT methane emissions from two time-fill CNG refueling stations were characterized
in this study. The schematic of time-fill configuration of CNG refueling stations is shown in Figure
14. The sources of methane emissions from this segment include compressors, nozzle venting
events, and nozzle disconnects, as well as continuous leaks from station components and nozzles

during refueling processes.
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Figure 14. The schematic of a time-fill CNG refueling station.

4.1 Station Descriptions

The two CNG refueling stations characterized in this study represent the two extreme
applications of time-fill configuration. Station no. 1 was constructed for small-scale consumer
applications, while station no. 2 was commissioned for large fleet applications. Both stations are
designed to fill 24.8 MPa (3600 psi) fuel systems.

Station no. 1 is a pilot-scale CNG refueling station providing fueling to three vehicles. The
station utilizes a consumer-grade refueling system with maximum flow rate of 85 scmh (0.34
DGE/min or 50 scfm). The station system consists of two low-pressure dryers and two four-stage
compressors, each enclosed in a single housing. Two fill hoses are attached to a post equipped
with a vent stack. The total annual mass of natural gas supplied to the station was 21.8 tonne (t).

The vehicles in station no. 1 operate for 7 hours every working day. Two vehicles are filled
in parallel and the nozzles are connected to the vehicle tanks until the following day. For 306 scm
(75 DGE or 10,900 scf) CNG tanks, the time required to fill two tanks is at least 7.2 hours.

Station no. 2 is a CNG refueling station that provides fueling to a fleet of 57 vehicles. The

facility is equipped with 16 hose posts with four fill hoses on each post. The station system utilizes
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one low-pressure dryer and two separate four-stage compressors operating in parallel depending
on the demand. The total annual natural gas supplied to the station was about 1.42 kilotonnes (kt).

The vehicles in station no. 2 operate for 10 hours every working day. The vehicles are filled
in parallel for 14 hours until the following day, and the time required to fill all the tanks is at least
8 hours. As a simplification, it is assumed that the compressors on-site the facility operate for 12

hours every working day.

4.2 Emission Source Detection and Rate Quantification

The measurement campaigns were conducted at the two time-fill CNG refueling stations
such that the normal operations of the stations were not disrupted. The measurement campaign at
each station began by surveying all components and piping. Sources of emissions such as
compressors and vent stacks were documented, and components and piping were scanned
thoroughly for leaks using a Gas-Explorer handheld methane detector (Bascom-Turner
Instruments, Inc., Norwood, MA, US). The handheld methane detector uses a catalytic sensor to
detect concentrations of less than 5% (50,000 ppm) and thermal conductivity sensor to measure
concentrations between 5% and 100%. It has a resolution of 20 ppm and accuracy of +2% of
reading £20 ppm for concentrations below 40,000 ppm. For example, if the handheld sensor reads
10,000 ppm, the accuracy would be +220 ppm (2% x 10,000 ppm £ 20 ppm). The response time
of the instrument is 0.7 seconds [56].

The probe of the handheld methane detector was placed adjacent to the surface of the
component and moved along the process flow of the refueling station. The probe was advanced
along the peripheries of interfaces where leaks were more likely to be found. Locations of leak

sources with methane detector readings of above 500 ppm were marked for later quantification.
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The primary methane emission quantification method used in the measurement campaigns
was the HVS technique. Methane emissions from compressors, component leaks, and nozzle leaks
were treated as continuous leaks and quantified using the HVS system and method described in
Section 3.4.1. Sampling port of the HVS system was placed on the location at which the highest
methane concentration reading from the handheld methane detector occurred. Measurements were
taken from different orientations and covering was used as needed to ensure that all the leaks were
captured. Methane releases from nozzle venting events and disconnects are transient emission

events and were quantified using the HVS system and method described in Section 3.4.2.

4.3 Component-Level Methane Emissions
4.3.1 Compressor Emissions

Each of the two compressor units in station no. 1 is contained in a separate housing. The
compressor is controlled based on a simple logic in which it starts when sufficient pressure drop
in the system is detected. Due to being inaccessible, all components of the compressor within the
housing were treated as a single emission source. A plastic sheeting was used as an enclosure to
seal off the housing and prevent natural gas from escaping. The sampling port of the HVS system
was connected to a hole in the enclosure, and surrounding air was allowed to enter and dilute the
natural gas through another opening.

Methane emissions from the compressor unit varied depending whether the unit was
operating or idle, and during the cycling between on and off modes. Due to this variability,
methane emissions from the compressor unit were measured continuously for a period of 30
minutes and the average was taken. Figure 15(a) shows the 32-minute methane concentration and

methane-air mixture flow rate measured from one of the compressors in station no. 1. Using these
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data, the methane emission rate of the compressor was calculated (Figure 15(b)). The emission
rate varied between 0.9 and 35.7 g/h and averaged at 15.8 g/h with standard deviation of 6.6 g/h.
Elevated level of emissions was observed when the compressor was switching between on and off

modes.
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Figure 15. Methane emission measurement data from one of the compressors in station no. 1: (a) methane
concentration and methane-air mixture flow rate, and (b) methane emission rate.

The two four-stage reciprocating compressors in station no. 2 are contained in a single
housing. Each compressor is equipped with a separate vent stack and louvers for air discharge. All
components within the housing were treated as a single emission source, and emissions from the
compressors were measured separately from the vent stacks and the louvers.

The sampling port of the HVS system was connected to the vent stack of the first
compressor when it was on and off, and that of the second compressor when it was off. Figure
16(a) and (b) show the methane concentration and methane-air mixture flow rate, and the
calculated methane emission rate, respectively, from the vent stack of compressor no. 1 in station

no. 2 when the compressor was operating. Emissions from the vent stack of compressor no. 1 were
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steady. Measurements from each of the two compressor vent stacks were taken for a period of

around five minutes.
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Figure 16. Methane emission measurement data from the vent stack of compressor no. 1 in station no. 2 when the
compressor was operating: (a) methane concentration and methane-air mixture flow rate, and (b) methane emission
rate.

Methane emitted through the louvers of compressor no. 1 was quantified for around 13
minutes when the compressor was operating. During measurements, air discharge was only
allowed through one of the louvers by closing the rest. Methane emission rate was quantified by
measuring the velocity of the discharge air using an anemometer, and the concentrations of

methane using the GHG analyzer. Measured methane emission rate from the louvers of compressor

no. 1 in station no. 2 when the compressor was operating is shown in Figure 17.
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Figure 17. Methane emission measurement data from the louvers of compressor no. 1 in station no. 2 when the
compressor was operating: (a) methane concentration and methane-air mixture flow rate, and (b) methane emission
rate.

The total methane emission rate from compressor no. 1 when it was operating is the sum
of emissions measured from the vent stack and the louvers. Methane emission rate from
compressor no. 1 varied between 326 and 439 g/h, and averaged at 379 g/h with standard deviation
of 12 g/h when it was operating. When the compressor was off, the emission rate varied between
299 and 371 g/h, and averaged at 336 g/h with standard deviation of 10 g/h. Emissions from
compressor no. 2 were measured when it was off only. The emission rate varied between 2.59 and
15.6 g/h, and averaged at 8.25 g/h with standard deviation of 2.81 g/h.

In the box-and-whisker plots shown in Figure 18-Figure 23, the band inside the box
represents the average, and the box represents the average plus/minus standard deviation. The ends
of the whisker represent the minimum and maximum of the data. As shown in Figure 18,
compressor no. 1 in station no. 2 emitted up to 46 times as much methane as compressor no. 2.
Emissions from compressor no. 1 when it was operating, and from compressor no. 2 when it was

idle fall within the range of those reported by Clark et al. [19]. Emissions from compressor no. 1
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when it was off were similar to those when it was on, and higher than those reported by Clark et

al. [19].
500
450 r
=
?3400 -
Q L
g 3% +
c 300
Q
3250 |
uE)ZOO -
2
S 150 |
c
o 100 r
=
50
O * _-
Compressor Compressor #1  Compressor #1 ~ Compressor #2
(station no. 1) on off off
(station no. 2) (station no. 2) (station no. 2)
(@)
1600
<
=)
P 1200 |
s
= 1000
Q
& 800
5
@ 600
@
400 |
% +
= 200 |
0
Compressor Compressor #1 Compressor #1 Compressor #2 Compressor on Compressor off
(station no. 1) on off off (Clark et al.) (Clark et al.)
(station no. 2)  (station no.2) (station no. 2)
(b)

Figure 18. (a) Component-level methane emissions from the compressors in time-fill CNG refueling stations nos. 1
and 2, and (b) the comparison of results with the data reported from eight CNG refueling stations by Clark et al.
[19].
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4.3.2 Component Leaks

In station no. 1, one continuous leak was discovered on an electronically-actuated solenoid

valve between the compressor units and the auxiliary fueling panel. The leak was quantified nine

times when the station was operating, and four times when the station was idle. The leak ranged

between 1.57 and 4.68 g/h, with average and standard deviation of 3.06 and 1.06 g/h, respectively.

In station no. 2, leaks were identified on the dryer drain valve, dryer tee fitting, and

compression fitting on one of the hose posts. The minimum and maximum emissions were 0.74

and 1.18 g/h, respectively. Total emissions from the leaks averaged at 0.87 g/h with standard

deviation of 0.06 g/h. Figure 19 indicates that the component leaks in stations nos.1 and 2 were on

the low side, but comparable to those reported by Clark et al. [19].
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Figure 19. (a) Methane emissions from the component and piping leaks in time-fill CNG refueling stations nos. 1

and 2, and (b) the comparison of results with the data reported by Clark et al. [19].
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4.3.3 Nozzle Leaks

In station no. 2, leaks were discovered on a large number of nozzles during the refueling
process which was overlooked in the literature, e.g., Clark et al. [19]. This study for the first time
discovered the significance of leak rates from specific type of nozzles during the time-fill refueling
process. Station no. 2 employs nozzles with two different coupling designs. Out of the 57 nozzles
in the station, 26 of them have the ball-lock design, and 31 nozzles employ the jaw-lock
technology. Significant leaks were observed from the jaw-lock nozzles during refueling process,
while ball-lock nozzles did not exhibit any.

Leaks from 12 jaw-lock nozzles were quantified in the measurement campaign. As shown
in Figure 20, the average methane emission rate from jaw-lock nozzles was 33.4 g/h with standard
deviation of 37.3 g/h. The minimum and maximum emission rates were 1.1 and 116.1 g/h,
respectively. Component-level methane emissions from nozzle leaks in CNG refueling stations are

unique to this study. No comparisons were made as there are no prior data sets in the literature.

=
N
o

=

o

o
T

(o]
o
T

40 |

Methane emission rate (g/h)
(e}
o

20

Nozzle leaks Nozzle leaks
(station no. 1) (station no. 2)

Figure 20. Component-level methane emissions from nozzle leaks in CNG refueling stations nos. 1 and 2.
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4.3.4 Nozzle Venting and Disconnect Emissions

Prior to disconnecting the nozzle from a vehicle receptacle at the end of a refueling process,
the nozzle and hose system is depressurized by venting the high-pressure natural gas remaining in
the system. Both stations nos. 1 and 2 employ type 2 nozzles, in which the mechanism to operate
the vent valve is external to the nozzle.

Station no. 1 uses a fill hose only. In station no. 1, the high-pressure natural gas left in the
dead space volume between the receptacle check valve and the nozzle inlet valve, as well as in the
fill hose between the nozzle and the auxiliary fueling panel, is vented through the same hose and
to the vent stack.

Station no. 2 uses fill and vent hoses. In other words, two hoses are connected to a nozzle.
In station no. 2, only the high-pressure natural gas left in the dead space volume between the
receptacle check valve and the nozzle inlet valve is vented. Venting of this leftover natural gas is
achieved through the use of a vent hose connected to the vent stack. Negligible amount of natural
gas is emitted during the nozzle disconnection process in both stations.

Methane emissions from four nozzle venting events were quantified in station no. 1. Figure
21 shows the methane emission rate and time-cumulative methane emissions from a nozzle venting

event in station no. 1.
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Figure 21. Methane emission measurement data from a nozzle venting event in station no. 1: (a) methane
concentration and methane-air mixture flow rate, and (b) methane emission rate and time-cumulative measurement.
In station no. 2, methane emissions from eight nozzle venting events were quantified at
various refueling station system pressures as the measurements were taken premature of the
completion of refueling processes. Figure 22 shows the methane emission data from the eight
measured nozzle venting events. Using ideal gas law, the emissions were normalized to 24.8 MPa

(3600 psi) as this is the pressure at which refueling process is complete.
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Figure 22. Methane emissions from eight nozzle venting events in CNG refueling station no. 2 at various refueling
station system pressures and the estimated average nozzle venting emissions at 24.8 MPa (3600 psi).

As shown in Figure 23, the average nozzle venting emissions in station no. 1 were 17.2
g/event with standard deviation of 0.2 g/event. The minimum and maximum emissions were 17.0
and 17.4 glevent, respectively. It can be observed from Figure 23 that the measurements show
higher values than those reported by Clark et al. [19]. The use of a single hose in station no. 1
results in a larger volume of high-pressure natural gas that needs to be vented following a refueling
process. The average nozzle venting emissions in station no. 2 were 2.34 g/event with standard
deviation of 0.16 g/event. The minimum and maximum emissions were 2.04 and 2.48 g/event,
respectively. As shown in Figure 23, nozzle venting emissions from station no. 2 were at least
seven times lower than those of station no. 1 and were within the range of those reported by Clark

etal. [19].
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Figure 23. Component-level methane emissions from nozzle venting events in CNG refueling stations nos. 1 and 2,
and comparison with the data reported by Clark et al. [19].
4.4 Pump-to-Tank Methane Emissions

Figure 24 shows the PTT system boundary of time-fill CNG refueling stations. The PTT
methane emissions of CNG fuel can be calculated by dividing the annual methane emissions,
which comprise component leaks, compressor emissions, nozzle venting emissions, and nozzle
leaks, by the total natural gas supplied to CNG refueling stations.

The PTT methane emissions under the business-as-usual scenario were constructed using
component-level emission data generated from the measurement campaigns. In the case of station
no. 2, the data were collected prior to regularly scheduled maintenance of the station.

Uncertainties in the component-level methane emission rates were calculated at 95%
confidence interval. Compressor emissions, component leaks, and nozzle leaks were treated as
normal distributions, while nozzle venting emissions were treated as Student’s t-distributions [57].
The contribution of each of the components to the annual methane emissions is expressed as a
percentage based on central estimates (i.e., using the mean values).
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Figure 24. The PTT system boundary of time-fill CNG refueling stations.

As shown in Figure 25, the PTT methane emissions from CNG refueling stations nos. 1
and 2 under the business-as-usual scenario were 1.4 + 0.8% and 0.7 = 0.7%, respectively. The
emission data from station no. 1 represent those of pilot or underutilized time-fill CNG refueling
stations, whereas emission data from station no. 2 represent those of fully-operational time-fill
CNG refueling stations.

Based on central estimates, the highest emitters in station no. 1 were the compressors,
contributing 88.6% to the annual methane emissions. Component leaks and nozzle venting
emissions contributed 8.5% and 2.9% to the annual methane emissions, respectively. In station no.
2, nozzle leaks and compressors were the most significant sources of methane emissions,
contributing 66.6% and 32.9% to the annual emissions, respectively. Nozzle venting emissions

and component leaks contributed 0.4% and 0.1% to the annual methane emissions.
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Figure 25. Breakdowns of the annual methane emissions from (a) station no. 1 and (b) station no. 2 by components
based on central estimates under the business-as-usual scenario.

The breakdowns of the annual methane emissions from stations nos. 1 and 2 under the
business-as-usual scenario are presented in Table 4 and Table 5, respectively. In station no. 1, the
two compressor units emitted a total of 278 + 173 kg of methane per year. This value represents
88.6% of the annual methane emissions from the station. As a consequence of the compressors
starting when pressure drop is detected and working to maintain the pressure of the system, it was
assumed that methane was emitted 24 hours a day even when the station was not operating. The
methane emissions from component leaks were 3 + 2 g/h, and no leaks were discovered from the
nozzles in station no. 1. As the leaks occurred continuously, component leaks contributed 27 + 14
kg or 8.5% to the annual methane emissions. The amount of methane released to the atmosphere
from a nozzle venting event was 17.2 = 0.6 g. As there were two vehicles filled in a day, the annual

methane emissions from nozzle venting events were 9.0 + 0.3 kg or 2.9% of the total.
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Table 4. Breakdown of the annual methane emissions from station no. 1 as a percentage of the total natural gas
supplied under the business-as-usual scenario.

Methane emission rate % of

Remarks Working day Weekend day kg CH,/yr  total CHy

Freq/d  kgCHsd  Freq/d kg CH./d emissions

Compressor 16 +13 g CHu/h 2 compressors 24 0.8+0.6 24 0.8+0.6 278 £173 88.6

Component leaks 3+£2 24 0.07 £0.05 24 0.07+0.05 27+14 8.5

Nozzle leaks 0 24 0 24 0 0 0.0

Nozzle venting 17.2+£0.6 g CH,/event 2 0.034 £0.001 0 0 9.0+0.3 2.9
Total CH,4 emissions 09+06 0.8+0.6 313+174
Natural gas supplied 21,775
Total CH. emissions/natural gas supplied 1.4+0.8%

In station no. 2, the nozzles of the jaw-lock design emitted 33 £ 73 g CHa/h. As these 31
nozzles were connected for 14 hours a day on working days, and for 24 hours a day on weekend
days, the annual methane emissions from nozzle leaks were 6,364 + 10,038 kg. This amount
represents 66.6% of the annual methane emissions from the station.

The second highest emitter in the station was the compressor units, contributing 3,147 +
115 kg or 32.9% to the annual methane emissions. In this analysis, it was assumed that compressor
no. 1 operated 12 h/day on working days. As emissions from compressor no. 2 were measured
only when the unit was off, it was assumed that emissions from this compressor unit stayed
constant.

The amount of methane released to the atmosphere from a nozzle venting event was 2.3 £
0.4 g. As 57 vehicles were filled daily, the annual methane emissions from nozzle venting events
were 35 + 6 kg. This amount represents 0.4% of the annual methane emissions. Finally, the total
emissions from component leaks were 7.6 £ 0.8 kg annually and represent 0.1% of the total

methane emissions from station no. 2.
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Table 5. Breakdown of the annual methane emissions from station no. 2 as a percentage of the total natural gas
supplied under the business-as-usual scenario.

Methane emission rate % of
Remarks Working day Weekend day kg CH,/yr  total CHy
Freq/d  kgCH.d  Freq/d kg CH/d emissions
Compressor #1 on 379+23 gCHy/h 12 45+0.3 0 0 1,186 £ 72
Compressor #1 off 336+ 20 12 40£0.2 24 8.1+05 1,889 + 81 32.9
Compressor #2 off 8+6 24 02+0.1 24 0.2+0.1 72 + 37
Component leaks 09+0.1 24 0.021 +£0.003 24 0.021 +£0.003 76+0.8 0.1
Nozzle leaks 33+£73 31 nozzles 14 14 + 32 24 25+54 6,364 +£10,038 66.6
Nozzle venting 2.3+0.4 gCHj/event 57 0.13+0.02 0 0 35+6 0.4
Total CH,4 emissions 23+32 33+54 9,554 +10,039
Natural gas supplied 1,423,727
Total CH4 emissions/natural gas supplied 0.7+0.7%

4.5 Discussion

Although the amounts of continuous methane emissions from component and piping leaks
in both stations nos. 1 and 2 were not significant, periodic inspection and repair should be
implemented by the station operators to completely eliminate these sources of emissions. With
improvement in future technology, methane emissions from the compressor vent stacks and nozzle
venting events can be reduced by routing the flows to a methane oxidizer.

The compressors in station no. 1 contributed 88.6% to the annual methane emissions. As
mentioned in Section 4.3.1, the compressors start when the line pressure drops below a certain
value. The compressors should ideally operate only when the nozzles are connected to the vehicle
tanks at low pressures. However, component leaks downstream the compressors can cause
sufficient pressure drop that triggers the compressors to run intermittently. To avoid undesired
methane emissions from the compressors, the electronic modules can be programmed to operate
the compressors manually or allow the compressors to run only between certain hours when the

vehicles are docked in the station for refueling.
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As opposed to the twin-hose assemblies used in station no. 2, single-hose design is used in
station no. 1. In such design, depressurization of the entire hose as well as the dead space volume
between the nozzle and vehicle receptacle are required following the completion of a refueling
process. This results in nozzle venting emissions that are significantly higher than those from twin-
hose assembly. In the case of stations nos. 1 and 2, nozzle venting emissions in station no. 1 were
at least seven times as high as those in station no. 2.

Station no. 1 is a small-scale CNG refueling station that is currently used to fuel two
vehicles in a day. Due to the low throughput of the station, the total methane emissions are
significant relative to the total natural gas supplied. As the station system is capable of refueling
four vehicles at a time, increasing the throughput of the station could potentially reduce the relative
contributions of the compressor emissions and component leaks to the PTT methane emissions.

Under the minimal-emission scenario shown in Table 6, if the compressors were limited to
operate for 15 hours during working days, component leaks were eliminated, twin-hose assemblies
were employed, and the station throughput was increased to fueling four vehicles in a day, the PTT

methane emissions from station no. 1 would decrease from current 1.4 + 0.8% to 0.3 + 0.2%.

Table 6. Breakdown of the annual methane emissions from station no. 1 as a percentage of the total natural gas
supplied under the minimal-emission scenario.

Methane emission rate % of

Remarks Working day Weekend day kg CH,yr ~ total CH,

Freq/d  kgCHud  Freq/d kg CH./d emissions

Compressor 16 +13 g CHu/h 2 compressors 15 05+04 0 0 124 + 101 98.1

Component leaks 0 24 0 24 0 0 0.0

Nozzle leaks 0 24 0 24 0 0 0.0

Nozzle venting 2.3+0.4 g CH,levent 4 0.009 £ 0.002 0 0 24+04 1.9
Total CH,4 emissions 05+04 0 127 +101
Natural gas supplied 43,550
Total CH4 emissions/natural gas supplied 0.3+0.2%
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In station no. 2, as nozzles of the jaw-lock design continuously leaked methane to the
atmosphere during the refueling process, the most immediate and effective way to reduce
emissions is to disconnect the nozzles from the vehicles during weekend days. Based on central
estimates, this measure would reduce the annual methane emissions by 3 t. Replacing the leaking
nozzles would completely eliminate leaks from the nozzles during the refueling process and reduce
the annual station emissions by 6 t. Periodic inspection for nozzle leaks should be implemented
along with replacement of the nozzles that have reached the end of useful life.

Following the inspection of compressor no. 1 in station no. 2 that emitted up to 46 times as
much methane as compressor no. 2, it was found that one of the drain valves in the compressor
system was not fully closed. This release of undesired methane emissions could have easily been
mitigated by implementing a regular inspection program. By keeping emissions from compressor
no. 1 as low as those of compressor no. 2, the annual station emissions could have been reduced
by 3+14t.

Upon communicating these findings with the station operators, recommendations to reduce
methane emissions from station no. 2 were implemented in the following regularly scheduled
maintenance of the station. The leaking nozzles were replaced, and the root cause of abnormal
emissions from compressor no. 1 was fixed. Under the minimal-emission scenario shown in Table
7, if compressor emissions were kept at a minimum, and component and nozzle leaks were
eliminated, the PTT methane emissions from station no. 2 could potentially be reduced from

current 0.7 £ 0.7% to 0.013 + 0.003%.
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Table 7. Breakdown of the annual methane emissions from station no. 2 as a percentage of the total natural gas
supplied under the minimal-emission scenario.

Methane emission rate % of

Remarks Working day Weekend day kg CH,/yr  total CHy
emissions

Freq./d kg CH,4/d Freg./d kg CH4/d

Compressor #1 on 8+6 gCHy/h 12 0.10+0.07 0 0 26 +17
Compressor #1 off 816 12 0.10+£0.07 24 0.2+0.1 46 + 22 80.6
Compressor #2 off 8+6 24 02+0.1 24 0.2+0.1 72 + 37
Component leaks 0 24 0 24 0 0 0.0
Nozzle leaks 0 31 nozzles 14 0 24 0 0 0.0
Nozzle venting 2.3+0.4 g CH,/event 57 0.13+0.02 0 0 35+6 19.4
Total CH,4 emissions 05+0.2 0402 179 + 47
Natural gas supplied 1,423,727
Total CH4 emissions/natural gas supplied 0.013 £ 0.003%

Compressors in both CNG refueling stations nos. 1 and 2 are significant contributors to the
PTT methane emissions. Several best practices can be implemented by the station operators to
minimize methane emissions from the compressors in time-fill CNG refueling stations. First,
abnormal levels of emissions can be identified if a regular inspection program is in place.
Diagnosis can subsequently be carried out and actions can be taken to eliminate the root cause of
elevated levels of emissions. Second, limiting operations of the compressors to certain hours when
the vehicles are docked, using a buffer tank to maintain the pressure of the system, and
implementing a robust startup logic can prevent the compressors from running unintentionally and
producing undesired methane emissions. A buffer tank can also be used to refuel a small number
of vehicles outside the scheduled time. Finally, low-emission blowdown strategies can be
implemented to minimize the amount of methane emitted to the atmosphere during compressor
shutdown. The natural gas that is vented during a blowdown or depressurization following a

shutdown can be recovered by routing it to a storage tank and recompressing it in the following
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cycle. The compressor system can also be maintained at high pressure following a shutdown to
prevent the release of methane to the atmosphere.

As mentioned in Section 4.3.1, measurements from the compressor vent stacks and louvers
in station no. 2 were taken for periods of around five and 13 minutes, respectively, when
compressor no. 1 was on and off. As a result, temporal emission variations that occur due to events
such as blowdown during compressor shutdown were not captured. In addition, methane emissions
from compressor no. 1 after the open drain valve was closed were not quantified. Due to the limited
sample size of the data collected, more measurements are needed to increase the confidence level
of the data.

The measurement data from two time-fill CNG refueling stations presented in this chapter
demonstrate the successful utility of the HVS system to quantify PTT methane emissions from the
natural gas refueling infrastructure. The portability and flexibility of the HVS system allowed for
measurements of various point sources at natural gas refueling facilities in different locations.
Component-level methane emissions were obtained with degree of accuracy that is within the
experimental uncertainty of the measurements.

The study conducted by Clark et al. [19] is the only published data in the literature on the
PTT methane emissions of natural gas refueling stations. The results of component-level methane
emissions from time-fill CNG refueling stations obtained in the present study can be concatenated
with the published data to build a more robust database of component-level methane emissions
from natural gas refueling infrastructure. Ultimately, these data can be used in the future to develop
emission factors for building life cycle assessments of natural gas fuel and comprehensive

greenhouse gas inventories.
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The average PTT methane emissions from the two time-fill CNG refueling stations studied
in this thesis were 1.1 £ 0.5%. Given that WTW methane leakage (e.g., 2.4% in the case of LNG
fuel in Canada [21]) dictates the environmental performance of natural gas as a transportation fuel,
it is uncertain whether natural gas is a net GHG reducer as compared to diesel. Future LCA studies
should incorporate methane emissions from this otherwise overlooked segment to determine the
effectiveness of using natural gas in cutting transportation GHG emissions in the near- to medium-

term.
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Chapter 5: Conclusions and Future Work

5.1 Conclusions

The overall goal of this work was to quantify PTT methane emissions from natural gas
refueling infrastructure. Among the methods that can be applied to estimate the total methane
emissions from natural gas refueling facilities such as aerial-based measurements, external tracer
method, and inverse dispersion modeling, point-source measurements are the most appropriate
method to achieve the objectives of this thesis. Component emission data generated by point-
source measurements provide useful information for facility operators and regulators to identify
which sources should be targeted for emissions reduction.

The methodology of this thesis involved the development of the HVS system to perform
point-source measurements at natural gas refueling stations. Compared to the commercially
available instrument to measure methane emissions across the natural gas supply chain, the HVS
system offers a wider range of measurements and higher accuracy, while maintaining the
portability and flexibility features.

The HVS system works by creating suction to capture natural gas leak through its sampling
port. A MAF sensor measures the volumetric flow rate of the natural gas-air mixture, and a GHG
analyzer quantifies the concentration of methane in the stream. Calibration of the MAF sensor was
performed against an air flow bench to obtain the correlation between the MAF sensor output
voltage and the air volumetric flow rate.

The performance of HVS system was validated by conducting continuous leak and
transient emission tests to simulate conventional steady-state component leaks and transient

venting emissions, respectively. Known mass flow rates of methane or CO2 were injected into the
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sampling port and compared to the readings of the HVS system. The continuous leak and transient
emission tests with varying methane-air mixture flow rate showed that the HVS system measured
methane emission rate and total methane emissions with maximum uncertainty of 6.6%. The
continuous leak test was also conducted with varying distance from the simulated leak source. The
results suggested that, in the case that there is a gap between the leak source and the HVS sampling
port, an enclosure should be used and measurements should be taken multiple times from various
directions to ensure that all natural gas leak is captured by the HVS system.

The utility of the HVS system was successfully demonstrated at two time-fill CNG
refueling stations to generate a data set of component-level methane emissions. Station no. 1 is of
pilot scale, and station no. 2 is a fully-operational station. The HVS system was used to measure
methane mass emission rates from compressors, component and nozzle leaks, and nozzle venting
events. Based on central estimates, the results showed that natural gas compressors were a
significant source of emissions in station no. 1, contributing 88.6% to the annual methane
emissions. Prior to regularly scheduled maintenance, compressor emissions and nozzle leaks in
station no. 2 contributed 32.9% and 66.6% to the annual methane emissions, respectively. Leaks
from the nozzles connected to the vehicles” onboard tanks were a significant source of emissions
due to the long time-fill processes.

The PTT methane emissions of each station were calculated as a ratio between the annual
methane emissions and the natural gas supplied to the station. The results showed that under the
business-as-usual scenario, the PTT methane emissions from stations nos. 1 and 2 were 1.4 + 0.8%
and 0.7 £ 0.7%, respectively.

Under the minimal-emission scenario, the PTT methane emissions from station no. 1 could

reduce to 0.3 £ 0.2%. In this scenario, the compressors were prevented from starting intermittently
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outside the scheduled refueling hours and the throughput of the station was increased to refueling
the maximum number of vehicles possible. Leaks from the station components were eliminated,
and twin-hose assemblies were employed to minimize the amount of methane released to the
atmosphere from nozzle venting events. The PTT methane emissions from station no. 2 could
potentially reduce to 0.013 + 0.003% if compressor emissions were kept at a minimum, and
component and nozzle leaks were eliminated.

These recommendations, some of which have been implemented, prove that more than
80% of methane emissions from the studied natural gas refueling infrastructure can be eliminated

by using available technologies and deploying the best practices to operate these facilities.

5.2 Recommendations for Future Work

The specific objectives of this thesis work were accomplished by deploying the HVS
system to perform point-source measurements at two time-fill CNG refueling stations. However,
there remain limitations in the present study that should be addressed in future work. The
recommendations below would require collaborative efforts between researchers and the operators
of the natural gas refueling stations.

First, component-level methane emissions for the compressors in this study were measured
for limited time periods. Consequently, emission fluctuations that occurred due to temporal events
such as compressor blowdowns were not reflected in the results. Additionally, emission variations
caused by the dynamics of two compressors operating in parallel were not captured. Measurements
for extended periods of time would increase confidence level in the component-level emission

data.
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Second, the effectiveness of implementing best practices to reduce methane emissions
would ideally be quantified in future work. In the case of station no. 2 presented in this study,
emissions from compressor no. 1 after the open drain valve was closed could be quantified. Nozzle
venting emissions from station no. 1 could also be measured after the twin-hose assemblies are
used.

Third, measurement campaigns at more facilities are generally required to develop
comprehensive emission factors for sources within natural gas refueling stations. Selection of
sample stations covering a wide range of station ages and technologies, as well as natural gas fuel
throughputs, should be carried out in future work.

Finally, applications of the HVS system could be explored to assess the PTT methane
emissions from LNG refueling stations and bunkering facilities for heavy-duty vehicles and marine
vessels, respectively. To the best of our knowledge, the PTT methane emissions from LNG
refueling stations reported by Clark et al. [19] represent the only published data in the scientific
literature. Clark et al. estimated methane emissions from the LNG offloading process by assuming
that the LNG remained in the transfer line has to be released to the atmosphere at the end of an
offloading process. Direct quantification was not conducted due to access restrictions which
resulted in a high uncertainty in emission measurements from LNG offloading processes. In
addition, methane emissions from each of the stages in the LNG offloading processes including

precooling, purging, filling, and inerting were not characterized.
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Appendices

Appendix A Greenhouse Gas Analyzer
A.l  Off-Axis Integrated Cavity Output Spectroscopy

A schematic diagram of the GHG analyzer based on the off-axis ICOS technology is shown
in Figure 26. The gas sample flows through a cylindrical tubular measuring cell sealed by high-
reflectivity mirrors on its ends. The temperature and pressure of the gas sample inside the cell are
measured. A diode laser beam is directed through the gas sample and makes thousands of passes
to create an effective optical path length of several thousand meters before leaving the cell into a
photodetector. A solid etalon is used to measure the relative wavelength of the laser, which is tuned
over the absorption features of the target species (e.g., methane). The mole fractions of methane,
carbon dioxide, and water vapor are determined from the measured absorption of the gas sample

in the near-infrared region using Beer’s Law [55,58].

Photodetector
Inlet Outlet
Etalon
Diode TP
laser y ® ®
Gas sample
| Photo-
| detector
v
Control |, Data acquisition
electronics | system

Figure 26. A schematic diagram of the GHG analyzer based on the off-axis ICOS technology.
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A.2  Greenhouse Gas Analyzer Referencing

The GHG analyzer was referenced against secondary methane concentration standards of
3,990 £ 40 ppm, 1.004 £ 0.020%, and 4.016 + 0.080%. The results of the referencing are presented
in Figure 27. The maximum discrepancy between the methane standard gas concentrations and the

measured values by the GHG analyzer was 1.6%.
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Figure 27. GHG analyzer referencing results against standard gases with methane concentrations of 3,990 + 40
ppm, 1.004 + 0.020%, and 4.016 + 0.080%.

Appendix B Derivation of High-Volume Sampling Formula

The derivation of the methane mass flow rate shown in Eq. (1) is as follows. mcy, is the
methane mass flow rate (g/h), I'/CH4 is the standard volumetric flow rate of methane (m%/h), and

pPcn, 1S the density of methane at standard condition (g/md).
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V., is the standard volumetric flow rate of natural gas-air mixture (m%h), and Ccn, Is the

net mole fraction of methane. Using Dalton's and Amagat’s laws for ideal gas mixtures [59], the

mole fraction of methane in a natural-gas air mixture is equal to the partial pressure or volume of

PcH,

methane (i.e., Ccy, = b

14 . .
= %). Hence, Vey, = Vi Cen,- Con,our @nd Cop, in are the exhaust

and background methane mole fractions. Eq. (A.2.1) gives the methane mass flow rate as a

function of exhaust and background methane mole fractions:

Mcy, = VCH4 PcH, (A.2.1)

Vm Ccn, Pcu,

= Vm (CCH4,out - CCH4,L'n) PcH,

As the expected methane concentration in the flow passing through the HVS system is less
than 5% (50,000 ppm), it is assumed that the standard volumetric flow rate of the natural gas-air
mixture is equal to the standard volumetric flow rate of air, V,;,. Therefore, Eq. (A.2.1) can be

simplified:

ticy, = Vair Pen, (Congout = Cotyin) X 1076 (A.2.2)

where, the exhaust and background methane mole fractions are expressed in the unit of parts per

million (ppm).

79



	Abstract
	Lay Summary
	Preface
	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviations
	Acknowledgements
	Dedication
	Chapter 1: Introduction
	1.1 Natural Gas as a Transportation Fuel for Heavy-Duty Vehicles
	1.2 Well-to-Wheel Greenhouse Gas Emissions of Natural Gas Fuel
	1.3 Objectives and Approach
	1.4 Thesis Structure

	Chapter 2: Methane Emission Measurement Methods: Background Review
	2.1 Top-Down Approach to Facility-Level Emissions
	2.1.1 Facility-Scale Aerial-Based Measurements
	2.1.2 External Tracer
	2.1.3 Inverse Dispersion Modeling

	2.2 Bottom-Up Approach to Facility-Level Emissions
	2.2.1 Emission Source Detection
	2.2.2 Emission Rate Quantification
	2.2.2.1 Bacharach Hi Flow Sampler
	2.2.2.2 High-Volume Sampling System



	Chapter 3: Development of the High-Volume Sampling System
	3.1 Design of the High-Volume Sampling System
	3.2 Mass Air Flow Sensor Calibration
	3.3 Uncertainty Analysis
	3.4 System Validation
	3.4.1 Continuous Leak Test
	3.4.1.1 Continuous Leak Test with Varying Methane-Air Mixture Flow Rate
	3.4.1.2 Continuous Leak Test with Varying Distance from Leak Source

	3.4.2 Transient Emission Test


	Chapter 4: Pump-to-Tank Methane Emissions from Time-Fill Compressed Natural Gas Refueling Stations
	4.1 Station Descriptions
	4.2 Emission Source Detection and Rate Quantification
	4.3 Component-Level Methane Emissions
	4.3.1 Compressor Emissions
	4.3.2 Component Leaks
	4.3.3 Nozzle Leaks
	4.3.4 Nozzle Venting and Disconnect Emissions

	4.4 Pump-to-Tank Methane Emissions
	4.5 Discussion

	Chapter 5: Conclusions and Future Work
	5.1 Conclusions
	5.2 Recommendations for Future Work


	References
	Appendices
	Appendix A   Greenhouse Gas Analyzer
	A.1 Off-Axis Integrated Cavity Output Spectroscopy
	A.2 Greenhouse Gas Analyzer Referencing

	Appendix B   Derivation of High-Volume Sampling Formula


