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EXECUTIVE SUMMARY

This report describes the field campaign conducted at Alberta upstream oil and natural gas
(UOQG) sites from 14 August to 23 September 2017 and methodology applied to determine
average factors and confidence intervals for the following parameters.
e Process equipment count per facility subtype' or well status code?.
e Component count per process equipment unit?.
¢ Emission control type per process equipment unit.
e Pneumatic device count per facility subtype or well status code by device and driver
types.
e Leak rate per component and service type* considering the entire population of
components with the potential to leak (i.e., ‘population average’ factor).
e Leak rate per component and service type considering leaking components only (i.e.,
‘leaker’ factor).

The study was completed under the authority of the Alberta Energy Regulator (AER) and funded
by Natural Resources Canada (NRCan) with the objective of improving confidence in methane
emissions from Alberta UOG fugitive equipment leaks, pneumatic devices and reciprocating rod-
packings. Results are intended for an emission inventory model used to predict
equipment/component counts, uncertainties and air emissions associated with UOG facility and
well identifiers.

Fugitive equipment leaks and pneumatic venting sources are targeted by this study because they
contribute approximately 17 and 23 percent, respectively, of methane emissions in the 2011
national inventory (ECCC, 2014) and are based on uncertain assumptions regarding the
population of UOG equipment and components. Moreover, a 2014 leak factor update report
published by the Canadian Association of Petroleum Producers (CAPP) recommended
equipment and component counts be refined based on field inventories and standardized
definitions because of limitations encountered when determining these from measurement
schematics, process flow diagrams (PFD) or piping and instrumentation diagrams (P&ID)
(CAPP, 2014 sections 4.1.1 and 4.2.1).

1 Facility subtypes are defined in Table 2 of AER Manual 011 (AER, 2016b).

2 Well status codes are defined by the four category types: fluid, mode, type and structure.
3 Process equipment units are defined in Appendix Section 8.4.

4 Component types and service types are defined in Appendix Sections 8.2 and 8.3.
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Scope
The scope of this study targets UOG wells, multi-well batteries, and compressor stations

belonging to AER facility subtypes contributing the most to UOG methane emission uncertainty.
Larger UOG facilities and oil sands operations are specifically excluded from this study because
they are often subject to regulated emission quantification, verification and compliance
requirements that motivate accurate, complete and consistent methane emission reporting.

The field sampling plan follows the fugitive emission measurement protocol recommended by
the Canadian Energy Partnership for Environmental Innovation (CEPEI, 2006) with the optical
gas imaging (OGI) method used for leak detection. The field campaign targeted UOG wells,
multi-well batteries, and compressor stations belonging to the following UOG industry segments
(and AER facility subtypes) contributing the most to UOG methane emission uncertainty.
Candidate sample locations were randomly selected from subtype populations with surveys
completed at as many sites as budgeted resources allowed.

e Natural Gas Production (subtypes 351, 361, 362, 363, 364, 365, 366, 367, 601, 621 & 622)
e Light and Crude Oil Production (subtypes 311, 321 and 322)
e Cold Heavy Crude Oil Production (subtypes 331, 341, 342, 343 and 611)

Data collection and leak surveys were completed at 333 locations, operated by 63 different
companies, and included 241 production accounting reporting entities and 440 UWIs. This
sample data represents the vintage, production characteristics and regulatory oversight
corresponding to UOG facilities operating in Alberta during 2017. The geographic distribution
of survey locations is illustrated in Figure ES-1.
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Figure ES-1: Survey locations and facility subtypes for the 2017 measurement campaign.

Data Collection and QA/QC

Field measurements and data collection was led by Greenpath Energy Ltd. (Greenpath).
Greenpath technicians were paired with an AER inspector or a Clearstone engineer to enhance
field team depth with respect to regulatory inspections and process knowledge. Before beginning
the campaign, all field team members attended three days of project-specific desktop and field
training. Standardized data collection methods and strict definitions for component, equipment,
service, emission and facility type are documented in the sampling plan and used by field teams.
Other quality assurance (QA) measures implemented to ensure reliable field data included:

e Use of leak detection and measurement equipment appropriate for the site conditions and
source characteristics encountered at UOG facilities. Equipment is regularly serviced and
maintained in accordance with the manufacturer’s specifications.
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e Field observations were documented in a complete and consistent manner using a
software application designed for this project. The application was installed on tablets
and pre-populated with site identifiers and standard definitions that enabled selection
from drop-down menus (instead of free-form data entry).

e Photos were taken of each site placard (to confirm surveyed locations) and each
equipment unit (to confirm the correct equipment type was selected and reasonable
component counts were completed).

e Infrared (IR) camera videos were recorded to confirm the component type and leak
magnitude.

e Tablet data was uploaded to an online repository at the end of each working day to
minimize data loss risk (e.g., due to damaged or lost tablets). Backup archive files were
checked at the end of the field campaign to confirm no data leakage occurred.

e Parsing of tablet records into an SQL database was automated to minimize processing
time and transcription errors.

The data collected was tested according to the following quality control (QC) procedures:

e Records were reviewed by the field team coordinator on a daily basis to identify and
mitigate data collection errors. When observed, problematic records were corrected and
communicated to the entire field team to prevent future occurrences.

e The possibility of data leakage between the field tablets and final SQL database was
checked by comparing tablet archives to final database records.

e Site placard photos, equipment photos, IR videos and measurement schematics were used
during post survey processing to determine the validity of data outliers.

e Various post-processing statistical tests and quality control checks were performed on the
data to ensure records are correctly classified and representative of process conditions.

e Raw data records were provided to the operator of each site surveyed. Written feedback
regarding data corrections were received from five operators and refinements made to the
dataset.

Observational and measurement data are assigned to corresponding AER facility and well
identifiers based on measurement schematics provided by subject operators. Field observations
are correlated to Facility IDs and UWIs so that the resulting factors are representative and
applicable to the AER regulated UOG industry managed with Petrinex data models.

Uncertainty Analysis

It is good practice to evaluate the uncertainties in all measurement results and in the emission
calculation parameters derived from these results. Quantification of these uncertainties ultimately
facilitates the prioritization of efforts to improve the accuracy of emissions inventories developed

using these data. Measurement uncertainty arises from inaccuracy in the measuring equipment,


http://www.petrinex.ca/overview/Pages/Overview.aspx

random variation in the quantities measured and approximations in data-reduction relations.
These individual uncertainties propagate through the data acquisition and reduction sequences to
yield a final uncertainty in the measurement result. Two types of uncertainties are encountered
when measuring variables: systematic (or bias) and random (or precision) uncertainties (Wheeler
and Ganji, 2004). Confidence intervals for study results are determined using the bootstrapping
method and adopt the IPCC (2000) Good Practice Guidance suggestion to use a 95% confidence
level (i.e., the interval that has a 95% probability of containing the unknown true value) and Tier
1 rules for error propagation.

Bootstrapping is a statistical resampling method which is typically used to estimate population
variables/parameters from empirically sampled data (Efron, and Tibshirani, 1993). Bootstrapping
as a method is non-parametric and does not rely on common assumptions such as normality, data
symmetry or even knowledge of the data’s underlying distribution. It is applied by other studies
investigating ‘heavy-tailed’ leak distributions and is shown to increase the width of confidence
intervals by increasing the upper bound (Brandt et al, 2016). The one main underlying
assumption behind bootstrapping, for the results to be reliable, is that the sample set is
representative of the population.

Results for Process Equipment and Components

Process equipment and components (greater than 0.5 NPS) in pressurized hydrocarbon service
were counted and classified according to standardized definitions presented in Appendix Section
8. Equipment and component schedules are used to estimate the number of potential hydrocarbon
vapour leak sources exist in the Alberta UOG industry. Process equipment and components
entirely in water, air’, lubricating oil and non-volatile chemical service were not included in the

inventory because they are less likely to emit hydrocarbons. Factors representing the average
(mean) number of equipment units per facility subtype or well status are calculated by dividing
the total equipment count by the total number of sites surveyed for each of the stratums
considered. Average counts and confidence intervals are determined for 27 process equipment
types observed at 11 facility subtypes and 12 well status codes. Results for facility subtypes are
presented in Table 3 of the report body while results for well status codes are in Table 4.

In addition to counting components, the following emission controls were noted by field
inspectors when installed on subject process equipment units.
e (Gas Conserved — where natural gas is captured and sold, used as fuel, injected into
reservoirs for pressure maintenance or other beneficial purpose.
e (Qas tied to flare — where natural gas is captured and disposed by thermal oxidization in a
flare or incinerator.

5 Pneumatic devices driven by instrument air were inventoried as discussed in Section 3.4. The air compressor and
piping were not inventoried.
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e QGas tied to scrubber — where natural gas is captured and specific substances of concern
(e.g., H2S or other odourous compounds) are removed via adsorption or catalytic

technologies.

Average emission control per subject equipment units are presented in Table ES-1. These results
consider the frequency controls are observed and the estimated control efficiency for preventing
the release of natural gas to the atmosphere (i.e., how much of the subject gas stream is captured
and combusted/conserved over an extended period of time). Because control efficiency
assessment was beyond the scope of the 2017 field campaign, a conservative estimate of 95
percent is adopted for conservation and flaring (from CCME, 1995°) while scrubbers are

assigned 0 control because they prevent very little of subject natural gas streams from being

released to atmosphere.

Table ES-1: Average (mean) emission control & confidence interval per equipment unit.

Description of Control Process | Control | Average | 95% Confidence Interval
Equipment | Count | Control (%oof mean)
Count Factor Lower Upper

Storage tank tied into flare or 213 46 0.21 28% 31%
conserved

Storage tank tied into scrubber 213 3 0.00 - -
Compressor rod-packing vent 54 7 0.12 65% 72%
tied into flare or conserved

Pop tank tied into flare or 20 2 0.10 100% 123%
conserved

The average (mean) number of components in hydrocarbon process gas or liquid service per
process equipment type is calculated for the following component types. Results with confidence
intervals are presented in Table 5 of the report body.

e Reciprocating Compressor Rod-Packing,

e Connector,

e Control Valve,

e Meter,

e Open-Ended Line,

e Pressure Relief Valves and Pressure Safety Valves (PRV/PSV),

e Pump Seal,
e Regulator,

e Thief Hatch,
e Valve, and

o Well Surface Casing Vent (SCVF).

6 This is the minimum performance required by CCME (1995) for vapour control systems.
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A comparison of the 2017 component counts to those derived for the first Canadian UOG
“bottom-up” national emission inventory (CAPP, 1992) indicates that the number and diversity
of components per equipment type has increased. This is likely driven by increased process
measurement/control and liquids-rich gas production introduced over the last 30 years as well as
a specific field objective to account for every component in pressurized hydrocarbon service.
The 2017 sample plan required inspectors to include all process equipment components plus
downstream components until they arrived at the inlet flange of the next process unit. This could
include a significant number of components from ‘yard piping’ that are not physically attached to
the process unit but are potential leak sources that need to be accounted. For example, the total
average number of components for a separator increased 60 percent and now includes control
valve, meter, open-ended line, PSV and regulator counts. These changes are reasonable when
considering the 3-phase separator shown in Figure ES-2 and commonly used at liquids-rich gas
production sites. In addition to the control valve and senior orifice meter visible in Figure ES-2,
this separator also features 1 junior orifice meter, 2 turbine meters, 4 regulators (heater and
pneumatic pump fuel supply), 1 PSV, 2 chemical injection pumps and numerous pneumatic
instruments.

Orifice Meter

 —

Control Valve

—

Figure ES-2: Three-Phase vertical separator located at a liquids-rich gas production site.
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Results for Pneumatic Devices

Pneumatic devices driven by natural gas, propane, instrument air and electricity were inventoried
at each location surveyed in 2017. To increase the sample size, pneumatic inventory data
collected in 2016 by Greenpath Energy Ltd. for the AER was considered for this assessment
(Greenpath, 2017a). Devices are included in this study when sufficient information was available
to assign 2016 records to a Facility ID or UWI (otherwise the data record was discarded). The
final dataset includes 1753 devices from the 2017 field campaign plus 1105 devices from the
2016 field campaign.

The average (mean) number of pneumatic devices per facility subtype and well status are
presented in the report body Table 7 and Table 8 according to device (e.g., level controllers,
positioners, pressure controllers, transducers, chemical pumps and intermittent) and driver type
(e.g., instrument air, propane and electric). The factors for natural gas driven devices should be
adopted for GHG emission inventory purposes. Factors for propane (relevant to volatile organic
compound (VOC) emissions), instrument air and electric driven devices provide some insight
into the installation frequency of non-emitting devices. Given the large number of wells and their
tendency to rely on natural gas, well-site pneumatics are a noteworthy contributor to total
methane emissions in Alberta and deserve careful consideration when developing province-wide
emission inventories.

Devices that provide the following control actions are the dominant contributors to pneumatic
venting emissions and account for 2,289 of the 2,858 pneumatic devices observed during 2016
and 2017 surveys.

e Level Controller

e Positioner

e Pressure Controller
e Chemical Pump

e Transducer

Figure ES-3 delineates the pneumatic inventory by device type and driver type. The majority of

devices are driven by natural gas while approximately 30 percent of devices utilize alternative
drivers (instrument air, propane or electricity) that do not directly contribute methane emissions.
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Figure ES-3: Pneumatic counts, by device type and driver type, observed at Alberta UOG
facilities and wells during 2016 and 2017 field campaigns.

Devices that provide the following control actions typically vent at rates well below 0.17 m?® per
hour or only during infrequent unloading (de-energizing) events. Therefore, subject models are
aggregated and presented as device type “Intermittent” in report tables. This simplifies emission
inventory development efforts and is reasonable for devices that contributes very little to total
methane emissions.

e High Level Shut Down

e High Pressure Shut Down
e Level Switch

e Plunger Lift Controller

e Pressure Switch

e Temperature Switch

Because pneumatic venting rates were not measured during the 2017 and 2016 field campaigns,
other studies are relied on to determine vent rates representative of each device type. Emission
factors presented in Table ES-2 are a sample-size weighted average of mean bleed rates from



2013 Prasino and 2018 Spartan (Fisher L2 level controller’) studies as well as manufacturer
specifications for less common models (Prasino, 2013 and Spartan, 2018). The factor labeled
‘generic pneumatic instrument’ includes high and low-bleed instruments that continuously vent.
The ‘generic pneumatic instrument’ vent rate of 0.3217 m>/hr is greater than the ‘generic high
bleed controller’ vent rate published in the Prasino study (0.2605 m?/hr) largely because of the
revised level controller factor published by Spartan (i.e., 0.46 m3/hr + 22% versus the Prasino
factor of 0.2641 m>/hr + 34%) and the large number of level controllers in the study population.
Interestingly, the ‘generic pneumatic instrument’ vent rate is only 9 percent less than the rate
applied in the last national inventory (i.e., 0.354 m*hr in ECCC, 2014). The same isn’t true for
chemical pumps, a rate of 0.236 m>/hr was applied in the last national inventory which is 4 times
less than the rate presented in Table ES-2.

Table ES-2: Sample-size weighted average vent rates for pneumatic device types observed
during 2016 and 2017 field campaigns.

Device Type Average Vent Rate 95% Confidence Interval
(m? natural gas/hour) (% of mean)
Level Controller 0.3508 31.68
Positioner 0.2627 39.02
Pressure Controller 0.3217 35.95
Transducer 0.2335 22.54
Generic Pneumatic Instrument 0.3206 31.53
Chemical Pump 0.9726 13.99

Results for Fugitive Emission Factors

Emission factors for estimating fugitive equipment leaks are normally evaluated by type of
component and service category within an industry sector. This allows the factors to be broadly
applied within the sector provided component populations are known. There are two basic types
of emission factors that may be used to estimate emissions from fugitive equipment leaks: those
that are applied to the results of leak detection or screening programs (e.g., leak/no-leak and
stratified emission factors), and those that those that do not require any screening information

and are simply applied to an inventory of the potential leak sources (i.e., population average
emissions factors). Population average emission factors are determined by summing measured
leak rates and dividing by the total number of potential leak sources (i.e., components) for each
component/service type of interest. End users multiply population average factors by the entire
component population in pressurized hydrocarbon service belonging to the facilities/wells of
interest.

7 Further investigation of level controllers was completed by Spartan (with the support of PTAC) because of
concerns that the 2013 Prasino study did not adequately capture emission contributions from the transient sate. The
mean vent rate from Spartan (0.46 m*/hr + 22% based on 72 samples) is used to determine level controller rate in
Table 16 instead the Prasino factor (0.2641 m*/hr + 34% based on 48 samples).
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“Leaker” emission factors are determined in the same manner but the denominator only includes
the number of leaking components. End users conduct an OGI survey and multiply the number
of leaking components by the corresponding component and service type “leaker” factor.
Fugitive emissions estimated using this approach should provide better accuracy and
identification of high leak-risk components and facilities than population average factors.
However, direct measurement of detected leaks is more accurate and provides valuable insight
regarding leak magnitude and frequency distributions that are not available from emission factor
approaches. For example, Figure ES-4 indicates that a small number of leaks contribute most of
the fugitive emissions for a given component population. The top 10 sites represent most (about
65 percent) of the total leak rate measured during the 2017 campaign with the single largest leak
(a SCVF) representing 35 percent of the total leak rate. This is a highly skewed distribution with
approximately 16 percent of the leaking components responsible for 80 percent of the total leak
rate. This result is consistent with other studies and indicates “super-emitters” are present in the
2017 sample population.

Population average emission factor results are presented on a volume and mass basis in Table
ES-3 by component and service type. ‘Leaker’ emissions factors for the same stratums are
presented in Table ES-4. ‘No-leak’ emission factors are not determined in this study because the
High-Flow Sampler method detection limit (MDL) is not sensitive enough to accurately quantify
leaks below 10,000 ppmv?.

Leak factor results are based on best available OGI survey equipment and technicians currently
providing fugitive emission services for the Canadian UOG industry. Notwithstanding this and
QAQC efforts, the OGI leak detection and High Flow Sampler measurement methods have
limitations that impact the completeness and accuracy of the subject dataset. Thus, a rigorous
quantitative uncertainty analysis endeavors to identify and account for all parameters
contributing uncertainty to the final emission factors. 2017 confidence limits are generally
greater than historic values primarily because of the following contributions that were
acknowledged but underestimated in historic results (CAPP, 2005 and CAPP, 2014).

e Uncertainty in component counts due to field technician variability and bias.
e Uncertainty that all leaks are detected by the OGI survey method.

Exceptions where 2017 confidence limits are less than those presented in CAPP, 2014 occur for
components with large no-leak contributions (e.g., connectors, PRV, pump seals and valves).
The 2014 assessment assigned a very large upper confidence limit to no-leak factors (500
percent) which strongly influences population average confidence limits for components with

8 Ideally, no-leak emission factors would be developed using an instrument with precision of 1 ppm, MDL of about
2 ppm above background readings and measurement uncertainty of less than =1% of reading.
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large no-leak contributions. Whereas, no-leak contributions are not included in 2017 population
average factors. Moreover, no-leak contributions should be calculated as a separate category
when estimating fugitive emissions. When no-leak emission factors are multiplied by the
population of components surveyed in 2017, it’s estimated that leakage occurring below OGI and
High-Flow MDLs is responsible for approximately 38 percent of total equipment leak emissions.

Comparison of 2017 Leak Results with Historic Fugitive Studies

The implications of 2017 emission factors on total fugitive emissions is estimated by multiplying
the component population surveyed in 2017 by population average leak factors from two
reference studies: 2014 CAPP Update of Fugitive Emission Equipment Leak Emission Factors
and 2005 CAPP National Inventory of GHG, CAC and H>S Emissions by the Upstream Oil and
Gas Industry. A comparison of results indicates 2017 and 2014 factors generate about the same
total fugitive emissions which are approximately 60 percent less than those generated using 2005
factors.

Reciprocating Compressor Rod-Packing [ eakage Rates Expected by Manufacturers

The largest manufacturer of reciprocating gas compressors indicates typical leakage rates for
packing rings in good condition range from 0.17 m> to 0.29 m? per hour per rod-packing while
the ‘alarm’ point for scheduling maintenance ranges from 2.9 m> to 5.8 m? per hour per rod-
packing (Ariel, 2018). The probable population average leak rate for rod-packings is 0.2875 m?
THC per hour per rod-packing (with lower and upper confidence limits of 0.1361 and 0.5415 m?
THC per hour). Thus, reciprocating compressors surveyed in 2017 typically vent within
manufacturer tolerances for packing rings in good condition. The upper confidence limit is much
less than the maintenance alarm threshold of 2.9 m? per hour. Only two measurement records

were greater than 2.9 m® per hour but because rod-packings vent into a common header, it’s not
known whether the emissions were dominated by one or multiple rod-packings.
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Table ES-3: Population average emission factors for estimating fugitive emissions from Alberta UOG facilities on a volume? or mass basis.

. Leaker | Component Leak EF 95% Confidence EF 95% Confidence
Sector Component Type Service Count Count T (kg THC | Limit (% of mean) | (m® THC | Limit (% of mean)

/h/source) | Lower Upper | /h/source) | Lower Upper
All | Compressor Rod-Packing®* PG 139 0.20622 53% 88% 0.28745 53% 88%
All | Connector PG 145 137,391 0.11% 0.00014 32% 53% 0.00019 32% 52%
All | Connector LL 6 45,356 0.01% 0.00001 71% 114% 0.00001 70% 120%
All | Control Valve PG 16 539 2.97% 0.00487 53% 77% 0.00646 53% 77%
All | Meter PG 8 531 1.51% 0.00105 47% 73% 0.00145 47% 70%
All | Open-Ended Line PG 10 144 6.95% 0.06700 91% 219% 0.09249 91% 225%
All | pressure Relief Valve PG 7 1,176 0.60% 0.00399 54% 85% 0.00552 53% 79%
All | Pump Seal PG 6 178 3.37% 0.00761 73% 142% 0.01057 73% 141%
All | Regulator PG 27 3,067 0.88% 0.00112 60% 99% 0.00122 50% 76%
All | Thief Hatch PG 6 52 11.46% 0.12870 77% 134% 0.12860 70% 115%
All | Valve PG 28 20,545 0.14% 0.00044 64% 112% 0.00058 62% 111%
All | Valve LL 6 8,944 0.07% 0.00015 72% 122% 0.00021 73% 120%
All | SCVF PG 15 440 3.41% 0.09250 98% 204% 0.12784 98% 196%

® Volumes are presented at standard reference conditions of 15°C and 101.325 kPa.

b Reciprocating compressor rod-packing emission factors are calculated on a per rod-packing basis and exclude compressors that are tired into a flare or VRU
(because these rod-packings are controlled and have a very low probability of ever leaking to atmosphere). Rod-packings are defined as vents in Directive 060
(AER, 2018).

¢ Reciprocating Compressor rod-packings vents are typically tied into a common header with measurements conducted on the common vent. Therefore, the actual
number of leaking components and leak frequency are not known.
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Table ES-4: Leaker emission factors for estimating fugitive emissions from Alberta UOG facilities on a volume? or mass basis.

95% Confidence

95% Confidence

. Leaker Leaker EF (kg YD Leaker EF (sm? o

Sector Component Type Service Count THC/h/source) Limit (% of mean) THC/h/source) Limit (% of mean)

Lower Upper Lower Upper
All Compressor Rod-Packing® PG 27 1.08150 45% 58% 0.77563 43% 56%
All Connector PG 145 0.13281 19% 21% 0.10137 20% 21%
All Connector LL 6 0.05906 71% 88% 0.04156 70% 85%
All Control Valve PG 16 0.16213 47% 50% 0.12203 48% 52%
All Meter PG 8 0.07201 39% 49% 0.05238 40% 50%
All Open-Ended Line PG 10 0.98904 90% 195% 0.70729 90% 199%
All Pressure Relief Valve PG 7 0.69700 49% 62% 0.50395 49% 63%
All Pump Seal PG 6 0.23659 71% 121% 0.16974 71% 125%
All Regulator PG 27 0.10275 45% 56% 0.09514 56% 79%
All Thief Hatch PG 6 0.81672 67% 83% 0.82401 75% 106%
All Valve PG 28 0.31644 58% 90% 0.24356 60% 97%
All Valve LL 6 0.23098 72% 107% 0.16929 71% 110%
All SCVF PG 15 2.70351 97% 201% 3.74007 97% 189%

® Volumes are presented at standard reference conditions of 15°C and 101.325 kPa.
b Because reciprocating compressor rod-packing leakage is routed to common vent lines, the actual number of leakers is not known. The compressor rod-packing
‘leaker’ factor is calculated on a per vent line basis (not per rod-packing basis). Rod-packings are defined as vents in Directive 060 (AER, 2018).
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SCVF Emission Factor

The SCVF component is included in Tables ES-3 and ES-4 to improve emission inventory
transparency and highlight the significance of this source. The population average leak factor
calculated from 15 leaks detected at the 440 wells screened in 2017 is 0.0925 kg THC per hour
which is only 37 percent less than the factor used to estimate SCVF emissions in the last UOG
national inventory (ECCC, 2014). SCVF was the second largest source of methane released by
the UOG industry because of the very large number of potential leak sources (i.e., approximately
150,000 wells in Alberta). The refined emission factor and confidence interval decreases SCVF
contributions to total methane emissions and uncertainty, however, it is expected to remain one

of the top 5 methane emission contributors.

Components in Heavy Liquid Service

Also of note is that zero components in heavy liquid service were observed to be leaking. This is
consistent with results presented in CAPP, 2014 and CAPP, 1992. Population average leak
factors are for components in heavy liquid service are presented in CAPP, 2005 but are at least

one order of magnitude less than light liquid no-leak factors presented in Table 18. All four
studies agree that components in heavy oil service have a very small contribution to total UOG
fugitive emissions.

Comparison of Vent and Leak Emission Rates

In addition to the inventories and leak measurements discussed above, field inspectors recorded
venting emission sources observed with the IR camera and estimated their release magnitude (or
measured the release if convenient to do so with the High Flow Sampler). Moreover, pneumatic
venting is estimated using the average emission factors. Although measurement of venting

sources was not a primary objective for this study, available estimates for pneumatic and process
vent sources enable a qualitative comparison with equipment leaks. Accordingly, the cumulative
natural gas release rate is summed for all emission sources observed during the 2017 field
campaign and presented by emission and source type in Figure ES-5. The largest contributors to
equipment leaks are SCVF and reciprocating compressor rod-packings that represent
approximately 60 percent of the total leak rate.

More importantly, the total leak rate is about 20 percent of the total natural gas released from all
sources. Pneumatic devices (approximately 33 percent of the total release), production tanks
(approximately 28 percent of the total release), heavy oil well casing vents (approximately 16
percent of the total release) and unlit flares (approximately 3 percent of the total release) are
much more important sources natural gas emissions.

Although direct measurement of vent sources is often difficult to complete with the resources

and equipment typically budgeted for leak surveys because of accessibility and process condition
challenges (e.g., transient tank top emissions, dehydrator still columns or unlit flares).
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Qualitative indicators obtained with an IR camera (e.g., the vent is small, large, or very large)
may provide useful information to confirm production accounting completeness and improve the
identification of cost-effective gas conservation or repair opportunities. This approach may
identify venting sources where the release magnitude is not fully appreciated by operators and
represents the small number of sources that contribute the majority of methane emissions.
Although the IR Camera estimates are qualitative and not sufficient for production accounting
purposes; they can identify process venting sources, provide an indication of abnormal behaviour
and trigger root-cause analysis when images indicate a risk of exceeding regulated site venting
limits.

Figure ES-5: Cumulative hourly release rate for emission and source types observed at 333
locations during the 2017 Alberta field campaign.’

9 The venting estimates presented in Figure ES-5 have large, undetermined uncertainties and only provide a
qualitative perspective on natural gas emission sources. Moreover, pneumatic results assume only half of the
inventoried chemical pumps are active because many methanol injections pumps are only active during cold winter
months. Also, in addition to flashing, breathing and working losses; production tank emissions may include
contributions from well casing vents, leaks past liquid dump valves, unintentional gas flow-through from undersized
separators.
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1 INTRODUCTION

A field study was conducted during the period of 14 August to 23 September 2017 to inventory
equipment and components in hydrocarbon service as well as measure detected leaks. The study
was completed under the authority of the Alberta Energy Regulator (AER) and funded by
Natural Resources Canada (NRCan) with the objective of improving confidence in methane
emissions from Alberta upstream oil and natural gas (UOG) fugitive equipment leaks, pneumatic
devices and reciprocating rod-packings.

This report describes the field campaign and methodology applied to determine average factors
and confidence intervals for the following parameters. These results are intended for an emission
inventory model used to predict equipment/component counts, uncertainties and air emissions
associated with UOG facility and well identifiers.

e Process equipment count per facility subtype!? or well status code!’.

e Component count per process equipment unit'?,

¢ Emission control type (i.e., gas conservation or gas tied into flare) per process equipment
unit.

e Pneumatic device count per facility subtype or well status code by device (e.g., level
controllers, positioners, pressure controllers, transducers, chemical pumps and
intermittent) and driver (e.g., natural gas, instrument air, propane or electricity) types.

e Leak rate per component and service type '’ considering the entire population of
components with the potential to leak (i.e., ‘population average’ factor).

e Leak rate per component and service type considering leaking components only (i.e.,
‘leaker’ factor).

Fugitive equipment leaks and pneumatic venting sources are targeted by this study because they
contribute approximately 17 and 23 percent, respectively, of methane emissions in the 2011
national inventory (ECCC, 2014) and are based on uncertain assumptions regarding the
population of UOG equipment and components. Moreover, a 2014 leak factor update report
published by the Canadian Association of Petroleum Producers (CAPP) recommended
equipment and component counts be refined based on field inventories and standardized
definitions because of limitations encountered when determining these from measurement
schematics, process flow diagrams (PFD) or piping and instrumentation diagrams (P&ID)
(CAPP, 2014 sections 4.1.1 and 4.2.1).

10 Facility subtypes are defined in Table 2 of AER Manual 011 (AER, 2016b).

11 Well status codes are defined by the four category types (fluid, mode, type and structure) that describe wells
listed on the AER ST37 report.

12 Process equipment units are defined in Appendix Section 8.4.

13 Component types and service types are defined in Appendix Sections 8.2 and 8.3.


https://www.aer.ca/regulating-development/rules-and-directives/manuals
https://www.aer.ca/providing-information/data-and-reports/statistical-reports/st37

The scope of this study targets UOG wells, multi-well batteries, and compressor stations
belonging to AER facility subtypes listed in Section 3. Larger UOG facilities and oil sands
operations are specifically excluded from this study because they are often subject to regulated
emission quantification, verification and compliance requirements that motivate accurate,
complete and consistent methane emission reporting.

Details of the field study and selection criteria of survey locations as well as quality assurance
(QA) and quality control (QC) measures are presented in Sections 2 and 7. The data and
uncertainty analysis methodology and results are provided in Section 3. A discussion and
comparison of results to other studies are presented in Section 4. The key conclusions and
recommendations of this study are given in Section 5. All references cited herein are listed in
Section 6. Standard definitions for terms used throughout this document are presented in
Appendix Section 8 while blinded raw data from the field campaign is available in Appendix
Section 11.

1.1 BACKGROUND

Fugitive equipment leaks are defined in Section 8.1.1 as an unintentional loss of process fluid,
past a seal, mechanical connection or minor flaw, that can be visualized with an infrared (IR)
leak imaging camera (herein referred to as optical gas imaging (OGI) method) or detected by an
organic vapour analyzer (with a hydrocarbon concentration screening value greater than 10,000
ppmv) in accordance with U.S. EPA Method 21. An EPA comparison of OGI versus Method 21
based leak factors observed that leaker emission factors determined from more recent OGI study
data agreed reasonably well with the leaker emission factors developed from Method 21-based
data with a leak screening threshold of 10,000 ppmv (US EPA, 2016). The study also observed
that leaker emission factors determined using Method 21 (and a leak threshold of 500 ppmv) are
statistically different than OGlI-based leaker emission factors. This suggests the OGI method is
reasonably equivalent to Method 21 for detecting leaks with a screening concentration greater
than 10,000 ppmv but not appropriate for use where the desired screening concentration is 500

ppmv.

Emissions from fugitive equipment leaks and pneumatic venting are most often estimated for use
in emissions inventories by multiplying component populations by corresponding average
emission factors. Emission estimates based on these factors are used by companies for regulatory
reporting and by governments to meet national and international reporting agreements.

For the Canadian upstream oil and natural gas (UOG) industry, the most up-to-date set of
average fugitive factors are published in CAPP, 2014 and intended to reflect best management
practices (BMP) for the management of fugitive emissions (CAPP, 2007). However, the 2014
assessment encountered challenges determining equipment and component counts that impacted
the accuracy of emission factor results. The 2017 field work is largely driven by



recommendations from CAPP, 2014 and extended to include pneumatic inventories (that are
subject to similar challenges).
e Process equipment and corresponding component count schedules be developed from a
dedicated field inventory campaign.
e The field campaign should establish and utilize standardized definitions for major
equipment, component, service and emission types.

Notwithstanding these limitations, engineering judgement was applied to bridge data gaps when
sufficient supporting data was available and the resulting emission factors recommended for use
for facilities subject to the CAPP BMP.

The BMP identifies key sources UOG fugitive emissions and strategies for achieving cost-
effective reductions through the implementation of a Directed Inspection & Maintenance
(DI&M) program. The DI&M program enables flexibility regarding target components,
screening frequency, measurement and repair through a prioritized decision tree that considers
criteria such as health, safety, and environment impact; repair difficulty; repair economics; and
the requirement for a facility shutdown.

The CAPP BMP was promulgated through the following regulatory instruments but remains a
voluntary initiative for Saskatchewan and other provinces. The BMP succeeded in greater
awareness, improved management and has a downward influence on UOG fugitive emissions.
However, uncertainty persists regarding the magnitude and most effective approach to managing
fugitive emissions.
e Alberta Energy Regulator (AER) Directive 060: Upstream Petroleum Industry Flaring,
Incinerating, and Venting.
e British Columbia Oil and Gas Commission (OGC) Flaring and Venting Reduction
Guideline.

Earlier emission factors were based on emissions data collected over the mid-1990s to the early
2000s and published as part of the CAPP/Environment Canada/NRCan Upstream Oil and Gas
emission inventory (CAPP, 2005). They reflect the level of control inherent with the operating
and regulatory environment in Canada from the early 1990’s until formal leak management
programs were implemented in 2007. This environment may be characterized as one in which
safety inspections, routine visual inspections, area monitoring and regular facility turn-arounds
are conducted. However, there were no specific programs to detect leaks on a regular basis using
a portable organic analyzer, and there were no policies for immediate repair of these leaks.

In general, the studies referenced above indicate fugitive emissions from equipment leaks are due
to normal wear and tear, improper or incomplete assembly of components, inadequate material
specification, manufacturing defects, damage during installation or use, corrosion, fouling and



environmental effects (e.g., vibrations and thermal cycling). The potential for such emissions
depends on a variety of factors including the type, style and quality of components, type of
service (gas/vapour, light liquid or heavy liquid), age of component, frequency of use,
maintenance history, process demands, whether the process fluid is highly toxic or malodorous
and operating practices.

Most of the atmospheric emissions from fugitive equipment leaks tend to be from components in
natural gas or hydrocarbon vapour service rather than from those in hydrocarbon liquid service!*.
Components in odourized or HoS service tend to have much lower average fugitive emissions
than those in non-odourized or non-toxic service. Components tend to have greater average
emissions when subjected to frequent thermal cycling, vibrations or cryogenic service. Different
types of components have different leak potentials and repair lives.

14 This reflects the greater difficulty in containing a gas than a liquid (i.e., due to the greater mobility or fluidity of
gases), and the general reduced visual indications of gas leaks.



2 FIELD STUDY

The field equipment inventory and measurement campaign was completed in August and
September of 2017. The field sampling plan is presented in Section 7 and followed the fugitive
emission measurement protocol recommended by the Canadian Energy Partnership for
Environmental Innovation (CEPEIL 2006) with the OGI method used for leak detection. The field
campaign targeted sites belonging to facility subtypes that contribute the most to uncertainty in
the Alberta UOG methane emission inventory. Survey locations were randomly selected from
the facility subtype populations belonging to the following UOG industry segments.

e Natural Gas Production (includes subtypes 351, 361, 362, 363, 364, 365, 366, 367, 601,
621, and 622)

e Light and Crude Oil Production (includes subtypes 311, 321 and 322)

e Cold Heavy Crude Oil Production (includes subtypes 331, 341, 342 and 611)

Location selection was further constrained by:

e Exclusion of sites that emit more than 100,000 t CO2E because these sites are already
subject to SGER GHG reporting and verified by independent 3™ party.

e Proximity to urban centers where target facility clustering was observed (i.e., central
logistical nodes were selected for field team accommodation). Sites within 100 km radius
of the following cities were visited: Brooks, Calgary, Red Deer, Drayton Valley, Grand
Prairie and Bonnyville.

e Time budgeted to complete surveys within a geographical area.

e Logistical challenges encountered by field teams upon arrival (e.g., access restrictions
due to standing crops or poor road conditions).

Facility subtypes contributing the most to methane uncertainty were identified as part of a
decision framework that identified risks to achieving ISO GHG emission inventory principles of
accuracy, transparency, completeness, relevance and consistency (Clearstone, 2017). The
outcome of this process is the Figure 1 matrix that ranks emission subcategories according to
their contribution to total uncertainty in Alberta’s 2011 UOG methane emission inventory
(ECCC, 2014) and presents qualitative indicators of methane emission contributions'?.

The QA/QC activities completed to ensure the reliability of field data are described in Sections
2.1 and 2.2. Calculations required to convert leak rates, measured at local conditions by three
different methods, to total hydrocarbon (THC) mass rates are described in Section 2.3.

15 Indicators are presented for each intersect where “High” is greater than 1 percent of total methane, “Low” is
greater than 0.01 percent, but less than 1 percent of total methane, and ‘Negligible’ is less than 0.01 percent of total
methane (and the sum of all “Negligible” intersects is less than 1 percent of total methane).



Figure 1: 2011 Alberta UOG methane emission categories prioritized according to their contribution to total uncertainty
(ECCC, 2014).



2.1

QUALITY ASSURANCE

A data collection and management system was implemented to ensure reliability of sample data.
This includes the following quality assurance (QA) measures:

Selected field technicians are knowledgeable of the subject matter and trained to
complete project data collection tasks. Greenpath Energy Ltd. (Greenpath) was
subcontracted to lead field surveys. Greenpath technicians were paired with an AER
inspector or a Clearstone engineer to enhance field team depth with respect to regulatory
inspections and process knowledge. Selected field team members were knowledgeable of
potential fugitive emission sources at UOG facilities and attended three days of desktop
and field training dedicated to implementing the field sampling plan described in Section
7. Team members were responsible for understanding equipment, component, service and
emission type definitions in Section 8 as well as applying standardized data collection
and measurement methods described in Section 7 as part of the project quality
management plan.

Appropriate leak detection and measurement equipment for the site conditions and
source characteristics encountered at UOG facilities. The equipment is regularly serviced
and maintained in accordance with the manufacturer’s specifications, and subjected to
regular calibration and functional checks.

Field observations were documented in a complete and consistent manner using a
software application designed for this project. The application was installed on field
tablets and pre-populated with site identifiers (e.g., Petrinex Facility IDs and UWIs) and
standard definitions (Section 8). Field technicians selected applicable records from drop-
down menus as presented in Figure 2. Record typing was limited to observed leak rates,
component counts and comments.

Photos were taken of each site placard to confirm the surveyed location is the same as
the selected location appearing in the final dataset. Photos were taken of each equipment
unit to confirm the correct equipment type was selected and reasonable component
counts were completed. Infrared (IR) camera videos were recorded to confirm the
component type and leak magnitude.



Figure 2: Example of tablet data entry form.

e Tablet data was uploaded to an online repository at the end of each working day to
minimize data loss risk (e.g., due to damaged or lost tablets). Backup files were archived
on the tablet and available at the end of the field campaign to confirm no data leakage
occurred.

e A routine was developed to automate parsing of tablet records into and SQL database to
minimize processing time and transcription errors. The use of a database application
enables complex information retrievals and custom analysis of information that simply
would not be practicable with a spreadsheet. The SQL database manages information in
precisely defined tables for:

0 Equipment counts, component counts and emission controls,
0 Pneumatic counts and drivers, and
0 Leak and vent measurements.

2.2 QUALITY CONTROL

The following quality control (QC) procedures tested sample data against sample plan
specifications.

e To identify and mitigate data collection errors, records are reviewed by the field team
coordinator on a daily basis. When observed, problematic records were corrected and
communicated to the entire field team to prevent future occurrences.

e The possibility of data leakage between the field tablets and final SQL database was
checked by comparing tablet archives to final database records.



Site placard photos, equipment photos, IR videos and measurement schematics are used
during post survey processing to determine the validity of data outliers. For data entry
error cases, reasonable corrections where made based on available images. The
availability of inspection images and corporate schematics is of tremendous benefit when
conducting QC tests on raw data records.

Various post-processing statistical tests and quality control checks were performed on the
data to ensure records are correctly classified and representative of process conditions.
For example, the population of tank ‘thief hatch’ components was reviewed to ensure
they were only counted when in pressurized hydrocarbon service (i.e., thief hatches are
only counted for tanks tied into a VRU or flare). If not tied into a VRU or flare,
atmospheric tank vapours released from a goose neck vent or open thief hatch are
intentional and defined as a vent.

Raw data records were provided to the operator of each site surveyed. Written feedback
regarding data corrections were received from five operators and mostly related to
assignment of process equipment to Facility IDs. When merited, refinements were made
to the dataset.

2.3 CONVERSION OF MEASURED FLOW RATES TO THC MASS RATES

The steps required to convert measured flow rate to THC mass rates are delineated in the

following subsectionsError! Reference source not found..

2.3.1

CONVERSION OF VOLUMETRIC FLOWS FROM METER TO STANDARD
CONDITIONS

Metered volumetric flows are converted from the actual conditions of the meter to standard

reference conditions of 15°C and 101.325 kPa using the following relation:

Where,

Qstp
Qm

Pwm

) Py (Ts + 273.15)
Qsrp = € Xrc * Qu Po(Ty + 273.15)
Equation 1

= measured THC volumetric flow rate referenced at standard temperature and
pressure (m*> THC/h),

= measured volumetric flow rate referenced at the actual temperature and pressure
of the flow meter (ft*/min),

= absolute reference pressure of the flow meter (kPa),



Ps = standard pressure (i.e., 101.325 kPa),

Ts = standard temperature (i.e., 15 °C),
Twm = reference temperature of the flow meter (°C),
XTHC = THC mole fraction applied only when Qw is a whole gas flow (measured with

the Hawk meter or calibrated bag). Not applied for Hi-Flow measurements.
C = conversion factor
=1.699 m*-h!-ft*-min.

2.3.2 CONVERSION OF VOLUMENTRIC FLOWS TO MASS FLOWS

The volumetric flow rate is converted to a mass flow rate using the following relation:

. P-MWryc
™ = Qste BT 1 273.15)
Equation 2
Where,
m = mass flow rate (kg THC/h),
Qstp = THC volumetric flow rate at standard reference conditions (m> THC/h),
P = absolute pressure (kPa) at the reference conditions of the flow.
T = temperature (°C) at the reference conditions of the flow.
MWrhc = Molecular weight of hydrocarbon compounds
R = gas constant

= 8.3145 kPa-m>-kmole - K'!.

2.3.3 USE OF RESPONSE FACTOR

Most gas detectors are able to detect more than one type of compound but have different
sensitivities to each. Gas detectors calibrated to methane are adequate for the purposes of
screening components in natural gas service; however, the results of emission measurement
methods that use gas detectors (e.g., the Hi-Flow Sampler) require corrections to more accurately
account for the non-methane constituents of the natural gas mixture. This may be done using
response factors. The response factor for a specific substance 1 may be defined by the relation:

Acutal Concentration

Y7 Instrument Reading

Equation 3
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Substance specific response factors for the catalytic oxidation sensor installed in the Hi-Flow
Sampler used in this study are obtained from Table D-1 of EPA, 1995. The response factor for
gas mixtures observed during the study are estimated using the relation:

RFy = ———
M v Y
i=1R Fi

Equation 4
Where,
RFwm = estimated response factor of the mixture,
Yi = mole fraction of component i (kmol of component i/kmol of gas or vapour),
N = number of components in the mixture.

The determined value of RF is then applied using Equation 5 to adjust measured emission rates.

Q =0Qm-RFy
Equation 5
Where,
Qm = the uncorrected volumetric emission rate determined by the applied

measurement technique.

11



3 METHODOLOGY AND RESULTS

Data collection and leak surveys were completed at 333 locations, operated by 63 different
companies, and included 241 production accounting reporting entities and 440 UWIs. This
sample data represents the vintage, production characteristics and regulatory oversight
corresponding to UOG facilities operating in Alberta during 2017. The number of sites surveyed
and total site populations are delineated by target facility subtype in Table 1 and well status code
in Table 2. The geographic distribution of survey locations is illustrated in Figure 3 while
blinded raw data from the field campaign is available in Appendix Section 11.

Figure 3: Survey locations and facility subtypes for the 2017 measurement campaign.
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Standardized data collection methods and strict definitions for component, equipment, service,
emission and facility type are documented in the sampling plan and used by field teams. Field
observations and measurements for a location are assigned to corresponding Petrinex!® facility
identifiers (ID) and UWI based on measurement schematics provided by subject operators (as
described in Section 7.2). Field observations are correlated to Facility IDs and UWIs so that the
resulting factors are representative and applicable to the AER regulated UOG industry managed
by Petrinex data models.

Table 1: Alberta active facility population (April 2017) for selected subtypes and field
samples size.

Subtype Total Sample
Code Subtype Description Population Size
351 | Gas Single 4226 20
361 | Gas Multiwell Group 2548 28
362 | Gas Multiwell effluent 355 12
311 | Crude Oil (Medium) Single 4263 23
321 | Crude Oil (Medium) Multiwell Group 368 10
322 | Crude Oil Multiwell Proration 1720 33
331 | Crude bitumen single-well 861 5
341 | Crude bitumen multiwell group 1263 12
342 | Crude bitumen multiwell proration 342 13
363 | Gas Multiwell proration SE AB 412 11
364 | Gas Multiwell proration outside SE AB 691 20
601 | Compressor Station 760 16
611 | Custom Treating Facility 41 4
621 | Gas Gathering System 2573 34
Total 20423 241

Field teams were instructed to obtain a complete inventory of equipment represented by subject
Petrinex Facility IDs and survey at least five wells belonging to each multi-well battery visited.
In some cases, all wells are located on the same lease location but in other cases, wells are at
multiple off-site locations. Equipment dedicated to the well (e.g., a wellhead) is assigned to the
subject UWI whereas equipment servicing multiple wells (e.g., a booster compressor) is assigned
to the Facility ID.

16 Petrinex is a joint strategic organization supporting Canada’s upstream, midstream and downstream petroleum
industry. It delivers efficient, standardized, safe and accurate management of "data of record" information essential
to the operation of the petroleum sector.
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Table 2: Alberta active well population (April 2017) for selected status codes and field
samples size.

Well Status Code | Description Total Sample
Population Size
CBMCLS Flow Coalbed Methane Flowing Well — Coals Only 6630 14
CBMOT Flow Coalbed Methane Flowing Well — Coals & Other 14361 21
Lithology
CBMOT Pump Coalbed Methane Well (equipped with a plunger 46 1
lift) — Coals & Other Lithology
CR-BIT ABZONE | Crude Bitumen Well — Abandoned Zone 14 1
CR-BIT Pump Crude Bitumen Pumping Well 6630 85
CR-BIT Susp Crude Bitumen Well — Suspended 3 2
CR-OIL Flow Crude Oil Flowing Well 2807 21
CR-OIL PUMP Crude Oil Pumping Well 27856 103
GAS FLOW Natural Gas Flowing Well 74838 127
GAS PUMP Natural Gas Well (equipped with a plunger lift) 14827 62
GAS STORG Natural Gas Storage Well 139 2
SHG Flow Shale Gas Flowing Well 284 1
Total 148435 440

Gas analysis were requested from operators for sites with noteworthy equipment leaks!”. When
site-specific analysis are not available, a typical gas composition is used to calculate mass
emission rates (Table 26 in Volume 3 of ECCC, 2014).

Methodologies applied to calculate factors and the results are delineated in subsequent sections.
All volumes are presented on a dry basis at standard reference conditions 101.325 kPa and 15° C.
The uncertainty analysis and determination of confidence intervals is presented in Section 3.7.

3.1 PROCESS EQUIPMENT COUNTS

Process equipment in pressurized hydrocarbon service were counted for each location surveyed.
The counts included both operating and pressurized non-operating equipment selected from the
list of 54 predefined process equipment types delineated in Section 8.4. Units that didn’t appear
to match predefined types were entered as ‘other’ and added to a new or existing equipment type,
during post-processing, based on a photo of the unit and facility measurement schematic. Process
equipment and components entirely in water, air'®, lubricating oil and non-volatile chemical
service were not included in the inventory because they are less likely to emit hydrocarbons.

17 Laboratory analysis reports were requested for the top 20% of leakers for each component and service type.
18 Pneumatic devices driven by instrument air were inventoried as discussed in Section 3.4. The air compressor and
piping were not inventoried.
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The average (mean) process equipment count for a given facility subtype or well status is
determined using the following relation:

_ Npg
Npg = New
Equation 6
Where,
Npg = average (mean) process equipment count for a given facility subtype or well
status,
Nre = total number of process equipment surveyed for a given facility subtype or well
status,
Nrw = total number of facilities or wells surveyed for the subject facility subtype or

well status.

Average process equipment counts and confidence intervals per facility subtype and well status
are presented in Table 3 and Table 4respectively.
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Table 3: Average (mean) process equipment counts and confidence intervals per facility subtype.

Facility | Process Equipment Type Facility Process Average 95% Confidence
SubType SubType | Equipment | Equipment | Limit (% of mean)
Code Count Count Count lower upper
321 Catalytic Heater 10 13 1.296 77% 85%
321 Flare KnockOut Drum 10 2 0.200 100% 149%
321 Gas Boot 10 1 0.100 100% 201%
321 Gas Pipeline Header 10 1 0.101 100% 197%
321 Incinerator 10 1 0.099 100% 204%
321 Line Heater 10 4 0.397 100% 102%
321 Liquid Pipeline Header 10 1 0.101 100% 197%
321 Pig Trap (Gas Service) 10 2 0.199 100% 151%
321 Pop Tank 10 1 0.101 100% 198%
321 Production Tank (fixed roof) 10 13 1.302 54% 77%
321 Screw Compressor 10 1 0.101 100% 198%
321 Separator 10 7 0.703 72% 85%
322 Catalytic Heater 33 136 4.125 35% 44%
322 Flare KnockOut Drum 33 10 0.303 50% 50%
322 Gas Boot 33 2 0.060 100% 151%
322 Gas Pipeline Header 33 7 0.212 57% 71%
322 Gas Sample and Analysis System 33 2 0.061 100% 199%
322 Gas Sweetening: Amine 33 1 0.031 100% 197%
322 Line Heater 33 6 0.181 67% 100%
322 Liquid Pipeline Header 33 31 0.942 32% 38%
322 Liquid Pump 33 10 0.304 80% 109%
322 Pig Trap (Gas Service) 33 9 0.273 67% 77%
322 Pig Trap (Liquid Service) 33 14 0.424 57% 72%
322 Pop Tank 33 7 0.211 71% 87%
322 Power Generator (natural gas 33 1 0.031 100% 197%
fired)
322 Production Tank (fixed roof) 33 85 2.580 28% 32%
322 Propane Fuel Tank 33 2 0.061 100% 149%
322 Reciprocating Compressor 33 7 0.212 100% 143%
322 Reciprocating Compressor - 33 3 0.091 100% 100%
Electric Driver
322 Screw Compressor 33 5 0.151 100% 181%
322 Screw Compressor - Electric 33 3 0.091 100% 167%
Driver
322 Scrubber 33 1 0.030 100% 201%
322 Separator 33 81 2.452 30% 30%
322 Tank Heater 33 1 0.030 100% 202%
322 Treater 33 20 0.607 35% 35%
341 Catalytic Heater 12 6 0.498 50% 51%
341 Gas Pipeline Header 12 4 0.334 75% 75%
341 Production Tank (fixed roof) 12 13 1.076 92% 132%
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Table 3: Average (mean) process equipment counts and confidence intervals per facility subtype.

Facility | Process Equipment Type Facility Process Average 95% Confidence
SubType SubType | Equipment | Equipment | Limit (% of mean)
Code Count Count Count lower upper
341 Propane Fuel Tank 12 1 0.084 100% 198%
341 Screw Compressor 12 7 0.583 43% 43%
341 Tank Heater 12 9 0.748 78% 90%
342 Catalytic Heater 13 1 0.078 100% 197%
342 Heavy Liquid Pipeline Header 13 2 0.154 100% 150%
342 Production Tank (fixed roof) 13 20 1.540 25% 35%
342 Propane Fuel Tank 13 36 2.776 50% 55%
342 Screw Compressor 13 14 1.076 21% 22%
342 Tank Heater 13 20 1.540 35% 45%
361 Catalytic Heater 29 14 0.481 57% 65%
361 Flare KnockOut Drum 29 1 0.035 100% 199%
361 Gas Pipeline Header 29 5 0.172 80% 80%
361 Pig Trap (Gas Service) 29 7 0.241 71% 86%
361 Pop Tank 29 1 0.034 100% 204%
361 Production Tank (fixed roof) 29 8 0.276 63% 75%
361 Reciprocating Compressor 29 2 0.069 100% 152%
361 Separator 29 6 0.207 67% 67%
362 Catalytic Heater 12 25 2.081 60% 68%
362 Flare KnockOut Drum 12 2 0.167 100% 199%
362 Gas Pipeline Header 12 4 0.332 75% 76%
362 Pig Trap (Gas Service) 12 7 0.587 86% 99%
362 Production Tank (fixed roof) 12 5 0.415 100% 141%
362 Reciprocating Compressor 12 1 0.083 100% 201%
362 Separator 12 10 0.835 50% 60%
362 Tank Heater 12 2 0.165 100% 203%
363 Catalytic Heater 11 5 0.453 100% 141%
363 Gas Meter Building 11 1 0.092 100% 195%
363 Gas Pipeline Header 11 3 0.271 100% 101%
363 Separator 11 3 0.274 100% 99%
364 Catalytic Heater 20 65 3.256 77% 123%
364 Flare KnockOut Drum 20 3 0.150 100% 167%
364 Gas Pipeline Header 20 14 0.700 50% 50%
364 Gas Sweetening: Amine 20 2 0.100 100% 201%
364 Pig Trap (Gas Service) 20 10 0.498 70% 81%
364 Power Generator (natural gas 20 2 0.099 100% 151%
fired)

364 Production Tank (fixed roof) 20 6 0.299 83% 101%
364 Reciprocating Compressor 20 5 0.246 100% 205%
364 Screw Compressor 20 5 0.249 80% 81%
364 Separator 20 13 0.650 62% 92%
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Table 3: Average (mean) process equipment counts and confidence intervals per facility subtype.

Facility | Process Equipment Type Facility Process Average 95% Confidence
SubType SubType | Equipment | Equipment | Limit (% of mean)
Code Count Count Count lower upper
364 Storage Bullet 20 2 0.100 100% 201%
601 Catalytic Heater 16 43 2.689 44% 51%
601 Flare KnockOut Drum 16 1 0.063 100% 200%
601 Gas Pipeline Header 16 5 0.314 60% 79%
601 Gas Sample and Analysis System 16 1 0.062 100% 203%
601 Pig Trap (Gas Service) 16 5 0.312 100% 140%
601 Pop Tank 16 1 0.062 100% 204%
601 Production Tank (fixed roof) 16 3 0.188 100% 100%
601 Reciprocating Compressor 16 13 0.817 54% 68%
601 Reciprocating Compressor - 16 1 0.062 100% 202%
Electric Driver
601 Screw Compressor 16 7 0.438 57% 57%
601 Separator 16 12 0.748 58% 76%
611 Catalytic Heater 4 1 0.249 100% 201%
611 Flare KnockOut Drum 4 1 0.254 100% 195%
611 Gas Meter Building 4 1 0.253 100% 197%
611 LACT Unit 4 4 0.990 100% 203%
611 Liquid Pump 4 3 0.751 100% 100%
611 Pig Trap (Gas Service) 4 1 0.251 100% 199%
611 Pop Tank 4 2 0.500 100% 100%
611 Production Tank (fixed roof) 4 14 3.503 43% 64%
611 Screw Compressor - Electric 4 3 0.752 100% 199%
Driver
611 Scrubber 4 2 0.501 100% 99%
611 Separator 4 2 0.498 100% 101%
611 Treater 4 4 1.000
621 Catalytic Heater 34 69 2.026 48% 55%
621 Flare KnockOut Drum 34 7 0.205 57% 72%
621 Gas Meter Building 34 5 0.148 80% 99%
621 Gas Pipeline Header 34 28 0.824 25% 25%
621 Liquid Pump 34 1 0.030 100% 194%
621 Pig Trap (Gas Service) 34 12 0.353 67% 92%
621 Pig Trap (Liquid Service) 34 3 0.088 100% 166%
621 Process Boiler 34 1 0.030 100% 194%
621 Production Tank (fixed roof) 34 11 0.325 64% 72%
621 Reciprocating Compressor 34 24 0.709 46% 54%
621 Reciprocating Compressor - 34 6 0.176 83% 100%
Electric Driver
621 Screw Compressor 34 2 0.059 100% 147%
621 Screw Compressor - Electric 34 2 0.059 100% 150%

Driver
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Table 3: Average (mean) process equipment counts and confidence intervals per facility subtype.

Facility | Process Equipment Type Facility Process Average 95% Confidence
SubType SubType | Equipment | Equipment | Limit (% of mean)
Code Count Count Count lower upper
621 Separator 34 30 0.884 30% 33%
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Table 4: Average (mean) process equipment counts and confidence intervals per well status.

Well Status Code Process Equipment Type Well Status Process Average 95% Confidence Limit
Count Equipment Equipment (% of mean)
Count Count lower upper

CBMCLS FLOW Catalytic Heater 14 7 0.502 57% 57%
CBMCLS FLOW Pig Trap (Gas Service) 14 5 0.355 80% 101%
CBMCLS FLOW Wellhead (CBM Flow) 14 13 0.929 15% 8%
CBMOT FLOW Catalytic Heater 21 6 0.286 67% 67%
CBMOT FLOW Pig Trap (Gas Service) 21 1 0.048 100% 197%
CBMOT FLOW Wellhead (CBM Flow) 21 21 1.000

CBMOT PUMP Pig Trap (Gas Service) 1 1 1.000

CBMOT PUMP Wellhead (Gas Pump) 1 1 1.000

CR-BIT ABZONE Well Pump 1 1 1.000

CR-BIT ABZONE Wellhead (Bitumen Pump) 1 1 1.000

CR-BIT PUMP Catalytic Heater 85 1 0.012 100% 200%
CR-BIT PUMP Gas Pipeline Header 85 1 0.012 100% 197%
CR-BIT PUMP Production Tank (fixed roof) 85 30 0.352 30% 34%
CR-BIT PUMP Propane Fuel Tank 85 15 0.177 60% 73%
CR-BIT PUMP Screw Compressor 85 2 0.023 100% 151%
CR-BIT PUMP Tank Heater 85 28 0.330 32% 36%
CR-BIT PUMP Well Pump 85 69 0.812 10% 10%
CR-BIT PUMP Wellhead (Bitumen Pump) 85 84 0.988 2% 1%
CR-BIT SUSP Well Pump 2 2 1.000

CR-BIT SUSP Wellhead (Bitumen Pump) 2 2 1.000

CR-OIL FLOW Catalytic Heater 21 6 0.286 83% 100%
CR-OIL FLOW Production Tank (fixed roof) 21 1 0.047 100% 202%
CR-OIL FLOW Separator 21 4 0.191 75% 99%
CR-OIL FLOW Well Pump 21 2 0.096 100% 149%
CR-OIL FLOW Wellhead (Oil Flow) 21 21 1.000

CR-OIL PUMP Catalytic Heater 103 47 0.456 34% 38%
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Table 4: Average (mean) process equipment counts and confidence intervals per well status.

Well Status Code Process Equipment Type Well Status Process Average 95% Confidence Limit
Count Equipment Equipment (% of mean)
Count Count lower upper

CR-OIL PUMP Gas Pipeline Header 103 2 0.019 100% 150%
CR-OIL PUMP Gas Sample and Analysis System 103 1 0.010 100% 202%
CR-OIL PUMP Liquid Pipeline Header 103 1 0.010 100% 199%
CR-OIL PUMP Pig Trap (Gas Service) 103 2 0.019 100% 151%
CR-OIL PUMP Pig Trap (Liquid Service) 103 14 0.136 43% 50%
CR-OIL PUMP Pop Tank 103 7 0.068 57% 71%
CR-OIL PUMP Production Tank (fixed roof) 103 20 0.194 40% 45%
CR-OIL PUMP Propane Fuel Tank 103 1 0.010 100% 198%
CR-OIL PUMP Screw Compressor 103 3 0.029 100% 134%
CR-OIL PUMP Scrubber 103 1 0.010 100% 201%
CR-OIL PUMP Separator 103 28 0.272 32% 36%
CR-OIL PUMP Well Pump 103 24 0.232 33% 38%
CR-OIL PUMP Wellhead (Oil Pump) 103 103 1.000

GAS FLOW Catalytic Heater 127 112 0.882 20% 20%
GAS FLOW Flare KnockOut Drum 127 1 0.008 100% 195%
GAS FLOW Gas Meter Building 127 7 0.055 71% 85%
GAS FLOW Gas Pipeline Header 127 5 0.039 80% 100%
GAS FLOW Line Heater 127 1 0.008 100% 200%
GAS FLOW Pig Trap (Gas Service) 127 9 0.071 55% 67%
GAS FLOW Pop Tank 127 1 0.008 100% 198%
GAS FLOW Production Tank (fixed roof) 127 27 0.213 33% 37%
GAS FLOW Reciprocating Compressor 127 2 0.016 100% 147%
GAS FLOW Separator 127 57 0.449 19% 19%
GAS FLOW Wellhead (Gas Flow) 127 127 1.000

GAS PUMP Catalytic Heater 62 93 1.502 17% 18%
GAS PUMP Flare KnockOut Drum 62 1 0.016 100% 205%
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Table 4: Average (mean) process equipment counts and confidence intervals per well status.

Well Status Code Process Equipment Type Well Status Process Average 95% Confidence Limit
Count Equipment Equipment (% of mean)
Count Count lower upper

GAS PUMP Gas Pipeline Header 62 3 0.049 100% 132%
GAS PUMP Pig Trap (Gas Service) 62 3 0.049 100% 164%
GAS PUMP Production Tank (fixed roof) 62 20 0.322 35% 35%
GAS PUMP Propane Fuel Tank 62 1 0.016 100% 196%
GAS PUMP Separator 62 33 0.532 24% 24%
GAS PUMP Wellhead (Gas Pump) 62 61 0.984 3% 2%
GAS STORG Separator 2 1 0.499 100% 100%
GAS STORG Wellhead (Gas Storage) 2 2 1.000

SHG FLOW Catalytic Heater 1 1 1.000

SHG FLOW Separator 1 1 1.000

SHG FLOW Wellhead (Gas Flow) 1 1 1.000
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3.2 COMPONENT COUNTS

Components in pressurized hydrocarbon service, greater than 0.5 nominal pipe size (NPS) and
belonging to the process equipment described in Section 3.1 were counted and classified
according to the following component types and hydrocarbon service types. More than 216,000
components were counted during the 2017 field campaign. A definition for each component type
is presented in Section 8.3 and for each service type in Section 8.2.

e Reciprocating Compressor Rod-Packing,
e Centrifugal Compressor Seals'’,

e Connector,

e Control Valve,

e Meter,

e Open-Ended Line,

e Pressure Relief Valves and Pressure Safety Valves (PRV/PSV),
e Pump Seal,

e Regulator,

e Thief Hatch,

e Valve, and

e Well Surface Casing Vent (SCVF).

The list of component types is adopted from previous Canadian UOG emission factor
publications (CAPP, 2005 and CAPP, 2014) and extended to include meters, thief hatches and
SCVF. Meters are included as a convenience to mitigate field component counting effort. The
thief hatch and SCVF component types are added because their emission release characteristics
are poorly represented by other component types. Historically, thief hatches were counted as a
connector while SCVF lines were not considered because they are regulated by AER Interim
Directive 2003-01 (or incorrectly counted as open-ended lines?’). Because the leaker and
population leak factors presented below for thief hatches and SCVFs are different than

connectors and open-ended lines, separate components types are justifiable.

Reciprocating compressor rod-packings in good condition are intended to release gas and are
therefore defined in Draft Directive 060 as a vent (AER, 2018). However, as they wear, the
release rate increases and eventually becomes a leak. To simplify data analysis and presentation
of results, rod-packings are defined as leak source throughout this report (but should be defined
as a vent source with respect to Directive 060 applications).

Y No centrifugal compressors were observed during the 2017 surveys. They are typically used at gas transmission
stations which were not included in the 2017 survey plan.

20 As defined in Section 8.3.6, open-ended lines feature a closed valve upstream of the open end which is not the
case for SCVF lines (unless a valve was installed on the SCVF line and leakage occurred past the closed valve).
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Subsequent analysis of the data collected observed no statistical difference in leak factors
between components in fuel versus process gas service. Therefore, there is little value
differentiating between the service types and subject records are assigned to a single service type
(process gas). This consolidation is consistent with the methodology used in other fugitive
emission factor publications (CAPP, 2014 and EPA, 2016). Differences are observed between
gas and liquid service leak factors so liquid service types are retained.

Average (mean) component counts are calculated for each process equipment type using
Equation 7 and are presented in Table 5: Average component counts (mean) and confidence
intervals per process equipment type.. Confidence intervals are determined according to Section
3.7 for each component record and also presented in Table 5: Average component counts (mean)
and confidence intervals per process equipment type.. These component schedules will be used
to estimate the number of potential equipment leak sources for the Alberta UOG industry.

Nee = =——
Npg
Equation 7
Where,
Nce = average component count for a given service and process equipment type,
Ncc = total number of components surveyed for a service and process equipment type,
Nre = total number of units for a given process equipment type.
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Table 5: Average component counts (mean) and confidence intervals per process equipment type.

Process Equipment Type Component Service Type Process Total Average 95% Confidence
Type Equipment | Component | Component | Limit (% of mean)
Count Count Count lower upper
Catalytic Heater Regulator Process Gas 651 721 1.159 7% 8%
Catalytic Heater Valve Process Gas 651 745 1.197 9% 11%
Catalytic Heater Connector Process Gas 651 756 1.212 29% 32%
Dehydrator - Glycol Control Valve Process Gas 20 25 1.310 58% 71%
Dehydrator - Glycol Valve Process Gas 20 576 30.118 37% 47%
Dehydrator - Glycol Valve Light Liquid 20 29 1.528 88% 136%
Dehydrator - Glycol Meter Process Gas 20 22 1.153 41% 47%
Dehydrator - Glycol Control Valve Light Liquid 20 6 0.312 98% 141%
Dehydrator - Glycol Open-Ended Line | Process Gas 20 8 0.416 97% 151%
Dehydrator - Glycol Regulator Process Gas 20 104 5.457 42% 48%
Dehydrator - Glycol Connector Process Gas 20 4130 215.836 35% 39%
Dehydrator - Glycol Connector Light Liquid 20 227 11.980 88% 137%
Dehydrator - Glycol PRV/PSV Process Gas 20 50 2.621 40% 49%
Flare KnockOut Drum Valve Process Gas 29 244 8.844 56% 90%
Flare KnockOut Drum Meter Process Gas 29 1 0.036 100% 308%
Flare KnockOut Drum Control Valve Process Gas 29 5 0.181 96% 141%
Flare KnockOut Drum Regulator Process Gas 29 30 1.083 57% 71%
Flare KnockOut Drum Control Valve Light Liquid 29 1 0.036 100% 308%
Flare KnockOut Drum Connector Process Gas 29 1516 54.764 45% 58%
Flare KnockOut Drum Connector Light Liquid 29 530 19.086 48% 59%
Flare KnockOut Drum Valve Light Liquid 29 84 3.036 51% 64%
Flare KnockOut Drum PRV/PSV Process Gas 29 5 0.180 100% 169%
Flare KnockOut Drum Open-Ended Line | Light Liquid 29 19 0.684 100% 291%
Gas Boot Valve Process Gas 3 3 1.042 100% 163%
Gas Boot Valve Light Liquid 3 20 6.944 77% 103%
Gas Boot Connector Light Liquid 3 77 26.739 76% 87%
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Table 5: Average component counts (mean) and confidence intervals per process equipment type.

Process Equipment Type Component Service Type Process Total Average 95% Confidence
Type Equipment | Component | Component | Limit (% of mean)
Count Count Count lower upper
Gas Boot PRV/PSV Process Gas 3 1 0.348 100% 263%
Gas Boot Connector Process Gas 15 5.178 76% 92%
Gas Meter Building Valve Process Gas 14 255 19.100 50% 64%
Gas Meter Building Valve Light Liquid 14 12 0.891 100% |  299%
Gas Meter Building Meter Process Gas 14 18 1.352 54% 81%
Gas Meter Building Meter Light Liquid 14 4 0.296 100% 316%
Gas Meter Building Control Valve Process Gas 14 7 0.529 93% 124%
Gas Meter Building Regulator Process Gas 14 22 1.643 79% 107%
Gas Meter Building Connector Process Gas 14 1277 95.873 54% 69%
Gas Meter Building Connector Light Liquid 14 76 5.618 100% 309%
Gas Meter Building Open-Ended Line | Process Gas 14 2 0.149 100% | 305%
Gas Meter Building PRV/PSV Process Gas 14 15 1.118 72% 100%
Gas Pipeline Header Valve Process Gas 82 2346 29916 31% 38%
Gas Pipeline Header Valve Light Liquid 82 123 1.604 98% 183%
Gas Pipeline Header Meter Process Gas 82 40 0.511 65% 96%
Gas Pipeline Header Control Valve Process Gas 82 34 0.436 71% 133%
Gas Pipeline Header Connector Process Gas 82 8289 105.826 33% 40%
Gas Pipeline Header Connector Light Liquid 82 487 6.272 100% 234%
Gas Pipeline Header Open-Ended Line | Process Gas 82 5 0.063 100% 169%
Gas Pipeline Header PRV/PSV Process Gas 82 26 0.334 61% 83%
Gas Pipeline Header Regulator Process Gas 82 60 0.761 70% 115%
Gas Sweetening: Amine Valve Process Gas 3 106 37.046 90% 194%
Gas Sweetening: Amine Valve Light Liquid 3 3 1.046 75% 86%
Gas Sweetening: Amine Regulator Process Gas 3 3 1.042 75% 84%
Gas Sweetening: Amine Connector Process Gas 3 253 87.596 76% 100%
Gas Sweetening: Amine Connector Light Liquid 3 9 3.126 85% 127%
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Table 5: Average component counts (mean) and confidence intervals per process equipment type.

Process Equipment Type Component Service Type Process Total Average 95% Confidence
Type Equipment | Component | Component | Limit (% of mean)
Count Count Count lower upper
Gas Sweetening: Amine PRV/PSV Process Gas 3 2 0.691 100% | 264%
Heavy Liquid Pipeline Header Valve Heavy Liquid 2 24 12.388 95% 186%
Heavy Liquid Pipeline Header Connector Heavy Liquid 2 56 29.379 91% 129%
Incinerator Valve Process Gas 1 8 8.404 100% 153%
Incinerator Regulator Process Gas 1 3 3.137 100% 151%
Incinerator Control Valve Process Gas 1 2 2.098 100% 150%
Incinerator Connector Process Gas 1 53 56.333 100% 147%
LACT Unit Valve Process Gas 4 2 0.528 100% 158%
LACT Unit Valve Light Liquid 4 102 26.675 68% 82%
LACT Unit Meter Light Liquid 4 14 3.701 84% 125%
LACT Unit Control Valve Process Gas 4 3 0.787 100% 184%
LACT Unit Control Valve Light Liquid 4 10 2.602 78% 115%
LACT Unit Connector Process Gas 4 92 23.527 100% 161%
LACT Unit Connector Light Liquid 4 469 123.323 72% 94%
LACT Unit PRV/PSV Process Gas 4 2 0.525 100% 271%
LACT Unit PRV/PSV Light Liquid 4 2 0.520 100% | 276%
Line Heater Valve Process Gas 11 127 12.129 60% 101%
Line Heater Control Valve Process Gas 11 3 0.286 100% 207%
Line Heater Valve Light Liquid 11 28 2.663 81% 121%
Line Heater Meter Process Gas 11 2 0.193 100% 188%
Line Heater Regulator Process Gas 11 41 3.885 55% 70%
Line Heater Connector Process Gas 11 1082 103.033 51% 69%
Line Heater Connector Light Liquid 11 124 11.812 80% 106%
Line Heater PRV/PSV Process Gas 11 7 0.659 84% 131%
Liquid Pipeline Header Meter Light Liquid 33 1 0.031 100% | 311%
Liquid Pipeline Header Valve Light Liquid 33 1066 33.770 33% 41%
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Table 5: Average component counts (mean) and confidence intervals per process equipment type.

Process Equipment Type Component Service Type Process Total Average 95% Confidence
Type Equipment | Component | Component | Limit (% of mean)
Count Count Count lower upper
Liquid Pipeline Header Control Valve Light Liquid 33 14 0.438 100% 168%
Liquid Pipeline Header Connector Light Liquid 33 3734 118.561 32% 36%
Liquid Pump Valve Process Gas 14 9 0.673 100% 302%
Liquid Pump Valve Light Liquid 14 203 15.162 51% 70%
Liquid Pump Meter Light Liquid 14 6 0.454 81% 116%
Liquid Pump Pump Seal Light Liquid 14 14 1.045 37% 39%
Liquid Pump Connector Light Liquid 14 819 61.322 44% 57%
Liquid Pump Connector Process Gas 14 60 4.606 100% 297%
Liquid Pump PRV/PSV Light Liquid 14 8 0.595 70% 87%
Pig Trap (Gas Service) Valve Process Gas 74 574 8.106 25% 33%
Pig Trap (Gas Service) Connector Process Gas 74 1565 22.153 27% 35%
Pig Trap (Gas Service) PRV/PSV Process Gas 74 2 0.029 100% 207%
Pig Trap (Liquid Service) Valve Light Liquid 31 153 5.137 34% 40%
Pig Trap (Liquid Service) Connector Light Liquid 31 508 17.157 31% 34%
Pop Tank Valve Light Liquid 20 25 1.311 50% 64%
Pop Tank Connector Process Gas 20 45 2.356 92% 176%
Pop Tank Connector Light Liquid 20 110 5.765 53% 66%
Pop Tank Open-Ended Line | Light Liquid 20 19 0.998 36% 41%
Power Generator (natural gas fired) Valve Process Gas 3 32 11.179 94% 137%
Power Generator (natural gas fired) Control Valve Process Gas 3 2 0.688 100% 272%
Power Generator (natural gas fired) Regulator Process Gas 3 9 3.157 86% 153%
Power Generator (natural gas fired) Connector Process Gas 3 301 103.754 98% 143%
Process Boiler Valve Process Gas 1 15 15.725 100% 150%
Process Boiler Regulator Process Gas 1 4 4.224 100% 148%
Process Boiler Connector Process Gas 1 64 66.510 100% 150%
Process Boiler PRV/PSV Process Gas 1 1 1.039 100% 155%
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Table 5: Average component counts (mean) and confidence intervals per process equipment type.

Process Equipment Type Component Service Type Process Total Average 95% Confidence

Type Equipment | Component | Component | Limit (% of mean)
Count Count Count lower upper

Production Tank (fixed roof - heavy Open-Ended Line | Heavy Liquid 63 1 0.017 100% | 319%

oil)

Production Tank (fixed roof - heavy PRV/PSV Process Gas 63 1 0.017 100% 317%

oil)

Production Tank (fixed roof - heavy Connector Heavy Liquid 63 2280 37.905 22% 24%

oil)

Production Tank (fixed roof - heavy Valve Heavy Liquid 63 857 14.218 19% 20%

oil)

Production Tank (fixed roof - Valve Process Gas 213 88 0.431 37% 46%

Light/Medium Oil)

Production Tank (fixed roof - Thief Hatch Light Liquid 213 82 0.399 83% 229%

Light/Medium Oil)

Production Tank (fixed roof - Thief Hatch Process Gas 213 50 0.246 31% 34%

Light/Medium Oil)

Production Tank (fixed roof - Valve Light Liquid 213 1087 5.340 17% 21%

Light/Medium Oil)

Production Tank (fixed roof - Regulator Process Gas 213 49 0.241 30% 33%

Light/Medium Oil)

Production Tank (fixed roof - Connector Process Gas 213 785 3.850 36% 46%

Light/Medium Oil)

Production Tank (fixed roof - Connector Light Liquid 213 4444 21.815 14% 15%

Light/Medium Oil)

Production Tank (fixed roof - Open-Ended Line | Process Gas 213 3 0.015 100% 166%

Light/Medium Oil)

Production Tank (fixed roof - PRV/PSV Light Liquid 213 1 0.005 100% 297%

Light/Medium Oil)

Production Tank (fixed roof - PRV/PSV Process Gas 213 49 0.241 30% 33%

Light/Medium Oil)

29




Table 5: Average component counts (mean) and confidence intervals per process equipment type.

Process Equipment Type Component Service Type Process Total Average 95% Confidence
Type Equipment | Component | Component | Limit (% of mean)
Count Count Count lower upper
Production Tank (fixed roof - Open-Ended Line | Light Liquid 213 3 0.015 100% |  239%
Light/Medium Oil)
Propane Fuel Tank Valve Process Gas 56 115 2.148 23% 27%
Propane Fuel Tank Regulator Process Gas 56 56 1.045 19% 19%
Propane Fuel Tank Connector Process Gas 56 721 13.467 22% 23%
Reciprocating Compressor Valve Process Gas 54 1860 35.982 25% 31%
Reciprocating Compressor Valve Light Liquid 54 327 6.334 38% 44%
Reciprocating Compressor Meter Process Gas 54 15 0.290 56% 66%
Reciprocating Compressor Control Valve Light Liquid 54 36 0.699 55% 64%
Reciprocating Compressor Control Valve Process Gas 54 110 2.131 33% 37%
Reciprocating Compressor Regulator Process Gas 54 293 5.662 31% 36%
Reciprocating Compressor Compressor Rod- | Process Gas 54 157 3.045 23% 25%
Packing
Reciprocating Compressor Connector Light Liquid 54 2786 53.869 43% 54%
Reciprocating Compressor Open-Ended Line | Process Gas 54 28 0.545 67% 90%
Reciprocating Compressor PRV/PSV Process Gas 54 190 3.676 24% 26%
Reciprocating Compressor Connector Process Gas 54 31600 612.150 22% 23%
Reciprocating Compressor - Electric Valve Process Gas 10 175 18.293 53% 65%
Driver
Reciprocating Compressor - Electric Regulator Process Gas 10 1 0.103 100% 306%
Driver
Reciprocating Compressor - Electric Valve Light Liquid 10 89 9.387 60% 79%
Driver
Reciprocating Compressor - Electric Meter Process Gas 10 4 0.417 90% 117%
Driver
Reciprocating Compressor - Electric Control Valve Process Gas 10 3 0.312 100% 202%
Driver

30




Table 5: Average component counts (mean) and confidence intervals per process equipment type.

Process Equipment Type Component Service Type Process Total Average 95% Confidence
Type Equipment | Component | Component | Limit (% of mean)
Count Count Count lower upper
Reciprocating Compressor - Electric Control Valve Light Liquid 10 15 1.568 79% 102%
Driver
Reciprocating Compressor - Electric Connector Process Gas 10 3933 412.058 45% 51%
Driver
Reciprocating Compressor - Electric Compressor Rod- | Process Gas 10 30 3.120 56% 65%
Driver Packing
Reciprocating Compressor - Electric Connector Light Liquid 10 560 58.561 60% 92%
Driver
Reciprocating Compressor - Electric PRV/PSV Process Gas 10 23 2.400 46% 54%
Driver
Screw Compressor Valve Process Gas 46 1124 25.556 31% 38%
Screw Compressor Valve Light Liquid 46 200 4.559 55% 74%
Screw Compressor Meter Process Gas 46 43 0.976 37% 41%
Screw Compressor Control Valve Process Gas 46 50 1.135 44% 54%
Screw Compressor Control Valve Light Liquid 46 7 0.159 87% 126%
Screw Compressor Regulator Process Gas 46 182 4.135 26% 30%
Screw Compressor Connector Process Gas 46 14934 339.208 29% 37%
Screw Compressor Connector Light Liquid 46 1559 35.562 53% 71%
Screw Compressor Open-Ended Line | Process Gas 46 25 0.567 63% 85%
Screw Compressor PRV/PSV Process Gas 46 150 3.407 25% 27%
Screw Compressor - Electric Driver Valve Process Gas 8 130 17.000 55% 69%
Screw Compressor - Electric Driver Control Valve Process Gas 8 9 1.182 88% 118%
Screw Compressor - Electric Driver Valve Light Liquid 8 27 3.534 77% 102%
Screw Compressor - Electric Driver Meter Process Gas 8 3 0.396 100% 200%
Screw Compressor - Electric Driver Regulator Process Gas 8 1 0.132 100% | 288%
Screw Compressor - Electric Driver Connector Process Gas 8 1582 208.041 58% 77%
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Table 5: Average component counts (mean) and confidence intervals per process equipment type.

Process Equipment Type Component Service Type Process Total Average 95% Confidence
Type Equipment | Component | Component | Limit (% of mean)
Count Count Count lower upper
Screw Compressor - Electric Driver Connector Light Liquid 8 279 36.610 69% 88%
Screw Compressor - Electric Driver Open-Ended Line | Process Gas 8 2 0.260 100% 188%
Screw Compressor - Electric Driver PRV/PSV Process Gas 8 12 1.569 68% 84%
Scrubber Valve Process Gas 4 46 12.000 98% 183%
Scrubber Connector Process Gas 4 290 76.711 96% 186%
Scrubber PRV/PSV Process Gas 4 2 0.522 100% 164%
Separator Valve Process Gas 288 5548 20.126 15% 16%
Separator Control Valve Process Gas 288 244 0.885 19% 21%
Separator Valve Light Liquid 288 3407 12.373 13% 14%
Separator Meter Process Gas 288 299 1.085 13% 15%
Separator Control Valve Light Liquid 288 200 0.726 19% 22%
Separator Meter Light Liquid 288 115 0.417 22% 23%
Separator Connector Light Liquid 288 18762 68.110 14% 16%
Separator Regulator Process Gas 288 689 2.501 17% 18%
Separator Connector Process Gas 288 29929 108.724 11% 12%
Separator Open-Ended Line | Process Gas 288 33 0.120 51% 60%
Separator PRV/PSV Process Gas 288 460 1.670 11% 13%
Storage Bullet Valve Light Liquid 2 40 20.924 91% 107%
Storage Bullet Control Valve Light Liquid 2 4 2.088 92% 106%
Storage Bullet Connector Light Liquid 2 160 83.719 92% 106%
Tank Heater Valve Process Gas 60 450 7.847 22% 27%
Tank Heater Meter Process Gas 60 1 0.017 100% 307%
Tank Heater Regulator Process Gas 60 226 3.939 21% 22%
Tank Heater Connector Process Gas 60 3109 54.248 20% 22%
Treater Valve Process Gas 24 465 20.286 38% 47%
Treater Valve Light Liquid 24 394 17.206 42% 51%
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Table 5: Average component counts (mean) and confidence intervals per process equipment type.

Process Equipment Type Component Service Type Process Total Average 95% Confidence
Type Equipment | Component | Component | Limit (% of mean)
Count Count Count lower upper
Treater Meter Process Gas 24 21 0.916 49% 57%
Treater Control Valve Process Gas 24 18 0.783 47% 55%
Treater Control Valve Light Liquid 24 23 1.007 52% 63%
Treater Meter Light Liquid 24 11 0.477 65% 85%
Treater Regulator Process Gas 24 112 4.887 40% 47%
Treater Connector Process Gas 24 4548 197.835 34% 38%
Treater Connector Light Liquid 24 2181 95.200 39% 47%
Treater Open-Ended Line | Process Gas 24 5 0.216 100% 304%
Treater Open-Ended Line | Light Liquid 24 14 0.612 100% 212%
Treater PRV/PSV Process Gas 24 36 1.571 42% 54%
Well Pump Valve Process Gas 98 591 6.305 18% 20%
Well Pump Regulator Process Gas 98 191 2.036 17% 18%
Well Pump PRV/PSV Process Gas 98 28 0.300 40% 45%
Well Pump Connector Process Gas 98 4781 51.104 18% 19%
Wellhead (Bitumen Pump) Valve Heavy Liquid 87 747 8.983 17% 18%
Wellhead (Bitumen Pump) Valve Process Gas 87 630 7.573 18% 20%
Wellhead (Bitumen Pump) Connector Heavy Liquid 87 3025 36.393 18% 19%
Wellhead (Bitumen Pump) Regulator Process Gas 87 39 0.469 34% 38%
Wellhead (Bitumen Pump) Open-Ended Line | Process Gas 87 12 0.144 59% 71%
Wellhead (Bitumen Pump) Connector Process Gas 87 2307 27.725 20% 21%
Wellhead (Bitumen Pump) PRV/PSV Process Gas 87 24 0.289 43% 46%
Wellhead (CBM Flow) Valve Process Gas 34 331 10.167 32% 48%
Wellhead (CBM Flow) Meter Process Gas 34 8 0.245 69% 87%
Wellhead (CBM Flow) Regulator Process Gas 34 2 0.063 100% 196%
Wellhead (CBM Flow) Connector Process Gas 34 1024 31.475 28% 32%
Wellhead (CBM Flow) Open-Ended Line | Process Gas 34 10 0.307 62% 75%
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Table 5: Average component counts (mean) and confidence intervals per process equipment type.

Process Equipment Type Component Service Type Process Total Average 95% Confidence
Type Equipment | Component | Component | Limit (% of mean)
Count Count Count lower upper
Wellhead (CBM Flow) PRV/PSV Process Gas 34 2 0.062 100% 198%
Wellhead (Gas Flow) Valve Process Gas 128 1543 12.613 17% 18%
Wellhead (Gas Flow) Meter Process Gas 128 8 0.065 72% 92%
Wellhead (Gas Flow) Regulator Process Gas 128 50 0.417 95% | 263%
Wellhead (Gas Flow) Open-Ended Line | Process Gas 128 1 0.008 100% 312%
Wellhead (Gas Flow) PRV/PSV Process Gas 128 6 0.049 82% 107%
Wellhead (Gas Flow) Connector Process Gas 128 5383 43.948 16% 18%
Wellhead (Gas Pump) Valve Process Gas 62 855 14.435 23% 27%
Wellhead (Gas Pump) Meter Process Gas 62 20 0.336 45% 50%
Wellhead (Gas Pump) Regulator Process Gas 62 33 0.557 54% 71%
Wellhead (Gas Pump) Connector Process Gas 62 4300 72.591 24% 28%
Wellhead (Gas Pump) Open-Ended Line | Process Gas 62 2 0.034 100% 208%
Wellhead (Gas Pump) PRV/PSV Process Gas 62 27 0.456 51% 60%
Wellhead (Gas Storage) Valve Process Gas 2 18 9.340 93% 135%
Wellhead (Gas Storage) Connector Process Gas 2 59 30.684 92% 103%
Wellhead (Oil Flow) Valve Process Gas 21 250 12.417 58% 74%
Wellhead (Oil Flow) Meter Process Gas 21 1 0.050 100% 314%
Wellhead (Oil Flow) Valve Light Liquid 21 139 6.915 49% 57%
Wellhead (Oil Flow) Connector Process Gas 21 714 35.342 55% 70%
Wellhead (Oil Flow) Connector Light Liquid 21 623 31.109 51% 58%
Wellhead (Oil Pump) Valve Process Gas 103 385 3.918 35% 39%
Wellhead (Oil Pump) Valve Light Liquid 103 990 10.038 19% 21%
Wellhead (Oil Pump) Meter Process Gas 103 2 0.020 100% |  212%
Wellhead (Oil Pump) Regulator Process Gas 103 11 0.112 71% 93%
Wellhead (Oil Pump) Open-Ended Line | Process Gas 103 1 0.010 100% | 306%
Wellhead (Oil Pump) Connector Process Gas 103 1793 18.177 34% 39%
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Table 5: Average component counts (mean) and confidence intervals per process equipment type.

Process Equipment Type Component Service Type Process Total Average 95% Confidence
Type Equipment | Component | Component | Limit (% of mean)

Count Count Count lower upper
Wellhead (Oil Pump) Connector Light Liquid 103 4847 49.139 19% 20%
Wellhead (Oil Pump) Pump Seal Light Liquid 103 103 1.047 14% 14%
Wellhead (Oil Pump) PRV/PSV Process Gas 103 4 0.041 100% 180%
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3.3 EMISSION CONTROLS

In addition to counting components, the following emission controls were noted by field
inspectors when installed on subject process equipment units.
e (Gas Conserved — where natural gas is captured and sold, used as fuel, injected into
reservoirs for pressure maintenance or other beneficial purpose.
e Qas tied to flare — where natural gas is captured and disposed by thermal oxidization in a
flare or incinerator.
e QGas tied to scrubber — where natural gas is captured and specific substances of concern
(e.g., H2S or other odourous compounds) are removed via adsorption or catalytic
technologies.

Common examples of emission control include storage tanks that are ‘blanketed’ with natural
gas and connected to a flare header (“Gas Flared”) or vapour recovery unit (“Gas Conserved”).
Another example are reciprocating compressor rod-packing vents tied into the flare header (“Gas
Flared”) or captured by a Remvue slipstream and used as fuel (“Gas Conserved”). Additional
details regarding the motivating factors (e.g., H>S content or odour of vapours, corporate
emission reduction objectives or incentives, etc) were not collected.

The average emission control per equipment unit, determined using Equation 8, considers the
frequency controls observed plus the estimated control efficiency for preventing the release of
natural gas to the atmosphere (i.e., how much of the subject gas stream is captured and
combusted/conserved over an extended period of time). Because control efficiency assessment
was beyond the scope of the 2017 field campaign, a conservative estimate of 95 percent is
adopted for conservation and flaring (CCME, 1995%!) while scrubbers are assigned 0 control
because they prevent very little of subject natural gas streams from being released to atmosphere.

N,
EC=n- ¢
Npy
Equation 8
Where,
EC = average (mean) emission control per process equipment unit,
n = efficiency of control device to prevent preventing the release of natural gas to the
atmosphere (0.95 for conservation and flares. 0 for scrubbers),
Ncp = total number of process units with a control device,
Npu = total number of process units surveyed.

21 This is the minimum performance required by CCME (1995) for vapour control systems.

36



Results in Table 6 provide perspective regarding the proliferation of emission controls for
storage tanks and reciprocating compressor rod-packings located at sites upstream of gas plants.
Application of these factors to large equipment populations will produce representative emission
results, however, this is not true if applied to individual or small populations of equipment.
Other efforts to control emissions are discussed in Section 3.4 (e.g., distribution of air versus
natural gas driven pneumatics), Section 4.4 (e.g., leak factor trends) and are not amenable to
determining convenient control factors presented in Table 6. Efforts to capture and control
emission from individual dehydrators are known via Directive 039 reporting (AER, 2017) so a
control factor is not necessary.

Table 6: Average (mean) emission control and confidence interval per process equipment
unit.

Description of Control Process | Control | Average | 95% Confidence Interval

Equipment | Count | Control (% of mean)
Count Factor Lower Upper

Storage tank tied into flare or 213 46 0.21 28% 31%

conserved

Storage tank tied into scrubber 213 3 0.00 - -

Compressor rod-packing vent 54 7 0.12 65% 72%

tied into flare or conserved

Pop tank tied into flare or 20 2 0.10 100% 123%

conserved

3.4 PNEUMATIC DEVICE COUNTS

Pneumatic devices driven by natural gas, propane, instrument air and electricity > were

inventoried at each location surveyed in 2017. To increase the sample size, pneumatic inventory
data collected in 2016 by Greenpath Energy Ltd. for the AER was considered for this assessment
(Greenpath, 2017a). Devices are included in the results below when sufficient information was
available to assign 2016 records to a Facility ID or UWL In cases where multiple Facility ID
were active at a single location or insufficient UWI details available, the 2016 record was
omitted from the sample because a definitive relation between the device and facility subtype or
well status could not be established. Overall, 1,105 of 1,688 pneumatic devices from the 2016
dataset are included in this study. The 2016 records included in this study represent 6 Facility
IDs and 197 wells.

Devices that provide the following control actions are the dominant contributors to pneumatic
venting emissions and account for 2,289 of the 2,858 pneumatic devices observed during 2016
and 2017 surveys. Figure 4 delineates the pneumatic inventory by device type and driver type.

22 The majority of electric driven devices are solar powered chemical injection pumps. However, a small number of
pneumatic instruments were observed to be electric powered.
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The majority of devices are driven by natural gas while approximately 30 percent of devices
utilize alternative drivers (instrument air, propane or electricity) that do not directly contribute to
methane emissions.

e Level Controller

e Positioner

e Pressure Controller
e Chemical Pump

e Transducer
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Figure 4: Pneumatic counts, by device type and driver type, observed at Alberta UOG
facilities and wells during 2016 and 2017 field campaigns.

Devices that provide the following control actions typically vent at rates well below 0.17 m?® per
hour or only during infrequent unloading (de-energizing) events. Therefore, subject models are
aggregated and presented as device type “Intermittent” in report tables. This simplifies emission
inventory development efforts and is reasonable for devices that contributes very little to total
methane emissions.

e High Level Shut Down
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e High Pressure Shut Down
e Level Switch

e Plunger Lift Controller

e Pressure Switch

e Temperature Switch

Instances of continuous venting (greater than 0.17 m® per hour) may occur for these control
actions but they should be limited to malfunctioning, improperly calibrated or improperly
installed devices. Collecting a complete inventory of intermittent-bleed devices was a lower
priority for field technicians because their contribution to the total volume of gas vented by
pneumatic devices is much less than continuous-bleed devices and pumps. Moreover, isolation-
valve actuators were not inventoried because gas release events are infrequent. Therefore,
counts presented in Figure 4 likely understate the number of intermittent devices operating in the
UOG industry.

The average (mean) number of pneumatic devices per facility subtype and well status are
presented in Table 7 and Table 8 according to device (e.g., level controllers, positioners, pressure
controllers, transducers, chemical pumps and intermittent) and driver type (e.g., instrument air,
propane and electric). The mean is calculated using Equation 6 but divides the total number of
devices belonging to the subject category and observed at the subject facility subtype or well
status code (e.g., count of natural gas driven transducers at compressor stations) by the total
number of corresponding facility subtypes or well status codes surveyed (e.g., total count of
compressor stations surveyed). The factors for natural gas driven devices should be adopted for
GHG emission inventory purposes. Factors for propane (relevant to volatile organic compound
(VOC) emissions), instrument air and electric driven devices provide some insight into the
installation frequency of non-emitting devices.

There are a number of different pneumatic models commercially available for each device type.
The observed pneumatic model distributions for level controllers (882 devices), positioners (160
devices), pressure controllers (351 devices), transducers (303 devices) and chemical pumps (593
devices) are presented in Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9, respectively.
Although models are known for each device, the group ‘other’ is used for device model counts
less than 5 to simplify the pie charts below.
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Table 7: Average (mean) pneumatic device counts and confidence intervals per facility subtype.

Facility | Pneumatic Device Driver Facility Pneumatic Average 95% Confidence Limit

SubType | Type SubType Device Count Pneumatic (% of mean)

Code Count Count lower upper
321 | Intermittent Natural Gas 10 11 1.156 100% 173%
321 | Level Controller Natural Gas 10 10 1.045 91% 129%
321 | Pressure Controller | Natural Gas 10 5 0.522 100% 235%
321 | Pump Natural Gas 10 6 0.622 100% 162%
321 | Transducer Natural Gas 10 1 0.104 100% 293%
322 | Intermittent Instrument Air 33 19 0.601 73% 95%
322 | Intermittent Natural Gas 33 26 0.825 69% 87%
322 | Level Controller Instrument Air 33 99 3.159 59% 74%
322 | Level Controller Natural Gas 33 50 1.581 59% 74%
322 | Positioner Instrument Air 33 10 0.317 91% 133%
322 | Positioner Natural Gas 33 7 0.221 100% 208%
322 | Pressure Controller | Instrument Air 33 59 1.870 70% 95%
322 | Pressure Controller | Natural Gas 33 20 0.638 67% 88%
322 | Pump Instrument Air 33 15 0.475 93% 173%
322 | Pump Electric 33 1 0.032 100% 313%
322 | Pump Natural Gas 33 13 0.411 75% 101%
322 | Transducer Instrument Air 33 13 0.412 99% 159%
322 | Transducer Natural Gas 33 13 0411 100% 242%
361 | Intermittent Natural Gas 29 19 0.684 83% 140%
361 | Level Controller Instrument Air 29 2 0.072 100% 308%
361 | Level Controller Natural Gas 29 15 0.537 84% 121%
361 | Pressure Controller | Natural Gas 29 3 0.107 100% 219%
361 | Pump Natural Gas 29 12 0.433 79% 102%
362 | Intermittent Natural Gas 12 6 0.524 100% 208%
362 | Level Controller Instrument Air 12 4 0.351 100% 160%
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Table 7: Average (mean) pneumatic device counts and confidence intervals per facility subtype.

Facility | Pneumatic Device Driver Facility Pneumatic Average 95% Confidence Limit

SubType | Type SubType Device Count Pneumatic (% of mean)

Code Count Count lower upper
362 | Level Controller Natural Gas 12 4 0.350 100% 190%
362 | Positioner Instrument Air 12 3 0.261 100% 208%
362 | Positioner Natural Gas 12 1 0.087 100% 313%
362 | Pressure Controller | Natural Gas 12 6 0.529 100% 249%
362 | Pump Instrument Air 12 6 0.525 100% 299%
362 | Pump Natural Gas 12 4 0.351 100% 220%
362 | Transducer Instrument Air 12 3 0.262 100% 150%
363 | Intermittent Natural Gas 11 1 0.096 100% 306%
363 | Level Controller Natural Gas 11 5 0.479 100% 183%
363 | Pressure Controller | Natural Gas 11 1 0.095 100% 290%
364 | Intermittent Instrument Air 20 11 0.576 100% 245%
364 | Intermittent Natural Gas 20 21 1.092 74% 104%
364 | Level Controller Instrument Air 20 3 0.158 100% 213%
364 | Level Controller Natural Gas 20 11 0.570 83% 129%
364 | Positioner Instrument Air 20 3 0.158 100% 212%
364 | Positioner Natural Gas 20 8 0.420 100% 178%
364 | Pressure Controller | Instrument Air 20 3 0.159 100% 299%
364 | Pressure Controller | Natural Gas 20 2 0.107 100% 198%
364 | Pump Instrument Air 20 12 0.621 100% 215%
364 | Pump Natural Gas 20 5 0.264 100% 249%
364 | Transducer Instrument Air 20 2 0.106 100% 205%
364 | Transducer Natural Gas 20 3 0.157 100% 209%
601 | Intermittent Instrument Air 16 9 0.583 97% 204%
601 | Intermittent Natural Gas 16 17 1.116 71% 97%
601 | Level Controller Instrument Air 16 14 0914 100% 193%

41




Table 7: Average (mean) pneumatic device counts and confidence intervals per facility subtype.

Facility | Pneumatic Device Driver Facility Pneumatic Average 95% Confidence Limit

SubType | Type SubType Device Count Pneumatic (% of mean)

Code Count Count lower upper
601 | Level Controller Natural Gas 16 45 2.914 74% 113%
601 | Positioner Instrument Air 16 10 0.650 100% 282%
601 | Positioner Natural Gas 16 14 0911 87% 123%
601 | Pressure Controller | Instrument Air 16 6 0.398 100% 205%
601 | Pressure Controller | Natural Gas 16 17 1.112 62% 81%
601 | Pump Instrument Air 16 6 0.389 100% 208%
601 | Pump Electric 16 1 0.065 100% 305%
601 | Pump Natural Gas 16 4 0.260 100% 170%
601 | Transducer Instrument Air 16 11 0.723 100% 302%
601 | Transducer Natural Gas 16 21 1.376 85% 132%
611 | Intermittent Instrument Air 4 4 1.045 100% 197%
611 | Level Controller Instrument Air 4 4 1.053 100% 194%
611 | Pressure Controller | Instrument Air 4 3 0.781 100% 176%
611 | Pump Instrument Air 4 1 0.265 100% 274%
611 | Transducer Instrument Air 4 2 0.521 100% 283%
621 | Intermittent Instrument Air 34 20 0.610 75% 113%
621 | Intermittent Natural Gas 34 12 0.371 77% 112%
621 | Level Controller Instrument Air 34 80 2.457 61% 75%
621 | Level Controller Natural Gas 34 35 1.066 T7% 110%
621 | Positioner Instrument Air 34 26 0.804 81% 109%
621 | Positioner Natural Gas 34 5 0.153 100% 252%
621 | Pressure Controller | Instrument Air 34 31 0.958 68% 92%
621 | Pressure Controller | Natural Gas 34 14 0.429 75% 99%
621 | Pump Instrument Air 34 1 0.030 100% 321%
621 | Pump Natural Gas 34 12 0.376 91% 147%
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Table 7: Average (mean) pneumatic device counts and confidence intervals per facility subtype.

Facility | Pneumatic Device Driver Facility Pneumatic Average 95% Confidence Limit

SubType | Type SubType Device Count Pneumatic (% of mean)

Code Count Count lower upper
621 | Transducer Instrument Air 34 47 1.443 85% 150%
621 | Transducer Natural Gas 34 13 0.396 100% 198%

Table 8: Average (mean) pneumatic device counts and confidence intervals per well status.

Well Status Code | Pneumatic Device Type Driver Facility | Pneumatic Average 95% Confidence Limit
SubType Device Pneumatic (% of mean)
Count Count Count lower upper

CBMOT FLOW | Intermittent Natural Gas 21 5 0.250 100% 304%
CBMOT FLOW Level Controller Natural Gas 21 2 0.099 100% 200%
CBMOT FLOW Positioner Natural Gas 21 3 0.151 100% 297%
CBMOT FLOW Pump Natural Gas 21 2 0.099 100% 204%
CBMOT PUMP Intermittent Natural Gas 1 1 1.044 100% 151%
CBMOT PUMP Pump Natural Gas 1 1 1.053 100% 150%
CR-BIT PUMP Intermittent Natural Gas 85 3 0.037 100% 313%
CR-OIL FLOW Intermittent Natural Gas 21 3 0.148 100% 156%
CR-OIL FLOW Level Controller Instrument Air 21 3 0.14626 100% 308%
CR-OIL FLOW Level Controller Natural Gas 21 3 0.150 100% 214%
CR-OIL FLOW Positioner Instrument Air 21 7 0.34848 73% 87%
CR-OIL FLOW Pressure Controller Instrument Air 21 1 0.04943 100% 315%
CR-OIL FLOW Pressure Controller Natural Gas 21 2 0.098 100% 201%
CR-OIL FLOW Pump Electric 21 1 0.04996 100% 300%
CR-OIL FLOW Pump Instrument Air 21 3 0.15046 100% 301%
CR-OIL FLOW Pump Natural Gas 21 4 0.200 100% 168%
CR-OIL PUMP Intermittent Instrument Air 103 5 0.05097 100% 200%
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Table 8: Average (mean) pneumatic device counts and confidence intervals per well status.

Well Status Code | Pneumatic Device Type Driver Facility | Pneumatic Average 95% Confidence Limit
SubType Device Pneumatic (% of mean)
Count Count Count lower upper

CR-OIL PUMP Intermittent Natural Gas 103 27 0.274 55% 67%
CR-OIL PUMP Intermittent Propane 103 5 0.05078 100% 245%
CR-OIL PUMP Level Controller Instrument Air 103 3 0.0305 100% 228%
CR-OIL PUMP Level Controller Natural Gas 103 24 0.243 61% 77%
CR-OIL PUMP Level Controller Propane 103 2 0.02051 100% 312%
CR-OIL PUMP Pressure Controller Instrument Air 103 3 0.03054 100% 223%
CR-OIL PUMP Pressure Controller Natural Gas 103 12 0.122 67% 96%
CR-OIL PUMP Pump Electric 103 2 0.02045 100% 205%
CR-OIL PUMP Pump Instrument Air 103 2 0.0202 100% 211%
CR-OIL PUMP Pump Natural Gas 103 25 0.253 57% 73%
CR-OIL PUMP Transducer Natural Gas 103 1 0.010 100% 320%
GAS FLOW Intermittent Instrument Air 127 26 0.21387 74% 161%
GAS FLOW Intermittent Natural Gas 127 57 0.468 43% 52%
GAS FLOW Level Controller Instrument Air 127 60 0.49545 47% 57%
GAS FLOW Level Controller Natural Gas 127 48 0.395 40% 47%
GAS FLOW Positioner Instrument Air 127 37 0.30528 46% 54%
GAS FLOW Positioner Natural Gas 127 10 0.082 67% 83%
GAS FLOW Pressure Controller Instrument Air 127 13 0.10714 59% 70%
GAS FLOW Pressure Controller Natural Gas 127 13 0.108 65% 85%
GAS FLOW Pump Instrument Air 127 51 0.41914 47% 52%
GAS FLOW Pump Natural Gas 127 44 0.362 41% 47%
GAS FLOW Transducer Instrument Air 127 51 0.42166 46% 55%
GAS FLOW Transducer Natural Gas 127 13 0.107 69% 88%
GAS PUMP Intermittent Natural Gas 62 31 0.522 44% 54%
GAS PUMP Level Controller Natural Gas 62 32 0.540 48% 54%
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Table 8: Average (mean) pneumatic device counts and confidence intervals per well status.

Well Status Code | Pneumatic Device Type Driver Facility | Pneumatic Average 95% Confidence Limit
SubType Device Pneumatic (% of mean)
Count Count Count lower upper

GAS PUMP Pressure Controller Natural Gas 62 3 0.050 100% 165%
GAS PUMP Pump Instrument Air 62 1 0.01685 100% 312%
GAS PUMP Pump Natural Gas 62 38 0.639 42% 49%
GAS PUMP Transducer Instrument Air 62 3 0.05111 100% 307%
GAS PUMP Transducer Natural Gas 62 12 0.201 63% 79%
GAS STORG Level Controller Instrument Air 2 1 0.52634 100% 236%
GAS STORG Positioner Instrument Air 2 1 0.53481 100% 230%
GAS STORG Pump Electric 2 1 0.51649 100% 236%
GAS STORG Transducer Instrument Air 2 1 0.52853 100% 236%
SHG FLOW Intermittent Instrument Air 1 1 1.04159 100% 149%
SHG FLOW Level Controller Instrument Air 1 3 3.15243 100% 153%
SHG FLOW Positioner Instrument Air 1 3 3.10207 100% 152%
SHG FLOW Pump Instrument Air 1 1 1.0439 100% 153%
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Figure 5: Distribution of level controller models observed during 2016 and 2017 surveys.

Figure 6: Distribution of positioner models observed during 2016 and 2017 surveys.
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Figure 7: Distribution of pressure control models observed during 2016 and 2017 surveys.

Figure 8: Distribution of transducer models observed during 2016 and 2017 surveys.
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Figure 9: Distribution of chemical pump models observed during 2016 and 2017 surveys.

Figure 10 presents the distribution of pneumatic devices (pumps and instruments) allocated to
Facility IDs (1072) by facility subtype and driver type. Figure 11 presents the distribution of
pneumatic devices allocated to wells®* (1789) by status code and driver type. Non-emitting
instrument air and electric driven devices represent approximately 30 percent of the sample
population with most of these (19 percent) located at facilities. Propane driven devices represent
less than 1 percent of the entire sample population. Given the large number of wells and their
tendency to rely on natural gas, well-site pneumatics are a noteworthy contributor to total
methane emissions in Alberta and deserve careful consideration when developing province-wide
emission inventories.

23 Pneumatics dedicated to a well are assigned to the subject UWI and not the parent Facility ID. This has an upward
bias on well average and downward bias on facility subtype averages.
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Figure 10: Pneumatic counts by facility subtype?* (excluding locations where all devices are assigned to wells) and driver type.

24 The number of sites surveyed for each subtype is stated at the top of each bar. Because the number of sites surveyed for each subtype is not proportional to
Alberta-wide subtype populations, readers are cautioned that Figure 10 should not be interpreted as the actual distribution of pneumatics by subtype.
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Figure 11: Pneumatic counts by well status code? and driver type.

25 The number of wells surveyed for each status code (described in Table 2) is stated at the top of each bar. Because the number of wells surveyed is not
proportional to Alberta-wide well status populations, readers are cautioned that Figure 11 should not be interpreted as the actual distribution of pneumatics by
well status.
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3.5 POPULATION AVERAGE LEAK FACTORS

Emission factors for estimating fugitive equipment leaks normally are evaluated by type of
component and service category within an industry sector. This allows the factors to be broadly
applied within the sector provided component populations are known. The advantage of this
level of disaggregation is that it allows facility differences. A simpler approach which introduces
additional uncertainties is to develop factors by type of process unit and area, or by type of
facility; however, these higher-level factors are not considered here.

There are two basic types of emission factors that may be used to estimate emissions from
fugitive equipment leaks: those that are applied to the results of leak detection or screening
programs (e.g., leak/no-leak and stratified emission factors), and those that those that do not
require any screening information and are simply applied to an inventory of the potential leak
sources (i.e., population average emissions factors). Population average emission factors are
considered in this section while ‘leaker’ emissions factors are determined in Section 3.6. ‘No-
leak’ emission factors are not determined in this study because the Hi-Flow Sampler minimum
detection limit (MDL) is not sensitive enough to accurately quantify leaks below 10,000 ppmv?2°.
No-leak factors for the Canadian UOG industry have received little research attention since the
early 1990°s and available factors (from Table 7 of CAPP, 1992) may not be representative of
current component populations. Instead of including no-leak contributions in the population
average leak factor (as was the case for factors published in CAPP, 2014, CAPP, 2005 and
CAPP, 1992), it’s recommended that these factors be applied separately when estimating fugitive
emissions so their relative contributions are better understood and to facilitate inclusion of
operator estimated fugitives?’ into emission inventories.

The population average emission factor for a given component and service category equals the
total hydrocarbon emissions (that satisfy the leak definition presented in Section 8.1.1) divided
by the number of potential leak sources (i.e., components) as presented in Equation 8. Unlike
other studies that rely on typical component counts (CAPP, 2014 and EPA, 2016), emission
factors are determined using component counts from the same sample population. Moreover,
emission contribution from leaks below thresholds stated in Section 8.1.1 (i.e., no-leak factors)
are not included in the population average.

Population average emission factors (mass and volumes rate) and their 95 percent confidence
limits are presented in Table 9 and delineated by component type and service type. Further
delineation by industry sector (i.e., factors for Oil versus Gas production sites) is considered in

26 Ideally, no-leak emission factors would be developed using an instrument with precision of 1 ppm, MDL of about
2 ppm above background readings and measurement uncertainty of less than +1% of reading.

7 Pending methane regulations may require operators to report fugitive emissions estimated using leaker factors or
by direct measurement. Both cases omit the no-leak contribution.
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Section 10, however, one-way analysis of variance (ANOVA method) confirmed the difference
in means between the “Gas” and “Oil” groups are not statistically significant.

The 95 percent confidence limits provide an indication of the variability of the compiled average
emission factors. In general, the confidence interval is narrow when there are a large number of
data points or the data is clustered around the mean. If the data shows a wide variability around
the mean or there are few data points, the 95 percent confidence interval is wide. Comparing the
confidence limits of two data sets provides a simple means of establishing if the data sets are
from the same population (EPA, 1995).

_ 2 Qsrpk,j OT Xy ;

PEF ; = 3 N,
Equation 9
Where,

PEFix; = population average emission factor for service k and component type j (m® or kg
THC/hr/source),

Mikj = mass flow rate of total measured THC emissions for service k and component
type j (kg THC/hr),

QsTP,ik; = volume flow rate of total measured THC emissions for service k and component
type j at standard reference conditions (m® THC/hr),

Nik,j = total number of potential emission sources surveyed (i.e., total number of

components including those that did not have any emissions) for service k and
component type j (number).
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Table 9: Population average emission factors for estimating fugitive emissions from Alberta UOG facilities on a volume or mass basis.
' Ll | Compomo Leak EF 95% Confidence EF 95% Confidence
Sector Component Type Service Count Count T (kg THC | Limit (% of mean) | (m® THC | Limit (% of mean)
/h/source) | Lower Upper | /h/source) | Lower Upper
All Compressor Rod- PG 139 0.20622 53% 88% 0.28745 53% 88%
Packing®®
All Connector PG 145 137,391 0.11% 0.00014 32% 53% 0.00019 32% 52%
All Connector LL 6 45,356 0.01% 0.00001 71% 114% 0.00001 70% 120%
All Control Valve PG 16 539 2.97% 0.00487 53% 77% 0.00646 53% 77%
All Meter PG 8 531 1.51% 0.00105 47% 73% 0.00145 47% 70%
All Open-Ended Line PG 10 144 6.95% 0.06700 91% 219% 0.09249 91% 225%
All Pressure Relief Valve PG 7 1,176 0.60% 0.00399 54% 85% 0.00552 53% 79%
All Pump Seal PG 6 178 3.37% 0.00761 73% 142% 0.01057 73% 141%
All Regulator PG 27 3,067 0.88% 0.00112 60% 99% 0.00122 50% 76%
All Thief Hatch PG 6 52 11.46% 0.12870 77% 134% 0.12860 70% 115%
All Valve PG 28 20,545 0.14% 0.00044 64% 112% 0.00058 62% 111%
All Valve LL 6 8,944 0.07% 0.00015 72% 122% 0.00021 73% 120%
All SCVF PG 15 440 3.41% 0.09250 98% 204% 0.12784 98% 196%

 Reciprocating compressor rod-packing emission factors are calculated on a per rod-packing basis and exclude compressors that are tired into a flare or VRU
(because these rod-packings are controlled and have a very low probability of ever leaking to atmosphere). Rod-packings are defined as vents in Directive 060
(AER, 2018).

b Reciprocating Compressor rod-packings vents are typically tied into a common header with measurements conducted on the common vent. Therefore, the actual
number of leaking components and leak frequency are not known.
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3.6 ‘LEAKER’ FACTORS

To facilitate estimation of leaks detected but not measured during fugitive emission surveys,
‘leaker’ factors can be applied. ‘Leaker’ emission factors (mass and volumes rate) are calculated
using Equation 10 and presented by component type and service type in Table 10 with their 95
percent confidence limits.

_ x Qstpk,j OT ka,j
LEF, ; = SNy,

Equation 10

Where,

LEFix; = ‘leaker’ emission factor for service k and component type j (m> or kg
THC/hr/leaking source),

Mik, = mass flow rate of total measured THC emissions for service k and component
type j (kg THC/hr),

QsTP,ik,j = volume flow rate of total measured THC emissions for service k and component
type j at standard reference conditions (m* THC/hr),

NLix, = number of leaking components detected for service k and component type j
(number).

This screening-based approach for estimating fugitive emissions requires that a full leak
detection survey by conducted and leaks (that satisfy the definition presented in Section 8.1.1) by
recorded according to their service (process gas or light liquid) and component type (delineated
in Section 8.3). End users can then multiply leak counts by the leaker factors in Table 10.

Fugitive emissions estimated using this approach should provide better accuracy and
identification of high leak-risk components and facilities than population average factors.
However, direct measurement of detected leaks is more accurate and provides valuable insight
regarding leak magnitude and frequency distributions that are not available from emission factor
approaches. For example, Figure 18 indicates that a small number of leaks contribute most of the
fugitive emissions for a given component population. Screening coupled with direct
measurement takes advantage of this fact to provide a reasonable balance between cost of
assessment and accuracy of total estimated emissions.

Regardless of the estimation approach, the no-leak contribution representing leaks with a
screening value of less than 10 000 ppmv or that are not observable with an IR camera should be
estimated and included in emission inventories. This is accomplished by multiplying total
component populations by no-leak emission factors (available from Table 18).
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Table 10: Leaker emission factors for estimating fugitive emissions from Alberta UOG facilities on a volume or mass basis.

95% Confidence

95% Confidence

Sector Component Type Service Iée:;(lf: %Ie_la(l:(/el:' /:::)Il?uf;g) Limit (% of mean) ;‘f_f (l:(/el:' /slil;g:; Limit (% of mean)

Lower Upper Lower Upper
All Compressor Rod-Packing® PG 27 1.08150 45% 58% 0.77563 43% 56%
All Connector PG 145 0.13281 19% 21% 0.10137 20% 21%
All Connector LL 6 0.05906 71% 88% 0.04156 70% 85%
All Control Valve PG 16 0.16213 47% 50% 0.12203 48% 52%
All Meter PG 8 0.07201 39% 49% 0.05238 40% 50%
All Open-Ended Line PG 10 0.98904 90% 195% 0.70729 90% 199%
All Pressure Relief Valve PG 7 0.69700 49% 62% 0.50395 49% 63%
All Pump Seal PG 6 0.23659 71% 121% 0.16974 71% 125%
All Regulator PG 27 0.10275 45% 56% 0.09514 56% 79%
All Thief Hatch PG 6 0.81672 67% 83% 0.82401 75% 106%
All Valve PG 28 0.31644 58% 90% 0.24356 60% 97%
All Valve LL 6 0.23098 72% 107% 0.16929 71% 110%
All SCVF PG 15 2.70351 97% 201% 3.74007 97% 189%

 Because reciprocating compressor rod-packing leakage is routed to common vent lines, the actual number of leakers is not known. The compressor rod-packing
‘leaker’ factor is calculated on a per vent line basis (not per rod-packing basis). Rod-packings are defined as vents in Directive 060 (AER, 2018).
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3.7 UNCERTAINTY ANALYSIS

It is good practice to evaluate the uncertainties in all measurement results and in the emission
calculation parameters derived from these results. Quantification of these uncertainties ultimately
facilitates the prioritization of efforts to improve the accuracy of emissions inventories developed
using these data.

Measurement uncertainty arises from inaccuracy in the measuring equipment, random variation
in the quantities measured and approximations in data-reduction relations. These individual
uncertainties propagate through the data acquisition and reduction sequences, as described
above, to yield a final uncertainty in the measurement result. Elemental uncertainty can arise
from errors in calibration, data-acquisition, data-reduction, methodology or other sequences.
Two types of uncertainties are encountered when measuring variables: systematic (or bias) and
random (or precision) uncertainties (Wheeler and Ganji, 2004). Systematic and random errors are
combined using IPCC Tier 1 rules for error propagation (described in Section 9) to determine
confidence intervals for the factors presented above.

Random errors are characterized by their lack of repeatability during experimentation and can be
described using probability density functions. The probability density function describes the
range and relative likelihood of possible values. The shape of the probability density function
may be determined empirically from the available measurement data. Confidence limits give the
range within which the underlying value of an uncertain quantity is thought to lie for a specified
probability. This range is called the confidence interval and is determined using the
bootstrapping method described in Section 3.7.3. The IPCC (2000) Good Practice Guidance
suggestion to use a 95% confidence level is adopted for this study (i.e., the interval that has a
95% probability of containing the unknown true value).

Systematic errors do not vary during repeated readings and are usually due to instrument
properties or data reduction. The systematic uncertainties for measurement devices and gas
analysis presented in Table 11 are considered when calculating leak rate uncertainties. Further
discussion of uncertainties introduced by component count and leak detection methods are
presented in Section 3.7.1 and 3.7.2.

Table 11: Parameter uncertainties according to measurement device or gas analysis
source.
Parameter Measurement Device Uncertainty Reference
Atmospheric | Multifunction digital +10% Professional judgement
Pressure and | thermometer and barometer
Temperature
Flow Rate Anti-Static Measurement Bag +10% Heath, 2014
Hawk PD Meter +2% Calscan, 2017
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Table 11: Parameter uncertainties according to measurement device or gas analysis
source.
Parameter Measurement Device Uncertainty Reference
Hi-Flow Sampler +10% Bacharach, 2015
Technician estimate from IR +100% Professional judgement
image
Leak IR Camera On average 3 of | Professional  judgement
Detection every 4 leaks are | and Ravikumar et al, 2018
detected
Molecular Site specific gas analysis +5% Professional judgement
Weight of Typical gas analysis +25%
Gas Mixture

3.7.1 COMPONENT COUNTING UNCERTAINTY

Of particular influence on overall confidence intervals is the uncertainty inherent to component
and pneumatic device counting. Notwithstanding the desktop and field training described in
Section 7.4, there is variability and bias introduced by field technicians when interpreting,
classifying and counting the tremendous number of components in pressurized hydrocarbon
service. To estimate the uncertainty introduced by field technicians, independent surveys were
completed on different days by 2 different field teams of the same facility. Results from these
surveys provide two overlapping sample counts for 8 distinct component types and 6 different
pneumatic devices. Although the surveys covered a variety of equipment, the limited nature of
two sample points per component and pneumatic device precludes an empirical estimation of the
underlying distribution governing counting errors. Thus, a number of assumptions are required to
estimate the uncertainty associated with the potential under or over counting of components and
pneumatics. Individual component and pneumatic counts are combined into a single population
of counting errors by computing the percent difference of each sample count from their
respective sample mean. This normalization step creates a single sample set of 14 representative
counting errors based on the assumption that inherent counting errors are independent of the
component or pneumatic being counted (e.g. counting connectors carrying process gas is the
same as counting connectors in liquid service, is the same as counting level controllers etc.).
Under the assumption that these counting errors are normally distributed, the sample standard
deviation g5 could provide a simple point estimation for the spread of population of errors.
However, because this survey data is limited in size and is from a single facility it’s likely that
because of sampling variability the uncertainty bounds defined by +2a; would not actually
encompass 95% of the expected counting errors. To ensure the spread of the uncertainty bounds
was sufficiently wide a tolerance interval was used.

A tolerance interval for capturing at least k% of the values in a normal population with a
confidence level of 95% has the form +(tolerance critical value) - o, where the critical values
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depend on the number of sample points and the desired value of k (typically chosen to be 90, 95,
or 99). In the case of the survey data, choosing k = 95 results in a critical value of 3.012 and an
overall estimate of the counting uncertainty for components and pneumatics was found to be
+166%.

This random error for component and pneumatic device counts is incorporated into population
average count and leak factor uncertainty using IPCC Tier 1 rules for error propagation.

3.7.2 OGI LEAK DETECTION UNCERTAINTY

Considering the recently published empirical correlation between leak rate, viewing distance and
detection probability (Figure 3 in Ravikumar et al, 2018) and that most ground-level components
are screened at a distance of 1 to 2 meters (Greenpath, 2017b); there is good probability that the
IR camera MDL is about 0.015 m®> CHa/hr?® under favourable survey conditions (i.e., warm
temperatures with wind speeds less than 4 m/s). However, survey conditions are not always ideal
(e.g., wind gusts and rain) and screening distances increase for elevated components like
compressor rod-packing vents (perhaps 3 to 6 meters away) and tank thief hatches (perhaps 5 to
20 meters away). Also, the capability and patience of technicians using the IR camera will vary
and impact whether a leak is detected or not. Research, supported by the EPA, is underway at the
Methane Emissions Test and Evaluation Center (METEC) in Colorado to develop empirical
correlations for OGI performance factors (e.g., OGI equipment model, operator group and
atmospheric conditions).

In the absence of defensible correlations, it is estimated that the IR camera on average detects 3
of every 4 leaks. Under the assumption that false positives (i.e. detecting a leak from a non-
leaking component) do no occur, the actual number of component leaks at a site cannot be less
than the leaks observed during an OGI survey. Consequently, the expected number of leaking
components was modelled by scaling the observed leak counts by a leak count multiplier equal
to 1+X where X is a random variable following a half-normal distribution with a mean of 1/3.
This systematic error is incorporated into the population average leak factor uncertainty using
IPCC Tier 1 rules for error propagation.

3.7.3 BOOTSTRAPPING METHOD

Bootstrapping is a statistical resampling method which is typically used to estimate population
variables/parameters from empirically sampled data (Efron, and Tibshirani, 1993). Bootstrapping
as a method is non-parametric and does not rely on common assumptions such as normality, data
symmetry or even knowledge of the data’s underlying distribution. It is applied by other studies
investigating ‘heavy-tailed’ leak distributions and is shown to increase the width of confidence

28 This equals 10 g CHy/hr and is also the lowest measurement result obtained when using the High Flow Sampler
during 2017. The manufacturer specification for the High Flow is 0.085 m3hr and results below this MDL are
possible but have greater uncertainty.
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intervals by increasing the upper bound (Brandt et al, 2016). The one main underlying
assumption behind bootstrapping, for the results to be reliable, is that the sample set is
representative of the population.

In its most basic form bootstrapping is easily implemented to estimate the mean and the mean’s
associated confidence interval. For a sample set of size N, the samples are randomly resampled
N-times with replacement to create a new set of observations of equal size. From this new
resampled set a statistical parameter, in this case the mean, can be calculated. The procedure of
resampling and re-computing a statistic from the original data is repeated over a large number of
iterations (e.g. 10000 times) to obtain a distribution of bootstrapped estimates of the mean. An
overall estimate and 95% confidence interval of the population mean is then extracted from the
bootstrapped distribution.

The above bootstrapping process was directly applied to major equipment counts to obtain mean
count estimates with a corresponding 95% confidence interval per well status or facility subtype.
By virtue of the bootstrapping process the computed confidence intervals are not necessarily
symmetric as would be the case under assumption that counts are normally distributed. For
components, pneumatics, and flow rates the sample data was varied normally on each bootstrap
resample according to specified counter and measurement device uncertainties.

For components, confidence interval estimates for a mean population leak factor were calculated
by a Monte Carlo simulation. For each component type per service, where the leak data
permitted, a population leak factor defined by:

# of component leaks
- Leak factor

# of total components

was computed 10000 times while randomly varying the number of component leaks as in Section
3.7.2 and varying the total number of components and the leak factor following their respective
bootstrapped distributions. Similar to the bootstrapping process above, an overall estimate and
95% confidence interval of the population mean leak factor is then extracted from the resultant
Monte Carlo distribution.
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4 DISCUSSION

The intended application of average counts and factors as well as comparisons to other studies
are discussed in the following sub-sections.

4.1 PROCESS EQUIPMENT

2017 field inventory results for facilities are discussed in Section 4.1.1 while well results are
discussed in Section 4.1.2. A description of process equipment types is available in Section 8.4
while their use in emission inventories is discussed here.

Process equipment inventories are used to determine component populations and drive
equipment leak emission calculations. Algorithms implemented for UOG national inventories
(ECCC, 2014; CAPP, 2005 and CAPP, 1992) make decisions regarding the quantity and size of
the following process equipment based on production data indicators.

e Natural gas fueled engines, turbines, heaters and boilers.
e Flares.
e Production storage tanks.

For example, if a flare volume is reported for a facility then a flare stack is added to the list of
emission sources. The algorithm is more complicated for determining the type and size of natural
gas fired equipment but the basic logic is the same: if natural gas fuel is reported, add
combustion units to the list of emission sources. The average counts in Table 3 and Table 4
identify fired equipment types applicable to each facility subtype and well status code plus
provide a ‘first guess’ regarding the number of units installed. The quantity of fired units at a
specific site is adjusted according to the volume of natural gas fuel reported for the site versus
theoretical fuel determined from reported production hours and typical power ratings.

However, other process equipment is difficult to estimate from production volumes or meta-data
and historically relied on empirical knowledge of typical facility configurations (ECCC, 2014;
CAPP, 2005 and CAPP, 1992). To acknowledge the uncertainty inherent with these predictions,
a confidence interval of 100 percent was assigned to these process equipment units in the last
national inventory. A better approach is to utilize the average process equipment counts for
facility subtypes and well status codes presented in Table 3 and Table 4 that provide a
statistically defensible basis for predicting equipment and includes equipment not identified in
typical facility configurations.
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14.1.1 FACILITIES

A comparison of average equipment counts applied to facility subtypes in the 2011 UOG
national inventory versus those observed during 2017 field surveys is presented in Table 12
(when available). The total number of facility subtypes for each year is also presented as an
indicator of the relative importance of a subtype to the Alberta UOG emission inventory. Of the
54 process equipment types anticipated to be in operation (delineated in Section 8.4), only half of
these were observed during the 2017 surveys. Moreover, only the following 14 process
equipment types were observed at a frequency greater than 1 in every 20 facilities visited. This is
expected because of the tendency for standardized facilities and because little processing occurs
upstream of gas plants and refineries. Thus, the simple equipment assignments made for the 2011
national inventory are reasonable. However, exceptions do occur and the average counts
presented in Table 3 and Table 4 enable their quantification as well as improved delineation
between facility subtypes and wells. For example, gas analysis systems are a source of
continuous venting emissions and an HoS analyzer was identified as the 3rd largest emitter
observed by GreenPath Energy during 2016 inspections (Greenpath, 2017a), however, it’s
unknown how many analyzers are installed upstream of gas plants. Results from Table 3
indicate gas analyzers are installed at approximately 1 in every 17 compressor stations and at the
same frequency for crude oil multiwell proration batteries while Table 4 shows gas analyzers
installed at approximately 1 in 100 crude oil wells (pumping). Applying these factors to
corresponding facility and well populations indicates there are about 400 gas analyzers installed
upstream of gas plants in Alberta.

e (atalytic Heater

e Production Tank

e Separator

e Pipeline Header

e PigTrap

e Reciprocating Compressor
e Screw Compressor

e Propane Fuel Tank

e Tank Heater

e Flare Knockout Drum
e Treater

e Dehydrator - Glycol

e Liquid Pump

e Pop Tank

Equipment at single-well batteries were assigned to UWIs (discussed in Section 4.1.2) so single-
well batteries are not presented in Table 12. 2011 equipment counts are blank for bitumen
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batteries and custom treating facilities because site-wide component counts were utilized in the
2011 inventory which precludes a direct comparison.

Dehydrators are not presented in Table 12 because, the AER Directive 039 inventory of glycol
dehydrators (and emission control details) is relied on instead of the average counts presented in
in Table 3. However, applying the average dehydrator counts to corresponding facility
populations in Table 1 results in a prediction of 1,300 dehydrators operating at batteries,
compressor stations and gathering systems. This is only 22 percent greater than listed for the
same facility types in the 2016 AER dehydrator inventory (AER, 2017) which provides some
confidence in provincial equipment populations predicted based on 2017 survey results.

2017 gas flow meter counts don’t appear in Table 12 because they are defined as a component
type (not an equipment type) for the 2017 survey with average leak rates presented in Section
3.5.
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Table 12: Comparison of average equipment counts per facility subtype from the 2011 UOG national
inventory (ECCC, 2014) versus those derived from 2017 field surveys.
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Table 12: Comparison of average equipment counts per facility subtype from the 2011 UOG national
inventory (ECCC, 2014) versus those derived from 2017 field surveys.

q dnoig [PMpNW udWN}Iq IPNI)

Neq uoneioid [[PAMNW WIWNJIQ IPNI)

qVv AS dpIsIno Aidjeq uoneaoad [[PADINIA S€DH

@)
-
=
& Q
s | 9 g
= = 5
g |8 | & 3
5 5 | 2 2 Z
= | § 5 2 Q o
Process Ref s | = =3 = & =
o (=3 o = = ]
Description Year = E z = = = S
E |5 | 2 2 Q | Z | = =
0 = £ |2 |§ | |& % =
= g (2% |2 |8 |2 |8 -
. * |9 |8 |8 |§ |2 |4 g
: : £ |5 |5 | & |8 |E 5
S = | T S S " 2 | = 3
@ =n =2 =3 =, @ =3 =3 W
= 2 = = 2 & @ 2 2 =
= & e e a c = =y & c
g |2 |3 |8 313 |F |§ |3 |3 =
Pop Tank 2011 096 095 0.75090| 0.94 0.54 | 0.49 | 0.31|0.10
2017 | 0.06 0.10 | 0.21] 0.50 0.03
Power 2011
Generator 2017 0.03 0.10
(natural gas
fired)
Process Boiler | 2011
2017 0.03
Production 2011 193] 053 1.18 | 1.50 | 1.32 0.16 | 0.84 | 0.80 | 0.52 | 0.12
Tank 2017 | 0.19| 1.07 | 1.54 1.29 | 257| 3.51| 032,041 0.28|0.30
Propane Fuel 2011
Tank 2017 0.08 | 2.76 0.06
Reciprocating | 2011 | 0.88 | 0.14 | 0.21 | 0.07 | 0.30 | 0.49 0.48 1 0.51 | 0.44|0.26 | 0.07
Compressor 2017 | 0.82 0.21 0.70 | 0.08 | 0.07 | 0.25
Reciprocating | 2011
Compressor - 2017 | 0.06 0.09 0.18
Electric Driver
Screw 2011
Compressor 2017 | 0.44 | 0.58 | 1.08 0.10 | 0.15 0.06 0.25
Screw 2011
Compressor - 2017 0.09 | 0.76 | 0.06
Electric Driver
Scrubber 2011
2017 0.03 | 0.50
Separator 2011 | 1.03 1.00| 0.01| 1.00| 1.01 |1.01| 1.02|1.00 | 1.01
2017 | 0.75 0.70 | 2.46| 050 | 0.88]0.83| 0.21|0.65 |0.27
Storage Bullet | 2011
2017 0.10

64




Table 12: Comparison of average equipment counts per facility subtype from the 2011 UOG national

inventory (ECCC, 2014) versus those derived from 2017 field surveys.

Gas multiwell proration battery SE AB

Gas Multiwell proration battery outside SE AB

Gas multiwell group battery

Gas multiwell effluent battery,

0.17

Gas gathering system

Custom treating facility)|

1.00

Crude oil multiwell proration battery

0.72 ] 0.22
0.03

0.61

Crude oil (medium) multiwell group battery

1.00

Crude bitumen single-well battery

0.48 | 0.57

Crude bitumen multiwell proration battery

1.54

Crude bitumen multiwell group battery)

0.73 | 0.68

0.76

Compressor station

Year

Ref

2011

2017

2011

2017

Description

Process

Tank Heater

Treater
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4.1.2 WELLS

For wells, each active UWI was assigned a single wellhead in the 2011 UOG national inventory.
The 2017 field survey results summarized in Table 13 indicate there are additional equipment
units dedicated to servicing wells that should be included in emission inventories. Of particular
note are multiwell batteries where the number of wells can vary from 2 to more than 1000.
Applying the average counts for facilities from Table 3 doesn’t adequately represent the
variation in process equipment installed at a 2-well battery versus a 1000-well battery. Using
well counts to drive process equipment predictions will result in more representative total
populations.

Average wellhead counts less than one occur because of suspended wells where the main
production valve is closed and downstream piping is depressurized. Shut-in wells are not
included in the inventory because they are not a source of fugitive emissions. Using wellhead
counts of less than one for emission inventories is reasonable because it’s possible for a well to
produce for only part of a reporting month, appear as an active well but in reality it was only a
source of fugitive emissions for the period it was producing.
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Table 13: Average well process equipment counts observed in 2017 versus 2011 UOG inventory counts.

Well Status Code | Well Description
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CBMCLS FLOW | Coalbed methane-coals only flowing 0.36 1.00 | 0.93
CBMOT FLOW | Coalbed methane-coals&oth lith flowing 0.05 1.00 | 1.00
CBMOT PUMP | Coalbed methane-coals&oth lith pumping 1.00 1.00 | 1.00
CR-BIT PUMP Crude bitumen pumping 0.01 0.18 0.81 | 1.00 | 0.99
CR-OIL FLOW Crude oil flowing 0.19 { 0.10 | 1.00 | 1.00
CR-OIL PUMP Crude oil pumping 0.01 0.16 | 0.03 | 0.07 | 0.01 | 0.01 | 0.27 | 0.23 | 1.00 | 1.00
GAS FLOW Gas flowing 0.06 | 0.07 | 0.04 | 0.01 0.45 1.00 | 1.00
GAS PUMP Gas pumping 0.05 | 0.05 0.02 0.53 1.00 | 0.98
GAS STORG Gas storage 0.50 1.00 | 1.00
SHG FLOW Shale gas only flowing 1.00 1.00 | 1.00
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4.2 COMPONENTS

A comparison between the component counts observed during the 2017 field study and those
originally derived for the first Canadian UOG “bottom-up” national emission inventory (CAPP,
1992) is presented in Table 14. A simple ratio of the 2017 mean divided by the 1992 mean
provides an indication of relative change in the average counts (nulls indicate zero components
for one of the reference years). The historic components counts are based on bills of materials,
drawings and actual field inspections of 100 process units (as described in Section 8, Volume 2
of CAPP, 1992). The 1992 report identifies field inspections as the most reliable method for
determining average counts. The key advantages are the ability of inspectors to identify and
account for components not illustrated on drawings (e.g., threaded connections); de-pressurized
equipment; and exclude back-welded threaded connections (that have no pathway for leakage).
The main disadvantages of field inspections are the time commitment and process knowledge
required to identify and classify applicable components. Notwithstanding the inspector training
efforts described in Section 7.4, large uncertainties are inherent to this approach and are a key
contributor to confidence interval results presented in Table 5.

The number of components and type diversity per equipment type is greater for the 2017 data
set. This is likely driven by increased process control and liquids-rich gas production introduced
over the last 30 years as well as a specific field objective to account for every component in
pressurized hydrocarbon service. When counting, inspectors included all process equipment
components plus downstream components until they arrived at the inlet flange of the next
process unit. This could include a significant number of components from ‘yard piping’ that are
not physically attached to the process unit but are potential leak sources that need to be
accounted. For example, the total average number of components for a separator increased 60
percent and now includes control valve, meter, open-ended line, PSV and regulator counts.
These changes are reasonable when considering the 3-phase separator, shown in Figure 12, and
commonly used at liquids-rich gas production sites. In addition to the control valve and senior
orifice meter visible in Figure 12, this separator also features 1 junior orifice meter, 2 turbine
meters, 4 regulators (heater and pneumatic pump fuel supply), 1 PSV, 2 chemical injection
pumps and numerous pneumatic instruments.
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Orifice Meter

—>

Control Valve
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Figure 12: Three-Phase vertical separator located at a liquids-rich gas production site.

The 2017 field study also accounts for less common component installations. For example, a gas
pressure regulator is not part of the typical design for an oil wellhead or included in 1992
wellhead component schedule. However, a regulator was observed in 2017 at the oil wellhead
shown in Figure 13 and at 11 percent of all other oil wellheads. In the Figure 13 example, the
regulator is part of the oil flow control system.
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Regulator

——>

Figure 13: Example of a gas regulator installed on an oil wellhead.

Average component counts for the process equipment in Table 14 are summed according to
service and component types and presented with confidence intervals in Figure 14 (less than 50
components per category) and Figure 15 (greater than 50 components per category). This view
enables a comparison of 1992 and 2017 component inventories based on process equipment
listed in Table 14. It indicates 2017 average counts are greater than 1992 average for all but 2
component categories (pump seals in light liquid service and open-ended lines in process gas
service). Pump seal counts are lower in 2017 because there appears to be some redundancy in
the 1992 counts for wellheads (Oil Pump), production tanks and pop tanks where the seal was
counted once for the liquid pump and again these equipment types. The decrease in open-ended
lines may be due to improved leak mitigation efforts where the open side of sample or sensor
port valves are typically fitted with a cap, plug or second closed block valve so they are no
longer a potential leak source (and not inventoried as an open-ended line).

70



As indicated in Figure 14, the average number of PRVs, control valves and regulators has
increased since 1992. The 1992 gas service PRV counts were limited to 9 of the 25 equipment
types observed to feature pressure relief in 2017. These results suggest that the installation of
pressure relief has proliferated since 1992. The other noteworthy observation is there are no
regulators or control valves included in the original 1992 reference and only a limited number
included in subsequent national inventories. Thus, these components appear to be under
represented in historic inventories and the 2017 counts are a more reasonable basis for estimating
fugitive emissions.

The 1992 reference does not present counts for thief hatches or meters so these are not included
in the Figure 14 comparison.

Figure 14: Comparison of 1992 and 2017 total number of components in light liquid (LL)
and process gas (PG) service for the process equipment presented in Table 14 (component
counts less than 50).
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Figure 15: Comparison of 1992 and 2017 total number of connectors and valves in light
liquid (LL) and process gas (PG) service for the process equipment presented in Table 14
(component counts greater than 50).
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Table 14: Comparison of 2017 average (mean) component counts to values historically used for the UOG

national emission inventory (CAPP, 1992).

2017 1992
Process Equipment Type Component Type | Service Type | mean | mean | Ratio
Catalytic Heater Connector Process Gas 1.16 10 0.12
Catalytic Heater Regulator Process Gas 1.11
Catalytic Heater Valve Process Gas 1.14 1 1.14
Dehydrator - Glycol Connector Light Liquid 11.31 14 0.81
Dehydrator - Glycol Connector Process Gas 206.75 100 2.07
Dehydrator - Glycol Control Valve Light Liquid 0.30
Dehydrator - Glycol Control Valve Process Gas 1.25
Dehydrator - Glycol Meter Process Gas 1.10
Dehydrator - Glycol Open-Ended Line Process Gas 0.40
Dehydrator - Glycol PRV/PSV Process Gas 2.49 1 2.49
Dehydrator - Glycol Regulator Process Gas 5.20
Dehydrator - Glycol Valve Light Liquid 1.45 7 0.21
Dehydrator - Glycol Valve Process Gas 28.84 24 1.20
Flare KnockOut Drum Connector Light Liquid 18.28 20 0.91
Flare KnockOut Drum Connector Process Gas 52.21 26 2.01
Flare KnockOut Drum Control Valve Light Liquid 0.03
Flare KnockOut Drum Control Valve Process Gas 0.17
Flare KnockOut Drum Meter Process Gas 0.03
Flare KnockOut Drum Open-Ended Line Light Liquid 0.65
Flare KnockOut Drum PRV/PSV Process Gas 0.17
Flare KnockOut Drum Regulator Process Gas 1.03
Flare KnockOut Drum Valve Light Liquid 2.91 1 2.91
Flare KnockOut Drum Valve Process Gas 8.46 3 2.82
Gas Boot Connector Light Liquid 25.66 40 0.64
Gas Boot Connector Process Gas 5.00 37 0.14
Gas Boot PRV/PSV Process Gas 0.33
Gas Boot Valve Light Liquid 6.67 2 3.33
Gas Boot Valve Process Gas 0.99 2 0.50
Gas Meter Building Connector Light Liquid 5.44
Gas Meter Building Connector Process Gas 91.14 70 1.30
Gas Meter Building Control Valve Process Gas 0.50
Gas Meter Building Meter Light Liquid 0.29
Gas Meter Building Meter Process Gas 1.28
Gas Meter Building Open-Ended Line Process Gas 0.14
Gas Meter Building PRV/PSV Process Gas 1.07 2 0.54
Gas Meter Building Regulator Process Gas 1.58
Gas Meter Building Valve Light Liquid 0.85
Gas Meter Building Valve Process Gas 18.19 24 0.76
Gas Pipeline Header Connector Light Liquid 5.94
Gas Pipeline Header Connector Process Gas 100.85 10 | 10.09
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Table 14: Comparison of 2017 average (mean) component counts to values historically used for the UOG

national emission inventory (CAPP, 1992).

2017 1992

Process Equipment Type Component Type | Service Type | mean | mean | Ratio
Gas Pipeline Header Control Valve Process Gas 0.42

Gas Pipeline Header Meter Process Gas 0.49

Gas Pipeline Header Open-Ended Line Process Gas 0.06 1 0.06
Gas Pipeline Header PRV/PSV Process Gas 0.32

Gas Pipeline Header Regulator Process Gas 0.73

Gas Pipeline Header Valve Light Liquid 1.49

Gas Pipeline Header Valve Process Gas 28.67 3 9.56
Gas Sweetening: Amine Connector Light Liquid 3.00 3 1.00
Gas Sweetening: Amine Connector Process Gas 84.42 702 0.12
Gas Sweetening: Amine Open-Ended Line Process Gas 3

Gas Sweetening: Amine PRV/PSV Process Gas 0.67 2 0.34
Gas Sweetening: Amine Pump Seal Light Liquid 1

Gas Sweetening: Amine Regulator Process Gas 1.00

Gas Sweetening: Amine Valve Light Liquid 1.00 1 1.00
Gas Sweetening: Amine Valve Process Gas 35.38 60 0.59
Heavy Liquid Pipeline Header Connector Heavy Liquid 27.99

Heavy Liquid Pipeline Header Valve Heavy Liquid 12.05

Incinerator Connector Process Gas 53.00 10 5.30
Incinerator Control Valve Process Gas 2.00

Incinerator Regulator Process Gas 3.00

Incinerator Valve Process Gas 8.00 1 8.00
LACT Unit Connector Light Liquid 117.50

LACT Unit Connector Process Gas 23.07

LACT Unit Control Valve Light Liquid 2.50

LACT Unit Control Valve Process Gas 0.75

LACT Unit Meter Light Liquid 3.50

LACT Unit PRV/PSV Light Liquid 0.50

LACT Unit PRV/PSV Process Gas 0.50

LACT Unit Valve Light Liquid 25.48

LACT Unit Valve Process Gas 0.50

Line Heater Connector Light Liquid 11.23

Line Heater Connector Process Gas 98.60 185 0.53
Line Heater Control Valve Process Gas 0.27

Line Heater Meter Process Gas 0.18

Line Heater PRV/PSV Process Gas 0.63 1 0.63
Line Heater Regulator Process Gas 3.73

Line Heater Valve Light Liquid 2.52

Line Heater Valve Process Gas 11.56 20 0.58
Liquid Pipeline Header Connector Light Liquid 113.03 10| 11.30
Liquid Pipeline Header Control Valve Light Liquid 0.42
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Table 14: Comparison of 2017 average (mean) component counts to values historically used for the UOG

national emission inventory (CAPP, 1992).

2017 1992

Process Equipment Type Component Type | Service Type | mean | mean | Ratio
Liquid Pipeline Header Meter Light Liquid 0.03

Liquid Pipeline Header Open-Ended Line Process Gas 1

Liquid Pipeline Header Valve Light Liquid 32.29 3| 10.76
Liquid Pump Connector Light Liquid 58.47 10 5.85
Liquid Pump Connector Process Gas 4.27

Liquid Pump Meter Light Liquid 0.43

Liquid Pump PRV/PSV Light Liquid 0.57

Liquid Pump Pump Seal Light Liquid 1.00 1 1.00
Liquid Pump Valve Light Liquid 14.51 3 4.84
Liquid Pump Valve Process Gas 0.65

Pig Trap (Gas Service) Connector Process Gas 21.16 11 1.92
Pig Trap (Gas Service) PRV/PSV Process Gas 0.03

Pig Trap (Gas Service) Valve Process Gas 7.76 3 2.59
Pig Trap (Liquid Service) Connector Light Liquid 16.38

Pig Trap (Liquid Service) Valve Light Liquid 4.93

Pop Tank Connector Light Liquid 5.50 24 0.23
Pop Tank Connector Process Gas 2.27

Pop Tank Open-Ended Line Light Liquid 0.95

Pop Tank Pump Seal Light Liquid 1

Pop Tank Valve Light Liquid 1.25 10 0.12
Power Generator (natural gas fired) Connector Process Gas 101.26 74 1.37
Power Generator (natural gas fired) Control Valve Process Gas 0.66

Power Generator (natural gas fired) Regulator Process Gas 3.00

Power Generator (natural gas fired) Valve Process Gas 10.56 5 2.11
Process Boiler Connector Process Gas 64.00 25 2.56
Process Boiler PRV/PSV Process Gas 1.00

Process Boiler Regulator Process Gas 4.00

Process Boiler Valve Process Gas 15.00 2 7.50
Production Tank (fixed roof - heavy oil) Connector Heavy Liquid 36.19

Production Tank (fixed roof - heavy oil) Open-Ended Line Heavy Liquid 0.02

Production Tank (fixed roof - heavy oil) PRV/PSV Process Gas 0.02

Production Tank (fixed roof - heavy oil) Valve Heavy Liquid 13.61

Production Tank (fixed roof - Light/Medium Oil) | Connector Light Liquid 20.86 24 0.87
Production Tank (fixed roof - Light/Medium QOil) | Connector Process Gas 3.67 2 1.84
Production Tank (fixed roof - Light/Medium Oil) | Open-Ended Line Light Liquid 0.01

Production Tank (fixed roof - Light/Medium Oil) | Open-Ended Line Process Gas 0.01

Production Tank (fixed roof - Light/Medium Oil) | PRV/PSV Process Gas 0.23

Production Tank (fixed roof - Light/Medium Oil) | Pump Seal Light Liquid 1
Production Tank (fixed roof - Light/Medium Oil) | Regulator Process Gas 0.23

Production Tank (fixed roof - Light/Medium QOil) | Thief Hatch Process Gas 0.62

Production Tank (fixed roof - Light/Medium Oil) | Valve Light Liquid 5.10 10 0.51
Production Tank (fixed roof - Light/Medium Oil) | Valve Process Gas 0.41 1 0.41
Propane Fuel Tank Connector Process Gas 12.88
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Table 14: Comparison of 2017 average (mean) component counts to values historically used for the UOG

national emission inventory (CAPP, 1992).

2017 1992

Process Equipment Type Component Type | Service Type | mean | mean | Ratio
Propane Fuel Tank Regulator Process Gas 1.00

Propane Fuel Tank Valve Process Gas 2.05

Reciprocating Compressor Compressor Seal Process Gas 3.05 2 1.52
Reciprocating Compressor Connector Light Liquid 51.54 2| 25.77
Reciprocating Compressor Connector Process Gas 585.21 420 1.39
Reciprocating Compressor Control Valve Light Liquid 0.67

Reciprocating Compressor Control Valve Process Gas 2.04

Reciprocating Compressor Meter Process Gas 0.28

Reciprocating Compressor Open-Ended Line Process Gas 0.52 4 0.13
Reciprocating Compressor PRV/PSV Process Gas 3.51

Reciprocating Compressor Regulator Process Gas 5.43

Reciprocating Compressor Valve Light Liquid 6.06 1 6.06
Reciprocating Compressor Valve Process Gas 34.45 26 1.33
Reciprocating Compressor - Electric Driver Compressor Seal Process Gas 3.12 2 1.56
Reciprocating Compressor - Electric Driver Connector Light Liquid 55.85 2| 27.93
Reciprocating Compressor - Electric Driver Connector Process Gas 392.85 275 1.43
Reciprocating Compressor - Electric Driver Control Valve Light Liquid 1.50

Reciprocating Compressor - Electric Driver Control Valve Process Gas 0.30

Reciprocating Compressor - Electric Driver Meter Process Gas 0.40

Reciprocating Compressor - Electric Driver Open-Ended Line Process Gas 4
Reciprocating Compressor - Electric Driver PRV/PSV Process Gas 2.30

Reciprocating Compressor - Electric Driver Regulator Process Gas 0.10

Reciprocating Compressor - Electric Driver Valve Light Liquid 8.89 1 8.89
Reciprocating Compressor - Electric Driver Valve Process Gas 17.51 20 0.88
Screw Compressor Compressor Seal Process Gas 1

Screw Compressor Connector Light Liquid 33.91

Screw Compressor Connector Process Gas 325.48 228 1.43
Screw Compressor Control Valve Light Liquid 0.15

Screw Compressor Control Valve Process Gas 1.09 1 1.09
Screw Compressor Meter Process Gas 0.94

Screw Compressor Open-Ended Line Process Gas 0.55

Screw Compressor PRV/PSV Process Gas 3.26 2 1.63
Screw Compressor Regulator Process Gas 3.95 2 1.98
Screw Compressor Valve Light Liquid 4.36

Screw Compressor Valve Process Gas 24.42 35 0.70
Screw Compressor - Electric Driver Connector Light Liquid 34.78

Screw Compressor - Electric Driver Connector Process Gas 197.25

Screw Compressor - Electric Driver Control Valve Process Gas 1.13

Screw Compressor - Electric Driver Meter Process Gas 0.38

Screw Compressor - Electric Driver Open-Ended Line Process Gas 0.25

Screw Compressor - Electric Driver PRV/PSV Process Gas 1.50

Screw Compressor - Electric Driver Regulator Process Gas 0.13

Screw Compressor - Electric Driver Valve Light Liquid 3.38
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Table 14: Comparison of 2017 average (mean) component counts to values historically used for the UOG

national emission inventory (CAPP, 1992).

2017 1992

Process Equipment Type Component Type | Service Type | mean | mean | Ratio
Screw Compressor - Electric Driver Valve Process Gas 16.25

Scrubber Connector Process Gas 71.80

Scrubber PRV/PSV Process Gas 0.50

Scrubber Valve Process Gas 11.46

Separator Connector Light Liquid 65.12 41 1.59
Separator Connector Process Gas 103.93 66 1.57
Separator Control Valve Light Liquid 0.69

Separator Control Valve Process Gas 0.85

Separator Meter Light Liquid 0.40

Separator Meter Process Gas 1.04

Separator Open-Ended Line Process Gas 0.11

Separator PRV/PSV Process Gas 1.60

Separator Regulator Process Gas 2.39

Separator Valve Light Liquid 11.83 11 1.08
Separator Valve Process Gas 19.26 11 1.75
Storage Bullet Connector Light Liquid 80.00 60 1.33
Storage Bullet Connector Process Gas 39

Storage Bullet Control Valve Light Liquid 2.00

Storage Bullet PRV/PSV Light Liquid 1

Storage Bullet PRV/PSV Process Gas 1

Storage Bullet Valve Light Liquid 20.00 27 0.74
Storage Bullet Valve Process Gas 15

Tank Heater Connector Light Liquid 2

Tank Heater Connector Process Gas 51.83 10 5.18
Tank Heater Meter Process Gas 0.02

Tank Heater Regulator Process Gas 3.77

Tank Heater Valve Process Gas 7.50 2 3.75
Treater Connector Light Liquid 90.96 56 1.62
Treater Connector Process Gas 189.36 178 1.06
Treater Control Valve Light Liquid 0.96

Treater Control Valve Process Gas 0.75

Treater Meter Light Liquid 0.46

Treater Meter Process Gas 0.88

Treater Open-Ended Line Light Liquid 0.59 1 0.59
Treater Open-Ended Line Process Gas 0.21 1 0.21
Treater PRV/PSV Process Gas 1.50

Treater Regulator Process Gas 4.67

Treater Valve Light Liquid 16.42 17 0.97
Treater Valve Process Gas 19.43 21 0.93
Well Pump Connector Light Liquid 57
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Table 14: Comparison of 2017 average (mean) component counts to values historically used for the UOG

national emission inventory (CAPP, 1992).

2017 1992

Process Equipment Type Component Type | Service Type | mean | mean | Ratio
Well Pump Connector Process Gas 48.83

Well Pump PRV/PSV Process Gas 0.29

Well Pump Pump Seal Light Liquid 1

Well Pump Regulator Process Gas 1.95

Well Pump Valve Light Liquid 14

Well Pump Valve Process Gas 6.03

Wellhead (Bitumen Pump) Connector Heavy Liquid 34.78 22 1.58
Wellhead (Bitumen Pump) Connector Process Gas 26.51

Wellhead (Bitumen Pump) Open-Ended Line Process Gas 0.14

Wellhead (Bitumen Pump) PRV/PSV Process Gas 0.28

Wellhead (Bitumen Pump) Regulator Process Gas 0.45

Wellhead (Bitumen Pump) Valve Heavy Liquid 8.59 9 0.95
Wellhead (Bitumen Pump) Valve Process Gas 7.24

Wellhead (CBM Flow) Connector Process Gas 30.11 10 3.01
Wellhead (CBM Flow) Meter Process Gas 0.24

Wellhead (CBM Flow) Open-Ended Line Process Gas 0.29

Wellhead (CBM Flow) PRV/PSV Process Gas 0.06

Wellhead (CBM Flow) Regulator Process Gas 0.06

Wellhead (CBM Flow) Valve Process Gas 9.73 3 3.24
Wellhead (Gas Flow) Connector Light Liquid 1
Wellhead (Gas Flow) Connector Process Gas 42.08 19 2.21
Wellhead (Gas Flow) Meter Process Gas 0.06

Wellhead (Gas Flow) Open-Ended Line Process Gas 0.01

Wellhead (Gas Flow) PRV/PSV Process Gas 0.05

Wellhead (Gas Flow) Regulator Process Gas 0.39

Wellhead (Gas Flow) Valve Process Gas 12.04 6 2.01
Wellhead (Gas Pump) Connector Process Gas 69.43

Wellhead (Gas Pump) Meter Process Gas 0.32

Wellhead (Gas Pump) Open-Ended Line Process Gas 0.03

Wellhead (Gas Pump) PRV/PSV Process Gas 0.44

Wellhead (Gas Pump) Regulator Process Gas 0.53

Wellhead (Gas Pump) Valve Process Gas 13.79

Wellhead (Gas Storage) Connector Light Liquid 1
Wellhead (Gas Storage) Connector Process Gas 29.50 19 1.55
Wellhead (Gas Storage) Valve Process Gas 9.01 6 1.50
Wellhead (Oil Flow) Connector Light Liquid 29.66 57 0.52
Wellhead (Oil Flow) Connector Process Gas 34.06

Wellhead (Oil Flow) Meter Process Gas 0.05

Wellhead (Oil Flow) Valve Light Liquid 6.64 14 0.47
Wellhead (Oil Flow) Valve Process Gas 11.89

Wellhead (Oil Pump) Connector Light Liquid 47.06 57 0.83
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Table 14: Comparison of 2017 average (mean) component counts to values historically used for the UOG

national emission inventory (CAPP, 1992).

2017 1992
Process Equipment Type Component Type | Service Type | mean | mean | Ratio
Wellhead (Oil Pump) Connector Process Gas 17.40
Wellhead (Oil Pump) Meter Process Gas 0.02
Wellhead (Oil Pump) Open-Ended Line Process Gas 0.01
Wellhead (Oil Pump) PRV/PSV Process Gas 0.04
Wellhead (Oil Pump) Pump Seal Light Liquid 1.00 1 1.00
Wellhead (Oil Pump) Regulator Process Gas 0.11
Wellhead (Oil Pump) Valve Light Liquid 9.61 14 0.69
Wellhead (Oil Pump) Valve Process Gas 3.73
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4.3 PNEUMATICS

The distribution of pneumatic instrument types (observed during 2016 and 2017 surveys) is
presented in Figure 16 while the distribution between diaphragm, piston and electric (solar)
styled pneumatic pumps is presented in Figure 17. Pneumatic instrument results, with
intermittent bleed devices removed?’, are compared to pneumatic distributions presented in
Figure 3 of Prasino, 2013 (derived from the Cap-Op DEEPP database containing about 2,000
pneumatic devices in 2013). As indicated in Table 15, the percent distribution of pressure
controllers observed in 2016/17 is about 9 percent less than, while level controllers and
positioners are 5 percent greater than, observed in the DEEPP database. Notwithstanding these
small differences, there is general agreement in the distribution of instrument types used by the
UOG industry between the independent data sets. Moreover, the average venting rate per generic
pneumatic instrument determined from these two data sources are only about 4 percent
different®® which is less than the confidence interval of average venting rates presented in Table
16.

Table 15: Distribution of pneumatic instrument types observed in the 2016/17 inventory
and DEEPP database.

Instrument Type 2016/17 Field Inventory Prasino, 2013

Level Controller 44% 39%
Positioner 8% 3%
Pressure Controller 18% 27%
Transducer 15% 19%
Other 15% 12%

The 2016 and 2017 field inventories observed fewer piston type pneumatic pumps than presented
in the Prasino study (i.e. Prasino Table 4 sample counts indicate an even distribution of piston
and diaphragm types) whereas Figure 17 indicates diaphragm pumps are much more common.
Consequently, these is less confidence in pump distributions and additional field studies may be
merited.

29 If not listed in Figure 3 of Prasino, 2013, intermittent bleed devices (e.g., CSV 7970 high-low pressure pilot) are
removed from the 2016/17 data set to provide a common basis for comparison.

30 Sample-size weighted averages were calculated by multiplying model specific counts by Prasino vent factors and
dividing by total counts. The result equaled 0.2779 m3/hr for the 2016/17 data set versus 0.2664 m*hr for the
DEEPP database.
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Figure 16: Distribution of pneumatic instrument types observed during 2016 and 2017
surveys.

Figure 17: Distribution of chemical injection pump types observed during 2016 and 2017
surveys.
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Because pneumatic venting rates were not measured during the 2017 and 2016 field campaigns,
other studies are relied on to determine vent rates representative of each device type. Emission
factors presented in Table 16 are a sample-size weighted average of mean bleed rates from 2013
Prasino and 2018 Spartan (Fisher L2 level controller®') studies as well as manufacturer
specifications for less common models (Prasino, 2013 and Spartan, 2018). The factor labeled
‘generic pneumatic instrument’ includes high and low-bleed instruments that continuously vent.
The ‘generic pneumatic instrument’ vent rate of 0.3217 m?/hr is greater than the ‘generic high
bleed controller’ vent rate published in the Prasino study (0.2605 m?/hr) largely because of the
revised level controller factor published by Spartan (i.e., 0.46 m3/hr + 22% versus the Prasino
factor of 0.2641 m’/hr + 34%) and the large number of level controllers in the study population
(indicated in Figure 16). Interestingly, the ‘generic pneumatic instrument’ vent rate is only 9
percent less than the rate applied in the last national inventory (i.e., 0.354 m*/hr in ECCC, 2014).
The same isn’t true for chemical pumps, a rate of 0.236 m>/hr was applied in the last national
inventory which is 4 times less than the rate presented in Table 16.

Table 16: Sample-size weighted average vent rates for pneumatic device types observed
during 2016 and 2017 field campaigns.

Device Type Average Vent Rate 95% Confidence Interval
(m? natural gas/hour) (% of mean)
Level Controller 0.3508 31.68
Positioner 0.2627 39.02
Pressure Controller 0.3217 35.95
Transducer 0.2335 22.54
Generic Pneumatic Instrument 0.3206 31.53
Chemical Pump 0.9726 13.99

4.4 POPULATION AVERAGE LEAK FACTORS

Leak factor results are based on best available OGI survey equipment and technicians currently
providing fugitive emission services for the Canadian UOG industry. Notwithstanding this and
QAQC efforts, the OGI leak detection and High Flow Sampler measurement methods have
limitations that impact the completeness and accuracy of the subject dataset. Thus, a rigorous
quantitative uncertainty analysis endeavors to identify and account for all parameters
contributing uncertainty to the final emission factors. 2017 confidence limits are generally
greater than historic values (presented in Table 18) primarily because of the following

31 Further investigation of level controllers was completed by Spartan (with the support of PTAC) because of
concerns that the 2013 Prasino study did not adequately capture emission contributions from the transient sate. The
mean vent rate from Spartan (0.46 m>/hr + 22% based on 72 samples) is used to determine level controller rate in
Table 16 instead the Prasino factor (0.2641 m*/hr + 34% based on 48 samples).
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contributions that were acknowledged but underestimated in historic results (CAPP, 2005 and
CAPP, 2014).

e Uncertainty in component counts due to field technician variability and bias (discussed in
Section 3.7.1).

e Uncertainty that all leaks are detected by the OGI survey method (discussed in Section
3.7.2).

Exceptions where 2017 confidence limits are less than those presented in CAPP, 2014 occur for
components with large no-leak contributions (e.g., connectors, PRV, pump seals and valves).
The 2014 assessment assigned a very large upper confidence limit to no-leak factors (500
percent) which strongly influences population average confidence limits for components with
large no-leak contributions. Whereas, no-leak contributions are not included in 2017 population
average factors (and should be calculated as a separate category when estimating fugitive
emissions).

Canadian UOG no-leak factors (from Table 7 of CAPP, 1992) are presented in Table 18 and
combined with the 2017 sector-specific population average factors to facilitate an equivalent
comparison with historic emission factors. The no-leak contribution to the combined emission
factor is very small for compressor rod-packings, control valves, open-ended lines, pressure
relief valves and pump seals. However, the no-leak contribution is greater than or approximately
equal to the population average for connectors and valves (the components with the largest
populations). Thus, 2017 combined leak factors are approximately the same as 2014 factors
because they are both strongly influenced by the no-leak contribution. 2005 factors are greater
than both 2017 and 2014 for all components (except SCVF) and therefore less influenced by the
no-leak contribution.

Other noteworthy observations are discussed in the following subsections.

|4.4.1 CONTRIBUTION OF FUGITIVE EMISSIONS NOT DETECTED BY THE IR
| CAMERA
Multiplying the total population of components screened in 2017 by corresponding no-leak
factors equals 94 kg THC per hour while population average factors yields 149 kg THC per hour.
Thus, the 1992 vintage no-leak factors are responsible for approximately 38 percent of the total
estimated fugitives (for this component population). Considering the significant emission
contribution of no-leak factors; the difficulty detecting very small leaks (less than 10,000 ppmv)
with an IR Camera; the practicality of repairing very small leaks; and the federal regulatory
focus on leak survey frequency, further field studies to validate no-leak factors and their actual
contribution to total UOG fugitive emissions should be considered.
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4.4.2 DISTRIBUTION OF 2017 LEAKS AND “SUPER-EMITTERS”

As indicated in Figure 18 below, the top 10 sites represent most (about 65 percent) of the total
leak rate measured during the 2017 campaign with the single largest leak (a SCVF) representing
35 percent of the total leak rate. This is a highly skewed distribution with approximately 16
percent of the leaking components responsible for 80 percent of the total leak rate while the top 5
percent of leaking components are responsible for 64 percent of the total leak rate. This result is
consistent with other studies and indicates “super-emitters” are present in the 2017 sample
population. For example, a recent analysis of 15,000 leak measurements from 18 independent
studies indicates leaks from natural gas systems follow extreme distributions with the largest 5
percent of leaks (“super-emitters”) contributing greater than 50 percent of the total leakage
volume (Brandt et al, 2016). Skewed distributions are also observed in measurements completed
in 2016 at sites near Red Deer, Alberta where high-emitting sites disproportionately account for
the majority of emissions. This study indicates 20 percent of sites with highest emissions
contribute 74 to 79 percent of the total emissions measured (Zavala-Araiza D. et al, 2018).

Table 18 provides some perspective on the relationship between facility production type and leak
rate. It indicates that leak rates for 8 of the 11 component categories are greater at oil facilities
than gas facilities. This is similar to observations at production sites near Red Deer, Alberta
where oil producing sites tended to have higher emissions than sites without oil production
(Zavala-Araiza D. et al, 2018).

|4.4.3 COMPARISON OF 2017 RESULTS WITH HISTORIC FUGITIVE STUDIES
The 2017 PRV population average leak factor is much greater than the 2014 factor because very
few PRV leaks were present in the 2014 dataset so the 2014 PRV factor is dominated by the no-
leak contribution. The population average leak factors for regulators and control valves are
similar to 2005 factors but much less than 2014 factors because default component populations*?
used in CAPP, 2014 understate counts which has a strong upward bias on the emission factors.
These component count limitations were discussed in CAPP, 2014 with recommendations to
obtain actual field counts which motivated the current study.

The implications of new emission factors on total fugitive emissions is estimated in Table 17 and
calculated by multiplying the 2017 component population (from Table 18) by population average
leak factors from two other reference studies. However, the differences between 2017 and 2014
emission factors (described above) makes comparison of total fugitive emissions difficult. For
example, the total number of regulators and control valves are understated in the CAPP, 2014
dataset so it doesn’t matter that the corresponding emission factors are large (if using 2014
component populations). However, multiplying 2014 emission factors for regulators and control
valves by corresponding 2017 component populations results in unreasonably large emission

32 Default component counts are based on inventories published in CAPP, 1992 and are compared to the 2017
counts in Table 14.
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estimates. To mitigate this bias, 2014 THC emissions presented in Table 17 are calculated using
2017 analogues for regulator and control valve emission factors.

2017 and 2014 results in Table 17 are about the same and approximately 62 and 61 percent lower
than fugitive emissions calculated using 2005 population average leak factors. This observation
is similar to the CAPP, 2014 conclusion that fugitive equipment leaks have decreased 75 percent
since publication of the CAPP BMP and implementation of DI&M programs.

Table 17: Comparison of fugitive emissions calculated using 2017, 2014 and 2005
population average leak factors and the same component population.

2017 (current study) CAPP (2014) CAPP (2005)
Population | No-Leak EF | Total Population Population
Average EF | (CAPP, 1992) Average plus Average plus
No-Leak EF No-Leak EF
Total THC 149 94 243 245 634
Emissions (kg/hr)
% difference -62% -61%
relative to 2005

|4.4.4 RECIPROCATING COMPRESSOR ROD-PACKING LEAKAGE RATES
| EXPECTED BY MANUFACTURERS

The largest manufacturer of reciprocating gas compressors indicates typical leakage rates for
packing rings in good condition range from 0.17 m> to 0.29 m? per hour per rod-packing while
the ‘alarm’ point for scheduling maintenance ranges from 2.9 m* to 5.8 m? per hour per rod-
packing (Ariel, 2018). The probable population average leak rate for rod-packings presented in
Table 9 is 0.2875 m* THC per hour per rod-packing (with lower and upper confidence limits of
0.1361 and 0.5415 m®> THC per hour). Thus, reciprocating compressors surveyed in 2017
typically vent within manufacturer tolerances for packing rings in good condition. The upper
confidence limit is much less than the maintenance alarm threshold of 2.9 m* per hour. Only two
measurement records were greater than 2.9 m® per hour but because rod-packings vent into a
common header, it’s not known whether the emissions were dominated by one or multiple rod-
packings.

Efforts to determine the age of rod-packings and qualify observed emission rates were not
successful because maintenance and replacement records were not available from operators or
did not provide enough detail to determine rod-packing installation date.

It’s speculated that compressor rod-packing population average leak rates published in CAPP,

2014 are understated because of ambiguity in ‘leak’ versus ‘vent’ definitions. This study defines
leakage from rod-packings as a leak but other programs define it as a vent (e.g., EPA, 2016 and
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ECCC, 2014)**. When “leak data” was provided by industry to complete the CAPP, 2014
emission factor analysis, rod-packing records may have been identified as “vents” by services
providers and excluded from the 2014 dataset. Moreover, because 2014 input data was obtained
from secondary sources, QAQC testing was limited to the input dataset and not the entire data
management system. Thus it was difficult to detect this downward bias.

Similar ambiguity may apply to thief hatch and open-ended line components. Thus,
communication of clear and concise definitions to field inspectors and end users is a critical part
of fugitive emission assessments.

4.4.5 SCVF EMISSION FACTOR

The SCVF component is included in Table 18 to improve emission inventory transparency and
highlight the significance of this source. The population average leak factor calculated from 15
leaks detected at 440 wells screened in 2017 is 0.0925 kg THC per hour which is only 37 percent
less than the factor used to estimate SCVF emissions in the last UOG national inventory (ECCC,
2014). SCVF was the second largest source of methane released by the UOG industry because of
the very large number of potential leak sources (i.e., approximately 150,000 wells in Alberta).
The refined emission factor and confidence interval decreases SCVF contributions to total
methane emissions and uncertainty, however, it is expected to remain one of the top 5 methane
emission contributors.

4.4.6 COMPONENTS IN HEAVY LIQUID SERVICE

Also of note is that zero components in heavy liquid service were observed to be leaking. This is
consistent with results presented in CAPP, 2014 and CAPP, 1992. Population average leak
factors are for components in heavy liquid service are presented in CAPP, 2005 but are at least
one order of magnitude less than light liquid no-leak factors presented in Table 18. All four
studies agree that components in heavy oil service have a very small contribution to total UOG
fugitive emissions.

33 Reciprocating compressor rod-packings in good condition are intended to release gas (i.e., a vent) but as they
wear, the release rate increases and becomes a leak.
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Table 18: Comparison of 2017 and historic population average leak factors (kg THC/h/source) for the Canadian UOG industry.

Sector Component Type Service CAPP (1992) 2017 Field Measurements 2017 CAPP (2014) CAPP (2005)
No-Leak EF® EF 95% Confidence Limit | Combined EF 95% Confidence Limit EF Ratio EF 95% Confidence Limit EF Ratio
(% of mean) EF (% of mean) (2017/2014) (% of mean) (2017/2005)

Lower Upper Lower Upper Lower Upper
Gas Compressor Rod- PG 0.00175 0.16736 51% 87% 0.16882 | 0.04669 41% 44% 3.62 0.71300 36% 36% 0.24
Gas E?)ill;l:ior PG 0.00061 0.00012 36% 57% 0.00073 | 0.00082 36% 250% 0.88 0.00082 32% 32% 0.88
Gas Connector LL? 0.00013 0.00001 71% 114% 0.00014 | 0.00016 54% 378% 0.86 0.00055 90% 111% 0.25
Gas Control Valve PG 0.00023 0.00301 68% 103% 0.00324 | 0.03992 44% 44% 0.08 0.01620 23% 23% 0.20
Gas Meter PG 0.00061 0.00149 52% 80% 0.00209 No emission factor No emission factor
Gas Open-Ended Line PG 0.00183 0.09630 95% 233% 0.09796 | 0.04663 42% 45% 2.10 0.46700 62% 161% 0.21
Gas Pressure Relief Valve PG® 0.00019 0.00399 54% 85% 0.00417 | 0.00019 55% 420% 21.97 0.01700 98% 98% 0.25
Gas Pump Seal PG 0.00023 0.00261 54% 82% 0.00284 | 0.00291 50% 367% 0.97 0.02320 74% 136% 0.12
Gas Regulator PG 0.00061 0.00077 52% 83% 0.00137 | 0.03844 45% 45% 0.04 0.00811 72% 238% 0.17
Gas Valve PG 0.00023 0.00062 66% 119% 0.00085 | 0.00057 38% 163% 1.50 0.00281 15% 15% 0.30
Gas Valve LL? 0.00081 0.00015 72% 122% 0.00096 | 0.00086 55% 442% 1.12 0.00352 19% 19% 0.27
Oil Compressor Rod- PG 0.00175 0.76120 92% 257% 0.76226 | 0.01474 60% 66% 51.71 0.80500 36% 36% 0.95
Oil Eiil;l:ior PG 0.00023 0.00019 37% 58% 0.00042 | 0.00057 27% 96% 0.74 0.00246 15% 15% 0.17
Oil Connector LL 0.00013 0.00001 71% 143% 0.00014 | 0.00013 36% 282% 1.05 0.00019 90% 111% 0.72
Oil Control Valve PG 0.00008 0.00962 66% 94% 0.00970 | 0.09063 87% 87% 0.11 0.01460 21% 21% 0.66
Oil Meter PG® 0.00061 0.00105 47% 73% 0.00165 No emission factor No emission factor
Oil Open-Ended Line PG* 0.00183 0.06700 91% 219% 0.06870 | 0.15692 47% 47% 0.44 0.30800 78% 129% 0.22
Oil Pressure Relief Valve PG 0.00019 0.00756 55% 87% 0.00775 | 0.00019 38% 313% 40.79 0.01630 80% 80% 0.48
Oil Pump Seal PG* 0.00023 0.00761 73% 142% 0.00783 | 0.00230 38% 294% 341 0.02320 74% 136% 0.34
Oil Regulator PG 0.00061 0.00154 79% 133% 0.00215 | 0.52829 38% 38% 0.00 0.00668 72% 238% 0.32
Oil Thief Hatch PG 0.00061 0.15852 77% 140% 0.15904 No emission factor No emission factor
Oil Valve PG 0.00008 0.00009 83% 158% 0.00017 | 0.00122 44% 48% 0.14 0.00151 79% 79% 0.11
Oil Valve LL 0.00058 0.00021 73% 125% 0.00079 | 0.00058 37% 288% 1.36 0.00121 19% 19% 0.65
All SCVF PG 0.00183 0.09250 98% 204% 0.09427 0.1464 Not Available 0.64 0.1464 Not Available 0.64

# Insufficient sample size for 2017 to determine confidence limits for this sector, component and service type. Therefore, results presented for 2017 include samples from both oil and gas sectors.
b No-leak factors are not available from CAPP, 1992 for Regulator, Meter, SCVF and Thief Hatch components so reasonable analogues are selected.
¢ Reciprocating compressor rod-packing emission factors are calculated on a per rod-packing basis and exclude compressors that are tired into a flare or VRU (because these rod-packings are controlled and have a very low probability of ever
leaking to atmosphere). Rod-packings are defined as vents in Directive 060 (AER, 2018).
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4.5 LEAKER FACTOR

Canadian UOG ‘leaker’ factors (from Table 7 of CAPP, 1992) are compared to results from the
current study in Table 19. The ‘leaker’ emission factors have increased relative to 1992 for
connectors, open-ended lines and valves. However, leaker factors have decreased for all other
components except for Control Valves, Meters, Regulators and Thief Hatches.
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Table 19: Leaker emission factors for estimating fugitive emissions from Canadian UOG facilities on a volume or mass basis.

2017 Field Measurements CAPP (1992)
. 95% Confidence 95% Confidence EF Ratio
Sector |  Component Type | Service | Leaker EF Limit (% of mean) | Leaker EF Limit (% of mean) | (2017/1992)
Count Lower Upper Count Lower Upper
- ) ]
Gas g;éﬁ?;;ﬁsor Rod PG 20 0.74024 40% 49% 7 0.44 0.44 0.44 0.44
Gas | Connector PG 88 0.08606 25% 29% 160 2.29 2.29 2.29 2.29
Gas | Connector LL? 6 0.04156 70% 85% 6 1.11 1.11 1.11 1.11
Gas | Control Valve PG 7 0.12230 66% 78% No Emission Factor
Gas | Meter PG 7 0.05093 45% 57% No Emission Factor
Gas | Open-Ended Line PG 9 0.73869 93% 209% 21 61.81 61.81 61.81 61.81
Gas | Pressure Relief Valve PG? 7 0.50395 49% 63% 1 0.30 0.30 0.30 0.30
Gas | Pump Seal PG 4 0.06177 49% 63% 1 0.14 0.14 0.14 0.14
Gas | Regulator PG 17 0.05574 47% 62% No Emission Factor
Gas | Valve PG 24 0.26767 64% 100% 101 1.02 1.02 1.02 1.02
Gas | Valve LL? 6 0.16929 71% 110% 10 1.99 1.99 1.99 1.99
oil g;é?;;;ssor Rod- PG 7 0.86950 83% 152% 7 0.51 0.51 0.51 0.51
0il Connector PG 57 0.12545 27% 30% 37 3.35 3.35 3.35 3.35
0il Connector LL 5 0.03443 71% 120% 6 0.92 0.92 0.92 0.92
Oil Control Valve PG 9 0.12150 62% 73% No Emission Factor
Oil Meter PG? 8 0.05238 40% 50% No Emission Factor
Oil Open-Ended Line PG? 10 0.70729 90% 199% 21 59.19 59.19 59.19 59.19
0Oil Pressure Relief Valve PG 4 0.68355 49% 64% 1 0.40 0.40 0.40 0.40
Oil Pump Seal PG? 6 0.16974 71% 125% 1 0.39 0.39 0.39 0.39
Oil | Regulator PG 10 0.16221 77% 113% No Emission Factor
Oil Thief Hatch PG 6 0.83178 75% 106% No Emission Factor
Oil Valve PG 4 0.11332 81% 153% 22 2.51 2.51 2.51 2.51
Oil Valve LL 5 0.19429 72% 106% 5 2.28 2.28 2.28 2.28

2 Insufficient 2017 sample size to determine confidence limits for this sector, component and service type. Therefore, results include samples from both oil and gas

sectors.

® Because compressor rod-packing leakage is routed to common vent lines, the actual number of leakers is not known. The compressor rod-packing ‘leaker’ factor
is calculated on a per vent line basis (not per rod-packing basis). Rod-packings are defined as vents in Directive 060 (AER, 2018).
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4.6 COMPARISON OF VENT AND LEAK EMISSION RATES

In addition to the inventories and leak measurements discussed above, field inspectors recorded
venting emission sources observed with the IR camera at the 333 locations surveyed during 2017
and estimated their release magnitude (or measured the release if convenient to do so with the
High Flow Sampler). Moreover, pneumatic venting is estimated using the average emission
factors presented in Table 16. Although measurement of venting sources was not a primary
objective for this study, available estimates for pneumatic and process vent sources enable a
qualitative comparison with equipment leaks. Accordingly, the cumulative natural gas release
rate is summed for all emission sources observed during the 2017 field campaign and presented
by emission and source type in Figure 19. The largest contributors to equipment leaks are SCVF
and reciprocating compressor rod-packings that represent approximately 60 percent of the total
leak rate.

More importantly, the total leak rate is about 20 percent of the total natural gas released from all
sources. Pneumatic devices (approximately 33 percent of the total release), production tanks
(approximately 28 percent of the total release), heavy oil well casing vents (approximately 16
percent of the total release) and unlit flares (approximately 3 percent of the total release) are
much more important sources natural gas emissions. A similar study of US natural gas
production sites observed similar emission distributions where pneumatic and other venting
sources contribute upwards of 70 percent while equipment leaks contribute approximately 13
percent of total methane emissions for the industry sector (Allen et al, 2013).

Although direct measurement of vent sources is often difficult to complete with the resources
and equipment typically budgeted for leak surveys because of accessibility and process condition
challenges (e.g., transient tank top emissions, dehydrator still columns or unlit flares).
Qualitative indicators (e.g., the vent is small, large, or very large) may provide useful
information to confirm production accounting completeness and improve the identification of
cost-effective gas conservation opportunities. This approach may identify venting sources where
the release magnitude is not fully appreciated by operators and represents the small number of
sources that contribute the majority of methane emissions (discussed in Allen et al, 2013 and
Zavala-Araiza D. et al, 2018). For example, a comparison with Petrinex records indicates that
approximately 25 percent of Alberta locations observed to be venting in August or September
2017 did not report venting to Petrinex for the corresponding period (which represents about 25
percent of the estimated vent volume in Figure 19) (Petrinex, 2018). Of the 75 percent of
locations where venting was observed and reported, the total Petrinex volume is approximately
half of the volume estimated with the IR camera. Although the IR Camera estimates are
qualitative and not sufficient for production accounting purposes; they can identify process
venting sources, provide an indication of abnormal behaviour and trigger root-cause analysis
when images indicate a risk of exceeding regulated site venting limits.
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Figure 19: Cumulative hourly release rate for emission and source types observed at 333
locations during the 2017 Alberta field campaign.’*

34 The venting estimates presented in Error! Reference source not found. have large, undetermined uncertainties
and only provide a qualitative perspective on natural gas emission sources. Moreover, pneumatic results assume
only half of the inventoried chemical pumps are active because many methanol injections pumps are only active
during cold winter months. Also, in addition to flashing, breathing and working losses; production tank emissions
may include contributions from well casing vents, leaks past liquid dump valves, unintentional gas flow-through
from undersized separators.
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S CONCLUSIONS AND RECOMMENDATIONS

The following are key conclusions from the assessment of 2017 field equipment and leak
measurement data.

e The following factors should be considered for Alberta UOG emission inventories
subject to the utilization recommendations presented in Section 5.1.

0 Process equipment count per facility subtype or well status code.

0 Component count per process equipment unit.

0 Emission control type per process equipment unit.

0 Pneumatic device count per facility subtype or well status code by device and
driver type.
Leak rate per component and service type considering the entire component

o

population surveyed (i.e., ‘population average’ factor).
0 Leak rate per component and service type considering leaking components only
(i.e., ‘leaker’ factor).

e The use of average factors determined in this report is a statistical approach which is only
valid when estimating total emissions from a large number of sources. Results for
individual facilities or process units may easily be in error by several orders of magnitude
or more. However, considering the IPCC Tier 1 rules for error propagation (described in
Section 9), the percentage uncertainty in the aggregate emission estimate for a category
will tend to decrease by a factor of 1/N%° where N is the number of sources in that
category. Thus, aggregate emission estimates become more representative as the number
of sources and facilities increases.

e The impact of new emission factors on total fugitive emissions is estimated by
multiplying 2017 component populations by population average leak factors from 2017,
2014 and 2005 reference studies. After mitigating bias in the 2014 emission factors, 2017
and 2014 results are observed to be about the same and approximately 62 and 61 percent
lower than fugitive emissions calculated using 2005 population average leak factors. This
observation is similar to the CAPP, 2014 conclusion that fugitive equipment leaks have
decreased 75 percent since publication of the CAPP BMP and implementation of DI&M
programs. However, further analysis based on larger component populations is
recommended before broad conclusions regarding the net impact on Alberta methane
emissions are relied upon.
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e Considering that no-leak factors contribute 38 percent of the total THC fugitives
emissions calculated for the 2017 component population®’; the difficulty detecting very
small leaks (less than 10,000 ppmv) with an IR Camera; the practicality of repairing very
small leaks and the federal regulatory focus on leak survey frequency, further field
studies to validate no-leak factors and their actual contribution to total UOG fugitive
emissions should be considered.

e The SCVF component is included in Table 18 to improve emission inventory
transparency and highlight the significance of this source. The population average leak
factor calculated from 15 leaks detected at 440 wells screened in 2017 is 0.0925 kg THC
per hour which is only 37 percent less than the factor used to estimate SCVF emissions.
SCVF was the second largest source of methane in the last UOG national inventory
(ECCC, 2014) due to the very large number of potential leak sources (i.e., approximately
150,000 wells in Alberta). Given that the 2017 factor is only 37 percent less than the
factor used in the last inventory, SCVF is expected to remain one of the top 5
contributors of methane in subsequent emission inventories.

e Equipment leaks are estimated to be less than 20 percent of total natural gas fugitive and
venting emissions observed during the 2017 field campaign. Pneumatic devices
(approximately 40 percent of the total release), production tanks (approximately 25
percent of the total release), heavy oil well casing vents (approximately 14 percent of the
total release) and unlit flares (approximately 3 percent of the total release) are arguably
much more important sources of natural gas emissions.

e Although direct measurement of vent sources is often difficult to complete with the
resources and equipment typically budgeted for leak surveys because of accessibility and
process condition challenges (e.g., transient tank top emissions, dehydrator still columns
or unlit flares). Qualitative indicators obtained with an IR camera (e.g., the vent is small,
large, or very large) may provide useful information to confirm production accounting
completeness and improve the identification of cost-effective gas conservation
opportunities. This approach may identify venting sources where the release magnitude is
not fully appreciated by operators and represents the small number of sources that
contribute the majority of methane emissions (discussed in Allen et al, 2013 and Zavala-
Araiza D. et al, 2018).

35 The component counts presented in Table 18 are multiplied by corresponding no-leak (CAPP, 1992) and 2017
population average emission factors.
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5.1 UTILIZATION OF FACTORS

The following should be considered when estimating air emissions based results presented in this
study.

e Application of average factors from this report implies the adoption of standard
definitions presented in Section 8 for emission, service, component, equipment, facility
and well types.

e Average process equipment and pneumatic device counts presented in Table 3, Table 4,
Table 7 and Table 8 should only be applied to corresponding facility subtypes and well
status populations derived from Facility IDs and UWIs (one per licenced wellhead)
reported in the Petrinex “Facility Volumetric Activity Report.” 3

e Application of average process equipment and pneumatic device counts to facility and
well populations derived from the AER ST102 and ST37 reports is not appropriate
because these Facility IDs and UWIs may or may not by utilized for production
accounting purposes in Petrinex.

e Population average leak factors only include hydrocarbon emissions occurring at rates
greater than the IR Camera and High Flow Sampler MDLs. To estimate fugitive
emissions occurring below these MDLs, no-leak emission factors should be multiplied by
the population of components belonging to the facilities and wells of interest. This
approach enables a better understanding of relative contributions and facilitates inclusion
of operator estimated fugitives into emission inventories

36 Field observations were correlated with Facility IDs and UWIs (one per licenced wellhead) reported during the
survey period in Petrinex. A well licence number identifies an individual surface wellhead and provides a better
indication of well populations than UWI (i.e., there may be multiple production strings (UWI) for a single surface
wellhead).
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