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GONFIDENTIALITY DISCLAIMER

Thisreportmay contain sensitive information about intellectual property anstrictly confidential and
written exclusivelyor members of the PTAC ARPC Commitieeler no circumstances should this
report, or information contained therein be distributed, reprinted or reproduced in any form without the

written consent of theuthors
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EXECUTIVE SUMMARY

Leak detection and repair (LDAR) programs are a regulatory tool for finding and mitiggitng

methane emissions from upstrea®&Ginfrastructure. LDAR programs typically rely on cl@asege

techniques outlindintheUS9t ! Q& aSG K2R Hwm 2dige] hovieNfdsditécihigues 2 NJ  t
are slow, labaoiintensive, and costly. Future LDAR programs are likely to incorporate mobile screening
technologies (e.g., drones, vehicles, aircraft, and satelliteagoeve mitigation targetmore cost

effectively Inthis Project we developed new hardware and analytics to support vebadedLDARat
upstreamO&Gfacilities. The vehicle systemmeasures the advection of methane plumes that cross the

vehicle path.

The hardware systemwe developecdtonsistf an integratedmulti-sensor, roofmounted payload. Data
streamsfrom the sensors are fused to provide hiffequency, reatime measurements of the wind
vector, vehicle position, and methane concentration. These data are displajegaustom software to
support realtime detection and localization of methane plumes at closege (i.e., on site) and from
several kilometers downwindPostprocessingvith our softwarepackages (ATLAS and SOLgaG e
used fora morerigorousassessmet of detection, localization, and quantification.

Over a Yyear period he hardware/software systeraompleted over 8,000 km of testing in varied
terrain, land coverl YR ¢S G KSNJ O2yRAGA2yad ¢2 RSY2yadadr isS K
we present a case stly using a controlled release of methane. The results indicate the system
localizediscreteemissions sources to within a few meténshe crosswind directionand estimate the

flux to within 40% of the actual emissions rafeirther testingis requil®t 2 dzy RSNARGF YR (G KS
limitations and operational niches.

Future improvements to the system include the integratioradificial intelligenceo improve flux
estimates, route planning software tools to optimize plumiersection automated paeevel source
discrimination and localization, and hardware/software upgrades to enable passive sendiege
measurements are collected, stored, and analyzed without any operator input.
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1. INTRODUCTION

Fugitive methane emissions from the O&G industry are targeted by governments seeking to cut GHG
emissions but are notoriously difficult to detect and measure as methane is both odorless and colorless
in upstream settings. To mitigate fugitive emissiongutators prescribe, and operators implement leak
detection and repair (LDAR) programs. Conventional, regulated LDAR technologies requirangjese
access, andre time-consuming with 1¢8 sites inspected per day. The inspections are critical for
identifying leak sources and prescribing repgdinst they are slow and expensive. An alternative

approach known as screening, may be capable of achieving the same emissions reductions at a lower
cost Screenings a new concept for LDAR thatolvesthe use ofmobile sensing systems measure
padlevel methane emissions over large areas quitkiyrder to identify leaksThere areseveral

strategies behindcreening First, screening methods facilitaselective application of clogange
techniquedike 9 t ! Method 21or Alternative Work PracticeSites can be skipped if a screening survey
finds no emissioner no anomalous emission$second, among detected emissions sources, screening
methods providdriage and prioritizatiorof follow-up and repair. This teices emissions faster as the
largest leaks are repaired first. Third, screening methods focssiperemitter targeting Given the

extreme positive skew of most leakze distributions, in which ~20% of sources are responsible for ~80%
of emissions, conderable mitigation could be achieved by promptly detecting and repairing super
emitters. Together, these strategies underpin the use cases of the vddaskd sensing system we
developed irour 2017/18 PTAC AUPRiBjEct.

There are several mobile platfos in development for methane emissions screening: dspuehicles,
aircraft, and satellitesvehicle systems have tHewest technological and operational risk, highest
operational flexibility, andjyreatestpotential for scalability. Theglso offer the potential to directly
integrate with existingegulatoryLDAR programs because vehicles are the primary mode of transport
for accessing site§everal commercial vehicleased systemare availableas productor servicesThe
most advanced systems atleveloped byABBand Picarro but are primarily designed for locating urban
gasleakst KSA4S aeaidSyvya dzaS OSNE o6lFlaAro FyrtfteadAada FyR R2
detection, localization and flux estiman of emissions at a distance. Other systems like the Altus
Geomatics/StFx and Boreal Laser GasFinderAB vehicle systems lack sensor integration and analytics for
reaktime data display and information. Thus, the primary motivation of this project waktheof

intelligence in current vehictbased systems to support pdelvel and fenceline screening surveys of
methane emissions frompstream O&G facilities.

This reportsummarizes technical detaitd anadvanced analytics system developgdhe Uniwersity of

Calgaryto support vehiclebased screening in LDAR prograifise integrated hardware/software

system is called POMEI¢®Portable Methane Emissions Localization Observaddemonstration

studyAda LINBaASY(dSR (2 KA3IKCE ikankoperatioKabsettingAétiieSnie@s LIS NF 2 NXY |
writing, the system has collected data over 8,000 km of datarange of terrain, land cover, and

weather conditions

2. PROJECT OBJECTIVE
The main objective of the 2017/18 PTAC AUPRF Proje&tRPH)5) was tadevelop an analytics

system to enhance the applicationwéhiclebased screening of methamanissions in upstream O&G
settings The analytics systeme developeds sensor agnostigit can be integrated into any existing
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vehicle system. The main R&D taskescompleted during thérojectinvolvedthe development of a
hardware system, firmware and software for ré@he padlevel detection and localization, and
software toolsto enabledetection, localization and quantificatidorm the fenceline and greater
distances (up to several kilometers downwind)

3. POMELGVERVIEW

During the2017/18 PTAC AUPRBRoject (17ARPE5) we developed the first iteration of POMEL@n
integrated hardware/software system to support vehitlased methane emissions scriieg. The
multi-sensor hardware system consists of (i) a fast response anemometer for measuring wind speed and
directionwhile the vehicle is stationary or travelling at speegsto the allowable speed limit {10

km/h), (ii) aGlobal Navigation Satellit®ystem(GNS¥for vehicle position and orientation, and (iii) an
openpath methane sensaifFig. 1) These sensors are attached to the roof of a vehicle and connected to
a laptop and power supply inside the vehidkaw dita from these sensomrefused in reatime to

produce useful ancillary data and informatidfor example, the GNSS and anemometer da¢dused

to produce estimates of the true windvhichare displayed in real timeSimilarly, o display the

methane concentrations on a map, or otherwise link thata to infrastructure locations, the GNSS data
and the methane concentrationsere alsofused.Some of the commercial systems outlingeviously

log each of these data streams separately and tbembinethem after a survey is completiuring
postprocessingReaitime data fusion increases the utility of the data for-thre-fly decision making

and QA/QC.

Fig 1: The POMELO hardware (left) aBRAMELO Liveoftware (right).The vertical mast is the wind sensor. The
methane sensosicovered by two metahields The GNSS on the far sle. Power is supplied from inside the
vehicle.

In POMELOata can be querieth reattime by an operator (passenger) while the systerimisse or

they can be collectedassivey with minimal interactionwhich reducedabor cost by eliminating the

need for apassenge?r S NBFSNJ (12 GKS fFOGGSNI A a{2ft2 az2RS&¢3x g
order to limit driver distractionAll the hardware components ansensors a& commercially available

and nonexclusive, with a total cost of ~$48,000 UBI2 anticipate the hardware cost will decrease in

the future as new, lowecost sensors are developetihe main innovations we developéuht will
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survive future hardware changese (i) the custom firmwareind softwarethat fusesand displaysnulti-
sensordata streamsand (ii) the analytics platform to detect, locate, and quantify emissions sources.

When the system is operatingeasurements are displayed on the laptop inside #ehicle as graphs,
numeric values, and on a dynamic nthpt incorporates contextual geospatial layers (e.g., roads,
satellite imagery, asset locations, et&e developed a audible alarmo indicate when the vehicle
passes through a methane plume. Mahan 50 direct and derived variables alsorecorded at 10 Hz
and used fodetection, localization, and emissions quantification outpdise firmware is designed so
that it can be modified for different types of sensors. This featnekes the systerfiexible forother
types of emissionge.g., VOCHEMx,NOx,CQ, HS, etc.)

An overview of the system architecture is shown in Eig-he basic atttecture separatesthe logging

and sensor program from the display and ppsbcessing programs. This is so the logging and post
processing programs can be programmed separately and can safely crash without endangering the
logger. As well, it is easy to put the POMELO piiggram on aseparatecomputer that is connected to

the instruments in the trunk or back seat of thiehicleand connect the plotting and control pages to
POMELO Live over the internet. All the data camand out of the POMELO Live program through a web
server in te POMELO Live program, or by writing data files to disk.

Anemometer _ B
-
-~ \le‘
-7 el \
2200
N,

_/ \\ \\L\bcé
\

“ ATLAS / SOLAG

Fig.2: System architectur@verview and linkages

The anemometemethanesensor, and GNSS are logged by the POMELO Live program. The POMELO
Live program has a web server that allows external connections. It also writes to disk when data are

 dzSdz8SR F2NJ F Yyl £ @ 4A 4 O sapicdtesofiwdareine Yevejoped ilzSehrcd & YA y SR

localization and flux calculation (ATLAS and S@IAi€siongoolboxeg. The ATLAS and SOLAG
Toolboxes were developed in separate projects and consist of a series of tools to copastirements
from anytype of mobile platform into detections, localizations, and screenilegel flux estimates.

The web server allows@nnection from POMELO Plotter, which then spawns various plots, such as the
Wind Viewer and custom stripcharts. The POMELO Plotter also bridges data imeojpensource
Geographic lformation SystentalledQGIS, for plotting the data spatialtyreal time The POMELOive
program also has a control web page, which displays the console output from the POMELO Live and
allows submission of commandmd quick data display.
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4. POMELQLive

The purpose of the POMELO Live program is to (i) connect and log data frommioess€ii) perform

reaktime data fusion and ancillary calculations, (iii) open a server to connections from external plotting

or analysis programs, and (iv) serve a simple control and configuration webpage. As noted, the program
has a wekserver architeture, so it can reside on a small embedded computer and be accessed over the
network. Once the system isctivated data are collected automatically and stored locally on the laptop

until the vehicle is turned off, or when the program is manually termiddig the operatorWhen the

laptop acquires avifi signalat the end of a surveglata are transferred to a cloud storage systérhe

main consa for POMELO Live is shownFig. 3.

2SS RS@PSt2LISR (KS a{2f2 a2z2RSé¢ (G2 &dzZLILI2NI LI aairgs
benefit of Solo Mode is that a passenger/operator is not requicethta are collectedutomaticallyas

POMELO LIVE

CONSOLE VIEWER

== COMMAND INPUT

up DWN CLR QUICK COMMANDS
SET WATCE

STATUS/ARM DOG NOTE
PRINT DATA PRINT PARS
SEARCH DATA SEARCH PARS
SOLO MODE SOUNDS
QUEUE HI-RES 3@s QUEUE LO-RES 3@s
QUEUE HI-RES 6@s QUEUE LO-RES €@e

HELE = DATA DISPLAY

ch4_alive: 1.00000 anemometer_alive” 1.00000

gps_alive: 1.00000 heading_available: 1.00000

gps_fix: 1.00000 dt_logger_alive: 1.00000
ch4_moleratio: 1.99100 ch4_rssi: 76.38640

ch4_temp: 24 92070 spd_over_grnd: 0.05278
heading: 170.44000 altitude: 1113.50000
wspd_cf_corrected: 0.70967 wdir_cf_corrected: 160.36453
true_wdir: 330.80453 true_wspd: 0.70967

Fig.3: Key elements of theoMELO Livsoftwareinterface.The current version of the software is designed for
R&D. A more usdriendly interface will be developed once the system transitions from resgeadb to
commercialgrade. For now, the priority is developing the algorithms andstadher than aesthdts.
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soon as the system is activated. This can help reduce the cost of surveys because the only labor cost is
the driver.WhenSolo Mode is toggled on all the data gg out of POMELO Live to the PoOMEidlter

and the display pagis set to 0.0.The driver cannot see any refiine data on the graphs or maphis

reduces driver distraction as there is nothing interesting to observe on the laptagaudible alarm will

still function in order to alert the driver when they pass through a plume, but there are no visuals to
examine. Thelata reappear wherthe vehicle stops moving, as determined by the GM#Sther

features continue workingvhen Solo Mode is actied.

5. POMELCPIotter

The POMELO plotter is a generic plotting utility developedor graphingnumericdatain realtime. It
connects to a server to request data continuously. It providesea interfaceto launch a series of plots
that allow the passenger to monitor relevant data streaffise main display elements are the
stripcharts,Wind Viewer, and maping utility. More than 50 variables can be displayed as stripcharts,
but typically the main variable of interest is the methane concentration. Many variables can also be
displayed simultaneously on the same stripchatie main elements of POMELO Plotter are shown in
Fig.4.

§ POMELO PLOTTER - CONTROL PANEL = ]
Connection options: pomelo
JSON server address: 192.168.0.200:5000/bs
Nap between polls (s): 0.15
Connection control: Connect
QGIS X position variable: longitude
QGIS Y position variable: latitude

Auto-update QGIS layer

Follow latest data

Turn on QGIS bridge
Stripchart variable: =
A € > Q=
Variable 1
8 trace
Variable 2 —— apparent wind
—— vehicle wind
Variable 3 — true wind
6
Variable 4
Add to variables | i
£
Clear variables | Fl
Stripchart extent (s): 60.0 § 2
Use angle ranging (0-360 variables): |~ :%é
Launch stripchart | e T
Wind viewer: Launch wind viewer l
-2
Print: Print variable to console l 2 = 5 z %
wind speed (m/s)
Save: Save present plot configuration |
Load: Load last saved plot configuration |

Fig.4: POMELO Plotteglementsuser interfacdleft), stripcharts (top right), an@vind Viewer (lower right)
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The Wind Viewedisplays thdrue wind vector in real time after correctiogeeing the wind direction
relative to thevehicle orientation allows for immediate localization of emissiwhen paired with the
audible alarmTheWind Viewer appears as if it is looking from vertical, with top of the plot facing the
direction of travel. There are 3 wind vectorsplasyed. The green line is the vehicle wind, that is the
induced wind from motion. The blue line is the wind measured from the anemometer, relative to the
vehicle heading. The red line is the true wind veci@. (@pparent windg vehicle wind).

6. DEMONSTRATION

PoMELO haseenextensivelytested, with more than 8,000 km of surveys conducted to data range

of terrain, land cover, and weather conditiante hardware is robust and hasquired measurements

in adverse weathefight rain, snow, ¥y R Rdza i ® ¢ KSNB KlFIa 06SSy y2 R24yUGAY
improvements to both the hardware and software aaiek activelydevelopng new tools forexpanded

functionality.

POMELO was one of 10 technologies evaluagietinhgthe EDF / Stanford Mobile Monitimg Challenge
(MMC)in May 2018 The MMC was an international, inwvitaly competition sponsored by EDF and
several major US energy companies. The structure of the competition involved conttiifet)
releases of methane from multiple sources, withinformation provided as to the location, rate, or
number of sources. We completed 73 blind tests with POMELO over 5 days. We gmeabgme
detection, localization, and quantification, aadquired measurementduring rain. The MMC denotes
achievemenof TRL6.

Results from the MMC will be published by researchers from Stanford and Harrisburg Universities

sometime in the first half of 2019. We are unable to shaweresults prior to the publicatiorHHowever

we performedseveralexperlment campalgns usm@ntrolled releases dimg the PTAC AUPRF Project

02 RSY2yaildNI (S (GKS aeadsSyQa LISNF2NXI ywe &porided) RSG SO
one of those experiments.

6.1. Descriptionof Experiment

The fieldexperimentwas performed on 17 October 2018 at a site near BrookgFAED). We used a
controlled releasef methane to generate a plume. The vehicle system was driven along a road
downwind of the release poinThe eperimentsimulates a screening survep which the vehicle
completes a single pass through a pluarea public roadThe goal of this type of surveying is to
produce screeningrade estimations to triage follow up workloser passes are possidieit the plume
is typically very narrow and poorly deloped near source, which makes quantification more
challenging. In this experiment the vehicle wagghly 400m downwind of the release pointThe
controlled release rate was 2.556 ¢ $heexperimentwas conducted with strong southwesterly winds
andan airtemperatureof approximately 23° C.

6.2. ConcentrationMap andDetection

The methane concentrations from tteénglepass are showimn Fig.6. We had high confidencthe
vehiclewould intersect the plume in this pagi&zen the strong unidirectional windand stable
conditionsduring the experimentAt strong wind speedplumes tend to be narrow, well constrained,
and predictable.
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Fig.5: Controlled release experiment. The yellow release stack is shown with the compressed natural gas trailer
shown on the right. Visible on the left is the vehicle system approaching the, plinichis invisible.

Detection of the plume in this examp(Eig.7) was not difficult because: (i) the metharsensor in the
vehicle system tmvery low noise anid highlysensitive, (ii) the plume was well defined and narrow due
to windy conditions, (iii) the stabletmosphericconditions led to little vertical mixing of the plume, (iv)
there were no other plumes in the area, and (v) the release rate was relatively le2gebé g 3. The
plume detection algorithnin our softwareis adjustable based on the desired sensitivity. The desired
sensitivity depends on the complexity of the detection task and tolerance for false positives.

6.3. Sourcelocalization

In this example, we uskthe localization feature ithe ATLAEmissions Toolbdw estimate the

position of the sourcafter the surveywas completeThe probability of a location being the source
location is shown with relative colo(Eig.8). The top localization estinte, which would be used in this
case, had #otal positionalerror of 75m relative to the real sourgebutthe cross winderror was< 5 m

If the infrastructure was not oriented parallel to the wind direction, we could localize much better than
75m as the actual source locations would be constrained to ameasciated withinfrastructure.We

are developing &nappingmethod to constrain sourcetationsmore definitively using known

positions of assts.

Similar toother experiments, the most difficult aspect of localization is the upwdo@nwind position.

Shifts in wind direction are required to better constrain this position, or if there is good understanding of
the relative position of infrastructure, we couleétier understand the location estimate by disqualifying
many of the source estimates to those that are coincidsith the actual infrastructure that could be
emitting. Although this disqualificatiocan be donen the ATLAEmissions Toolbdxy specifyingre-
disqualified candidate source locations, for purposes of demonstration and understanding errors, we
typically consider an unrealistically large number of candidate source locations.
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