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ABSTRACT

Detecting natural gas leaks from the worlds ne&riyillion kilometers of underground pipelines iglifficult and costly

problem. Existing technologies are limited to grduteployment and have a number of limitations saglslow response,
false leak readings and high costs. Various rersetsing solutions have been proposed in the pdsa éew are currently
being developed. This paper starts by describirg¢mote sensing concept and then will focus oava technology called
realSens™. This airborne instrument is a passive Gas Filterrelation Radiometer that is tuned to measurarettand

methane in the 3.3 microns near-infrared band. fdieal plumes derived from the AFTOX model are paned with actual
field measurements taken with thealSens™ instrument. The paper concludes with a descriptibtthe service which
Synodon is offering to the transmission and distitm pipeline operators using thealSens™ technology.
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1. REMOTE SENSING

Remote sensing refers to the technique of measthimgroperties of an object from a distance, withghysically sampling
the object, by detecting the interactions of thiectbwith an electromagnetic field. When appliedhe detection of natural
gas leaks from underground pipelines, this inspactnethod presents a number of benefits over d#wmiques. The
measurement does not have to be performed insédpltime which eliminates pipeline access and lamgougsues as well
as the need to know how the wind and atmosphenaumtjcs is likely to disperse the gas to createpthme. Also, since the
deployment of remote sensing solutions is hormaddige by aircraft, the dramatic increase in proditgtcan have the effect
of lowering the cost per inspected mile for theetiipe owner.
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Figure 1: Methane Spectral Absorption Bands

If one examines the infrared spectra of most hyaitoan gases (as an example, methane is preserfiglie 1) it would be
noticed that there are four areas centered arolilRH4, 3.3 and 7 microns where there are sigmificpectral absorption



features present. These areas present potentiadune@aent bands for remotely sensing these gases. l@nd is very
different however in the type and source of infdaemergy available. At 1.6 microns the majoritytleé infrared energy is
provided by the sun while at 3.3 microns only ltaéf energy is due to the sun while the other Isahiérmal radiation from
the earth. At 7 microns all the available energhéxmal radiation.

There are two main classifications of remote sengechniques, active and passive sensing. Activesiisg involves
illuminating the scene with an EM radiation sou(aeually a laser) and detecting the absorptiorheftarget gas. Passive
sensing involves detecting either the emissioradfation by the gas, or the absorption of a baakgaadiation field by the
gas. Both classes of remote sensors observe aeliarthe detected radiation field due to the presesf a gas in the
instrument’s field-of-view (FOV), relative to a meaement made without the gas in the FOV. Alsoh lbetjuire a radiative
contrast between the background and the gas. Rsivieasensing, this contrast is dependent on ardifte between the
temperature of the background and the gas, aneérttissivity of the background. Therefore, if thekied methane is the
same temperature as the radiation source, theretitame can be detected.

Passive remote sensing of methane using backsmhtietar near-infrared radiation in the 1.6, 2.8.8rmicron bands, gets
around the requirement of a temperature contraghebackscattered energy of the Sun is muchriéinge the emission of
the gas or surface. The solar energy componenigasthe required radiative contrast.

2. REALSENS™ TECHNOLOGY

Gas-Filter Correlation Radiometry (GFCR) was emptbyn some of the first remote sensing measurenmaatie from
satellites, and continues to be used today to meastimospheric temperature and composition. An el@armf such an
instrument is the Canadian-made MOPITT (Measurer@érRollution In The Troposphere) instrument. MOP)Wwhich is
current operating on NASA's Terra satellite, measwatmospheric carbon monoxide (CO) and methang)(CH

As its name suggests, a GFCR uses a sample of asgasspectral filter for the gas. The principletttd GFCR being
developed is shown in Figure 2.
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Figure 2: GFCR Conceptual Diagram

Incoming radiation is first passed through a narttamd-pass filter (as is the case in any typicdiormeter). The beam is
then split along two paths; one path containings cgll filled with the gas of interest (known ke torrelation cell) and the
other path containing no gas. The correlation aels as a spectral filter, removing energy fromittteming beam at the
wavelengths corresponding to the absorption lifebe gas. The radiant fluxes in each path are theasured by infrared
detectors, and the signals are analyzed.
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Figure 3: GFCR Measurement Principle

The detection of a cloud of “leaked” natural gasab@FCR is show schematically in Figure 3. Therumaent detects two
signals, S1 and S2 respectively. If a cloud of éshkatural gas is in the field-of-view, the sigmathannel 1 will be reduced

due to the absorption of methane, (Sg).-However, since channel 2 already has the wag#snof energy absorbed by
methane removed, the signal does not change.

The choice of a GFCR to measure the natural gds leas made for a number of reasons. The advant#g€$CRs
include:

* Large radiative grasp greatly increase the sigmaloise of the measurement;

* High spectral selectivity greatly increases thesitivity to methane, over that of a conventiaaaliometer;
» Can be operated in an imaging mode, to provideges of the leak;

* Not necessary to understand the spectrum, thysli§ying the data analysis;

» Robust and sturdy instrument with no moving parts

« Simplicity makes the instrument easy to operate;

* GFCRs have over two decades of history in staeimote sensing.

realSens" is a helicopter mounted GFCR that is tuned to detecmain constituent of natural gas, namely nmehEH,)
in the solar near-infrared region of the spectriihe reasons for choosing this configuration inclati¢he advantages of a
GFCR (as described in the previous section), plus:

* The instrument is not affected by variationstia aircraft height above the surface;

* By measuring in the near-infrared, detection edked natural gas does not require that the gas different
temperature than the surface;

* realSens™measures the leaked natural gas in the entirareobf air between the helicopter and the ground (se
Figure 4). The aircraft does not have to fly thriotige plume of the leak;
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Figure 4: realSend" Operation

Unlike sampling instruments which measure a redationcentration of CHn a sample of air (i.e. mixing ratio or ppmv)eth
realsens™instrument will measure the absolute amount of nadtyas in the column of air below the aircrafte($égure 4).
This can be expressed as the thickness of a cobimatural gas if all the gas in the column wasugttd to the surface at
STP (standard temperature and pressure, 0°C an@2BkPa). The detection limit oéalsens™to leaked natural gas is
roughly 500 pm of ga in practical field applications.

3. THERORETICAL PLUME ANALYSIS

Leaks that develop from underground pipeline nekegsresent a significant safety issue and arecdiffito accurately
quantify. The primary method in use today involvealking surveys using handheld technologies suchlase lonization
Detectors. These instruments are measuring thengisatio of natural gas in air and express it aswpwpalues. These
readings are affected by a wide variety of factarsh as leak rate, diffusion area, wind and atmas$pleconditions, distance
from leak site, etc. The pipeline operator is afswe interested in the amount of gas that is ledltelleak rate) rather than
the natural gas concentration in air (unless expdolémits are reached). In this regard, the iné¢gd column measurement
that realsens™ performs is much better correlated with the acteak rate to the point where rough leak rates lan
extracted from the data.

To assess the capabilities refallsens™at detecting various leak rates (rather than canagons), a significant amount of
effort was dedicated to modeling typical plume dyies and the resulting column thicknesses and leimg the results
with field measurements.

The first step in this process was focused on gtdeding the three dimensional characteristic aheoretical plume
calculated with a dispersion model called AFTOX.TAFX is a Gaussian dispersion model that was deeeldyy the US Air
Force to calculate toxic corridors in case of aentdl releases and was selected since it is aopigte fit for simulating
natural gas plumes in air. The AFTOX model has bdmreloped based on actual field plume measurenagwthas been
extensively validated since its inception in theéel80’'s. However, since plume point concentraticas vary quite
significantly due to entrained air, plume meandet ather effects the AFTOX model uses a rather lotegration time (60
seconds or more). The simulation results repretf@ntaverage plume concentration over this timeopedand shorter
integration times will yield different results.

Since the model could not simulate natural gasctireall the runs were completed using methangaswhich represents
about 95% of a typical natural gas mixture. Theultsspresented in this note are therefore expetdede reasonably
representative of the behaviour of a natural gaspl

! This could be thought of roughly as being equittte 50 ppm-m, a unit of measure currently in lig¢he gas industry for
path integrated measurements. However, the ppminisudependent on the path length while an intesgraolumn
thickness is not.



Figure 5 shows the concentration contour lines gsdt0, 3 and 1 mgffrfor this example) at ground level resulting from a
simulated underground leak with a rate of 0.01 kg/for 8.8 cuft/hr). The wind was set at 1 m/s (8/hr or 2.25
miles/hr). These numbers were chosen since theychagacteristic to some of the smallest leaks that pressure
distribution networks might experience.

The plume has been superimposed (to scale) ovgpieat suburban neighborhood image and shows thengon®
concentration contour extend roughly 10 metersfi¢2@ downwind from the leak.

Figure 5: Plume simulation contours

The graph in Figure 6 outlines the centerline dowmdwoncentration of this plume at 6 different egyabove the ground.
Two characteristics are worth highlighting fromsthiata:

e At 0.5 meters above ground, the highest conceatratiill be recorded roughly 3 meters downwind from
the leak source and will measure about 80 mg/m
« At 1.5 meters above ground, the highest conceatratill barely reach 10 mg/fat any point downwind.

These results show the tendency of the gas tacktag to the ground as it travels downwind fromldak source and it takes
significant atmospheric turbulence or object irgeghce to mix it into higher altitudes. This hasrbeonfirmed by various
plume imaging cameras as well as reported by eappeed field staff and it also explains why deteggmall leak rates from
a sampling sensor mounted on a low flying helicofgeo difficult.

2 The volume mixing ratio units used in this simidatwere mg/m To convert from this unit to ppmv one has to rpiyt
the mg/ni figure by 1.47.
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Figure 6: Centerline downwind concentrations at vaious heights

The second step was to derive theoretical intedrasdumn values expressed in um of natural gasmebesurement unit for
therealsens™instrument (these units were described earli¢ghimpaper). As can be seen from Figure 7, forltihe/s wind
case the integrated column thickness at the 1 nuetenwind position is 310 um decreasing to 50 pmMGitmeters. A
secondary dataset representing column values 2ds an/s (9 km/hr or 5.6 miles/hr) wind case waseatith this graph also.
These values are roughly 2.38 times lower tharhénprevious wind condition indicating that the ephuthickness scales
roughly proportional with the wind speed.

Methane release, 0.01kg/min (8.8 cuft/hr)
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Figure 7: Integrated column thicknesses (in pm)



Using this newly developed methodology, a 2-dimemasi view of a simulated 110 scfhr methane leak evaated and is
presented in Figure 8. The plume was superimpasedale on an image acquired over a pipeline ROkvgwne of the
field tests and shows the extent of the columrktiéss for the 500 to 5000 um range.
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Figure 8: 2D plume image with integrated column thiknesses (in pm)

The practical application of this analysis is il #valuation of the ability of a certain technoldgyth a known integrated
column thickness sensitivity and spatial imagingptation) to detect a given leak rate. In the exenifustrated in Figure 8,
an instrument with a minimum sensitivity of 1000 shrould be able to image a plume roughly 10 meéterg (the green
level in Figure 8) while one with a sensitivity dger than 5000 pm would not be able to see the lgasepat all.



4. FIELD PLUME MEASUREMENTS

The theoretical release models discussed in theique section use a long integration time (60 sdsom this case) to
calculate the average shape and concentration gitirae. In practice, technologies that image plurflesn a moving

airborne platform will take a snapshot of it in aich shorter period of time and as such will looktejulifferent. The
important thing to remember however is that, altiothe spatial distribution of the gas in the instent field of view will

be different than that indicated by the modag total amount of gaswill be the same.

During the last 2 years, Synodon has collectegrifsiant amount of field data with itealsens™instrument by flying

over a variety of leak rates under differing enmimental conditions. This section will present tesults from two such tests
as well as two plume images from this collectiorahof a discussion on how the real world reseltte to the model
predictions.

Two extensive, third party controlled leak deteatiests were performed in 2011 and 2012. Thedinstwas located in
Central California while the second one in the @hara Arctic. The setup for both was similar in tadarge number of
varying leak rate releases were created from cosaprenatural gas cylinders whisalsens™was flown overhead. To
fairly determine the performance of a remote sengchnology, the performance in different windexgpeegimes must be
considered. One way this can be accomplished eatygorizing the detection performance using difiewind speed
ranges. This method however requires an arbisalgction of wind speed ranges which can impactekelts presentation.
To circumvent this issue, Synodon has introducedva performance metric which normalizes the ledésravith wind speed
resulting in SCFH/mph units (or €fmin)/(m/s)) . By using the wind normalized perf@mnee methodology, where the leak
rate is divided by the wind speadalSens™has demonstrated a 100% detection success foratipeah leak rates larger
than 75 SCFH/mph (0.075 #fmin)/(m/s)) and a 50% detection success for ndemalleak rates of 25 SCFH/mph (0.025
(m¥min)/(m/s)).
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Figure 9: Blind test results for California test (left graph) and Canadian Arctic (right graph)

Figure 10 shows the plume image of a controlledd1dddhr leak. The release location was just wegt®fwhite truck
parked in the open field and the winds were froenrtbrthwest (upper left hand corner of the imagesfigg between 5 — 10
miles/hour. From this image it can be clearly sihen the plume disperses downwind (in a southdgsteection) but due to
the variable gusts it is quite broken up and isfagning a perfect, contiguous shape.
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Figure 10: 1100 scfhr plume image under gusty windonditions

Figure 11 shows the image of a plume taken aboumtihOtes later at a second controlled leak locat®® yards east of the
location in Figure 10. The winds had shifted dii@ttowards the south but were also a lot moreounifat roughly 5
miles/hour which resulted in a well defined, contigs plume (the colour scale superimposed on thgemspans the range
from 3000 pm (blue) to 10000 um (red) of integrateethane gas column). The first conclusion thattEadrawn from this
data is that the plume shape is very similar tootiee predicted by the model presented in Figurea&¢w and long). At the
point where the plume image is clipped at the exfgherealSens™instrument field of view, 25 meters away from tbak
source, the value of the integrated gas columadtghly 5000 pm (light blue) which is similar to thedel (please note that
the data in Figure 8 should be multiplied by adadf 10 to account for the difference in leak sjténd finally, the peak
amount of gas in the plume image is not right atdburce but rather about 6 meters downwind agahédas to disperse
horizontally far enough to cover a fudlalSens™ pixel which is 2 x 2.4 meters.
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Figure 11: 1100 scfhr plume image with integratedalumn thicknesses (in mm)

5. CONCLUSIONS

As expected, the instantaneous snapshots of metfaenglumes collected in the field by tle@lSens™instrument are
somewhat different from those predicted by the taweraged models, with the main factor affecting tlivergence being
atmospheric turbulence caused by wind gusts. Bejliadhowever, the models and field measurementglete within a
reasonable error margin with respect to the exgeateount of gas in the plume at various locatiansrdvind (expressed as
the amount of gas in the integrated column) andttape and size of the plume for different leakgaBased on these
results and under appropriate environmental canditiSynodon has been able to calculate approxiemteates from
plume images acquired by thealSens™instrument, typically within a 30-50% error margin

6. REALSENS™ SERVICE

TherealSens™instrument is used to provide customers with apete leak detection service, including all aspedtthe
leak detection process from route planning thrawagh field ready report identifying leak locations.

Synodon’s service includes any or all of these fioms, customized to meet the specific needs di eastomer:

» ldentification of pipeline area to be surveyed.

e Timing and sequencing of survey areas.

e Training and instruction of helicopter pilots.

»  Pre-flight instrument setup.

* Flights over target survey areas.

* Technical analysis of survey data.

* Immediate notification to customer of Class 1 leaks
» Preliminary classification of all leaks.

» Integration of survey data with GPS and digital @ing.
» Preparation of report of survey results.

« Delivery of survey results via electronic or haopy.

« Data archiving for subsequent historical analysis.



» Post survey consultation regarding results.

All of these services are bundled together andoffiered at a single price. Synodon is committecbfi@ring attractive
pricing that will not increase and in most casesdécrease each customer’s cost of leak detection.

Although cost efficiency is the best reason fongsealSens™ other benefits include:

» Sensitivity:realSens™has been demonstrated to detect leaks in theol®0Q scfhr.

* Convenience for landowners: No need to enter otidamer’s property. One overhead pass at 1000 fees g
realSens™ all the data it needs.

» Reliability: realSens™detects all natural gas emissions in its path wétly few interferences

e Coverage: With a 210 foot swatlealSens™provides 100% ground coverage in urban areas iapdea
coverage of transmission line rights of way.

» Ease of use: Synodon will provide a bundled serthet includes the entire leak survey function framute
planning through to presentation of field readyortp and integration with integrity management syst.



