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(www.optech.ca) (a Canadian company), and Elight Laser Systems GmbH (www.elight.de)

produce commercial LIDAR systems for aerosol, turbulence, and other measurements. Although
experiencing some success, LIDAR systems are not high-volume systems due to their significant
cost.

Q-Peak (www.gpeak.com) has been developing frequency-agile laser systems and other
components for defense-related LIDAR and DIAL systems.

Additionally, there are companies, including some of those listed above, and others such as
Spectrasyne Ltd. (hitp://www.spectrasyne.ltd.uk/) and the UK’s National Physics Laboratory
(NPL) (http://www.npl.co.uk/), that offer commercial DIAL services.

2.6 Advantages, Disadvantages and Limitiation

The key advantages of DIAL are as follows:

e True remote sensing up to 1 kilometre or more.

e Can target specific chemicals, as well as be used in a more "open" mode much like a point
source organic vapor analyzer. In the open mode a chemical family such as alkanes is
measured by picking a band that is common to many and interpreting the results as an
"average."

¢ Rapid scanning and two- and three-dimensional mapping of emissions in near real time
allowing emissions and their atmospheric dispersion to be tracked over time.

Able to measure the emissions from very elevated sources and very complex sources.

Able to detect hidden sources and emission hot spots. With traditional fenceline monitoring
techniques it is possible that a toxic release plume could pass around, over, or below the
monitors without being fully detected. :

The main disadvantages or constraints are as follows:

e Significant expense for instrument costs and staff (e.g., the price is approximately $15K+ per
day and it normally takes about two weeks to complete a survey of mid to large sized sites).
Large size and weight (truck mounted mobile laboratory).

It requires experts to run the system and interpret the data.

Considerable data processing.

Susceptible to interferences.

Requires good downwind access.

Constrained by meteorological conditions which could result in standby charges if these

conditions are not appropriate at the time of the survey (all remote monitoring methods have

this same limitation).

e While DIAL can provide quantification of total emissions, its ability to identify hidden
sources and emission hot spots is more of a coarse screening capability due to its inability to
access congested areas or go inside buildings. For example, knowing that a large process
building or a congested area of a plant contributes a significant amount of emissions is not
the same as knowing exactly which source or sources in these areas are causing the emissions
and need to be controlled. Qualitative methods such as handheld IR cameras and traditional
leak survey methods offer a more practicable and affordable approach for pinpointing
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emission control opportunities in these situations; but lack the ability to quantify the
emissions (e.g., as may be needed to justify control expenditures).

e Not suitable for continuous monitoring.

e The process of reviewing data to assure it meets quality assurance standards can be
burdensome.

e While DIAL’s ability to both identify and quantify emissions has many useful benefits
compared to purely qualitative detection methods; this comes at a financial cost. At the

~ operations and maintenance level, the quantification of emissions is only necessary where the

practicability or need for emissions control is in question. For example, most facilities would
prefer to simply repair any detected leaks rather than go to the added cost of quantifying the
leak rate before making the repairs.

Because of the unique information that is expected to be acquired by the DIAL system, the
question of its accuracy and compatibility with air quality monitoring reference methods is of

great importance (Keder et al., 2004).
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3.0 EXPERIENCES WITH DIAL

The general experience reported in the literature from the application of DIAL technology to
quantify atmospheric emissions at petroleum refineries has been that, despite some limitations,
DIAL is able to accurately quantify the amount of VOC emissions occurring at the time of
measurement. The results have shown that potentially significant unaccounted for contributions
may occur at some facilities. DIAL has proven effective in quantifying hidden or missed sources
as well as sources and controls with deteriorated performance. Fugitive equipment leaks and
evaporatlon losses from product storage, loading and unloading are typically determined to be
the major sources of VOC emissions at petroleum facilities.

Recognition that current policies and targets governing the management of VOC emissions are
being understated by inventorying and environmental reporting initiatives is driving increasing
emphasis on measurement and improved estimation of these emissions. For example, data from
the Texas Air Quality Study (TexAQS) 2000 suggest that the VOC emissions inventory for
Texas is low by a factor of 3 to 10 (D. Allent — University of Texas). Tropospheric ozone
reduction strategies, in particular, require good VOC emissions data.

With a few exceptions, DIAL systems have been seen largely as a research tool and less as a
regular monitoring technique due to their significant costs. While DIAL is but one of a variety of
techniques that may be used to develop quantitative measurements of VOC emissions from
fugitive and process sources at petroleum refineries, it remains one of the most powerful options
available. Increasing demand will only improve its affordability.

The following sections summarize some of the specific experiences with the use of DIAL in the
different countries in which it has been applied.

3.1  Belgium

In the late 1990’s all refineries in Flanders, Belgium reported emissions of 13,000 tonnes per
year. A DIAL analysis on 2 refineries (about 10 percent of throughput of the total), found
emissions of 16,000 tonnes per year.

32 Canada

The most recent DIAL work done in Canada was conducted by Spectrasyne in cooperation with
Alberta Research Council. This work involved the measurement of fugitive emissions from
several gas processing plants in Alberta during 2003 and 2004 (Chambers, 2003; Chambers,
2004), and from a petroleum refinery in 2005 (Chambers and Strosher, 2006).

The basic objective of these studies was to use the DIAL method to measure the mass emissions
of methane, Cz+ hydrocarbons and benzene, apportion the measured fugitive emissions to various

areas of the plants, and compare the DIAL measured rate of fugitive emissions with the emission
rates calculated using estimation methods.

At the refinery, measurements of SO, from a tail gas incinerator and NO emissions from a gas
turbine power plant where also performed and compared to the corresponding measurements
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performed using the DIAL system with differences of only -11 and +1 percent respectively.
However, no verification measurements were performed on fugitive sources; consequently, it is
not clear that the DIAL’s performance would be as good on these more difficult sources. Ideally,
such checks on fugitive emission sources should involve the quantification, by DIAL, of know
releases of tracer gas in realistic fugitive emission scenarios.

The DIAL survey at the refinery was performed over a period of ten survey days. The results
were extrapolated, with some assumptions, to develop estimates of total annual emissions of Cy,
hydrocarbons and were compared to VOC estimates reported by the facility to Environment
Canada’s National Pollutant Release Inventory (NPRI). The authors noted that VOCs exclude
ethane but felt that Cz+ was still a reasonable proxy for VOCs. There were no significant upsets
in the plant operation or hydrocarbon spills during the survey.

The extrapolated DIAL measurement results indicated that the value of product lost due to
storage tank and process plant fugitive emissions was 15 fold greater than that determined by the
emissions estimation procedures. While this finding is consistent with the general finding noted
by other researchers that emission inventory methods tend to understate actual emissions due to a
common assumption of no deteriorated performance of sources and emission controls, it is not a
completely fair comparison. Most emission estimation methods, such as the use of emission
factors, have a statistical basis and are recognized as having large uncertainties when applied to
relatively small numbers of sources or used to estimate instantaneous emissions. Still, the
observed differences are noteworthy.

33 Czech Republic

An extensive field measurement campaign was performed by Keder et al (2004) in the Czech
Republic in the summer of 2001 in which ozone was measured by DIAL, aircraft and ground
monitoring stations simultaneously. Good agreement was obtained between the DIAL results and
an analyzer located near the ground. However, the comparison with the other results was less
favourable. Accordingly, Keder et al recommended that a substantial effort should be focused on
the explanation of causes of discrepancies between the concentration measurement results from

DIAL and the results from the other analyzers.

The application of combined DIAL/SODAR techniques was demonstrated in the following
cases:

o Mappmg of hidden sources and estimation of their contnbutlon to the total air pollution
over a given area.

¢ Monitoring of distribution and propagation of atmospheric pollution emitted from line
sources. -
Detection of plumes and monitoring of their propagation.
Monitoring of pollutant dispersion and distribution above a complex relief and during
smog episodes.

e Study of the creation and propagation of ozone smog.

e  Acquisition of the input, calibration and verification data for air pollution modeling.
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3.4  European Commission

In 2004 the European Commission funded a project entitled Remote Optical Sensing Evaluation
(ROSE) aimed at developing an improved understanding of the factors affecting the validity of
measurements made using remote optical sensing techniques (ROMTs). The project took place
as part of the Fifth Framework scheme and brought together eleven organizations from all over
Europe, and representing a wide range of expertise. The lead member of the consortium was Sira
Ltd from the UK.

The project began with a field measurement campaign conducted under genuine measurement
conditions at locations across Europe -using a variety of open-path techniques including DIAL.
The team then moved on to a series of controlled tests, both laboratory-based and using a
specially-constructed test facility, the design of which was based on the experience gained during
the field test campaigns. ‘

The experiences of the consortium members both inside and outside the project were presented
in two public documents (Sira Ltd, 2004a,b): (1) Recommendations for Best Practice in the Use
of Open-Path Instrumentation and (2) Recommendations for Performance Standards for Open-
Path Instrumentation.

While much of the information presented in these two documents pertained to optical techniques
other than DIAL, the following two relevant points were made:

e Experimental work during the field trials could be constrained by security and access
issues to the detriment of the ideal operation of the ROMTs. The instruments might be
capable of higher level performance, lower detection limits or greater sensitivity if it was
possible to set up equipment in the best locations and at optimum path lengths for the
trials. This is an important consideration for ROMT use. '

e DIAL validation is difficult as there are no other measurement techniques which can
measure, range resolved concentrations along a line, 2D concentration profiles or mass
emissions. In most cases correlations have been with only one facet of the DIAL
capability, e.g. concentration measured along a path with sorption tubes compared with a
single line range resolved DIAL concentration measurement.

In July of 2006 the Eurpoean Commission published a reference document on best available techniques
for the monitoring and control of emissions from storage tanks. The document noted that atmospheric
emissions from storage tanks and loading/unloading operations (e.g., at refineries and oil terminals) are
normally determined by calculation methodologies published by API, US EPA and CEFIC/EVCM
(European Council of Vinyl Manufacturers). At sites where significant VOC emissions are to be
expected, it was stated that BAT includes calculating the VOC emissions regularly. Because of
uncertainties in the models it was suggested that storage losses at these facilities may occasionally need to
be monitored to quantify the emissions and to give basic data for refining the calculation methods. It was
further suggested that this could be done using DIAL techniques, but the necessity and frequency of
emission monitoring should to be decided on a case-by-case basis. Notwithstanding this, no consensus
could be achieved on how to monitor VOC emissions and how to validate calculation results. DIAL is
used commonly in Sweden for monitoring emissions from tanks storing hydrocarbon products at
refineries and oil terminals, but there is not enough information on the use of DIAL at other sites and in
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other countries. Accordingly, it was recommended that more information be collected on the monitoring
of VOC emissions from storage tanks.

35 Germany

Germany is the only European country that currently has any formal standards pertaining to the
application of DIAL. These and other related standards are listed below:

e VDI 4202 Part 1 Minimum requirements for suitability tests of automated ambient air
quality measuring systems - Point-related measurement methods of gaseous and
particulate pollutants.

e VDI 4202 Part 2 (2004) Minimum requirements for suitability tests of ambient air quality
measuring systems - Optical remote sensing systems for the measurement of gaseous
pollutants.

e VDI 4203 Part 4 Control planning for automatic measurement equipment proving
procedures for remote optical measurement equipment for measurement of gaseous
emissions. :

e VDI 4210 Part 1 (1999) Remote sensing. Atmospheric measurements with LIDAR.
Measuring gaseous air pollution with DAS LIDAR.

e VDI 4280 Part 1 (1996) Planning of ambient air quality measurements: General rules.

‘Copies of the above standards could not be obtained for examination within the time available
for this literature review; however, according to Sira Ltd (2004a), VDI 4210 covers the
principles of the LIDAR method, characterization of performance, a little about the design,
planning and execution of measurements, calibration, and evaluation of both data and system
performance. Appendix B of the standard gives a variety of examples of the use of DAS-LIDAR
(also known as DIAL-LIDAR) in various applications.

VDI 4280 covers what you must know in advance about the measurements you are going to
make and the capabilities of the personnel involved. There is comprehensive coverage of the
factors which must be considered, and the catalogue of questions in Appendix A makes a good
checklist for anyone contemplating a measurement campaign of this kind.

3.6 Sweden

Sweden has the most experience using DIAL to measure refinery emissions. A Swedish national
mobile LIDAR system was developed in 1979 at the Chalmers University. The construction was
based on the results and experiences from research and previous LIDAR systems. Work has also
been done in Sweden by several mobile LIDAR systems constructed by other research groups
(i.e., The Stanford Research Institute, the research institute of ENEL in Italy, and the National

Physical Laboratory in England).

Sweden has required remote sensing at refineries since the late 1980’s. Initially they also tried
differential optical absorption spectroscopy (DOAS) and other single-beam techniques, but by
1995/6 all refineries were required to use DIAL. DIAL measurements are currently performed
every 2 to 3 years. Table 1 summarizes some of the available DIAL measurement results for

petroleum refineries in Sweden.
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AB Nynas Gothenburg pectrasyne | 1999 82.5 0.129
AB Nynas Gothenburg Spectrasyne | 1995 120 0.188
Preem Gothenburg Spectrasyne | 1999 268 0.050
OK (Preem) Gothenburg Spectrasyne | 1995 274 0.051
OK (Preem) Gothenburg Spectrasyne | 1992 317.4 0.059
BP (Preem) Gothenburg BP 1989 840 0.155
' Research
BP (Preem) Gothenburg BP 1988 990 - 0.183
Research
Shell Gothenburg Shell 1999 157 0.0380
Global
Solutions
Shell Gothenburg Shell 1996 167 0.040
Global
: Solutions
Scanraff Brofjorden- Spectrasyne | 1999 503 0.049392548
Lysekil
Scanraff Brofjorden- Spectrasyne | 1995 332 0.030999619
Lysekil
Scanraff Brofjorden- Spectrasyne | 1992 691 0.0677672
Lysekil

Source: Barrefors, G. (2003) and a PowerPoint presentation by A. Cuclis and D. Byun from the University of

Houston. .
! Based on extrapolations from DIAL measurements.

3.7 The European Union Network for the Implementation and Enforcement of
Environment Law (IMPEL) ,

In 2000, IMPEL, the environmental inspectors network for the European Union (EU)
commissioned a project to review diffuse VOC emissions estimation methods and measures in
the EU and to propose guidelines to improve the monitoring, licensing and inspection of

industrial activities.

The project focused on the VOC emissions of diffuse sources of large process installations
(primarily refineries and petro-chemical plants), and considered both fugitive emissions (leakage
from equipment) and emissions from storage tanks, loading and unloading facilities. Emissions
resulting from the use of solvents and from petrol filling stations were excluded as they were
already regulated by existing directives.
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At the time it was determined that specific standards for process equipment with respect to
diffuse VOC emissions did not exist; although, a few general guidance documents such as the
German TA-Luft & VDI-3479/3790 and the British ETBPP documents existed.

The study made a number of general recommendations regarding emission targets, control
requirements, emissions monitoring and reporting and non-compliance actions. It was further
recommended that the IMPEL set up an EU-wide information exchange programme on the
licensing and enforcement practice in relation to diffuse VOC emissions. Such a programme
could include a bench marking on subjects like estimation methods and measures.

It was also suggested that supporting activities may be considered by the authorities, such as:

e organizing an information and training programme in regions where the subject is
relatively new (targeting both companies and licensing & enforcing bodies),

o establishing national guidelines,

e performing an eco-audits of the industrial plants,

 establishing a helpdesk to assist both companies and licensing and enforcing bodies .

While the study examined the merits of DIAL and other measurement technologies, it did not
present any specific recommendations on a preferred method.

3.8 United Kingdom

There have been three mobile DIAL systems in the UK. Spectrasyne, a private company formed
by a management buyout from British Petroleum operates the only commercially available DIAL
system in the UK. Much of their work is described throughout this report.

For many years (beginning in 1995) Shell Research operated a one-third share of an infrared
DIAL system along with SESL (Siemens Environmental Systems Ltd.) and BG (Walmsley and
O’Connor, 1998; Richardson and Phillips, 2001). That system was built by SESL and NPL (the
UK National Physics Laboratory) using technology developed by NPL. It could measure
concentrations well below 1 ppm at ranges up to 1 km. Shell used the system to measure the
emissions of methane, ethane, and heavier alkanes from a range of their petroleum industry sites;
both as a research tool and in locations where DIAL is preferred by the regulators (e.g. at oil
refineries and the harbour in Gothenburg, Sweden). However, it is understood that Shell, along
with SESL, have since discontinued their involvement in this technology due to the limited

market and regulatory demand.

Some of the work and noteworthy findings published by Shell regarding DIAL and its
application at petroleum facilities are as follows:

e Walmsley and O’Connor (1998) recommended that future tests with more comprehensive
sets of anemometry (e.g., SODAR) be conducted to define the errors incurred by the use
of relatively limited wind data sets.

e The National Physical Laboratory (NPL), the European oil company’s organization for
environment, health, and safety (CONCAWE), and Shell, all performed studies of
emissions from storage tanks using the DIAL technique (Richardson and Phillips, 2001;
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3.9

CONCAWE, 1995). One of the major conclusions from that work was that the API
models for estimating annual VOC emissions from storage tanks are appropriate for tanks _

in first class condition, but do not allow for the increased emissions from tanks in poor
condition. According to Richards and Phillips (2001), it was rather like assuming
emissions from private cars could be based on the assumption that they were all brand
new and running to specification. The few worst tanks account for a major proportion of
the emissions. On a broader scale, Richards and Phillips also note that improved
estimation and the discovery of overlooked sources can result in upward revision of the
emission estimates, and they go on to state that this is both awkward to explain to the
public at large, and hides the real improvements that will normally have taken place.

Shell’s study of floating roof storage tanks also showed that the emission flux varied with

the position of the roof in the tank. This behavior was also noted by CONCAWE (1995). .

The greatest flux occurred when the tank was full and the roof was high relative to the
walls of the tank. When the tank was half full, a recirculation air pattern formed within
the tank that tended to keep the hydrocarbon escape rate down. O'Conner et al (1998)
concluded that the model being used to predict fugitive emission flux from tank farms
might underestimate the- actual amount escaping. In another project conducted by Shell,
the DIAL system was used to monitor the emissions from numerous tank facilities
located at a port. The DIAL was able to image the emissions from these facilities and
provided overall flux estimates. The study identified a small number of tanks that were
responsible for a majority of the emissions.

Richardson and Phillips (2001) report, based on their experiences in locating and
quantifying emission sources at' petrochemical plants, that conventional open-path
measurement techniques give large coverage at a more modest cost than DIAL, and are
more readily shipped around the world. They suggest using upwind/dowind monitoring
combined with dispersion modeling to back-calculate the source strength. However, they
go on to point out that the difficulty with such methods for source location and emission
rate estimation is in measuring or modeling the vertical extent of the plume, especially
for process plants where there may be a large heat input leading to complicated heat
island effects, and especially under low wind conditions. The actual accuracy of the
emission estimate will depend on a variety of factors including the reliability of the
dispersion modelling, the quality of the measurements performed, the detection limits
achieved, the representativeness of the compiled data, meteorological conditions,
background noise and interferences. Accordingly, the true accuracy is never really
known unless appropriate confirmation measurements are performed which may be
difficult and costly to do on large, complex sources.

United States

Most of the work in the US with LIDAR has been done for, or by, the US Department of
Defense. However, Active Imaging Solutions of ITT Industries Space Systems Division has
developed a commercial airborne DIAL system for detection and measurement of fugitive
emissions at oil and gas facilities (Brake, 2005). This system provides 2-dimension concentration
profiles of the emissions from a facility when looking down on the facility from an aerial
position, but does not provide quantification of emission rates. Demonstrations have been
conducted on tank batteries and a gathering pipeline segment being repaired with gas release

16




Final Report

rates as low as 0.6 m® per minute being readily detected. It is claimed that the system can survey
up to 1600 km of pipeline per day and can operate day or night.

Additionally, US EPA (2006) recently developed a protocol for characterizing gaseous emissions
from non-point pollutant sources. The protocol is specific to the use of open-path, Path-
Integrated Optical Remote Sensing (PI-ORS) systems in multiple beam configurations to directly
identify “hot spots” and measure emission fluxes. PI-ORS systems include scanning open-path
FTIR, UV-DOAS, TDLAS, and PI-DIAL, The choice of PI-ORS system to be used for the
collection of measurement data (and subsequent calculation of PIC) is left to the discretion of the
user. Basic user knowledge of a PI-ORS system and the ability to obtain quality path-integrated
concentration (PIC) data is assumed.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations of this study are presented in the following subsections:

4.1  Conclusions

The DIAL technology is unique in its ability to rapidly develop near real-time two- and three-
dimensional mapping of the atmospheric emissions plume from point, line and complex area or
volume sources. Subject to proper quality control/quality assurance (QA/QC) measures, suitable
meteorological conditions and downwind access, DIAL can provide quite accurate quantification
of emission rates and provide coarse screening for hidden sources and emission hot spots.
Moreover, it is an invaluable research tool for developing an improved understanding of fugitive
and other complex emission sources, and of the atmospheric dispersion of these emissions.

Its significant cost is the primary reason DIAL has not seen widespread use as a frequent
monitoring technology for use at industrial facilities. Even in Sweden where refineries are
required to conduct regular DIAL surveys, these surveys are only conducted for typically a two
week period once every two to three years. Still, as the technology gains increasing acceptance
and demand, costs are likely to decrease making it a more practicable choice.

The validity of taking snapshot emission measurement results from a DIAL survey and
extrapolating them to determine annual emissions is a potential issue that requires careful
consideration of the characteristics of the sources being considered and the operating conditions
at the time. However, there are really no low-cost approaches that can be used to accurately
quantify total VOC emissions from a single facility or process area except for point sources with
continuous emission monitoring systems in place. Traditional inventory estimation methods
remain the most practical means of developing emission estimates for regional or national issues.
Although, the current literature indicates that these inventory methods may often introduce a
significant negative bias due to inadequate consideration of the deteriorated performance of
emission sources and controls with time. Furthermore, indications are that the unaccounted for
emissions from such effects are not normally distributed. Rather, they are characterized by more
of a skewed distribution where only a few sources in each category are contributing most of the
unaccounted emissions at a facility, and only a few facilities are contributing most of the
unaccounted for emissions by the industry.

A quantitative measurement approach is really the only option for developing an accurate
assessment of an individual facility’s total VOC emissions, identifying the primary sources of
these emissions and potential emission reduction opportunities (e.g., to address local air emission
issues). DIAL is one of various measurement options that could be considered, each having its
own advantages and disadvantages. The best option should be determined on a case-by-case
basis giving consideration to the accuracy of the emission estimates needed to facilitate sound
decisions in the final environmental analysis to be performed. The uncertainty contributions of
all elements of the analysis should be considered, not just those of the emission estimates, and a
practicable approach taken in managing these uncertainties.
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4.2 Recommendations

Clear guidelines should be established that set out specific accuracy targets for the various
emission reporting requirements imposed on industry. These targets should be science-based
values that consider potential local, regional and national environmental decision-making needs,
and reflect a practicable approach to managing the uncertainty in the final environmental
analyses to be preformed using the emissions data. These targets may be different for different
pollutants. Alternatively, approved technologies or estimation methods should be identified,
which, when applied in accordance with good practice, may be deemed to comply with such
objectives. At a minimum, current VOC inventorying methods, guidelines and emission factors
should be reviewed to identify opportunities for improvements.

19




Final Report

5.0 REFEREN CES CITED

Ansmann, A. 1985. Errors in Ground-Based Water-Vapor DIAL Measurements Due to Doppler-
Broadened Rayleigh Backscattering. Applied Optics. v 24, n 21. November 1985. pp. 3476-
3480(5).

Barrefors, G. 2003. Fugitive VOC-emissions Measured at Oil Refineries in the Province of
Vastra Gotaland in South West Sweden (Development and Results 1986 to 2001). A report
commissioned by The Count Administration of Vastra Gotaland, Sweden. .pp 30.

Bennett, M. 1998. The Effect of Plume Intermittnecy Upon Differential Absorption LIDAR
Measurements. Atmospheric Environment. v 32, n 15. pp. 2423-2427.

Brake, D. 2005. Detection and Measurement of Fugitive Emissions Using Differential
Absorption Lidar (DIAL). A presentation made by Active Imaging Solutions of ITT Industries
Space Systems Division at the EPA Gas STAR Program — Annual Implementation Workshop, 25
October 2005.

Chambers, AK. 2003. Well Test Flare Plume Monitoring Phase II: DIAL Testing in Alberta.
ARC Contract Report No. CEM 7454-2003, December, 2003.
(available at www.ptac.org/env/dl/envp0402fr.pdf).

Chambers, A.K. 2004. Optical Measurement Technology for Fugitive Emissions from Upstream
Oil and Gas Facilities. ARC Contract Report No. CEM ~ P004.03, December, 2004.
(available at www.ptac.org/env/dl/envp0403.pdf).

Chambers, A.K., and M. Strosher. 2006. Refinery Demonstration of Optical T echnologies for
Measurement of Fugitive Emissions and for Leak Detection. A report prepared by Alberta
Research Council for Environment Canada. .pp 43.

CONCAWE. 1995. VOC Emissions from External Floating Roof Tanks: Comparison of Remote
Measurements by Laser with Calculation Methods. Prepared for the CONCAWE Air Quality
Management Group, based on work performed by the Special Task Force on DIAL
measurement of gasoline . tanks (AQ/STF-44). Report No. 95/52. pp 70.
(www.concawe.org/1/MAJDFIPABLJPHMMLHJHILPDIVEVC7191P3PDBK9DW3GK9DW3
571KM/CEnet/docs/DLS/Rpt_95-52-2004-01744-01-E.pdf)

Egeback, A., K.A. Fredriksson, and H.M. Hertz. 1984. DIAL Techniques for the Control of
Sulfur Dioxide Emissions. Applied Optics. v 23, n 5. March 1984. pp. 722-729(8).

European Commission. 2006. Reference Document on Best Available Techniques on Emissions
JSrom Storage. A report on an information exchange carried out under Article 16(2) of Council
Directive 96/61/EC (IPPC Directive). .pp 432. (http://www.jrc.es/pub/english.cgi/d1254315/)

Fredriksson, K., B. Galle, K. Nystroem, and S. Svanberg. 1979. LIDAR System Applied in
Atmospheric Pollution Monitoring. Applied Optics. v 18, n 17. September 1979. pp. 2998-
3003(6).

20




Final Report

IMPEL. 2000. Diffuse VOC Emissions: Emission Estimation Methods, Emission Reduction
Measures and Licensing and Enforcement Practice. A réport prepared by Tebodin assisted by
Schelde Leak Repairs Specam and Cowi. Brussles. .pp 124.

Keder, J., M. Strizik, P. Berger, A. Cerny, P. Engst, and I. Nemcova. 2004. Remote Sensing
Detection of Atmospheric Pollutants by Differential Absorption LIDAR 510M/SODAR PA2
Mobile System. Meteorology and Atmospheric Physics. v 85, n 1-3. January 2004. pp. 155-
164(10). ‘

Lamb, B., J.B. McManus, J.H. Shorter, C.E. Kolb, B. Mosher, R.C. Harriss, E. Allwine, D.
Blaha, T. Howard, A. Guenther, R.A. Lott, R. Siverson, H. Westberg, and P. Zimmerman. 1994,
Measurement of Methane Emissions from Natural Gas Systems Using Atmospheric Tracer
Methods. Presented at the 1994 International Workshop on Environmental and Economic
Impacts of Natural Gas Losses, March 22-24, 1996, Prague, Czech Republic. pp. 26.

Minnich, T.R., R.J. Krocks, P.J. Solinski, D.E. Pescatore, and M.R. Leo. 1991. Determination of
Site-Specific Vertical Dispersion Coefficients In Support of Air Monitoring at Lipari Landfill. A
paper presented at the 1991 AWMA/EPA International Symposium on the Measurement of
Toxic and Related Air Pollutants, Durham, NC, May 1991. .pp 8.

O’Connor, S., H. Walmsley, and H. Pasley. 1998. Differential absorption LIDAR (DIAL)
measurements of the mechanisms of volatile organic compound loss from external foating
roofed tanks. EUROPTO Conference on Spectroscopic Atmospheric Environmental Monitoring
Techniques, Barcelona, Spain, SPIE Vol. 3493. [abstract]

Piccot, S.D., S.S. Masemore, W. Lewis-Bevan, E.S. Ringier, and B.D. Harris. 1996. Field
Assessment of a New Method for Estimating Emission Rates from Volume Sources Using Open-
Path FTIR Spectroscopy. J. Air & Waste Manage. Assoc. v46 .pp 159-171.

Richardson, S.A., and V.R. Phillips. 2001. 4 Comparison of Petrochemical and Agricultural
Approaches to Emission Inventorisation and Uncertainties. Report No. 0G.01.47049R . A report
prepared by Shell Global Solutions. Chester, England. OG.01.47049R

Sira Ltd. 2004a. Recommendations for Best Practice in the Use of Open-path Instrumentation - A
Review of Best Practice Based on the Project: Remote Optical Sensing Evaluation (ROSE)
August 2001-July 2004. A report prepared for the Buropean Commission by the ROSE
Consortium. Contract No. GGRD-CT2000-00434. .pp 131.

Sira Ltd. 2004b. Recommendations for Performance Standards for Open-path Instrumentation —
Recommendations Generated Based on the Project: Remote Optical Sensing Evaluation (ROSE)
August 2001-July 2004. A report prepared for the European Commission by the ROSE
Consortium. Contract No. G6RD-CT2000-00434. .pp 174.

US Environmental Protection Agency. 2006. Final ORS Protocol: Optical Remote Sensing for
Emission Characterization from Non-Point Sources. .pp 44.
(www.epa.gov/ttn/emc/prelim/otm10.pdf).

21




Final Report

Walmsley, H.L. and S.J. O’Connor. 1998. The Accuracy and Sensitivity of Infrared Differential
Absorption LIDAR Measurements of Hydrocarbon Emissions from Process Units. Pure Appl.

Opt. v 7. pp. 907-925(19).

Warren, R.E. 1989. Concentration Estimation From Differential Absorption LIDAR Using
Nonstationary Wiener Filtering. Applied Optics. v 28, n 23. December 1989. pp. 5047-5051(5).

Weibring, P., C. Abrahamsson, M. Sjoholm, J.N. Smith, H. Edner and S. Svanberg. 2004. Multi-
component Chemical Analysis of Gas Mixtures Using a Continuously Tuneable LIDAR System.
Applied Physics B. v 79, n 4. September 2004. pp. 525-530(6).

Weibring, P., M. Andersson, H. Edner, and S. Svanberg. 1998 Combination of lidar and Plume

Velocity Measurements for Remote Sensing of Industrial Emissions. Department of Physics,
Lund Institute of Technology, Sweden, SPIE vol. 3104, 0277-786X/97

22





