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Presenter Notes
Presentation Notes
Municipal solid waste (MSW) is estimated by the World Bank at 2.0 billion metric tons per annum globally and is expected to increase by 70% to 3.4 billion metric tons by 2050. [World Bank] The rapid growth in waste generation is driven by a growing population, economic development, and increasing earning power. What this estimate doesn’t include is disaster debris which is causing landfills to fill up even faster.  Methane emissions from landfills result from anaerobic decomposition of organics buried in landfills. CAA regulations allow 5 years from waste burial until air controls are installed.  For food waste, decomposition is rapid and the methane is emitted to the atmosphere before controls are in place.  Even when controls are in place, fugitive loss occurs that is tied to barometric pressure.  Landfills are prone to leaks and require continuous care of cover material and remediation of leaks throughout the life of the emissions from landfills which can occur for multiple decades.  Essentially, use of landfills means that we are asking future generations to deal with our waste.  Materials management helps us understand the differences in emissions between use of different process (combustion, landfilling, composting, digestion, gasification and pyrolysis).  Use of tools such as MSW DST helps us develop more sustainable solid waste management plans that recover more materials and energy while minimizing discardsAt landfills, surface missions monitoring across landfill including side slopes is required on quarterly basis .  Inspectors finding that this hasn’t been conducted in reliable fashion and inspectors find different results than what has been reported by landfill o/o.  Ken Ruffatto is person on the right conducted SEM monitoring when we compares use of Method 21 with Ken and Vicky Mei conducting measurements vs Method 21 using drones - 



“Sanitary” 
Landfills

Presenter Notes
Presentation Notes
When we promulgated CAA regulations for MSW landfills in 1996, we used a 1st order decomposition equation – Landfill Gas Emissions Model or LandGEM to  quantify emissions. We know that use of this model can be orders of magnitude higher or lower than the extracted gas from a landfills.  My focus today is to discuss what work we have planned where we would MEASURE emissions from landfills – thanks to all the work for the oil and gas industry, there are many innovations – but landfill pose a unique challenge unlike other air sources.  Emissions are directly tied to barometric pressure and what you may find in a given day may be very different the next week.  Many technology vendors think their instruments can be used for landfills.  However, landfills have unique topographies and pose unique challenges unlike other CAA sources.  Once waste is buried, if it is organic – it decomposes at a rate based on the type of organic -  food waste, paper,, wood, yard debris wall board and other organics.  Landfills are continually changing in their topography as the landfill fill cells and closes sections..  Once waste is buried, you have 5 years to install controls (vertical gas wells connected by a header pipe).  The waste produces emissions for many decades depending on the type of waste.  Site access is not easy.  In fact we had a field test lined up for 2nd week of May only to be denied access a couple of weeks ago.  Now we are looking to use technology that does not require site access.A paper in Nature in 2019 rocked the world of landfills by providing aerial survey data of landfills in California – the findings suggest that methane emissions from active landfills may be understated



Landfill Workface
• The “workface” is where 

waste is added every day 
with use of daily cover at 
the end of the day

• Workface is currently not 
included in surface 
emission measurements

• From ground-based optical 
remote sensing 
measurements we found 
that the work face serves 
as a chimney for major 
plumes of methane and 
other air pollutants

• From waste burial, the 
landfill has 5 years to 
install gas extraction wells

Presenter Notes
Presentation Notes
The workface is the active area where waste is being added to the site.  We currently don’t include the work face in our SEM monitoring even thought we have found – as have others – that the work face serves as a chimney for emissions – Landfill gas takes the path of least resistance – Once waste is buried, the landfill o/o has up to 5 years to install gas controls – So materials such as food waste decompose rapidly with emissions lost the atmosphere and nutrients not recovered as we can if food waste is digested or composted.



Ground Based Optical 
Remote Sensing

• ORD research helped drive some of 
the technology changes that we are 
now seeing

• In the past, site access was required 
– that is no longer needed thanks to  
use of satellites, aircraft, and drones

• We can hit the ground running due 
to our collaboration with those with 
active research programs including 
CARB, ECCC, NASA, Carbon Mapper, 
and others

Presenter Notes
Presentation Notes
We had active research program and developed OTM 10 for ground based optical remote sensing – our research help drive what we are currently finding used for oil and gas and other sectors that emit methane – Through collaborative research, we plan to leverage ORD resources so that we maximize obtaining data that can be used to update GHG emission inventories and the CAA rule for landfills
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Presenter Notes
Presentation Notes
Small county owned landfill can be problematic – - This site appears to be mismanaged or under-funded which can lead to emissions and become a nuisance to neighbors. The problem is not limited to large or private sites though the reasons can be different why we see emissions. Here they had large working face with little cover soil (or access to cover soil)
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Presenter Notes
Presentation Notes
The site from the last slide is a quarry and this is showing you the work face from above the site.



California GHG Research Program
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Presenter Notes
Presentation Notes
We use to have active research to evaluate air emissions from landfills.  However, we have had no funding for more than a decade.  Therefore, I have been working with CARB, ECCC, State of Michigan, Danish Technical University and others to understand what they are learning from their research to reduce current uncertainty from landfill air emissions.  CARB has produced several excellent reports and a Nature publication from 2019 (Riley et al) was pivotal in showing that measurements can be obtained for landfills – without site access.  Since that time, Carbon Mapper has been formed and uses high altitude remote sensing using satellites along with Scientific Aviation for low altitude.  Combining the work of these two organization provides what is called as the “goal” standard which is work we plan to do for EPA Region 5 and in other areas of the country.  It is difficult to know which sites may be “super” emitters and use of this technology provides enforcement with better way of knowing which landfills are a major source of methane – and other pollutants associated with landfill gas emissions.  



CARB Landfill Methane Research Systems

• Regional Emissions:
• Statewide Monitoring Network and Inverse Modeling
• Satellite Data

• Point Source/Large Leak Detection:
• NASA/JPL AVIRIS flights
• Carbon Mapper Satellite (2023)

• Total Facility Emissions:
• Mass balance flights (Scientific Aviation)
• CARB Mobile Platforms

• Facility Zonal Emissions:
• EC flux tower

• Leak Detection / Enforcement Support:
• Method 21
• Infrared imagers
• Drones



Hotspot Identification using Satellite Data
 Applications:
 Identify regional hotspots

 Statistical analysis and modeling to understand spatial
distribution of emission sources

 Advantages:
 Statewide coverage

 Provides daily monitoring

 Limitations:
 Spatial resolution is limited due to large grid sizes (11 km)

 Single pass per day; limited temporal information

 Computationally intensive to analyze and model data

Satellite Measurements and Modeling

TROPOMI 2018.4-2019.3 [XCH4 (ppb)]
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Facility Level Emission Measurement with Aircraft 
(Scientific Aviation)

Objective:
 Compare real-world emissions with inventory estimates
 Understand regional and seasonal variation of landfill emissions
 Investigate the relationship between landfills emission and point source detection

Project status: Completed
 Reports available: https://ww2.arb.ca.gov/our-work/programs/methane/ab1496-research
 46 landfills in multiple regions (33 open landfills + 13 closed landfills, 19 with detected plumes)

Highlights
 Open landfills: More than 60% show higher measurement than inventory estimates, 60% of which have  

point source plumes detected (not all of them were covered).
 Closed landfills: Measured emissions were much lower than estimated in the inventory, and these 

differences are especially noticeable for landfills with large amounts of waste-in-place

https://ww2.arb.ca.gov/our-work/programs/methane/ab1496-research


Observing strategy for quantifying landfill methane emissions
(1) Carbon Mapper uses high altitude remote sensing 
(aircraft and satellite) – found to efficiently measure high-
emission point sources at hundreds of landfills over large 
regions

(2) Low altitude in-situ sensing aircraft 
(Scientific Aviation) can provide 
independent measurements of total 
landfill emissions for a representative 
subset of facilities – offering independent 
validation of the remote-sensing methods

Yellow dots: 
coordinated
Validation surveys 
with both aircraft

Red/blue/green lines: 
broader regional 
remote sensing 
surveys

Slide from Riley Duren, 5/22

Presenter Notes
Presentation Notes
We plan to work with technology not requiring site access – We plan to conduct “the gold standard” which is conducting simultaneous emissions using high altitude remote sensing (Carbon Mapper) with Scientific Aviation which is using low-altitude in-situ measurements



Gold Standard for Cross-validation approach used in 
California – Working with Carbon Mapper (AVIRIS-NG) and 
Scientific Aviation (Mooney) of natural gas storage facility

Duren et al., Nature 2019 Slide from Riley Duren, 5/22

Presenter Notes
Presentation Notes
 Example of a coordinated survey with two aircraft for a natural gas storage facility (“gas storage facility 1” in other figures). The ~1.5 km diameter spiral pattern indicates the integrative in-situ sampling by Scientific Aviation’s Mooney aircraft - typically a 30-60 minute operation for each source (methane mixing ratio measurement legend on the right). The central image of an individual gas plume from a compressor station blowdown stack is from the AVIRIS-NG imaging spectrometer. During such intensive surveys AVIRIS-NG typically conducts 4+ over-flights at 3 km altitude, 1.8 km wide swath, 3 meter pixels with 10-20 minute revisit intervals (methane enhancement legend on the left). The AVIRIS-NG plume aligns with the higher mixing ratios in the Scientific Aviation data. Winds were out of the north west. Surface map data: Google Earth and AVIRIS-NG image.



Consistent estimates from independent methods

Duren et al., Nature 2019

“Gold standard” for airborne 
methane measurement of 
individual facilities is simultaneous 
overflights (eliminates source 
variability issues)

Slide from Riley Duren, 5/22

a, Simultaneous flights; b, average emissions from multiple non-simultaneous flights over several months.

Presenter Notes
Presentation Notes
Independent airborne measurements of emissions (in kgCH4 h-1) for representative facilities from (a) simultaneous flights and (b) average emissions from multiple non-simultaneous flights over several months. AVIRIS-NG estimates of point source emissions (orange bars) and Scientific Aviation estimates (31) of facility net emissions (blue bars). Error bars indicate 1 s.d.  AVIRIS-NG estimates are lower for facilities having significant non point source activity. The 14 estimates here correlate with an R2 of 0.86 (see SI). The R2 for the 8 facilities in panel (a) is 0.99. The estimated total emissions here are 11,228   4,981 kg h-1 and 13,900  3,593 kg h-1 for AVIRIS-NG and Scientific Aviation, respectively.  Diamonds indicate available self-reported emissions [28]. We expect the AVIRIS-NG estimates to generally be <= than Scientific Aviation estimates. because the former is only sensitive to condensed point source emissions which are a subset of total landfill emissions (including diffuse area sources) Our hypothesis is AVIRIS-NG only detects methane at outlier facilities where strong point sources dominate the total emissions (deviating from predictions from standard landfill models)



Findings from CARB Measurements 
 Open landfills: More than 60% (20 out of 33) of them show higher measurements than inventory estimates.

12 of them with point source plumes detected

 In more than 60% of the cases (12 out of 19), a NASA detection is indicative that the real-world facility-wide
emissions are higher than inventoried emission estimate.

 Closed landfills: Measured emissions were much lower than estimated in the inventory, and these
differences are especially noticeable for landfills with large amounts of waste-in-place

Closed Landfills

* Box with red outlines indicate landfills with NASA detections

Presenter Notes
Presentation Notes
NASA Jet Propulsion Laboratory (JPL)CARB has used data from Scientific Aviation to estimate emissions for landfills in the different districts that make up the California Air Resources Board – It is not all landfills or at all time that they are super emitters – Measurements are needed to define which sites warrant control – current models assume more waste more gas – that is not the what is being found through measurements conducted by  Carbon Mapper or Scientific Aviation - 



High emission methane point sources 
observed in many regions outside California

Florida Georgia Alabama

Many similar examples in CA, CO, NV, LA, MI, OH, PA

Louisiana

Slide from Riley Duren, 5/22

Presenter Notes
Presentation Notes
Industry would like us to think that the work done in California is atypical but Carbon Mapper is finding similar results where measurements exceed estimates in GHG inventory – It is not necessarily the largest landfills – They are working to try to find correlations so that we can better predict – This is the work that we think our funding can accelerate so that we can more accurately characterize landfill methane emissions for use in updating CAA regs and GHG inventories.  It also helps OECA to target which landfills to inspect.  



Ground based Mobile Platform 
(GMAP) and Drones

• CARB and others think we will 
use satellites for routine data 
collection within the next 
decade

• Currently have  to deploy 
people for surface emissions 
monitoring  (SEMs) required 
quarterly – however some sites 
are now using drones versus 
people

• Current technology 
measurements are  only a 
snapshot and reliant on good 
weather

• GMAP used to respond to a 
complaint - not continuous

• Drone integrations can get z-
axis to GMAP

Presenter Notes
Presentation Notes
GMAP is routinely used by OECA in helping to measure emissions from different sites.  Need nearby roadways around the source.  Although can be used completely offsite, onsite measurements would be useful although doubtful that site access will be allowed.  It could help us with better understand workface emissions – Eben Thoma would like to combine use of drone for z axis to help us get mass emission rates using GMAP versus indication that emissions are present.  Brian Gullett is working on technology that would also help us to determine better approaches to fence line measurements  using drones.  OECA prefers using GMAP since they can respond instantly when a concern arises..  Where Carbon Mapper, Scientific Aviation, and use of satellites (e.g., GHG sat) are not able to be responsive as incidences arise from odor nuisance complaints, landfill fires, and impact to landfills from CC making gas well inoperable.



17



INCREASE REVENUE

INCREASE PRODUCTIVITY

REDUCE ENVIRONMENTAL,  
HEALTH & SAFETY RISKS

Technology to tune a field of gas wells due to changes in atmospheric 
pressure expected to be exacerbated due to Climate Change

• Landfill gas wellhead tuning is 
performed manually

• Landfill gas emissions change 
due to atmospheric pressure 
and precipitation 
• Very dynamic system

• Newly available tech from 
Loci could improve gas 
capture and decrease fugitive 
emissions

• Has a system for both gas and 
water management

Presenter Notes
Presentation Notes
Best technology for reducing fugitive loss – Vendor claims it can increase gas control by 30%   We would like to verify these estimates.  Primarily used where gas is recovered for input to natural gas pipeline – Landfill gas is 500 Btus which is have of natural gas.  Major revenue stream for those recovering landfill methane for its energy potential – plus reducing fugitive loss - 



Next Steps

• Plan to team with Carbon Mapper and Scientific 
Aviation to conduct measurements using high-
and low-altitude remote sensing like what CARB 
did for landfills in California

• Initial set of measurements will be in EPA Region 
5 (Region includes Illinois, Indiana, Michigan, 
Minnesota, Ohio, Wisconsin and 35 Tribes)

• Plan to conduct additional measurements in 
other EPA Regions to help inspectors prioritize 
sites to inspect

• Plan to conduct ground-based measurements in 
conjunction with aircraft and satellite 
measurements



Thank you for
your Attention!

• Susan Thorneloe, USEPA, ORD/CESER 
– thorneloe.susan@epa.gov

• Eben Thoma, US EPA, ORD/CEMM –
thoma.eben@epa.gov

• Max Krause, US EPA, ORD/CESER –
krause.max@epa.gov

For further information, contact 
members of our research team

*The views expressed in this presentation are those of 
the authors and do not necessarily represent the views 
or policies of the U.S. Environmental Protection Agency

mailto:rneloe.susan@epa.gov
mailto:thoma.eben@epa.gov
mailto:krause.max@epa.gov
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