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Abstract 

 

The capture of methane from waste disposal facilities can have a significant impact on 

the reduction of anthropogenic methane emissions. In the United States, more than six 

hundred facilities are capturing approximately 26.3 MMTCO2e methane annually (U.S. 

EPA, 2015). The importance of the capture is two-fold: reduction of greenhouse gases 

and the exploitation of a beneficial energy source. 

Yet methane capture efficiencies have been moderate due to many logistical 

issues. Few methods currently exist to rehabilitate marginally producing extraction wells 

at landfills. This study was designed to test whether post-perforation technology, 

invented in 2009, is effective in increasing the efficiency of gas capture from marginally 

producing wells. 

This study examined the effectiveness of post-perforation technology to improve 

the environmental and energy benefits associated with additional methane capture. Post 

perforation technology was designed and developed to rehabilitate marginal extraction 

wells. The technology creates new openings to allow more methane to enter an extraction 

well. Prior to this technology low yield or marginal extraction wells were abandoned and 

new extraction wells were drilled and installed.  

The study consisted of gathering data from nine existing municipal solid waste 

facilities that had extraction wells previously post-perforated. After review, five of the 

nine facilities were selected for the study. For adequate sample size, facilities with nine or 

more post-perforated extraction wells were included in this study. The number of post-



perforated wells from the five facilities ranged from 9 to 19. All facilities were from 

Texas or Florida. Post-perforation at these facilities was conducted between September 

2009 and October 2014. The number of methane extraction wells from the five facilities 

ranged from 49 to 138. Measurements for % methane (CH4), initial flow (standard cubic 

feet per minute scfm) and adjusted flow (scfm) were obtained at each extraction well at 

ngcuv"qp"c"oqpvjn{"dcuku0"Qpg"{gctÓu"yqtvj"qh"fcva was obtained at each facility, six 

months prior and six month after post-perforation for each extraction well.   

 All extraction at each of the five facilities wells were categorized into one of 

three groups for analyses based on the following criteria. If the initial flow was ø4 (scfm) 

or the % methane was 五72'"vjg"gzvtcevkqp"ygnn"ycu"c"ecpfkfate for post-perforation. If 

this type of extraction well was subsequently post-perforated, it was categorized into 

group 1, but if not selected for post-perforation it was categorized into group 2, serving as 

a control group within that landfill. However, if the initial flow was >3 (scfm) the 

extraction wells was categorized into group 3. The total sample size for group 1 was 67, 

group 2 contained 165, and group 3 contained 261 extraction wells. 

The results of the analyses demonstrated a statistical effect after post-perforation 

on the initial flow (scfm) and on adjusted flow (scfm) in Group 1, the treatment group. 

The mean initial flow after post-perforation increased from 16.9 to 28.5 scfm (t = 3.05;   

p = 0.016; n=67), and the adjusted flow increased from 16.8 to 30.1 scfm (t = 3.66;  

p = 0.002; n=67).  Group 2 and Group 3 mean values also increased after the time of 

perforation of Group 1 wells, but with not as large an increase in either variable.  

The added methane capture from landfills yielded substantial environmental and 

energy benefits. Four facilities yielded mean flow increases of methane at 125, 157, 120 



and 558 scfm, for a total 960 scfm methane. The increase from those four facilities 

represents a total equivalent emission reduction of 0.1329 MMTCO2E/year, equivalent to 

5,336 tons of CH4/year or 13,171 tons of CO2/ year. The energy benefit from 960 scfm 

could heat 3,315 homes for a year. 

This study demonstrates that post-perforation does increase the capture of 

methane in extraction wells at municipal solid waste facilities. Furthermore, this study 

demonstrated the advantages to be gained from any methodology or innovation that 

decreases fugitive emissions from landfills. Further research is required to increase the 

efficiency of methane capture. Industry change is slow due to the inconsistencies between 

federal, state and local regulatory requirements, but this study helps point the way. 
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Figure 15b      Group 3 differences in mean values (S.E.) for pre- versus  

                       post-perforation for initial flow (scfm) ÈÈÈÈÈÈÈÈÈÈÈÈÈ008: 

Figure 15c      Group 3 differences in mean values (S.E.) for pre- versus 

                       post-perforation for adjusted flow (scfm) ÈÈÈÈÈÈÈÈÈÈÈÈ008; 

Figure 16       Average flow (scfm) pre- versus post-perforation at Facility 1 ÈÈÈÈ.71 

Figure 17       Landfill gas energy calculator, net CH4 increase 125 (scfm) from  

                       Facility 1 ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ94      

Figure 18       Average flow (scfm) pre- versus post-perforation at Facility 4 ÈÈÈ0000097 

Figure 19       Landfill gas energy calculator, net CH4 increase 157 (scfm) from 

                       Facility 4 ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ97 

Figure 20       Average flow (scfm) pre- versus post-perforation at Facility 5 ÈÈÈ00009: 

Figure 21       Landfill gas energy calculator, net CH4 increase 120 (scfm) from  

                       Facility 5 ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ9: 

Figure 22       Average flow (scfm) pre- versus post-perforation at Facility 9 ÈÈ000È00:3 
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Figure 23       Landfill gas energy calculator, net CH4 increase 558 (scfm) from  

                       Facility 9 ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ:4 
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Definition of Terms 

 

Annulus: The space between two concentric objects, such as that between the wellbore 

and casing or between casing and tubing, where fluid can flow. Pipe may consist of drill 

collars, drill pipe, casing or tubing. 

Apertures: An aperture is a hole or an opening through which gas can travel. 

Balance gas: The quantity of gases other than CH4, CO2, and O2 measured in a GEM 

2000 gas meter is expressed as balance gas and displayed as nitrogen (N). 

Barometric pressure/Atmospheric pressure is the force per unit area exerted on a surface 

by the weight of air above that surface in the atmosphere of Earth.  

Clean Air Act: In the U.S.A. the original Clean Air Act was passed in 1963, but our 

national air pollution control program is based on the 1970 version of the law. The 1990 

Clean Air Act Amendments are the most far-reaching revisions of the 1970 law. In this 

summary, we refer to the 1990 amendments as the 1990 Clean Air Act. 

CO2e:  (CDE) and Equivalent carbon dioxide (e) are two related, but distinct measures 

for describing how much global warming a given type and amount of greenhouse 

gas may cause, using the functionally equivalent amount or concentration of carbon 

dioxide as the reference. 

Comprehensive Environmental Response, Compensation and Liability Act (CERCLA): 

enacted in 1980 by the U.S. Congress to deal with historic and abandoned sites. 

Device ID: ID code in a Landtec GEM 2000 for a extraction well location, the ID can be 

stored along with the data measurements. Subsequently, the data can be retrieved and 

uploaded to a database. 

http://en.wikipedia.org/wiki/Atmosphere_of_Earth
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Gas Collection and Control Systems: Well-designed active collection systems are 

considered the most effective means of landfill gas collection. Active gas collection 

systems include vertical and horizontal gas collection wells similar to passive collection 

systems. Unlike the gas collection wells in a passive system, however, wells in the active 

system should have valves to regulate gas flow and to serve as a sampling port. Sampling 

allows the system operator to measure gas generation, composition, and pressure. Active 

gas collection systems include vacuums or pumps to move gas out of the landfill and 

piping that connects the collection wells to the vacuum. Vacuums or pumps pull gas from 

the landfill by creating low pressure within the gas collection wells. The low pressure in 

the wells creates a preferred migration pathway for the landfill gas. The size, type, and 

number of vacuums required in an active system to pull the gas from the landfill depend 

on the amount of gas being produced. With information about landfill gas generation, 

composition, and pressure, a landfill operator can assess gas production and distribution 

changes and modify the pumping system and collection well valves to achieve maximum 

efficiency in running an active gas collection system. The system design should account 

for future gas management needs, such as those associated with landfill expansion.  

Gas Flow: An orifice plate is a device used to measuring flow rate and for reducing 

pressure or for restricting flow (in the latter two cases it is often called a restriction 

plate). Either a volumetric or mass flow rate may be determined, depending on the 

calculation associated with the orifice plate. It uses the same principle as a Venturi 

nozzle, namely Bernoulli's principle which states that there is a relationship between the 

pressure of the fluid and the velocity of the fluid. When the velocity increases, the 

http://en.wikipedia.org/wiki/Venturi_effect
http://en.wikipedia.org/wiki/Bernoulli%27s_principle
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pressure decreases and vice versa. The GEM 2000 has the ability to store initial and 

adjusted flow.  

GEM 2000: is a portable instrument designed for analyzing Landfill Gas (LFG) 

composition and calculating flow. The GEM 2000 is designed for monitoring gas 

migration probes and for monitoring gas extraction system. The GEM 2000 is certified 

intrinsically safe and offers improved speed and accuracy. It also measures and displays 

Btu content, temperature (with optional Temperature Probe) relative and atmospheric 

pressures as well as CH4 LEL (Lower Explosive Limit).  

Global Warming Potential (GWP): is a relative measure of how much heat a greenhouse 

gas traps in the atmosphere. It compares the amount of heat trapped by a certain mass of 

the gas in question to the amount of heat trapped by a similar mass of carbon dioxide. A 

GWP is calculated over a specific time interval, commonly 20, 100 or 500 years. GWP is 

expressed as a factor of carbon dioxide (with the GWP of CO2 standardized to 1). 

Greenhouse Gases (GHGs): These are gases which individually act to trap solar energy 

near the earth. GHGs for which emission levels have been estimated are: carbon dioxide 

(CO2), methane (CH4), nitrous oxide (N2O), sulphur hexafluoride (SF6), carbon 

tetrafluoride (CF4), carbon hexafluoride (C2F6) and hydrofluorocarbons (HFCs).  Those 

gases, that are transparent to solar (short-wave) radiation but opaque to long-wave 

(infrared) radiation, thus preventing long-wave radiant energy from leaving Earth's 

atmosphere. The net effect is a trapping of absorbed radiation and a tendency to warm the 

planet's surface. 

HDPE: High Density Polyethylene is a polyethylene thermoplastic made from petroleum. 

Known for its positive strength-to-density ratio, HDPE is commonly used in the 

http://en.wikipedia.org/wiki/Polyethylene
http://en.wikipedia.org/wiki/Thermoplastic
http://en.wikipedia.org/wiki/Petroleum
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production of plastic bottles, corrosion-resistant piping, geomembranes, and plastic 

equivalent for lumber. HDPE is commonly recycled, and has the number "2" as its resin 

identification code (formerly known as recycling symbol). 

Landfill: The most common form of disposal of household, commercial, and industrial 

tghwug="kv"crrgctu"vjcv":2"vq";2'"qh"vjg"yqtnfÓu"tghwug"yknn"dg"fkurqugf"qh"d{"vjku"ogvjqf"

for several years to come. The type of sites used for such disposal include: mineral 

excavations, abandoned quarries, low-lying land, valleys, areas involving the reclamation 

of land from water, or flat land altered to build up a feature. Generally, in a landfill 

scheme, refuse is tipped in trenches or cells prepared to such a width that the daily input 

of refuse can be effectively covered, presenting a clean face each day. The refuse can be 

tipped either at the bottom of the face and bulldozed into the face, or tipped on top of the 

previous fill and bulldozed over the face. It is essential that the refuse be adequately 

covered and compacted to allow traffic over the fill. This landfill method is known in the 

WM"cu"Òeqpvtqnngf"vkrrkpiÓ"cpf"kp"vjg"WUC"d{"vjg"vkvng"qh"Òucpkvct{"ncpfhknnÓ="vjg"hormer 

emphasizes the system by which the waste is deposited, while the latter emphasizes 

hygienic aspects. The landfill technique is often used constructively to provide facilities 

for sport. Its use in urban development involves many years of settlement. Landfills must 

be carefully located and managed to avoid such negative effects as: leachates reaching 

streams, the breeding of vectors and rodents, odor, windblown litter, and an appearance 

of desolation. The method is sometimes used for the disposal of hazardous wastes, 

necessitating impervious cells and rigorous control methods.  

Landfill gas: Gas that is generated by decomposition of organic material at landfill 

disposal sites. The average composition of landfill gas is approximately 50 percent 

http://en.wikipedia.org/wiki/Plastic_bottles
http://en.wikipedia.org/wiki/Geomembrane
http://en.wikipedia.org/wiki/Plastic_lumber
http://en.wikipedia.org/wiki/Plastic_lumber
http://en.wikipedia.org/wiki/Resin_identification_code
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methane and 50 percent carbon dioxide and water vapor by volume. The methane 

percentage, however, can vary from 40 to 60 percent, depending on several factors 

including waste composition (e.g. carbohydrate and cellulose content).  The methane in 

landfill gas may be vented, flared, combusted to generate electricity or useful thermal 

energy on-site, or injected into a pipeline for combustion off-site. 

Landfill Methane Outreach Program: Vjg"W0U0"Gpxktqpogpvcn"Rtqvgevkqp"Cigpe{Óu"

Landfill Methane Outreach Program (LMOP) is a voluntary assistance outreach that 

helps to reduce methane emissions from landfills by encouraging the recovery and 

beneficial use of landfill gas (LFG) as an energy resource. LFG contains methane, a 

potent greenhouse gas that can be captured and used to fuel power plants, manufacturing 

facilities, vehicles, homes, and more. By joining LMOP, companies, state agencies, 

organizations, landfills, and communities gain access to a vast network of industry 

experts and practitioners, as well as to various technical and marketing resources that can 

help with LFG energy project development. 

Leachate: Water that collects contaminants as it trickles through wastes, pesticides or 

fertilizers. Leaching may occur in farming areas, feedlots, and landfills, and may result in 

hazardous substances entering surface water, ground water, or soil. 

Marginal Producing Extraction Well: Non-optimal Extraction Well, an extraction well 

that exhibits an average flow of less than or equal to 2 (scfm) or a methane percentage is 

less than 50. 

Methane Extraction Well: Landfill gas is gathered from landfills through extraction wells 

placed depending on the size of the landfill. Roughly one well per acre is typical. 
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Methane Generation Rates: For every one million tons of municipal solid waste 

approximately 432,000 standard cubic feet per day gas is generated. This equates to 

approximately 0.78 megawatts (MW) of electricity. 

Methane (CH4): This hydrocarbon is a greenhouse gas with a global warming potential 

most recently estimated at 21. Methane is produced through anaerobic (without oxygen) 

decomposition of waste in landfills, animal digestion, decomposition of animal wastes, 

production and distribution of natural gas and petroleum, coal production, and incomplete 

fossil fuel combustion. The atmospheric concentration of methane has been shown to be 

increasing at a rate of about 0.6 percent per year, and the concentration of about 1.7 part 

per million by volume (ppmv) is more than twice its pre-industrial value. However, the 

rate of increase of methane in the atmosphere may be stabilizing. 

Methaneogensis: methaneogensis or biomethanation is the formation 

of methane by microbes known as methanogens. Organisms capable of producing 

methane have been identified only from the domain Archaea, a 

group phylogenetically distinct from both eukaryotes and bacteria, although many live in 

close association with anaerobic bacteria. The production of methane is an important and 

widespread form of microbial metabolism. In most environments, it is the final step in the 

decomposition of biomass. 

MMTCO2e: Million metric tons of carbon dioxide equivalent. This measure can 

aggregate different greenhouse gases into a single measure, using global warming 

potentials. One unit of carbon is equivalent to 3.664 units of carbon dioxide. 

Municipal Solid Waste: Non-hazardous common garbage or trash generated by 

industries, businesses, institutions, and homes. It is defined by local governments, and in 
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general does not include automobile oil, tires, lead-acid batteries, hazardous or infectious 

wastes, demolition debris, etc.  

National Emissions Standards for Hazardous Air Pollutants (NESHAP):  Also using the 

acronym NESHAP, are emissions standards set by the United States Environmental 

Protection AgencyÏEPA. The standards are for air pollutants not covered by National 

Ambient Air Quality StandardsÏNAAQS, that may cause an increase in fatalities or in 

serious, irreversible, or incapacitating illness. 

New Source Performance Standards (NSPS): Section 111 of the Clean Air Act authorized 

the EPA to develop technology-based standards which apply to specific categories of 

stationary sources. These standards are referred to as New Source Performance Standards 

(NSPS) and are found in 40 CFR Part 60. The NSPS apply to new, modified and 

reconstructed affected facilities in specific source categories such as manufacturers of 

glass, cement, rubber tires and wool fiberglass. As of 2005, there were approximately 75 

NSPS. 

Nitrogen (N): This is the chemical element with symbol N and atomic number 7. It is the 

lightest pnictogen. At room temperature, it is a colorless and odorless diatomic gas. 

Nitrogen is a common element in the universe, estimated at about seventh in total 

abundance in our galaxy and the Solar System. On Earth, the element forms about 78% 

of Earth's atmosphere and as such is the most abundant pure element. 

Non-Methane Volatile Organic Compounds (NMVOCs): Organic compounds, other than 

methane, which participate in atmospheric photochemical reactions. It is a generic term 

for a large variety of chemically different compounds,  for example: benzene, ethanol, 

http://en.wikipedia.org/wiki/Acronym
http://en.wikipedia.org/wiki/Emission_standard
http://en.wikipedia.org/wiki/United_States_Environmental_Protection_Agency
http://en.wikipedia.org/wiki/United_States_Environmental_Protection_Agency
http://en.wikipedia.org/wiki/Air_pollution
http://en.wikipedia.org/wiki/National_Ambient_Air_Quality_Standards
http://en.wikipedia.org/wiki/National_Ambient_Air_Quality_Standards
http://www.gpo.gov/fdsys/pkg/CFR-2011-title40-vol6/xml/CFR-2011-title40-vol6-part60.xml
http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Atomic_number
http://en.wikipedia.org/wiki/Pnictogen
http://en.wikipedia.org/wiki/Diatomic_molecules
http://en.wikipedia.org/wiki/Universe
http://en.wikipedia.org/wiki/Milky_Way
http://en.wikipedia.org/wiki/Solar_System
http://en.wikipedia.org/wiki/Atmosphere_of_Earth
http://en.wikipedia.org/wiki/Benzene
http://en.wikipedia.org/wiki/Ethanol
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formaldehyde, cyclohexane, 1,1,1-trichloroethane or acetone. Essentially, NMVOCs are 

identical to VOCs, but with methane excluded. 

Oxygen (O2): It is a colorless, odorless and tasteless gas that has a very low solubility in 

ycvgt0"Qz{igp"ku"vjg"ugeqpf"nctiguv"eqorqpgpv"qh"vjg"GctvjÓu"cvoqurjgtg."kv"qeewtu"cu"Q2 

as well as the allotrope O3 called Ozone. Oxygen represents 89% of mass in water 

oqngewngu."uq"vjcv"vjg"GctvjÓu"ycvgt"uwrrnkgu"ctg"nctign{"Qz{igp0 

Ozone precursors: These are chemical compounds such as carbon monoxide, methane, 

non-methane hydrocarbons, and nitrogen oxides, which in the presence of solar radiation 

react with other chemical compounds to form ozone, mainly in the troposphere. 

Ozone: Ozone, the triatomic form of oxygen (O3), is a gaseous atmospheric constituent. 

In the troposphere, it is created by photochemical reactions involving gases resulting both 

from natural sources and from human activities (photochemical smog). In high 

concentrations, tropospheric ozone can be harmful to a wide range of living organisms. 

Tropospheric ozone acts as a greenhouse gas. In the stratosphere, ozone is created by the 

interaction between solar ultraviolet radiation and molecular oxygen (O2). Stratospheric 

ozone plays a decisive role in the stratospheric radiative balance. Depletion of 

stratospheric ozone, due to chemical reactions that may be enhanced by climate change, 

results in an increased ground-level flux of ultraviolet (UV- B) radiation. 

Ozone layer (ozonosphere): A layer or stratum of the atmosphere about 20 km and 50 km 

cdqxg"vjg"uwthceg"qh"vjg"Gctvj0"Kp"vjku"nc{gt."qz{igp"oqngewngu"ctg"urnkv"d{"vjg"uwpÓu"

ultraviolet radiation, the resulting atomic oxygen recombining with unaffected molecules 

to produce ozone. The concentration of ozone around the globe in this layer varies 

throughout the year. A thinning may occur, for example, over the Antarctic. This 

http://en.wikipedia.org/wiki/Formaldehyde
http://en.wikipedia.org/wiki/Cyclohexane
http://en.wikipedia.org/wiki/1,1,1-Trichloroethane
http://en.wikipedia.org/wiki/Acetone
http://en.wikipedia.org/wiki/Volatile_organic_compounds
http://en.wikipedia.org/wiki/Methane
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phenomenon is often refertgf"vq"cu"c"ÒjqngÓ"kp"vjg"q|qpg"nc{gt0"Vjg"rtgugtxcvkqp"qh"vjg"

ozone layer is most important for the survival of humanity, as it is a protective belt 

moderating the effect of incoming ultraviolet radiation from the sun. Its impairment will 

undoubtedly promote an increase in the incidence of skin cancer throughout the world. 

The ozone layer is thought to be threatened by the use of chlorofluorocarbons (CFCs), 

thus efforts are being made to restrict the production and use of these substances.  

Post-perforation:  A new technology developed to rehabilitate methane extraction wells at 

municipal solid waste facilities: a process of creating apertures (perforations) in HDPE or 

PVC methane extraction wells.  

Radiative forcing: A measure of the influence of a particular factor (e.g. greenhouse gas 

(GHG), aerosol, or land use change) on the net change in the EarthÓs energy balance. 

Renewable energy: Energy obtained from sources that are essentially inexhaustible. A 

contrast is fossil fuels, of which there is a finite supply. Renewable sources of energy 

include wood and other plant material waste, geothermal, wind, photovoltaic, and solar 

thermal energy. 

Resource Conservation and Recovery Act (RCRA): Enacted in 1976, this was the first 

law mandating a federal regulatory role, to deal with existing and future sites.  

Resource Recovery Act: An Act enacted in 1970, focused on recycling and reclamation 

of waste. Its main focus was diversion from landfilling. 

Sink:  In air pollution, a reception area for the absorption of material from the 

atmosphere; for example, the absorption of carbon dioxide by the oceans, or the 

absorption of carbon dioxide by photosynthetic plants. In water pollution, the assimilative 

capacity of bodies of water for thermal pollution and other pollutants. 
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Solid Waste Disposal Act (SWDA): The first solid waste management act, enacted in 

1965. 

Static pressure: A pressure can be identified for every point in a body of fluid, regardless 

of whether the fluid is in motion or not. Pressure can be measured using an aneroid, 

Bourdon tube, mercury column, or by various other methods. The GEM 200 gas meter 

can record initial and adjusted static pressure. 

Uwdvkvng"ÐFÑ<"RCRA, Subtitle D regulates the management of nonhazardous solid waste. 

It establishes minimum federal technical standards and guidelines for state solid waste 

plans in order to promote an environmentally sound management of solid waste. 

System Pressure/Vacuum: A prime mover that creates a vacuum to operate the gas 

collection and control system at a landfill. The GEM 2000 gas meter can measure the 

value, record, and upload the value into a database. 

Waste: Any matter, whether liquid, solid, gaseous, or radioactive, which is discharged, 

emitted, or deposited in the environment in such volume, concentration, constituency, or 

manner as to cause a significant alteration of the environment. The concept of waste 

embraces all unwanted and economically unusable byproducts or residuals at any given 

place and time, and any other matter that may be discharge, accidentally or otherwise, 

into the environment. 

Waste Generation Rates: Solid waste generation rates estimate the amount of waste 

created by residences or businesses over a certain amount of time (day, year, etc.). Waste 

generation includes all materials discarded, whether or not they are later recycled or 

disposed in a landfill. Waste generation rates for residential and commercial activities can 

be used to estimate the impact of new developments on the local waste stream. 

http://en.wikipedia.org/wiki/Pressure_measurement
http://en.wikipedia.org/wiki/Barometer#Aneroid_barometers
http://en.wikipedia.org/wiki/Pressure_measurement#Bourdon
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Waste management: A comprehensive, integrated, and rational systems approach aimed 

towards the achievement and maintenance of acceptable environmental quality and the 

support of sustainable development. It involves preparing policies; determining 

environmental standards; fixing emission rates; enforcing regulations; monitoring air, 

water, and soil quality; dealing with noise emissions; and offering advice to government, 

industry, land developers, planners, and the public.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acronyms 
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ATSDR            Agency for Toxic Substances and Disease Registry 

BFI                   Browning-Ferris Industries, presently operating as Republic Services Inc. 

CAA                 Clean Air Act 

CERCLA         Comprehensive Environmental Response Compensation and Liability Act 

CFCS                Chlorofluorocarbons 

CFR                  Code of Federal Register 

CH3                   Methyl Group 

CH4                   Methane 

CL                     Chlorine 

CNG                 Compressed Natural Gas 

CO2                   Carbon Dioxide 

EPA                  Environmental Protection Agency 

Ft BGS              Feet Below Ground Surface 

GCCS                Gas Collection and Control System 

GHG                 Greenhouse Gas 

GWP                 Global Warming Potential 

H/ET                 Hydrogeologic / Environmental Testing 

H2O                   Water 

HCL                  Hydrochloric Acid 

HDPE                High-density Polyethylene  

HSWA               Hazardous and Solid Waste Amendments 

IPCC                  Intergovernmental Panel on Climate Change 
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LFG                   Landfill Gas 

LMOP               Landfill Methane Outreach Program 

LNG                  Liquefied Natural Gas 

MMSCFD          Million Metric Standard Cubic Feet per Day 

MMTCO2eq       Million Metric Tons Carbon Dioxide Equivalent  

MSW                 Municipal Solid Waste 

MSWF               Municipal Solid Waste Facilities 

MTCO2 eq         Metric Tonnes Carbon Dioxide Equivalent 

MW                   Mega Watts 

N                       Nitrogen 

N2O                   Nitrogen Oxide 

NESHAP           National Emissions Standards for Hazardous Air Pollutants 

NSPS                 New Source Performance Standards 

NSWMA           National Solid Waste Management Authority 

O                       Oxygen 

O3                      Tropospheric Ozone 

OECD               Organization for Economic Co-operation and Development 

OH                    Hydroxyl Radical 

OLS   Ordinary Least Squares  

ppbv                  Part per Billion by Volume 

ppm                   Parts per Million 

PVC                  Polyvinyl Chloride 

RCRA               Resource Conservation and Recovery Act 
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SCFM                Standard Cubic Feet per Minute 

SWDA               Solid Waste Disposal Act 

SWICS              Solid Waste Industry for Climate Solutions 

TBI                    Traumatic Brain Injury  

TgCO2eq           Carbon Dioxide Equivalent 

TLC                   Transitional Learning Center 

USDOC             United States Department of Census 

USPTO              United States Patent and Trademark Office 

Ä (delta)            Incremental change in a variable 
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Chapter I 

Introduction 

 

All municipal solid waste landfills emit methane. The release of methane is a 

problem because this gas is one of the most potent contributors to the greenhouse effect. 

Methane from the landfilling of municipal solid waste is the third largest anthropogenic 

factor in climate change (Kabir & Halim, 2011).   

Present methane gas collection and control systems at municipal solid waste 

facilities are sub-optimal. Such deficiency can cause an increase in the volume of 

methane released into the atmosphere and decease the capture of a gas that can be utilized 

as a renewable energy source. Any methodology that successfully increases the capture 

of methane will help protect the environment and add a supply of domestic energy 

otherwise lost. 

In the United States, regulations mandate control of municipal solid waste 

facilities producing methane. Facilities must capture this recoverable gas and prevent its 

release into the atmosphere. Many facilities have installed systems to use the captured gas 

for beneficial purposes. As of 2014, approximately 3,091 Municipal Solid Waste 

Hceknkvkgu"*OUYHÓu+"qrgtcvg"vq"fkurqug"qh"vjg"vyq"jwpftgf"cpf"hkhv{"oknnkqp"vqpu"qh"ycuvg"

generated annually (U.S EPA, 2015). All are required to collect and control landfill gas, 

preventing its off-site migration.  Currently, 636 facilities enhance methane capture with 

a beneficial use component (U.S EPA, 2015). The landfill gas (LFG) can be indirectly 

used for electricity generation, or directly used as compressed natural gas (CNG) or 



 

2 

 

liquefied natural gas (LNG). For electricity generation, the detailed data is tracked closely 

(U.S.EPA, 2015). According to the Envirqpogpvcn"Rtqvgevkqp"Cigpe{Óu"Landfill Methane 

Outreach Program (LMOP), these facilities generate 2,032 Mega Watts (MW) annually, 

from approximately 317 million metric standard cubic feet per day (mmscfd) of landfill 

gas. An additional 440 candidate landfills exist, with a projected annual capacity of 

approximately 830 MW (U.S.EPA, 2015).  However 2000-plus open facilities simply 

flare or burn-off the gas they collect. 

Typically, a nuclear power plant produces 1,000 MW, a geothermal power plant 

produces 750 MW, coal, and natural gas plants produce 100 MW, a wind power plant 

produces 15 MW, and solar power panel produces 7.5 MW annually. Therefore the 

energy produced from landfill gas-to-energy plants is equivalent to more than two nuclear 

power plants. The environmental benefits outweigh costs and are much less detrimental 

than allowing emissions. For example, the reduction of one scfm methane emitted 

directly from a landfill can prevent the atmospheric accumulation of six tons CH4/yr. 

 Whether, a facility captures and flares, captures for direct use or captures for 

electricity generation, many situations result in methane emissions. For example, as the 

landfill is being developed, gas is emitted into the atmosphere because a collection 

system is not yet in place.  After all systems are installed, if an extraction well fails, 

becomes clogged, becomes silted or becomes watered-in or flooded, that location is 

rendered ineffective for the collection of methane. Historically, when vertical extension 

of extraction wells becomes necessary, as the level of fill mounts, methane from the 

upper layers of decomposing waste cannot be captured. In all cases, if the collection and 

control cannot be achieved, then fugitive emissions rise and accumulate in the 
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atmosphere as greenhouse gasses (GHGs). All these scenarios contribute to an overall 

low capture of methane over the life of the site. If the capture system has not been 

installed, the prevention of emissions cannot be controlled at all. While all existing 

systems for capture are vulnerable to deterioration, if a methane extraction well can be 

rehabilitated, the system can capture gas and reduce emissions, thereby increasing the 

overall effectiveness and efficiency of the entire system. Until recently, the industry has 

seen very little success with rehabilitation technology of vertical extraction or inoperable 

wells. The only option available was total methane extraction well replacement. In fact, 

the industry has not been able to solve the problem and has resorted to replacing wells, 

time, and time again. 

There are two main reasons why this problem of well rehabilitation has not been 

addressed. First, the municipal solid waste sector of the waste industry is subjected to 

federal and state regulatory intervention. The Environmental Protection Agency and each 

state agency can impose considerable burden of compliance with mandated operational 

procedures and reporting requirements. These restrictions or permit conditions place the 

industry in a restrictive product market and limit or restrict innovation. Moreover, the 

industry is controlled by a few large players that compete on commodity pricing. 

Competition is fierce. The dissemination of proprietary information among competitors is 

minimal. Because of these two factors, motivation for research geared to innovation is 

scant. 

Recently, a technique of post-perforation was developed and field-tested as a new 

technology to rehabilitate methane extraction wells (Stamoulis, 2011). The benefits of 

post-perforation technology include: extending the operational life of an extraction well, 
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increasing capture and flow of methane, minimizing methane emissions and increasing 

energy generation. 

Vertical extensions, unsuccessful rehabilitation, and the replacement cost of 

extraction wells were factors that prompted the idea of post-perforation for methane 

extraction wells. My preliminary testing of such technology indicated it works (Barber et 

al., 2011). However, it has not been determined whether the technology provides 

statistically significant results or if the apparent results are due to random error.  

This thesis evaluates the effectiveness of this technology for the first time. I 

hypothesized that post-perforation methodology can assist in rehabilitating impaired 

methane extraction wells that it can increase the capture of methane from a landfill 

hceknkv{0"Vjgug"vyq"cvvtkdwvgu"ecp"tgfweg"hwikvkxg"gokuukqpu"qh"IJIÓu"yjkng"kpetgcukpi"

the production of a valuable domestic energy source. The overall objective of my thesis 

research is to test whether post-perforations methodology is effective in capturing more 

LFG.   

The specific research objective for this study is to determine if extraction wells 

that had undergone post-perforation can increase capture of methane gas. The objective 

can be addressed by comparing extraction wells that have undergone post-perforation to 

extraction wells that have not been post-perforated within the same facility during the 

same period of time. This requires evaluation of the % methane (CH4), initial flow (scfm) 

and adjusted flow (scfm) for all extraction wells prior to post-perforation and after post-

perforation. The statistical analysis tests for differences between the mean values of these 

variables in the treatment post-perforated extraction wells and the control non-treatment 

extraction wells. 
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The research question this thesis seeks to answer is: does post-perforation 

increase methane flow rate in marginally producing methane extraction wells? The 

research hypothesis is that post-perforation will rehabilitate marginally producing or non-

optimal extraction wells by increasing methane flow rate. Marginally producing 

extraction wells are defined as wells with a methane flow of less than two standard cubic 

feet per minute and a methane percentage of less than 50%. The research methods will 

include the utilization of post-perforation technology on these marginally producing and 

non-optimal extraction wells. 

 There is a foreseeable social and corporate benefit in that the capture of fugitive 

landfill gas has the potential to become a significant portion of the renewable energy 

generated nationwide, contributing to the larger energy grid with minimum integration 

costs, especially because capture requirements already exist.  The cost of electricity 

generated from landfill gas is competitive with other renewable resources (Wiltsee, 

2009). Capturing more methane and reducing fugitive emissions has an environmentally 

positive effect as well: a lower xqnwog"qh"IJIÓu"yknn"ceewowncvg"kp"vjg"cvoqurjgtg0"

Economically, by generating and increasing LFG-to-energy opportunities, a landfill can 

generate new revenue streams from a process previously thought an economic drain.  The 

regulatory requirement of LFG capture makes it logical to collect, convert, and sell the 

gas to make up for maintenance and regulation costs. The ultimate capture of more 

methane (CH4) and the resulting increase in gas available to a gas-to-energy facility 

ujqwnf"eqpvtkdwvg"vq"cp{"ycuvg"eqorcp{Óu"uqekcn. environmental and financial triple 

bottom line (Savitz, 2006). 
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Background 

One anthropogenic source of methane emissions has led to the development and 

evolution of the waste management industry-- the decay and decomposition of landfilled 

organic material. An industry was created to capture and utilize this by-product as a 

renewable energy source. 

 

U.S. Waste History Overview 

The disposal of waste as a utility function started long ago. Since 400, B.C. when 

the Athenians first recorded the existence of a municipal dump, landfilling and waste 

disposal has used the same basic techniques (ASTC, 1998, Rathje & Murphy, 2001).  The 

early disposal method for waste consisted of digging a hole in the earth. Sometimes this 

hole had been originally excavated for mining purposes, although there were also 

excavations for the sole purpose of disposal of waste. Excavations were unlined earthen 

pits where waste was deposited in direct contact with the soil, leaving it free to impact 

groundwater and the environment. For most of civilizational time, waste was not 

segregated as it is in the controlled municipal solid waste landfill facility of today. Often 

all types of refuse lay commingled in the same excavation. As the development of 

landfilling evolved, the typical focus was not to devise a new means of the disposal of 

waste but to modify and enhance the age-old concept.   

In the United States, regulations refined landfilling practice by instituting 

protective instruments, collection systems, and monitoring systems. These developments 

and implementations were reactions to observed problems. The first protective techniques 

were of three sorts: lining the bottom and sidewalls of the excavation with compacted 
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clay, segregating different waste types, and recycling reusable items prior to final 

fkurqucn0"Kp"3;;8."Hgfgtcn"Tgiwncvkqpu"wpfgt"Uwdvkvng"ÐF.Ñ"(U.S. CFR, 2006) required 

that all existing sites upgrade to the new standards or cease accepting waste.  Many sites 

that were old, small or filled almost to capacity closed under the pressure of these rules 

tcvjgt"vjcp"writcfg0"Rtqvgevkxg"ogcuwtgu"wpfgt"Uwdvkvng"ÐFÑ"ocpfcvgf"uvtkevgt"uvcpfctfu"

than before. These environmental controls included: monitoring of groundwater, 

implementation of a polymeric liner in the bottom and sidewalls of the excavation, 

installation of leachate collection systems, and the installation of landfill gas collection 

and control systems. Additionally, a financial assurance provision was implemented that 

tended to eliminate many marginal producers. Dumps in small communities and 

municipalities were either closed or pushed towards outsourcing to larger, more remote 

sites.  

Anthropogenic methane derived from the decay and decomposition of municipal 

waste is a crucial externality.  Released unchecked, the gas will degrade the environment. 

Captured for use as energy, it has great ecological and economic value. The regulations 

and the infrastructure mechanisms exist, and the benefits of capture are evident. 

Emphasis on continually increasing capture or improving capture efficiency makes 

social, economic and environmental sense. 

U.S. waste regulatory framework. The Solid Waste Disposal Act (SWDA) of 1965 

represented the first federal solid waste management law. Its provisions dealt mainly with 

observation and understanding of the disposal of waste. The 1970 Resource Conservation 

Recovery Act (RCRA) focused on early recycling and reclamation of the salvageable 

fraction of wastes. Both these measures were designed to assist state and local authorities 
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with technical assistance on the disposal of waste and the recovery of resources from the 

waste stream. (Bell et.al, 2013) 

In 1976, came the passage of the Resource Conservation and Recovery Act 

(RCRA), the first time the federal government took a hands-on role pertaining to existing 

waste sites and the future permitting of sites that dealt with the management of waste. In 

1980, with the passage of the Comprehensive Environmental Response, Compensation 

and Liability Act (CERCLA) - (Bell et.al, 2013), the federal government established a 

platform to address historic and abandoned facilities. Also, in 1980 Congress passed the 

Solid Waste Disposal Act (SWDA), (Bell et.al, 2013). These amendments were designed 

to prevent hazardous wastes from entering municipal solid waste landfills. In 1984, the 

U.S. Congress attempted to strengthen RCRA, through the Hazardous and Solid Waste 

Amendments (HSWA). RCRA was amended further in 1992 and 1996. Those two 

amendments strengthened the enforcement and regulatory flexibility for the disposal of 

certain types of wastes. Within RCRA, the current regulationu"wpfgt"uwdvkvng"ÐFÑ"fghkpg"

rules of permitting anf"qrgtcvkqpcn"rtqegfwtgu"hqt"owpkekrcn"uqnkf"ycuvg0"Uwdvkvng"ÐFÑ"

was instrumental in the early developmental stage of gas collection and control systems 

at municipal landfill sites.  

Global waste generation rates. Current global municipal solid waste generation (MSW) 

volumes are approximately 1.3 billion tons per year (Hoornweg & Bhada-Tata, 2012). By 

2025, they are expected to increase to approximately 2.2 billion tons per year (Hoornweg 

& Bhada-Tata, 2012). So huge an increase represents an enormously challenging and 

unsustainable financial burden.  The projected cost to manage this amount of waste in 

2025 will be approximately $375.5 billion U.S. dollars (Hoornweg & Bhada-Tata, 2012). 
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Waste generation relates to economic development. In simple terms, waste 

generation is a function of the production of goods and their consumption. For this 

reason, on average, the higher its population and gross domestic product, the higher a 

eqwpvt{Óu"ycuvg"igpgtcvkqp"tcvg0"Kpvwkvkxgn{"yg"ecp"ugg"vjcv."cu"eqwpvtkgu"oqxg"wr"the 

development class scale, they will produce more waste. A notable increase in the 

standard of living will create a vast amount of waste with environmental and social 

consequences.  

The fundamental problem with the increase in waste generation is in less 

developed countries. In such societies waste disposal cannot be managed in an 

economical way. The developing and developed countries ultimately begin spending 

more money dealing with the problem as a social rather than an environmental issue 

(Coase, 2013). Waste disposal may be thought of as an allocation inefficiency because 

the equilibrium of the disposal service is not Pareto optimal (Lind & Granqvist, 2010). 

The social burden or inefficiency is created by the externality. Subsequently, the 

generation of global environmental impact from the disposal by-products, including 

methane gas, becomes more pronounced. The ÐinqdcnÑ"tgfwevkqp"qh"gokuukqpu"ku"oqtg"

importapv"vjcp"cp{"ÐtgikqpcnÑ"crrtqcej, as the reduction in one country has little effect 

globally (Fiore et al., 2002).  From a global perspective, the waste generated in the 

Organization for Economic Cooperation and Development (OECD) countries comprises 

44% or 572 million tons annually (Wiggin, 2008). However, 22% of those countries do 

not have methane emissions controls in place. In addition, few of the remaining countries, 

comprising the majority 56% or 718 million tons annually, have any environmental 

controls (Wiggin, 2008). For this reason, approximately 78% of the waste generated 
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annually (over one billion tons) is produced in countries with few mechanisms to control 

environmental degradation, including methane emissions. 

United States waste generation rates. In the United States, 250 million tons of waste were 

generated in 2012 (U.S. EPA, 2014). There was a steady climb since 1960, but, then 

leveled off after 2000, along with the per capita generation rate (Figure 1). 

 

 

Figure 1.  U.S. waste per capita generation (1960-2012) (U.S. EPA, 2014).   

 

Although economic development and growth produce waste as an unwanted but 

unavoidable consequence, the basic problem, however, is not waste generation but waste 

disposal and its environmental effects.  

In the U.S., the organic and paper fraction of waste generated that requires 

disposition (either disposal or recycling) is estimated to be about 63% (U.S.EPA, 2014).  

The remaining 37% constitutes less biodegradable recyclables and re-useable material. 

The organic fraction of waste in a landfill decomposes to generate methane gas CH4. By 
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landfilling, we are entombing resources and creating an unwanted by-product that 

contributes to changes in the atmosphere. Capture of methane gas minimizes negative 

impact on the environment and on climate change, while providing a renewable fuel 

source. 

 

Generation of Anthropogenic Methane from Waste 

In order to understand and devise methods to reduce or minimize the effects of 

methane gas on the environment, it is important to understand the mechanisms behind the 

generation of anthropogenic methane from municipal waste. The generation of waste and 

methane has an enormous impact on the local and global environment (Hoornweg & 

Bhada-Tata, 2012, Wiggin, 2008, Reinhart et al., 2012, Amini et al., 2012). 

Fgoqitcrjgtu"guvkocvg"vjg"yqtnfÓu"rqrwncvkqp"kp"Lwn{"qh"4228"cv"8075"dknnkqp"*Ykigin, 

2008). As of July 2014 the likely figure was 7.22 billion (US DOC, 2014). This rate of 

growth is rapid, yet the rate of waste generation is growing even faster. In the last ten 

years, the municipal solid waste generation rate was estimated at 1.4 lb per person per 

day (Hoornweg & Bhada-Tata, 2012). Today the global generation rate has increased to 

an estimated 2.6 lb per person per day (Hoornweg & Bhada-Tata, 2012). The roughly 

doubling in ten years illustrates the interrelation between population and municipal solid 

waste generation. 

In 2000, GHG emissions from the waste management sector consisted of 1,255 

metric tons carbon dioxide equivalent (MtCO2eq) representing approximately 3% of the 

global total IJIÓu"*OeMkpug{"("Eqorcp{."4229."Urqmcu"gv0"cn0."2006, Scharff and 

Jacobs, 2006). In 2010, it was estimated that greenhouse gases from the waste 
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management sector were 1,236 (MtCO2eq), with 1,078(MtCO2 eq) or approximately 80% 

directly derived from methane (U.S. EPA, 2011). 

Atmospheric gas composition. Greenhouse gases comprise two groups; CO2 in one and 

non-CO2 in the other. The non-CO2 group consists of water vapor (H2O), methane (CH4), 

nitrous oxide (N2O) and chlorofluorocarbons (CFCs). The non-CO2 greenhouse gases are 

more potent (per unit weight) than CO2 at trapping heat within the atmosphere.  

Since 1750, global average atmospheric concentrations of methane have increased 

150 percent, from approximately 700 to 1745 parts per billion by volume (ppbv) (Griggs 

& Noguer, 2002, Field,  et al, 2014). As waste generation increases in our globalized 

economy, so will the methane emissions. The methane in the atmosphere can be removed 

only by diversion to another molecular state. The balance between CH4 emissions and 

CH4 removal determines atmospheric concentration and the duration of time CH4 remains 

in the atmosphere (U.S. EPA, 2006).  

Atmospheric chemical processes and methane. Methane is an important trace gas in the 

eqorqukvkqp"qh"vjg"cvoqurjgtg0"Dgecwug"kv"hwpevkqpu"vq"tgiwncvg"vjg"gctvjÓu"vgorgtcvwtg."kv 

is considered a naturally occurring greenhouse gas. Without these naturally occurring 

IJIÓu"vjg"gctvj"yqwnf"dg"wpkpjcdkvcdng0" Like the well-known compound carbon 

dioxide (CO2), methane (CH4) derived from anthropogenic sources heightens the 

greenhouse effgev"cpf"jcu"cuukuvgf"kp"kpetgcukpi"vjg"gctvjÓu"vgorgtcvwtg  

Methane along with all other non-CO2 greenhouse gas traps more heat in the 

atmosphere than CO2 on a per unit weight basis (U.S.EPA, 2006, Ewall, n.d.). Globally, 

the average surface temperature wownf"dg"305üE"jkijgt"vjcp"ykvjqwv"ogvjcpg (Ewall, 

n.d.). Methane is a known major source or precursor in the creation of tropospheric ozone 
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(O3). It assists the production of this background ozone because of its long life (8-9 years) 

(Fiore et al., 2002, Frankel, 1999). 

In the last 250 years, the atmospheric concentration of methane has increased by 

approximately 150% (U.S. EPA, 2006). Since the start of the industrial era, methane has 

contributed to a net radiative forcing which has increased by 0.5-2.5 W/m2 (Watts per 

meter squared) (Foster et al., 2007). For this reason, reducing methane emissions would 

create a powerful lever for diminishing climate forcing and improving air quality via 

decreases in tropospheric ozone O3 (Fiore et al., 2002).  

GctvjÓu"cvoospheric composition equates to 79% nitrogen (N), 20% oxygen (O) 

and 1% of qvjgt"icugu0"Qh"vjg"qpg"rgtegpv"fgukipcvgf"cu"ÐqvjgtÑ."ogvjcpg"*EJ4) 

comprises approximately 2 ppm or 0.0002% (Berger & Mann, 2002). The anthropogenic 

gases CH4, CO2 cpf"qvjgt"IJIÓu generated but not captured will rise into the 

atmosphere.  In a landfill, if the methanogenesis process is active without a collection and 

control system, atmospheric release is imminent.  

The growth rate of atmospheric methane is estimated by tracking the balance 

between surface emissions and photochemical destruction by the hydroxyl radical (OH), 

a major atmospheric oxidant (Bousquet et al., 2006). 

CH4 + OH ---------> CH3 + H2O 

If CH4 is not oxidized, it persists with ozone (O3) and acts as a barrier preventing 

outgoing infrared radiation from its transit back into space. This process skews the 

itggpjqwug"dcncpeg"cpf"gpjcpegu"vjg"yctokpi"qh"vjg"gctvjÓu"vgorgtcvwtg0"Kpetgcukpi"

anthropogenic methane leads to a net ozone production in the lower elevation of the 

troposphere and to net ozone destruction and lessening of water vapor in the stratosphere 
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(Bousquet et al., 2006). It also plays a role in the conversion of chlorine (Cl) to 

hydrochloric acid (HCL) in the stratosphere (Wahlen, 1993). The current climate forcing 

by CH4 (excluding indirect chemical effects) is 26 times that of CO2 (calculated on a 

Mole CO2/ Mole CH4) basis.  

Landfill gas emissions. Fugitive emissions of landfill gas (LFG) composed of methane, 

carbon dioxide and non-CO2 components have potentially long-lasting effects that can be 

lessened by capture and treatment prior to release from the facility (Table 1). 
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Table 1.Typical landfill gas components (Berger & Mann, 2001). 

Typical Landfill Gas Components 

Component Percent by Volume Characteristics 

methane 45Î60  Methane is a naturally occurring gas. It is colorless and 
odorless. Landfills are the single largest source of U.S. man-
made methane emissions 

carbon dioxide 40Î60 Carbon dioxide is naturally found at small concentrations in 
the atmosphere (0.03%). It is colorless, odorless, and slightly 
acidic. 

nitrogen  2Î5 Nitrogen comprises approximately 79% of the atmosphere. It 
is odorless, tasteless, and colorless. 

oxygen 0.1Î1 Oxygen comprises approximately 21% of the atmosphere. It 
is odorless, tasteless, and colorless. 

ammonia 0.1Î1 Ammonia is a colorless gas with a pungent odor. 

NMOCs 
(non-methane organic 
compounds) 

0.01Î0.6 NMOCs are organic compounds (i.e., compounds that 
contain carbon). (Methane is an organic compound but is not 
considered an NMOC.) NMOCs may occur naturally or be 
formed by synthetic chemical processes. NMOCs most 
commonly found in landfills include acrylonitrile, benzene, 
1,1-dichloroethane, 1,2-cis dichloroethylene, 
dichloromethane, carbonyl sulfide, ethyl-benzene, hexane, 
methyl ethyl ketone, tetrachloroethylene, toluene, 
trichloroethylene, vinyl chloride, and xylenes. 

sulfides 0Î1 Sulfides (e.g., hydrogen sulfide, dimethyl sulfide, 
mercaptans) are naturally occurring gases that give the 
landfill gas mixture its rotten-egg smell. Sulfides can cause 
unpleasant odors even at very low concentrations. 

hydrogen 0Î0.2 Hydrogen is an odorless, colorless gas. 

carbon monoxide 0Î0.2 Carbon monoxide is an odorless, colorless gas. 

   

Control of the migration off-site of landfill gas is very important because of the 

explosive nature of methane, especially at uncontrolled dumps where gases are 

continually emitted. Methane is generated in phases, first in aerobic and then in anaerobic 

environments as depicted below in Figure 2.  
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Figure 2.  Landfill gas composition and production phases (Berger & Mann, 2001). 

 

Typically the peak output of gas production occurs approximately 5 to 7 years 

after waste has been buried (U.S.EPA, 1996). Landfill gas production can continue for 10 

to 60 years or longer (Berger & Mann, 2001).  Methane, like most other gas, tries to find 

the path of the least resistance. If not captured by a landfill gas collection and control 

system, it will either migrate laterall{"qt"gokv"vjtqwij"vjg"ncpfhknnÓu"ecr0"Vjg"ecrvwtg"qh"

gas is essential as carbon dioxide and methane are powerful GHGs (Gómez et al., 2007).  



 

17 

 

History of Landfill Methane Regulations 

Landfill gas migration was first noticed sometime between 1953 and 1961 

(Hickman, 2003), during the national transition and progression from open burning 

fworu"vq"vjg"owpkekrcn"uqnkf"ycuvg"ncpfhknn"hceknkvkgu"*OUYNHÓu+"qh"vqfc{0"" 

Uqogvkog"fwtkpi"vjg"ncvg"3;72Óu."ncvgtcn"oqxgogpv"qh"ncpfhknn"icu"htqo"c"ycuvg"egnn"kpvq"

nearby structures was observed (Hickman, 2003).  Because of this, the first engineered 

solution to lateral movement of landfill gas was designed and implemented in Arlington, 

MA: a gravel-filled interceptor trench was put in place to passively vent landfill gas 

moving laterally and away from the landfill and a number of monitoring probes were 

installed between the trench and buildings to monitor the success of the passive control 

measure (Hickman, 2003). 

The first legislation to enact both air and sub-sequential landfill gas compliance 

and monitoring guidelines was achieved under the Clean Air Act (CAA) of 1970.  

Jqygxgt."pq"uvcpfctfu"ygtg"korngogpvgf"cv"vjcv"vkog0""Vjg"GRC"kuuwgf"vjg"ÐIwkfgnkpgu"

hqt"vjg"Ncpf"Fkurqucn"qh"Uqnkf"YcuvguÑ"kp"3;96"vq"jgnr"hceknkvcvg"vjg"fguign and 

monitoring of landfills. However the guidelines were not recognized as standards and, for 

this reason, were unenforceable.  It was not until the CAA Amendments were legislated 

by Congress in 1990 that two regulatory programs, now integral to the solid waste 

industry, were established: the New Source Performance Standards (NSPS) and National 

Emissions Standards for Hazardous Pollutants (NESHAP).  This new regulatory 

framework set standards by which all emissions must be monitored. 

The New Source Performance Standards (NSPS) have impacted the way in which 

the solid waste industry operates (U.S. EPA, 1998). The NSPS are intended to promote 
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effective mechanisms for the collection of landfill gas. Mandating new compliance 

criteria, including regular and frequent monitoring, capture of landfill gas, and timely 

installation of landfill gas collection devices got results. The amount of landfill gas 

emitted into the atmosphere as greenhouse gas since New Source Performance Standards 

inception has declined (U.S. EPA, 2009). 

Hazardous air pollutants were also considered in the CAA Amendments of 1990, 

but enforcement was not practical in the form of National Emissions Standards for 

Hazardous Air Pollutants (NESHAP) until 2003 (Sullivan, 2007).  NESHAP increased 

reporting requirements from annual events to semi-annual events and attempted to bring a 

proactive approach for site and self-regulation to the industry.  

The industry finds greenhouse gas regulations becoming stricter as the sizes of 

landfills grow. Since December 29, 2009, the larger MSWLF sites, those with the 

potential for emitting 25,000 metric tons or more of carbon dioxide equivalents per year, 

have faced stricter reporting standards (U.S. EPA, 2009). Stricter standards are sure to 

continue. Compliance will increase expenses as new technology is installed and precise 

record-keeping takes up staff time. Yet increased recovery of gas formerly wasted can 

provide a revenue stream as methane increasingly becomes a recognized marketable 

commodity.  

By installing and maintaining LFG extraction wells and LFG-to-energy 

infrastructures, facilities can better manage landfill gas and reduce greenhouse gas 

emissions. The generation, efficient capture, and conversion of landfill gas to energy 

form a coherent process with the potential to create income from a source once lost via 

flaring as other forms of emission. 
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Agency and industry development of a renewable market. In December of 1994, the 

Environmental Protection Agency established the Landfill Methane Outreach Program 

*NOQR+0"Vjku"rtqitco"ycu"guvcdnkujgf"vq"Ðtgfweg"ogvjcpg"gokuukqpu"d{"nqygtkpi"

barriers and promoting the development of cost-effective and environmentally beneficial 

NHI"gpgti{"rtqlgevuÑ"(U.S. EPA, 2015). The program is voluntary and brings together 

members of the regulatory community, consultants, vendors, and industry. The program 

has been instrumental in assisting in the development and capture of landfill gas at 

facilities across the country and internationally.  

The Landfill Methane Outreach Program provides technical assistance and 

vgejpqnqi{"vtcpuhgt"vq"rctvpgtu"cpf"kpfwuvt{0"NOQRÓu"uqng"hqewu"ku"vjg"ecrvwtg"cpf"

beneficial use of methane.  It has successfully demonstrated that methane recovery has a 

positive social and economic potential. I am a partner in this organization and have 

presented a paper and lecture at its annual conference. Thanks to LMOP, new technology 

and policy suggestions have a direct pipeline path to the Environmental Protection 

Agency. 

 

Landfill Gas Collection and Control System 

The primary purpose of a landfill gas extraction system is to prevent landfill gas 

(LFG) from exiting the facility via subsurface migration and fugitive surface emissions. 

The secondary purpose of landfill gas extraction wells is to generate revenue from the 

gas-to-energy production. Given the abundance and environmental hazards of 

greenhouses gases involved, an extraction system is crucial so that LFG is captured 

before it is emitted into the atmosphere.  The landfill gas extraction system is one 
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component of the Gas Control and Collection System (GCCS) of a Municipal Solid 

Waste Landfill Facility (MSWLF).  

Gas control and collection systems at municipal solid waste landfill facilities are 

continually being upgraded, repaired or modified. Gas extraction wells are installed in 

stages over the life of the site. These wells are subject to modification, being raised, 

vacuum tuning, re-drilling, and monitoring. Many factors contribute to the diminished 

efficiency or effectiveness of the individual well or the gas control and collection system. 

The nature of the environment at a municipal solid waste landfill facility creates an 

unpredictable life expectancy for any gas extraction well. Entrained fluids can water-in 

the screen section. Improper installation can result in clogging or silting-in of a well. 

Heavy equipment like a bulldozer or compactor can damage or totally destroy an 

extraction well. Wells installed in relatively dry sectors yield no gas or low-gas 

generation and production cycles. Extraction wells, once vertically extended, can become 

unable to capture gas from upper zones.   

An extraction well operates under the basic principle that LFG generated within a 

landfill is drawn towards the well by the pressure gradient created by the vacuum applied 

to the well (Dillah et al., 2005, Hartz & Ham, 1982). LFG extraction wells are installed 

throughout a facility to capture the LFG. A typical ratio is one such well per acre.  For a 

600-acre facility, it is not uncommon to have at least 600 LFG extraction wells at the 

vkog"qh"vjg"OUYNH"tgcejgu"hkpcn"enquwtg0""Chvgt"kpuvcnncvkqp."cpf"vjtqwijqwv"vjg"ukvgÓu"

life cycle, the operational efficiency of the GCCS, particularly its extraction wells, 

becomes degraded over time. 
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Factors that reduce operational efficiency of an individual landfill gas extraction 

well and its capture of methane gas include: the well screen becoming clogged or 

flooded, and vertical extensions of well casings by outmoded methods as site expansion 

occurs. Examples are graphically illustrated in Figure 3. Clogging of the well screen can 

be caused by many factors but mainly by trash and other debris reducing the intake area 

of the well screen.  Flooding of the extraction well is typically caused by leachate and 

condensate accumulation inside the annular space of the well to a point higher than the 

top of the screen.  The continual placement of new waste requires installation of vertical 

extensions of well casing (risers). Even with such extensions, the GCCS can capture gas 

only from the original screen located at the bottom of the well.  Eventually, any of these 

scenarios will require total replacement of the LFG extraction well.  Replacement of 

methane wells is costly and time-consuming. 

Landfill gas extraction well integrity is essential for an efficient capture of 

methane. Even utilizing all available efficiency techniques, if the screen interval is 

clogged, flooded or silted, there is an increased likelihood the Gas Control and Collection 

System (GCCS) operates at less than the optimal level of performance for which it was 

designed. This unavoidable situation has few remedies. Ultimately all deficiencies will 

end with the same fate: a replacement well for the dysfunctional, inoperable well. Before 

that point is reached, some options exist to enhance or rehabilitate non-optimal wells:  the 

installation of pumps is one option for flooded wells, while solution / pressure-fracturing 

is an option for clogged well. However, the success rate of these methods is marginal. 

The vertical placement of additional waste in a landfill mandates a vertical 

extension of the methane extraction well to accommodate the increased in height of the 
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amassing refuse (see Figure 3). The methane collection and control system becomes 

unable to capture gas above the screen zone. Extension of a methane extraction wells 

requires the addition of blank riser sections to the vertical extension. Screen sections 

cannot be added as air intrusion causes underground fires. 

If flooding occurs, a dedicated pump can be installed as a de-watering option, 

however this solution increases the operational and maintenance cost of the gas collection 

and control system.  The installation of a pump involves a continuous operational and 

maintenance cost. In northern climates, operational difficulties of the pump due to 

freezing conditions require constant attention. The replacement of a methane extraction 

well will result if pumping cannot correct the problem. 

A common practice in the water well industry, solution / pressure-fracturing is 

beginning to make an entrance into the solid waste industry. When wells become silted in 

or clogged, solution / pressure-fracturing is an option to attempt to break up the 

accumulated silt or debris and reopen the screened interval.  However, because solution / 

pressure-fracturing is applied only to the silt or debris directly on the screen, the well will 

most likely accumulate more silt or debris around the screened interval because the 

process does not affect the environment and associated conditions surrounding the well 

uetggp0""Vjg"uqnwvkqp"1"rtguuwtg"ogvjqf"ku"c"vgorqtct{"ÐhkzÑ"vq"c"rgtukuvgpv"rtqdngo0"" 

Ultimately, after application one or more of the above rehabilitation techniques, 

the well will need to be replaced. It becomes less and less cost effective to rehabilitate the 

same well and replacement is the only solution, both physically and economically. The 

installation cost of an extraction well ranges from $70.00 to $100.00 USD per foot. Thus 
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a methane extraction well with a length of 100 feet ranges from $7,000.00 to $10,000.00 

USD. 
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Figure 3.  Schematic of a typical LFG-methane extraction well, illustrates the potential         
for emission (potential for capture) after original installation of the well (Stamoulis, 
2011) 
  

Until recently, limited remedies existed for maximizing capture and reducing 

emissions from MSWLs0"Ghhkekgpe{"ku"jkijn{"fgrgpfgpv"qp"vjg"qrgtcvkqpÓu"ockpvgpcpeg"
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and design. The higher collection efficiencies are exhibited at facilities that maintain gas 

control and collection systems (U.S. EPA, 2011). It is worth noting that studies 

conducted by the Solid Waste Industry for Climate Solutions (SWICS) indicate collection 

systems meeting the requirements of NSPS are often more capable of achieving higher 

collection efficiencies than collection systems used solely for energy recovery because it 

is difficult to optimize gas quality while trying to attain a high level of gas collection 

(SWICS, 2007).  

 

Development of Post-Perforation Technology 

Post-perforation is a new technology (Stamoulis, 2011; Stamoulis, 2011b; 

Stamoulis, 2013) developed after careful observation of the installation, unsuccessful 

rehabilitation, and well replacement cycle by people with specific knowledge of the 

drilling and engineering techniques involved. Post-perforation is achieved by directing a 

tool into the inner diameter of the LFG extraction well casing down the well to a desired 

depth.  Once at that depth, the tool creates new apertures in the well, essentially creating 

a new screened interval.  The benefit of this technology is that the new screened interval 

can be achieved at any depth within the well (i.e. the original screened interval or above).  

Post-perforation is achieved with a tool specifically designed for extraction well. This 

tool can be navigated effectively through slight bends and deflections in existing well 

casing/riser and other well deviation. The idea to post-perforate LFG extraction wells 

from inside the well constitutes a realistic solution to an age-old industry problem Î how 

to extend the operational life of a vertical extraction well.  After several years of research, 

design and development, the post-perforation theory has proven successful at several 
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locations along the U.S. Gulf Coast.  Three patents for this technology were recently 

awarded under the Federal Green Technology program. These awards are recognition of 

a successful, innovative technology that will help to lower greenhouse gases and overall 

emissions from MSWFs while increasing capture and flow of Landfill gas. (Stamoulis, 

2011) 

This new approach can assist in rehabilitating wells once thought destined only 

for replacement.  Post-perforation greatly extends the life of LFG extraction wells and 

increases capture and flow of LFG almost instantaneously.  Post-perforation of LFG 

extraction wells provides a key additional method to enhance rehabilitation of extraction 

wells, extending their lives and production of LFG. The positive effects include: 

maintaining compliance, decreasing operational costs, and increasing the capture of 

landfill gas over time. 

 

Preliminary Test of Post-Perforation Technology 

I conducted post-perforation testing on twenty-two extraction wells at three 

facilities. The three facilities were located in Texas. Two industry papers were 

subsequently generated from this testing, (Stamoulis et al., 2011), (Barber et al., 2011).  

These three examples were the first post-perforation field testing using the new 

technology. The results obtained were initially presented at waste industry conferences. 

Data and results are presented here to illustrate the relevance of the technology. The 

evaluation from each of the three facilities and from the landfill gas extraction wells 

compare averages for a period of three or four consecutive months prior to post-

perforation with results for three or four consecutive months after post-perforation. This 
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initial evaluation was rudimentary and limited to using simple averages. It was clear that 

an evaluation utilizing more sophisticated methods of statistical analysis was critical to 

proving the technology significance. This prompted the proposal and execution of this 

thesis.  

Application of post-perforation on facility 1. At Facility (site) 1, five LFG extraction 

wells were post-perforated, on average, approximately 16.4 feet in length and to depth 

ranging from approximately 20 feet below ground surface (ft. bgs) to approximately 36.5 

ft. bgs.  All five wells were post-perforated on the same day.  Results from average 

readings obtained from each well from a period of three consecutive months prior to post-

perforation were compared with results for three consecutive months after post-

perforation (Table 2 and Figure 4). 

 

Table 2. Site 1 Î well designation, measurement and change in flow (Stamoulis et al., 
2011). 
 

Well ID 
Measured flow         
pre-perforation 

(SCFM) 

Measured flow       
post-perforation 

(SCFM) 

Well 1 1.67 19.67 

Well 2 0.33 1.00 

Well 3 2.33 25 

Well 4 4.67 10.67 

Well 5 3.33 3.0 
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Figure 4. Test site 1 Î average flow pre- and post-perforation (Stamoulis et al., 2011). 
 

It is apparent in the Figure above that post-perforation at Facility (site) one 

successfully increased the volume of flow in (scfm) in four of the five wells treated with 

post-perforation. 

Application of post-perforation on facility 2. At the second facility, twelve locations were 

selected because they were low producing LFG extraction wells or were experiencing 

watered-in effects from entrained fluids. The twelve wells, on average, were post 

perforated approximately 15 feet in length and from a depth of approximately 20 feet 

below ground surface. All landfill gas extraction wells were post-perforated in the same 

day. 

Here, the readings from each landfill gas extraction well represent a period of four 

consecutive months prior to post-perforation compared with those for four consecutive 

months after post-perforation (Table 3). This method was utilized to normalize the data 

and allow for an evaluation over time rather than focusing on an abrupt or instantaneous 

change that might later prove atypical. 
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Table 3. Site 2 Î well designation, measurement and change in flow (Stamoulis et al., 
2011) 
 

Well ID 
Measured flow (pre-

perforation) 
(SCFM) 

Measured flow                
(post-perforation) 

(SCFM) 

Difference in pre- 
versus               

post-perforation 
(SCFM) 

Well 1 0.5 28.5 28.0 

Well 2 1.5 3.75 2.25 

Well 3 2.33 13.75 11.42 

Well 4 2.50 7.5 5.0 

Well 5 2.33 5 2.67 

Well 6 22 45 23 

Well 7 33.3 28.75 -4.55 

Well 8 2.5 32.25 29.75 

Well 9 6.5 37.25 30.75 

Well 10 71 85 14 

Well 11 3.33 3.75 0.42 

Well 12 9.75 6.25 -3.5 
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Figure 5. Test site 2 - average flow pre- and post-perforation (Stamoulis et al., 2011) 

 

Testing conducted at Test site 2 shows that the measured flow in (scfm) increased 

for ten of the twelve wells post-perforated during the application of the post-perforation.  

Six of the twelve wells showed an increase in measured flow from one to three times the 

pre-perforation readings.  Four of the twelve showed an increase from five to fifty-six 

times the pre-perforation readings (Figure 5).  Two wells showed a decrease in measured 

flow from pre- to post-perforation readings, Well 7 (33.3 scfm to 28.75 scfm) and Well 

12 (9.75 scfm to 6.25 scfm).   

Application of post-perforation on facility 3. At the third facility, five locations were 

selected because the LFG extraction wells had been vertically extended. The five wells, 

on average, were post perforated approximately ten feet in length and to a depth of 

approximately 20 feet below the surface. All were post-perforated on the same day. 

The readings from each landfill gas extraction well represent a period of three 

consecutive months prior to post-perforation; averages and differences are shown in Table 

4. 
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Table 4. Site 3 Î well designation, measurement and change in flow (Barber et al., 2011). 
 

 

 

 

 

 

 

 

 

 

Figure 6. Test site 3 Î average flow pre- and post-perforation (Barber et al., 2011).  

  

Figure 6 illustrates that post-perforation at this facility successfully increased the 

flow in three of the five wells. Extraction Well 2 exhibited the largest increase in flow 

volume with an increase of approximately 67%. Extraction Well-3 exhibited the least 
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successful results after post-perforation with a flow volume decrease of approximately 

59%.  Overall, for the five wells post-perforated, the volume of flow increased a net total 

of 30.0 standard cubic feet per minute (scfm).   

Continual improvement of methane gas capture is one of the most crucial issues 

facing the waste disposal industry. The trajectory of regulations are expected to increase 

and will stress capture efficiencies and emissions reductions from waste facilities. The 

preliminary studies at these three sites suggested that a larger sample size and stricter 

statistical analysis of the data would help the landfill operators to assess the effectiveness 

of post- perforation technology as a rehabilitation method to extend the life of a well and 

to increase the capture of landfill gas. 

 If demonstrated to be effective, the technology creates new methods and 

opportunities to capture gas before it is emitted into the atmosphere. This research was 

designed with these goals in mind.  
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Chapter II 

Research Methods and Design 

 

Historical data from Municipal Solid Waste Facilities that had undergone post-

perforation treatment were used in this analysis. To control for facility effects and the 

high variability among facilities and individual wells, it was determined that any facility 

with less than nine treatment wells would not be included in this analysis. Secondly, a 

determination was made to minimize variability by analyzing the data using the mean of 

mean values for the selected facilities and extraction wells. To test the hypothesis this 

analysis consisted of two components: a statistical and an environmental/energy analysis. 

To evaluate the statistical component of the analysis, three variables, methane 

(CH4), initial flow (scfm), and adjusted flow (scfm) were selected. The wells at each 

facility were categorized into three groups: Group 1- marginally producing wells that had 

undergone treatment or post-perforation: Group 2- marginally producing wells that did 

not receive treatment: and Group 3- fully functional fully operational wells. 

Mean values for all three variables were calculated from the sequence of readings 

(on a monthly basis) for the six months before treatment (pre-perforation) and the six 

months after treatment (post-perforation). Because the readings fluctuated erratically over 

time, these mean values gave better overall estimates of flows for each well before and 

after post-rgthqtcvkqp0""UvwfgpvÓu"V-Test were performed on the difference between pre 

and post-perforation mean values from all three groups, and standard errors of the 

grouped mean values were calculated. 
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Additionally, to determine the environmental and energy benefits component of 

this study, the EPA Landfill Methane Outreach Program (LMOP) landfill gas equivalent 

calculator was utilized. The facility mean flow (scfm) value was used to illustrate the 

possible environmental and energy benefits derived from the additional capture of 

methane CH4. Research protocol is presented in Figure 7. 
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Figure 7. Research protocol for testing the effectiveness of post-perforation on          
marginally producing and non-optimal extraction wells at Municipal Solid Waste 
Facilities.  
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Post-Perforation Technology 

Post-perforation, promising technology patented in the United States in 2011 

(Stamoulis, 2011), is achieved by lowering a tool into the inner annular space of an 

extraction well casing to a desired depth (Figure 8).  Once at that depth, the tool is 

hydraulically activated to generate new apertures (perforations) in a polymeric well 

casing, essentially creating a new screened interval.  

 

 
 

Figure 8. Post-perforation tool being lowered into an extraction well (Stamoulis et al., 
2011). 
 

The tool is transported to each extraction well using a track carrier unit under 

radio control. Because the hydraulics operate on biodegradable fluid, the post-perforation 

process, as designed, is environmentally safe. This post-perforation technology was 

applied to the marginally producing extraction wells in the present study. The treatment 
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vqqm"rnceg"cv"cnn"OUYHÓu"kp"ceeqtfcpeg"ykvj"J{ftqigqnqike"1Gpxktqpogpvcn"Vguvkpi"

standard operating procedures. The well casing and screen sections were composed of a 

8Ñ"qt":Ñ"fkcogvgt"RXE"qt"JFRG"ocvgtkcn0"Rquv-perforated selection consisted of wells: 1) 

that were non-optimal, or low producing, or 2) that were watered-in or flooded screen 

sections.  

The wells were perforated 180° degrees apart and at one inch spacing. The 

apertures were either 3/8 or 1/2 inches in diameter. The post-perforation interval varied 

from facility to facility. The number of extraction wells undergoing post-perforation at 

each facility varied (Figure 12 and Table 5).   

 

 
 

Figure 9. Image of the patented perforation tool (Stamoulis, 2011). 
 

To navigate deflections and deviations commonly experienced in extraction wells, 

the tool was specifically designed small (Figure 9). The size of perforation tools will vary 

with different diameter casings. 
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Figure 10. Example of 8 inch casing after perforation with 3/8 inch apertures (Stamoulis, 
2011). 
 

In undergoing post-perforation treatment, the integrity of the casing is maintained 

since the tool is specifically designed to create an aperture (perforation) but not crack or 

break the polymeric pipe (Figure 10). 
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Figure 11. Example of an extended extraction well. 
 

 After installation, a well casing often requires vertical extension (Figure 11) as 

waste is pushed up against it. The vertical extension process can be performed multiple 

times on an extraction well.  

 

Field Measurements 

Field measurements and parameter readings were obtained using a Landtec GEM 

2000 gas meter. This meter is considered the gold standard in the industry and is favored 

by most facilities with gas collection and control systems. It meets all regulatory 
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requirements for compliance reporting.  A detailed description of the operation and 

accuracy of the Landtec GEM 2000 gas meter can be accessed at the Landtec website: 

www.landtecna.com.  

Prior to each measurement event, the meter was calibrated in accordance with 

gcej"hceknkv{Óu"urgekhke"ukvg"icu"rncp"cpf"vjg"enkgpvuÓ"kpvgtpcn"uvcpfctf"qrgtcvkpi"

procedures. The manufacturer requires factory calibration twice each year and provides a 

certification. These semi-annual calibrations are a facility permit and a regulatory 

compliance requirement. The Landtec GEM 2000 is considered highly reliable, giving 

accurate measurement. The meter is capable of obtaining the following readings: Device 

ID, Date/Time, CH4, CO2, O2, Balance Gas, Initial Static Pressure, Adjusted Static 

Pressure, Initial Temperature, Adjusted Temperature, Initial Flow, Adjusted Flow, 

Barometric Pressure, and System Pressure/Available Vacuum. The field measurements 

for the nine facilities, and specifically the five analyzed in this thesis, were obtained 

either by a third party contractor or by a company representative of the facility owner. 

The historical data and database queries were conducted by the third party contractor or 

the company representative respectively. The post-perforations on all extraction wells 

were conducted by my company, Hydrogeologic/ Environmental Testing and by me each 

facilities. 

 

Selection of Facilities and Well Group Types 

Historical data were collected from nine facilities with extraction wells. These 

nine facilities are located along the southern Gulf Coast of the United States and contain 

849 wells in total. The number of post-perforated wells ranging from one to 19 treated 
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wells. The date of the application of post-perforation technology was known for each 

facility. Therefore, the data collection period was determined as starting with the date of 

post-perforation. The post-perforation technology at these facilities was conducted 

intermittently between February 2009 and April 2014. The historical database at these 

facilities yielded data from six months prior through six months after the treatment of 

post-perforation.  At the nine facilities, eighty extraction wells had been post-perforated.  

All facility-specific data was de-identified and facilities were subsequently 

numbered as 1 through 9. After facilities selection five were chosen for analyses. 

Facilities 1, 4, 5, 6, and 9 were used in this thesis. Table 5 summarizes the pertinent data 

from each facility, and the facilities used are in bold. 

 

Table 5. Facilities and post-perforation information. 

Facility 

Designation 

Number of 

Extraction 

Wells 

Number of Post-

perforated 

Extraction Wells 

Date of Post-

Perforation 

Data Collection 

Interval 

1 76 9 2/17/2010 9/2009 Î 8/2010 

2 75 4 8/19/2009 3/2009 Î 2/2010 

3 48 1 8/25/2009 3/2009 Î 2/2010 

4 135 19 4/13/2010 10/2009 Î 9/2010 

5 138 15 10/27/2011 5/2011 Î 4/2012 

6 95 9 7/21/2010 1/2010 Î 12/2011 

7 135 3 8/25/2009 3/2009 Î 2/2010 

8 98 5 8/31/2010 3/2010 Î 2/2011 

9 49 15 4/11/2014 10/2013 Î 10/2014 

 

 

Selection of Wells and Data to be Analyzed 

Data from each facility and at each extraction well were collected on, at 

minimum, a monthly basis. Each facility is required to maintain a database for the Gas 
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Control and Collection System. The measurements are collected for facility compliance 

and reporting.  

 

Data Collection Î Well Classification 

Prior to post-perforation at each facility, the site database was reviewed and all 

wells were classified into groups. The classification consisted of identification as either 

1) low flow producing wells, or 2) wells with a low concentration, by percentage of 

methane. If an extraction well had a methane percentage of less than 50% or if the flow 

(scfm) was less than or equal to 2, the well was classified as marginally producing and a 

candidate for post-perforation. 

At each facility, all wells were evaluated and classified by the client. 

Additionally, the client selected the extraction wells to receive post-perforation (Group 

1). The remaining wells were candidates for post-perforation but did not receive 

treatment. These extraction wells were classified as Group 2 and serve as control on the 

perforation treatment. The functional wells were classified as Group 3. From these five 

facilities, a total of four hundred and ninety-three extraction wells: 67 within Group 1, 

165 within Group 2 and 261 within Group 3, were identified.  Table 6 summarizes the 

evaluation criteria, well status, and group type along with function summary.  
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Table 6. Perforation analysis, group designation and function summary. 

Evaluation 

Criteria 

Extraction 

Well Status 

Group 

Type 

Option 

Function 

Hnqy"ø"4*ueho+ 
CH4 五 50% 

Candidate for 
rehabilitation 

1 
Treatment 

post-perforation 

Hnqy"ø"4*ueho+ 
CH4 五 50% 

Candidate for 
rehabilitation 

2 
Treatment 

no post-perforation 

Flow > 3 (scfm) 
Fully functional 
and operational 

3 
Non-treatment 

 

 

 

Removal of Incomplete Data 

        Prior to facility selection, each database and extraction well data set was evaluated 

for data completeness. The key criterion here was that each well was in place and 

functioning during the entire evaluation interval. If any of the following conditions 

existed, the extraction well was removed from the database. 

‚ An extraction well was not installed prior to post-perforation date. 

‚ A well was damaged and readings could not be obtained during the measurement 

interval. 

‚ An extraction well yielded no methane or flow readings more than six times 

during the year of data collection. 

A total of 116 extraction wells failed to meet the criterion and were removed from 

the database.  All 67 wells from the five selected facilities undergoing post-perforation 

survived and were measured during their respective measurement periods.  

All collection intervals were examined to ensure that the period was within a year 

time frame and no overlap of data existed. All data fields were examined to ensure that 

duplicate data points at well locations did not exist. If two readings at any extraction well 
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location were obtained on the same day, the higher flow value of the day was retained. If 

readings were taken on two consecutive days, the reading with the higher flow value was 

retained. If a methane CH4 reading was obtained and no flow measurements were 

recorded, a value of zero was inserted. 

 

 

Figure 12. Selection of five municipal solid waste facilities and determination of the 
number of wells in each group. 

 

From these nine facilities, five were selected for analysis based on the sample size 

of wells to be analyzed. Any facility with less than nine post-perforated extraction wells 

was not included in this analysis. As presented in Figure 12, five facilities were selected; 
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the other four facilities were not included in the analyses due to the facilities containing a 

low number of post-perforated wells. The low number of treatment wells would not yield 

a representative sample for analysis. A total of (493) extraction wells were analyzed in 

this study (Table 7).  Each extraction well was categorized into three groups. Group 1 

contained 67 extraction wells (13.6% of the total), group 2 contained 165 extraction wells 

(33.5% of the total) and group 3 contained 261 extraction wells (53.9% of the total).  

Table 7 depicts the number of wells in each group after facility selection.  

 

Table 7. Number of wells in each group after facility selection.  

Facility 
Group 

1 

Group 

2  

Group 

3 

Facility 

Total 

Facility 

% 

1 9 18 49 76 15.40% 

4 19 88 28 135 27.40% 

5 15 20 103 138 28.00% 

6 9 30 56 95 19.30% 

9 15 9 25 49 9.90% 

Total 67 165 261 493 100% 

 

 

To test the hypothesis, the analysis will evaluate if post-perforation methodology 

can assist in rehabilitating impaired methane extraction wells and if it can increase the 

capture of methane from a landfill facility.  
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Statistical Analysis 

Pre- and post-perforation mean values of each of the three variables were derived 

for each of the five selected facilities. For each extraction well, mean values for the 

variables CH4, Initial flow and adjusted flow for six months before the treatment period 

and for six months after were obtained. Once the mean values were calculated for each 

extraction well, the mean of means for CH4, initial flow (scfm) and adjusted flow (scfm) 

for each group were derived for the wells on Groups 1, 2 and 3 at each facility. An 

example of data from one facility used to calculate the mean values is presented in 

Appendix 2. 

A t-test analysis was conducted on the two population means (pre-perforation vs. 

post-perforation), for each of the three variables CH4, initial flow (scfm) and adjusted 

flow (scfm), for each of the three Groups. The test was used to examine whether the 

sample means are significantly different between the three types of wells. The on-line 

version of Vassar stats (www.vassarstats.net) was utilized to run the analysis for the t-

test. Along with the t-value, the confidence interval, degrees of freedom, p-value and 

standard error measures were calculated. Differences among the pre-perforation and the 

post-perforation mean along with the standard error multiplied by the 95% confidence 

interval were plotted to illustrate the data.  

 

Environmental and Energy Benefits from Gas Capture 

The Environmental Protection Agency (EPA) Landfill Methane Outreach 

Program (LMOP) has developed a calculator to evaluate the emission reduction and 

environmental and energy benefits for landfill gas-to-energy projects (U.S EPA, 2015).  

http://www.vassarstats.net/
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The calculator developed by LMOP illustrates estimated environmental and energy 

benefits from the capture of landfill gas by putting the results in palpable comparisons.  

The tool calculates the Direct Equivalent Emission Reduced (reduction of methane 

emitted directly from the landfill) and presents the results in MMTCO2E/year or Tons 

CH4/year. It also calculates the Avoided Equivalent Emissions Reduced (offset of carbon 

dioxide from avoiding the use of fossil fuels) and presents the results in MMTCO2E/year 

or Tons CO2 /year, and the Total Equivalent Emissions Reduced in MMTCO2E/year, and 

presents the results in Tons CH4 /year, or Tons CO2/ year. 

Introducing any flow (scfm) value into the EPA LMOP calculator, yields a value 

in tons of methane per year (Tons CH4/year), or tons of carbon dioxide per year (Tons 

CO2/year). The value of LFG and methane captured is then converted into electricity 

(energy).  The data for the five facilities used to generate the mean flow (scfm) values are 

presented in Appendix 3. 

 

Selection of Data to Illustrate Additional Methane Capture 

The data from Group 1, the treatment group from four of the five facilities were 

selected to demonstrate the environmental and energy benefits from additional methane 

capture; the mean value of the adjusted flow across all the measured wells was inputted 

into the EPA calculator.  Facility 6 did not produce a positive increase after post-

perforation and was not utilized for the demonstration. 

Nine extraction wells at Facility 1 underwent post-perforated on 2/17/2010. 

Nineteen wells at facility 4, received post-perforation treatment on 4/13/2010. Fifteen 

wells at facility 5 received post-perforation treatment on 10/27/2011. Fifteen wells at 
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facility 9 received post-perforation treatment on 4/11/2014. For all these wells at all four 

facilities, data on adjusted flow for the six-month period prior to post-perforation and for 

the period six months after the post-perforation period were collected and averaged over 

the period.  

 Once the facilities were selected, the mean difference of the adjusted flow (scfm) 

values from each facility was inserted into the EPA-LMOP, the gas-calculator.  The 

Environmental Protection Agency, Landfill Methane Outreach Program, landfill gas 

calculator calculations and references are presented in Appendix 1. A copy of the 

program can be found at (www.epa.gov/lmop).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.epa.gov/lmop
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Chapter III 

Results 

  

Examples of the data for successive measures of the three variables methane 

(CH4), initial flow (scfm) and adjusted flow (scfm) are shown in Appendix 2. Statistical 

analysis was performed after first representing each well by its mean values for these 

repeated measures before and after the data of post-perforation for Group 1 at each 

facility. These mean values for each well are shown in Appendix 3. 

 

Mean Statistics 

The mean values for methane (CH4), initial flow (scfm) and adjusted flow (scfm) 

for each pre- and post- perforated interval across all extraction well of each group at the 

five facilities are shown in Tables 8 a-e. These tables summarize the means calculated in 

Appendix 3.  
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Table 8a. Summary of mean values for pre- vs. post-perforation including all groups at 
Facility 1. 
 

Facility 

1  

Group 1 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 51.9 8.5 8.9 54.9 20.8 22.8 

Facility 

1  

Group 2 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 51.6 10.2 11.3 52.6 18.4 19.2 

Facility 

1  

Group 3 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 51.6 18.8 18.8 52.3 31.5 33.1 

 
(n= 9 for Group 1, n= 18 for Group 2, n= 49 for Group 3). Mean values  
are % methane (CH4), and (scfm) for initial and adjusted flow. 
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Table 8b. Summary of mean values for pre- vs. post-perforation including all groups at 
Facility 4.  
 

Facility 

4  

Group 1 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 48.0 12.3 15.0 51.8 16.9 23.3 

Facility 

4  

Group 2 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 49.8 3.0 4.2 51.4 10.2 14.8 

Facility 

4  

Group 3 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 53.1 23.9 28.5 53.1 23.0 31.2 

 
(n= 19 for Group 1, n= 88 for Group 2, n= 28 for Group 3). Mean values 
are % methane (CH4), and (scfm) for initial and adjusted flow. 
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Table 8c. Summary of mean values for pre- vs. post-perforation including all groups at 
Facility 5.  
 

 
(n= 15 for Group 1, n= 20 for Group 2, n= 103 for Group 3). Mean values 
are % methane (CH4), and (scfm) for initial and adjusted flow. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Facility 5  

Group 1 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 52.1 22.5 22.3 52.9 29.1 30.3 

Facility 5  

Group 2 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 41.6 10.6 11.2 45.7 7.9 8.7 

Facility 5  

Group 3 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 48.2 22.6 22.2 50.0 18.8 19.3 
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Table 8d. Summary of mean values for pre- vs. post-perforation including all groups at 
Facility 6. 
 

Facility 6  

Group 1 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 54.9 3.4 3.6 53.4 3.1 3.1 

Facility 6  

Group 2 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 55.0 4.5 4.9 53.2 6.1 5.5 

Facility 6  

Group 3 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 55.1 9.6 10.0 55.3 9.1 8.6 

 
(n= 9 for Group 1, n= 30 for Group 2, n= 56 for Group 3). Mean values 
are % methane (CH4), and (scfm) for initial and adjusted flow. 
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Table 8e. Summary of mean values for pre- vs. post-perforation including all groups at 
Facility 9.  
 

Facility 9  

Group 1 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 54.1 37.7 34.1 51.9 72.4 71.3 

Facility 9  

Group 2 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 46.5 36.0 36.4 45.5 64.7 66.9 

Facility 9  

Group 3 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

Mean 44.6 45.8 44.8 44.7 43.0 46.7 

 
(n= 15 for Group 1, n= 9 for Group 2, n= 25 for Group 3). Mean values 
are % methane (CH4), and (scfm) for initial and adjusted flow. 
 
 
 Table 9 summarizes these mean values from Tables 8 a-e by group type, and 

shows the overall means across the five facilities. The hypothesis examined with these 

data is that post-perforation increases well performance, so mean values are expected to 

increase from the pre- to the post-perforation.  

 The data indicate the mean value for CH4 did not change in any of the three 

groups during the post-perforation period. The largest net change exhibited was in group 

1, the treatment group, with an increase of (1.01) % methane (52.2% vs 53.0%). 

However, these values are very close and non-significant as indicated by the variation in 

repeated measures for each well (Appendix 3) and by noting that mean values at three 

facilities declined while two increased from the pre- to post-perforation period. Not 
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surprisingly, this result is similar for Group 2 and Group 3 wells. Therefore, the % 

methane in the gas flow at any well was not altered by perforation of group 1 wells at any 

of the facilities.  

 However, the mean values for initial and adjusted flow exhibited a large increase 

in group 1, from 16.9 to 28.5 and from 16.8 to 30.1 (scfm), respectively, increases of 

68.6% and 79.1% respectively (Table 9).  

 The mean values for all extraction wells in group 2 and group 3 also increased 

from the pre-to the post perforation period. For group 2, initial and adjusted flow 

increased from 12.9 to 21.5 and from 13.6 to 23.0 (scfm), respectively, increases of 

66.6% and 69.1% respectively. For group 3, initial and adjusted flow increased from 24.1 

to 25.1 and from 24.8 to 27.8 (scfm), respectively, increases of 4.1% and 12.0% 

respectively.  
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Table 9. Mean values across the five facilities for all well groups. Group 1 data are at the 
top, Group 2 in the middle and Group 3 the bottom set of data.  
  

All Sites 

Pre-Perforation Post-Perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

G
R

O
U

P
 1

 Facility 1 51.9 8.5 8.9 54.9 20.8 22.8 

Facility 4 48.0 12.3 15.0 51.8 16.9 23.3 

Facility 5 52.1 22.5 22.3 52.9 29.1 30.3 

Facility 6 54.9 3.4 3.6 53.4 3.1 3.1 

Facility 9 54.1 37.7 34.1 51.9 72.4 71.3 

Mean 52.2 16.9 16.8 53.0 28.5 30.1 

G
R

O
U

P
 2

 Facility 1 51.6 10.2 11.3 52.6 18.4 19.2 

Facility 4 49.8 3.0 4.2 51.4 10.2 14.8 

Facility 5 41.6 10.6 11.2 45.7 7.9 8.7 

Facility 6 55.0 4.5 4.9 53.2 6.1 5.5 

Facility 9 46.5 36.0 36.4 45.5 64.7 66.9 

Mean 48.9 12.9 13.6 49.7 21.5 23.0 

G
R

O
U

P
 3

 Facility 1 51.6 18.8 18.8 52.3 31.5 33.1 

Facility 4 53.1 23.9 28.5 53.1 23.0 31.2 

Facility 5 48.2 22.6 22.2 50.0 18.8 19.3 

Facility 6 55.1 9.6 10.0 55.3 9.1 8.6 

Facility 9 44.6 45.8 44.8 44.7 43.0 46.7 

Mean 50.5 24.1 24.8 51.1 25.1 27.8 

 
(n= 67 for Group 1, n= 165 for Group 2, n= 261 for Group 3). Mean values are 
 % methane (CH4), and (scfm) for initial and adjusted flow. 
 

 

Statistical Tests of Post-Perforation Effectiveness 

T-tests were conducted to assess whether the means of the post versus pre -

perforation were statistically different from each other. The means from the post-

perforation versus the pre-perforation period for each parameter methane (CH4), initial 

flow (scfm) and adjusted flow (scfm) were evaluated for each group within each facility. 

A two sample t-test for correlated samples was utilized to compensate for the unequal 
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variance between sample sets. This utilized a blocked design whereby the test utilizes the 

mean difference for each well for the statistical test. 

Tables 10a-e present the mean differences in gas flow parameters for the post- 

versus the pre-perforation rgtkqfÓu at all five facilities.  Statistically significant p-values 

are in bold font in the tables for easy identification. Facilities 1 and 4 showed large and 

significant increases in all three parameters for groups 1 and 2, but not for group 3 (Table 

10a and b). Facility 9 (Table 10e) had significant increases in the two flow parameters but 

not for CH4. Facility 5 (Table 10c) shows large, but not significant (p=.12 and p=.07) 

increases in the two flow parameters for group 1, no significant change in mean flow for 

group 2, and small negative significant changes in flow for group 3 wells.  In this case the 

large sample (n=122) accounted for significance even though the size of the change is 

relatively small. Facility 6 (Table 10d) was the lone site where Group 1 flow values did 

not change, similarly for Group 2 and 3.  

 
Table 10a. T-test results for Facility 1 of mean differences in gas parameters in  
post- vs. pre-perforation periods. 
 

Facility 1 Mean Post -Mean Pre t df 
P one-

tailed 

Group 1 

CH4 2.9 1.74 8 0.060 

Initial Flow 12.2 2.07 8 0.036 

Adjusted Flow 13.8 2.06 8 0.036 

  

Group 2 

CH4 0.9 0.55 17 0.294 

Initial Flow 8.2 3.42 17 0.001 

Adjusted Flow 7.9 3.41 17 0.001 

  

Group 3 

CH4 0.7857 1.93 48 0.029 

Initial Flow 12.7571 6.03 48 <.0001 

Adjusted Flow 14.2102 6.01 48 <.0001 
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Table 10b. T-test results for Facility 4 of mean differences in gas parameters in  
post- vs. pre-perforation periods. 
 

Facility 4 Mean Post -Mean Pre t df P one-tailed 

Group 1 

CH4 3.8 3.26 18 0.002 

Initial Flow 4.6 2.18 18 0.021 

Adjusted Flow 8.2 3.76 18 0.000 

  

Group 2 

CH4 1.5 2.04 87 0.022 

Initial Flow 7.1 7.21 87 <.0001 

Adjusted Flow 10.5 9.87 87 <.0001 

  

Group3 

CH4 -0.0 -0.03 27 0.488 

Initial Flow -0.8 -0.36 27 0.360 

Adjusted Flow 2.7 1.02 27 0.158 

 

Table 10c. T-test results for Facility 5 of mean differences in gas parameters in  
post- vs. pre-perforation periods. 
 

Facility 5 Mean Post -Mean Pre t df 
P one-

tailed 

Group 1 

CH4 0.8 0.59 14 0.282 

Initial Flow 6.5 1.24 14 0.117 

Adjusted Flow 8.0 1.58 14 0.068 

  

Group 2 

CH4 4.1 2.72 19 0.006 

Initial Flow -2.7 -1.34 19 0.098 

Adjusted Flow -2.4 -1.06 19 0.151 

  

Group 3 

CH4 1.8 3.39 102 0.000 

Initial Flow -3.7 -2.88 102 0.002 

Adjusted Flow -2.9 -2.11 102 0.018 

 

 

 
 
 
 



 

59 

 

Table 10d. T-test results for Facility 6 of mean differences in gas parameters in  
post- vs. pre-perforation periods. 
 

Facility 6 Mean Post -Mean Pre t df 
P one-

tailed 

Group 1 

CH4 -1.5 -0.59 8 0.285 

Initial Flow -0.2 -0.19 8 0.427 

Adjusted Flow -0.5 -0.42 8 0.342 

  

Group 2 

CH4 -1.8 -1.95 29 0.030 

Initial Flow 1.6 1.72 29 0.048 

Adjusted Flow 0.6 0.61 29 0.273 

  

Group 3 

CH4 0.2 0.44 55 0.330 

Initial Flow -0.4 -0.89 55 0.188 

Adjusted Flow -1.3 -2.43 55 0.009 

 

 
Table 10e. T-test results for Facility 9 of mean differences in gas parameters in  
post- vs. pre-perforation periods. 
 

Facility  9 Mean Post -Mean Pre t df 
P one-

tailed 

Group 1 

CH4 -2.1 -0.93 14 0.184 

Initial Flow 14.2 1.85 14 0.042 

Adjusted Flow 37.2 2.53 14 0.012 

  

Group 2 

CH4 -0.9 -0.95 8 0.184 

Initial Flow 28.7 2.11 8 0.033 

Adjusted Flow 30.4 2 8 0.040 

  

Group 3 

CH4 0.0 0.03 24 0.488 

Initial Flow -2.8 -0.43 24 0.335 

Adjusted Flow 1.9 0.27 24 0.394 
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To summarize for group 1, the study treatment group, three facilities exhibited 

statistical significance (p< 0.05) for the initial flow and adjusted flow (and another large, 

nearly significant increases), whereas only one facility showed significant increases in 

methane. For group 2, three facilities exhibited significance increases for methane (CH4), 

four for initial flow and three for adjusted flow. For group 3, two facilities exhibited 

statistically significance increases for methane (CH4), and, initial flow and three for 

adjusted flow. There were a few negative mean values, but only one statistically 

significant Î a slight decline in adjusted flow for Group 3 wells at facility 6.  

In summary, these results support the hypothesis that post-perforation of poorly 

performing wells, enhances flow rates not only for those wells post-perforated, but for 

those in the same field that are unperforated. The responses are large and significant 

across four of the facilities, but post-perforation had no demonstrable effects on Facility 6 

wells. 

As a final summary of the effects of post-perforation, the data from all facilities 

were compiled across all the wells in the three groups (Table 11). Note that these samples 

are not strictly independent given that there is seemingly an effect of facility as discussed 

above. With that caveat, the results emphasizes the large positive effect of perforation of 

Group 1 wells on the two flow parameters on both Group 1 and similarly low performing 

Group 2 wells, but not on the already high performing Group 3 wells.  
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Table 11.  T-test results for all five Facilities of mean differences in gas parameters in  
post- vs. pre-perforation periods. 
 

All Five Facilities Mean Post -Mean Pre t df P one-tailed 

Group 1 

CH4 0.9 1.16 66 0.125 

Initial Flow 12.1 3.05 66 0.001 

Adjusted Flow 14.2 3.66 66 0.000 

  

Group 2 

CH4 1.0 1.98 164 0.024 

Initial Flow 6.2 5.76 164 <.0001 

Adjusted Flow 7.9 6.64 164 <.0001 

  

Group3 

CH4 0.9 2.95 260 0.001 

Initial Flow 0.4 0.46 260 0.322 

Adjusted Flow 1.7 1.58 260 0.057 

 

 

Standard Errors and Confidence Intervals 

The standard error for each mean value (S.E.) was calculated for each variable 

(CH4, initial flow and adjusted flow), for each group and each facility separately for the 

pre-perforation and post-perforation interval (Tables 12a-c). Additionally, a 95% 

confidence interval was calculated by multiplying the (S.E.) value by 1.96. 
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Table 12a.  Methane (CH4), initial flow (scfm), adjusted flow (scfm), mean values, 
standard errors (S.E.) and 95% confidence intervals for Group 1 for all five facilities. 
 

 
 

 
Table 12b. Methane (CH4), initial flow (scfm), adjusted flow (scfm), mean values, 
standard errors (S.E.) and 95% confidence intervals for Group 2 for all five facilities. 
 

 
 

 

Mean      

PRE
S.E. 95% C.I.

Mean      

POST
S.E. 95% C.I.

Facility 1 51.9 0.81 1.6 54.9 1.26 2.5

Facility 4 48.0 1.93 3.8 51.8 1.17 2.3

Facility 5 52.1 1.17 2.3 52.9 0.80 1.6

Facility 6 54.9 0.95 1.9 53.4 1.93 3.8

Facility 9 54.1 1.63 3.2 51.9 1.64 3.2

Facility 1 8.5 3.02 5.9 20.8 8.05 15.8

Facility 4 12.3 3.47 6.8 16.9 2.84 5.6

Facility 5 22.5 6.21 12.2 29.1 7.16 14.0

Facility 6 3.4 1.10 2.2 3.1 0.27 0.5

Facility 9 37.7 8.14 16.0 72.4 16.80 32.9

Facility 1 8.9 3.03 5.9 22.8 8.76 17.2

Facility 4 15.0 3.48 6.8 23.3 3.47 6.8

Facility 5 22.3 6.28 12.3 30.3 7.17 14.0

Facility 6 3.6 1.18 2.3 3.1 0.36 0.7

Facility 9 34.1 8.27 16.2 71.3 16.53 32.4

GROUP 1

Facilities

C
H

4
I-

F
L

O
W

A
D

J
U

S
T

E
D

 

F
L

O
W

Mean      

PRE
S.E. 95% C.I.

Mean     

POST
S.E. 95% C.I.

Facility 1 51.6 0.69 1.4 52.6 1.77 3.5

Facility 4 49.8 0.85 1.7 51.4 0.68 1.3

Facility 5 41.6 2.60 5.1 45.7 2.07 4.1

Facility 6 55.0 0.74 1.5 53.2 0.97 1.9

Facility 9 46.5 6.97 13.7 45.5 7.79 15.3

Facility 1 10.2 1.37 2.7 18.4 2.83 5.6

Facility 4 3.0 0.60 1.2 10.2 0.93 1.8

Facility 5 10.6 3.48 6.8 7.9 1.84 3.6

Facility 6 4.5 0.74 1.4 6.1 0.84 1.6

Facility 9 36.0 10.22 20.0 64.7 15.77 30.9

Facility 1 11.3 1.61 3.2 19.2 2.86 5.6

Facility 4 4.2 0.80 1.6 14.8 1.13 2.2

Facility 5 11.2 3.68 7.2 8.7 1.86 3.7

Facility 6 4.9 0.81 1.6 5.5 0.82 1.6

Facility 9 36.4 10.29 20.2 66.9 17.68 34.7

GROUP 2

Facilities

C
H

4
I-

F
L

O
W

A
D

J
U

S
T

E
D

 

F
L

O
W
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Table 12c. Methane (CH4), initial flow (scfm), adjusted flow (scfm), mean values, 
standard errors (S.E.) and 95% confidence intervals for Group 3 for all five facilities. 
 

 
 

 

Graphic Representation of Post-Perforation Effects 

The differences in mean values for the pre-and post-perforation periods for each 

parameter are shown as histograms in Figures 13a-c, 14 a-c and 15a-c. 

For Group 1, three facilities (1, 4 and 5) exhibited an increase in CH4 (Fig. 13a). 

Additionally, four facilities (1, 4, 5 and 9) exhibited large mean value increases for initial 

and adjusted flow (Fig. 13b and 13c). 

 

 

Mean      

PRE
S.E. 95% C.I.

Mean      

POST
S.E. 95% C.I.

Facility 1 51.6 0.69 1.4 52.6 1.77 3.5

Facility 4 49.8 0.85 1.7 51.4 0.68 1.3

Facility 5 41.6 2.60 5.1 45.7 2.07 4.1

Facility 6 55.0 0.74 1.5 53.2 0.97 1.9

Facility 9 46.5 6.97 13.7 45.5 7.79 15.3

Facility 1 10.2 1.37 2.7 18.4 2.83 5.6

Facility 4 3.0 0.60 1.2 10.2 0.93 1.8

Facility 5 10.6 3.48 6.8 7.9 1.84 3.6

Facility 6 4.5 0.74 1.4 6.1 0.84 1.6

Facility 9 36.0 10.22 20.0 64.7 15.77 30.9

Facility 1 11.3 1.61 3.2 19.2 2.86 5.6

Facility 4 4.2 0.80 1.6 14.8 1.13 2.2

Facility 5 11.2 3.68 7.2 8.7 1.86 3.7

Facility 6 4.9 0.81 1.6 5.5 0.82 1.6

Facility 9 36.4 10.29 20.2 66.9 17.68 34.7
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Figure 13a. Group 1 differences in mean values (S.E.) for pre- versus post-perforation for 
% methane (CH4). 
 
 
 
 

 

Figure 13b. Group 1 differences in mean values (S.E.) for pre- versus post-perforation for 
initial flow (scfm). 
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Figure 13c. Group 1 differences in mean values (S.E.) for pre- versus post-perforation for 
adjusted flow (scfm). 
 
 
 For Group 2, three facilities (1, 4 and 5) exhibited a small mean value increase in 

CH4 after the post-perforation period (Fig 14a). Facilities 1, 4, 6 and 9 exhibited a mean 

value increase in initial and adjusted flow (Fig 14b and 14c). 
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Figure 14a. Group 2 differences in mean values (S.E.) for pre- versus post-perforation for 
% methane (CH4). 
 

 

 
 
Figure 14b. Group 2 differences in mean values (S.E.) for pre- versus post-perforation for 
initial flow (scfm). 
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Figure 14c Group 2 differences in mean values (S.E.) for pre- versus post-perforation for 
adjusted flow (scfm). 
 
 
 

For Group 3, three facilities (1, 5 and 6) exhibited a slight increase in CH4 after 

the post-perforation period (Fig 15a). Facility 1 exhibited an increase in mean initial flow 

(Fig. 15b), and two facilities (1 and 4) exhibited increases in mean adjusted flow (Fig. 

15c).   
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Figure 15a. Group 3 differences in mean values (S.E.) for pre- versus post-perforation for 
% methane (CH4).  
 

 

 

Figure 15b. Group 3 differences in mean values (S.E.) for pre- versus post-perforation for 
initial flow (scfm). 
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Figure 15c. Group 3 differences in mean values (S.E.) for pre- versus post-perforation for 
adjusted flow (scfm). 
 
 
 

EPA Î LMOP-Landfill Gas Calculator 

 Four of the five facilities were selected to highlight the environmental and energy 

benefits from increased CH4 capture after post-perforation treatment. Facilities 1, 4, 5, 

and 9 were selected for this demonstration of benefits. From these four facilities, 58 

treatment wells were able to increase the capture of an additional 960 scfm of methane. 

 

Additional Flow Capture at Facility 1 

Facility 1 contained 76 extraction wells. Forty-nine of these wells or (65%) were 

fully functional and produce large quantities of gas used for gas to energy production.  

Eigjvggp"qt"*45'+"qh"vjg"hceknkv{Óu"gzvtcevkqp"ygnnu"ogv"vjg"etkvgtka for post-perforation, 

and 9 or (12%) of the overall extraction wells were post- perforated at this facility on 

February 17, 2010.  The post-perforation yielded an increase for 5 of the 9 wells over 

this study period. Table 13 uwooctk|gu"vjg"fcvc"hqt"vjg"fkhhgtgpeg"kp"ukz"oqpvjÓu"ogcp"
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flow (scfm) from extraction wells at Facility 1; Figure 16 displays these changes for each 

well. 

 

Table 13. Difference in six months average flow (scfm) from extraction wells at Facility 
1. Extraction wells were perforated on 2/17/2010. Measurement interval for facility 1 was 
conducted from 9/2009 through 8/2010. 
 

Facility 1 

Perforation 

Mean 

difference 
Pre Post 

Adjusted 

flow (mean) 

Adjusted 

flow (mean) 

EW-4 3.80 2.80 -1.00 

EW-8 4.70 10.30 5.60 

EW-17 3.00 22.80 19.80 

EW-20 3.70 3.50 -0.20 

EW-24 25.80 41.20 15.40 

EW-36 3.80 35.30 31.50 

EW-43 23.50 81.20 57.70 

EW-45 3.70 2.80 -0.90 

EW-47 8.30 5.30 -3.00 

Total 80.30 205.20 124.90 
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Figure 16.  Average flow (scfm) pre- versus post-perforation at Facility 1. 

 

Differences between the two values for each well (Fig. 16) were averaged to yield 

an overall average increase flow of 125 scfm (Table 13). This additional flow (scfm) was 

inputted into the Emissions Reduction and Environmental and Energy Benefits, for 

landfill gas energy projects calculator (U.S. EPA, 2015) below. 
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Figure 17.  Landfill gas energy calculator, net CH4 increase of 125 (scfm) from Facility 1. 

 

Even so small an amount of methane capture as 125 scfm, can create substantial 

benefits to the environment. Both direct equivalent and avoided equivalent emissions 

reduce methane emitted from a facility and offset carbon dioxide from avoiding the use 

of fossil fuels.  For this facility, the increase over a one-year period would directly reduce 

emissions by 0.0158 MMTCO2E/yr or 695 tons CH4/yr. Additionally, the offset from 

avoiding fossil fuels to provide this energy would be 0.0016 MMTCO2E/yr or 1,715 tons 

CO2/yr.  

These combined reductions and avoided values mean more when put in tangible 

comparative examples. The total equivalent emissions reduced would be equivalent to 

any one of the following: 

‚ Carbon sequestered from 14,191 acres of U.S. forest in one year, 

‚ CO2 emissions from 40,264 barrels of oil consumed, or 

‚ CO2 emissions from 1,948,169 gallons of gasoline consumed. 
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The energy benefit from capturing an additional 125 scfm of methane could heat 

654"jqogu"hqt"c"{gctÓu"reriod. 

 

Additional Flow Capture at Facility 4 

Facility 4 contained 135 extraction wells. Twenty-eight of these wells or (21%) 

were fully functional and produce large quantities of gas used for gas to energy 

production.  Eighty-eight *87'+"qh"vjg"hceknkv{Óu extraction wells met the criteria for post-

perforation, and 19 (14%) of the overall extraction wells were post- perforated at this 

facility on April 14, 2010.  The post-perforation yielded a change or increase for 16 of 

the 19 wells over this study period. Table 14 summarizes the data for the differences in 

vjg"ukz"oqpvjÓu"ogcp"cflwuvgf"hnqy"*ueho+"htqo"gzvtcevkqp"ygnnu"cv"hceknkv{"6: Figure 18 

displays these changes for each well. 
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Table 14. Difference in cumulative flow (scfm) for a six months period before/after post-
perforation on extraction wells at Facility 4. Extraction wells were perforated on 
4/13/2010. Measurement interval for Facility 4 was conducted from 10/2009 through 
9/2010. 
 

Facility 4 

Perforation 

Mean 

difference 
Pre Post 

Adjusted 

flow (mean) 

Adjusted 

flow (mean) 

EW-251 23.70 46.80 23.10 

EW-261 0.70 8.20 7.50 

EW-265 0.00 10.80 10.80 

EW-270 11.70 15.80 4.10 

EW-272 60.50 58.50 -2.00 

EW-273 12.50 24.30 11.80 

EW-284 18.50 15.50 -3.00 

EW-286 0.00 30.80 30.80 

EW-297 6.80 17.50 10.70 

EW-300 20.80 23.80 3.00 

EW-301 8.30 17.80 9.50 

EW-302 10.20 20.50 10.30 

EW-306 37.00 55.50 18.50 

EW-316 15.00 20.00 5.00 

EW-318 8.50 24.50 16.00 

EW-320 5.20 5.50 0.30 

EW-322 5.70 7.00 1.30 

EW-331 33.70 24.00 -9.70 

EW-341 6.30 15.00 8.70 

Total 285.10 441.80 156.70 

 

 

 



 

75 

 

 

Figure18.  Average flow (scfm) pre- versus post-perforation at Facility 4. 

 

Differences between the two values for each well (Fig. 18) were averaged to yield 

an overall average increase flow of 157 scfm (Table 14). This additional flow was 

inputted into the Emissions Reduction and Environmental and Energy Benefits, for 

landfill gas energy projects calculator (U.S. EPA, 2015) below. 

 

 
 

Figure 19.  Landfill gas energy calculator, net CH4 increase 157 (scfm) from Facility 4. 
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For this facility, the increase over a one-year period would directly reduce 

emissions by 0.0198 MMTCO2E/yr or 873 tons CH4/yr. Additionally, the offset from 

avoiding fossil fuels would be 0.0020 MMTCO2E/yr or 2,154 tons CO2/yr. The total 

equivalent emissions reduced would be equivalent to any one of the following: 

‚ Carbon sequestered from 17,824 acres of U.S. forest in one year, 

‚ CO2 emissions from 50,571 barrels of oil consumed, or 

‚ CO2 emissions from 2,446,900 gallons of gasoline consumed. 

The energy benefit from capturing an additional 157 (scfm) of methane could heat 

764"jqogu"hqt"c"{gctÓu"rgtkqf0 

 

Additional Flow Capture at Facility 5 

Facility 5 contained 138 extraction wells. One hundred and three or (75%) were 

fully functional and produce large quantities of gas used for gas to energy production.  

Twenty *36'+"qh"vjg"hceknkv{Óu"gzvtcevkqp"ygnnu"ogv"vjg"etkvgtkc"hqt"rquv-perforation, and 

15 (11%) of the overall extraction wells were post- perforated at this facility on October 

27, 2011. The post-perforation yielded a change or increase for 6 of the 15 wells over 

this study period. Table 15 uwooctk|gu"vjg"fcvc"hqt"vjg"fkhhgtgpegu"kp"vjg"ukz"oqpvjÓu"

mean adjusted flow (scfm) from extraction wells at Facility 5; Figure 20 displays these 

changes for each well. 
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Table 15. Difference in six- month average flow (scfm) from extracted wells at Facility 5. 
Extraction wells were perforated on 10/27/2011. Measurement interval for Facility 5 
ranged from 5/2011 through 4/2012. 
 

Facility 5 

Perforation 

Mean 

difference 
Pre Post 

Adjusted 

flow (mean) 

Adjusted 

flow (mean) 

EW-379 18.20 59.50 41.30 

EW-380 17.20 47.80 30.60 

EW-381 37.50 35.80 -1.70 

EW-382 26.00 11.80 -14.20 

EW-383 15.00 46.80 31.80 

EW-394 8.80 4.70 -4.10 

EW-395 8.20 7.20 -1.00 

EW-417 104.20 95.70 -8.50 

EW-418 22.00 26.20 4.20 

EW-456 15.50 8.70 -6.80 

EW-457 3.00 2.00 -1.00 

EW-513 16.00 63.70 47.70 

EW-539 15.30 12.30 -3.00 

EW-540 23.70 29.50 5.80 

EW-542 3.30 2.20 -1.10 

Total 333.90 453.90 120.00 
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Figure 20.  Average flow (scfm) pre- versus post-perforation at Facility 5. 

 

Differences between the two values for each well (Fig.20) were averaged to yield 

an overall average increase flow of 120 scfm (Table 15). This additional flow was 

inputted into the Emissions Reduction and Environmental and Energy Benefits, for 

landfill gas energy projects calculator (U.S. EPA, 2015) below. 

 

 
 

Figure 21.  Landfill gas energy calculator, net CH4 increase of 120 (scfm) from Facility 5. 
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For this facility, the increase over a one-year period would directly reduce 

emissions by 0.0151 MMTCO2E/yr or 667 tons CH4/yr., Additionally, the offset from 

avoiding fossil fuels to provide this energy would be 0.0015 MMTCO2E/yr or 1,646 tons 

CO2/yr. The total equivalent emissions reduced would be equivalent to any one of the 

following: 

‚ Carbon sequestered from 13,624 acres of U.S. forest in one year, 

‚ CO2 emissions from 38,653 barrels of oil consumed, or 

‚ CO2 emissions from 1,870,242 gallons of gasoline consumed. 

The energy benefit from capturing an additional 120 scfm of methane could heat 

636"jqogu"hqt"c"{gctÓu"rgtkqf0 

 

Additional Flow Capture at Facility 9 

Facility 9 contained 49 extraction wells. Twenty-five of these wells (51%) were 

fully functional and produce large quantities of gas used for gas to energy production. 

Nine *3:'+"qh"vjg"hceknkv{Óu"gzvtcevkqp"ygnnu"ogv"vjg"etkvgtkc"hor post-perforation, and 15 

(30%) of the overall extraction wells were post- perforated at this facility on April 11, 

2014.  The post-perforation yielded a change or increase for 12 of the 15 wells over 

this study period. Table 16 uwooctk|gu"vjg"fcvc"hqt"vjg"fkhhgtgpegu"kp"vjg"ukz"oqpvjÓu"

mean adjusted flow (scfm) from extraction wells at Facility 9; Figure 22 displays these 

changes for each well. 
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Table 16. Difference in six- month average flow (scfm) from extracted wells at Facility 9. 
Extraction wells were perforated on 4/11/2014. Measurement intervals for facility 9 were 
conducted from 10/2013 through 9/2014.  
 

Facility 9 

Perforation 

Mean 

difference 
Pre Post 

Adjusted 

flow (mean) 

Adjusted 

flow (mean) 

EW-898 25.80 79.30 53.50 

EW-899 26.70 58.80 32.10 

EW-900 29.30 32.80 3.50 

EW-906 46.50 103.50 57.00 

EW-909 5.80 219.70 213.90 

EW-912 35.20 28.00 -7.20 

EW-913 36.80 54.70 17.90 

EW-914 122.30 218.50 96.20 

EW-916 6.70 17.70 11.00 

EW-917 5.70 38.80 33.10 

EW-918 77.30 61.70 -15.60 

EW-919 13.20 24.30 11.10 

EW-925 9.30 53.30 44.00 

EW-938 13.20 28.80 15.60 

EW-939 57.50 49.80 -7.70 

Total 511.30 1069.70 558.40 
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Figure 22.  Average flow (scfm) pre- versus post-perforation at Facility 9. 

 

Differences between the two values for each well (Fig. 22) were averaged to yield 

an overall average increase flow 558 scfm (Table 16). This additional flow was inputted 

into the Emissions Reduction and Environmental and Energy Benefits, for landfill gas 

energy projects calculator (U.S.EPA, 2015). 
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Figure 23.  Landfill gas energy calculator, net CH4 increase of 558 (scfm) from Facility 9. 

 

For this facility, the increase over a one-year period would directly reduce 

emissions by 0.0703 MMTCO2E/yr or 3,101 tons CH4/yr., additionally, the offset from 

avoiding fossil fuels to provide this energy would be 0.0069 MMTCO2E/yr or 7,656 tons 

CO2/yr. The total equivalent emissions reduced would be equivalent to any one of the 

following: 

‚ Carbon sequestered from 63,350 acres of U.S. forest in one year, 

‚ CO2 emissions from 179,737 barrels of oil consumed, or 

‚ CO2 emissions from 8,696,626 gallons of gasoline consumed. 

The energy benefit from capturing an additional 558 scfm of methane could heat 

3.;49"jqogu"hqt"c"{gctÓu"period. 
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 Table 17 summarizes the total equivalent emissions reduced and the energy 

benefit from the additional mean capture of 960 scfm, from the four facilities in this 

study.  

 

Table 17. Environmental and energy benefits from the five study facilities. 

Facility 

Mean 

adjusted 

flow 

(scfm) 

Total equivalent emissions reduced 
Energy 

benefit 

MMTCO2 eq/Yr Tons CH4/Yr Tons CO2/Yr 
Home 

heating 

1 125 0.0173 695 1,715 432 

4 157 0.0217 873 2,154 542 

5 120 0.0166 667 1,646 414 

9 558 0.0773 3,101 7,656 1,927 

Total 960 0.1329 5,336 13,171 3,315 
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Chapter IV 

Discussion 

 

The release of methane from municipal solid waste facilities constitutes both a 

danger and an opportunity. Methane (CH4) is a potent greenhouse gas, and the third 

largest anthropogenic source currently contributing to the degradation of the atmosphere. 

The long-life and heat-trapping attributes of methane contribute to global warming.  

Many detrimental chemical processes are directly linked to methane emissions. For 

example, methane is a precursor of and persists with ozone (O3). The current climate 

forcing by CH4 is 26 times that of CO2 (calculated on a molar basis).  

 In the United States, 3,000 municipal solid waste facilities (MSWFs) dispose of 

approximately 250 million tons of waste per year. On a global scale, 1.3 billion tons of 

waste requiring disposal are generated annually. Each MSWF produces by-products. One 

of the main externalities is the production of methane through the decomposition of the 

organic fraction of the waste.  A remarkable fact is that 78% of the countries in the world 

have few environmental controls at their modern midden heaps. 

Much literature indicates that current municipal solid waste gas collection and 

control systems are often only marginally effective in the capture of methane (Hartwell, 

2011, U.S. EPA, 2011).  Reports show gas collection efficiencies varying from a low of 

36% to a high of 75%, although, some facilities report collections as high as 80 to 85%. 

In the study population on which the present work is based, at the five facilities 
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examined, fully functional wells were only 20% to 74% efficient. The data collected in 

this study appear quite consistent with cited collection efficiencies averages.  

Few methodologies have contributed much to an additional increase in methane 

(CH4) capture. According to the EPA (U.S. EPA, 2011), gas collection efficiencies can be 

increased by covering waste with highly plastic clay, installing a geomembrane, and by 

focusing on detection and leak repair. The post-perforation technology described in this 

study is an additional tool to expand the capture of methane. Capturing methane should 

be a global priority. Considering all the detrimental effects that anthropogenic methane 

causes, the need for improved technology is warranted. The reinforcement of research 

and development methods that enhance methane capture should be encouraged. 

This thesis set out to examine whether post-perforation technology was effective 

in rehabilitating marginally producing, non-optimal vertical extraction wells at typical 

landfill facilities. 

The results of the analyses demonstrated a statistical effect after post-perforation 

in the treatment group. The difference in mean values after post-perforation for group 1- 

the treatment group, indicated the largest increase for the initial flow and the adjusted 

flow. The mean initial flow increased from 16.9 to 28.5 (t = 3.05; p = 0.016; n=67), and 

the adjusted flow increased from 16.8 to 30.1 (t = 3.66; p = 0.002; n=67) (Table 9).  

Group 2 and Group 3 mean values also increased after the time of perforation of Group 1 

wells, but to a lesser extent in each variable (Table 11).  

Facilities 1, 4, 5 and 9 yielded an increase in average flow of 125, 157, 120 and 

558 scfm, after post-perforation in the treatment well (Table 17). In a six month period 

after post-perforation, the 67 wells in this study yielded an average increase of 960 scfm. 
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This represents an average flow increase of 14.0 scfm methane from each extraction well. 

The total equivalent emissions reduction from 960 scfm is equivalent to 0.1329 

MMTCO2E/year, or 5,336 tons CH4/year or 13,171 tons CO2/year. The energy benefits 

from this methane capture would heat 3,315 homes a year. 

This study provided a realistic view of capture, considering the percentage of 

post-perforated wells, the number of facilities and the rate of methane increase. The 

blocked research design that included large samples of all three types of wells at multiple 

facilities gives a clear statistical signal of the effectiveness of post-perforation 

technology.  

As presented in Tables 13 through Table 16, four facilities exhibited an increase 

of capture, an improvement considering the small percentage (13.6%) of wells post-

perforated versus total wells at each facility. This data supports the contention that post-

perforation provides a better than average success rate treating marginally-producing 

extraction wells.  

 

Uncontrollable Facility and System Inconsistencies 

The factor that contributed most to high fluctuation in the data fields is believed to 

be system pressure. Lack of consistent or constant system pressure appears to have 

caused all the percent methane, initial flow and adjusted flow measures to fluctuate 

erratically between successive measurements. The inability to control effects from system 

pressure created a challenging degree of variability.   

 All the post-perforated treatment wells survived the data collection period free 

from damage by Gulf Coast wind and rain or the inevitable mishaps attending human 



 

87 

 

effort in a physical world. The extraction wells in all three groups, however, experienced 

effects from flooded screen zones due to a rise in entrained fluids. Well measurements 

would indicate that fluid levels rose, in some cases, above the screen zones or the post-

perforation intervals in extraction wells at least in some wells at all facilities. Such 

entrained fluids are most likely the main cause of the poor performance exhibited at 

Facility 6. 

 

Future Considerations and Research 

With more than three thousand active landfills and waste generation at 250 

million tons per year, it appears that landfill as a disposal method will long continue in 

the United States. The EPA has reported that 646 facilities capture and utilize the 

methane that rises as a by-product, turning it to a renewable energy source. Many more 

facilities are capable of assisting in the control of this potent greenhouse gas and instead 

using it to generate renewable energy. Even at landfills with methane capture technology, 

much methane is lost to fugitive emission, as some extraction wells are not capturing gas 

at any given time. It is not difficult to conclude that, if capture mechanisms are not 

working, then methane is escaping.  

It would be unrealistic to believe that all wells at all facilities can be repaired. 

Some wells are not repairable, just as the installation of a new extraction well may not 

produce gas. Many wells are filled with entrained fluids after installation. Research on 

the development of methods to prevent entrained fluids from entering the waste body and 

flooding extraction wells is also a crucial issue. Where rainfall is higher, as on the Gulf 
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Coast, flooding caused by entrained fluids is a huge enemy of any extraction well and 

collection and control system.  

More research is required to analyze the statistical significance of increased 

production after post-perforation. Emphasis should fall on evaluating one facility and 

focus on the control of unexplained variables. New field techniques are required to 

further demonstrate and increase the effectiveness of the post-perforation technology.  

The many observations made during the methodology development, field testing and the 

writing of this thesis have provided useful questions and suggests inquiries into continued 

development. 

This study demonstrates the importance of landfill gas collection and capture 

efficiencies. The technology has created new opportunities to assist in methane gas 

capture. Research and development are required to advance further this technology. 

Rehabilitation in a few wells is still better than allowing unchecked emissions. Continued 

advance is the only option to increase capture efficiencies and minimize emissions in a 

world demanding fuel and threatened by climate change. 
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Appendix 1 

EPA-LMOP, LFGE Î Calculations and References 
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Appendix 2 

Examples Variation in Measurements from Individual Wells 

 

These data from Group 1, 2 and 3 wells from Facility 5 illustrate the temporal 

variation in data before and after post-perforation of Group 1 wells on 10/27/2011. 

 

     

FACILITY 5 

GROUP 

1 

GROUP 

2 

GROUP 

3 
TOTAL 

15 20 103 138 

     

GROUP 1 

Date Time 
Well 

Number 
CH4 

Initial 

Flow 

Adjusted 

Flow 

5/13/2011 9:32 EW-379 49.4 11 13 

6/15/2011 10:20   51.5 40 37 

7/25/2011 10:34   52.6 21 21 

8/2/2011 15:41   50.9 21 21 

9/8/2011 12:04   57.8 10 10 

10/26/2011 13:24   54.4 7 7 

11/2/2011 17:02   54.4 69 68 

12/2/2011 10:31   51.6 74 75 

1/5/2012 17:13   38.5 87 82 

2/3/2012 10:05   45.5 67 46 

3/9/2012 11:47   50.1 48 49 

4/5/2012 14:21   45.1 39 37 

          

5/12/2011 8:36 EW-380 52.6 22 18 

6/15/2011 13:34   54.6 20 18 

7/25/2011 10:43   54 14 13 

8/3/2011 14:40   56.1 18 15 

9/8/2011 12:08   58.1 23 22 

10/6/2011 10:08   54.5 17 17 

11/1/2011 16:20   54.7 85 88 
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12/2/2011 11:36   52.7 78 73 

1/5/2012 17:08   42.6 72 65 

2/3/2012 9:59   44.4 37 23 

3/21/2012 10:06   54.7 17 18 

4/11/2012 11:37   53.9 7 20 

          

5/12/2011 8:44 EW-381 52.5 51 49 

6/15/2011 10:16   53 42 43 

7/13/2011 16:42   56.2 38 38 

8/3/2011 14:47   55.7 33 34 

9/8/2011 12:22   57.8 32 33 

10/6/2011 10:10   54.4 27 28 

11/1/2011 16:12   51.2 24 32 

12/7/2011 8:58   56.6 52 57 

1/5/2012 15:58   56.1 25 39 

2/2/2012 15:21   54.7 34 38 

3/8/2012 14:28   54.3 26 25 

4/5/2012 10:29   54.7 24 24 

          

5/25/2011 11:01 EW-382 56.8 48 14 

6/20/2011 13:50   53.9 53 65 

7/13/2011 16:36   55.2 23 25 

8/3/2011 14:45   55.8 19 19 

9/8/2011 12:16   58 18 17 

10/6/2011 9:54   54.7 15 16 

11/1/2011 16:15   54.9 4 2 

12/2/2011 11:44   37.5 38 32 

1/5/2012 16:58   54.6 7 7 

2/3/2012 9:44   54.5 9 12 

3/8/2012 15:23   54.8 7 9 

4/5/2012 10:32   54 8 9 

          

5/25/2011 11:15 EW-383 58.4 50 12 

6/20/2011 14:24   56.2 23 48 

7/23/2011 12:14   58.3 0 0 

8/3/2011 16:49   55 0 0 

9/8/2011 12:13   58.4 15 17 

10/6/2011 9:57   56.4 8 13 

11/2/2011 17:06   54.7 51 53 

12/2/2011 11:38   53.1 83 80 

1/5/2012 17:03   42.5 80 36 
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2/3/2012 9:38   54.8 27 33 

3/21/2012 11:19   53.9 42 42 

    53 15 37 

          

     

GROUP 2 

Date Time 
Well 

Number 
CH4 

Initial 

Flow 

Adjusted 

Flow 

5/11/2011 10:42 EW-377 59.9 0 0 

6/3/2011 13:36   52.6 0 0 

7/16/2011 9:07   43.1 2 2 

8/3/2011 9:58   57.5 0 2 

9/7/2011 10:00   14 1 1 

10/5/2011 9:43   33.7 1 1 

11/1/2011 10:56   47.3 2 1 

12/21/2011 14:24   58.7 1 2 

1/5/2012 12:27   54 0 0 

2/1/2012 12:05   52.6 0 0 

3/9/2012 14:04   45.3 0 0 

4/4/2012 12:10   46.2 0 0 

          

5/13/2011 8:37 EW-414 51.9 2 2 

6/15/2011 8:53   49.4 5 5 

7/13/2011 10:52   42.1 1 1 

8/3/2011 13:24   39.2 0 1 

9/7/2011 12:46   28.5 0 2 

10/5/2011 12:03   1.4 1 1 

11/1/2011 15:39   49 3 3 

12/8/2011 11:57   31.2 0 4 

1/5/2012 15:36   0 1 1 

2/1/2012 13:41   35.9 0 0 

3/12/2012 13:17   35.5 0 1 

4/5/2012 15:04   18.5 0 0 

          

5/10/2011 14:24 EW-416 48 10 10 

6/15/2011 9:02   54.9 18 18 

7/11/2011 15:02   12.5 9 2 

8/3/2011 13:36   34.2 5 6 

9/7/2011 12:39   26.8 5 4 

10/5/2011 11:52   26.1 14 14 

11/1/2011 15:48   51.9 3 23 
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12/2/2011 10:18   22.4 37 27 

1/5/2012 15:02   22.4 6 5 

2/1/2012 13:29   55.3 3 6 

3/12/2012 13:32   39.4 5 5 

4/4/2012 10:37   53.1 5 19 

          

5/6/2011 9:29 EW-423 38.3 3 4 

6/14/2011 10:25   45.1 8 9 

7/11/2011 9:32   24.5 9 5 

8/3/2011 9:04   24.9 5 5 

9/7/2011 8:38   28.1 4 4 

10/5/2011 8:39   32.6 2 2 

11/1/2011 9:01   36.6 8 8 

12/1/2011 9:28   25.9 8 9 

1/5/2012 9:22   33.5 10 4 

2/1/2012 9:46   46.5 3 5 

3/3/2012 11:07   57.3 3 20 

4/12/2012 15:04   58.1 10 20 

          

5/13/2011 8:39 EW-426 16.6 4 4 

6/14/2011 10:16   14.8 20 24 

7/11/2011 8:29   3.6 15 6 

8/3/2011 9:29   12.9 7 7 

9/7/2011 9:01   15.3 7 7 

10/5/2011 9:01   12.5 2 2 

11/1/2011 10:09   10.6 2 3 

12/21/2011 13:19   15.7 1 8 

1/5/2012 10:46   20.4 9 4 

2/1/2012 10:22   23.1 4 1 

3/3/2012 11:39   28.5 0 4 

4/12/2012 14:56   27.3 6 5 

          

          

GROUP 3 

Date Time 
Well 

Number 
CH4 

Initial 

Flow 

Adjusted 

Flow 

5/11/2011 10:00 EW-361 45 78 77 

6/15/2011 14:10   48.5 87 85 

7/12/2011 19:34   46.4 87 85 

8/4/2011 11:02   54.8 63 63 

9/8/2011 14:50   55.9 116 118 
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10/6/2011 8:47   46.1 115 116 

11/2/2011 10:00   50 113 111 

12/1/2011 15:10   35.7 110 104 

1/6/2012 14:52   25.5 120 99 

2/4/2012 8:12   50.2 74 72 

3/12/2012 10:31   21.9 74 34 

4/10/2012 10:12   57.2 10 21 

          

5/11/2011 9:53 EW-363 32.4 24 22 

6/15/2011 14:16   34.9 13 15 

7/12/2011 19:11   10.2 60 31 

8/4/2011 10:57   34.8 0 7 

9/8/2011 14:48   37.1 0 0 

10/6/2011 8:44   18.6 6 6 

11/3/2011 9:08   19.3 10 10 

12/1/2011 15:06   8.4 2 5 

1/6/2012 14:48   3.5 5 4 

2/4/2012 8:17   26.5 4 3 

3/12/2012 10:37   3.2 2 5 

4/11/2012 11:54   57.8 15 23 

          

5/11/2011 9:43 EW-364 26.4 49 49 

6/15/2011 14:33   35.5 12 15 

7/12/2011 19:07   28.8 70 64 

8/4/2011 10:53   24.4 54 51 

9/8/2011 14:44   17.2 36 13 

10/6/2011 8:39   25.1 11 9 

11/2/2011 9:50   57.4 7 12 

12/1/2011 14:51   22.9 7 7 

1/6/2012 14:36   10.1 8 5 

2/4/2012 8:23   16.7 7 7 

3/12/2012 10:52   14.5 5 8 

4/10/2012 10:28   57.8 8 14 

          

5/11/2011 9:37 EW-365 51.1 82 81 

6/15/2011 13:52   54.3 89 88 

7/12/2011 18:54   54.8 86 85 

8/4/2011 10:47   55.9 74 74 

9/8/2011 14:38   57.6 96 113 

10/6/2011 8:34   58.1 115 120 

11/2/2011 9:44   59.5 117 119 
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12/5/2011 9:33   57.8 91 98 

1/6/2012 14:27   45.4 112 97 

2/4/2012 8:35   52.8 106 112 

3/12/2012 11:01   53.2 110 110 

4/10/2012 10:54   57.4 31 10 

          

5/11/2011 10:06 EW-366 53.9 18 18 

6/13/2011 8:18   37.5 4 3 

7/12/2011 20:08   58.2 16 13 

8/4/2011 11:07   55.9 11 8 

9/8/2011 14:56   59.1 11 11 

10/6/2011 8:54   54.5 10 9 

11/2/2011 10:09   55.8 9 11 

12/1/2011 15:19   56.9 9 8 

1/6/2012 15:40   52.2 10 8 

2/4/2012 8:06   55.6 9 9 

3/12/2012 11:12   52.3 5 6 

4/5/2012 14:28   52.6 6 5 
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Appendix 3 

Mean Values for All Facilities 

 

Facility 

1 

Group 1 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-4 51.7 2.7 3.8 53.1 2.7 2.8 

EW-8 51.9 6.7 4.7 55.2 10.2 10.3 

EW-17 47.0 3.2 3.0 56.3 21.0 22.8 

EW-20 52.3 3.7 3.7 58.2 3.5 3.5 

EW-24 53.5 24.7 25.8 57.9 37.8 41.2 

EW-36 54.8 2.8 3.8 46.3 28.0 35.3 

EW-43 49.4 23.7 23.5 56.6 75.7 81.2 

EW-45 53.0 2.0 3.7 53.0 2.8 2.8 

EW-47 53.8 7.5 8.3 57.7 5.2 5.3 

Mean 51.9 8.5 8.9 54.9 20.8 22.8 

       

Facility 

1  

Group 2 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-2 50.9 1.8 1.5 56.7 4.8 4.8 

EW-7 53.2 2.5 2.3 48.2 5.0 4.8 

EW-15 50.3 9.7 24.5 50.5 18.8 18.0 

EW-23 49.5 9.7 6.7 55.5 12.0 12.7 

EW-29 53.8 8.2 9.8 54.5 26.7 26.5 

EW-30 49.9 18.2 20.5 52.6 43.5 42.8 

EW-34 55.3 25.5 25.7 58.5 36.8 42.3 

EW-38 47.5 6.2 6.7 53.5 12.2 11.5 

EW-41 53.2 3.3 4.5 47.4 33.0 32.7 

EW-49 51.1 6.8 7.8 55.8 27.3 24.7 

EW-50 54.7 8.0 8.5 57.2 11.0 12.3 

EW-58 44.6 12.0 11.8 53.1 15.2 16.2 

EW-60 51.0 10.5 11.0 54.3 12.2 12.5 

EW-62 53.3 12.3 12.3 58.4 0.7 2.0 
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EW-64 53.9 10.0 11.2 56.1 11.3 11.3 

EW-74 55.5 8.8 9.3 54.7 19.8 20.3 

EW-75 48.5 12.2 12.2 25.1 10.7 18.3 

EW-79 53.9 17.2 17.5 54.5 30.7 32.3 

Mean 51.6 10.2 11.3 52.6 18.4 19.2 

       

Facility 

1  

Group 3 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-3 52.8 11.5 12.2 54.2 24.3 25.5 

EW-5 51.7 11.8 11.7 54.9 12.2 11.5 

EW-6 51.5 13.5 13.2 51.5 25.0 25.0 

EW-9 51.3 3.7 3.2 48.3 7.5 8.8 

EW-10 52.3 24.7 22.8 56.1 27.5 34.7 

EW-12 50.5 31.8 29.7 49.9 54.7 55.3 

EW-13 49.8 16.0 17.2 54.3 54.8 53.8 

EW-14 51.7 5.2 7.3 48.7 49.5 49.7 

EW-18 53.8 43.7 42.0 57.2 44.0 48.3 

EW-19 51.7 11.7 6.5 56.7 26.2 27.7 

EW-21 53.2 15.0 16.3 54.2 23.7 27.8 

EW-22 50.8 10.8 10.7 51.7 30.3 36.0 

EW-25 54.4 23.7 26.3 55.6 32.7 35.0 

EW-26 49.0 5.5 6.3 50.1 27.7 30.5 

EW-27 50.5 7.3 8.3 50.6 25.2 26.7 

EW-28 41.2 46.7 38.2 42.4 107.8 118.2 

EW-31 54.2 22.5 22.5 54.5 19.0 19.7 

EW-32 53.2 26.2 27.5 50.5 22.8 25.0 

EW-33 54.5 22.2 25.7 56.1 33.5 34.3 

EW-35 54.8 6.8 6.8 54.6 23.3 26.7 

EW-37 53.5 14.8 15.3 57.6 22.5 23.0 

EW-39 50.9 13.8 14.0 46.8 24.3 25.2 

EW-40 47.0 4.3 4.0 46.3 5.8 5.8 

EW-42 50.2 6.3 7.3 53.9 55.8 57.2 

EW-44 53.4 9.8 10.2 55.3 21.0 21.5 

EW-48 50.6 10.7 9.5 52.0 27.0 20.3 

EW-51 53.2 19.8 16.7 55.4 32.5 33.2 

EW-52 48.5 12.2 13.7 50.8 14.3 14.3 

EW-53 52.6 25.0 25.7 54.3 28.5 31.8 

EW-54 50.0 12.7 12.0 49.6 29.2 29.8 
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EW-55 51.4 13.7 14.2 44.3 11.5 10.2 

EW-56 51.5 27.7 30.0 51.4 41.0 45.0 

EW-57 53.6 12.5 14.2 54.8 27.0 26.0 

EW-59 53.4 12.0 13.3 57.8 20.8 18.8 

EW-61 49.0 10.2 7.0 54.2 12.0 12.8 

EW-63 53.2 6.8 7.2 55.4 12.0 12.7 

EW-65 54.9 16.2 15.3 56.1 44.2 44.2 

EW-66 53.4 36.2 27.5 55.9 83.2 86.3 

EW-67 53.6 14.8 15.2 54.5 36.8 38.7 

EW-68 54.6 12.3 11.2 57.7 19.5 21.5 

EW-69 49.8 39.7 37.0 47.5 38.3 41.5 

EW-70 43.7 29.3 33.2 44.8 41.0 35.8 

EW-71 53.8 10.8 17.5 54.8 31.8 34.7 

EW-73 50.2 9.5 8.8 41.6 17.3 21.5 

EW-76 53.0 17.8 18.7 57.3 19.2 19.2 

EW-77 45.6 6.7 7.2 42.6 11.5 11.0 

EW-78 52.8 2.3 5.7 52.0 12.8 13.0 

EW-80 53.4 118.3 122.3 53.2 104.8 113.0 

EW-81 52.8 33.0 35.3 55.0 27.3 31.7 

Mean 51.6 18.8 18.8 52.3 31.5 33.1 

       

Facility 

4  

Group 1 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-251 51.0 20.3 23.7 53.3 38.3 46.8 

EW-261 34.1 0.0 0.7 39.0 6.3 8.2 

EW-265 51.7 0.0 0.0 51.8 5.3 10.8 

EW-270 24.7 10.3 11.7 45.2 12.7 15.8 

EW-272 52.3 59.0 60.5 48.7 41.2 58.5 

EW-273 48.4 8.7 12.5 49.7 15.8 24.3 

EW-284 38.7 17.3 18.5 49.2 13.3 15.5 

EW-286 48.9 0.0 0.0 55.1 21.7 30.8 

EW-297 52.5 2.8 6.8 57.4 10.0 17.5 

EW-300 53.9 17.3 20.8 55.5 23.5 23.8 

EW-301 54.2 6.8 8.3 54.6 12.3 17.8 

EW-302 46.7 7.5 10.2 54.4 14.5 20.5 

EW-306 51.1 35.0 37.0 54.6 44.2 55.5 

EW-316 52.5 10.5 15.0 55.4 15.5 20.0 

EW-318 53.9 3.7 8.5 54.9 18.7 24.5 
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EW-320 54.4 2.8 5.2 55.6 3.5 5.5 

EW-322 54.7 1.0 5.7 54.9 4.2 7.0 

EW-331 52.2 28.8 33.7 53.9 16.3 24.0 

EW-341 35.7 0.8 6.3 41.5 2.8 15.0 

Mean 48.0 12.3 15.0 51.8 16.9 23.3 

       

Facility 

4  

Group 2 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-211 31.5 9.3 11.2 52.2 15.2 19.0 

EW-212 49.7 0.7 1.8 54.9 1.5 2.8 

EW-213 53.5 2.5 2.5 55.9 25.0 29.2 

EW-214 54.9 0.0 0.8 53.2 8.7 16.3 

EW-215 52.5 0.0 0.8 54.6 16.7 25.0 

EW-216 54.6 12.2 4.2 55.6 20.2 35.2 

EW-217 54.8 0.0 0.2 55.2 13.7 19.8 

EW-219 54.6 0.7 0.5 57.0 4.2 7.0 

EW-220 54.5 6.8 8.3 56.8 5.2 7.0 

EW-221 44.3 0.2 0.0 52.1 7.5 11.0 

EW-222 46.4 0.0 0.0 39.1 2.8 3.2 

EW-223 52.0 0.0 0.0 50.0 7.7 14.5 

EW-224 56.4 0.0 0.3 54.2 13.5 20.8 

EW-225 55.2 4.3 1.8 51.7 11.7 9.2 

EW-226 50.8 13.3 12.5 39.9 2.0 2.7 

EW-228 53.4 0.8 4.8 55.0 8.7 16.0 

EW-230 36.9 1.2 1.5 25.8 4.2 4.0 

EW-231 51.1 3.0 4.8 50.1 0.0 4.8 

EW-232 54.1 0.0 0.0 52.1 2.7 5.0 

EW-233 34.3 2.2 1.8 46.1 11.8 16.0 

EW-234 54.4 0.0 0.0 50.8 8.7 8.2 

EW-235 49.9 0.0 0.0 53.0 10.2 11.0 

EW-236 54.4 0.0 0.0 54.1 6.3 10.5 

EW-237 52.6 1.0 1.5 53.7 13.2 14.8 

EW-238 54.4 0.0 0.0 53.8 2.8 4.2 

EW-239 46.5 0.0 0.2 50.4 0.0 1.7 

EW-241 53.5 0.2 0.2 52.9 9.2 16.5 

EW-242 53.5 0.2 0.0 54.4 14.0 19.2 

EW-243 51.2 0.0 1.5 46.3 7.8 14.3 

EW-244 54.3 1.3 4.7 51.6 12.5 16.8 
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EW-246 53.3 0.0 0.0 55.7 33.5 18.7 

EW-247 52.5 0.0 0.0 49.7 19.8 24.8 

EW-248 53.0 0.0 0.0 49.7 14.7 20.8 

EW-249 35.4 0.0 0.0 48.5 8.7 11.3 

EW-253 53.7 0.0 0.0 51.9 8.3 22.5 

EW-254 52.7 6.0 2.8 36.0 9.0 17.8 

EW-255 50.5 0.0 0.0 49.4 1.7 3.2 

EW-258 54.1 0.2 0.3 55.8 14.0 16.2 

EW-259 53.6 0.0 0.0 52.5 11.7 17.5 

EW-260 53.6 0.0 0.0 56.3 7.5 13.8 

EW-264 54.7 0.0 0.0 50.4 8.7 9.8 

EW-266 52.6 0.0 0.0 54.4 12.8 19.3 

EW-267 47.9 18.0 19.7 50.5 8.7 18.2 

EW-268 51.8 0.0 0.0 53.6 2.2 9.5 

EW-269 35.6 0.0 0.0 53.6 4.8 3.2 

EW-274 53.9 8.7 16.8 57.0 1.0 8.3 

EW-275 52.8 22.2 35.7 55.7 49.0 68.7 

EW-276 34.4 2.8 1.7 33.2 3.3 8.0 

EW-277 29.5 0.2 0.3 56.1 8.5 15.7 

EW-279 32.1 32.5 38.2 45.4 7.5 22.8 

EW-283 53.9 0.0 0.0 53.5 32.0 36.0 

EW-285 52.9 2.7 3.3 51.6 19.0 24.5 

EW-287 54.1 1.0 0.8 53.6 27.8 34.0 

EW-288 53.6 0.0 0.0 55.8 23.0 27.3 

EW-289 53.6 1.0 3.7 55.7 15.8 26.2 

EW-290 53.8 0.0 0.5 53.4 17.7 22.5 

EW-291 52.9 14.5 31.0 47.1 24.0 32.7 

EW-293 54.3 4.3 4.2 56.0 14.7 25.5 

EW-294 54.2 1.0 1.7 55.8 21.5 35.0 

EW-295 51.8 5.3 6.3 56.1 32.5 20.3 

EW-296 53.3 0.0 0.2 55.0 2.3 4.3 

EW-299 54.9 12.3 15.8 52.8 7.5 25.0 

EW-303 51.6 4.3 10.7 54.1 6.8 10.8 

EW-304 52.4 2.0 4.3 56.1 7.8 10.8 

EW-305 54.4 6.2 6.3 56.1 9.2 13.2 

EW-307 48.2 15.2 20.8 51.3 4.2 19.2 

EW-309 52.0 0.8 2.5 56.0 12.7 12.0 

EW-310 52.9 1.5 1.8 54.3 12.7 15.8 

EW-311 53.9 0.2 0.5 49.5 5.0 5.2 

EW-315 52.2 0.0 0.0 54.3 0.0 0.0 

EW-317 44.7 13.0 18.0 54.6 16.3 26.5 
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EW-319 54.0 2.3 5.5 56.3 14.0 18.3 

EW-321 54.6 10.2 12.3 55.3 8.8 12.2 

EW-323 55.1 0.5 0.0 56.9 4.7 6.5 

EW-325 54.5 0.0 0.0 56.2 4.0 7.8 

EW-326 54.9 1.8 5.0 55.2 5.8 6.8 

EW-327 54.2 4.3 8.5 55.8 5.2 11.0 

EW-332 42.2 0.0 1.0 47.1 4.3 13.8 

EW-333 54.3 0.0 0.0 38.5 0.0 0.0 

EW-342 20.3 1.5 6.3 37.6 12.2 11.5 

EW-343 55.3 2.3 4.2 51.2 2.2 4.3 

EW-345 54.0 0.0 0.0 51.6 5.8 13.2 

EW-347 30.6 0.0 0.0 23.3 2.7 8.7 

EW-348 45.8 0.0 0.2 52.8 5.0 8.3 

EW-349 53.7 0.0 0.7 51.7 0.2 2.2 

EW-350 52.3 3.3 3.8 52.7 5.8 7.7 

EW-351 49.7 4.0 5.5 53.6 0.5 3.7 

EW-354 17.7 0.3 0.7 48.5 0.2 0.8 

Mean 49.8 3.0 4.2 51.4 10.2 14.8 

       

Facility 

4  

Group 3 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-218 52.4 9.8 12.7 54.2 8.0 20.5 

EW-240 53.9 13.3 15.8 54.8 8.8 13.0 

EW-250 53.0 17.5 23.3 54.4 17.5 34.5 

EW-252 47.4 14.5 17.5 51.7 18.0 26.3 

EW-256 53.5 7.7 8.3 50.8 8.5 14.7 

EW-257 55.0 3.5 3.7 48.6 3.7 7.0 

EW-262 53.5 5.7 6.8 50.3 43.7 47.8 

EW-263 54.4 23.5 27.5 53.5 17.8 22.8 

EW-271 51.5 22.2 15.0 53.0 19.3 29.5 

EW-278 54.1 54.3 68.0 49.1 41.7 48.7 

EW-281 54.0 56.7 59.8 54.5 50.2 54.0 

EW-282 53.9 48.0 51.7 54.5 45.8 51.2 

EW-298 54.0 11.8 16.8 54.7 19.5 27.0 

EW-308 53.0 12.7 22.2 55.7 34.5 40.7 

EW-312 53.6 7.2 13.0 55.1 14.5 28.0 

EW-313 54.4 1.8 9.8 56.2 13.3 15.5 

EW-314 50.8 5.7 13.2 56.3 7.8 14.7 
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EW-324 53.7 6.2 7.0 54.7 5.5 9.8 

EW-334 54.0 61.8 67.8 54.1 60.3 73.2 

EW-335 53.8 8.3 8.7 53.2 9.8 12.5 

EW-336 54.5 70.3 73.7 52.4 74.7 83.3 

EW-337 47.6 10.8 16.2 53.3 7.3 39.0 

EW-339 52.8 23.8 34.3 53.1 7.3 16.2 

EW-340 54.4 51.7 64.8 36.6 22.2 35.8 

EW-344 52.5 79.7 89.3 54.5 51.2 67.5 

EW-346 56.4 4.5 3.3 59.7 1.2 2.0 

EW-352 54.1 26.8 33.8 56.0 18.3 21.7 

EW-353 50.9 8.7 12.7 51.3 13.7 18.0 

Mean 53.1 23.9 28.5 53.1 23.0 31.2 

       

Facility 

5  

Group 1 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-379 52.8 18.3 18.2 47.5 64.0 59.5 

EW-380 55.0 19.0 17.2 50.5 49.3 47.8 

EW-381 54.9 37.2 37.5 54.6 30.8 35.8 

EW-382 55.7 29.3 26.0 51.7 12.2 11.8 

EW-383 57.1 16.0 15.0 52.0 49.7 46.8 

EW-394 49.0 9.8 8.8 45.5 1.7 4.7 

EW-395 49.3 7.0 8.2 54.9 8.2 7.2 

EW-417 48.8 102.7 104.2 55.5 93.5 95.7 

EW-418 50.2 23.8 22.0 54.6 20.5 26.2 

EW-456 48.6 15.3 15.5 56.0 8.0 8.7 

EW-457 39.9 3.2 3.0 52.0 0.8 2.0 

EW-513 54.0 15.2 16.0 53.8 57.3 63.7 

EW-539 55.7 15.0 15.3 55.4 14.0 12.3 

EW-540 55.0 23.2 23.7 54.4 23.7 29.5 

EW-542 55.8 2.7 3.3 55.5 2.3 2.2 

Mean 52.1 22.5 22.3 52.9 29.1 30.3 

 
 
 
 

      

Facility 

5  

Group 2 

pre-perforation post-perforation 
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CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-377 43.5 0.7 1.0 50.7 0.5 0.5 

EW-414 35.4 1.5 2.0 28.4 0.7 1.5 

EW-416 33.8 10.2 9.0 40.8 9.8 14.2 

EW-423 32.3 5.2 4.8 43.0 7.0 11.0 

EW-426 12.6 9.2 8.3 20.9 3.7 4.2 

EW-427 25.4 6.5 8.7 34.8 4.8 10.0 

EW-447 45.8 1.0 0.8 45.8 2.5 2.3 

EW-459 49.7 49.3 51.7 50.1 28.3 27.7 

EW-465 52.5 0.7 0.8 48.0 1.0 1.0 

EW-479 56.5 4.0 4.0 54.4 1.3 1.2 

EW-482 56.1 1.3 1.3 51.0 7.8 8.2 

EW-497 39.6 12.5 10.5 51.9 8.3 8.3 

EW-499 33.2 19.2 25.7 48.3 14.3 14.0 

EW-502 31.6 5.0 4.5 45.4 3.7 2.3 

EW-504 51.6 25.7 28.0 55.7 11.8 12.5 

EW-506 55.4 54.0 55.7 55.9 26.7 27.3 

EW-510 36.9 3.8 2.5 47.5 18.0 18.5 

EW-524 53.3 0.3 0.2 57.0 2.2 3.3 

EW-525 44.7 0.0 0.2 40.2 1.8 1.7 

EW-528 42.4 2.8 3.3 44.9 4.2 3.8 

Mean 41.6 10.6 11.2 45.7 7.9 8.7 

       

Facility 

5  

Group 3 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-361 49.5 91.0 90.7 40.1 83.5 73.5 

EW-363 28.0 17.2 13.5 19.8 6.3 8.3 

EW-364 26.2 38.7 33.5 29.9 7.0 8.8 

EW-365 55.3 90.3 93.5 54.4 94.5 91.0 

EW-366 53.2 11.7 10.3 54.2 8.0 7.8 

EW-368 47.3 37.3 35.7 54.7 32.2 33.7 

EW-369 53.3 13.3 8.3 45.5 25.2 27.2 

EW-370 53.3 15.0 11.0 52.3 6.8 6.8 

EW-371 52.3 17.2 18.0 45.3 19.3 16.2 

EW-372 54.0 32.5 37.7 53.8 20.7 20.8 

EW-373 33.7 15.0 11.5 32.6 5.0 6.3 

EW-374 47.2 80.5 86.0 47.6 45.8 46.7 
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Ew-375 35.7 67.0 55.2 51.9 35.8 42.7 

EW-376 36.2 17.0 13.8 51.5 8.2 8.8 

EW-378 54.7 5.7 7.7 52.6 4.3 5.2 

EW-392 40.2 35.0 31.8 47.8 21.2 19.5 

EW-397 52.6 17.2 15.7 56.6 34.8 42.2 

EW-399 54.4 2.3 2.5 57.1 2.0 3.5 

EW-400 52.1 16.5 16.7 55.6 14.8 14.3 

EW-401 53.0 12.5 13.0 56.5 8.5 7.7 

EW-404 51.2 51.0 57.8 50.7 18.3 17.8 

EW-406 43.5 8.3 4.2 53.9 11.7 13.7 

EW-413 52.6 7.7 7.8 57.7 6.8 10.3 

EW-415 55.2 39.0 39.8 52.7 55.8 58.2 

EW-421 55.7 22.0 23.2 55.3 31.7 32.0 

EW-422 49.7 3.5 4.2 52.8 3.2 5.0 

EW-424 31.6 6.5 5.8 34.3 8.8 10.0 

EW-425 30.7 10.5 9.7 35.9 2.7 4.3 

EW-428 47.1 11.3 10.2 55.3 20.7 22.0 

EW-430 50.7 3.3 2.3 54.0 3.0 3.3 

EW-431 56.7 10.3 9.0 57.4 10.0 9.3 

EW-432 57.6 2.5 2.5 58.3 3.8 4.2 

EW-433 49.1 3.8 2.8 56.4 3.3 4.7 

EW-434 57.3 17.0 17.3 54.7 19.2 15.2 

EW-435 51.4 3.3 2.5 58.4 0.3 0.3 

EW-436 49.3 12.2 10.8 57.0 3.5 4.3 

EW-437 47.5 8.5 5.3 56.6 4.2 7.0 

EW-438 53.4 25.2 24.3 57.0 44.2 46.3 

EW-441 52.7 29.8 39.3 52.7 18.2 18.0 

EW-442 34.5 25.2 26.5 44.6 21.7 9.0 

EW-443 50.7 18.0 19.3 50.1 4.3 3.5 

EW-444 46.0 9.0 8.8 48.4 17.7 16.8 

EW-445 52.8 78.5 87.0 54.5 30.2 29.5 

EW-446 52.7 31.3 32.0 54.9 37.5 38.2 

EW-449 48.3 62.5 61.7 48.1 50.3 48.0 

EW-450 47.1 36.0 34.8 52.3 45.8 46.3 

EW-451 55.9 52.2 53.2 55.8 41.8 42.5 

EW-452 53.9 17.0 17.0 55.5 14.3 15.5 

EW-453 55.4 36.7 38.7 53.7 13.8 17.8 

EW-454 43.4 17.8 16.0 35.6 14.5 8.5 

EW-458 50.7 19.0 18.8 50.2 15.3 15.0 

EW-460 49.6 32.2 31.0 51.2 10.0 10.2 

EW-461 46.8 9.7 7.5 50.4 8.0 7.5 
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EW-462 42.8 43.3 41.0 51.4 11.8 13.8 

EW-463 44.6 3.5 4.3 48.5 4.2 3.8 

EW-464 52.2 6.0 6.0 54.0 7.5 5.7 

EW-466 54.0 34.2 34.2 55.0 39.0 39.0 

EW-467 51.6 20.2 22.3 52.9 20.8 21.0 

EW-468 42.7 38.8 35.2 45.1 24.5 21.3 

EW-469 41.6 39.2 33.0 45.4 24.7 18.8 

EW-470 50.1 6.0 7.7 42.1 11.5 13.5 

EW-471 39.3 14.7 7.5 43.4 10.5 9.3 

EW-472 51.8 18.0 18.2 56.2 38.0 44.2 

EW-473 49.8 13.7 12.2 52.9 21.8 24.7 

EW-475 41.7 23.5 24.2 55.6 27.0 38.5 

EW-476 50.4 52.8 51.2 55.9 43.3 47.2 

EW-477 52.6 24.2 18.0 54.1 20.5 19.8 

EW-478 55.6 26.0 26.3 54.8 30.3 30.7 

EW-480 55.6 26.7 28.5 53.5 22.8 26.7 

EW-481 53.9 14.7 14.0 55.1 32.2 31.5 

EW-483 53.4 0.8 2.0 46.7 0.5 0.7 

EW-484 54.8 5.2 5.2 55.5 3.5 3.3 

EW-485 53.9 4.7 4.8 50.0 4.3 5.3 

EW-486 55.4 11.8 9.5 56.5 10.7 10.2 

EW-488 52.4 2.2 2.7 44.4 1.7 1.7 

EW-491 42.2 3.8 2.5 40.9 2.0 3.7 

EW-492 43.2 2.8 3.5 44.0 2.0 2.3 

Ew-493 55.1 27.3 27.2 53.9 13.7 14.3 

EW-494 50.8 6.8 6.0 43.9 6.2 6.2 

EW-495 41.3 32.7 32.3 42.0 18.5 14.7 

EW-496 53.6 12.0 18.5 42.8 10.5 9.2 

EW-498 36.3 15.0 12.2 47.1 15.2 20.5 

EW-500 26.6 9.2 9.0 31.3 11.5 12.2 

EW-501 32.3 16.3 15.0 47.5 8.3 9.0 

EW-503 45.5 22.0 21.0 54.2 19.8 23.5 

EW-505 47.6 18.7 16.7 47.6 29.8 27.5 

EW-507 44.4 46.2 42.2 48.9 19.5 19.5 

EW-508 52.7 33.7 34.5 55.0 16.2 16.7 

Ew-509 51.1 10.5 10.7 54.3 54.2 58.5 

EW-516 22.1 51.5 47.0 34.0 8.0 11.5 

EW-518 53.4 39.3 40.8 55.4 49.8 50.3 

EW-521 60.7 3.5 4.2 55.1 4.7 5.0 

EW-522 51.9 7.0 7.5 52.7 5.8 6.3 

EW-523 50.1 8.2 9.8 47.8 3.0 4.0 
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EW-526 53.9 6.5 6.8 42.9 9.5 7.2 

EW-527 48.9 3.3 3.2 49.4 1.8 2.5 

EW-529 46.7 2.0 2.2 47.3 2.0 2.0 

EW-530 54.7 13.2 16.0 55.9 12.0 11.8 

EW-532 51.6 51.5 49.5 54.8 43.0 45.3 

EW-534 43.1 8.8 9.3 51.1 7.3 7.8 

EW-535 41.9 18.8 18.5 41.0 8.3 6.2 

EW-536 48.6 38.3 39.8 51.0 36.3 36.3 

EW-537 49.0 30.3 32.0 52.0 31.8 32.8 

Mean 48.2 22.6 22.2 50.0 18.8 19.3 

       

Facility 

6  

Group 1 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-606 51.1 7.8 9.0 57.0 2.7 2.7 

EW-607 57.4 0.5 0.7 56.0 4.0 3.2 

EW-608 52.0 7.5 8.0 58.7 2.7 2.3 

EW-611 53.1 0.5 0.8 53.0 1.7 2.7 

EW-624 56.2 1.0 1.0 48.8 4.2 5.2 

Ew-635 56.5 7.8 7.8 56.9 2.7 2.5 

EW-649 59.3 1.5 1.5 39.9 3.7 4.3 

EW-654 52.4 1.2 1.2 55.1 3.0 3.0 

EW-655 56.5 2.8 2.8 55.2 3.8 1.7 

Mean 54.9 3.4 3.6 53.4 3.1 3.1 

       

Facility 

6  

Group 2 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-559 50.5 2.8 3.2 58.1 0.2 0.0 

EW-564 58.0 11.7 12.0 62.3 8.8 8.8 

EW-583 58.4 2.5 2.5 54.3 3.3 3.2 

EW-584 49.0 0.5 0.5 52.2 9.3 8.8 

EW-595 50.6 1.0 1.5 51.9 1.0 2.5 

EW-598 55.5 8.0 8.3 57.5 6.0 5.2 

EW-600 59.0 8.0 8.5 55.9 6.2 3.5 

EW-601 51.9 0.7 0.7 46.1 1.0 1.3 

EW-603 53.2 8.8 9.5 54.1 9.0 11.5 
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EW-604 56.0 10.2 9.8 57.7 19.2 18.2 

EW-605 53.1 13.0 16.0 57.5 1.5 1.8 

EW-609 56.5 1.0 1.0 54.1 2.2 2.5 

EW-610 51.2 0.7 1.2 47.3 1.0 1.2 

EW-616 56.8 0.0 0.0 56.3 13.2 12.2 

EW-617 57.6 7.5 7.7 55.9 8.3 5.3 

EW-620 62.2 8.2 8.5 55.0 5.2 4.3 

EW-621 61.2 7.3 8.3 56.7 12.8 12.0 

EW-626 54.5 7.3 8.3 50.1 8.8 8.2 

EW-627 43.4 6.7 7.7 41.5 7.7 7.7 

EW-631 56.5 0.0 0.0 36.8 2.0 2.0 

EW-633 53.1 0.8 0.8 57.6 13.8 14.5 

EW-634 51.9 1.5 1.7 48.7 2.3 2.5 

EW-637 52.6 0.8 0.8 52.6 2.3 2.0 

EW-639 60.4 0.0 0.0 57.2 4.2 4.2 

EW-642 53.4 4.8 6.8 55.8 2.2 2.2 

EW-644 58.0 7.2 7.5 55.6 2.5 2.0 

EW-646 58.7 0.0 0.0 50.7 4.5 2.7 

EW-647 58.0 0.0 0.0 50.2 8.2 4.0 

EW-651 52.0 8.0 8.2 48.9 8.5 7.0 

EW-652 56.5 4.7 4.8 56.2 7.0 2.8 

Mean 55.0 4.5 4.9 53.2 6.1 5.5 

       

Facility 

6  

Group 3 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-557 51.3 8.8 8.7 52.3 7.2 7.3 

EW-558 44.6 6.2 5.8 55.9 5.5 7.7 

EW-560 42.8 13.0 13.7 59.4 7.8 7.7 

EW-561 43.4 8.3 8.8 56.9 3.5 3.8 

EW-562 54.9 12.5 12.5 57.1 10.8 11.0 

EW-563 54.4 12.5 12.8 62.4 8.8 8.8 

EW-565 50.4 8.5 8.0 51.9 8.0 7.0 

EW-566 50.1 10.2 9.7 53.2 8.7 9.0 

EW-567 57.6 10.2 10.5 63.4 7.3 7.7 

EW-568 51.5 6.7 7.2 54.3 11.0 12.5 

EW-569 59.8 23.2 24.7 57.2 18.2 19.2 

EW-570 58.0 26.7 27.0 56.5 23.5 24.2 

EW-571 52.3 21.3 22.0 54.0 14.8 15.2 
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EW-572 58.4 24.3 22.0 63.2 22.0 21.3 

EW-573 58.8 10.8 10.7 59.8 5.2 2.8 

EW-574 60.3 9.7 10.2 58.8 5.2 5.5 

EW-575 48.3 7.7 6.7 49.8 9.8 8.5 

EW-576 56.6 24.0 25.2 56.9 27.5 28.0 

EW-577 56.2 20.2 21.3 56.3 22.7 22.8 

EW-578 56.1 8.0 8.3 54.5 1.8 2.2 

EW-579 56.0 2.7 1.7 56.8 4.8 3.8 

EW-580 57.2 1.0 1.2 54.6 7.2 3.8 

EW-581 56.8 19.0 20.3 57.7 11.8 8.7 

Ew-582 58.2 14.7 17.0 58.0 17.2 18.0 

EW-585 44.8 4.0 4.0 48.9 6.5 5.2 

EW-586 50.1 4.5 4.5 41.8 6.2 4.8 

EW-587 56.6 5.3 6.5 56.3 8.0 7.3 

EW-588 56.3 9.8 10.0 58.0 5.8 4.5 

EW-589 58.7 6.8 6.8 55.7 10.0 4.0 

EW-590 58.1 1.5 1.2 55.1 4.2 4.2 

EW-591 56.4 10.0 9.5 55.8 5.7 4.7 

EW-592 60.0 20.5 20.5 55.6 21.8 22.3 

EW-593 51.8 7.5 8.3 51.7 5.2 2.2 

EW-594 57.9 9.5 9.7 57.9 7.3 7.0 

EW-596 55.4 7.8 13.7 54.3 5.5 6.2 

EW-597 57.2 8.5 8.8 58.0 4.2 6.0 

EW-599 52.3 1.2 0.8 50.1 2.7 2.2 

EW-602 55.7 7.3 7.7 56.6 12.3 13.2 

EW-612 56.3 2.3 2.7 52.2 5.2 4.5 

EW-613 55.9 19.7 21.2 50.5 19.2 16.0 

EW-614 55.6 1.5 1.3 51.8 12.5 12.8 

EW-615 57.6 9.7 9.7 55.9 4.8 5.0 

EW-618 58.1 14.5 15.0 55.2 11.2 12.3 

EW-619 58.6 13.7 14.7 59.1 9.7 9.0 

EW-622 56.9 4.0 3.7 57.6 8.0 7.2 

EW-623 57.3 10.5 13.2 56.9 13.8 13.5 

EW-625 58.7 2.2 1.7 57.5 3.2 3.3 

EW-629 59.2 8.0 9.0 57.5 5.5 5.7 

EW-630 61.6 11.7 11.2 57.6 4.5 4.7 

EW-632 58.8 2.3 2.2 56.8 3.7 3.0 

EW-636 57.4 2.2 3.7 57.9 7.5 3.5 

EW-638 51.8 3.3 3.5 47.6 5.3 5.2 

EW-640 56.8 0.8 1.5 56.2 3.7 3.3 

EW-643 53.4 9.3 10.5 50.4 7.7 7.2 
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EW-650 52.3 2.0 1.8 45.3 5.0 3.5 

EW-653 52.5 3.7 3.5 56.1 3.5 3.8 

Mean 55.1 9.6 10.0 55.3 9.1 8.6 

       

Facility 

9  

Group 1 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-898 56.7 23.0 25.8 53.3 68.7 79.3 

EW-899 57.3 28.0 26.7 37.5 51.3 58.8 

EW-900 32.6 37.7 29.3 53.8 24.0 32.8 

EW-906 56.6 33.5 46.5 57.3 108.2 103.5 

EW-909 54.3 9.0 5.8 57.4 227.0 219.7 

EW-912 56.2 30.2 35.2 52.7 40.0 28.0 

EW-913 55.9 53.2 36.8 56.3 67.0 54.7 

Ew-914 57.0 128.7 122.3 56.4 218.7 218.5 

EW-916 54.9 14.0 6.7 50.6 15.7 17.7 

Ew-917 51.7 16.3 5.7 40.1 35.8 38.8 

Ew-918 54.2 78.7 77.3 56.2 47.3 61.7 

EW-919 57.9 19.7 13.2 44.6 37.7 24.3 

EW-925 51.9 17.3 9.3 51.0 55.0 53.3 

EW-938 59.0 19.0 13.2 55.2 27.7 28.8 

EW-939 55.6 57.7 57.5 56.7 62.5 49.8 

Mean 54.1 37.7 34.1 51.9 72.4 71.3 

       

Facility 

9  

Group 2 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-932 11.3 9.5 6.2 8.7 21.5 22.5 

EW-933 8.0 8.2 8.8 0.3 29.7 13.5 

EW-936 57.0 109.0 106.7 56.8 119.0 128.5 

EW-940 58.7 32.3 32.5 58.5 31.3 25.3 

EW-941 56.6 21.5 16.8 58.4 49.3 62.2 

EW-942 57.7 43.2 51.7 59.3 53.5 56.7 

EW-943 55.5 19.8 22.3 57.4 138.2 156.8 

EW-954 55.6 48.8 49.7 55.3 119.5 112.7 

EW-957 57.9 31.5 33.3 54.8 20.2 23.8 

Mean 46.5 36.0 36.4 45.5 64.7 66.9 
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Facility 

9  

Group 3 

pre-perforation post-perforation 

CH4 
Initial 

Flow 

Adjusted 

Flow 
CH4  

Initial 

Flow 

Adjusted 

Flow 

EW-892 56.5 57.3 65.0 54.3 63.8 55.7 

EW-901 56.5 31.2 28.0 56.1 42.0 46.2 

EW-907 4.6 79.7 93.0 9.8 12.7 18.3 

EW-910 55.7 55.5 36.7 43.5 59.8 52.8 

EW-911 4.4 20.2 19.7 26.5 34.7 38.8 

EW-915 56.7 46.8 37.0 57.2 26.5 56.0 

EW-920 52.4 27.8 19.0 53.6 29.7 36.2 

EW-921 50.7 31.5 28.0 54.4 42.8 53.2 

EW-922 47.9 39.2 34.3 56.1 89.8 94.2 

EW-923 57.0 48.2 46.7 58.2 39.8 41.3 

EW-924 29.6 13.3 11.3 10.7 18.5 20.8 

EW-926 53.7 106.8 118.0 52.6 87.3 88.5 

EW-927 56.5 36.7 41.7 56.7 29.5 28.0 

EW-928 55.8 22.0 18.0 49.5 82.7 79.7 

EW-929 55.8 23.8 18.7 57.1 32.0 27.3 

EW-930 56.6 44.5 39.8 57.8 62.3 54.2 

EW-931 54.4 57.7 55.5 52.5 79.7 80.0 

EW-934 56.7 189.5 189.7 56.6 88.2 96.0 

EW-935 57.9 11.2 18.2 56.1 14.0 14.3 

EW-937 19.2 19.8 21.8 20.3 13.2 16.7 

EW-951 59.0 74.3 81.0 51.6 34.2 35.5 

EW-955 10.2 21.0 21.8 20.1 19.3 16.5 

EW-956 13.6 10.7 6.3 5.3 25.5 37.5 

EW-958 44.5 46.7 42.8 53.4 25.5 36.7 

EW-959 49.8 30.3 27.8 46.8 21.3 43.3 

Mean 44.6 45.8 44.8 44.7 43.0 46.7 

 


