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ABSTRACT 

 
Field Emissions of (Hydro)Chlorofluorocarbons and Methane 

from a California Landfill 

 

Alexander H. Sohn 

 

 A comprehensive field investigation was conducted at Potrero Hills Landfill 

(PHL) located in Suisun City, California to quantify emissions of twelve 

(hydro)chlorofluorocarbons (i.e. F-gases). The specific target constituents for this 

study included CFC-11, CFC-12, CFC-113, CFC-114, HCFC-21, HCFC-22, 

HCFC-141b, HCFC-142b, HCFC-151a, HFC-134a, HFC-152a, and HFC-245fa. 

The majority of the F-gas emission studies have been conducted outside of the 

United States and very limited field landfill emission data are available in the United 

States.  Because of historical usage of blowing agents in insulation foams including 

CFC-11, HCFC-142b, HFC-134a, and HFC-245fa, models reported in literature 

predicted high F-gas emissions from a landfill environment, but very limited field 

data are available to verify such predictions.  

 

In this investigation, the surface flux of the twelve F-gases, methane, and 

carbon dioxide was quantified from various landfill cover systems and in areas with 

different waste ages, waste heights, and cover thicknesses at Potrero Hills Landfill. 

In addition, destruction efficiencies for the twelve F-gases were determined based 

on inlet and outlet concentrations of the onsite flare system. Lastly, the surface flux 
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values were scaled up to a facility-wide emission value to estimate the total fugitive 

emissions from the landfill.  

The F-gas flux values for the daily covers were in the 10 -8 to 10-1 g m-2 day 

-1 range and 10-7 to 10-2 g m-2 day-1 range for the wet and dry season, respectively. 

The F-gas flux values for the intermediate covers in the -10-6 to 10-4 g m-2 day-1 

range and -10-6 to 10-4 g m-2 day-1 range for the wet and dry season, respectively. 

The F-gas flux values for the final covers were in the 10-7 to 10-5 g m-2 day-1 range 

and -10-7 to 10-6 g m-2 day-1 range for the wet and dry season, respectively. F-gas 

fluxes for the final covers had the highest number of below detection limit cases as 

well as lower than R2 threshold cases. Thest F-gas fluxes were measured from  

daily cover system constructed with auto shredder residue (i.e. auto fluff) for the 

both the wet and dry seasons.  The highest fluxes were measured for CFC-11, 

HCFC-21, and HCFC-141b in the wet season and for CFC-11, HCFC-141b, and 

HFC-134a in the dry season across the seven cover locations. 

 

Lower level of variation was observed for methane and carbon dioxide with 

flux values ranging over five orders of magnitude for the seven tested locations. 

The methane flux values for the daily covers were in the 10-2 to 10+1 g m-2 d-1 range 

and 1 to 10+1 g m-2 day-1 range for the wet and dry season, respectively. The carbon 

dioxide flux values for the daily covers were in the -10+1 to 10+2 g m-2 day-1 range 

and -10+1 to 10+1 g m-2 day-1 range for the wet and dry season, respectively.  The 

methane flux values for the intermediate covers were in the -10-2 to 10+1 g m-2 d-1 

range and -10-3 to 10+1 g m-2 day-1 range for the wet and dry season, respectively. 
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The carbon dioxide flux values for the intermediate covers were in the 1 to 10+2 g 

m-2 day-1 range for both seasons. The methane fluxes for the final cover were -10 

-3 g m-2 day-1 and 10-4 g m-2 day-1 for the wet and dry season, respectively. The 

carbon dioxide flux values for the final cover were in the 10+1 g m-2 d-1 range and 1 

to 10+1 g m-2 day-1 range for the wet and dry season, respectively. Negative flux 

values were typically observed during the wet season and at the intermediate and 

final covers. 

 

The destruction efficiencies for the twelve F-gases were above 99.5% for 

the onsite flare. Highest F-gas raw gas concentrations were measured for HFC-

134a while the lowest F-gas concentration was measured for CFC-113. The F-gas 

concentrations in the raw gas ranged from 103 to 106 pptv. Similar to what has 

been reported in the literature, the landfill gas flare system was an efficient 

abatement device in controlling F-gas emissions. 

 

The surface emission measurement values from the field investigation were 

scaled up to estimate facility-wide fugitive emission values using the relative 

surface areas of the daily, intermediate, and final cover distributions in the landfill. 

The total fugitive emissions from the landfill including twelve F-gases, methane, 

and carbon dioxide ranged from 6,900 to 94,000 CO2E tonnes per year during the 

wet season, from 21,000 to 47,000 CO2E tonnes per year during the dry season, 

and from 13,000 to 75,000 CO2E tonnes per year during the year, prorated by the 

season (representing weighted average of 58% wet season emission rate and 42% 
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dry season emission rate in a 12-month calendar year). The total fugitive F-gas 

emissions ranged from 1,600 to 4,800 CO2E tonnes per year during the wet 

season, from 140 to 600 CO2E tonnes per year during the dry season, and from 

1,000 to 3,000 CO2E tonnes per year, prorated by the season. The total fugitive 

methane emissions ranged from 530 to 75,000 CO2E tonnes per year during the 

wet season, 17,000 to 35,000 CO2E tonnes per year during the dry season, and 

from 7,500 to 58,000 CO2E tonnes per year, prorated by the season. The total 

fugitive carbon dioxide emissions ranged from 5,000 to 14,000 CO2E tonnes per 

year during the wet season, 4,200 to 12,000 CO2E tonnes per year during the dry 

season, and from 4,500 to 13,000 CO2E tonnes per year, prorated by the season. 

In comparison to the total fugitive emission value derived from the first-order decay 

(FOD) model reported by USEPA and the total fugitive emission values calculated 

using waste-in-place (WIP) – landfill gas correlation equation presented in Spokas 

et al. (2015), the field-derived methane emission values were one to three orders 

of magnitude lower. 
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Chapter 1: Introduction 

Chlorinated and fluorinated hydrocarbons (i.e., F-gases) including 

chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), and 

hydrofluorocarbons (HFCs) have been historically used in insulation foams and 

refrigeration units due to their chemical stability and desirable physical and 

chemical properties since the 1930s (McCullloch et al. 2001, 2008). The use of 

CFCs was banned in 1993 by Montreal Protocol and was completely phased out 

by 1996 due to their high ozone depleting (ODP) potentials and high global 

warming potentials (GWP) (UNEP-TEAP 2003). The CFCs were replaced by 

HCFCs and HFCs. However, HCFCs and HFCs still pose threats as potent 

greenhouse (GHG) gases due to their relatively high GWPs.  

 

The main sources of F-gas emissions in a landfill environment are from 

insulation foams due to their wide usage in domestic, commercial, and industrial 

refrigeration units and in buildings (Scheutz 2005). The most common F-gases 

used in insulation foams are CFC-11, HCFC-141b, HFC-134a, and HFC-245fa. 

The insulation foams used in appliances and buildings mostly end up in landfills, 

because from the waste management perspective, the handling of these foams as 

a separate waste stream is not economically viable (Caleb 2011). Based on the 

literature review, very limited field emissions data were available for the F-gases 

in the U.S. Thus, field tests are needed to quantify emission of F-gases from 

landfills. 
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A comprehensive field investigation was conducted at Potrero Hills Landfill 

(PHL) located in Suisun City, California to quantify emissions of fluorinated and 

chlorinated hydrocarbons (i.e. F-gases). Limited data is available regarding F-gas 

emissions from landfills in U.S. The compounds of interest in this investigation 

consist of chlorinated and fluorinated hydrocarbons including CFCs, HCFCs, and 

HFCs. These constituents are referred to as F-gases throughout this thesis. The 

specific target constituents for this study include CFC-11, CFC-12, CFC-113, CFC-

114, HCFC-21, HCFC-22, HCFC-141b, HCFC-142b, HCFC-151a, HFC-134a, 

HFC-152a, and HFC-245fa. Measurements for the twelve F-gases were performed 

using static flux chambers at seven different locations with different waste age, 

waste height, cover thickness, and cover material. The tests were conducted over 

wet and dry seasons to account for seasonal variations. In addition, composite gas 

samples were obtained from inlet and outlet of the onsite flare system to determine 

destruction efficienpies for the twelve F-gases. 

 

A comprehensive literature review is presented in Chapter 2. A summary of 

the field test program and analytical methods utilized during the investigation is 

presented in Chapter 3. The results obtained from the field investigation and 

discussions on the findings are presented in Chapter 4. Lastly, a summary of the 

engineering significance is presented in Chapter 5. 
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Chapter 2: Literature Review 

2.1 Introduction 

The U.S. has been generating municipal solid waste (MSW) on the order of 

250 million tons annually since 2005 (USEPA 2014d). Landfilling has been the 

primary method of disposal with 134 million tons (54% of total generated) of MSW 

disposed at landfills in 2013 (USEPA 2015). California has been generating 

approximately 30 million tons of MSW annually since 2009 (Cal Recycle 2014). 

Landfilling of MSW can yield three main byproducts: landfill gas (LFG), heat, and 

leachate. LFG and heat are byproducts that are generated through biological 

decomposition and degradation occurring within the waste mass (Tchobanoglous 

et al. 1993). Leachate can be defined as liquid that has percolated through solid 

waste derived from a combination of precipitation and waste constituents and has 

extracted dissolved or suspended materials (Tchobanoglous et al. 1993).  

 

Gas generation is dependent on various biological, chemical, and physical 

factors such as pH, moisture content, waste composition, and temperature 

(Tchobanoglous et al. 1993).  Landfill gas generated typically consists of 45-60% 

(v/v) methane and 45-60% (v/v) carbon dioxide (Tchobanoglous et al. 1993). There 

are also other constituents such as sulfides, oxygen, ammonia, hydrogen, carbon 

monoxide and nitrogen that usually constitute less than 5% of LFG (Rettenberger 

and Stegmann 1996). 
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Trace gases refer to gas components that occur at fraction less than 1% in 

LFG. The trace gases can either be brought into a landfill with incoming waste 

mass or be produced through biotic or abiotic reactions (Lang et al. 1989; 

Tchobanoglous et al. 1993). Trace components are mostly composed of non-

methane organic compounds (NMOCs) with small fraction of inorganic compounds 

(Tchobanoglous et al. 1993).  The NMOCs in LFG are comprised of more than 200 

organic compounds including alkanes, aromatics, chlorinated and fluorinated 

hydrocarbons, and various volatile organic compounds (VOCs) with 

concentrations ranging from below detection limits to 1,780 ppmV (Scheutz et al. 

2008).  

 

2.2 General Background: Chlorofluorocarbons, Hydrochlorofluorocarbons, 

and Hydrofluorocarbons 

CFCs were first synthesized in 1928 by Thomas Midgley and have been 

used in a wide range of applications from refrigerants, aerosol sprays, paint 

strippers, and adhesives to insulation and cushioning foams due to their chemical 

stability and desirable physical and chemical properties (Midgeley and Henne 1930; 

Rettenberger and Stegmann 1996; Sturrock et al. 2002; Derwent et al. 2007; 

McCulloch et al. 2001, 2008). Blowing agents (BAs) are chemicals that are used 

in foams during the manufacturing process to improve insulation properties of the 

foam (IPCC-TEAP 2005). Selected F-gases are used as BAs in insulation 

applications. The wide use of CFCs results mainly from their low boiling points, low 

vapor-phase thermal conductivity, desirable solubility characteristics, and high 
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stability. Selected F-gases are used as BAs in insulation applications, which are 

ideal for domestic and commercial applications in insulation materials (McFarland 

1992). The commercial production of CFCs began in 1931 by DuPont chemical 

company (Jacobson 2012). In 1993, the use of CFCs was banned by the Montreal 

Protocol and replaced by HCFCs and HFCs (UNEP-TEAP 2003). As the 

production of CFCs sharply decreased and was completely phased out by 1996, 

the “banks”, products still in use, stockpiled, or discarded in landfill, have become 

a significant source of projected CFC emissions (Hodson et al. 2010). According 

to United States Environmental Protection Agency’s (USEPA) Vintaging Model, 

banked foams account for roughly 60% or about 400 million metric tons CO2 

equivalent (MMTCO2E) of the total potential 660 MMTCO2E banked in ozone 

depleting substances (ODSs) in California in 2007 (CARB 2008).  

 

HCFCs are considered transitional compounds due to their low ozone 

depletion potential compared to CFCs (USEPA 2014a, 2014c).  However, HCFCs 

still pose a threats as potent greenhouse gases due to their high global warming 

potential and are scheduled to be completely phased out by 2030 leaving much of 

the demand to be met by HFCs (Fenhann 2000; Barletta et al. 2013). The demands 

for HCFCs and HFCs are projected to increase in many countries, especially in 

Asia (Fenhann 2000). The use of HCFCs is estimated to grow to just under 50,000 

tonnes by 2015 (UNEP-TEAP 2003). The emissions of HCFCs are projected to be 

in the 20,000-25,000 tonnes per annum range after 2015 (IPCC-TEAP 2005). The 

use of HFCs was projected to increase from 11,200 to 72,000 tonnes per annum 
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from 2002 to 2015 (IPCC 2005). Principal uses and substitutes when applicable of 

the target F-gases are listed in Table 1. 

Foams containing the target F-gas BAs have been used in a variety of 

applications using their potential to create both rigid and flexible structures (IPCC 

2005). Flexible foams are used in furniture cushioning, packaging, and impact 

management products while rigid foams are mainly used for appliances and in 

buildings (IPCC 2005). Historically, the most common BAs used in foams were 

CFC-11, HCFC-141b, HFC-134a, and HFC-245fa (IPCC 2005).   

 

Discarded appliances are one of the main sources of F-gas emissions in 

landfill environments as a result of historical usage of BAs in appliances since the 

1960s. Many refrigerators and freezers are shredded at the end of their use and 

are then either incinerated, disposed, or in rare cases, processed for reuse 

(Scheutz et al. 2003a). Most foams from the appliances are directly disposed in 

landfills and very little foam is incinerated in the United States (Scheutz et al. 

2003a).  Decommissioning protocol of refrigerators removes only the F-gases that 

are used as refrigerants. It is estimated that much of the decommissioned 

appliances (63% in North America) containing CFC-11 had already reached 

landfills prior to approval of fluorocarbon destruction and recovery law in 2003 

(IPCC 2005). 
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Table 1 - Basic Properties and Uses of Common CFCs, HCFCs and HFCs 

 
a McCulloch (1999); b

 USEPA (2010); c UNEP (2006); d USEPA (2014a, 2014c)  
NA – Not Applicable  

Name Chemical Name 
Structural 

Formula 

Principal Use 
a,b,c,d 

Principal 

Substitute a 

Compounds already phased out under Montreal Protocol 

CFC-11 Trichlorofluoromethane CCl3F 
Foam blowing 

agent 
HCFC-141b 

CFC-12 Dichlorodifluoromethane CCl2F2 Refrigerant HFC-134a 

CFC-113 
1,1,2-

Trichlorotrifluoroethane 
C2F3Cl3 Solvent 

Other 

technology 

CFC-114 Dichlorotetrafluoroethane CF3CFCl2 Propellant Hydrocarbons 

 
Compounds currently phasing out under Montreal Protocol 

HCFC-21 Dichlorofluoromethane CH2FCl2 
Refrigerant 

blends 
HFC blends 

HCFC-22 Monochlorodifluoromethane CHF2Cl Refrigerant HFC blends 

HCFC-

141b 
Dichlorofluoroethane CH3CFCl2 

Foam blowing 

agent 
HFC-365mfc 

HCFC-

142b 
Monochlorodifluoroethane CH3CF2Cl 

Foam blowing 

agent 

HFC-365mfc 

Formacel® TI 

HCFC-

151a 
1,1,-Chlorofluoroethane CH3CHFCl 

Refrigerant 

blends, Foams 
 

Alternatives controlled under Kyoto Protocol 

HFC-

134a 
1,1,1,2-Tetrafluoroethane CH2FCF3 

Refrigerant 

blends, foams, 

fire 

suppressant, 

and propellant 

in metered-

dose inhalers 

NA 

HFC-

152a 
Difluoroethane CH3CHF2 

Refrigerant 

blends, foam 

blowing agent, 

and aerosol 

propellant 

NA 

HFC-

245fa 

1,1,1,3,3-

Pentafluoropropane 
CF3CH2CHF2 

Foam blowing 

agent and 

possible 

refrigerant in 

the future 

NA 
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Kjeldsen (2010) indicated that construction and demolition (C&D) wastes 

are the main source of F-gases in landfills due to large quantities of BAs present 

in the insulation foams. It was expected that C&D waste containing CFC-11 would 

not reach a significant level until after 2010 (IPCC 2005). Recovery of BAs from 

building insulation waste is not feasible since most of the foam products were 

designed without taking recovery into consideration (IPCC 2005). Another 

challenge dealing with C&D waste is the lack of practical methods to separate foam 

containing waste from non-foam containing materials (Caleb 2008). The only 

method currently available is through manual separation, which is not economically 

practical (IPCC 2005). 

 

2.3 Chemical and Physical Properties 

CFCs, HCFCs, and HFCs are chlorinated and fluorinated alkanes where all 

the bonds around the carbon atoms are occupied either by hydrogen, fluorine, or 

chlorine atoms (Vollhardt et al. 1999). CFCs are alkanes with one carbon atom 

(methane) while HCFCs have one or two carbon atoms (methane or ethane). 

HFCs have two or three carbon atoms (ethane or propane). Example atomic 

structures of F-gases are presented in Figure 1.  
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a) CFC-11 (Trichlorofluoromethane) and CFC-12 (Dichlorodifluoromethane) 

           

b) HCFC-141b (Dichlorofluoroethane) and HCFC-142b 
(Monochlorodifluoroethane) 

 

          

c) HFC-245fa (1,1,3,3-Pentafluoropropane) and  
                           HFC-134a (1,1,1,2-Tetrafluoroethane) 
 

Figure 1 – Examples of Atomic Structure of F-gases (Vollhardt et al. 1999) 

F-gases are classified as volatile organic compounds due to their relatively 

low boiling point (ranging from -40 to 53°C) existing in a gaseous state at standard 

temperature and pressure (USEPA 2009; NIOSH 2013). The boiling points of the 

F-gases are listed in Table 2. F-gases have low thermal conductivity, high latent 

heat, and low specific volume making them ideal as refrigerants and also as BAs 

(Perkins et al. 2001; Sundararajan and Malikarjuna 2015). Though CFCs have 

thermal properties superior compared to those of HCFCs and HFCs, the high ODP 

of CFCs makes them impractical for use in appliances and insulation materials 

when considering the potential environmental impacts (Perkins et al. 2001). 
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F-gases are non-flammable, non-corrosive, and are very low in toxicity 

(Elkins 1999; McFarland 1992). The primary concerns are due to their detrimental 

environmental effects as potent GHGs and as ODSs. CFCs are especially a 

concern since they have been historically released to the atmosphere (AGAGE 

2009). A schematic of earth’s atmosphere is shown in Figure 2.  

                          

Figure 2 – Earth’s Atmosphere (NASA 2014) 

 

CFCs are highly stable and do not react with other chemicals in the 

troposphere (NASA 2015). HCFCs and HFCs in comparison are relatively unstable 

and are degraded before they can reach the stratosphere (Tang et al. 1998). The 

carbon-hydrogen bond in HCFCs and HFCs can react with the hydroxyl radicals in 

the atmosphere and become oxidized unlike the CFC molecules (NOAA 2015).  

Once a CFC molecule reaches the stratosphere, it is no longer shielded from 

ultraviolet radiation and chlorine atoms start to break off from the CFC molecule 

(NASA 2015). Free chlorine atoms then react with ozone forming chlorine 

monoxide destroying ozone molecules in the process (Payne and O’Neal 1998). 

Then, chlorine monoxide can react with a free oxygen in the atmosphere to release 
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chlorine atoms once again and this cycle repeats destroying many more ozone 

molecules (Payne and O’Neal 1998). A single chlorine atom is capable of 

destroying more than 100,000 ozone molecules in the stratosphere through this 

cycle (Payne and O’Neal 1998). With HCFCs and HFCs containing fewer to no 

chlorine atoms, they pose far less threat to the stratospheric ozone than CFCs. 

 

2.4 Atmospheric Properties and Conditions 

Understanding of atmospheric properties of the F-gases is essential to 

delineate their effects on the atmosphere. Atmospheric lifetime, tropospheric 

concentration, ODP, GWP, atmospheric concentration and radiative forcing (RF) 

of target F-gases and other relevant potent GHGs are listed in Table 2. 
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Table 2 - Summary of Atmospheric Properties and Concentration of Various 
GHGs 

 

 a Haynes and Lide (2015); b WMO (2010); c IPCC (2013); d IPCC (2007); e AGAGE (2014); f NOAA (2014) 

 

 

Atmospheric lifetime can be defined as the time required for 67% of a 

molecule to be removed from the atmosphere in absence of emissions (UNEP 

2011). Lifetime controls how long the gas is retained within the atmosphere and 

thus affects the thermal balance between the atmosphere and land surface (IPCC 

2001). The atmospheric lifetime of CFCs ranges from 45 to 190 years while 

atmospheric lifetime of HFCs and HCFCs range from 2 to 17 years (WMO 2010; 

IPCC 2007, 2013). 

 

Name 
Boiling 

Point at 1 
atm (°C) a 

Atmospheric 
Lifetime 

(years) b,c,d 

Tropospheric 
Concentration (ppt) e,f 

ODP   
b,c,d 

Radiative 
Forcing 
(W/m2) c 

GWP –  
100 

years c 

Carbon Dioxide -78.5 100 3.98 × 10 8 0 1.66 1 

Methane -161.5 9.1 1.80 × 10 6 0 0.47 28 

Nitrous Oxide -88.5 131 3.25 × 10 5 0 0.16 298 

CFC-11 23.8 45 233 1 0.07 4,660 

CFC-12 -29.8 100 524 1 0.17 10,200 

CFC-113 47.6 85 73 0.8 NA 5,820 

CFC-114 3.6 190 16 1 NA 8,590 

HCFC-21 8.9 1.7 NA 0.04 NA 148 

HCFC-22 -40.8 11.9 226 0.055 NA 1,760 

HCFC-141b 32.1 9.2 23 0.11 0.04 782 

HCFC-142b -9.1 17.2 22 0.065 0.003 1,980 

HCFC-151 16 NA 6 0.004 0.003 NA 

HFC-134a -103.3 13.4 74 0 NA 1,120 

HFC-152a -24.1 1.5 NA 0 0.01 138 

HFC-245fa 15.3 7.7 2 0 0.0003 858 
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The atmospheric concentrations listed in Table 2 are the latest monthly 

mean concentrations available from NOAA (2014) and AGAGE (2014). Graphs of 

global monthly concentration data of methane, nitrous oxide, and target F-gases 

were retrieved from AGAGE (2014) and are presented in Figure 3. The monthly 

mean concentrations provided are global averages from various stations located 

throughout the world. According to the data, the tropospheric concentration of 

CFCs has been decreasing while concentration of HCFCs and HFCs have been 

increasing since the mid-1990s. This is consistent with replacement of CFCs with 

HCFCs and HFCs in 1996 due to Montreal Protocol (UNEP 2003).  
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                      a) Methane                                               b) Nitrous Oxide 

            

             c) CFC-11                                                d) CFC-12 

 

             

                       e) CFC-113                                            f) HCFC-22 

Figure 3 - Monthly Atmospheric Concentrations of Methane, Nitrous oxide, CFC-
11, CFC-12, CFC-113, HCFC-22, HCFC-141b, HCFC-142b, HFC-134a, HFC-

152a, and HFC-245fa Measured at Various Stations (AGAGE 2014) 
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g) HCFC-141b                                                h) HCFC-142b 

              
i) HFC-134a                                               j) HFC-152a 

 

 

k) HFC-245fa 

Figure 3 (continued) - Monthly Atmospheric Concentrations of Methane, Nitrous 
oxide, CFC-11, CFC-12, CFC-113, HCFC-22, HCFC-141b, HCFC-142b, HFC-

134a, HFC-152a, and HFC-245fa Measured at Various Stations (AGAGE 2014) 
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ODP is the ratio of the ozone lost due to a certain chemical compared to 

ozone lost due to similar mass of CFC-11 as presented in Equation 1 (Daniel and 

Velders 2007; WMO 2010; UNEP 2011). Thus, the value of ODP for CFC-11 by 

definition is always 1. These values are calculated using computer models 

assuming steady-state conditions with constant emissions (Prather 1996, 2002; 

Daniel and Velders 2007).  The stability of a molecule is important in characterizing 

its ozone depletion potential since this controls whether the molecule will degrade 

in the troposphere before reaching the stratospheric ozone.  

ODPi = 
Global O3 loss due to unit mass emission of constituent i

Global O3 loss due to unit mass emission of CFC-11
                         [1] 

RF and GWP are the two main climate parameters used to quantify energy 

imbalance caused by an introduction of perturbation to the atmosphere (IPCC 

2013). RF is the net change in planetary energy due to emission of forcing agent 

expressed in watts per square meter (IPCC 2013). The change in energy is usually 

presented using a particular time period, such as pre-industrial to present day, in 

order to delineate the effect of the forcing agent on climate change. There are two 

types of RF commonly used by the IPCC: adjusted and effective RF (IPCC 2013). 

Adjusted RF refers to the net change in radiative flux after only the stratosphere 

have adjusted to the chemical agent (Ban-Weiss et al. 2010; IPCC 2013). Effective 

RF refers to the net change in radiative flux after the atmosphere, water vapor, and 

clouds have been adjusted with surface temperature fixed (IPCC 2013). Adjusted 

RF and effective RF are nearly equal in many cases (IPCC 2013). Adjusted RF is 

referred to as RF throughout this thesis consistent with the IPCC (IPCC 2007; 

2013). The RF of CFCs and HCFCs contribute approximately 11% of the overall 
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greenhouse gas RF (IPCC 2013). The RF of HFCs doubled from 2005 to 2013 

with HFC-134a being the main contributor (IPCC 2013). The RF of CFCs has been 

in decline since 2005 mainly due to reduction in CFC-11 and CFC-12 

concentrations in the atmosphere (IPCC 2013). The RF of HCFCs, however, is still 

rising mainly due to increasing HCFC-22 concentration in the atmosphere (IPCC 

2013). 

 

GWP is an index derived from radiative properties used to estimate total 

energy added by a greenhouse gas to the climate system relative to energy added 

by CO2 (IPCC 2007, 2013). GWP is calculated by integrating RF of a chemical and 

carbon dioxide over a specific time horizon. Various time horizons can be used to 

calculate GWP but the time horizon of 100 years has been widely used since its 

use in the United Nations Framework Convention on Climate Change in 1997 

(IPCC 2013). However, 20 and 500 years have also been used in other studies 

(e.g., Houghton et al. 1990). GWP is the most common metric used to convert 

emission of different greenhouse gases to a common scale (Shine 2009). The 

GWPs of CFCs are the highest among the F-gases ranging from 4660 to 10,200, 

while the GWPs of their substitutes, HCFCs and HFCs, range from 138 to 1,980 

(IPCC 2013). 
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2.5 Foams 

Foams are one of the main sources of F-gas emissions due to their wide 

use in refrigerators, freezers, and various building materials (UNEP-TEAP 2005; 

IPCC 2005; Vetter and Ashford 2011). These foams consist of cellular plastics or 

polymers and gaseous BAs that include CFCs, HCFCs, and HFCs (Landrock 

1995). The polymers are created from repeated molecular structures referred to 

as monomers through a process termed polymerization. The most common 

monomers used in insulation foams include urethane and styrene, which can be 

polymerized to form polyurethane and polystyrene (Landrock 1995). The four main 

type of foams as a function of polymer type include extruded polystyrene (XPS), 

expanded polystyrene (EPS), polyurethane (PUR), and polyisocyanurate (PIR) 

foams (Figure 4). 

 

 

Figure 4 – Classification of Foams (Throne 2004) 
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Foams can be classified as a function of crystallinity (thermoset / 

thermoplastic), density (low / high), and stress-strain response (rigid / flexible) as 

presented in Figure 4. Depending on the crystallinity or degree of order in the 

monomer structure, foams are categorized as thermoset or thermoplastic 

(Crawford and Throne 2002; Throne 2004). Thermoset foams have high degree of 

crystallinity, resistance to solvents and chemicals, and are used in high 

temperature applications (BSC 2007). Thermoset foams are often used as 

insulation material in buildings and refrigerators due to their high resistance to 

physical changes (Blaga 1974; Throne 2004). However, thermoset foams cannot 

be melted and recycled unlike thermoplastic foams (Sivertsen 2007). Density of 

thermoplastic foams can be varied during their manufacturing process to suit their 

intended application, while density of thermoset foams is constrained to a narrow 

range (Throne 2004).  High-density thermoplastic foams are typically used in 

permanent structures and appliances while low-density foams are mainly used in 

single use disposable products (Throne 2004).  

 

Stress-strain response in foams is a function of crystallinity, chemical 

composition, and degree of crosslinkage between the polymers (Landrock 1995). 

High degree of crystallinity and crosslinkage leads to rigid structure, while low 

degree of crystallinity and crosslinkage leads to flexible structure (Landrock 1995). 

Rigid foams typically have close-celled structures to retain the blowing agent and 

have improved thermal insulation properties over flexible foams. Flexible foams 

are open-celled, in which the blowing agents are released during manufacturing. 
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Rigid foams are typically used in buildings, appliances, and transportation units 

(Caleb 2011).  The foams used in buildings consist of insulation-based roof boards, 

lining boards, pipe-sections, cold store panels, and spray systems (UNEP-TEAP 

2005). Foam applications in appliances include residential and commercial 

refrigerators/freezers, water heaters, and vending machines (UNEP-TEAP 2005). 

Transport refrigerated units (TRUs) and refrigerated containers (REEFERs) 

commonly use sandwich panel for their insulation (UNEP-TEAP 2005). Flexible 

foam applications include packaging, transport cushioning, and impact 

management (IPCC 2007). 
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2.5.1 Foam Bank in California                                                   

Caleb (2011) developed a comprehensive California rigid foam bank model 

using available literature, foam stock data, and interviews with suppliers, producers, 

contractors, and waste management companies that are associated with foams at 

various lifecycle stages. Total rigid foam consumption in 2008 in California was 

estimated to be 4 million m3 with 53 million m3 in the bank (Caleb 2011). The 

amount of foams that are banked were calculated by combining new foams and 

foams currently in use and then subtracting the foams that had been 

decommissioned. Over 96% of foams in California have been used in buildings 

and appliances with the remaining 4% of foams used in the marine sector, non-

structural cold stores (N.S. Cold Store), and TRUs as presented in Figure 5 (Caleb 

2011).  

 

                              

Figure 5 – Rigid Foam Consumption in California by Application in 2008  

(Adapted from Caleb 2011) 
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Building foams in California were estimated to consist of 55% PIR panel, 

29% XPS panel, 10% PUR spray and 6% PUR panel as presented in Figure 6 

(Caleb 2011). The majority of foams used for appliance, marine sector, and 

TRU/REEFER applications were reported to consist of PUR foam (Caleb 2011). 

Assuming foams in these sectors are strictly PUR foams, rigid foam consumption 

in California by foam type (Figure 7) was calculated by multiplying foam type 

fractions used in buildings (Figure 6) with building foam fraction (Figure 5) and then 

by adding remaining appliance, marine sector, and TRU/REEFER foam fractions 

(Figure 5). The foam consumption consisted of 49% PUR, 33% PIR, and 18% XPS 

as presented in Figure 6. According to Caleb (2011), EPS foam was not 

considered in this model since the study was limited to foams that contained ozone 

depleting or high GWP BAs. The foam consumption data of California adapted 

from Caleb (2011) was consistent with data presented by Throne (2004) where 

PUR, PIR, and XPS foam composed over 70% of the foam market in the U.S. as 

presented in Figure 8.  It is expected PIR foam consumption will increase by 10% 

per year in California (Singh et al. 2005). Thus, end of life management of PUR/PIR 

foams in the present and the future will be essential to limiting emission of F-gases 

from these foams.  
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Figure 6 – Rigid Foam Consumption in Building Applications in California from 
1960 to 2009 by Foam Type (Caleb 2011)     

 
 
 
 
 

                 

Figure 7 – Rigid Foam Consumption in California by Foam Type in 2008  

(Adapted from Caleb 2011) 
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Figure 8 – Foam Consumption in United States (Adapted from Throne 2004) 

 

2.5.2 Emissions of Blowing Agents  

The release of BAs from foams depends on several factors including type 

of foam (rigid or flexible) and blowing agent used; partial pressure within the foam; 

temperature; and presence of a diffusion barrier (Scheutz and Kjeldsen 2003b). 

The emissions occur via diffusion which increases with increasing temperature and 

partial pressure and decreasing atmospheric barometric pressure. Initial release 

of blowing agents mainly depends on whether the foam is closed-celled (rigid) or 

open-celled (flexible). Open-celled foams emit all or a majority of the BAs during 

the manufacturing process, while closed cell foams only lose a fraction of the 

blowing agents during their initial manufacturing process and the remaining portion 

is emitted during their use and after decommissioning (Godwin et al. 2003; Caleb 

2004; UNEP-TEAP 2005). The emission of BAs from foams is a concern 
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specifically for the banked foams since newly produced foams have converted to 

non-ozone depleting or hydrocarbon BAs (UNEP-TEAP 2005).  

 

Emission of BAs from foams occur in three distinct phases: losses during 

production and installation, losses during use, and losses during decommissioning 

at end of life (Godwin et al. 2003; UNEP-TEAP 2002, 2005). The BA emission 

rates at distinct phases vary depending on the application. The Foams Technical 

Option Committee (UNEP-FTOC 1998) and Task force on Collection, Recovery 

and Long Term Storage (UNEP-TEAP 2002) have conducted comprehensive 

assessment of the status of the foams in California. Considerable field work was 

conducted to verify the emission studies by Japan Technical Center for 

Construction Materials (JTCCM) sampling over 500 buildings.  Godwin et al. (2003) 

also conducted a study using Vintage Model developed by USEPA to simulate 

emission profiles for the foam end-uses. The emission factors presented in Table 

3 represent averaged data since the emission factors varied depending on the 

assumption and methodology of the studies. 

 

The total remaining BA in the foams at the time of decommissioning 

depended on the type of application, the release rate, and the loss during 

installation and manufacturing of the foam as indicated in Table 3. First year 

release could be defined as loss of BAs during manufacturing, installation, and use 

of the foam within the first year. Open celled foams, such as polyolefin, PE, and 

flexible PUR foams, had most of their blowing agent released (95 to 100 %) during 
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the first year of use. Closed cell rigid foams had significantly lower first year loss 

in comparison, with values ranging from 4 to 40 %. Overall, annual release rate of 

foams and total remaining percentages after decommissioning ranged from 0.25 

to 2.5%/year and 0 to 90%, respectively. PIR and XPS boardstocks, the two most 

widely used foams in the building sector, were highly emissive having only 15 and 

0% remaining, respectively, by the time of decommissioning. Emission profiles of 

PUR foams varied depending on the foam type. Rigid PUR foams, with the 

exception of PUR sandwich panels, PUR sprays, and PUR one-component foams 

(OCFs), typically had high percentage of BA remaining with values ranging from 

44 to 92% by the time of decommissioning. The foams in appliances, especially, 

had high percentages remaining with BA contents ranging from 90 to 92%. In 

summary, the majority of the end of life bank of BAs would be present in rigid PUR 

foams since most of the BAs present in the rigid XPS and PIR foams would be 

emitted during their use.  
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Table 3 – Stages of BA Emissions from Foams 

a Godwin et al. 2003; b Caleb 2004; c UNEP-TEAP 2002, 2005; UNEP-FTOC 1998, N/A – Not Applicable to the Study         

Foam 
Application 

Foam Type 
First Year 
Release 

(%) 

Release Rate 
After First Year 

(%/year) 

Time to Total 
Release (Years) 

Lifetime of 
Foams (years) 

Total Remaining at 
Decomissioning (%) 

Building 
Insulation, Cold 

Store 
Insulation, 

Marine, and 
Other 

PUR Sandwich 
Panels a 

40 2 N/A 25 10 

PUR Continuous 
Panel   b 

5 < 0.5 190 50 70 

PUR Discontinuous 
Panel  b 

6 < 0.5 188 50 69 

PUR Continuous 
Block  b 

35 0.75 86 15 54 

PUR Discontinuous 
Block  b 

40 0.75 80 15 49 

Phen. Discontinuous 
Block  b 

40 0.75 80 15 49 

PUR Boardstock c 6 0.5 to 1 94 50 44 

PIR Boardstock a 10 1.5 N/A 50 15 

XPS Boardstock a 25 0.75 to 2.5 30 50 0 

Phen. Boardstock c 6 0.25 to 1 94 50 44 

PE Boardstock c 90 5 2 50 0 

PUR Spray b 15 to 25 0.75 to 1.5 50 50 0 

PUR OCF  a 100 N/A 0 50 0 

PUR Pipe in Pipe a 6 0.25 376 50 81.5 

PE Pipe a 100 N/A 0 15 0 

Appliance 
Insulation 

PUR Appliance b 4 0.25 384 15 92 

PUR Com. Refrig. b 6 0.25 376 15 90 

Cushioning, 
Packaging, 

Transportation 
Insulation 

PUR Flexible c 100 0 0 0 0 

PUR Integral Skin b 95 2.5 2 15 0 

PUR Reefers/Trans  b 4 to 6 0.5 188 15 86.5 

Polyolefin a 95 2.5 N/A 2 0 
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2.5.3 Current End of Life Fate and Practice 

End of life fate and practice differs depending on the application of foam 

during its lifetime.  According to a 2008 waste characterization study conducted 

fover four metropolitan areas in California, a large fraction (approximately 16 %) of 

incoming waste was determined to be composed of C&D waste (Cal Recycle 2008). 

By applying C&D waste fraction to the annual waste disposal data from 2008 

(approximately 35 million tons), it is estimated that 5.6 million tons of C&D waste 

was generated in 2008 (Cal Recycle 2009; Cal Recycle 2014). Only a small 

fraction (0.2%) of the C&D waste was contained insulation foams (Cal Recycle 

2006). Since the quantity of disposed foams has not been reported directly, the 

amount of C&D waste containing insulation foam was quantified by excluding all 

known category of other waste (e.g. paper, glass, metal, lumber, etc.). By scaling 

the C&D waste foam fraction (0.2%) to the annual C&D waste disposal data from 

2008 (approximately 35 milliom tons), it was estimated that 12,700 tons of C&D 

waste generated in 2008 contained insulation foams (Cal Recycle 2008). 12,700 

tons represents the maximum foam disposal estimate for 2008. This estimate is 

generally consistent with the estimate of 15,130 tons, provided by Caleb (2011), 

which also used 2008 California waste disposal data for the study. Since no data 

is available regarding foam fraction for 2014, it is estimated, using the C&D waste 

fraction containing foam from 2008 (0.2%) and annual C&D waste disposal amount 

from 2014 (approximately 5 million tons), that 9,580 tons of C&D waste foams was 

generated in 2014. With current practices, C&D waste foams are not segregated 

from non-foam containing C&D waste (Caleb 2011).  
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It was estimated that 92% of the foams in C&D waste are directly landfilled 

with remaining 8% shredded prior to being landfilled (Caleb 2011). The issue with 

end of life management of foams from C&D waste is the weight, volume, and 

composition of the foam (Caleb 2011). From the waste management perspective, 

the handling of these foams as separate waste stream is not economically viable, 

since most foams do not have reuse potential and are expensive to transport 

(Caleb 2011). However, PUR panels are an exception as they are composed of 

80% metal by weight making them more attractive for recycling (Caleb 2011). 

Carbon credits are offered by Climate Action Reserve (CAR) for direct incineration 

where F-gas reduction has been established through frequent monitoring (Caleb 

2011). However, in order for this method to be economically viable, carbon credits 

need to be sufficiently high to cover the transport and separation cost of building 

demolition-derived foams (Caleb 2011).  

 

Reduction of various NMOCs in LFG was measured through multiple 

studies conducted by Environment Canada with similar landfill gas collection and 

combustion systems as in California, achieving more than 90% reduction efficiency 

of CFCs and HCFCs (Environment Canada 1999, 2000a, 2000b, 2000c, 2000d, 

2002, 2005). Another possible NMOC reduction measure is landfill-based natural 

biological attenuation. However, this method does not have any carbon credit 

incentives since reduction quantity cannot be measured (Caleb 2011).  
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In California, over 1 million freezers and refrigerators are decommissioned 

every year (Caleb 2011). Clean Air Act Section 608 passed in 1990 disallows any 

refrigerants to be vented during installation, service, or retirement of the appliances 

(USEPA 2013). In 1991 in California, Assembly Bill 1760 was passed making 

appliance recycling nearly mandatory and required that any toxic or 

environmentally harmful materials need to be removed and recovered prior to 

shredding (Cal Recycle 1991). The materials controlled under these regulations 

are all refrigerants (which includes CFC-, HCFC-, and HFC-based refrigerants), 

mercury, compressor oil, and polychlorinated biphenyls. However, the BAs 

contained in foams within appliances are not controlled under these regulations. 

Thus, most foams containing BAs are directly landfilled without any special 

treatment after they are removed from the appliances (DTSC 2002, 2007). The 

disposal pathway for domestic and commercial appliances varies. For domestic 

refrigerators, it is estimated that 12 to 15% of the foams are fully recycled, 39% 

are re-used, and the remaining 47% are processed for metal recovery and 

degassing and then the remaining residues are landfilled (Caleb 2011). For 

commercial appliances, all of the foams are processed for metal recovery and 

degassing and then the remaining residues are landfilled (Caleb 2011).  

 

TRUs are treated similar to vehicles in accordance with US Clean Air Act 

Regulation Sections 608 and 609 meaning all refrigerants (which includes CFC-, 

HCFC-, and HFC-based refrigerants) are removed prior to any recycling. It is 

estimated that 25% of the foams in TRUs and REEFERs are reused with a small 
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fraction being diverted for exports. The remaining 75% are processed for metal 

recovery and degassing and then the remaining residues are shredded and then 

landfilled (Caleb 2011). For foams used in marine sector, 95 to 100% of the foams 

are shredded then landfilled (Caleb 2011). The TRUs, REEFERs, and marine 

foams have no mandated end of life measures due to the relative small quantity of 

foam disposed compared to foam used in appliance and building sectors.  

 

An additional category of foam that contains F-gas blowing agents is auto 

fluff, commonly referred to as auto shredder residue (ASR), which is a mixture of 

shredded foam residues from automobiles. These foams are residual waste 

products from auto shredder facilities and are highly heterogeneous both in size 

and composition depending on the year and manufacturer of the cars processed 

at the facility (Moakley et al. 2010). The auto fluff is a mixture typically composed 

of plastics (30 to 48%), fibers (4 to 26%), glass/ceramics (3 to 19%) metal (3%), 

elastomers/rubbers (10 to 32%), and minerals/residues (10 to 43%) (Moakley et 

al. 2010). According to Duranceau and Spangenberger (2011), auto shredder foam 

residues contain polystyrene (4% w/w) and PUR (2 to 3% w/w) polymers indicating 

the presence of rigid insulation foam and possibly F-gas blowing agents in the 

shredded foam products. 

 

In a comprehensive study conducted by Scheutz et al. (2007b, 2011a, 

2011b), the BA and PUR contents in auto shredder residue were quantified. The 

waste samples for the tests were obtained from a cell located in AV Miljø Landfill, 
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Denmark used to dispose auto shredder residues from 1990 to 2000 (Scheutz et 

al. 2007c). The waste materials were sampled from a depth between 1 and 1.5 m 

that were in anaerobic conditions. Large sample sizes (75 to 188 kg) were taken 

to reduce sampling error. PUR contents of the foam ranged from 2 to 12% (w/w) 

(Scheutz et al. 2007b, 2011a). It was indicated that PUR foam was most likely from 

rigid foam panels used in cars and caravans (Scheutz et al. 2007c). CFC-11, 

HCFC-141b, and HFC-134a contents in the foams were determined to be 0.70, 

0.080, and 0.115 g/kg foam, respectively (Scheutz et al. 2007c).  The presence of 

F-gases was confirmed through gas probe measurements from the landfill 

(Scheutz et al. 2011b). The results from these studies indicated that the presence 

of BAs in auto fluff at disposal is likely and that these BAs may contribute to 

emission of BAs in a landfill environment.  

 

2.6 The Landfill Environment 

A landfill can be conceptualized as a biochemical reactor with solid waste 

and water as the principal inputs and leachate, LFG, and heat as the principal 

outputs (Tchobanoglous et al. 1993; Yesiller et al. 2005). Landfills are engineered 

waste containment systems that consist of composite liner and cover systems, and 

leachate and gas collection and removal systems. LFG is mostly composed of 

methane (45 to 60 %) and carbon dioxide (45 to 60 %) and the remaining fraction 

is composed of nitrogen (2 to 5 %), oxygen (0.1 to 1 %), sulfides (0 to 1 %), 

ammonia (0.1 to 1 %), hydrogen (0 to 0.2 %), carbon monoxide (0 to 0.2 %) and 

other trace constituents (0.01 to 0.6 %) (Tchobanoglous et al. 1993). Landfill 
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methane emissions are estimated to contribute 1.3% (0.6 Gt CO2eq per year) of 

the global anthropogenic GHG emissions (49 Gt CO2eq per year) (Bogner and 

Spokas 2010). Methane is a potent greenhouse gas with thermal absorption 

efficiency 28 times greater than that of carbon dioxide (IPCC 2013). Thus, landfill 

gas emission reduction measures are necessary to mitigate the effects of climate 

change. The methane produced in landfills is either recovered by LFG collection 

system, oxidized by the methanotrophs in cover soils, or directly released to the 

atmosphere. A schematic of this process is presented in Figure 9. CFCs, HCFCs, 

and HFCs can also be oxidized in cover soils similar to methane (Scheutz 2004; 

Scheutz et al. 2003a, 2003b, 2004, 2007). Thus, F-gases are likely to have similar 

fate as methane in a landfill environment. 

          

Figure 9 – Methane Mass Balance in a Landfill Environment  

(Modified from IPCC 2007) 
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2.6.1 Physical Factors 

Physical factors such as composition and organic content of MSW, 

compaction and compression processes, and types of cover, liner, leachate, and 

gas collection system used at a landfill are all variables that can affect the 

production and emission of LFG. For example, compaction and presence of 

geomembrane liners control moisture content and hydraulic conductivity in cover 

systems (Tchobanoglous et al. 1993; Qian et al. 2002). The presence of a liner 

and cover system, on the other hand, can limit the vertical and lateral diffusion or 

migration of LFG.  The physical factors controlling the waste conversion processes 

are associated with the design and operation of the landfill.                               

 

The composition of MSW affects all processes in landfills including 

anaerobic decomposition and fugitive emissions. Comprehensive waste 

characterization was conducted by Cascadia Consulting group, where C&D waste 

foam fraction was determined.  It was estimated, using the C&D waste foam 

fraction (0.2%) from 2008 and annual C&D waste generated from 2014 

(approximately 5 million tons), that 9,580 tons of C&D waste foams was landfilled 

in 2014 (Cal Recycle 2006, 2008; Caleb 2011; Cal Recycle 2014). The details 

regarding the assumptions used for the calculation are provided in Section 2.5.3.  

 

Cover systems are essential to operation and management of landfills for 

various reasons. Cover systems do not only eliminate source of disease vectors 

and reduce moisture infiltration, but also reduce fugitive emissions by limiting 
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vertical diffusion and promoting methane oxidation. There are three types of cover 

systems: daily, intermediate, and final. Daily and intermediate covers refer to 

temporary covers that are placed prior to installation of a final cover system. Daily 

covers range from 150 to 300 mm in thickness and various materials are used 

including soil, wood, geosynthetics, spray foams, shredded C&D waste, shredded 

auto fluff, and other wastes (USEPA 1993). By regulation, daily covers are required 

to have minimum thickness of 150 mm to provide equivalent performance to 150 

mm of soil (USEPA 2012). Intermediate covers are placed over completed lifts that 

have reached their final elevation and are typically used for an extended period of 

time (typically over 1 year) (USEPA 1993). By regulation, intermediate covers are 

required to have minimum thickness of 300 mm using soil or alternate cover 

material with equivalent performance to 300 mm of soil (USEPA 2014b). The 

thickness can range from 60 to 100 cm and number of materials can be used for 

intermediate cover including soil and green waste, shredded C&D waste, shredded 

auto fluff, shredded C&D waste, and other wastes (CARB 2011). However, use of 

materials other than soils is highly limited in California landfills (CARB 2011).   

 

Final cover systems are placed when the waste heights reach final levels. 

The main objective of the final cover systems is to minimize water infiltration to the 

underlying waste mass as well as to reduce emission of LFG. A general schematic 

of a final cover system is presented in Figure 10 (Yesiller and Shackelford 2011). 

Conventional final cover systems consist of vegetative soil and protective soil layer, 

filter/drainage layer, and a barrier system. The vegetative soil layer prevents 
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erosion along the surface and acts as a barrier to burrowing animals. The 

protective soil layer is mainly present to prevent plant roots from intruding to the 

underlying layers and minimum thickness of 150 mm is required. The 

filter/drainage layer collects water from precipitation or surface runoff infiltrating 

from surrounding areas. The barrier system is typically a composite barrier system 

used to isolate the waste from surrounding environment and to limit LFG transport 

to the surface. The barrier system is constructed using combination of compacted 

clayey soil and/or geosynthetic clay liners (GCLs), and geomembranes. The 

secondary filter/drainage layer is used to collect and remove LFG. Typical final 

cover thicknesses are at least 1000 mm and extend up to 1500 mm.  

 

Figure 10 – The Conventional Final Cover System  

(Yesiller and Shackelford 2011) 
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The primary design consideration for barrier systems is low hydraulic 

conductivity and gas conductivity. Gas conductivity typically decreases with 

decreases in hydraulic conductivity. Moon et al. (2008) determined that gas 

conductivity was about 2 to 3 orders higher than hydraulic conductivity. The 

difference between and gas and hydraulic conductivity was attributed to gas 

slippage, which makes gas more permeable, and clay-water interaction, which 

impedes water flow and make water less permeable (Moon et al. 2008). The flow 

velocity of the permeating gas at bounding solid walls (i.e. soil) is assumed to be 

non-zero whereas the velocity is at the bounding walls is assumed to be zero for 

permeating liquid. This phenomenon is referred to as gas slippage.  whereas Moon 

et al. (2008) also indicated that compacted clay alone would not be sufficient to 

control landfill gas emissions. Yesiller and Shackelford (2011) indicated that 

compacted clay wet of optimum moisture contents dramatically decreased in both 

hydraulic and gas conductivity. Thus, variation in moisture content in the cover 

system can have significant effect on emissions of LFG from landfills. 

 

2.6.2 Biochemical Factors 

LFG is produced through multiphase conversion processes that involves 

biological and chemical conversion and transformation processes.  Two primary 

biological processes that occur in the landfill environment are anaerobic 

degradation and aerobic oxidation. The degradation of organic fraction of waste 

produces carbon dioxide and methane, whereas aerobic oxidation converts the 

methane to carbon dioxide as it travels through the cover soil. Chemical processes 
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are mostly associated with the migration and sequestration of the chemicals in the 

landfill environment (Tchobanologus et al. 1993). The chemicals can volatilize, 

evaporate, or sorb onto waste materials or undergo chemical transformation 

through dissolution, condensation, or microbially mediated decomposition 

(Tchobanologus et al. 1993).  The combination of these biological and chemical 

processes ultimately controls generation and emission of LFG. 

 

Generation of landfill gas is known to occur in five phases as presented in 

Figure 11 (Tchobanologus et al. 1993). Phase I is the initial adjustment phase 

which occurs as soon as MSW is placed in a landfill (Tchobanologus et al. 1993). 

The organic biodegradable components of the MSW undergo biological 

decomposition due to presence of anaerobic and aerobic organisms in the cover 

soil. Phase II is the transition phase where oxygen is depleted and anaerobic 

condition starts to develop (Tchobanologus et al. 1993). This conversion from 

aerobic to anaerobic environment develops within weeks to several months 

subsequent to placement of waste (Hanson et al. 2005).  
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Figure 11 – Generalized Phases in the Generation of Landfill Gases  

(Hofstetter 2014) 

 
In Phase III, complex organic materials are converted into organic acids 

with production of carbon dioxide. Phase III occurs in two steps via hydrolysis and 

acidogenesis (Rettenberger and Stegmann 1996). Phase IV is the methane 

fermentation phase or also known as methanogenesis, where organic acids 

produced from acidogenesis are converted to methane and carbon dioxide by 

methanogenic anaerobes (Tchobanologus et al. 1993). Acidogenesis and acid 

conversion occur simultaneously during this phase. The reactions in Phase III and 

IV depend on multiple factors including oxygen, hydrogen, and sulfate 

concentration, pH, alkalinity, presence of nutrients or inhibitors, temperature, and 

moisture content of waste (Rettenberger and Stegmann 1996). The specifics 

regarding the ideal condition for anaerobic decomposition can be found in existing 

literature (e.g. Merz 1964; Ramaswamy 1970; Hartz et al. 1982; Mata-Alvarez and 

Martinez-Viturtia 1986; Cecchi et al. 1993; Tchobanogolous et al. 1993). Phase V 

occurs after all the available biodegradable organic materials are depleted. The 
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rate of landfill gas generation greatly diminishes during this phase due to lack of 

nutrients and substrates (Tchobanologus et al. 1993). The duration of individual 

phases varies depending on multiple factors including distribution of organic 

components in the landfill, availability of nutrients, moisture content and routing of 

water in the waste, and degree of initial waste compaction (Tchobanologus et al. 

1993). The peak time of LFG generation can vary depending on the climate, where 

the peak may be reached within the initial two-year period in a temperate climate 

whereas it may take up to decades in low temperature or arid conditions (Hanson 

et al. 2006).  

 

Changes in moisture content and temperature in wastes influence aerobic 

and anaerobic degradation, which ultimately affect LFG production in a landfill 

environment (Stern et al. 2007). Larger LFG fluxes were reported during the 

summer months compared to that of winter and spring months (Chriophersen et 

al. 2001; Park and Shin 2001). High and low methane oxidation rates were 

observed during the summer and winter months, respectively. Jones and Nedwell 

(1993) indicated that the methane emissions were higher in the winter than in the 

summer due to saturation of the soil pores from higher precipitation leading to 

reduction in methane oxidation from lower methane transport through the soil. 

According to Whalen et al. (1990), gas-phase diffusion is about 104 times greater 

than aqueous diffusion. Thus, this leads to high methane emissions when soil 

pores are saturated.  
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During the summer months, considerably higher oxidation rates were 

observed resulting in high carbon dioxide fraction with an increase in LFG flux 

(Christophersen et al. 2001). Methane transport increased during the summer 

months with decrease in water saturated pores and increase in vertical extent of 

the oxidized zone allowing greater methane oxidation to occur (Christophersen et 

al. 2001). Thus, this lead to lower methane emissions with higher methane 

oxidation rate in the summer. 

 

Aerobic oxidation in landfill covers occurs due to microorganisms present in 

landfill covers (Tchobanologus et al. 1993). Oxidation in landfill environment refers 

to conversion of methane, organic compounds, nutrients, and oxygen to new 

bacterial cells, carbon dioxide, water, ammonia, sulfate, and organic products by 

aerobic methanotrophs (Scheutz 2005). Optimal condition for aerobic oxidation 

includes stable pH, warm temperatures, presence of oxygen, absence of carbon 

dioxide and inhibitory metals, sufficient residence of LFG in the cover, and 

optimum moisture content (SCS Engineers 2008). Typically, maximum oxidation 

activity occurs within the top 15 to 20 cm beneath the surface of landfill covers 

(Jones and Nedwell 1993; Czepiel et al. 1996). 

 

The optimal temperature for aerobic oxidation ranged from 20 to 30°C with 

30°C being identified as the optimal temperature in multiple studies (Whalen et al. 

1990; Figueroa 1993; Bender and Conrad 1994; Boeckx et al. 1996; Boeckx and 

Van Cleemput 1996; Stein and Hettiaratchi 2001; Scheutz and Kjeldsen 2004; 
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Scheutz et al. 2004; Streese-Kleeberg and Stegmann 2008; Spokas and Bogner 

2011; Spokas et al. 2011). Optimum moisture content ranged from as low as 10% 

to over 30% (Whalen et al. 1990; Figueroa 1993; Bender and Conrad 1994; 

Czepiel et al. 1996a; Boeckx and Van Cleemput 1996; Boeckx et al. 1996;  

Börjesson 1997; Stein and Hettiaratchi 2001; Scheutz and Kjeldsen 2004; Scheutz 

et al. 2004; Streese-Kleeberg and Stegmann 2008). SCS Engineers (2008) 

reported an average oxidation rate of 35% with sandy soils having high oxidation 

rate of 55% and clayey soils having low oxidation rate of 22%. Methane oxidation 

rate ranged from 1 to over several hundred μg CH4/ g soil-day depending on the 

type of cover present (Bogner et al. 2011).  

 

Heat is a byproduct generated by various biochemical processes occurring 

within the landfill environment (Tchobanologus et al. 1993). The elevated 

temperature caused by the heat not only affects anaerobic decomposition and 

chemical transformation occurring within the landfill, but also affects the 

engineering properties of wastes, liners, covers and surrounding subgrade soils 

(Yesiller et al. 2005). The heat generated can influence the anaerobic 

decomposition in two ways: short-term effects on the reaction rate and long-term 

effects on the microbial population balance (Hartz et al. 1982). Optimum 

temperature for growth of mesophilic and thermophilic bacteria ranged from 30 to 

40°C and 50 to 60°C, respectively (Cecchi et al. 1993; Tchobanogolous et al. 

1993). Optimum temperature for maximum gas production from anaerobic 
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decomposition ranged from 34 to 41°C in laboratory studies (Merz 1964; 

Ramaswamy 1970; Hartz et al. 1982; Mata-Alvarez and Martinez-Viturtia 1986).  

 

2.6.3 Environmental Factors 

Common environment factors that influence LFG emissions are variations 

in seasonal and climatic conditions. Seasonal weather variations cause fluctuation 

in moisture content and temperature in incoming wastes and landfill covers. 

Variations in moisture content and temperature not only affect various chemical 

transport processes that control migration and sequestration of LFG, but can also 

influence the coupled biochemical processes including anaerobic degradation, 

aerobic oxidation, and heat generation in wastes.  

 

Moisture content within a landfill changes with annual precipitation, 

fluctuation of moisture level in the incoming waste, and landfill cover configuration 

(e.g. daily, intermediate, and final). Hanson et al. (2010) indicated that incoming 

MSW moisture content varied between summer (31% w/w dry basis) and winter 

(53% w/w dry basis) at a landfill located in a humid temperate climate. According 

to Tchobanoglous et al. (1993), the moisture content of individual MSW 

components varied over a wide range with organic wastes in the high range 

(approximately 80% w/w wet basis) and inorganic components such as glass and 

metal in the low range (approximately 1 to 2% w/w wet basis. Optimum moisture 

contents for gas production ranged from 50 to 60% (w/w wet basis) 

(Tchobanoglous et al. 1993).  Rees (1980a, 1980b) indicated that high water 
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content and an approximate density of 1 tonne/m3 were necessary for optimum 

gas production in temperate climates, but also reported that excessive water 

infiltration can obstruct methanogenesis and cool down waste mass decreasing 

gas production.  

 

The temperature of incoming wastes and landfill covers changes with 

fluctuation of ambient temperature. Initial waste placement temperature affects 

heat generation in landfills with higher initial waste placement temperature 

resulting in higher long-term waste temperature (Houi et al. 1997; Hanson et al. 

2005; Yesiller et al. 2005). Farquhar and Rovers (1973) reported that the high 

waste placement temperature was directly correlated with the short-term 

temperature increase. Yesiller et al. (2008) investigated temperature variations in 

the landfill covers at test sites in four climatic regions. The surface temperature of 

the covers underwent seasonal fluctuation similar to air temperature. Typically, 

with increasing cover system depth, the maximum temperature decreased and the 

minimum temperature increased resulting in decrease in range of measured 

temperature (Yesiller et al. 2008). However, average temperature generally 

increased with depth. 

 

Barometric pressure can affect emission and transport of LFG in a landfill 

environment. Methane and carbon dioxide emission were shown to be inversely 

related to barometric pressure (Young 1992; Czepiel et al. 1996; Christophersen 

et al. 2001; Czepiel et al. 2003; Xu et al. 2013). Emission quantities were strongly 
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associated with change in barometric pressure, where rising barometric pressure 

decreased the emissions and falling barometric pressure increased the emissions 

of LFG.  

 

2.7 CFCs, HCFCs, and HFCs in Landfills 

2.7.1 CFCs, HCFCs, and HFCs in Bank and Entering Landfills 

Caleb (2011) conducted a comprehensive study using an emission model 

to estimate the amount of CFCs, HCFCs, and HFCs contained in foams in 

California. The model took various factors into account including market growth 

rate, average foam lifetime, foam density, blowing agent content respective to 

application (buildings, appliances, TRUs, and marine sector), average reuse rate 

for appliances and TRUs, building demotion rate, and building refurbishment rate 

(Caleb 2011). The end of life practices respective to applications were also taken 

into account to estimate amount of rigid foam entering California landfills. The 

model estimated the volume of F-gas containing foam waste generated, which was 

then converted to MMTCO2EQ using GWP and foam blowing agent content to 

achieve consistency with other Air Resource Board gas inventory and reduction 

analyses (Caleb 2011). The specifics regarding the assumptions of the model can 

be found in Section 3.7 of Caleb (2011). 

The total amount of rigid foam generated containing high GWP BAs in 2008 

was estimated to be approximately 930,000 m3 (Caleb 2011).  The two categories 

that generated the most foam were C&D insulations (34%) and appliance foam 

(34%) as presented in Figure 12. The foams containing F-gases are typically used 
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on average on the order of 30 years in buildings and 15 years in appliances (Caleb 

2011). Bank of high-GWP gases had accumulated significantly by 1996 due to 

wide use of CFCs, reaching a peak of 286 MTCO2EQ as indicated in Table 4 

(Caleb 2011). The bank has reduced by 90 MMTCO2EQ since then and is 

projected to decrease by another 40 MMTCO2EQ by 2020 as high-GWP CFCs are 

substituted with low-GWP hydrocarbons, HCFCs, and HFCs in various sectors 

(Caleb 2011).  

                                         

Figure 12 – Sources of Foam Waste Generated in California in 2008  

(Caleb 2011) 

 

Table 4 – Summary of All Blowing Agent Banks (MTCO2-eq) 

 

Year Buildings Appliances 
Other 

Refrigeration 
TRUs 

Marine 
and Other 

Total 

1996 286.31 41.28 6.08 15.01 15.01 363.69 

2005 267.72 28.89 2.82 7.81 7.81 315.05 

2010 244.97 25.15 1.59 3.65 3.65 279.01 

2015 216.49 33.00 1.81 2.84 2.84 256.98 

2020 182.73 27.92 2.01 2.49 2.49 217.64 
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Caleb (2011) provided the amount of foam generated and the composition 

of F-gas BAs in California respective to their applications and usage over time. 

These data were used to estimate the 2008 and later conditions for foam wastes 

reaching end of life and foam wastes entering landfills as presented in Figure 13 

and 14, respectively.  For current conditions, CFC-11 represented the highest 

fraction of BA materials to reach end of life management processes and to enter 

landfills for disposal. However, for future conditions, HFC-245fa represented the 

highest fraction of BA materials to reach end of life management processes and to 

enter landfills for disposal. Overall, CFCs reaching end of life and entering landfill 

significantly decreased from present to future conditions due to their substitution 

by low-GWP alternatives.  

                     

    a) Current (2,705 tons BA / year)                b) Future (3,418 tons BA/year) 

 
Figure 13 – Foam Waste Entering End of Life Management in California 

(Caleb 2011) 
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     a) Current (1,784 tons BA/year)                  b) Future (1,655 tons BA/year) 

 
Figure 14 – Foam Waste Insulation Materials Entering Landfills in California 

(Caleb 2011) 

  
The composition of BAs banked in California landfills is presented in Figure 

16. Though HFC-245fa, HCFC-141b, and HFC-134a will be entering landfills in 

considerably higher amounts in comparison to CFC-11 on a mass basis (Figure 

16), CFC-11 will still be of utmost concern in relation to landfill emissions due to 

their historical usage and high GWP leading to high MMTCO2EQ fraction in BAs 

banked in landfills as presented in Figure 15. As indicated in Table 5, the blowing 

agent banks in landfills rapidly increase from 1996 to 2020 primarily due to 

decommissioning of buildings with insulation foams containing CFC-11, which 

were extensively used prior to complete phase out of CFCs in 1996 (Caleb 2011). 
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Figure 15 – Composition of BAs Banked in California Landfills in MMTCO2EQ, 
Future (Caleb 2011) 

 

Table 5 – Summary of Blowing Agent Banks in Landfills in MMTCO2EQ 

(Caleb 2011) 

 

Year Buildings Appliances 
Other 

Refrigeration 
TRUs 

Marine 
and Other 

Total 

1996                                                                                                                                                                            14.69 10.21 1.80 1.91 9.07 37.68 

2005 40.40 24.60 3.99 3.19 13.40 85.58 

2010 58.74 29.77 4.43 3.91 15.28 112.13 

2015 80.61 29.33 4.14 3.77 14.09 131.94 

2020 109.70 32.45 3.96 3.77 13.25 163.13 

 

2.7.2 Fate of CFCs, HCFCs, and HFCs in Landfills 

The two primary processes in landfills that control the fate of F-gas BAs are 

anaerobic degradation and aerobic oxidation. These processes govern the amount 

of BAs in the landfill environment as well as amount and rate of emissions from 

landfills. Degradation of CFCs and HCFCs occurs in anaerobic conditions. HCFC-

21 and HCFC-22 are anaerobic degradation products of CFC-11 and CFC-12, 

respectively as presented in multiple studies (Scheutz 2005; Scheutz et al. 2007a, 

2007b, 2011a, 2011b). In a batch experiment, CFC-11 was degraded to HCFC-21, 

HCFC-31, and HFC-41 within 5 to 10 days (Scheutz et al. 2007b). No further 
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degradation occurred after CFC-11, HCFC-21 and HCFC-31 was degraded to 

HFC-41. The degradation products did not correlate with the stoichiometric 

removal of CFC-11 indicating that other degradation products were also produced 

(Scheutz et al. 2007b). In addition, the study indicated that the degradation 

reactions occurred simultaneously and not sequentially. The degradation rate was 

directly proportional to number of chloride atoms attached to the carbon, where 

CFC-11 had the highest rate and the lowest rate observed for HCFC-31 (Scheutz 

et al. 2007b). Degradation of CFC-12 and HCFC-22 was relatively low compared 

to that of CFC-11 and HCFC-21. HCFC-22 was degraded to HFC-32 and was not 

degraded any further. HCFC-141b was also degraded at a similar rate to that of 

HCFC-22 and HFC-31, but the degradation pathway of the HCFC-141b was not 

identified in the study (Scheutz et al. 2007b).  

 

CFCs, HCFCs and HFCs can be oxidized similar to methane in cover soils. 

Compounds such as HCFC-21, HCFC-22, HCFC-31, HCFC-32, and HFC-41 were 

oxidized with maximum oxidation rates ranging from 0.003 to 0.067 μg/g soil-day 

whereas highly substituted compounds such as CFC-11, CFC-12, HFC-141b, and 

HFC-134a were not oxidized under any aerobic conditions (Scheutz et al. 2007b). 

Scheutz et al. (2003b) conducted an experiment, where CFC-11, CFC-12, HCFC-

21, and HCFC-22 gases were injected into a soil column containing a landfill cover 

sample. The injected HCFC-21 and HCFC-22 rapidly degraded in the aerobic part 

of the soil column (61% and 41%, respectively on mass basis). However, highly 

substituted compounds such as CFC-11 and CFC-12 only degraded under the 
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anaerobic part of the soil column. The degradation of F-gases in both aerobic and 

anaerobic zones indicates that both anaerobic and aerobic bacteria may be an 

important factor in reducing the emission of F-gases in landfill environments. 

 

2.8 Gas Sampling Techniques 

Grab sampling provides measurement of gas concentration at a single point 

in time. This method is used as a screening technique to identify contaminants and 

determine approximate concentrations in a given test area (USEPA 2005). The 

main advantage of grab sampling is the low sampling cost and simple testing 

requirements. The disadvantages include obtaining only a concentration at a single 

point in time, low sample volume, and potential diffusion of gases in or out of 

samplers. Common devices used for grab sampling in landfill emissions analysis 

are specially-treated canisters, glass sampling bulbs, Tedlar bags, or solid sorbent 

tubes (USEPA 2005). 

 

 Canisters are used commonly due to their ruggedness and ease of 

cleaning for reuse (Pellizari et al. 1984). For collection of trace gases from landfills 

or cover/surrounding soils, USEPA established method TO-14/TO-15 that requires 

specially-treated canisters to be used (USEPA 2005). The most common type of 

canister used for grab sampling is the Summa canister. Summa canisters refer to 

steel canisters that have internal surfaces deactivated using the Summa process 

(USEPA 2011). Tedlar bags also have been utilized as they provide simple, cost-

effective means of collecting gas samples (Pellizari et al. 1984). The bags are used 
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only for short-term sampling as the reliable storage time is limited to 24 hours or 

less unless bags are protected from potential contamination or leakage (Pellizari 

et al. 1984).  

 

Glass bulbs are another type of collection medium used for grab sampling. 

Glass bulbs have higher long-term storage stability than Tedlar bags, yet are 

fragile, which limit their practical use (Pellizari et al. 1984). Solid sorbent tubes 

refer to a sampling medium that utilizes the principle of adsorption to extract 

contaminants from gas samples (Peach and Carr 1986). The advantages are ease 

of sample management in the field and ease of transportation to the laboratory 

(Peach and Carr 1986).  

 

2.8.1 Real-Time Sampling Techniques 

Real-time sampling is a technique that provides instantaneous 

concentration values (USEPA 2005). Multiple measurements can be made over a 

short period of time, which allows for analysis and reporting of data nearly 

instantaneously. An advantage of this technique is that most portable real-time 

sampling devices are nonselective, meaning that entire class of compounds can 

be measured at one time. One disadvantage of real-time sampling is that the 

analytical system required for measurement is expensive. Also, the portable 

systems used are complex requiring highly trained field personnel, rigorous 

calibration procedures, and independent performance audits of routine monitoring 

and data handling operations (USEPA 2005). 
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Flame ionization detection (FID) is one of the most commonly used portable 

gas sampling techniques utilized for real-time monitoring (USEPA 2005). As a 

pollutant enters the ionization detector, the entering gas is mixed and then burned 

in a hydrogen flame to produce both ions and electrons (Liptak 2003). The 

electrons produced then enter an electrode gap, with decreasing gap resistance, 

to create a current. The flow of current then can be used to determine the pollutant 

concentration (USEPA 2005). A specific advantage of using FID is that it does not 

detect oxygen or water in the measurement process, which eliminates possible 

disturbance from these compounds during measurement (Liptak 2003). A main 

disadvantage is that a mixture varying in composition can be difficult to calibrate 

due to different detector responses and lower explosive limits of concentration 

between components in the mixture (Liptak 2003). Typical detection limits for FID 

are approximately 100 ppbv (USEPA 2005). 

 

2.8.2 Time-Integrated Sampling Techniques 

Time-integrated sampling includes measurement of gas concentration over 

a time period to provide a single, integrated value (USEPA 2005). The sampling 

period can vary from minutes to days to weeks. This technique is often used to 

detect very low concentrations since the sampling period can be varied to provide 

the analytical system sufficiently large samples to meet the detection limit (USEPA 

2005). Various time-integrated sampling methods are available to collect 

compounds ranging from volatiles, semi-volatiles, inorganics, organics, to 

particulate matter (USEPA 2005). Time integrated sampling can be conducted 
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either using continuously or discontinuously operating devices. Continuous 

devices provide high time resolution but lack the sensitivity or selectivity to detect 

presence of specific classes or families of pollutants (USEPA 2004). Discontinuous 

techniques are favored due to the ability to detect low pollutant concentrations 

(USEPA 2004). 

 

Time-integrated sampling can be conducted using active or passive 

sampling techniques (USEPA 2005). Active sampling utilizes pumps to allow the 

gas of interest to accumulate in the collection medium such as specially-treated 

canisters, sorbent tubes, impingers, or treated filters containing liquid media. 

Passive sampling method, utilizes physical processes such as diffusion to collect 

samples in contrast to active sampling, which requires an active moving medium 

(USEPA 2005). Overall, time-integrated sampling has several advantages. The 

technique can be cost-effective and allow for detection of chemicals present at low 

concentrations. The main disadvantage of the technique is the lack of real-time 

data (i.e. instantaneous feedback measurements), which may be significant in 

cases with potential issues with acute exposure. In addition, sample integrity 

problems may occur during transport of sampled media to another location for 

analysis (USEPA 2005). 
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2.8.3 Stationary Enclosure Measurement Techniques 

A commonly used time-integrated sampling technique includes the 

measurement of trace gas emissions through stationary enclosure methods. Use 

of stationary enclosure methods has been the most common approach employed 

in the studies conducted to analyze emissions of chlorinated and fluorinated 

hydrocarbons from landfills and is detailed in this section. 

 

Two types of stationary enclosure measurement methods exist: static and 

dynamic chamber methods (Hartman 2003). Static chamber methods differ from 

dynamic chamber methods in that no continuous inflow or outflow of gases occur 

to the chamber. Thus, emanating gas from the surface is accumulated in a 

chamber over time (Hartman 2003). The operation of static flux chambers is 

simpler and more cost-effective than dynamic chambers with no requirement for 

active equipment. (Heinemeyer et al. 2011). The disadvantage of static chamber 

methods is that surface emission flux rate may decrease, if a sufficiently high 

concentration gradient accumulates within the flux chamber (Hartman 2003) 

Therefore, static flux chambers may underestimate emission rates (Martin and 

Kerfoot 1988).  

 

For dynamic chamber methods, a constant flow rate of clean air is 

introduced into the flux chamber, which mixes and transports the emitted gas from 

the surface (Reinhart et al. 1992). Next, continuous gas concentration 

measurements are made through the exit port (Reinhart et al. 1992). One 
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significant advantage of using the continuous flow method is that it is unlikely to 

have any concentration buildup that may impede emissions (Hartman 2003). One 

disadvantage is that, due to active measurement process, operating procedures 

and calibration is more complex (Hartman 2003). Also, dynamic chambers require 

an analysis method with lower detection limits due to dilution of gases to be 

measured from inlet flows (Hartman 2003). Equipment associated with dynamic 

chamber methods is considerably more expensive compared to flux chambers due 

to equipment required for the continuous flow system (Heinemeyer et al. 2011). 

 

The primary enclosure measurement technique that has been used for 

analysis of trace gas concentrations is the static flux chamber. Static chamber 

methods have been used extensively to quantify various constituents including 

methane and F-gases (Bogner et al. 1997a, 1997b, 2003, 2004, 2007, 2010, 

Scheutz et al. 2003a, 2007b, 2008, 2011b). The principle behind a static chamber 

technique is to establish a sealed volume above a surface where gas is transported. 

As the gas cannot escape, the accumulation or depletion of the gas in the volume 

can be monitored (Abichou et al. 2006a, 2006b, 2006c). The gas samples are 

taken from the chamber at set intervals to determine change in concentration over 

time. Based on the change in concentration over time, surface flux is determined 

for the corresponding area of the chamber. A rigid frame (i.e., a collar) is inserted 

and sealed into the surface of the landfill to a depth of 5 to 20 cm. A cover is placed 

over the frame and secured in place to form a tight seal. The chamber is equipped 
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with ports for collection of gas from the headspace above the landfill surface. A 

photograph of a static flux chamber is provided in Figure 16. 

 

Figure 16- Static Flux Chamber Installed at a California Landfill 

(Photo by Dr. Jean Bogner) 

 
The dimensions of the chamber typically are on the order of several tens of 

cm in diameter (circular frame) or along the sides (rectilinear frame) and a few tens 

of cm in height. The areas of the chambers vary between 0.1 and 1 m2 (Bogner et 

al.1997b, Börjesson et al. 1998; Abichou et al. 2006a, 2006b; Spokas et al. 2006; 

Scheutz et al. 2003a, 2008; Stern et al. 2007). Use of smaller chambers also has 

been reported (Mosher et al. 1996; Czepiel et al. 1996; Börjesson et al. 2001). 

Chambers with large volume-to-area ratios and short deployment times are 

recommended for areas with high amounts of emissions, whereas chambers with 

low volume to area ratios are recommended for locations with low emissions 

(Livingston and Hutchinson 1995). Large static flux chambers with areas on the 

order of 1 m2 and with low volume to area ratio are well suited for methane and 

trace NMOC surface flux quantification (Bogner et al. 1997a; 1997b; Barlaz et al. 

2004). Increasing the accumulation area provides a high number of sampling 
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opportunities during a given time period, thereby allowing for improved time series 

analysis (Bogner et al. 1997a, 1997b; Barlaz et al. 2004). 

 

A fan is used in the chamber to circulate the gas collected to ensure uniform 

distribution. The gas is sampled using gas-tight syringes or stainless steel 

canisters and stored (Mosher et al. 1996; Bogner et al. 1997b; Börjesson et al. 

1997; Abichou et al. 2006b, 2006c; Stern et al. 2007). The gas samples are then 

analyzed using analytical techniques such as gas chromatography in the field or 

in the laboratory for determination of concentrations. An alternative method is 

provided by Spokas et al. (2006), where a pump is used to circulate the gas in the 

headspace to an outside loop. Gas concentrations are then measured using a 

portable gas chromatograph on site or in the laboratory if samples are collected. 

 

In the static flux chamber method, methane or trace gas concentrations and 

surface flux are measured using the gas collected from the headspace of the 

chamber. A single sampling event provides concentration values, whereas 

repeated measurements over time allow for determination of flux. Concentrations 

are measured at intervals such as 5 minutes over total test durations of 

approximately 20 to over 60 minutes. Concentration (C in ppmv) is plotted against 

time (t in minutes) and the surface flux is determined using concentration versus 

elapsed time data. The gas concentration within the chamber generally increases 

linearly and dC/dt represents the slope of the trend (typically a linear regression fit 
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to the data). The change in volumetric concentration (dC/dt) is converted to a mass 

flux using the ideal gas law. The surface flux, F (g m2-d), is calculated as follows. 

            𝐹 =
(𝑃)(𝑉)(𝑀)(𝑈)(

𝑑𝐶

𝑑𝑡
)

(𝐴)(𝑇)(𝑅)
                                                      [2] 

where P is pressure (atm), V is chamber volume (L), M is the molar mass of gas 

analyzed (g/mol), U is the unit conversion factor (0.00144 min / μL-d), dC/dt is the 

change in concentration over time expressed in μL/min, A is the surface area 

covered by the chamber (m2), T is chamber temperature (K), and R is the ideal 

gas constant (0.08205 L-atm/(K-mol)). 

 

2.9 Emissions of BAs from Landfills 

2.9.1 Definition of BA Release Periods 

The release of BA from insulation foams is known to occur over three 

distinct phases in landfills: instantaneous release (on the order of minutes to hours), 

short-term release (on the order of hours of days), and long term release (on the 

order of weeks to years) (Scheutz and Kjeldsen 2003b). Instantaneous release 

refers to release of BAs due to permanent damage to the cells from mechanical 

processes, such as shredding or compaction, resulting in a large release of BAs 

from the foams (Scheutz and Kjeldsen 2003b). Short-term release refers to release 

of BAs from small cracks in slightly damaged foams while long-term release refers 

to release of BAs over cell walls through diffusion (Scheutz and Kjeldsen 2003b). 

Short-term releases were observed to be strongly dependent on particle size 

distribution of the shredded foam (Scheutz et al. 2007c; Scheutz and Kjeldsen 

2003b). Short and long-term releases were observed to be strongly dependent on 
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existing anaerobic conditions and diffusion coefficient of BAs (Scheutz and 

Kjeldsen 2003b; Scheutz et al. 2007c). 

 

2.9.2 Modeling and Laboratory Based BA Release Studies 

Summaries of instantaneous and short-term releases based on laboratory 

and field studies are presented in Table 6 and 7 (Kjeldsen and Jensen 2001; BRE 

2002; Scheutz and Kjeldsen 2003b; Scheutz et al. 2007c). A summary of long-

term release modeling studies is presented in Table 8 (Khalil and Rasmussen 1986, 

1987; Kjeldsen and Jensen 2001; Scheutz and Kjeldsen 2003b; Fredenslund et al. 

2005; Scheutz et al. 2007c). The majority of instantaneous and short-term release 

studies were conducted in laboratory environments and did not investigate these 

release mechanisms in landfill environments (e.g., BRE 2002; Scheutz and 

Kjeldsen 2003b; Scheutz et al. 2007c). However, long-term studies did take landfill 

environment into consideration.  

 

Instantaneous and short-term releases from foams were quantified through 

direct measurement, batch release, and infinite bath testing methods (Kjeldsen 

and Jensen 2001; BRE 2002; Scheutz and Kjeldsen 2003b; Scheutz et al. 2007c). 

The results from instantaneous release studies indicated that the release varied 

with BA type as indicated in Table 6. Initial BA content is defined as the ratio 

between BA present in the foam prior to any release and the initial foam mass 

expressed in percentage. Total BA release is defined as the ratio between BA 

released and the initial BA content expressed in percentage. The releases of 
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HCFC-141b and HFC-245fa typically were less than the releases of CFC-11 

(Scheutz and Kjeldsen 2003b; Scheutz et al. 2007c). Instantaneous release was 

strongly dependent on particle size, where smaller particle size generally resulted 

in higher releases from shredded foams. Cutting the foams instead of shredding 

released significantly smaller weight fraction of CFC-11 as indicated in Table 6. 

This was attributed to higher fraction of smaller particles in the shredded foam.  

 

In similarity to the instantaneous release studies, the results from short-term 

release studies also varied with BA type as presented in Table 7. The releases of 

CFC-11 and HFC-134a were typically less than the releases of HCFC-141b and 

HFC-245fa. The total BA release was defined as the percentage of total BA 

released relative to the initial BA content present in the foam prior to the test. The 

total BA releases of CFC-11 ranged from 9 to 23% (w/w); the releases of HCFC-

141b ranged from 1 to 28% (w/w); the releases of HFC-134a ranged from 3 to 15% 

(w/w); the releases of HFC-245fa ranged from 8 to 30% (w/w). Short-term releases 

were not a function of particle size unlike instantaneous release as indicated in 

Table 7. 
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Table 6 – Summary of Instantaneous BA Release Studies 

 

Reference BA Type Experiment Type Size Fraction 
Initial BA  
Content  
(% w/w) 

Total BA 
Release 
(% w/w) 

Average 
Total 

Release 
(% w/w) 

BRE (2002) CFC-11 Laboratory Cutting 

Refrigerator Panel 

13.3 

3 

2.8 Freezer Panel 3.9 

13.3 1.4 

Scheutz and Kjeldsen 
(2003b) 

CFC-11 Laboratory Shredding 

16 to 32 

13.3 

9.4 

24.9 
8 to 16 17.6 

4 to 8 33.8 

2 to 4 38.7 

HCFC-141b Laboratory Shredding 

16 to 32 

11.62 

8.8 

8.8 
8 to 16 - 

4 to 8 - 

2 to 4 - 

HFC-245fa Laboratory Shredding 

16 to 32 

11.62 

11.1 

11.1 
8 to 16 - 

4 to 8 - 

2 to 4 - 

Scheutz et al. (2007c) CFC-11 Field Shredding 

< 32 

15.4 

16.0 ± 8.7 

24.2 ± 
7.5 

16 to 32 26.3 ± 8.1 

8 to 16 31.9 ± 8.1 

< 8 7.2 ± 3.7 

            Total BA release = [(Initial BA Content - BA Content Remaining after the Test)/Initial BA content] × 100% 
             - : Omitted in the study. 
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Table 7 – Summary of Short-Term BA Release Studies 

 

Reference BA Type 
Experiment 

Type 

Duration of 
Experiment 

(Weeks) 
Shredded 

Size Fraction 
of Particles 

(mm) 

Initial BA 
Content  
(% w/w) 

Total BA 
Release  
(% w/w) 

Total Mass of 
the Foam 

Sample (g) 

Kjeldsen 
and Jensen 

(2001) 

CFC-11 Laboratory 3 3 to 8 Yes 
20 

12 
10 

- 
10 20 

CFC-11 Laboratory 4 7 No 8 N/A 11.4 23 0.036 10 

Scheutz and 
Kjeldsen 
(2003) 

CFC-11 Laboratory 1 6 No 8 N/A - 20 13.6 

CFC-11 Field 6 Yes 
4 to 8 

10.1 
6.8 

 - 
6 to 16 8.1 

CFC-11 Laboratory 2 6 Yes 

16 to 32 

13 

12.5 

- 8 to 16 8.5 

4 to 8 10.9 

CFC-11 Laboratory 3 6 No 9 N/A 11.4 17 0.019 10 

CFC-11 Laboratory 5 17 No 9 N/A 13.3 10 0.019 10 

CFC-11 Laboratory 4 17 No 9 N/A 13.3 17 0.019 10 

HFC-141b Laboratory 3 6 No 9 N/A 11.6 20 0.025 10 

HFC-141b Laboratory 5 17 No 9 N/A 11.6 < 1 0.025 10 

HFC-141b Laboratory 4 17 No 9 N/A 11.6 20 0.025 10 

HFC-141b Laboratory 1 6 No 9 N/A - 28 16.2 

HFC-245fa Laboratory 3 6 No 9 N/A 11.6 22 0.024 10 

HFC-245fa Laboratory 4 17 No 9 N/A 11.6 20 0.024 10 

HFC-245fa Laboratory 5 17 No 9 N/A 11.6 15 0.024 10 

HFC-245fa Laboratory 6 6 No 8 

N/A 11.7 28 to 30 

15.3 N/A 13.7 7.6 

N/A 18.2 9.5 

HFC-134a Laboratory 5 17 No 9 N/A 7 3 0.031 10 

HFC-134a Laboratory 3 6 No 9 N/A 7 10 0.031 10 

Total BA release = [(Initial BA Content – BA Content Remaining after Test)/Initial BA content] × 100% 
1 Measured BA emissions with flux chambers; 2 Artificial shredding of foam in a glove box container; 3 Batch release experiment (Scheutz and 
Kjeldsen 2003); 4 Infinite bath experiment, chemical extraction technique (Scheutz and Kjeldsen 2003); 5 Infinite bath experiment, gravimetric 
extraction technique (Scheutz and Kjeldsen 2003); 6 BA emissions measured with flux chambers on foam from different manufacturers; 7 Batch 
microcosm experiment with foam with organic waste and microbial inoculum (Scheutz et al. 2003); 8 Foam speciements cut into foam cubes 
9 Foam specimens cut into foam cylinders; 10 Calculated value based on 1-cm-diameter, 1-cm-height cylinder with a foam density of 24.6 g/L 
N/A : Not applicable to the study;    
- : Omitted in the study 
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Table 7 – Summary of Short-Term BA Release Studies (cont’d) 

 

Scheutz and 
Kjeldsen (2003) 

BA Type Experiment Type 
Duration of 
Experiment 

(Weeks) 
Shredded 

Size 
Fraction of 
Particles 

(mm) 

Initial BA 
Content  
(% w/w) 

Total BA 
Release  
(% w/w) 

Total Mass 
of the Foam 
Sample (g) 

HFC-134a Laboratory 4 17 No 9 N/A 7 10 0.031 10 

HFC-134a Laboratory 6 6 No 8 N/A 7 15 - 

Scheutz et al. 
(2007c) 

CFC-11 Laboratory 7 14 No 9 N/A 13.3 9 0.019 10 

HCFC-141b Laboratory 7 14 No 9 N/A 11.6 16 0.025 10 

HFC-134a Laboratory 7 14 No 9 N/A 7 9 0.031 10 

HFC-245fa Laboratory 7 14 No 9 N/A 12 19 0.024 10 

CFC-11 Laboratory 7 3 Yes - - 1 41,600 

Total BA release = [(Initial BA Content – BA Content Remaining after Test)/Initial BA content] × 100% 
1 Measured BA emissions with flux chambers; 2 Artificial shredding of foam in a glove box container; 3 Batch release experiment (Scheutz and 
Kjeldsen 2003); 4 Infinite bath experiment, chemical extraction technique (Scheutz and Kjeldsen 2003); 5 Infinite bath experiment, gravimetric 
extraction technique (Scheutz and Kjeldsen 2003); 6 BA emissions measured with flux chambers on foam from different manufacturers; 7 Batch 
microcosm experiment with foam with organic waste and microbial inoculum (Scheutz et al. 2003); 8 Foam speciements cut into foam cubes 
9 Foam specimens cut into foam cylinders; 10 Calculated value based on 1-cm-diameter, 1-cm-height cylinder with a foam density of 24.6 g/L 
N/A : Not applicable to the study;    
- : Omitted in the study 
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Long-term release from foams was evaluated using a model referred to as 

Model for Organic Chemicals in Landfills FOAM (MOCLA FOAM) (Fredenslund et 

al. 2005; Scheutz et al. 2007c). Unlike instantaneous and short-term release 

studies, the model included effects of adsorption processes occurring throughout 

the soil covers as well as in the waste masses, and aerobic and anaerobic 

degradation. Fredenslund et al. (2005) investigated two different waste foam 

management scenarios in landfills with the MOCLA FOAM model to evaluate the 

long term emissions of CFC-11 and HCFC-141b from shredded insulation foams. 

Typical foam waste disposal procedure in a landfill was assumed for the two 

scenarios, which included stockpiling of foam for a short period of time followed by 

a compaction process during placement.  

 

Scenario 1 took the instantaneous BA release mechanism from the 

compaction into account as part of the model and did not assume that anaerobic 

conditions were already present in the landfill. Scenario 2 was modeled with 

reduced instantaneous BA emissions (5% BA release compared to Scenario 1 of 

15% BA release). The simulation with the ten times higher diffusion coefficient and 

ten times higher degradation coefficient had the lowest total BA release 

(Fredenslund et al. 2005). During the 20 year simulation, release of CFC-11 and 

HCFC-141b ranged from 0 to 3% and 1 to 4%, respectively. 

 

Scheutz et al. (2007a) also presented similar results with the MOCLA FOAM 

model evaluating long-term emissions of CFC-11, HCFC-141b, CFC-12, and 
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HCFC-12 from foam cubes (50 mm), which were considerably larger than shredder 

foams (4 to 41 mm). The foam cubes had considerably higher long-term emissions 

(0.5% to 57% total BA release) in comparison to emissions of shredder foams (0% 

to 4% total BA release) (Fredenslund et al. 2005; Scheutz et al. 2007a). For both 

studies, the largest fraction of BA was degraded with high diffusion and high 

degradation (Fredenslund et al. 2005; Scheutz et al. 2007a).  

 

Even though modeling results indicated a large potential for anaerobic 

degradation of F-gas BAs, uncertainty exists whether anaerobic degradation 

occurs at sufficiently high rate to mitigate the release of BAs during initial 

compaction and short-term compression processes. The lack of field data on initial 

and short-term releases representing compaction process and early aerobic 

conditions in landfills introduces another level of uncertainty in these models, which 

will need further investigation in order to accurately quantify F-gas emissions from 

landfill environments using the MOCLA FOAM model. 
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Table 8 – Summary of Long-Term BA Release Studies 

 

 

Reference 
Type of 

BA 

Duration 
of 

Simulation 
(Years) 

Initial BA 
Content 
(% w/w) 

Density 
(g/L) 

Shape 
Particle Size 
Range (mm) 

Diffusion Coeff. 
Used (D) 2 

Degradation 
Coeff. Used 

(K1) 3 

Predicted 
Total BA 
Release 

(%) 

Fredenslund 
et al. (2005)1 

CFC-11 20 14.9 25 

Shredded 
Particles 

41 (>32) D K1 1 

24 (16 to 32) D K1/10 3 

12 (8 to 16) 10D K1 0 

4 (<8) 10D K1/10 2 

HCFC-
141b 

20 14.9 25 

41 (>32) D K1 1 

24 (16 to 32) D K1/10 3 

12 (8 to 16) 10D K1 1 

4 (<8) 10D K1/10 4 

Scheutz et al. 
(2007a)1 

CFC-11 20 14.9 25 Cubes 50 

D 
K1 0.5 

K1/10 5 

10D 
K1 0.5 

K1/10 5 

HCFC-
141b 

20 14.9 32 Cubes 50 

D 
K1 6 

K1/10 29 

10D 
K1 6 

K1/10 29 

CFC-12 20 14.9 Unknown Cubes 50 

D 
K1 6 

K1/10 40 

10D 
K1 6 

K1/10 40 

HCFC-
22 

20 14.9 25 Cubes 50 

D 
K1 12 

K1/10 57 

10D 
K1 12 

K1/10 57 

1 Long-term modeling study using the MOCLA-FOAM model. Model inputs and scenarios described in text. 
2 Assuming D ranges from 2.0x10-14 to 5.1x10-14 m2/sec depending on the BA used (laboratory determined coefficients) 
3 Assuming K1 ranges from 0.4/day to 0.015/day depending on the BA used (laboratory determined rates) 
N/A: Not applicable to study 
-: Omitted by study 
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2.9.3 Field Based BA Emissions Studies 

The two primary driving forces of landfill gas emissions are pressure 

differences (advection) and concentration differences (diffusion) between a landfill 

and the environment. Migration of LFG within a landfill can occur in vertical or 

lateral directions depending on local concentration and pressure gradients within 

the waste mass, available pore space, moisture content, and temperature 

(Rettenberger and Stegmann 1996). The factors that influence gas emission are 

divided into meteorological factors (barometric pressure, precipitation, 

temperature, and wind), waste factors (gas production rate, VOC release, 

presence and type of internal barriers or gas vents, the lengths of lateral or vertical 

migration pathways, and the tortuosity of the migration pathways), and geologic 

factors (crack and fissures, permeability, diffusivity, porosity, organic content, and 

water content of cover and waste materials) (Rettenberger and Stegmann 1996). 

 

Emissions of LFG components typically occur in the vertical direction due 

to presence of liner and cover systems limiting lateral migration in modern landfills 

(Tchobanoglous et al. 1993). LFG generation and emission rates vary as a function 

of cover conditions (daily, intermediate, final), heterogeneity of wastes, site-

specific operational conditions (compaction technique utilized, waste filling 

sequence, waste placement density, cover materials), and site specific climatic 

conditions (precipitation, temperature, humidity, atmospheric pressure) 

(Rettenberger and Stegmann 1996). The emissions of LFG typically decrease with 

the order daily, intermediate and final covers (Abichou et al. 2006b).  
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Rettenberger and Stegmann (1996) provided a summary comparison of 

seven studies from the 1980s to 1990s that included CFC and HCFC concentration 

measurements in LFG. The studies were conducted in Germany and the United 

Kingdom and did not include surface emission measurements. LFG were sampled 

using adsorbent tubes, which were then analyzed using gas chromatography and 

mass spectrometry for all studies (Rettenberger and Stegmann 1996). The areas 

where grab sampling measurements took place in the German studies were fairly 

limited (Rettenberger 1986). However, the studies conducted in the United 

Kingdom had the gas samples taken from the intermediate cover after the waste 

was placed and were taken from periods ranging from 6 months to 3 years 

(Brookes and Young 1983; Young and Heasman 1985; Dent et al. 1986; Allen et 

al. 1997). The concentrations were in the range of ppmV to ppbV for most of the 

CFCs and HCFCs measured as presented in Table 9.  

 

The studies conducted from the 1980s to 1990s (e.g., Brooks and Young 

1983; Rettenberger 1986; Dent et al. 1986; Deipser and Stegmann 1994; Allen et 

al. 1997) may not contain highly relevant information due to changing waste 

composition and introduction and use of new blowing agents. As a result, HCFC-

141b, HFC-134a, or HFC-245fa were not provided in these studies. A review of 

the studies from the last two decades are expected to be more relevant with regard 

to current waste and BA compositions. 
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Table 9 – Concentrations of Selected F-Gases from LFG Samples from Landfilling of Waste (in ppmV) 

 

Reference CFC-11 CFC-12 CFC-13 CFC-113 CFC-114 HCFC-21 HCFC-22 HCFC-31 HCFC-142b 

Brooks and Young 
(1983) 

3.5 2 0 to 2.3 - - 1.17 - - - 

Young and 
Heasman (1985) 

0.1 to 32.4  1.2 to 120 - - - - 0.6 to 77 0.035 to 39 - 

Rettenberger 
(1986) 

0.2 to 15 0.8 to 24 0 to 2.3 - - 1.17 - - - 

Dent et al. (1986) <0.02 to 33 <0.02 to 90.1 - - - 0.02 to 143 <0.03 to 78.1 - - 

Deipser and 
Stegmann (1994) 

0.05 to 
6.13 

2.1 to 22.1 - 0.01 to 0.218 0.32 to 1.25 0.16 to 6.5 0.53 to 8.5 - - 

Allen et al. (1997) <0.02 to 13 <0.1 to 23 - <0.1 to 0.8 - <0.1 to 55 <0.1 to 114 <0.2 to 34 <0.1 to 8 

 Conversion mg/m3 to ppmV: ppmV = (mg/m3) (273.15 + °C) / (12.187 mol K/atm/L) (Molecular Weight) 
-: Omitted in the study 
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Bogner et al. (2004) and Schuetz et al. (2008) evaluated emissions of 

methane and NMOCs at a landfill in Grand’Landes, France (Table 10 and 11). 

Tests were conducted in two cells with different gas collection systems. The first 

cell (Cell A) had a conventional vertical gas collection system and cover design. 

The cover system for Cell A from top to bottom included a 30-cm vegetated topsoil 

layer and a 70-cm compacted clay layer. The second cell (Cell B) had two 

horizontal perforated pipes within a 30-cm gravel gas collection layer for drainage 

installed beneath the cover system. The cover system from top to bottom included 

a 30-cm vegetated top soil layer, a 70-cm compacted clay layer, a geotextile layer, 

a 1.5-mm HDPE geomembrane, a protective geotextile, a geogrid layer, and a 30-

cm drainage layer (Scheutz et al. 2008). Field measurements included surface 

emission and gas profile measurements followed by source gas and soil sampling 

(Scheutz et al. 2008). Source gas was sampled from gas collection headers in both 

cells. Surface emission rates were determined using the static flux chamber 

method. The control surface emission measurements were done in a grassy field 

area not underlain by waste, which was adjacent to recently filled areas. The LFG 

concentration measurement results and surface emission measurement results 

are presented in Table 9 and 10, respectively. 

 

Landfill gas composition measurements indicated that a large intrusion of -

atmospheric air into the soil covers for both cells with nitrogen and oxygen 

concentrations of 32% and 7%, respectively for Cell A, and 42% and 5%, 

respectively for Cell B (Scheutz et al. 2008). The air intrusion was deemed to occur 



72 
  

due to actively operating gas collection systems drawing atmospheric air into the 

cover soil (Scheutz et al. 2008). A total of 47 trace NMOCs were detected in the 

LFG and the concentrations between Cells A and B were relatively similar (Table 

10). F-gases were present at relatively high concentration ranging between 2 and 

841 ppmV with the exception of HCFC-141b measured at concentrations of 4,354 

ppmV and 11,625 ppmV in Cell A and B, respectively (Table 10). 

 

Changes in isotopic composition of methane and carbon dioxide between 

samples from the header of the gas collection system and from deep within the 

soil cover of both Cells A and B indicated methane oxidation was taking place in 

both cells (Scheutz et al. 2008). For Cell A, negative fluxes of methane were 

obtained in 6 out of 12 chambers as indicated in Table 10 (Bogner et al. 2004; 

Scheutz et al. 2008). Average fractional methane oxidation ranged from 0% to 54% 

and 7% to 68% for Cells A and B, respectively (Table 10). NMOC fluxes were both 

positive and ranging negative ranging from the order of -10-8 to 10-5 g/m2-day and 

-10-8 to 10-6 g/m2-day for Cells A and B, respectively. The highest fluxes of NMOCs 

occurred at local hotspots (areas with significantly higher emissions), where CFC-

11 and HCFC-141b demonstrated larger positive fluxes as indicated in Table 11.  

 

Scheutz et al. (2003a,b) and Bogner et al. (2003) investigated emissions of 

methane and NMOCs at a second landfill in Lapouyade, France. Waste placement 

at the landfill occurred over two phases. During Phase 1, 310,000 tons of MSW 

(household waste, industrial waste, and bulky waste) was placed between 1996 
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and 1998 (Scheutz et al. 2003b, 2003d). Phase 2 represented active operation 

phase at the landfill, which included waste placement since 1998. Active gas 

collection systems were present at the landfill. The Phase 1 cell had a final cover 

consisting from top to bottom, an 80-cm loam with vegetated surface and a 40-cm 

coarse sand layer. The Phase 2 cell had a 40-cm coarse sand intermediate cover 

layer. The methods used for LFG sampling and flux measurements were identical 

to the method used in Scheutz et al. (2008). The surface emissions were measured 

in multiple locations in the area with the final cover and in the area with the 

intermediate cover. The LFG samples were taken at a header of the final cover 

system. The results of surface emission and LFG concentration measurements 

are presented in Table 12. 

 

In the LFG, elevated concentrations of oxygen and nitrogen (3% and 15% 

v/v, respectively) were measured indicating possibility of air intrusion occurring 

through the cover soil (Scheutz et al. 2003b,c; Bogner et al. 2003). The 

concentrations of CFC-11, CFC-12, and HCFC-22 were 373, 1,177 and 236 ppmV, 

respectively. Methane emissions from final cover ranged from -0.01 to 10 g/m2-

day with an average of 1.97 ± 0.88 g/m2-day. 

 

 Results indicated a high spatial variability in methane emissions from final 

cover locations. Average methane oxidation rates of 40% and 3.8% were 

measured in the final and intermediate cover locations, respectively. Negative 

fluxes suggested that methane oxidation was taking place within the covers. The 
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intermediate cover measurement had a higher average methane flux (49.9 ± 14.4 

g/m2-day) than the final cover measurements. Final cover fluxes of NMOCs were 

minimal ranging from order of 10-7 to 10-5 g/m2-day with both positive and negative 

fluxes (Table 12). Fluxes of NMOCs similar to methane fluxes exhibited high 

spatial variability. Larger fluxes of NMOCs were observed from the intermediate 

cover location and were mostly positive on the order of 10-5 g/m2-day (Bogner et 

al. 2003; Scheutz et al. 2003b,c). 

 

Scheutz et al. (2011b) evaluated LFG concentration and surface emissions 

from a shredder residue cell at a landfill in Denmark. The F-gases studied included 

CFC-11, CFC-12, HCFC-141b, HCFC-21, HCFC-22, HCFC-31, HFC-32, HFC-41, 

HFC-134a, and HFC-245fa. The LFG concentration measurement results are 

presented in Table 13. Elevated nitrogen concentrations indicated a large amount 

of air intrusion into the waste mass. The concentrations listed in Table 13 are 

corrected for dilution with atmospheric air based on the nitrogen content measured 

in the LFG (Scheutz et al. 2011b). Both HCFC-21 and HCFC-31 were measured 

at relatively high concentrations (7 to 16 ppmV), which was attributed to sequential 

dechlorination of CFC-11 (Scheutz et al. 2011b). CFC-11, CFC-12, and HCFC-

141b were detected in considerably lower concentrations of 0.4 to 1.0 ppmV in 

comparison to HCFC-21 and HCFC-31. HFC-134a was measured at relatively high 

concentrations of 2 to 6 ppmV. A laboratory investigation (Scheutz et al. 2011a) 

detected significant amount of HCFC-141b and HFC-134a released during 

lysimeter tests. The concentrations measured in the field (Scheutz et al. 2011b) 
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were not as high, indicating release of BAs is slower in the field than when under 

laboratory conditions. 

 

The results from surface emission measurements reported by Schuetz et 

al. (2011b) are presented in Table 14. Emissions of CFC-11, HCFC-22, and 

HCFC-31 were detected in Location 1 ranging from 0.002 to 0.006 g/m2-day. Low 

surface emissions were likely a product of the oxidation in the upper layers of the 

landfill and anaerobic degradation occurring at the bottom of the landfill. At the 

bottom of the landfill, anaerobic degradation of CFC-11 and CFC-12 contributed 

to higher production of HCFC-21 and HCFC-31, which were accumulated and 

oxidized in the oxidative zone in the upper layer (Scheutz et al. 2011b). High 

oxidation rate could be a result of high air-filled porosity of the shredder waste 

providing sufficient oxygen for aerobic attenuation and oxidation to take place 

(Scheutz et al. 2011b). The emissions of other F-gases analyzed in this study were 

below detection level (less than 0.001 g/m2-day). 

 

Maione et al. (2005) studied the emissions and concentrations of F-gases 

from two landfills in Italy. The first landfill (Landfill 1) was operated from 1976 to 

2000 with an active gas collection system. The second landfill (Landfill 2) was 

currently in operation with an active gas collection system and had areas with 

intermediate and active, daily covers. The gas samples were collected using 

adsorption collection tubes and passive steel canisters, which were analyzed using 
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gas chromatography. Carbon dioxide was the only gas component measured 

using static flux chamber. 

 

The measured concentrations of F-gases were several orders of magnitude 

higher than background concentrations (Maione et al. 2005). High variability was 

observed in measured F-gas concentrations between the landfills with old and new 

wastes as well as within the same landfill (Maione et al. 2005). The LFG from older 

wastes had almost twice the concentration of F-gases as newer wastes for each 

active collection header sampled (Table 15). In both landfills, CFC-12 was 

detected in higher quantities than other F-gases measured, indicating that more 

domestic appliance foams blown with CFC-12 was banked in both landfills (Maione 

et al. 2005). Newer BAs, such as HFC-134a and HCFC-142b, were measured in 

relatively high quantities in test areas with newly placed waste suggesting that 

waste age is an essential factor to surface emissions of BAs (Maione et al. 2005). 

Surface emission of F-gases were estimated using measured concentrations and 

carbon dioxide flux by assuming it represents 50% of the total LFG.  

 

Barlaz et al. (2004) quantified CFC emissions from a landfill in the United 

States while evaluating the effectiveness of a biocover system. The site had an 

active gas collection system and a final clay cover that was 1 m thick. The waste 

age was relatively young (3 to 5 years). The waste was actively producing LFG. 

Surface emissions were measured over a period of one year and experimental 

design included equivalent number of slopes and flat areas within the landfill. The 
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variability of CFC emissions was large ranging from -1.2 which may imply that CFC 

emissions may vary significantly depending on the measurement location and time 

of the year (Barlaz et al. 2004). 

 

A report by ARCADIS (2012) evaluated LFG concentrations and surface 

emissions of trace NMOCs present in landfills using measurements from three 

MSW landfills in the United States. The first landfill site was operated from 1997 to 

2006 with an active gas collection system and intermediate soil cover (mixed soil). 

The second site accepted waste from 2000 to 2010 and had final cover along with 

a gas collection system installed on the site. The description of the cover installed 

on site was not included in the report. The third site operated from 1972 to 2006 

and had a final cover system (GCL under soil cover) along with an active gas 

collection system. NMOC measurements were made from the main gas collection 

header at each site. NMOC fluxes were estimated using the fraction of methane 

released and not measured directly in the study (ARCADIS 2012). 

 

The range of ODS concentrations was small in comparison to other studies 

as indicated in Table 10. The concentrations of the measured constituents ranged 

in the ppbV range possibly indicating dilution of the LFG due to air intrusion 

(ARCADIS 2012). Seasonal variations in surface emission measurements were 

observed, where CFC-11 and CFC-113 were higher in concentration in spring, 

whereas CFC-12 and CFC-114 were higher in concentration in fall than in other 
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seasons. Fluxes were estimated based on the average concentrations of the trace 

components measured (ARCADIS 2012). 

 

The Environment Canada studies evaluated the destruction efficiency of 

LFG combustion systems (microturbine and reciprocating engines) operating at 

different power outputs (26 KWe and 1 MWe) (Cianciarelli and Bourgeau 2002; 

Greer and Cianciarelli 2005). Cianciarelli and Bourgeau (2002) determined the 

destruction efficiencies of selected VOCs including F-gases by measuring the 

concentration and mass of inlet and outlet of VOCs during the combustion process. 

Concentrations of CFCs and HCFCs measured at the inlet of each combustion 

system are provided in Table 10. For reciprocating engine, destruction efficiencies 

of 94% and 96% were observed for CFC-11, CFC-12, CFC-113, CFC-114, and 

HCFC-22 (Cianciarelli and Bourgeau 2002). The total ODS destruction efficiency 

for all of the compounds above was 94% (Cianciarelli and Bourgeau 2002). For 

microturbine combustion system, total ODS destruction efficiency of 99% was 

measured (Greer and Cianciarelli 2005).  

 

Emissions data across all studies are summarized and presented in Table 

14. Surface emissions of F-gases varied considerably across landfills studied 

(Table 14). CFC-11 and CFC-12 flux ranged from -7.92×10-5 to 7.63×10-5 g/m2-day 

and from -2.13×10-8 to 2.60×10-4, respectively. CFC-113 and CFC-114 flux ranged 

from -9.98×10-9 to 1.98×10-5 g/m2-day and from -0.50×10-4 to 3.10×10-4, 

respectively. For HCFC-141b and HFC-134a, measured surface flux from several 
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landfills ranged from 3.63×10-6 to 1.0×10-7 and from -2.40×10-8 to 2.05×10-4, 

respectively.  

 

Limited data are available on emissions of majority of CFCs, HCFCs and 

HFCs (with an exception of CFC-11 and CFC-12). Variations in emissions of F-

gas constituents between studies may be due to meteorological conditions, 

different operational practices, and geographical location in each study. A degree 

of uncertainty is present when comparing emission data between studies because 

the studies did not address all the relevant factors that can affect surface 

emissions. The investigation presented in this thesis provides results that have not 

been previously reported. Specifically, the effects of seasonal variations and 

operational and design practices of landfills on field-measured emissions of 12 

different fluorinated and chlorinated hydrocarbons from a landfill environment are 

presented. In addition, all of the data were collected using the static flux chamber 

measurement technique. 
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Table 10 – Concentrations of Trace Components in LFG (in ppmV) 

 

Gas Component 

Cianciarelli 
and 

Bourgeau 
2002 1 

Bogner et al. 
2004, Scheutz 
et al. 2008 2 

Bogner et al. 
2003; Scheutz 
et al. 2003a,b 

Greer and 
Cianciarelli 2005 3 

Maione et al. (2005) 4 
Scheutz et al. 

(2011a,b) 5 
ARCADIS 

(2012) 

CFC-11 0.1 31 and 596 372 0.3 7.3 to 20.9 0.14 to 0.57 0.02 to 0.03 

CFC-12 0.6 114 and 841 1,178 1.5 148 to 231 0.14 to 0.34 0.06 to 0.50 

CFC-113 0.02 2 - 0.006 0.2 to 1.55 - 0.003 to 0.010 

CFC-114 0.06 - - 0.11 12.4 to 12.8 - 0.040 to 0.060 

HCFC-141b - 
4,354 and 

11,625 
- - - 0.31 to 0.52 - 

HCFC-21 - - - - - 4.1 to 8,7 - 

HCFC-22 0.4 340 and 503 236 4.2 135 to 237 0.45 to 0.67 - 

HCFC-31 - - - - - 4 to 10 - 

HFC-142b - - - - 27 to 371 - - 

HFC-134a - 369 and 626 - - 200 to 453 1.2 to 3.6 - 

HFC-245fa - - - - - - - 

         1 Calculated as the average of 2 concentrations measured at the inlet to the combustion system 
         2 This study reported ranges from two landfill cells with different gas collection/combustion systems 
         3 Calculated using the inlet VOC mass flow and the average inlet flow of LFG to the combustion system 
         4 This study used an average of 3 measurements per landfill and reported as a range for two different landfill sites 
         5 This study provided a range based on an average 14 samples over a one-year period at a landfill receiving shredder residue waste only 
         6 This study reported ranges of values based on an average of three landfill sites for fall and spring seasons 
      -: Omitted in the study 
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Table 11 – Trace Gas Concentration and Surface Emission from Grand’Landes Landfill at Different Areas  

(Bogner et al. 2004; Scheutz et al. 2008) 

 

Gas 
Constituents 

Cell A 
Header 

Cell B 
Header 

Cell A Surface Emissions (g/m2-day) 

Cell B 
Surface 

Emissions 
(g/m2-
day) 

Control 
Surface 

Emissions 
(g/m2-day) 

LFG 
Conc. 

(ppmV) 

LFG 
Conc. 

(ppmV) 
Area 1 Area 2 Area 3 

Area 4 
(Hotspot) 

Area 5 
(Hotspot) 

Area 6 
(Hotspot) 

Area 1 Area 1 

CH4 3.70x105 2.90x105 0 -1.11x10-3 1.00x10-4 29.03 24.04 1.45 -2.0x10-3 4.78 

CFC-11 596 317 3.73x10-5 1.33x10-6 7.86x10-7 4.36x10-7 7.94x10-8 4.11x10-7 6.54x10-7 2.66x10-6 

CFC-12 114 841 -2.27x10-7 5.39x10-7 6.02x10-7 -2.13x10-7 -1.11x10-6 1.21x10-7 -2.16x10-7 -1.56x10-7 

CFC-113 2 2 -4.74x10-8 1.01x10-7 -7.81x10-8 4.26x10-8 -9.98x10-9 2.19x10-8 -2.06x10-8 4.16x10-8 

HCFC-141b 4,354 11,625 4.75x10-6 6.66x10-5 7.98x10-6 1.01x10-5 1.02x10-5 3.63x10-6 4.38x10-6 3.23x10-5 

HCFC-22 503 340 -6.10x10-8 1.85x10-7 -2.39x10-8 4.64x10-6 9.07x10-6 -3.14x10-8 -1.54x10-7 -5.20x10-8 

HFC-134a 626 369 2.40x10-8 2.75x10-7 4.14x10-7 5.41x10-6 5.49x10-6 -2.50x10-7 -2.59x10-6 1.75x10-8 
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Table 12 – Concentrations of LFG Components and Surface Emissions at Lapouyade Landfill in Different Areas  

(Scheutz et al. 2003b, 2003c; Bogner et al. 2003) 

 

Gas 
Constituents 

LFG 
Concentration 

(ppbV) 

Final Cover Surface Emissions (g/m2-day) 

Intermediate 
Cover Surface 

Emissions 
(g/m2-day) 

Control Surface 
Emissions 
(g/m2-day) 

Area 1 Area 2 Area 3 Area 4 Area 1 Area 1 

CFC-11 372 -7.92x10-5 5.18x10-6 2.24x10-6 7.63x10-5 2.08x10-5 5.21x10-7 

CFC-12 1,177 -1.68x10-5 2.17x10-6 1.84x10-7 1.04x10-5 2.56x10-5 -7.86x10-8 

HCFC-22 236 -4.89x10-6 5.03x10-7 -4.06x10-6 2.26x10-5 5.74x10-5 -7.86x10-8 

Methane 4.85x105 8.4x10-3 -9.5x10-3 -1.04x10-3 10 49.9 -3.3x10-3 

Carbon Dioxide 3.37x105 8.0 13.1 15.6 77.3 107.4 19.3 
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Table 13 – Average Concentrations of Selected Landfill Gas Components in 
Waste Cells Receiving Shredder Waste (Scheutz et al. 2011b) 

 

Landfill Gas 
Constituent 

Corrected 
Measured 

Gas 
Concentration 

(% v/v) 

Corrected 
Measured 

Gas 
Concentration 

(μg/L-1) 

Corrected 
Measured 

Gas 
Concentration 

(ppmV) 

Methane 49.8 to 52.2 - - 

Carbon 
Dioxide 

-0.3 to 0.3 - - 

Oxygen 1.8 to 2.2 - - 

Nitrogen 6 to 8 - - 

CFC-11 - 2 to 5 0.36 to 0.89 

CFC-12 - 1.1 to 2.9 0.22 to 0.59 

HCFC-141b - 3.2 to 4.8 0.61 to 1 

HCFC-21 - 28.5 to 61.5 6.8 to 14.6 

HCFC-22 - 2.4 to 3.6 0.68 to 1 

HCFC-31 - 20.3 to 45.7 7.3 to 16.3 

HFC-134a - 8.2 to 25.8 1.97 to 6.2 

HFC-32 - -0.2 to 0.2 -0.09 to 0.09 

HFC-41 - 1.5 to 2.5 1.1 to 1.8 

                     - :  The constituent was below detection limit
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Table 14 – Surface Emissions of Trace Components 

 

  

Reference 
 
Gas 
Component 

Bogner et al. 2004, 
Scheutz et al. 2007a a 

Scheutz et al. 
2003b, 2003c b Barlaz et al. 2004 Maione et al. 2005 c 

Scheutz 
et al. 

2011a,b 
d  

ARCADIS e 

S
u
rf

a
c
e
 F

lu
x
 (

g
/m

2
-d

a
y
) 

CFC-11 7.94x10-8 to 3.72x10-8 
-7.92x10-5 to 

7.63x10-5 
-8.8x10-5 to 4.2x10-5 

6.85x10-6 to 
3.24x10-5 

2.0x10-3 
1.97x10-7 to 
1.20x10-6 

CFC-12 -2.13x10-8 to 6.02x10-7 
-1.68x10-5 to 

2.56x10-5 
-1.2x10-4 to 2.6x10-4 

3.72x10-5 to 
1.01x10-4 

- 
9.84x10-6 to 
2.95x10-5 

CFC-113 -9.98x10-9 to 1.01x10-7 - - 
1.28x10-7 to 
1.66x10-5 

- 
9.84x10-6 to 
1.98x10-5 

CFC-114 - - -0.5x10-4 to 3.1x10-4 
5.14x10-6 to 
6.85x10-5 

- 
1.28x10-6 to 
1.78x10-4 

HCFC-141b 3.63x10-6 to 1.01x10-7 - - - - - 

HCFC-21 - - - - - - 

HCFC-22 -6.10x10-8 to 9.07x10-6 
-4.89x10-6 to 

5.74x10-5 
- 

2.87x10-5 to 
9.37x10-5 

5.0x10-3 - 

HCFC-31 - - - - 6.0x10-3 - 

HFC-142b - - - 
6.58x10-6 to 
1.46x10-4 

- - 

HFC-134a -2.40x10-8 to 5.49x10-6 - - 
1.71x10-6 to 
2.05x10-4 

- - 

HFC-245fa - - - - - - 
a This study reported ranges from two landfill cells with different landfill gas collection and combustion system. 
b The range provided encompasses both the final cover and intermediate cover areas. 
c Data were obtained from 16 landfill sites located in both the U.S. and U.K. 
d The study provided maximum emissions at a landfill receiving shredder residue waste only. 
e The surface flux was calculated using the given total surface emissions and area of the landfill or cell. 
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Chapter 3: Testing Program and Analytical Methods 

3.1 Introduction 

A field investigation coupled with laboratory analysis was conducted to 

assess emissions of chlorinated and fluorinated hydrocarbons (i.e., F-gases) from 

a landfill in California. A total of 12 F-gases were investigated. In addition, 

emissions of methane and carbon dioxide were measured. The test program was 

conducted at Potrero Hills Landfill (PHL) in Suisun City, California, United States. 

Static flux chamber tests were conducted to measure the surface flux of the target 

F-gases. The tests were conducted at 7 different locations to take account of 

different waste ages and cover types present at the landfill. In addition, samples 

from each location were collected for laboratory analysis to establish 

characteristics of the cover materials. Samples from the inlet and outlet of the gas 

combustion system were also collected in order to calculate destruction efficiency 

of the F-gases.  

 

The gas samples obtained from the flux chamber testing were analyzed at 

the Rowland-Blake Laboratory at the University of California - Irvine. The gas 

concentration data were then used to calculate the surface flux and the destruction 

efficiency of the high-temperature flare system for the 12 F-gas constituents. 

Details of the test program and methodology for data analysis are presented in this 

chapter. 
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3.2 Field Test Program  

The field investigation was conducted to determine the surface emissions 

from landfill covers and the destruction efficiency of the LFG collection and 

combustion system for F-gases. To determine surface flux, static flux chamber 

tests were conducted at multiple locations throughout the site to take account of 

different waste ages and cover types present on site. The locations tested had 

daily, intermediate, and final covers. The covers were constructed using a wide 

range of materials including various soils, auto fluff, green waste, and 

geosynthetics. The static flux chamber tests were conducted twice at each location 

over the course of a 6-month period to capture the effect of seasonal variations. 

Cover samples, subsurface gas samples, and cover temperature data were also 

obtained at each testing location to supplement interpretation of surface flux data.     

 

Additional gas samples were obtained from a LFG collection and control 

system to determine the destruction efficiency of the F-gases at the site. Vertical 

gas extraction wells and a high-temperature flare system are installed on site in 

accordance with CCR 95463. The LFG collected throughout the perimeter of the 

landfill is combusted by the flare system to oxidize the combustible components 

such as methane and VOCs to carbon dioxide and water. Raw LFG samples were 

obtained from a sampling port located 10 m from the inlet of the open flare system. 

Post-combustion gas samples were obtained from a sampling port located near 

the outlet of the flare system. 
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3.2.1 Test Site 

PHL is located in Suisun City, California which is located approximately 60 

km northeast of San Francisco, CA and 60 km southwest of Sacramento, CA 

(Figure 17). The landfill is located in a temperate climate zone that has hot and dry 

summer (Peel et al. 2007). The site has an average daily high temperature, 

average daily low temperature, and an average daily temperature of 23.6, 9.2, and 

16.4°C, respectively, during 2013 and 2014 (Wunderground 2015). The landfill had 

an average daily precipitation of 1.0 and 1.54 mm for 2013 and 2014, respectively 

(Wunderground 2015). 

  

 
Figure 17 - Location of PHL (Google Earth 2015) 

 
PHL has been in operation since 1987 and is classified as a Class III 

disposal facility. The site is permitted to accept nonhazardous solid wastes in 

accordance with waste classification regulations in 27 CCR, Sections 20220 and 
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20230 (Marshack 2012). PHL accepts residential, commercial, C&D, industrial, 

and agricultural wastes as part of the MSW operations. The landfill also accepts 

materials that follow special waste handling procedures, which include ash, 

sewage sludge, contaminated soils, tires, appliances, and electronic wastes.  

 

The site consists of 210 ha total area and the current permitted disposal 

area is 140 ha. The facility has design capacity of 63 million m3 (83 million yd3) with 

maximum elevation limit of 105 m and maximum depth limit of 39 m. As of April 

2014, the remaining air space available for disposal was 26 million m3 (34 million 

yd3) (Cal Recycle 2014). The estimated closure date for the facility is 2045. The 

maximum permitted throughput is 3,900 tonnes per day. The site has an average 

daily tonnage of 3,080 tonnes per day. In 2013, the PHL received approximately 

920,000 tonnes of waste and the details regarding the type of materials received 

are provided in Table 15. 
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Table 15 – PHL Tonnage Report for 2013 by Materials  

 

Material 
Category 

Material 
Waste 

Received 
(Tonnes) 

% by 
Material 
Category 

% Total  

Disposal 

C&D Waste 41,227 9 5 

Soil 22,771 5 2 

Sewage Sludge 16 0 0 

Auto Fluff 0 0 0 

Green Waste 5,170 1 1 

MSW 364,575 83 40 

Miscellaneous 4,750 1 1 

  Total - (Disposal Only) 438,509 100 48 

Cover 

C&D Waste 107,030 22 12 

Soil 253,817 53 28 

Sewage Sludge 58,901 12 6 

Auto Fluff 43,974 9 5 

Green Waste 13,379 3 1 

Total - (Cover Only) 477,101 100 52 

  Total Waste Received 915,610   100 

 

3.2.2 Static Flux Chamber Testing  

Experimental Design - A total of seven different testing locations with 

varying waste ages and cover types were selected for the field testing program. 

The cover types selected for the static flux chamber tests included three daily 

cover locations with green waste (GW), auto fluff (AF), and extended daily (ED) 

covers in Cell 12; three intermediate cover locations in Cell 1 (IC-1), Cell 10 (IC-

10) and Cell 15 (IC-15); and one final cover location in Cell 1 (FC). The test 

locations selected had relatively flat areas in order to ensure proper installation of 

the static flux chambers. A detailed description of each cell where the tests were 

conducted is provided in Table 16. Waste age distribution of the underlying waste 

at each testing location is presented in Table 17. The tests for wet season were 
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conducted in February, March, and April, 2014, whereas the tests for dry season 

were completed in August, 2014. The relative locations of the cells where test 

were conducted are indicated in Figure 18. In addition, the specific date and 

weather conditions during the field test program are provided in Table 18.   
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Table 16 – Description of the Testing Cells at PHL 

a - The waste height and age for the intermediate cover location in Cell 1. 
b - The waste height and age for the final cover location in Cell 1. 
c - The waste height and age where GW cover was tested during wet season in Cell 12.  
d - The waste height and waste age where AF and ED covers were tested during wet season and AF, GW, and ED during dry season. 
e - The waste age at each location was estimated using historic topographic survey files provided by PHL 

Cell 
Number 

Area in 
Hectares 

and 
(Acre) 

Waste 
Height (m) 

Range of 
Waste Age 

(year) 

Average 
Waste Age 

(year) e 
Description 

1 1.9 (4.6) 
17.7a / 
18.1b 

17 to 29      22.0 

 Constructed prior to implementation of Subtitle D. 

 Low permeability soil liner and leachate and 
collection system. 

 Cell completed on September 1985 and was last 
filled in 1997. 

10 3.6 (8.8)   16.5 3 to 19    13.6 

 Constructed after implementation of Subtitle D 

 Cell completed on July 1995 and was last filled in 
2006. 

 Cell 10 is lined with a compacted clay liner and 
has a gas collection system. 

12-
North 

2.4 (6.0) 
49.4c / 
53.7d 

0 to 15c /  
0 to 16d 

   9.5 c  / 7.9 d 

 Constructed after implementation of Subtitle D 

 Cell completed on October 1998 and is currently 
active. 

 Cell 12 is lined with a compacted clay liner and 
has a gas collection system. 

15 4.5 (11.3)   32.9 
 
 3 to 10 

 
    7.2 

 Constructed after implementation of Subtitle D 

 Cell completed on January 2005 and was last 
filled in 2011. 

 Cell 15 is lined with a compacted clay liner and 
has a gas collection system. 
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Table 17 – Age Distribution of the Waste at the Test Locations 

Locations 
Waste Age 

(years) 
Waste 

Height (m) 
% 

Total Waste 
Height (m) 

AF 

0 to 3.5 14.6 27.3 

53.7 6 to 15 39.0 72.7 

16.4 to 21.5 0.0 0.0 

GW (Wet 
Season) 

0 to 3.5 11.3 22.8 

49.4 6 to 15 29.6 59.9 

16.4 to 21.5 8.5 17.3 

GW (Dry 
Season) 

0 to 3.5 14.6 27.3 

53.7 6 to 15 39.0 72.7 

16.4 to 21.5 0.0 0.0 

ED 

0 to 3.5 14.6 27.3 

53.7 6 to 15 39.0 72.7 

16.4 to 21.5 0.0 0.0 

IC-1 

0 to 3.5 0.0 0.0 

17.7 6 to 15 0.0 0.0 

16.4 to 21.5 17.7 100.0 

IC-10 

0 to 3.5 0.9 5.6 

16.5 6 to 15 5.5 33.3 

16.4 to 21.5 10.1 61.1 

IC-15 

0 to 3.5 2.4 7.4 

32.9 6 to 15 30.5 92.6 

16.4 to 21.5 0.0 0.0 

FC 

0 to 3.5 0.0 0.0 

18.1 6 to 15 0.0 0.0 

16.4 to 21.5 18.1 100.0 
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Figure 18 – Site Plan of PHL (Google Earth 2015)
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Table 18 - PHL Field Test Dates and Weather Conditions during Testing (Wunderground 2015) 

 

 

 

Date Season 
Cover Type 

Tested 

Barometric 
Pressure  

(hPa) 

Min/Max 
Temperatures 

(℃) 

Average 
Temperature 

(℃) 

Precipitation 
(mm) 

Total 
Precipitation 

within Previous 
7 days  
(mm) 

Average 
Wind Speed 

(kph) and 
Direction 

 

February 7th, 2014 Wet GW 1017 7.8 / 11.7 10.0 19.3 37.6 19.3 (SE) 

March 28th, 2014 Wet IC-10, IC-15 1020 10.0 / 16.7 13.3 0 19.3 14.5 (SW) 

March 29th, 2014 Wet IC-1 1017 9.4 / 14.4 13.3 11.7 31.0 16.1 (SSW) 

March 30th, 2014 Wet FC 1019 6.1 / 16.7 11.1 0 31.0 17.7 (SW) 

April 18th, 2014 Wet AF,ED 1012 10.6 / 23.3 16.7 0 0 19.3 (SW) 

Aug 8th, 2014 Dry AF, GW, ED 1012 14.4 / 32.2 22.8 0 0.25 32.2 (SW) 

Aug 9th, 2014 Dry IC-10, IC-15 1012 13.9 / 26.7 20.6 0 0.25 38.6 (SW) 

Aug 10th, 2014 Dry IC-1, FC 1013 13.9 / 27.8 20.6 0 0.25 35.4 (WSW) 
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Two different sampling intervals were used during the field investigation as 

presented in Tables 19 and 20. Sampling intervals outlined in Table 19 were used 

for the first two field visits (February and March, 2014). Based on the concentration 

data from February and March, the sampling intervals were modified to the 

sampling intervals presented in Table 20 for the remainder of the field test 

program. The modification yielded two additional flux values, since the data from 

Chamber C and D were previously constrained to two point curves. At each test 

location, a total of 20 gas samples were taken from the static flux chamber 

(including the subsurface samples), consisting of 16 static flux chamber gas 

samples and 4 subsurface gas samples. A total of 280 gas samples were taken 

over the 6-month period of the field investigation. 

 

Table 19 – Time at which Samples Were Taken for Chamber A, B, C, and D 
during Wet Season (Exception of AF and ED covers)  

 

 

 

 

 

Table 20 – Time at which Samples Were Taken for Chamber A, B, C, and D 
during Dry Season and AF and ED during Wet Season  

 

 

 

                            

 Elapsed Time (min) 

Chamber A 0 7 15 30 60 - 120 - 

Chamber B 0 - - 30 60 90 120 150 

Chamber C 0 - - - 60 - - - 

Chamber D 0 - - - - - 120 - 

 Elapsed Time (min) 

Chamber A 0 7 15 30 60 - - 

Chamber B 0 - - 30 60 90 120 

Chamber C 0 - - 30 60 - - 

Chamber D 0 - - - 60 - 120 

- : No sample was taken at this time. 

 

- : No sample was taken at this time. 
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Static Flux Chamber Specifications and Testing Protocols - The static flux 

chamber consisted of a 1 m2 square stainless steel collar and a lid. The lid was the 

top section of the chamber that included a fan, temperature probe (Omega TJ36-

CPSS-18G-12) and a pressure probe (Omega PX 654-2.5BD5V). The collar was 

the bottom section of the chamber that was embedded into the landfill cover. The 

lid and collar interface was sealed using the four clasps on the collar. The ability 

of the fan to completely mix the chamber contents of 1 m2 stainless steel static flux 

chamber in less than 30 seconds was verified in Barlaz et al. (2004).  

 

For the deployment of the flux chamber, the collar was embedded into the 

landfill cover to an approximate depth of 0.05 m by applying force to the edge of 

the collar perimeter using lumber sections and a sledgehammer (Figure 19a). 

Subsequently, bentonite and water was applied to the perimeter of the chamber to 

seal the soil-chamber interface to prevent any leakage during the test (Figure 19b). 

A generator that was used to power the chamber was placed 30 m downwind from 

the chambers. The lid of the chamber was rotated prior to placement in order to 

prevent any gas accumulation in the chamber prior to the zero-minute sample. As 

soon as the lid was placed and clipped into place with clasps, a zero-minute 

sample was taken. A stopwatch was used to measure the sampling intervals. 

Additional gas samples were taken at time intervals indicated in Tables 19 and 20.  
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a) Embedment Process of the the Collar         b) Remaining Bentonite Seal after 
______________________________________         the Collar Removal 

 

Figure 19 – Photographs of Static Flux Chamber Placement Procedure 

 
The samples were taken using an evacuated 2-L stainless steel canister 

equipped with a bellow valve as presented in Figure 20a. The sampling port was 

located at the top surface of the lid which was composed of ball valve, stainless 

steel tube, and Ultra-Torr vacuum fitting as presented in Figure 20b. For the 

sampling of the gas, an evacuated 2-L stainless steel canister was attached to the 

Swagelok sampling port. The valves were opened in following order: the ball valve 

then the bellow valve. The valves were left open for approximately 10 seconds 

until the canister was full. The valves were then closed in the reverse order they 

were opened. The valves were opened and closed in the aforementioned manner 

to minimize contamination of the gas sample. The canister was then removed from 

the Swagelok sampling port and was stored in a weather-proof box. Tests were 

conducted with four collars in place while the two lids were transferred to different 

collars at each test location. 
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  a) Gas being Sampled using 2-L Canister          b) Swagelok Gas Sampling Port          

Figure 20 – Photographs of the Flux Chamber Gas Sampling Process 

 
 

After the last scheduled sample was retrieved from a given chamber, the lid 

was removed. Then, a 6 mm outer-diameter stainless steel tube of approximate 

length of 30 cm was embedded to an approximate depth of 10 cm within the 

perimeter of the chamber in preparation for obtaining a subsurface gas sample. 

The tube was secured using a vice-grip and a rubber sheath and then the assembly 

was lightly tamped into the ground using a hammer. The perimeter of the soil-

stainless steel tube interface was sealed using moist bentonite to prevent leakage. 

A single subsurface sample was taken from each chamber (total of 4 at each 

location). The collar heights were also measured at midpoint of each side to 

calculate the chamber volume. In addition, the temperature of the landfill cover 

was measured at three different points within perimeter of the chamber using a 

handheld digital thermometer (Omega HH-25) and a rigid thermocouple probe that 

was inserted into the cover material. In addition, sand cone tests in accordance 
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with ASTM D1556 were performed at each location (Figure 21). Lastly, cover 

samples were obtained from each chamber for laboratory analysis with the mass 

of samples ranging from 100 to 2000 g depending on the cover material. 

 

          

Figure 21 – Photograph of Sand Cone Test being Conducted within the Tested 
Chamber Perimeter 

 

The cover thickness was determined at each cover location using a shovel, 

power auger, and measurement tape. The shovel and power auger were used to 

reach the waste layer below the cover material. Multiple passes with the power 

auger were typically necessary to reach the waste layer and to remove the 

accumulated soils from the auger after each pass. When the waste layer was 

reached, the measurement tape was used to determine the cover thickness at the 

cover location. The degrees of compaction of the cover materials also were 

evaluated visually and physically using a hand trowel. 
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3.2.3 Landfill Gas Collection and Combustion System Sampling 

PHL has a LFG collection and combustion system installed on the site in 

accordance with 17 CCR, Sections 95463, 95464, and 95465. LFG generated from 

the waste mass is collected by vertical LFG extraction wells installed throughout 

the site. The LFG collected is then transported to a high-temperature flare system 

where the gas is combusted.  The flare system operates at a temperature of 

approximately 1700°F and combusts LFG with methane content ranging from 42 

to 57% (% v/v) throughout the year. The flare system had a height and diameter 

of 12 and 3 m, respectively. 

 

Post-combustion (i.e., outflow) and raw gas (i.e., inflow) samples were 

taken from the flare system to determine the destruction efficiency of the F-gases. 

The post-combustion gas samples were taken from a sampling port located at a 

height of 10.5 m (1.5-m downstream from the exit). The sampling port was 

accessed using a boom lift as presented in Figure 22. The gas was sampled from 

a point 0.65 m radially inward from the outer wall using 1.5 mm inner-diameter 

stainless steel tubing. The tubing was coiled then run through an ice bath to 

decrease the volume of the gas. The tubing coiled through the ice bath is presented 

in Figure 23a. 

 

The stainless steel tube exiting the ice bath was connected to a 30-cm 

stainless tube with a Ultra-Torr Tee Tube. A 2-L stainless steel canister was 

attached to one end while the other end was connected to the 30-cm stainless 
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steel tube with a flexible polyvinyl chloride (PVC) pipe extension and a 60-mL 

syringe. The fully assembled sampling connection is presented in Figure 23b. The 

syringe was used to remove any ambient air present in the stainless steel coil prior 

to the sampling. Two full draws of 60-mL syringe were applied to the coil prior to 

beginning of sampling. After all the connections on the Ultra-Torr Tee Tube were 

secured, the bellow valve on the canister was left opened for 20 to 30 seconds 

until the canister was full. The valve on the canister was then closed and the 

canister was removed from the Ultra-Torr Tee Tube connection. A total of three 

post-combustion gas samples were taken. 

 

Figure 22  – Photograph of the Flare System and Boom Lift at PHL 
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    a) Stainless Steel Coil with Ice Bath             b) Tee Tube Sampling Connection 

       
Figure 23 – Photographs of the Sampling Process of the Post-Combustion Gas 

from the Open Flare System 

 

Raw LFG samples were taken from a flare header that was located 10 m 

from the inlet of the flare system. An Ultra-Torr Tee Tube with a 30-cm stainless 

steel tube and a PVC extension were used to connect the stainless steel canister 

to the sampling port as presented in Figure 24. The sampling port attached to the 

header consisted of a ball valve and a flexible PVC tube. The PVC extension from 

the Swagelok Tee Tube was attached to the PVC tube prior to opening of the 

bellow valve on the stainless steel canister. When all the connections were 

secured, the ball valve on the sampling port was opened to purge any ambient air 

present in the sampling connection. Subsequently, the bellow valve on the canister 

was opened for approximately 10 seconds until the canister was full. A total of six 

raw LFG samples was taken over the during the entire field investigation. 
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Figure 24 – Photograph of the Sampling Process of the Raw LFG from the Open 
Flare System 

 

3.3 Laboratory Investigation 

A laboratory investigation was conducted to determine the F-gas 

concentrations of the gas samples and to characterize the cover materials that 

were represented in the field investigation. The gas samples were analyzed using 

VOC analytical systems in the Rowland-Blake Laboratory at the University of 

California – Irvine (Figure 25). In addition, a number of geotechnical tests were 

also conducted on the landfill cover samples to determine the moisture content, 

particle size distribution, and the specific gravity of the cover materials to 

supplement the interpretation of the surface flux data. 

 

3.3.1 Determination of CFC, HCFC, and HFC Concentrations 

The gas samples obtained during the field tests were analyzed (Figure 25) 

using two identical VOC analytical systems that consisted of 3 Agilent 6890 gas 

chromatographs containing 2 electron capture detectors, 3 flame ionization 
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detectors, and a quadrupole mass spectrometer. The two analytical systems are 

capable of identifying and quantifying hundreds of NMOCS in the parts per million 

to parts per quadrillion range (Colman et al. 2001; Blake et al. 2003; Zhang et al. 

2006; Barletta et al. 2006, 2011). 

 

 

 
Figure 25 - Rowland-Blake Laboratory at University of California – Irvine 

 

For the sample analysis, an aliquot of 50 to 1100 cm3 is cryogenically 

preconcentrated and injected into the multi-column/detector chromatographic 

system. The injected sample flow is chromatographically separated in the columns 

then the sample flow is injected either to electron-capture detectors (sensitive to 

halocarbons and alkyl nitrates), FIDs (sensitive to hydrocarbons), or quadrupole 

mass spectrometers (for unambiguous compound identification and selected ion 

monitoring) (Colman et al. 2001). The output signals from the detectors are 

transmitted to Dionex software, which converts the output signals into a 
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chromatogram (Colman et al. 2001). Each resulting chromatogram is individually 

checked and manually modified by a trained analyst, since slight changes in 

retention time or peak shape can cause problems for automated quantification 

(Colman et al. 2001). The details regarding the gas chromatographic parameters, 

calibration standards, column configurations, and the analytical methods are 

provided in Colman et al. (2001). The chromatograms are used to calculate 

concentration for the 12 F-gases, methane, and carbon dioxide. 

 

3.3.2 Determination of Landfill Cover Properties  

A number of tests were conducted to determine the baseline characteristics 

of the landfill cover samples collected during the field investigation. A total of 56 

cover samples were collected during the field test, which consisted of daily cover 

samples (AF, GW, ED), intermediate cover samples (IC-1, IC-10, IC-15), and final 

cover sample (FC). A single sample was collected from each chamber (Chamber 

A, B, C, D) from the seven locations for both wet and dry season. The specific 

gravity and moisture content were determined for all of the cover samples. 

However, the particle size analysis was only performed for the soil cover samples. 

The other materials (auto fluff and green waste) were not conducive to grain size 

distribution analysis. For these cases, observational description was used. 

 

Determination of Specific Gravity - The specific gravity of the landfill cover 

samples was determined using ASTM Standard D854 – “Standard Test Methods 

for Specific Gravity of Soil Solids by Water Pycnometer” for the soil specimens and 
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a modified version of ASTM Standard D854 adapted to auto fluff and green waste 

specimens.  

 

For the soil specimens, the procedures outlined in ASTM D854 were 

performed. The pycnometer setup used for the soil sample is presented in Figure 

26. For the auto fluff and green waste, a modified procedure of the method outlined 

in Yesiller et al. (2014) was generally followed. During the addition of the specimen 

to the 2000-mL Erlyenmeyer Flask, a screen was placed on top of the specimen 

to ensure full submersion of all of the materials, as presented in Figure 27. The 

Erlenmeyer flask was calibrated with the screen to ensure proper measurements. 

In addition, the specimen was placed under vacuum for 3 hours with routine taps 

to the bottom of the Erlenmeyer flask at 10-minute intervals to ensure deairing of 

the specimen. After the mixture was fully deaired, the remaining headspace was 

filled with deaired, deionized water to the calibration line and was placed into a 

temperature controlled container and allowed to equilibriate for 24 hours. The 

weight of the volumetric flask and the temperature of the water inside were 

recorded after reaching equilibrium, which was used to determine the specific 

gravity using the formulas provided in ASTM D854. 
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Figure 26 – Four Pycnometers on Shake Table for Specific Gravity Tests 

 
 

 
 

Figure 27 – Specific Gravity Test Setup for AF and GW 
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Particle Size Analysis - A dry sieve analysis was performed to determine 

the particle size distribution of the soil specimens using ASTM D422 – “Standard 

Test Method for Particle-Size Analysis of Soils”. A hydrometer test was also 

performed to determine the fine grained soil fraction using ASTM D422. The 

particle size distributions of the soil cover specimens obtained from five test 

locations (ED, IC-1, IC-10, IC-15, FC-1) were determined and used to identify the 

soil type of the samples based on the Unified Soil Classification System (USCS). 

 

3.4 Data Analysis Methodology    

Data analysis methodology for the static flux chamber and the flare data are 

described in this section.  Data analysis on the concentration dataset obtained from 

Rowland-Blake Laboratory was performed to determine the surface flux of the F-

gases and the destruction efficiency of the LFG control systems. The criteria used 

to determine surface flux were developed in collaboration with Dr. Jean Bogner 

(University of Illinois – Chicago), a leading expert in surface emission 

measurements from landfills.  

    

3.4.1 Determination of Surface Flux of the F-gases 

In order to quantify gas emissions from various landfill surfaces, surface flux 

specific to each location and constituent was determined. The surface flux was 

determined by converting concentration datasets obtained from the field 

investigation to surface flux using Equation 2.  

                                                     F =  
dC

dt
 (

V

A
)                                                      [3] 
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F is the surface flux (expressed in units of mass per area-time), dC/dt is the 

concentration gradient (the rate of change of concentration over time within the 

flux chamber), V is the volume of the static flux chamber, and A is the area of the 

landfill surface covered by the chamber. To determine the concentration gradient, 

plots of the concentration versus sampling time respective to each location, 

constituent, and chamber (Chamber A, B, C, D) were constructed. Prior to 

calculation of the surface flux, a linear regression analysis was performed to 

evaluate the quality of fit for each concentration versus time dataset.  

  

The fit of each linear regression model was evaluated using coefficient of 

determination (R2), which indicates how well the regression models the data 

(Devore 2008). R2 acceptance and rejection criterion was developed in 

collaboration with Dr. Jean Bogner and was used to determine the number of 

concentration data points were removed to reach a R2 desired threshold for some 

of the datasets. If needed point removals were performed from later to earlier 

points in order to give higher weights on the earlier points to address the decrease 

in the concentration gradient in the points from later sampling. The chemical 

accumulation that occurs after extended run time of the chamber can cause a 

decrease in the concentration gradient. 

  

The maximum number of points that can be removed for datasets with 6 

and 5 concentration points was established as 3 and 2 points, respectively, as 

linear regression loses its statistical significance for fewer than 3 data points. The 
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point removal methodology for an example 6-point dataset is presented in Figure 

28. If the R2 is greater than the threshold, the dataset is accepted for surface flux 

calculation. An example of an accepted dataset is presented in Figure 29. If the R2 

is less than the threshold throughout the entire point removal process, the dataset 

is rejected and surface flux is not calculated.  
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Figure 28 – Point Removal Scheme for Dataset with 6 Points 
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Figure 29 – Example of the Linear Regression Process  

 
The point removal process was automated using a macro in Excel for the 

12 F-gases, methane, and carbon dioxide. In order to determine appropriate R2 

threshold, the point removal process was repeated with varying R2 threshold 

values ranging from 0.90 to 0.65 in 0.05 increments. Subsequently, the 

percentages of accepted datasets respective to number of points removed were 

calculated at each R2 threshold. After analyzing the results at various R2 values, 

R2 of 0.9 was selected as the acceptance threshold. At R2 of 0.9, a balance 

between having sufficient number of data points and obtaining statistically valid 

datasets was achieved. The distribution of the percentage accepted respective to 

number of points removed for wet and dry seasons at varying R2 threhold is 

presented in Appendix B. 

The accepted datasets were used to determine the concentration gradients. 

Since the concentration gradients were in units of parts-per-volume notation, the 
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concentration gradients were converted to mass basis using the Ideal Gas Law 

(Equation 4) where:  

(
dCmass 

dt
) =  

(
dCpptv 

dt
)  P MW

R T
                                              [4]                                                       

Cmass is mass concentration (g/L), Cpptv is volumetric concentration (pptv), P is 

pressure (atm), MW is the molecular weight of the constituent (g/mole), R is the 

ideal gas constant (0.8206 L-atm / mole-K), and T (K) is the soil cover temperature. 

With all the necessary parameters determined, the surface flux was calculated for 

each location, constituent, and chamber. 

 

3.4.2 Determination of Destruction Efficiencies of the F-gases 

Destruction efficiencies of the 12 F-gases in the open flare system were 

determined using the raw and post-combustion concentration data collected during 

the field investigation. Since outlet concentration was diluted from addition of air 

during the combustion process, dilution factor was determined to calculate the 

concentrations of the post-combustion gas prior to dilution using Equation 5. In this 

equation methane, carbon dioxide, and carbon monoxide have concentrations in 

units of parts-per notation. The numerator is the sum of the concentrations of 

methane, carbon dioxide, and carbon monoxide from the inlet of the flare while the 

denominator is the sum of the concentrations of methane, carbon dioxide, and 

carbon monoxide from the outlet of the flare. Use of the equation assumes that the 

carbon in the LFG primarily consisted of methane, carbon dioxide, and carbon 

monoxide. The correction on the outlet concentration is necessary since the flare 
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is mixed with ambient air during the combustion process. By conducting mass 

balance over carbon with methane, carbon dioxide, and carbon monoxide, the 

dilution factor can be determined, since air only adds oxygen and nitrogen to the 

combustion process. 

                               Dilution Factor = 
(C CH4 + C CO2  + C CO) in  

(C CH4 + C CO2  + C CO) out
                               [5] 

Using the dilution factor, corrected post-combustion concentration (i.e. 

concentration level without air dilution prior to dilution) can be determined using 

Equation 6. 

(C out )
Corrected

= Cout (Dilution Factor)                               [6] 

With the corrected post-combustion gas concentration, the destruction efficiencies 

of the flare system for the 12 F-gases were determined using Equation 7:  

           Destruction Efficiency (%) = 
C in - (C out )Corrected

C in 

 × 100%                  [7] 

where C is chemical concentration of a chemical constituent expressed in parts-

per notation. This calculation was made for 12 F-gases, methane, and carbon 

dioxide.          
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Chapter 4: Results and Discussion 

4.1 Summary 

Results and discussion from the field and laboratory investigations are 

presented in this chapter. First, the results from the field and laboratory analysis of 

the various landfill covers are summarized. The results from specific gravity, 

moisture content, particle size distribution, and sand cone tests are presented. Full 

depth profiles of the subsurface waste and the cover systems are also presented 

in this section. Second, the surface flux data of the twelve F-gases, methane, and 

carbon dioxide obtained from the static flux chamber tests are summarized. The 

surface flux data respective to the seven locations and two seasons (summer and 

dry season) are presented in detail. Lastly, the F-gas destruction efficiency 

analysis for the high-temperature flare system is presented. 

 

4.2 Landfill Cover Properties 

Geotechnical properties including specific gravity, moisture content, particle 

size distribution, and density were determined for the cover materials to aid the 

interpretation of the surface flux data through laboratory and field investigation. 

The geotechnical properties of the cover materials for the seven locations are 

presented in Tables 21 - 23. In addition, details regarding the cover material types 

and ages of underlying wastes at the test locations are presented in Figure 30 and 

31, respectively. 
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The daily covers (AF, GW, and ED) had cover thicknesses ranging from 26 

to 45 cm (Table 21). The intermediate covers (IC-1, IC-10, and IC-15) had cover 

thicknesses ranging from 80 to 82 cm whereas the final cover location (FC) had 

cover thickness of greater than 120 cm. The cover thicknesses for the seven 

locations are summarized in Table 21. 

 

The soil samples obtained at the five soil cover locations (ED, IC-1, IC-10, 

IC-15, FC) had varying soil classification and soil composition (Table 22 and 23). 

The soil samples were classified using the USCS. The classification and 

composition of the soils for the seven locations are summarized in Table 21 and 

23. 

 

The geotechnical properties of the cover materials varied highly between 

the non-soil and soil cover materials. The specific gravity values of auto fluff and 

green waste were 1.48 and 1.42, respectively. The specific gravity values of the 

soil covers ranged from 2.62 to 2.77. The dry density values of the cover materials 

ranged from 266 to 1893 kg/m3 for the seven locations. A sand cone test was not 

conducted at the green waste cover location in the wet season due to heavy 

precipitation. The dry density values of the auto fluff and green waste covers were 

significantly lower than the soil covers and ranged from 266 to 519 kg/m3. The 

specific gravity and density values of the cover materials are summarized in Table 

22. 
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The porosity of the soil samples varied over a wide range depending on the 

composition of the material. The porosities of the soil samples ranged from 0.29 to 

0.65 for the five soil cover locations. The porosity generally increased as the fine 

soil fraction increased for the soil covers. The porosities of the auto fluff were 0.65 

and 0.69 for the wet and dry season, respectively. The porosity of the green waste 

material was not determined for the wet season and was 0.81 for the dry season. 

The porosity and void ratio values are summarized in Table 22. 

 

The moisture contents of the cover materials were significantly higher for 

the wet season with an average of 34% in comparison to an average value of 6% 

for the dry season. The degrees of saturation were also significantly higher with an 

average of 35% for the wet season in comparison to the average of 14% for the 

dry season. Higher moisture content was expected based on observed weather 

conditions during the field investigation. The moisture contents and degrees of 

saturation for the seven test locations are summarized in Table 22. 
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Figure 30 – Vertical Profiles of the Cover Systems for the Seven Test Locations 

 

 



119 
  

 

Figure 31 – Vertical Profiles of the Subsurface Waste for the Seven Locations 
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Table 21 - Material Type, Cover Thickness, and USCS Classification of the Landfill Covers 

  

Location Cover Type Material 
Group 

Symbol 
Group Name Cover Thickness 

AF Daily Auto Fluff N/A N/A 15 cm auto fluff and 20 cm soil 

GW Daily Green Waste N/A N/A 13 cm green waste and 13 cm soil 

ED Daily Soil GP-GC 
Poorly-graded gravel 
with clay and sand 

45 cm 

IC-1 Intermediate Soil CH Fat clay 80 cm 

IC-10 Intermediate Soil SC Clayey sand with gravel 80 cm 

IC-15 Intermediate Soil SC Clayey sand with gravel 82 cm 

FC Final Soil CH Fat clay with gravel 
30 cm vegetative soil layer, 30 cm 

low permeability soil layer, and 
60 cm foundation soil layer 

 

Table 22 - Geotechnical Properties of the Landfill Covers 

 

Location 

  
Gs  

Wet Season Dry Season 

Moist Density 
(kg/m3) 

Dry Density 
(kg/m3) 

w 
(%) 

S 
(%) 

n e 
Moist Density 

(kg/m3) 
Dry Density 

(kg/m3) 
w 

(%) 
S 

(%) 
n e 

AF 1.48 597 519 15 12 0.65 1.85 519 460 13 9 0.69 2.22 

GW 1.42 ND ND 129 ND ND ND 280 266 6 2 0.81 4.35 

ED 2.66 1764 1605 9 38 0.4 0.66 2052 1893 8 55 0.29 0.41 

IC-1 2.77 1179 966 21 32 0.65 1.87 1246 1191 5 10 0.57 1.33 

IC-10 2.65 1349 1143 18 36 0.57 1.32 1243 1200 4 8 0.55 1.21 

IC-15 2.62 1589 1337 19 51 0.49 0.96 1437 1412 2 5 0.46 0.86 

FC 2.67 1284 1033 24 41 0.61 1.58 1137 1076 6 10 0.6 1.48 

ND – Not determined; Gs – Specific Gravity; n – Porosity; w – Moisture Content; S – Degree of Saturation 
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Table 23 – USCS Particle Size Distribution of the Landfill Soil Covers 

 

Location Gravel (%) Sand (%) Fine (%) 

ED 54.3 39.7 6.0 

IC-1 0.0 0.4 99.6 

IC-10 25.6 38.4 36.0 

IC-15 22.6 51.5 25.9 

FC 17.8 9.6 72.6 
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4.3 Surface Flux of F-gases 

 Gas flux was determined for the field tests using methodology described in 

Section 3.2.2. For seven cover types, results are presented individually for each 

constituent and separately for wet and dry seasons. The bar charts (Figures 32 to 

45) presented have four bars for each cover type on the x-axis and flux values on 

a logarithmic scale on the y-axis. The four bars for each cover type from left to right 

represents Chambers A, B, C, and D. For the wet season results, cover types 

including GW, IC-1, IC-10, IC-15 and FC-1 have only two bars for Chamber A and 

B. The flux values that did not meet the 0.9 R2 threshold were denoted using a 

diamond symbol whereas the flux values with significant number of below 

detection limit measurements were denoted using an x symbol. The negative flux 

values were denoted using a triangle symbol. The results from the static flux 

chamber tests for seven cover types for the wet and dry season are presented in 

Figures 32 to 45 and in Tables 24 and 25. 

 

  



123 
  

 
 

 
 

Figure 32 – Surface Flux Results for CFC-11 for the Wet and Dry Season 
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Figure 33 – Surface Flux Results for CFC-12 for the Wet and Dry Season 
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Figure 34 – Surface Flux Results for CFC-113 for the Wet and Dry Season 
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Figure 35 – Surface Flux Results for CFC-114 for the Wet and Dry Season 
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Figure 36 – Surface Flux Results for HCFC-21 for the Wet and Dry Season 
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Figure 37 – Surface Flux Results for HCFC-22 for the Wet and Dry Season 
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Figure 38 – Surface Flux Results for HCFC-141b for the Wet and Dry Season 
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Figure 39 – Surface Flux Results for HCFC-142b for the Wet and Dry Season 
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Figure 40 Surface Flux – Surface Flux Results for HCFC-151a for the Wet and 
Dry Season 
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Figure 41 – Surface Flux Results for HFC-134a for the Wet and Dry Season 
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Figure 42 – Surface Flux Results for HFC-152a for the Wet and Dry Season 
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Figure 43 – Surface Flux Results for HFC-245fa for the Wet and Dry Season 
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Figure 44 – Surface Flux Results for Methane for the Wet and Dry Season 

 
 

 



136 
  

         
 

 

Figure 45 – Surface Flux Results for Carbon Dioxide for the Wet and Dry Season 
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Table 24 – Minimum and Maximum Flux Values (g m-2 day-1) of the 

Twelve F-gases, Methane, and Carbon Dioxide for the Wet Season 

 

Location 
CFC-11 CFC-12 CFC-113 CFC-114 HCFC-21 HCFC-22 

Min Max Min Max Min Max Min Max Min Max Min Max 

AF 6.66E-02 2.57E-01 5.54E-04 4.48E-03 1.95E-05 6.31E-05 5.59E-07 2.07E-05 1.20E-01 2.63E-01 5.92E-07 5.92E-07 

GW 3.12E-02 7.36E-02 1.74E-03 1.95E-03 9.67E-06 1.57E-05 5.59E-05 1.10E-04 1.65E-03 2.22E-01 2.23E-03 3.43E-03 

ED 5.50E-04 2.34E-03 2.32E-05 8.26E-05 1.57E-06 1.57E-06 1.59E-06 2.68E-06 5.42E-04 7.08E-03 3.09E-08 6.09E-08 

IC-1 2.27E-06 2.27E-06 I I 2.06E-06 2.06E-06 3.05E-07 3.05E-07 I I 2.26E-06 2.26E-06 

IC-10 5.19E-06 8.93E-06 5.67E-05 5.67E-05 2.59E-06 2.59E-06 8.99E-06 8.99E-06 I I 7.07E-05 7.07E-05 

IC-15 7.93E-06 9.92E-06 -3.41E-06 1.16E-05 -5.22E-07 -5.22E-07 3.72E-05 3.72E-05 1.47E-06 1.47E-06 -1.60E-06 2.30E-05 

FC-1 I I I I I I 1.30E-06 1.11E-05 I I 1.55E-05 1.55E-05 

I – Inconclusive flux values due to poor R2 fit or significant number of below detection limit readings. 
 

Location 
HCFC-141b HCFC-142b HCFC-151a HFC-134a HFC-152a HFC-245fa 

Min Max Min Max Min Max Min Max Min Max Min Max 

AF 1.36E-01 2.99E-01 1.50E-08 1.46E-07 1.53E-05 3.40E-03 6.46E-03 3.79E-02 3.15E-03 1.31E-02 8.73E-03 5.21E-02 

GW 5.22E-02 8.70E-02 4.54E-03 4.93E-03 3.73E-03 5.67E-03 7.08E-03 7.13E-03 2.09E-02 6.76E-02 7.44E-03 7.55E-03 

ED 6.16E-04 8.04E-03 6.67E-08 7.30E-08 2.71E-04 4.67E-04 1.17E-04 1.42E-03 2.06E-05 1.48E-04 1.05E-04 5.71E-04 

IC-1 -5.59E-06 1.04E-06 1.78E-07 1.78E-07 I I I I 4.92E-06 5.06E-06 I I 

IC-10 7.99E-06 3.65E-05 -3.50E-07 2.13E-06 4.47E-06 4.47E-06 1.48E-05 1.48E-05 1.40E-06 5.24E-06 1.14E-07 1.14E-07 

IC-15 1.02E-05 9.80E-05 5.90E-06 5.90E-06 1.22E-04 1.22E-04 3.29E-04 3.29E-04 4.00E-07 1.18E-04 3.75E-07 2.31E-05 

FC-1 I I 6.60E-07 6.60E-07 I I 5.69E-07 5.69E-07 5.89E-07 9.79E-07 I I 

I – Inconclusive flux values due to poor R2 fit or significant number of below detection limit readings. 
 

Location 
Methane Carbon Dioxide 

Min Max Min Max 

AF 7.41E-02 2.00E+01 -2.36E+01 -2.36E+01 

GW 9.16E+00 1.26E+01 6.31E+02 7.47E+02 

ED 2.68E-01 1.32E+01 4.60E+00 4.54E+01 

IC-1 I I 2.16E+01 2.30E+01 

IC-10 -1.94E-02 6.29E+00 1.85E+01 6.40E+01 

IC-15 -9.65E-03 3.60E+01 7.43E+00 1.07E+02 

FC-1 -1.07E-03 -1.07E-03 1.86E+01 2.18E+01 

I – Inconclusive flux values due to poor R2 fit or significant number of below detection limit readings. 
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Table 25 - Minimum and Maximum Flux Values (g m-2 day-1) of the 

Twelve F-gases, Methane, and Carbon Dioxide for the Dry Season 

 

Location 
CFC-11 CFC-12 CFC-113 CFC-114 HCFC-21 HCFC-22 

Min Max Min Max Min Max Min Max Min Max Min Max 

AF 7.10E-03 3.42E-02 2.76E-04 9.14E-04 6.37E-06 6.63E-06 7.15E-07 7.15E-07 8.41E-05 1.54E-04 5.54E-04 1.46E-03 

GW 2.71E-04 2.71E-04 1.24E-05 1.95E-05 5.79E-07 6.91E-07 8.07E-06 8.07E-06 I I 1.22E-05 1.58E-05 

ED 1.35E-03 8.13E-03 2.14E-04 1.12E-03 4.94E-06 9.05E-06 6.34E-07 4.03E-06 1.59E-05 2.75E-04 5.94E-05 4.48E-04 

IC-1 9.47E-07 9.47E-07 1.63E-06 1.63E-06 -5.96E-07 5.31E-07 6.56E-07 6.56E-07 I I -1.07E-07 4.50E-06 

IC-10 3.91E-06 1.57E-05 I I 5.46E-07 5.46E-07 1.06E-07 6.56E-07 I I -2.30E-06 9.22E-07 

IC-15 4.81E-06 4.81E-06 3.27E-06 3.27E-06 4.46E-07 8.29E-07 6.85E-06 3.23E-05 7.21E-07 7.21E-07 7.23E-06 1.80E-05 

FC-1 I I I I -6.81E-08 -6.81E-08 I I I I I I 

I – Inconclusive flux values due to poor R2 fit or significant number of below detection limit readings. 
 

Location 
HCFC-141b HCFC-142b HCFC-151a HFC-134a HFC-152a HFC-245fa 

Min Max Min Max Min Max Min Max Min Max Min Max 

AF 3.09E-03 7.58E-03 3.32E-04 9.68E-04 1.36E-04 4.62E-04 1.21E-03 5.07E-03 2.18E-04 3.56E-04 1.68E-03 8.77E-03 

GW I I I I 7.80E-05 9.40E-04 2.34E-04 2.34E-04 5.04E-05 9.44E-05 2.83E-04 2.83E-04 

ED 5.68E-04 7.22E-03 2.01E-05 1.23E-04 5.32E-05 8.62E-04 1.85E-04 1.47E-03 1.94E-04 1.27E-03 1.72E-05 1.78E-04 

IC-1 4.79E-06 4.79E-06 3.84E-06 3.84E-06 I I 7.19E-07 1.31E-05 1.83E-06 1.83E-06 2.35E-08 2.35E-08 

IC-10 5.19E-06 2.07E-05 -7.04E-08 3.57E-07 I I 9.06E-07 9.06E-07 I I 3.68E-08 4.51E-08 

IC-15 1.93E-05 1.93E-05 2.19E-06 4.78E-06 4.74E-05 9.29E-05 1.24E-04 1.95E-04 1.22E-05 1.86E-04 7.56E-06 2.30E-05 

FC-1 -5.01E-07 -5.01E-07 I I I I I I 1.70E-06 1.70E-06 9.74E-09 9.89E-09 

I – Inconclusive flux values due to poor R2 fit or significant number of below detection limit readings. 
 

Location 
Methane Carbon Dioxide 

Min Max Min Max 

AF 3.82E+00 3.05E+01 -1.54E+00 -1.54E+00 

GW 1.96E+00 2.99E+00 1.32E+01 3.27E+01 

ED 1.47E+01 5.38E+01 -1.96E+01 -2.55E-01 

IC-1 I I 2.29E+00 3.69E+01 

IC-10 -6.06E-03 1.17E-03 3.90E+00 1.63E+01 

IC-15 9.33E+00 1.73E+01 6.21E+01 1.25E+02 

FC-1 2.94E-04 2.94E-04 1.95E+00 1.85E+01 

I – Inconclusive flux values due to poor R2 fit or significant number of below detection limit readings. 
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Minimum and maximum F-gas flux values are presented in Table 25 and 

Table 26 for the wet and dry season, respectively. The F-gas flux values for the 

daily covers (AF, GW, and ED) were in the 10-8 to 10-1 g m-2 day-1 range and 10-7 

to 10-2 g m-2 day-1 range for the wet and dry season, respectively. The F-gas flux 

values for the intermediate covers (IC-1, IC-10, and IC-15) were in the -10-6 to 10-

4 g m-2 day-1 range and -10-6 to 10-4 g m-2 day-1 range for the wet and dry season, 

respectively. The F-gas flux values for the final covers (FC) were in the 10-7 to 10-

5 g m-2 day-1 range and -10-7 to 10-6 g m-2 day-1 range for the wet and dry season, 

respectively. F-gas fluxes for the final covers had the highest number of below 

detection limit cases as well as lower than R2 threshold cases. Highest F-gas fluxes 

were measured from the AF location for the wet and dry season. Lowest F-gas 

fluxes were measured from the FC location for the wet and dry season. 

 

Lower level of variation was observed for methane and carbon dioxide with 

flux values ranging over five orders of magnitude for the seven tested locations. 

The methane flux values for the daily covers were in the 10-2 to 10+1 g m-2 d-1 range 

and 1 to 10+1 g m-2 day-1 range for the wet and dry season, respectively. The carbon 

dioxide flux values for the daily covers were in the -10+1 to 10+2 g m-2 day-1 range 

and -10+1 to 10+1 g m-2 day-1 range for the wet and dry season, respectively.  The 

methane flux values for the intermediate covers were in the -10-2 to 10+1 g m-2 d-1 

range and -10-3 to 10+1 g m-2 day-1 range for the wet and dry season, respectively. 

The carbon dioxide flux values for the intermediate covers were in the 1 to 10+2 g 

m-2 day-1 range for both seasons. The methane fluxes for the final cover were -10 

-3 g m-2 day-1 and 10-4 g m-2 day-1 for the wet and dry season, respectively. The 
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carbon dioxide flux values for the final cover were in the 10+1 g m-2 d-1 range and 1 

to 10+1 g m-2 day-1 range for the wet and dry season, respectively. Negative flux 

values were typically observed during the wet season and at the intermediate and 

final covers. 

 

Of the F-gases detected and quantified, the highest fluxes were measured 

for CFC-11, HCFC-21, and HCFC-141b in the wet season (Figure 46) and for CFC-

11, HCFC-141b, and HFC-134a in the dry season (Figure 47) across the seven 

cover locations. The lowest fluxes were measured for CFC-113 and CFC-114 for 

both the wet and dry season. All twelve F-gas constituents were present in all the 

three daily cover locations for the wet season and were present at two out three 

locations for the dry season at the daily cover locations. For the intermediate and 

final cover tests, the number of constituents detected typically decreased with older 

waste age.  
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Figure 46 – Average Surface Flux over the Seven Locations for the Twelve F-
gases for the Wet Season 

 

 

Figure 47 - Average Surface Flux over the Seven Locations for the Twelve F-
gases for the Dry Season 
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The average F-gas fluxes decreased from daily, intermediate, to final cover 

similar to the results for methane fluxes presented in Abichou et al. (2006b). The 

average F-gas fluxes for the wet and dry season respective to daily, intermediate, 

and final covers are presented in Figure 48. The decrease in emissions from daily, 

to intermediate, to final cover systems can be attributed to several factors: 

difference in cover material, cover thickness, waste height, and waste age. First, 

the intermediate and final cover locations had much thicker covers in comparison 

to the daily cover locations. Second, age of the underlying waste present at the 

daily cover locations in comparison to the intermediate and final cover locations 

was much younger. The daily cover locations also had fresh waste placed 1 to 8 

days old prior to the measurements. Also, the hydraulic conductivity of the covers 

decreased from daily to intermediate to final covers. Lastly, the waste height at the 

daily cover location was much higher in comparison to the intermediate and final 

cover locations. The high flux values at the daily cover locations was attributed to 

this combination of conditions.  
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Figure 48 – Average F-gas Surface Flux for Daily, Intermediate, and Final Covers 
for the Wet and Dry Season 

 

The F-gas fluxes typically decreased from AF, to GW, to ED for the daily 

cover locations. The average F-gas fluxes for the wet and dry season are 

presented in Figure 49. The tests for the daily covers were conducted at the same 

cell (Cell 12) with similar waste age, waste height, and cover thickness indicating 

that the differences in emissions were likely due to difference in cover material. 

The highest F-gas flux values were measured from the auto fluff cover and the 

lowest F-gas flux values were typically measured from the extended-daily cover 

during the wet season and from green waste during the dry season. As the porosity 

of the cover material increased, an increase in F-gas flux values was observed.  

 

In addition, presence of F-gas in auto shredder residue has been reported 

in previous studies conducted by Scheutz et al. (2007c, 2011a, 2011b).  The F-
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gas present in the auto fluff is likely contributed to high emissions of the F-gases 

from the auto fluff cover. Further investigation would be necessary to assess 

whether the auto fluff used for daily cover at PHL contained F-gas blowing agents. 

 

Figure 49 - Average F-gas Surface Flux for AF, GW, and ED for the Wet and Dry 
Season 
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decreased with increasing waste age and with decreasing waste height. In addition, 

as the fine soil fraction of the soil increased in the soil cover system, the emission 

rate typically decreased. 

 

Figure 50 - Average F-gas Surface Flux for IC-1, IC-10, and IC-15 for the Wet 
and Dry Season 

 

The level of variation observed for the F-gas fluxes between the seven 

cover types/locations and between the two seasons was significant (Tables 25 and 

26). This high level of variation was likely introduced due to precipitation during the 

wet season. The measured water content of the cover system had considerably 

larger range (9 to 129%) during the wet season in comparison to the measured 
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diffusion is considerably slower in comparison to gaseous diffusion as presented 

in Whalen et al. (1990).  

 

The average F-gas flux between the seven locations varied up to four orders 

of magnitude. However, the differences in F-gas flux between the two seasons 

were considerably less (up to two orders of magnitude in variation). Greater 

variations were observed between the seven test locations indicating that physical 

factors such as cover thickness, cover material, waste age, and waste height had 

greater influence on F-gas emissions than environmental factors such as 

precipitation, temperature, barometric pressure, or cover moisture conditions. 

 

4.4 F-gas Destruction Efficiency 

 The destruction efficiencies of the flare system for the twelve F-gases and 

methane were calculated based on the inlet and outlet concentration of the flare 

system as outlined in Section 3.4.2. The inlet F-gas concentrations ranged from 

103 to 106 pptv. Highest F-gas concentration was measured for HFC-134a while 

the lowest F-gas concentration was measured for CFC-113. The destruction 

efficiencies for the twelve F-gases and methane are presented in Table 26. The 

destruction efficiencies were greater than 99% for all twelve F-gases and methane. 

Destruction efficiencies of more than 90% were reported in literature for CFCs and 

HCFCs for landfills with similar landfill gas collection and combustion systems as 

those used in California (Environment Canada 1999, 2000a, 2000b, 2000c, 2002, 

2005).   
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Table 26 – Destruction Efficiency of the Flare System at PHL for the Twelve  

F-gases and Methane  

 

Compounds 
Average Inlet 
Concentration 

(pptv) 

Average Outlet 
Concentration (pptv) 

Destruction 
Efficiency (%) 

Actual 
With Air 
Dilution 

Correction 

CFC-11 6.69E+04 1.18E+01 7.64E+01 99.89% 

CFC-12 1.21E+06 9.94E+02 6.43E+03 99.47% 

CFC-113 3.15E+03 0.00E+00 0.00E+00 100.00% 

CFC-114 1.08E+05 3.95E+01 2.56E+02 99.76% 

HCFC-21 2.74E+04 5.00E+00 3.24E+01 99.88% 

HCFC-22 1.94E+06 5.00E+00 3.24E+01 99.99% 

HCFC-141b 8.28E+05 5.00E+00 3.24E+01 99.99% 

HCFC-142b 1.23E+05 5.00E+00 3.24E+01 99.97% 

HCFC-151a 1.34E+05 5.00E+00 3.24E+01 99.98% 

HFC-134a 2.16E+06 6.88E+01 4.45E+02 99.98% 

HFC-152a 1.21E+06 5.00E+00 3.24E+01 99.99% 

HFC-245fa 2.60E+04 5.00E+00 3.24E+01 99.88% 

CH4 4.39E+11 7.47E+06 4.84E+07 99.99% 
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Chapter 5: Engineering Significance 

5.1 Introduction 

An emission inventory of the twelve F-gases, methane, and carbon dioxide 

was performed to estimate overall emission for PHL using the flux values 

calculated in Chapter 4 to understand the contributions of F-gas emissions from 

the landfill to overall California emissions. The field-based emission values were 

scaled up to facility level fugitive emission values using landfill area containing 

waste and the area fractions of the three cover types (daily, intermediate, and final) 

present at the site. The facility level fugitive emission values were then converted 

to carbon dioxide equivalent (CO2E) emission values using GWP. The scaled up 

F-gas emission and methane emission values were compared to determine 

contribution of high GWP gases on facility-wide GHG emissions of the landfill. In 

addition, the scaled up methane emission values were compared to methane 

emission values from IPCC-First Order Decay (IPCC-FOD) model reported on 

EPA Facility Level GHG Emission Data website and waste-in-place (WIP) – landfill 

gas correlation equation presented in Spokas et al. (2015) to compare field-based 

emission values to model- and correlation-based emission values.  

 

5.2 Scaling-Up Surface Area Fluxes to a Facility-Level Fugitive Emissions 

 The surface emission measurement values from the field investigation were 

scaled up to facility-wide fugitive emission values using the waste containing 

surface area and the daily, intermediate, and final cover distribution at the landfill. 

The surface area of the landfill containing waste (approximately 600,000 m2) was 
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obtained from site record provided on Facility Level GHG Emission Data from EPA 

(USEPA 2014e). The distribution of the daily, intermediate, and final covers was 

determined using topographic survey records for the site (Table 27).  

Table 27 – Potrero Hills Landfill Waste Containing Surface Area and Landfill 
Cover Distribution  

 

Cover Type % 

Daily 

AF 1 

GW 1 

ED 1 

Intermediate 

IC-1 28 

IC-10 28 

IC-15 28 

Final FC 13 

The scaled up emission values were calculated using both minimum and 

maximum surface flux values of the twelve F-gases, methane, and carbon dioxide 

to obtain a range of the facility-wide emissions. The scaled up emission values 

were then converted to a CO2E using the GWP values presented in Section 2.4. 

The facility-wide emissions were calculated using both wet season and dry season 

surface flux values to take account of effect of seasonal variations. The facility-

wide emissions for wet season and dry season were calculated based on 12-month 

season for comparison. In addition, facility-wide emissions based on 30-year 

weather data were calculated to estimate overall emissions during a 12-month 

calendar year (Wunderground 2015). Based on the 30-year weather data from a 

weather station near the Potreo Hills Landfill, the wet and dry season fraction in a 

12-month calendar year was 58% and 42%, respectively. The weather fractions 

were then used to calculated annual emissions by prorating emissions data for the 

wet and dry season. The scaled up facility-wide emission values for the wet season 
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are presented in Tables 28 to 35 and Figures 51 to 55. The scaled up facility-wide 

emission values for the dry season are presented in Tables 36 to 43 and Figures 

56 to 60. The scaled up facility-wide emission values for the prorated season are 

presented in Tables 44 to 51 and Figures 61 to 65.  
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Table 28 – Minimum and Maximum Fugitive Emissions for the 
Twelve F-gases, Methane, and Carbon Dioxide for the Wet Season 

 
Compounds 

 

Surface Emissions (CO2E Tonnes/year) 

Minimum % Maximum % 

CFC-11 1.01E+03 14.54 3.40E+03 3.61 

CFC-12 8.49E+01 1.23 1.88E+02 0.20 

CFC-113 1.86E+00 0.03 2.49E+00 0.00 

CFC-114 2.59E+01 0.37 2.97E+01 0.03 

HCFC-21 3.95E+01 0.57 1.59E+02 0.17 

HCFC-22 1.70E+01 0.25 2.43E+01 0.03 

HCFC-141b 3.23E+02 4.67 6.80E+02 0.72 

HCFC-142b 2.04E+01 0.29 2.24E+01 0.02 

HCFC-151a N/A N/A N/A N/A 

HFC-134a 5.70E+01 0.82 1.37E+02 0.15 

HFC-152a 7.32E+00 0.11 2.55E+01 0.03 

HFC-245fa 3.06E+01 0.44 1.14E+02 0.12 

Total F-gases Emissions 1.61E+03 23.32 4.78E+03 5.07 

CH4 5.31E+02 7.67 7.53E+04 79.88 

CO2 4.78E+03 69.01 1.42E+04 15.04 

Total Surface Emissions 
(F-gases + CH4 + CO2) 

6.92E+03 100.00 9.42E+04 100.00 
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Table 29 – Minimum and Maximum Fugitive Emissions for the 
Twelve F-gases and Methane for the Wet Season (Without Carbon Dioxide) 

 
 

Compounds 
 

Surface Emissions (CO2E Tonnes/year) 

Minimum % Maximum % 

CFC-11 1.01E+03 46.92 3.40E+03 4.24 

CFC-12 8.49E+01 3.96 1.88E+02 0.23 

CFC-113 1.86E+00 0.09 2.49E+00 0.00 

CFC-114 2.59E+01 1.21 2.97E+01 0.04 

HCFC-21 3.95E+01 1.84 1.59E+02 0.20 

HCFC-22 1.70E+01 0.79 2.43E+01 0.03 

HCFC-141b 3.23E+02 15.06 6.80E+02 0.85 

HCFC-142b 2.04E+01 0.95 2.24E+01 0.03 

HCFC-151a N/A N/A N/A N/A 

HFC-134a 5.70E+01 2.66 1.37E+02 0.17 

HFC-152a 7.32E+00 0.34 2.55E+01 0.03 

HFC-245fa 3.06E+01 1.42 1.14E+02 0.14 

Total F-gases Emissions 1.61E+03 75.24 4.78E+03 5.97 

CH4 5.31E+02 24.76 7.53E+04 94.03 

Total Surface Emissions 
(F-gases + CH4) 

2.14E+03 100.00 8.00E+04 100.00 
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Table 30 – Minimum Fugitive Emissions for the 
F-gases, Methane, and Carbon Dioxide for the Wet Season 

 

Cover 
Type 

Total Fugitive Emissions (CO2E Tonnes/year) 

F-gases CH4 CO2 

AF 9.95E+02 4.54E+00 -5.16E+01 

GW 5.13E+02 5.61E+02 1.38E+03 

ED 7.89E+00 1.64E+01 1.01E+01 

IC-1 1.58E+00 0.00E+00 1.32E+03 

IC-10 5.15E+01 -3.33E+01 1.13E+03 

IC-15 4.31E+01 -1.65E+01 4.55E+02 

FC 1.15E+00 -8.51E-01 5.29E+02 

Total 1.61E+03 5.31E+02 4.78E+03 

 
Table 31  - Emission Fractions for Minimum Fugitive Emissions for the 

F-gases, Methane, and Carbon Dioxide for the Wet Season 

 
Cover 
Type 

Total Fugitive Emissions Fraction (%) 

F-gases CH4 CO2 

AF 14.4 0.1 -0.7 

GW 7.4 8.1 19.9 

ED 0.1 0.2 0.1 

IC-1 0.0 0.0 19.1 

IC-10 0.7 -0.5 16.4 

IC-15 0.6 -0.2 6.6 

FC 0.0 0.0 7.6 

Total 23.3 7.7 69.0 

 
Table 32 - Emission Fractions for Minimum Fugitive Emissions for the 
F-gases and Methane for the Wet Season (Without Carbon Dioxide) 

 

Cover Type 
Scaled-up Fraction (%) 

F-gases CH4 

AF 46.4 0.2 

GW 23.9 26.1 

ED 0.4 0.8 

IC-1 0.1 0.0 

IC-10 2.4 -1.6 

IC-15 2.0 -0.8 

FC 0.1 0.0 

Total 75.2 24.8 
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Table 33 – Maximum Fugitive Emissions and Emission Fractions for the 

F-gases, Methane, and Carbon Dioxide for the Wet Season  

 

Cover 
Type 

Total Fugitive Emissions (CO2E Tonnes/year) 

F-gases CH4 CO2 

AF 3.51E+03 1.22E+03 -5.16E+01 

GW 1.10E+03 7.71E+02 1.63E+03 

ED 4.64E+01 8.08E+02 9.93E+01 

IC-1 1.90E+00 0.00E+00 1.41E+03 

IC-10 5.43E+01 1.08E+04 3.92E+03 

IC-15 6.21E+01 6.17E+04 6.55E+03 

FC 3.54E+00 -8.51E-01 6.20E+02 

Total 4.78E+03 7.53E+04 1.42E+04 

 
Table 34  - Emission Fractions for Maximum Fugitive Emissions for the 

F-gases, Methane, and Carbon Dioxide for the Wet Season 

 
Cover 
Type 

Total Fugitive Emissions Fraction (%) 

F-gases CH4 CO2 

AF 3.7 1.3 -0.1 

GW 1.2 0.8 1.7 

ED 0.0 0.9 0.1 

IC-1 0.0 0.0 1.5 

IC-10 0.1 11.4 4.2 

IC-15 0.1 65.5 7.0 

FC 0.0 0.0 0.7 

Total 5.1 79.9 15.0 

 

Table 35 - Emission Fractions for Maximum Fugitive Emissions for the 
F-gases and Methane for the Wet Season (Without Carbon Dioxide) 

 

Cover 
Type 

Scaled-up Fraction (%) 

F-gases CH4 

AF 4.4 1.5 

GW 1.4 1.0 

ED 0.1 1.0 

IC-1 0.0 0.0 

IC-10 0.1 13.5 

IC-15 0.1 77.1 

FC 0.0 0.0 

Total 6.0 94.0 
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Figure 51 – Minimum Fugitive Emissions for  

the F-gases, Methane, and Carbon Dioxide for the Wet Season  
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Figure 52 - Maximum Fugitive Emissions for  

the F-gases, Methane, and Carbon Dioxide for the Wet Season 
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Figure 53 - Minimum and Maximum Fugitive Emissions for the F-gases, 

Methane, and Carbon Dioxide for the Wet Season 

 

 
 

Figure 54 – Emission Fractions for the F-gases, Methane, and Carbon Dioxide 
for the Wet Season  
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Figure 55 –Emission Fractions for the F-gases and Methane for the Wet Season 
(Without Carbon Dioxide) 
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Table 36 - Minimum and Maximum Fugitive Emissions for the 
Twelve F-gases, Methane, and Carbon Dioxide for the Dry Season  

 
Compounds 

 

Surface Emissions (CO2E Tonnes/year) 

Minimum % Maximum % 

CFC-11 9.15E+01 0.42 4.40E+02 0.93 

CFC-12 1.43E+01 0.07 4.88E+01 0.10 

CFC-113 2.81E-01 0.00 8.76E-01 0.00 

CFC-114 4.18E+00 0.02 1.79E+01 0.04 

HCFC-21 3.89E-02 0.00 1.45E-01 0.00 

HCFC-22 2.93E+00 0.01 9.92E+00 0.02 

HCFC-141b 7.64E+00 0.04 2.74E+01 0.06 

HCFC-142b 2.25E+00 0.01 5.81E+00 0.01 

HCFC-151a N/A N/A N/A N/A 

HFC-134a 1.26E+01 0.06 3.09E+01 0.07 

HFC-152a 2.65E-01 0.00 2.12E+00 0.00 

HFC-245fa 4.11E+00 0.02 1.85E+01 0.04 

Total F-gases Emissions 1.40E+02 0.65 6.03E+02 1.28 

CH4 1.72E+04 79.81 3.50E+04 74.28 

CO2 4.22E+03 19.54 1.15E+04 24.44 

Total Surface Emissions 
(F-gases + CH4 + CO2) 

2.16E+04 100.00 4.71E+04 100.00 
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Table 37 – Minimum and Maximum Fugitive Emissions for the 
Twelve F-gases and Methane for the Dry Season (Without Carbon Dioxide) 

 
Compounds 

 

Surface Emissions (CO2E Tonnes/year) 

Minimum % Maximum % 

CFC-11 9.15E+01 0.53 4.40E+02 1.24 

CFC-12 1.43E+01 0.08 4.88E+01 0.14 

CFC-113 2.81E-01 0.00 8.76E-01 0.00 

CFC-114 4.18E+00 0.02 1.79E+01 0.05 

HCFC-21 3.89E-02 0.00 1.45E-01 0.00 

HCFC-22 2.93E+00 0.02 9.92E+00 0.03 

HCFC-141b 7.64E+00 0.04 2.74E+01 0.08 

HCFC-142b 2.25E+00 0.01 5.81E+00 0.02 

HCFC-151a N/A N/A N/A N/A 

HFC-134a 1.26E+01 0.07 3.09E+01 0.09 

HFC-152a 2.65E-01 0.00 2.12E+00 0.01 

HFC-245fa 4.11E+00 0.02 1.85E+01 0.05 

Total F-gases Emissions 1.40E+02 0.81 6.03E+02 1.69 

CH4 1.72E+04 99.19 3.50E+04 98.31 

Total Surface Emissions 
(F-gases + CH4) 

1.74E+04 100.00 3.56E+04 100.00 
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Table 38 – Minimum Fugitive Emissions and Emission Fractions for the 

F-gases, Methane, and Carbon Dioxide for the Dry Season 

 

Cover 
Type 

Total Fugitive Emissions (CO2E Tonnes/year) 

F-gas CH4 CO2 

AF 9.36E+01 2.34E+02 -3.36E+00 

GW 4.37E+00 1.20E+02 2.89E+01 

ED 2.04E+01 8.98E+02 -4.29E+01 

IC-1 2.17E+00 0.00E+00 1.40E+02 

IC-10 1.42E+00 -1.04E+01 2.38E+02 

IC-15 1.81E+01 1.60E+04 3.80E+03 

FC -1.55E-02 2.34E-01 5.55E+01 

Total 1.40E+02 1.72E+04 4.22E+03 

 
Table 39 - Emission Fractions for Minimum Fugitive Emissions for  

the F-gases, Methane, and Carbon Dioxide for the Dry Season 

 
Cover 
Type 

Total Fugitive Emissions Fraction (%) 

F-gas CH4 CO2 

AF 0.4 1.1 0.0 

GW 0.0 0.6 0.1 

ED 0.1 4.2 -0.2 

IC-1 0.0 0.0 0.7 

IC-10 0.0 0.0 1.1 

IC-15 0.1 74.1 17.6 

FC 0.0 0.0 0.3 

Total 0.6 79.8 19.5 

 
Table 40 –Emission Fractions for Minimum Fugitive Emissions for the F-gases 

and Methane for the Dry Season (Without Carbon Dioxide) 

 

Cover 
Type 

Scaled-up Fraction (%) 

F-gases CH4 

AF 0.5 1.3 

GW 0.0 0.7 

ED 0.1 5.2 

IC-1 0.0 0.0 

IC-10 0.0 -0.1 

IC-15 0.1 92.0 

FC 0.0 0.0 

Total 0.8 99.2 
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Table 41 – Maximum Fugitive Emissions for the F-gases, Methane, and Carbon 
Dioxide for the Dry Season  

 

Cover 
Type 

Total Fugitive Emissions (CO2E Tonnes/year) 

F-gas CH4 CO2 

AF 4.21E+02 1.87E+03 -3.36E+00 

GW 4.55E+00 1.83E+02 7.14E+01 

ED 1.27E+02 3.29E+03 -5.57E-01 

IC-1 3.92E+00 0.00E+00 2.26E+03 

IC-10 6.23E+00 2.00E+00 1.00E+03 

IC-15 4.03E+01 2.97E+04 7.67E+03 

FC -1.55E-02 2.34E-01 5.25E+02 

Total 6.03E+02 3.50E+04 1.15E+04 

 
Table 42 - Emission Fractions for Maximum Fugitive Emissions for  

the F-gases, Methane, and Carbon Dioxide for the Dry Season 

 
Cover 
Type 

Total Fugitive Emissions Fraction (%) 

F-gas CH4 CO2 

AF 0.9 4.0 0.0 

GW 0.0 0.4 0.2 

ED 0.3 7.0 0.0 

IC-1 0.0 0.0 4.8 

IC-10 0.0 0.0 2.1 

IC-15 0.1 62.9 16.3 

FC 0.0 0.0 1.1 

Total 1.3 74.3 24.4 

 
Table 43 - Emission Fractions for Maximum Fugitive Emissions for the F-gases 

and Methane for the Dry Season (Without Carbon Dioxide) 

 

Cover Type 
Scaled-up Fraction (%) 

F-gases CH4 

AF 1.2 5.2 

GW 0.0 0.5 

ED 0.4 9.2 

IC-1 0.0 0.0 

IC-10 0.0 0.0 

IC-15 0.1 83.3 

FC 0.0 0.0 

Total 1.7 98.3 
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Figure 56 - Minimum Fugitive Emissions for  

the F-gases, Methane, and Carbon Dioxide for the Dry Season  
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Figure 57 - Maximum Fugitive Emissions for  

the F-gases, Methane, and Carbon Dioxide for the Dry Season  
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Figure 58 - Minimum and Maximum Fugitive Emissions for the F-gases, 
Methane, and Carbon Dioxide for the Dry Season 

 

 

Figure 59 - Emission Fractions for the F-gases, Methane, and Carbon Dioxide for 
the Dry Season 
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Figure 60 - Emission Fractions for the F-gases and Methane for the Dry Season 
(Without Carbon Dioxide) 
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Table 44 - Minimum and Maximum Fugitive Emissions for the 
Twelve F-gases, Methane, and Carbon Dioxide for the Prorated Season  

 
Compounds 

 

Surface Emissions (CO2E Tonnes/year) 

Minimum % Maximum % 

CFC-11 6.23E+02 4.77 2.16E+03 2.90 

CFC-12 5.53E+01 0.42 1.30E+02 0.17 

CFC-113 1.20E+00 0.01 1.81E+00 0.00 

CFC-114 1.68E+01 0.13 2.47E+01 0.03 

HCFC-21 2.30E+01 0.18 9.25E+01 0.12 

HCFC-22 1.11E+01 0.09 1.83E+01 0.02 

HCFC-141b 1.91E+02 1.46 4.07E+02 0.55 

HCFC-142b 1.28E+01 0.10 1.54E+01 0.02 

HCFC-151a N/A N/A N/A N/A 

HFC-134a 3.84E+01 0.29 9.27E+01 0.12 

HFC-152a 4.36E+00 0.03 1.57E+01 0.02 

HFC-245fa 1.95E+01 0.15 7.41E+01 0.10 

Total F-gases Emissions 9.96E+02 7.62 3.03E+03 4.07 

CH4 7.53E+03 57.62 5.84E+04 78.40 

CO2 4.54E+03 34.75 1.31E+04 17.54 

Total Surface Emissions 
(F-gases + CH4 + CO2) 

1.31E+04 100.00 7.45E+04 100.00 
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Table 45 – Minimum and Maximum Fugitive Emissions for the 
Twelve F-gases and Methane for the Prorated Season (Without Carbon Dioxide) 

 
 

Compounds 
 

Surface Emissions (CO2E Tonnes/year) 

Minimum % Maximum % 

CFC-11 6.23E+02 7.30 2.16E+03 3.51 

CFC-12 5.53E+01 0.65 1.30E+02 0.21 

CFC-113 1.20E+00 0.01 1.81E+00 0.00 

CFC-114 1.68E+01 0.20 2.47E+01 0.04 

HCFC-21 2.30E+01 0.27 9.25E+01 0.15 

HCFC-22 1.11E+01 0.13 1.83E+01 0.03 

HCFC-141b 1.91E+02 2.24 4.07E+02 0.66 

HCFC-142b 1.28E+01 0.15 1.54E+01 0.03 

HCFC-151a N/A N/A N/A N/A 

HFC-134a 3.84E+01 0.45 9.27E+01 0.15 

HFC-152a 4.36E+00 0.05 1.57E+01 0.03 

HFC-245fa 1.95E+01 0.23 7.41E+01 0.12 

Total F-gases Emissions 9.96E+02 11.68 3.03E+03 4.93 

CH4 7.53E+03 88.32 5.84E+04 95.07 

Total Surface Emissions 
(F-gases + CH4) 

8.53E+03 100.00 6.14E+04 100.00 
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Table 46 - Minimum Fugitive Emissions for the 

F-gases, Methane, and Carbon Dioxide for the Prorated Season 

 

Cover 
Type 

Scaled-up Emissions (CO2E Tonnes/year) 

F-gases CH4 CO2  

AF 6.17E+02 1.01E+02 -3.13E+01 

GW 3.00E+02 3.76E+02 8.12E+02 

ED 1.31E+01 3.87E+02 -1.22E+01 

IC-1 1.83E+00 0.00E+00 8.26E+02 

IC-10 3.05E+01 -2.37E+01 7.57E+02 

IC-15 3.26E+01 6.71E+03 1.86E+03 

FC 6.61E-01 -3.95E-01 3.30E+02 

Total 9.95E+02 7.55E+03 4.54E+03 

 
Table 47 - Emission Fractions for Minimum Fugitive Emissions for the 

F-gases, Methane, and Carbon Dioxide for the Prorated Season 

 

Cover 
Type 

Scaled-up Fraction (%) 

F-gases CH4 CO2  

AF 4.7 0.8 -0.2 

GW 2.3 2.9 6.2 

ED 0.1 3.0 -0.1 

IC-1 0.0 0.0 6.3 

IC-10 0.2 -0.2 5.8 

IC-15 0.2 51.3 14.2 

FC 0.0 0.0 2.5 

Total 7.6 57.7 34.7 

 
Table 48 - Emission Fractions for Minimum Fugitive Emissions for the 

F-gases and Methane for the Prorated Season (Without Carbon Dioxide) 

 

Cover 
Type 

Scaled-up Fraction (%) 

F-gases CH4 

AF 7.2 1.2 

GW 3.5 4.4 

ED 0.2 4.5 

IC-1 0.0 0.0 

IC-10 0.4 -0.3 

IC-15 0.4 78.5 

FC 0.0 0.0 

Total 11.7 88.3 

 
 
 
 



170 
  

Table 49 - Maximum Fugitive Emissions for the 

F-gases, Methane, and Carbon Dioxide for the Prorated Season 

 

Cover 
Type 

Scaled-up Emissions (CO2E Tonnes/year) 

F-gases CH4 CO2  

AF 2.21E+03 1.49E+03 -3.13E+01 

GW 6.41E+02 5.24E+02 9.77E+02 

ED 8.02E+01 1.85E+03 5.73E+01 

IC-1 2.75E+00 0.00E+00 1.76E+03 

IC-10 3.41E+01 6.25E+03 2.69E+03 

IC-15 5.29E+01 4.82E+04 7.02E+03 

FC 2.05E+00 -3.95E-01 5.80E+02 

Total 3.03E+03 5.84E+04 1.31E+04 

 
Table 50 – Emission Fractions for Maximum Fugitive Emissions for the 

F-gases, Methane, and Carbon Dioxide for the Prorated Season 

 

Cover 
Type 

Scaled-up Fraction (%) 

F-gases CH4 CO2  

AF 3.0 2.0 0.0 

GW 0.9 0.7 1.3 

ED 0.1 2.5 0.1 

IC-1 0.0 0.0 2.4 

IC-10 0.0 8.4 3.6 

IC-15 0.1 64.8 9.4 

FC 0.0 0.0 0.8 

Total 4.1 78.4 17.5 

 

Table 51 - Emission Fractions for Maximum Fugitive Emissions for the 
F-gases and Methane for the Prorated Season (Without Carbon Dioxide) 

 

Cover 
Type 

Scaled-up Fraction (%) 

F-gases CH4 

AF 3.6 2.4 

GW 1.0 0.9 

ED 0.1 3.0 

IC-1 0.0 0.0 

IC-10 0.1 10.2 

IC-15 0.1 78.6 

FC 0.0 0.0 

Total 4.9 95.1 
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Figure 61 - Minimum Fugitive Emissions for the 

F-gases, Methane, and Carbon Dioxide for the Prorated Season  
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Figure 62 - Maximum Fugitive Emissions for the 

F-gases, Methane, and Carbon Dioxide for the Prorated Season
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Figure 63 - Minimum and Maximum Fugitive Emissions for the F-gases, 
Methane, and Carbon Dioxide for the Prorated Season 

 

 
Figure 64 - Emission Fractions for the F-gases, Methane, and Carbon Dioxide for 

the Prorated Season 
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Figure 65 - Emission Fractions for the F-gases and Methane for the Prorated 

Season (Without Carbon Dioxide) 
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The total fugitive emission rates from the site ranged from 6,900 to 94,000 

CO2E tonnes per year during the wet season conditions, from 21,000 to 47,000 

CO2E tonnes per year for the dry season conditions, and from 13,000 to 75,000 

CO2E tonnes per year during the prorated season (representing weighted average 

of 58% wet season emission rate and 42% dry season emission rate in a 12-month 

calendar year). The total fugitive F-gas emission rates ranged from 1,600 to 4,800 

CO2E tonnes per year during the wet season condition, from 140 to 600 CO2E 

tonnes per year during the dry season condition, and from 1,000 to 3,000 CO2E 

tonnes per year during the prorated season. The total fugitive methane emission 

rates ranged from 530 to 75,000 CO2E tonnes per year during the wet season 

condition, 17,000 to 35,000 CO2E tonnes per year during the dry season condition, 

and from 7,500 to 58,000 CO2E tonnes per year during the prorated season. The 

total fugitive carbon dioxide emission rates ranged from 5,000 to 14,000 CO2E 

tonnes per year during the wet season condition, 4,200 to 12,000 CO2E tonnes 

per year during the dry season condition, and from 4,500 to 13,000 CO2E tonnes 

per year during the prorated season. 

 

Between the F-gases, methane, and carbon dioxide, methane typically had 

the highest emission fraction (on CO2E basis) whereas the F-gases had the lowest 

emission fractions. During the wet season, the methane fraction varied highly 

ranging from 8% to 80%. During the dry season, the methane fraction ranged from 

74 to 80%.   
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Among the seven locations, the highest methane emissions were 

associated with measurement at IC-15. The high methane emissions were likely 

due to presence of large amount of waste (i.e. high waste height) and large surface 

area at the cell. In addition, among the intermediate cover locations, IC-15 had the 

youngest average waste age (approximately 7.2 years) while the majority of the 

waste present at IC-1 and IC-10 were considerably older age waste (approximately 

average waste age of 22 and 14 years, respectively). Thus, it is likely that the 

presence of younger waste age, high surface area coverage, and high waste 

height had caused high methane emissions from the Cell 15 location.  

 

Whereas only the 1% of the landfill cover consisted of AF cover, high 

percentage of F-gas emissions (ranging from 62% to 73% and 67% to 70% for the 

wet and dry season, respectively) were attributed to AF cover. The high F-gas 

emissions from the auto fluff cover system were likely due to presence of high 

residual F-gas blowing agents within the auto fluff material as indicated in Scheutz 

et al. (2007c, 2011b). In addition, the open structure of the auto fluff likely also 

contributed to higher F-gas emissions due to high permeability of the material. The 

above results indicate that the auto fluff daily cover can lead to significant F-gas 

emissions in a landfill environment.  

 

Between the wet and dry season, larger variance (i.e. larger difference 

between minimum and maximum emission rate) was observed during the wet 

season, whereas considerably smaller variance (i.e. smaller difference between 
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minimum and maximum emission rate) were observed during the dry season. This 

can likely be attributed to combination of difference in gas-phase and aqueous 

diffusion rate and heterogeneity in water-filled void spaces introduced by 

precipitation during the wet season. Since the gas flow through the cover system 

was not disturbed by presence of water during the dry season, the variability in 

emission rates were considerably smaller as indicated by small range between 

minimum and maximum emission rates and similar bar graph trends or identical 

increase and decrease across all constituents for both minimum and maximum 

emission values.  

 

5.3 Comparison with the Model Based Emission Value 

 The scaled up emission values were compared to the greenhouse gas 

emission value available for Potrero Hills Landfill on EPA Facility-level Greenhouse 

Gas Emission Database (USEPA 2014e). The emissions reported to the EPA must 

follow the emission calculation guideline in 40 CFR Part 98, Subpart HH 

“Mandatory Greenhouse Gas Reporting: Municipal Solid Waste Landfills”, which 

requires the use of IPCC-FOD model to estimate emissions of greenhouse gas 

from landfills (IPCC 2006). Since the emission calculation guideline specified in 40 

CFR part 98, Subpart HH does not include potent greenhouses gases such as F-

gases, only the field derived methane emission values were compared to the 

emission values available from EPA for the site. The model incorporates FOD 

landfill gas generation model, landfill gas collection and destruction efficiency, and 

methane oxidation factor to estimate site-specific fugitive emission rate. The 
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methane emission rate comparison is presented in Table 52 and Figure 66. In 

comparison to emission value calculated using the FOD model reported in EPA 

(USEPA 2014e) and calculated using the WIP-LFG correlation equation, the 

scaled up emission values were one to three orders of magnitude lower. 

Table 52 – Fugitive Methane Emission Value Comparisons  

 

Description 
Methane Emissions 
(CO2E Tonne/year) 

Minimum (Wet Season) 531 

Maximum (Wet Season) 75,264 

Minimum (Dry Season) 17,234 

Maximum (Dry Season) 35,006 

Minimum (Prorated season) 7,532 

Maximum (Prorated season) 58,389 

IPCC-FOD Model (2014) 283,668 

WIP - LFG Correlation Equation 
(Spokas et al. 2015) 

257,967 

 

 
Figure 66 – Total Fugitive Methane Emissions Comparisons  
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Chapter 6: Summary and Conclusions 

 Due to historical usage of F-gas BAs in insulation foams, high volume of F-

gas containing insulation foams are expected in landfills. Emissions of F-gases to 

the atmosphere are a concern due to their GWPs as well as due to high ODPs of 

certain class of F-gases.  Very limited field data for landfill emissions of F-gases is 

available in literature. 

 

 A field investigation coupled with laboratory analysis was conducted to 

assess emissions of chlorinated and fluorinated hydrocarbons (i.e., F-gases) from 

a landfill in California. The following twelve F-gases were quantified during this 

investigation: CFC-11, CFC-12, CFC-113, CFC-114, HCFC-21, HCFC-22, HCFC-

141b, HCFC-142b, HCFC-151a, HFC-134a, HFC-152a, and HFC-245fa. The field 

testing program was conducted at a landfill located in Suisun, CA. The surface flux 

for the twelve F-gases, methane, and carbon dioxide was determined using static 

large scale flux chamber with a 1 m x 1 m area. Various types of cover systems 

ranging from daily, intermediate, to final cover system were tested. The tests were 

conducted over both wet and dry season to evaluate effect of seasonal variation 

on landfill surface emissions. The seven locations tested at the site had varying 

waste height, waste age, and cover material present at each location. In addition, 

destruction efficiencies for the twelve F-gases were measured based on the inlet 

and outlet concentration of the on-site flare system. This study characterized not 

only the effect of seasonal variation, but also the effect of cover type, waste height, 
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and waste age on F-gases emissions, which has not been previously reported in 

literature. 

 

 Based on the F-gas, methane, and carbon dioxide surface fluxes measured 

during the wet and dry seasons, the following conclusions were drawn: 

1. The F-gas flux values for the daily covers (AF, GW, and ED) were in the 10-

8 to 10-1 g m-2 day-1 range and 10-7 to 10-2 g m-2 day-1 range for the wet and 

dry season, respectively.  

2. The F-gas flux values for the intermediate covers (IC-1, IC-10, and IC-15) 

were in the -10-6 to 10-4 g m-2 day-1 range and -10-6 to 10-4 g m-2 day-1 range 

for the wet and dry season, respectively. 

3. The F-gas flux values for the final covers (FC) were in the 10-7 to 10-5 g m-2 

day-1 range and -10-7 to 10-6 g m-2 day-1 range for the wet and dry season, 

respectively. F-gas fluxes for the final covers had the highest number of 

below detection limit cases as well as lower than R2 threshold cases.  

4. The highest fluxes were measured for CFC-11, HCFC-21, and HCFC-141b 

in the wet season and for CFC-11, HCFC-141b, and HFC-134a in the dry 

season across the seven cover locations. 

5. The lowest fluxes were measured for CFC-113 and CFC-114 for both wet 

and dry seasons. 

6. The average F-gas flux decreased from daily, intermediate, to final cover 

for both wet and dry season. 
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7. The highest F-gas flux rates were measured from the auto fluff cover for 

both seasons. The F-gas present in the auto fluff likely contributed to high 

emissions of the F-gases from the auto fluff cover. 

8. Among the intermediate covers, the highest F-gas flux values were 

measured from the location with the highest waste height and the youngest 

waste (IC-15), whereas the lowest F-gas flux values were from the location 

with the lowest waste height and the oldest waste (IC-1). The test results 

indicate that the F-gas fluxes typically decrease with increasing waste age 

and with decreasing waste height.  

9. The level of variation observed for the F-gas fluxes between the seven 

cover types and between the two seasons were different. The average F-

gas flux between the seven locations varied up to four orders of magnitude. 

However, the differences in F-gas flux between the two seasons were 

considerably less (up to two orders of magnitude in variation). Greater 

variations were observed between the seven test locations indicating that 

physical factors such as cover thickness, cover material, waste age, and 

waste height had greater influence on F-gas emissions than environmental 

factors such as precipitation temperature, barometric pressure, or 

precipitation. 

 

Based on the destruction efficiencies of the F-gas, the following conclusions were 

drawn: 

1. The inlet F-gas concentrations (i.e., raw gas) ranged from 103 to 106 pptv. 
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2. The highest F-gas concentration was measured for HFC-134a while the 

lowest F-gas concentration was measured for CFC-113. 

3. The destruction efficiencies of the flare system for the twelve F-gases were 

above 99.5% for all gases. 

 

Based on the facility-wide emissions calculations for twelve F-gases, methane, and 

carbon dioxide, following conclusions were drawn: 

1. The total fugitive emission rates from the site ranged from 6,900 to 94,000 

CO2E tonnes per year during the wet season condition, from 21,000 to 

47,000 CO2E tonnes per year during the dry season condition, and from 

13,000 to 75,000 CO2E tonnes per year during the prorated season.  

2. The total fugitive F-gas emission rates ranged from 1,600 to 4,800 CO2E 

tonnes per year during the wet season condition, from 140 to 600 CO2E 

tonnes per year during the dry season condition, and from 1,000 to 3,000 

CO2E tonnes per year during the prorated season.  

3. The total fugitive methane emission rates ranged from 530 to 75,000 CO2E 

tonnes per during the wet season condition, 17,000 to 35,000 CO2 tonnes 

per year during the dry season condition, and from 7,500 to 58,000 CO2E 

tonnes per year during the prorated season.  

4. The total fugitive carbon dioxide emission rates ranged from 5,000 to 14,000 

CO2E tonnes per year during the wet season condition, 4,200 to 12,000 

CO2E tonnes per year during the dry season condition, and from 4,500 to 

13,000 CO2E tonnes per year during the prorated season. 
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5. In comparison to emission values calculated using the IPCC-FOD model 

(IPCC 2006) reported in EPA and calculated using the WIP-LFG correlation 

equation (Spokas et al. 2015), the scaled-up emission values were one to 

three orders of magnitude lower. 
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APPENDICES 
 

Appendix A - Raw Concentration Data from Field Testing Program 
 
Wet Season - AF 
 
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 201887 0 153063 0 41938 0 35732 

7 967563 30 4612384 30 202331 60 1929439 

15 1636933 60 7828218 60 183463 120 2749987 

30 1947464 90 9507629         

60 3950839 120 11083241         

 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 2329 0 2056 0 945 0 808 

7 9193 30 46957 30 2264 60 18088 

15 14838 60 85168 60 2183 120 26460 

30 18265 90 135887         

60 36245 120 222226         

 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 90 0 91 0 77 0 79 

7 154 30 473 30 92 60 241 

15 222 60 823 60 94 120 272 

30 225 90 1328         

60 402 120 2071         
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Wet Season – AF (cont’d) 
 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 27 0 30 0 25 0 26 

7 45 30 188 30 29 60 56 

15 72 60 308 60 34 120 28 

30 56 90 475         

60 90 120 752         

 
HCFC-21 

A   B   C   D  

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 319956 0 286935 0 
9157

7 
0 89190 

7 2043162 30 
869691

9 
30 

4541
77 

60 4755989 

15 3413338 60 
109053

99 
60 

4232
07 

120 6593457 

30 4155155 90 
123666

75 
        

60 7915480 120 
139016

83 
        

 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 4 0 4 0 4 0 5 

7 9 30 13 30 6 60 6 

15 6 60 15 60 7 120 5 

30 5 90 32         

60 11 120 44         
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Wet Season – AF (cont’d) 
 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 319956 0 286935 0 91577 0 89190 

7 2043162 30 8696919 30 454177 60 4755989 

15 3413338 60 10905399 60 423207 120 6593457 

30 4155155 90 12366675         

60 7915480 120 13901683         

 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 3 0 3 0 4 0 4 

7 3 30 5 30 4 60 4 

15 5 60 5 60 4 120 4 

30 3 90 9         

60 3 120 11         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 2724 0 2819 0 1150 0 312 

7 7729 30 58794 30 1365 60 1111 

15 11989 60 102612 60 1413 120 1352 

30 12649 90 159051         

60 17701 120 247040         
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Wet Season – AF (cont’d) 
 
HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 17709 0 15263 0 4716 0 3476 

7 80406 30 465796 30 21320 60 227485 

15 135616 60 838768 60 21359 120 358330 

30 160804 90 1354625         

60 308598 120 2227388         

 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 9663 0 8436 0 2495 0 2323 

7 47355 30 261558 30 12833 60 176257 

15 84875 60 466920 60 12481 120 269432 

30 112066 90 735287         

60 242925 120 
119265

4 
        

 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 14635 0 15535 0 4104 0 4139 

7 69175 30 501705 30 20356 60 251248 

15 124752 60 896964 60 20191 120 369082 

30 147305 90 
142869

5 
        

60 308302 120 
232940

4 
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Wet Season – AF (cont’d) 
 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(pptmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 264 0 165 0 78.8 0 32.3 

7 795 30 2927 30 83.1 60 47.8 

15 1126 60 4698 60 80.4 120 58.1 

30 1211 90 5772         

60 970 120 6764         

 
CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(pptmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 492 0 494 0 471 0 436 

7 236 30 29 30 304 60 19 

15 119 60 24 60 270 120 24 

30 47 90 34         

60 16 120 26         

 
Wet Season – GW (cont’d) 
 
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 297787 0 35413 0 38431 0 9643 

7 693623 30 176435 60 
175014

4 
120 196171 

15 1190657 60 503943         

30 1729279 90 951640         

60 2487881 120 850521         

120 3766054 150 771810         

 
 
  



204 
  

Wet Season – GW (cont’d) 
 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 12276 0 3101 0 2985 0 1018 

7 25338 30 11481 60 116110 120 8846 

15 40590 60 33272         

30 57617 90 60819         

60 83197 120 54152         

120 116277 150 46996         

 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 211 0 140 0 122 0 116 

7 236 30 186 60 347 120 213 

15 283 60 240         

30 310 90 355         

60 440 120 266         

120 737 150 263         

 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 429 0 164 0 117 0 27 

7 673 30 456 60 4797 120 153 

15 1050 60 1412         

30 1367 90 2761         

60 2061 120 2478         

120 2498 150 2286         
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Wet Season – GW (cont’d) 
 
HCFC-21 

A   B   C   D  

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 6293 0 1693 0 1600 0 289 

7 11960 30 8467 60 55800 120 21267 

15 19547 60 23027         

30 30613 90 40027         

60 48160 120 35893         

120 107893 150 35107         

 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 25524 0 5547 0 6469 0 1279 

7 55237 30 26036 60 257826 120 25497 

15 89007 60 72926         

30 128081 90 133539         

60 198476 120 126273         

120 278395 150 118225         

 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 396264 0 77161 0 90311 0 18005 

7 917365 30 372787 60 2942488 120 941693 

15 1513447 60 1048238         

30 2180991 90 1867458         

60 3467255 120 1629769         

120 5135285 150 1602206         
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Wet Season – GW (cont’d) 
 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 32161 0 7248 0 11619 0 1744 

7 69196 30 33181 60 414704 120 35079 

15 111419 60 100935         

30 157950 90 188615         

60 247457 120 166124         

120 344600 150 157695         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 23580 0 11033 0 8487 0 1527 

7 48993 30 57393 60 294287 120 139433 

15 81880 60 162913         

30 124200 90 286007         

60 197587 120 256993         

120 308765 150 246280         

HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 47546 0 12851 0 8545 0 2015 

7 102675 30 53132 60 329113 120 39176 

15 168262 60 159463         

30 241469 90 292890         

60 350231 120 256595         

120 495840 150 229415         
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Wet Season – GW (cont’d) 
 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 597538 0 76232 0 64363 0 
2066

3 

7 1374109 30 333434 60 2749460 120 
5516
14 

15 2267899 60 927967         

30 3277651 90 1630805         

60 5215291 120 1568010         

120 7104602 150 1495601         

 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 31674 0 8817 0 6378 0 1398 

7 75890 30 42530 60 267300 120 58275 

15 127301 60 127818         

30 182486 90 234709         

60 276118 120 196622         

120 388806 150 184231         

 

CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(pptmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 189 0 162 0 98.6 0 53.1 

7 503 30 1190 60 1876.0 120 373.0 

15 809 60 2160         

30 1241 90 3532         

60 2007 120 4326         

120 2157 150 3587         
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Wet Season – GW (cont’d) 
 
CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(pptmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 5267 0 3394 0 3051 0 7678 

7 19943 30 25897 60 20350 120 9052 

15 30118 60 42410         

30 44756 90 72534         

60 91230 120 94770         

120 109976 150 91987         

 
Wet Season – ED  
 
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 3398 0 5672 0 647 0 1980 

7 3972 30 30000 30 6456 60 39471 

15 5386 60 54344 60 11629 120 10943 

30 10055 90 79830         

60 14150 120 93999         

 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 498 0 598 0 484 0 514 

7 498 30 1625 30 1218 60 3816 

15 564 60 2628 60 1843 120 767 

30 797 90 3628         

60 974 120 4141         

 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 69 0 75 0 70 0 74 

7 63 30 69 30 85 60 289 

15 64 60 71 60 93 120 62 

30 77 90 79         
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60 73 120 79         

 
Wet Season – ED (cont’d) 
 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 17 0 20 0 18 0 18 

7 15 30 35 30 43 60 122 

15 16 60 50 60 61 120 25 

30 17 90 63         

60 18 120 68         

 
HCFC-21 

A   B   C   D  

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 7773 0 15034 0 7730 0 9751 

7 8054 30 69412 30 106558 60 396209 

15 9764 60 125037 60 196229 120 97487 

30 15910 90 186933         

60 20985 120 219875         

 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 3 0 4 0 4 0 5 

7 4 30 4 30 5 60 5 

15 4 60 5 60 6 120 2 

30 4 90 6         

60 5 120 4         
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Wet Season – ED (cont’d) 
 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 7773 0 15034 0 7730 0 9751 

7 8054 30 69412 30 106558 60 396209 

15 9764 60 125037 60 196229 120 97487 

30 15910 90 186933         

60 20985 120 219875         

 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 3 0 4 0 4 0 3 

7 3 30 3 30 4 60 16 

15 3 60 3 60 5 120 3 

30 4 90 4         

60 4 120 4         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 882 0 748 0 677 0 702 

7 807 30 5173 30 8900 60 36024 

15 828 60 9763 60 16186 120 7627 

30 973 90 14768         

60 1032 120 17783         

 
HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 978 0 1866 0 1454 0 880 

7 1150 30 17520 30 21560 60 63571 

15 1551 60 32374 60 39631 120 13702 

30 2682 90 46901         

60 3932 120 54726         

 
  



211 
  

Wet Season – ED (cont’d) 
 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 442 0 875 0 441 0 437 

7 470 30 3898 30 3659 60 14645 

15 580 60 6991 60 6581 120 3109 

30 900 90 10316         

60 1239 120 12170         

 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 324 0 957 0 272 0 329 

7 465 30 7254 30 4508 60 20094 

15 720 60 13510 60 8371 120 5036 

30 1512 90 19663         

60 2347 120 23099         

 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 46 0 48 0 53.5 0 38.6 

7 51 30 542 30 632.8 60 2605.0 

15 57 60 1036 60 1110.0 120 4469.0 

30 59 90 1359         

60 65 120 1725         
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Wet Season – ED (cont’d) 
 
CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 492 0 658 0 540 0 470 

7 537 30 628 30 1337 60 3692 

15 586 60 757 60 1927 120 6026 

30 695 90 856         

60 773 120 902         

 
Wet Season – IC-1  
 
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 234 0 222 0 247 0 207 

7 248 30 323 60 252 120 297 

15 254 60 267         

30 243 90 291         

60 288 120 280         

120 332 150 300         

 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 509 0 453 0 528 0 453 

7 479 30 628 60 534 120 618 

15 495 60 512         

30 473 90 514         

60 493 120 496         

120 509 150 525         
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Wet Season – IC-1 (cont’d) 
 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 63 0 64 0 75 0 64 

7 68 30 94 60 75 120 92 

15 71 60 72         

30 66 90 81         

60 69 120 70         

120 71 150 78         

 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 15 0 14 0 15 0 15 

7 16 30 20 60 18 120 17 

15 19 60 17         

30 17 90 17         

60 21 120 17         

120 26 150 19         

 
HCFC-21 

A   B   C   D  

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 -888 0 -888 0 -888 

7 -888 30 -888 60 -888 120 -888 

15 -888 60 -888         

30 -888 90 -888         

60 -888 120 -888         

120 -888 150 -888         

 
  



214 
  

Wet Season – IC-1 (cont’d) 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 217 0 222 0 263 0 223 

7 228 30 306 60 253 120 301 

15 236 60 247         

30 227 90 244         

60 225 120 229         

120 225 150 242         

HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 72 0 44 0 32 0 23 

7 47 30 70 60 44 120 61 

15 37 60 68         

30 31 90 80         

60 35 120 90         

120 45 150 116         

 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 24 0 22 0 23 0 22 

7 22 30 29 60 32 120 44 

15 24 60 26         

30 25 90 26         

60 28 120 26         

120 33 150 29         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 -888 0 -888 0 -888 

7 -888 30 -888 60 -888 120 -888 

15 -888 60 -888         

30 -888 90 -888         

60 -888 120 -888         

120 -888 150 -888         
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Wet Season – IC-1 (cont’d) 
 
HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 62 0 63 0 77 0 76 

7 70 30 86 60 87 120 93 

15 70 60 82         

30 69 90 86         

60 70 120 82         

120 73 150 88         

 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 33 0 24 0 20 0 16 

7 72 30 171 60 28 120 28 

15 104 60 242         

30 156 90 345         

60 272 120 416         

120 483 150 583         

 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 3 0 2 0 -888 0 -888 

7 1 30 1 60 -888 120 -888 

15 -888 60 2         

30 -888 90 -888         

60 1 120 -888         

120 -888 150 -888         
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Wet Season – IC-1 (cont’d) 
 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 2 0 4 0 2.3 0 2.1 

7 2 30 4 60 2.3 120 2.1 

15 2 60 4         

30 2 90 3         

60 2 120 3         

120 2 150 3         

 
CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 517 0 471 0 433 0 418 

7 766 30 1309 60 1441 120 1041 

15 983 60 2063         

30 1469 90 2716         

60 2271 120 3412         

120 3560 150 3859         

 
Wet Season – IC-10  
 
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 222 0 272 0 260 0 228 

7 235 30 388 60 545 120 737 

15 266 60 470         

30 282 90 567         

60 321 120 670         

120 448 150 736         
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Wet Season – IC-10 (cont’d) 

 

CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 515 0 742 0 483 0 487 

7 629 30 535 60 783 120 535 

15 862 60 505         

30 1152 90 507         

60 1737 120 520         

120 3232 150 528         

 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 64 0 106 0 72 0 65 

7 70 30 77 60 78 120 71 

15 74 60 73         

30 74 90 73         

60 77 120 73         

120 86 150 73         

 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 19 0 26 0 16 0 19 

7 33 30 20 60 45 120 21 

15 54 60 21         

30 87 90 22         

60 151 120 26         

120 324 150 26         
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Wet Season – IC-10 (cont’d) 
 
HCFC-21 

A   B   C   D  

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 -888 0 -888 0 -888 

7 -888 30 -888 60 -888 120 -888 

15 -888 60 -888         

30 -888 90 -888         

60 23 120 -888         

120 30 150 -888         

 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 259 0 421 0 276 0 264 

7 520 30 296 60 341 120 274 

15 860 60 278         

30 1380 90 283         

60 2416 120 280         

120 5014 150 286         

 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 57 0 117 0 82 0 65 

7 144 30 220 60 455 120 609 

15 272 60 315         

30 485 90 419         

60 865 120 531         

120 1869 150 595         

 
  



219 
  

Wet Season – IC-10 (cont’d) 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 24 0 35 0 25 0 24 

7 27 30 28 60 35 120 27 

15 41 60 25         

30 51 90 25         

60 75 120 26         

120 147 150 27         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 0 0 0 0 0 0 0 

7 0 30 23 60 27 120 27 

15 36 60 24         

30 72 90 26         

60 150 120 22         

120 305 150 21         

HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 107 0 274 0 131 0 129 

7 155 30 211 60 223 120 163 

15 220 60 212         

30 305 90 209         

60 478 120 218         

120 956 150 219         

 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 22 0 35 0 24 0 25 

7 59 30 62 60 47 120 384 

15 93 60 98         

30 154 90 134         

60 250 120 165         

120 489 150 179         
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Wet Season – IC-10 (cont’d) 
 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 1 0 7 0 5 0 4 

7 1 30 6 60 8 120 10 

15 2 60 6         

30 3 90 8         

60 3 120 8         

120 6 150 9         

 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 32 0 27 0 18.0 0 17.7 

7 188 30 25 60 14.4 120 11.5 

15 397 60 23         

30 751 90 21         

60 1331 120 20         

120 2298 150 18         

 

CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 520 0 451 0 577 0 431 

7 1080 30 1240 60 2917 120 2861 

15 1694 60 1983         

30 2728 90 2592         

60 4889 120 3120         

120 8927 150 3429         
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Wet Season – IC-15  
 
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 280 0 360 0 240 0 497 

7 325 30 406 60 575 120 669 

15 355 60 444         

30 368 90 617         

60 529 120 614         

120 703 150 780         

 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 507 0 538 0 508 0 555 

7 560 30 515 60 963 120 623 

15 578 60 457         

30 933 90 550         

60 699 120 489         

120 760 150 554         

 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 71 0 72 0 71 0 74 

7 80 30 70 60 78 120 80 

15 80 60 64         

30 73 90 77         

60 77 120 66         

120 72 150 78         
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Wet Season – IC-15 (cont’d) 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 24 0 19 0 27 0 24 

7 113 30 19 60 570 120 283 

15 213 60 15         

30 196 90 19         

60 772 120 17         

120 1262 150 21         

 
HCFC-21 

A   B   C   D F 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 10 0 -888 0 -888 0 -888 

7 10 30 -888 60 -888 120 -888 

15 10 60 -888         

30 29 90 -888         

60 33 120 -888         

120 93 150 -888         

HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 275 0 314 0 288 0 356 

7 398 30 302 60 1776 120 360 

15 527 60 261         

30 1142 90 314         

60 1196 120 283         

120 1868 150 300         

 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 147 0 138 0 98 0 376 

7 440 30 247 60 3847 120 1252 

15 790 60 336         

30 1234 90 555         

60 2691 120 582         

120 4999 150 773         
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Wet Season – IC-15 (cont’d) 
 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 34 0 32 0 33 0 65 

7 57 30 36 60 464 120 283 

15 85 60 30         

30 138 90 40         

60 230 120 34         

120 375 150 42         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 55 0 -888 0 86 0 59 

7 522 30 34 60 6349 120 231 

15 1089 60 -888         

30 2135 90 37         

60 4286 120 -888         

120 8641 150 40         

 
HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 244 0 202 0 488 0 740 

7 1361 30 242 60 20328 120 2377 

15 2593 60 242         

30 285 90 300         

60 10039 120 271         

120 14566 150 322         
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Wet Season – IC-15 (cont’d) 
 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 83 0 23 0 159 0 110 

7 639 30 32 60 6613 120 6135 

15 1385 60 37         

30 264 90 53         

60 4527 120 53         

120 4865 150 68         

 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 15 0 10 0 20 0 60 

7 80 30 13 60 1241 120 1041 

15 155 60 17         

30 3 90 24         

60 580 120 24         

120 980 150 30         

 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 120 0 15 0 302.0 0 18.0 

7 975 30 14 60 11539.7 120 267.9 

15 1946 60 13         

30 3397 90 12         

60 34595 120 12         

120 517700 150 11         
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Wet Season – IC-15 (cont’d) 
 
CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 525 0 431 0 704 0 492 

7 1427 30 767 60 17032 120 4255 

15 2467 60 1018         

30 4187 90 1275         

60 7733 120 1462         

120 14718 150 1657         

 
Wet Season – FC  
 
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 254 0 225 0 212 0 289 

7 269 30 252 60 243 120 237 

15 232 60 246         

30 244 90 251         

60 263 120 235         

120 245 150 247         

 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 534 0 463 0 445 0 615 

7 562 30 541 60 532 120 564 

15 480 60 545         

30 517 90 572         

60 531 120 565         

120 485 150 607         
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Wet Season – FC (cont’d) 
 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 75 0 66 0 67 0 91 

7 82 30 74 60 73 120 69 

15 71 60 73         

30 75 90 75         

60 77 120 69         

120 71 150 74         

 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 16 0 16 0 14 0 19 

7 19 30 117 60 19 120 98 

15 20 60 217         

30 28 90 316         

60 42 120 384         

120 59 150 487         

 
HCFC-21 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 -888 0 -888 0 -888 

7 -888 30 -888 60 -888 120 -888 

15 -888 60 -888         

30 -888 90 -888         

60 -888 120 -888         

120 -888 150 -888         
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Wet Season – FC (cont’d) 
 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 260 0 233 0 219 0 281 

7 278 30 576 60 269 120 234 

15 237 60 841         

30 248 90 1145         

60 253 120 1286         

120 227 150 1550         

 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 45 0 39 0 26 0 35 

7 90 30 42 60 31 120 49 

15 34 60 39         

30 34 90 41         

60 39 120 38         

120 40 150 41         

 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 22 0 22 0 21 0 23 

7 29 30 32 60 22 120 54 

15 21 60 43         

30 22 90 52         

60 25 120 59         

120 23 150 70         
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Wet Season – FC (cont’d) 
 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 -888 0 -888 0 -888 

7 -888 30 -888 60 -888 120 -888 

15 -888 60 -888         

30 -888 90 -888         

60 -888 120 -888         

120 -888 150 -888         

 
HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 76 0 76 0 68 0 74 

7 81 30 80 60 74 120 86 

15 69 60 92         

30 78 90 100         

60 79 120 104         

120 74 150 116         

 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 18 0 17 0 16 0 21 

7 30 30 32 60 30 120 85 

15 30 60 44         

30 41 90 60         

60 67 120 66         

120 106 150 83         
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Wet Season – FC (cont’d) 
 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 -888 0 -888 0 -888 

7 3 30 -888 60 -888 120 1 

15 -888 60 1         

30 -888 90 1         

60 -888 120 -888         

120 1 150 1         

 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 2 0 2 0 1.9 0 2.0 

7 2 30 2 60 1.9 120 1.2 

15 2 60 2         

30 2 90 2         

60 2 120 2         

120 2 150 2         

 
CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 411 0 396 0 414 0 404 

7 557 30 1140 60 785 120 3656 

15 720 60 1880         

30 1019 90 2577         

60 1629 120 3276         

120 2872 150 3939         

 
 
 
 
 
 
 
 
 
 



230 
  

 
Dry Season – AF  
 
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 31494 0 35352 0 21198 0 24592 

7 137555 30 156788 30 260805 60 244505 

15 125029 60 189541 60 729689 120 1004622 

30 218634 90 295675         

60 418887 120 334388         

 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 996 0 807 0 931 0 846 

7 3009 30 4392 30 13552 60 15803 

15 3744 60 7513 60 22428 120 17215 

30 5286 90 7144         

60 8127 120 8899         

 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 98 0 88 0 85 0 97 

7 110 30 153 30 250 60 174 

15 109 60 189 60 268 120 295 

30 114 90 165         

60 99 120 294         
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Dry Season – AF (cont’d) 
 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 23 0 22 0 20 0 21 

7 29 30 23 30 29 60 45 

15 28 60 46 60 32 120 37 

30 34 90 26         

60 38 120 32         

 
HCFC-21 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 233 0 154 0 118 0 119 

7 972 30 1679 30 3265 60 4143 

15 1469 60 2601 60 4368 120 4557 

30 1981 90 2424         

60 2798 120 2608         

 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 2015 0 1283 0 1075 0 1458 

7 10698 30 13113 30 26268 60 61982 

15 14700 60 19568 60 48979 120 72109 

30 22659 90 18981         

60 38549 120 24687         

 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 33493 0 44347 0 9567 0 33667 

7 80988 30 532731 30 41235 60 26969 

15 65318 60 26616 60 84706 120 39045 

30 114625 90 745643         

60 231121 120 741540         
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Dry Season – AF (cont’d) 
 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 835 0 570 0 587 0 397 

7 4894 30 8833 30 17713 60 18301 

15 6349 60 10191 60 27977 120 17656 

30 8887 90 15819         

60 13376 120 13649         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 1396 0 740 0 712 0 614 

7 5174 30 3942 30 10885 60 9332 

15 7421 60 5443 60 13730 120 10341 

30 9929 90 4781         

60 13227 120 5042         

 
HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 4130 0 2666 0 3078 0 1974 

7 17556 30 35924 30 57862 60 56552 

15 21830 60 38179 60 144240 120 61142 

30 31396 90 63434         

60 58678 120 73712         

 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 7064 0 1294 0 852 0 2167 

7 11511 30 7066 30 10238 60 10731 

15 10668 60 10700 60 16157 120 10185 

30 12515 90 8388         

60 21593 120 10363         
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Dry Season – AF (cont’d) 
 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 2451 0 1901 0 2944 0 1368 

7 14948 30 29512 30 111433 60 109574 

15 19683 60 53910 60 188883 120 106854 

30 28411 90 56318         

60 50143 120 77880         

 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 320 0 79 0 100.8 0 1653.0 

7 902 30 643 30 1818.0 60 1099.0 

15 1692 60 989 60 2773.0 120 2110.0 

30 1866 90 1277         

60 2285 120 1462         

 
CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 492 0 436 0 420 0 427 

7 484 30 189 30 178 60 106 

15 454 60 143 60 141 120 83 

30 422 90 130         

60 394 120 117         

 
Dry Season – GW (cont’d) 
 
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 6882 0 4166 0 1643 0 1725 

7 80141 30 28361 30 17890 60 9817 

15 9598 60 7026 60 12682 120 12969 

30 20551 90 34390         

60 32345 120 37490         



234 
  

Dry Season – GW (cont’d) 
 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 842 0 599 0 614 0 605 

7 12798 30 769 30 949 60 956 

15 1280 60 951 60 1073 120 1189 

30 1965 90 867         

60 2011 120 813         

 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 103 0 76 0 140 0 84 

7 75 30 81 30 86 60 97 

15 74 60 84 60 143 120 105 

30 255 90 90         

60 137 120 133         

 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 37 0 19 0 27 0 27 

7 39 30 18 30 233 60 211 

15 20 60 23 60 244 120 296 

30 31 90 23         

60 24 120 25         

 
HCFC-21 

A   B   C   D  

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 250 0 46 0 66 0 89 

7 2860 30 951 30 1000 60 1002 

15 3558 60 1171 60 1032 120 1043 

30 4578 90 1215         

60 5160 120 1132         
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Dry Season – GW (cont’d) 
 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 695 0 359 0 418 0 447 

7 5610 30 697 30 818 60 987 

15 2431 60 891 60 862 120 1249 

30 4199 90 843         

60 4528 120 738         

 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 24400 0 5500 0 2497 0 3984 

7 34663 30 25671 30 20590 60 15375 

15 5503 60 1019 60 11030 120 15096 

30 12240 90 27920         

60 17090 120 21270         

 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 209 0 80 0 55 0 60 

7 1740 30 203 30 331 60 437 

15 704 60 188 60 291 120 476 

30 1049 90 294         

60 1064 120 298         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 1253 0 202 0 584 0 896 

7 7547 30 2344 30 3447 60 6683 

15 14417 60 2954 60 3664 120 6515 

30 18302 90 3016         

60 20811 120 2865         
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Dry Season – GW (cont’d) 
 
HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 900 0 573 0 830 0 1198 

7 16366 30 3934 30 6077 60 9975 

15 2609 60 2691 60 6887 120 14276 

30 5328 90 4551         

60 5929 120 4674         

 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 802 0 423 0 548 0 1011 

7 22671 30 2038 30 2259 60 6520 

15 3688 60 2847 60 2722 120 9148 

30 6107 90 2613         

60 6360 120 2746         

 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 427 0 187 0 58 0 72 

7 1276 30 171 30 620 60 577 

15 2212 60 240 60 412 120 504 

30 3548 90 271         

60 3582 120 233         

 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 62 0 33 0 64.2 0 78.5 

7 7417 30 254 30 353.3 60 903.8 

15 375 60 389 60 439.4 120 1140.0 

30 372 90 282         

60 548 120 245         
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Dry Season – GW (cont’d) 
 
CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 673 0 531 0 530 0 517 

7 28 30 5163 30 2186 60 1758 

15 4659 60 6319 60 2643 120 2225 

30 4807 90 6484         

60 7197 120 6176         

 
Dry Season – ED 
 
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 3331 0 1298 0 3406 0 8415 

7 13150 30 17973 30 136632 60 87956 

15 23008 60 27718 60 115861 120 220818 

30 84268 90 27497         

60 32536 120 27063         

 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 895 0 664 0 934 0 1562 

7 3785 30 4504 30 15867 60 25411 

15 6258 60 6938 60 21365 120 48706 

30 13727 90 7810         

60 1094 120 7335         

 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 83 0 77 0 79 0 88 

7 91 30 95 30 95 60 195 

15 92 60 94 60 154 120 355 

30 82 90 98         

60 113 120 97         



238 
  

Dry Season – ED (cont’d) 
 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 23 0 19 0 24 0 21 

7 31 30 24 30 63 60 93 

15 33 60 32 60 79 120 151 

30 49 90 32         

60 19 120 31         

 
HCFC-21 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 129 0 43 0 99 0 137 

7 1152 30 433 30 4107 60 7711 

15 1981 60 721 60 7696 120 12184 

30 3131 90 805         

60 2838 120 900         

 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 500 0 338 0 527 0 1034 

7 1643 30 1656 30 7028 60 14301 

15 2633 60 2549 60 10073 120 29680 

30 6129 90 3127         

60 2000 120 2937         

 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 3192 0 1357 0 2372 0 11227 

7 2918 30 9494 30 47112 60 34721 

15 4806 60 14443 60 18887 120 97356 

30 36853 90 8395         

60 167738 120 8513         

  



239 
  

Dry Season – ED (cont’d) 
 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 144 0 61 0 111 0 977 

7 478 30 448 30 1490 60 4207 

15 801 60 715 60 2042 120 7729 

30 1814 90 870         

60 806 120 797         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 541 0 185 0 484 0 813 

7 2920 30 1863 30 9880 60 37381 

15 5356 60 2990 60 18158 120 58572 

30 8273 90 3401         

60 11626 120 3766         

 
HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 1018 0 503 0 1031 0 3116 

7 4053 30 4605 30 20798 60 40339 

15 6944 60 7100 60 25618 120 82969 

30 17436 90 7832         

60 3065 120 7458         

 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 1595 0 542 0 1434 0 12368 

7 5783 30 6388 30 32968 60 56319 

15 9650 60 9885 60 43023 120 118833 

30 24065 90 12568         

60 2583 120 11921         

  



240 
  

Dry Season – ED (cont’d) 
 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 140 0 79 0 102 0 748 

7 392 30 389 30 1760 60 4150 

15 678 60 590 60 2518 120 8083 

30 1353 90 769         

60 1665 120 756         

 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 174 0 78 0 11.2 0 107.6 

7 1389 30 1779 30 4169.0 60 7416.0 

15 2599 60 3498 60 6205.0 120 43921.0 

30 4840 90 3616         

60 297 120 3931         

 
CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 434 0 407 0 435 0 43 

7 239 30 43 30 54 60 20 

15 124 60 25 60 27 120 11 

30 51 90 27         

60 3301 120 33         

 
Dry Season – IC-1  
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 243 0 238 0 239 0 237 

7 239 30 263 30 233 60 247 

15 291 60 240 60 258 120 276 

30 0 90 259         

60 0 120 235         

  



241 
  

Dry Season – IC-1 (cont’d) 
 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 538 0 532 0 542 0 551 

7 536 30 554 30 533 60 574 

15 559 60 557 60 614 120 558 

30 0 90 593         

60 0 120 544         

 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 74 0 79 0 74 0 94 

7 75 30 84 30 73 60 81 

15 76 60 85 60 87 120 76 

30 0 90 84         

60 0 120 75         

 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 16 0 16 0 16 0 17 

7 17 30 18 30 16 60 17 

15 19 60 17 60 24 120 17 

30 0 90 18         

60 0 120 17         

 
HCFC-21 

A   B   C   D  

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 -888 0 -888 0 -888 

7 -888 30 -888 30 -888 60 -888 

15 -888 60 -888 60 -888 120 -888 

30   90 -888         

60   120 -888         

 
  



242 
  

Dry Season – IC-1 (cont’d) 
 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 229 0 240 0 249 0 280 

7 255 30 230 30 247 60 278 

15 266 60 267 60 302 120 273 

30   90 295         

60   120 246         

 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 24 0 24 0 24 0 23 

7 41 30 58 30 23 60 24 

15 53 60 47 60 39 120 37 

30 0 90 65         

60 0 120 57         

 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 24 0 27 0 24 0 24 

7 39 30 26 30 24 60 27 

15 51 60 27 60 35 120 25 

30   90 31         

60   120 24         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 70 0 -888 0 -888 

7 -888 30 -888 30 -888 60 -888 

15 -888 60 -888 60 -888 120 -888 

30   90 -888         

60   120 -888         

 
  



243 
  

Dry Season – IC-1 (cont’d) 
 
HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 78 0 83 0 85 0 86 

7 137 30 91 30 84 60 92 

15 169 60 107 60 99 120 88 

30 0 90 116         

60 0 120 119         

 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 24 0 18 0 21 0 37 

7 88 30 53 30 38 60 51 

15 66 60 48 60 100 120 41 

30   90 31         

60   120 27         

 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 0.50 0.00 1.10 0.00 0.60 0.00 0.60 

7 1.00 30.00 0.70 30.00 0.80 60.00 0.60 

15 0.80 60.00 0.80 60.00 1.10 120.00 0.70 

30 0.00 90.00 1.00         

60 0.00 120.00 -888.00         

 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 2 0 2 0 1.9 0 2.6 

7 6 30 2 30 1.9 60 3.2 

15 4 60 3 60 3.7 120 1.9 

30   90 2         

60   120 2         

 
  



244 
  

Dry Season – IC-1 (cont’d) 
 
CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 410 0 378 0 381 0 393 

7 760 30 504 30 520 60 485 

15 1003 60 556 60 569 120 498 

30   90 600         

60   120 614         

 
Dry Season – IC-10 (cont’d) 
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 258 0 252 0 251 0 259 

7 318 30 374 30 273 60 479 

15 274 60 512 60 331 120 646 

30 320 90 751         

60 356 120 682         

 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 540 0 535 0 532 0 545 

7 570 30 550 30 531 60 553 

15 547 60 537 60 548 120 538 

30 568 90 597         

60 538 120 629         

 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 79 0 79 0 77 0 82 

7 82 30 87 30 80 60 88 

15 77 60 88 60 93 120 99 

30 80 90 146         

60 88 120 100         

  



245 
  

Dry Season – IC-10 (cont’d) 
 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 16 0 16 0 17 0 17 

7 17 30 19 30 22 60 20 

15 17 60 23 60 28 120 21 

30 19 90 29         

60 26 120 38         

 
HCFC-21 

A   B   C   D  

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 -888 0 -888 0 -888 

7 -888 30 -888 30 -888 60 -888 

15 -888 60 -888 60 -888 120 -888 

30 -888 90 -888         

60 -888 120 -888         

 
 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 248 0 304 0 257 0 256 

7 243 30 249 30 264 60 250 

15 255 60 228 60 287 120 247 

30 286 90 257         

60 283 120 253         

 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 171 0 114 0 102 0 119 

7 239 30 350 30 143 60 360 

15 196 60 620 60 227 120 409 

30 238 90 954         

60 256 120 972         

  



246 
  

Dry Season – IC-10 (cont’d) 
 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 30 0 33 0 28 0 36 

7 30 30 32 30 34 60 35 

15 31 60 31 60 38 120 35 

30 38 90 38         

60 37 120 40         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 -888 0 -888 0 -888 

7 -888 30 -888 30 -888 60 -888 

15 -888 60 -888 60 -888 120 -888 

30 -888 90 -888         

60 -888 120 -888         

 
HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 147 0 154 0 136 0 143 

7 143 30 143 30 143 60 146 

15 144 60 151 60 161 120 146 

30 161 90 168         

60 167 120 176         

 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 84 0 164 0 72 0 85 

7 94 30 71 30 73 60 85 

15 73 60 70 60 86 120 82 

30 83 90 77         

60 86 120 72         

 
  



247 
  

Dry Season – IC-10 (cont’d) 
 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 2 0 1 0 1 0 2 

7 2 30 2 30 2 60 3 

15 2 60 3 60 2 120 3 

30 2 90 3         

60 2 120 3         

 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 7 0 4 0 7.6 0 4.1 

7 6 30 4 30 6.9 60 4.4 

15 5 60 4 60 6.6 120 4.6 

30 5 90 4         

60 5 120 4         

 
CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 412 0 411 0 410 0 409 

7 509 30 1037 30 714 60 704 

15 599 60 1586 60 931 120 925 

30 768 90 2085         

60 1043 120 2538         

 
Dry Season – IC-15  
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 3091 0 357 0 276 0 285 

7 1846 30 1205 30 292 60 413 

15 1799 60 1064 60 388 120 476 

30 2788 90 1195         

60 1705 120 2065         

  



248 
  

Dry Season – IC-15 (cont’d) 
 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 609 0 558 0 607 0 537 

7 564 30 598 30 567 60 561 

15 579 60 629 60 571 120 546 

30 681 90 670         

60 726 120 828         

 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 88 0 78 0 82 0 80 

7 85 30 89 30 81 60 85 

15 85 60 92 60 81 120 93 

30 90 90 97         

60 88 120 124         

 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 21 0 18 0 19 0 22 

7 61 30 269 30 145 60 169 

15 104 60 443 60 217 120 241 

30 245 90 647         

60 277 120 1075         

 
HCFC-21 

A   B   C   D  

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 5 0 5 0 -888 0 -888 

7 5 30 16 30 -888 60 25 

15 19 60 24 60 18 120 39 

30 23 90 33         

60 25 120 44         

 
  



249 
  

Dry Season – IC-15 (cont’d) 
 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 380 0 263 0 301 0 259 

7 419 30 447 30 358 60 571 

15 506 60 570 60 539 120 863 

30 743 90 687         

60 893 120 308         

 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 2689 0 110 0 98 0 27 

7 819 30 1128 30 322 60 790 

15 802 60 957 60 568 120 593 

30 1434 90 856         

60 2309 120 3563         

 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 147 0 28 0 25 0 31 

7 157 30 111 30 73 60 131 

15 167 60 143 60 87 120 166 

30 253 90 190         

60 204 120 311         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 160 0 66 0 72 0 50 

7 507 30 989 30 870 60 2092 

15 890 60 2005 60 1708 120 3793 

30 1630 90 2986         

60 1893 120 4114         

 
  



250 
  

Dry Season – IC-15 (cont’d) 
 
HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 1575 0 269 0 240 0 176 

7 2167 30 2899 30 2136 60 3939 

15 2818 60 5287 60 3710 120 6780 

30 3909 90 7470         

60 4324 120 10916         

 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 3439 0 308 0 170 0 111 

7 4054 30 3950 30 889 60 563 

15 4216 60 7623 60 1438 120 1120 

30 4308 90 11041         

60 4162 120 15906         

 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 127 0 21 0 8 0 8 

7 158 30 154 30 95 60 257 

15 199 60 271 60 168 120 427 

30 348 90 387         

60 272 120 523         

 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 100 0 42 0 23.5 0 41.4 

7 558 30 1135 30 1325.0 60 2332.0 

15 1073 60 2265 60 2446.0 120 4186.0 

30 1520 90 3080         

60 1407 120 3013         
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Dry Season – IC-15 (cont’d) 
 
CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 531 0 488 0 480 0 459 

7 1386 30 4535 30 3236 60 5172 

15 2274 60 8311 60 5633 120 8161 

30 3888 90 12244         

60 4042 120 15931         

 
Dry Season – FC (cont’d) 
CFC-11 

A B C D 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 245 0 250 0 235 0 237 

7 234 30 235 30 243 60 234 

15 234 60 236 60 240 120 238 

30 231 90 236         

60 247 120 236         

 
CFC-12 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 542 0 549 0 533 0 535 

7 532 30 537 30 594 60 551 

15 535 60 547 60 572 120 550 

30 544 90 542         

60 541 120 538         

 
CFC-113 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 79 0 79 0 78 0 82 

7 81 30 81 30 83 60 81 

15 80 60 81 60 83 120 80 

30 74 90 80         

60 74 120 79         
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Dry Season – FC (cont’d) 
 
CFC-114 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 17 0 16 0 18 0 19 

7 17 30 16 30 40 60 61 

15 17 60 16 60 31 120 44 

30 20 90 16         

60 17 120 16         

 
HCFC-21 

A   B   C   D  

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 -888 0 -888 0 -888 

7 -888 30 -888 30 -888 60 -888 

15 -888 60 -888 60 -888 120 -888 

30 -888 90 -888         

60 -888 120 -888         

 
HCFC-22 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 233 0 233 0 240 0 256 

7 234 30 234 30 516 60 292 

15 232 60 229 60 404 120 293 

30 237 90 240         

60 234 120 237         

 
HCFC-141b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 27 0 23 0 23 0 24 

7 25 30 27 30 271 60 28 

15 24 60 24 60 31 120 27 

30 23 90 31         

60 24 120 26         
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Dry Season – FC (cont’d) 
 
HCFC-142b 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 24 0 24 0 23 0 24 

7 24 30 24 30 42 60 44 

15 30 60 26 60 35 120 38 

30 32 90 24         

60 28 120 24         

 
HCFC-151a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 -888 0 -888 0 -888 

7 -888 30 -888 30 -888 60 -888 

15 -888 60 -888 60 -888 120 -888 

30 -888 90 -888         

60 -888 120 -888         

 
HFC-134a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 79 0 82 0 80 0 83 

7 83 30 84 30 90 60 85 

15 80 60 81 60 85 120 82 

30 84 90 84         

60 81 120 82         

 
HFC-152a 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 15 0 27 0 35 0 36 

7 27 30 35 30 39 60 41 

15 33 60 32 60 35 120 35 

30 30 90 109         

60 28 120 32         

 
  



254 
  

Dry Season – FC (cont’d) 
 
HFC-245fa 

A   B   C   D   

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

Time 
(min) 

Conc. 
(pptv) 

0 -888 0 
5.00E-

01 
0 

5.00E-
01 

0 
4.00E-

01 

7 0 30 1 30 0 60 1 

15 1 60 1 60 1 120 1 

30 1 90 1         

60 1 120 1         

 
CH4 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 
1.87E+0

0 
0 

1.88E+0
0 

0 
2.03E+0

0 
0 

1.89E+0
0 

7 2 30 2 30 2.8 60 1.9 

15 2 60 2 60 2.5 120 2.0 

30 2 90 2         

60 2 120 2         

 

CO2 

A   B   C   D   

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

Time 
(min) 

Conc. 
(ppmv) 

0 414 0 394 0 444 0 422 

7 579 30 491 30 1379 60 1395 

15 707 60 558 60 1670 120 1461 

30 830 90 597         

60 965 120 642         
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Appendix B - R2 Linear Regression Analysis of the Concentration versus 
Time Dataset 
 
The values in the dataset represent the fraction of the data accepted respective to 
number of points removed for varying R2 threshold. 
 

  
Cover 
Type 

R2=0.90 

No point 
Removed 

Last 
Point 

Removed 

Last 2 
Points 

Removed 

Last 3 
Points 

Removed 

Fraction 
above 

threshold 

AF 0.719 0 0.125 0 0.844 

ED 0.719 0.063 0.031 0 0.813 

GW 0.469 0.156 0.375 0 1 

IC-1  0.308 0 0 0.115 0.423 

IC-10 0.567 0 0 0.067 0.633 

IC-15 0.467 0 0.033 0.2 0.7 

FC 0.417 0 0 0 0.417 

 

  
Cover 
Type 

R2=0.85 

No point 
Removed 

Last 
Point 

Removed 

Last 2 
Points 

Removed 

Last 3 
Points 

Removed 

Fraction 
above 

threshold 

AF 0.719 0 0.188 0 0.906 

ED 0.781 0.063 0 0 0.844 

GW 0.531 0.438 0.031 0 1 

IC-1  0.308 0 0 0.115 0.423 

IC-10 0.6 0 0 0.033 0.633 

IC-15 0.5 0 0.1 0.133 0.733 

FC 0.417 0 0 0.042 0.458 

 

  
Cover 
Type 

R2=0.80 

No point 
Removed 

Last 
Point 

Removed 

Last 2 
Points 

Removed 

Last 3 
Points 

Removed 

Fraction 
above 

threshold 

AF 0.813 0.031 0.094 0.000 0.938 

ED 0.781 0.063 0.000 0.000 0.844 

GW 0.656 0.313 0.031 0.000 1.000 

IC-1  0.346 0.000 0.000 0.154 0.500 

IC-10 0.633 0.000 0.033 0.100 0.767 

IC-15 0.567 0.000 0.033 0.167 0.767 

FC 0.423 0.000 0.000 0.038 0.462 
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Appendix B - R2 Linear Regression Analysis of the Concentration versus Time 
Dataset (cont’d) 
 

  
Cover 
Type 

R2=0.75 

No point 
Removed 

Last 
Point 

Removed 

Last 2 
Points 

Removed 

Last 3 
Points 

Removed 

Fraction 
above 

threshold 

AF 0.813 0.063 0.094 0.000 0.969 

ED 0.781 0.063 0.000 0.000 0.844 

GW 0.813 0.156 0.031 0.000 1.000 

IC-1  0.346 0.000 0.115 0.077 0.538 

IC-10 0.633 0.000 0.033 0.133 0.800 

IC-15 0.600 0.000 0.067 0.133 0.800 

FC 0.423 0.000 0.000 0.038 0.462 

 

  
Cover 
Type 

R2=0.70 

No point 
Removed 

Last 
Point 

Removed 

Last 2 
Points 

Removed 

Last 3 
Points 

Removed 

Fraction 
above 

threshold 

AF 0.844 0.063 0.063 0.000 0.969 

ED 0.813 0.063 0.000 0.000 0.875 

GW 0.906 0.063 0.031 0.000 1.000 

IC-1  0.346 0.000 0.115 0.115 0.577 

IC-10 0.633 0.000 0.033 0.167 0.833 

IC-15 0.600 0.000 0.067 0.200 0.867 

FC 0.423 0.000 0.000 0.038 0.462 

 

  
Cover 
Type 

R2=0.65 

No point 
Removed 

Last 
Point 

Removed 

Last 2 
Points 

Removed 

Last 3 
Points 

Removed 

Fraction 
above 

threshold 

AF 0.844 0.063 0.063 0.000 0.969 

ED 0.813 0.063 0.000 0.000 0.875 

GW 0.906 0.094 0.000 0.000 1.000 

IC-1  0.346 0.000 0.115 0.115 0.577 

IC-10 0.633 0.000 0.033 0.167 0.833 

IC-15 0.600 0.000 0.067 0.200 0.867 

FC 0.423 0.000 0.038 0.042 0.503 

 


