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A B S T R A C T   

Climate impacts of landfill gas emissions were investigated for 20- and 100-year time horizons to identify the 
effects of atmospheric lifetimes of short- and long-lived drivers. Direct and indirect climate impacts were 
determined for methane and 79 trace species. The impacts were quantified using global warming potential, GWP 
(direct and indirect); atmospheric degradation (direct); tropospheric ozone forming potential (indirect); sec
ondary aerosol forming potential (indirect) and stratospheric ozone depleting potential (indirect). Effects of 
cover characteristics, landfill operational conditions, and season on emissions were assessed. Analysis was 
conducted at five operating municipal solid waste landfills in California, which collectively contained 13% of the 
waste in place in the state. Climate impacts were determined to be primarily due to direct emissions (99.5 to 
115%) with indirect emissions contributing − 15 to 0.5%. Methane emissions were 35 to 99% of the total 
emissions and the remainder mainly greenhouse gases (hydro)chlorofluorocarbons (up to 42% of total emissions) 
and nitrous oxide. Cover types affected emissions, where the highest emissions were generally from intermediate 
covers with the largest relative landfill surface areas. Landfill-specific direct emissions varied between 683 and 
103,411 and between 381 and 37,925 Mg CO2-eq./yr for 20- and 100-yr time horizons, respectively. Total 
emissions (direct + indirect) were 680 to 103,600 (20-yr) and were 374 to 38,108 (100-yr) Mg CO2-eq./yr. 
Analysis time horizon significantly affected emissions. The 20-yr direct and total emissions were consistently 
higher than the 100-yr emissions by up to 2.5 times. Detailed analysis of time-dependent climate effects can 
inform strategies to mitigate climate change impacts of landfill gas emissions.   

1. Introduction 

Methane is the second most significant positive radiative climate 
driver (behind carbon dioxide) that adversely impacts earth’s climate 

with atmospheric concentrations nearly monotonically increasing over 
the last several decades (IPCC, 2021). The main anthropogenic sources 
of methane in the atmosphere are oil and gas operations, agricultural 
activities, and municipal solid waste (MSW) landfills (USEPA, 2023). 
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While the relative contributions of fossil fuel operations have been 
decreasing, the contributions from animal farming and landfills have 
been increasing since the early 2000s (IPCC, 2021). Global landfill and 
waste methane emissions on the order of 1.90x109 Mg CO2-eq./yr were 
reported for 2017 constituting 18% of total anthropogenic and 9% of 
total methane emissions (Saunois et al., 2020). California landfill 
methane emissions of 8.5x106 Mg CO2-eq./yr constitute approximately 
2% of the state GHG emissions (CARB, 2020). 

Temporal gas generation trends in landfills closely follow waste 
temperature and moisture content trends that are directly influenced by 
local climate. High gas generation occurs at relatively high waste tem
peratures and high waste moisture contents, low gas generation is 
associated with low temperatures and low moisture contents (particu
larly in arid climates), and arrested gas generation is observed at below 
freezing conditions (Hanson et al., 2005, Hanson et al., 2006). Enhanced 
waste decomposition is projected at landfills due to increasing air tem
peratures resulting in higher methane releases into the atmosphere 
providing a positive climate feedback (IPCC, 2021). Population and 
consumption per capita are projected to increase in both developed and 
developing countries resulting in increases in waste generation and 
landfill disposal as landfilling continues to be the main means of solid 
waste management in many parts of the world (Kaza et al., 2018). These 
factors collectively are expected to stress MSW management infra
structure and intensify climate impacts of landfills. 

Methane has direct effects on the atmosphere and as a main landfill 
gas constituent (45–60 %v/v) (Tchobanoglous et al., 1993) typically is 
the only gas considered in the assessment of the climate change impacts 
of municipal solid waste landfills (Mønster et al., 2019, IPCC, 2021). 
However, trace greenhouse gas (GHG) constituents present in landfill 
gas including nitrous oxide and chlorinated and fluorinated species, 
(hydro)chlorofluorocarbons (termed F-gases herein) also have direct 
climate impacts (IPCC, 2021). In addition, chlorofluorocarbons (CFCs) 
and hydrochlorofluorocarbons (HCFCs) are stratospheric ozone 
depleting substances (ODSs) (WMO, 2018). Furthermore, landfill gas 
contains many additional trace non-methane volatile organic com
pounds (NMVOCs) that produce climate impacts. Atmospheric degra
dation of NMVOCs leads to the production of CO2, which is a known 
secondary direct effect on climate change (Boucher et al., 2009). The 
NMVOCs participate in numerous photochemical reactions in the 
troposphere considered to be critical precursors of ozone, photochem
ical smog, and secondary organic aerosols (Atkinson and Arey, 2003). 
NMVOCs, through complex photochemical reactions, indirectly affect 
global climate change by reducing the efficiency of GHG oxidation and 
thus promote accumulation of GHGs in the atmosphere (Collins et al., 
2002). Fugitive emissions of all of these gases (main and trace) are 
relevant and of concern in evaluation of impacts of landfills on the earth- 
atmosphere system. 

Even though a large number of studies has been conducted on landfill 
methane emissions, limited information is available on emissions of 
trace gases from landfill facilities and associated climate impacts. A 
recent comprehensive review of worldwide landfill gas emissions data 
identified methane, nitrous oxide, and NMVOC fluxes to be − 4.5x101 to 
4.15x104, − 2.5x10-3 to 3.75x101, and − 2x10-3 to 7.32x10-1 g/m2-day, 
respectively, where positive values correspond to emissions from the 
landfill to the atmosphere and negative values correspond to uptake of 
chemicals from the atmosphere into the landfill (Manheim et al., 2021a). 
In a previous study, the authors demonstrated that F-gases emitted from 
landfills exert disproportionate direct climate impacts due to their high 
global warming potentials (GWPs) (Yeşiller et al., 2018). For CO2-eq. 
emissions at California landfills, the relative contributions of F-gases to 
total emissions (summation of methane and F-gas emissions in the 
study) were determined to range from 1 to 68% in the dry season 
(Yeşiller et al., 2019) and F-gas contributions to total emissions (sum
mation of methane, F-gas, and nitrous oxide emissions in the study) were 
determined to range from 1 to 99% for annual analysis (Manheim et al., 
2021b). Correlations between geotechnical cover characteristics and 

climate-forcing GHG and NMVOC emissions have been reported by 
Hanson et al., (2023a,b) with a focus on soil covers. 

The main objective of this investigation was to provide a compre
hensive and systematic analysis of surface emissions and associated 
time-dependent climate forcing impacts from California landfills 
representative of both the main landfill gas methane and trace NMVOCs. 
Analysis was conducted using 20- and 100-yr time horizons to evaluate 
climate impacts of both short- and long-lived landfill gases. Field cam
paigns were conducted to determine surface fluxes of 80 individual 
gases at five landfills over the two main seasons, wet and dry, in Cali
fornia. Analysis was conducted for all three cover categories: daily, in
termediate, and final, used at active landfills. Both the magnitude and 
relative contributions of the main and trace gas emissions and the direct 
and indirect emissions to total climate impacts were assessed. Investi
gation of a wide variety of gases and landfill operational conditions, as 
well as multiple environmental conditions, climatic forcings, and time 
horizons allow for comprehensive understanding of the atmospheric 
impacts of MSW landfills. Results from the analysis presented herein 
provide quantitative insight as to the effectiveness of current (i.e., short- 
term) and viability of proposed (i.e., long-term) strategies to mitigate 
climate impacts of MSW landfills. 

2. Experimental investigation 

2.1. Field testing program 

Field campaigns were conducted at five municipal solid waste 
landfills (Table 1). Santa Maria Regional Landfill (SMRL) and Teapot 
Dome Landfill (TDL) are medium-size facilities with waste in place 
(WIP) between 4,000,000 and 40,000,000 m3. Potrero Hills Landfill 
(PHL), Site A Landfill (SAL), and Chiquita Canyon Landfill (CCL) are 
large-size facilities with waste in place greater than 40,000,000 m3. The 
five sites collectively contained 13% of the waste in place in active 
California landfills. The landfills are located in three climate zones: Csb 
(temperate, dry summer, hot summer), Csa (temperate, dry summer, 
warm summer), and Bsk (arid, steppe, cold) (Köppen-Geiger analysis, 
Beck et al., 2018). Tests were conducted over the two main seasons in 
California: wet (winter) and dry (summer). The cover categories inves
tigated were daily, intermediate, and final. The daily covers included 
clean and contaminated soils and alternative daily covers (auto shredder 
residue, green waste, wood waste, and construction and demolition 
waste). Intermediate covers included soil, soil-concrete fines mix, and 
soil overlain by old or fresh green waste. The final covers included 
conventional compacted clayey covers, a composite GCL-compacted 
clay liner, and an alternative evapotranspirative cover. At a given 
landfill, 4 to 7 cover types were tested for a total of 29 individual covers 
investigated in the study. Test locations were selected randomly. All of 
the landfills had operational gas collection and removal systems in place 
at the time of testing. 

Field testing included determination of surface fluxes of 80 landfill 
gas constituents: three anthropogenic GHGs (methane, nitrous oxide, 
and NMVOC (hydro)chlorofluorocarbons (F-gases, 13 species)), and 65 
additional trace NMVOCs. The 65 additional trace NMVOCs were 
grouped under 10 chemical families: reduced sulfur compounds (RSC), 
halogenated hydrocarbons (HH), organic alkyl nitrates (ON), alkanes 
(Alk), alkenes (Alke), Aldehydes/Alkynes (Ald/Alky), aromatic hydro
carbons (Ar), monoterpenes (Mon), alcohols (Alc), and ketones (Ket). 
Among these chemicals, flux and emissions analyses are provided herein 
for 5 species, HFC-365mfc (GHG) and n-undecane, n-propyl-benzene, 2- 
butanol, and butanone, for the first time from non-soil daily covers in 
landfill systems. In addition, this work represents the first systematic 
comparison of 20-yr versus 100-yr (GWP time horizons) climate impacts 
of landfills. Details for the 80 gases included in the investigation are 
provided in Table A1. 
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2.2. Determination of flux and emissions 

The tests and analysis were conducted using the same equipment and 
methodology as in prior investigations (Yeşiller et al., 2018, Hanson 
et al., 2023a,2023b). Surface fluxes of all gases were measured using 
custom-built large-scale stainless-steel static flux chambers with di
mensions of 1 m length x 1 m width x 0.4 m height, where data were 
collected from two chambers representing a small area of the cover at 
each test location. A total of five gas samples over time were obtained 
per chamber using 60- and 120-minute testing periods. The gas samples 
were collected using custom-built, 2-L capacity stainless steel evacuated 
canisters and analyzed using two integrated VOC analytical systems 
with methane, nitrous oxide, and NMVOC detection limits of 100 ppbv, 
50 ppbv, and 0.05–50 pptv, respectively. Flux was determined for each 
chamber as the product of the concentration gradient (i.e., change in 
concentration with time, dC/dt) and the volume:area ratio of the 
chamber (Rolston et al., 1986). The change in concentration with time 
was fit with a linear regression relationship with a target threshold co
efficient of determination value of R2 ≥ 0.90. At each measurement 
location, two chambers were deployed, one chamber with the 60-minute 
testing time and one chamber with the 120-minute testing time. Overall, 
nearly 65,000 individual gas concentration measurements were made to 
determine the gas fluxes at the landfills included in the investigation. 
Fluxes were scaled up to cover-specific and sitewide emissions using the 
relative areas of the different cover categories and the total area of a 
given landfill (Table 1). 

In addition to flux and emissions, analysis was conducted to deter
mine specific gas concentrations for the species included in the test 
program. Raw gas concentrations were determined by sampling from 
entry points to the gas-to-energy plants or flares at the landfills using the 
2-L capacity stainless steel evacuated canisters. Ambient gas concen
trations were obtained using the data from the first (time zero) canister 
samples in the flux chamber tests, which represent conditions near the 
ground surface. Background air concentration data, available for 6 
chemical families, were obtained from Advanced Global Atmospheric 
Gases (AGAGE) and USEPA AirData measurement programs (Prinn 
et al., 2018, USEPA, 2022). 

2.3. Climate Change: Direct and indirect impacts analyses 

The classifications used for reporting emissions were baseline (Mg/ 
yr), direct (Mg CO2-eq./yr), and indirect (Mg CO2-eq./yr). Baseline 
emissions represented the total mass per time of gas species emitted 
from the site without scaling using GWPs. The baseline emissions 
calculated for individual gases were used to determine the direct and 
indirect climate impacts. The analysis was conducted using the same 

approach as in a prior investigation (Hanson et al. 2023a). A summary is 
provided herein. CO2-eq. emissions were determined using 20- and 100- 
yr data (Table A1) to assess short- and long-term climate impacts. 

The total direct emissions for each landfill were calculated by sum
ming the primary (DGWR1) and secondary (DGWR2) direct emissions 
(Equations (1) and (2)). Primary direct emissions analysis was con
ducted for anthropogenic GHGs, methane, nitrous oxide, and F-gases (13 
species) and also for 15 additional NMVOCs. Direct climate forcing 
(DGWR1, Mg CO2-eq./yr) was estimated using Equation (1), where ELF,i 
is the chemical-specific landfill emissions and DGWPi is the chemical- 
specific direct GWP based on 20- or 100-yr values (IPCC, 2021). 
Direct impact analysis also included secondary production of carbon 
dioxide from atmospheric degradation of all 80 landfill gas species 
investigated. DGWR2, (Mg CO2-eq./yr) was estimated using Equation 
(2), where MWi is the chemical-specific molecular weight and Nc,i is the 
total number of carbon atoms (Majumdar and Srivastava, 2012). 

DGWR1 =
∑30

i=1
[ELF,i × DGWPi] (1)  

DGWR2 =
∑80

i=1
[
ELF,i

MWi
× Nc,i*44] (2) 

Indirect global warming potential impacts (IGWR, Mg CO2-eq./yr) 
for the 65 additional NMVOCs were calculated using Equation (3), 
where IGWPi is the chemical-specific indirect GWP. Indirect 20- and 
100-yr GWP values were available for 15 NMVOCs (Johnson and Der
went, 1996, Collins et al., 2002, Hodnebrog et al., 2018). For the 
remaining 50 NMVOCs, the IGWPi were estimated by using scattered, 3- 
D interpolation through application of the natural neighbor method 
(MATLAB, 2022). Experimental reaction rate coefficients of each 
NMVOC with hydroxyl, chlorine, and nitrate radicals were used as 
predictor variables (McGillen et al., 2020). The indirect climate impacts 
from ozone formation potential (IOFP, Mg CO2-eq./yr) were calculated 
using Equation (4), where OFPi (g O3/g NMVOC) is the chemical-specific 
ozone formation potential based on maximum incremental reactivity 
(MIR) and IGWPO3 is the indirect GWP of tropospheric ozone (Wuebbles 
et al., 1994). Chemical-specific tropospheric ozone formation potentials 
(OFPi) for methane and 52 NMVOCs were quantified using the MIR scale 
(Carter, 2010). The indirect climate impacts from secondary organic 
aerosol formation potential (ISOAP, Mg CO2-eq./yr) were calculated 
using Equation (5), where SOAPi (g SOAP/g NMVOC) is the chemical- 
specific tropospheric secondary organic aerosol (SOA) formation po
tential and IGWPSOA is the indirect GWP of tropospheric SOA (Unger, 
2014). Chemical-specific tropospheric SOA formation potentials 
(SOAPi) were determined using available fractional aerosol coefficients 

Table 1 
Landfill Characteristics.  

Landfill Sizea Area 
(ha) 

WIPb 

(m3) 
Permitted Disposal (tons/ 
day) 

Avg. Daily Temp. 
(◦C) 

Annual Ppt. 
(mm) 

Climate 
Zone 

Cover Fractionc 

(%) 

D I F 

Santa Maria Regional 
Landfill 
(SMRL) 

M 100 1,360,577 858  14.9 462 Csb  0.1  69.3 30.6 

Teapot Dome Landfill 
(TDL) 

M 29 3,038,622 800  17.4 278 BSk  15.5  84.5 0 

Potrero Hills Landfill 
(PHL) 

L 139 52,928,614 4,330  16.1 630 Csa  3.0  91.0 6.0 

Site A 
Landfill 
(SAL) 

L 191 44,173,397 11,150  15.8 387 Csb  0.6  89.5 9.9 

Chiquita Canyon Landfill 
(CCL) 

L 104 55,227,178 6,000  18.2 462 Csb  8.3  63.8 27.8  

a M = medium, L = large; 
b Obtained from SWIS (Solid Waste Information System); 
c D = Daily, I = Intermediate, F = Final. 
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for 18 gases (Grosjean and Seinfeld, 1989). The indirect climate forcings 
for ODSs (IODP) were calculated using Equation (6), where IGWPODP,i is 
the chemical-specific indirect GWP for stratospheric ozone depleting 
potential available for 12 gases (WMO, 2018, IPCC, 2021). The indirect 
emissions (Mg CO2-eq./yr) for each landfill were calculated by summing 
the IGWR, IOFP, ISOAP, and IODP values obtained from Equations 3–6. 

IGWR =
∑65

i=1
[ELF,i*IGWPi] (3)  

IOFP = IGWPO3 *
∑53

i=1
[ELF,i*OFPi]. (4)  

ISOAP = IGWPSOA*
∑18

i=1
[ELF,i*SOAPi] (5)  

IODP =
∑12

i=1
[ELF,i*IGWPODP,i] (6)  

3. Results 

3.1. Gas concentration and flux 

Concentration data are presented for the main GHGs and the 10 
NMVOC families included in the investigation in Fig. 1a. The 13 F-gases 
are included under main GHGs and thus the NMVOC designation is used 

Fig. 1. Gas Concentration and Flux by Chemical Family.  
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for the remaining 65 NMVOC gases in the following sections. Raw gas 
data, gas concentrations, and available background air concentration 
data are presented in Fig. 1a. The box, horizontal line within each box, 
diamond, and red datapoints in each dataset of Fig. 1a and 1b represent 
the interquartile range, median, mean, and outlying data, respectively. 
The raw, ambient, and background concentrations varied between 
1.36x10-4 to 3.67x105, 1.33x10-6 to 4.84x102, and 6.65x10-6 to 
1.43x100 µg/L, respectively for the main GHGs. The raw, ambient, and 
background concentrations varied between 4.80x10-3 to 2.62x101, 
3.01x10-6 to 1.53x10-1, and 1.0x10-7 to 1.04x10-1 µg/L, respectively for 
the NMVOCs. 

Gas fluxes determined in the study are presented in Fig. 1b. Both 
positive (releases to the atmosphere) and negative (uptake from the 
atmosphere) surface fluxes were measured. A virtual zero position is 
used in the logarithmic scale plots to enable presenting positive and 
negative data. Data are presented for the GHGs and the 10 NMVOC 
families. Overall, methane, nitrous oxide, F-gas, and NMVOC fluxes 
measured in the study ranged from − 3.37x10-2 to 5.49x101, − 1.97x10-3 

to 1.15x10-1, − 9.13x10-4 to 2.27x10-1, and − 1.93x10-3 to 1.28x100 g/ 
m2-day, respectively. Variation of average fluxes with average ambient 
concentrations obtained in the investigation are presented in Fig. 1c. 

Flux data are summarized by landfill, cover category, and season for 
the GHGs (methane, nitrous oxide, and 13 F-gases) and the NMVOCs in 
Fig. 2. Landfill-specific mean GHG and NMVOC fluxes ranged from 
6.73x10-2 to 7.76x10-1 and 2.56x10-5 to 6.60x10-3 g/m2-day, respec
tively. Cover-specific mean GHG and NMVOC fluxes ranged from 
2.40x10-3 to 7.50x10-1 and 3.35x10-5 to 7.30x10-3 g/m2-day, respec
tively. Seasonal mean GHG and NMVOC fluxes were 2.46x10-1 to 
4.51x10-1 and 1.80x10-3 to 1.90x10-3 g/m2-day, respectively. At a given 
landfill, variation of positive GHG and NMVOC fluxes were up to 4 to 8 
and 4 to 6 orders of magnitude, respectively. At a given landfill, varia
tion of positive GHG fluxes for daily, intermediate, and final covers were 
up to 2 to 4, 1 to 5, and 1 to 2 orders of magnitude, respectively. At a 
given landfill, variation of positive NMVOC fluxes for daily, intermedi
ate, and final covers were up to 3 to 4, 3 to 5, and 2 to 4 orders of 
magnitude, respectively. Seasonal GHG and NMVOC variations were 
less than one order of magnitude. 

3.2. Gas emissions 

Baseline, direct, and indirect emissions by landfill and chemical 
family for 100-yr GWP analyses are presented in Fig. 3. Arithmetic- 
scaled fractional contributions are superimposed over the logarithmic 
scaling in Figs. 3-6. The baseline, direct, and indirect GHG emissions 
were 4.97 to 1,221 Mg/yr, 379 to 37,918 Mg CO2-eq./yr, and − 4,625 to 
140 Mg CO2-eq./yr, respectively. The baseline, direct, and indirect 
NMVOC emissions were 0.741 to 46.5 Mg/yr, 1.92 to 146 Mg CO2-eq./ 
yr, and 9.78 to 858 Mg CO2-eq./yr, respectively. At a given landfill, 
variation of positive baseline and direct GHG emissions were 3 to 4 and 2 
to 3 orders of magnitude, respectively. 

Baseline and direct CO2-eq. emissions by landfill and cover category 
for 20- and 100-yr GWP analyses are presented in Fig. 4. The baseline 
emissions for the landfills in the study ranged from 5.71 Mg/yr (SMRL) 
to 1,223 Mg/yr (TDL). The 20-yr and 100-yr direct emissions for the 
landfills included in the study were: 683 and 381 Mg CO2-eq./yr 
(SMRL); 103,411 and 37,925 Mg CO2-eq./yr (TDL); 94,114 and 34,602 
Mg CO2-eq./yr (PHL); 87,524 and 32,565 Mg CO2-eq./yr (SAL); and 
64,715 and 28,608 Mg CO2-eq./yr (CCL), respectively. Indirect emis
sions are also presented in Fig. 4. The 20-yr and 100-yr indirect emis
sions for SMRL, TDL, PHL, SAL, and CCL were − 2.57 and − 6.40, 189 and 
183, − 142 and − 9.66, − 85.7 and − 40.9, and − 3,337 and − 3,768 Mg 
CO2-eq./yr, respectively. Of the cover categories investigated, interme
diate cover baseline and direct emissions contributed most to the total 
emissions observed across all sites. An exception to this trend was 
observed for CCL, where daily cover baseline and direct emissions were 
highest of the cover categories investigated. Large negative daily cover 
indirect emissions contributions were observed both at CCL and PHL. 

Direct and indirect emissions for each landfill as a function of climate 
impact category for both GWP time horizons are presented in Fig. 5. 
Direct emissions varied between 683 and 103,411 and between 381 and 
37,925 Mg CO2-eq./yr for 20- and 100-yr time horizons, respectively. 
Indirect emissions varied between − 3,337 and 189 and between − 3,767 
and 183 Mg CO2-eq./yr for 20- and 100-yr time horizons, respectively. 
Total emissions are presented in Fig. 6 and varied between 680 and 
103,600 (20-yr analysis) and between 374 and 38,108 (100-yr analysis) 
Mg CO2-eq./yr. Total emissions by cover category for the 20-yr time 
horizon were 150 to 51,000; 420 to 99,000; and 26 to 3,200 Mg CO2- 
eq./yr for daily, intermediate, and final covers, respectively. Total 

Fig. 1. (continued). 
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emissions by cover category for the 100-yr time horizon were 55 to 
20,273; 198 to 36,536; and 21 to 1,161 Mg CO2-eq./yr for daily, inter
mediate, and final covers, respectively. Ratios of 100-yr to 20-yr gas 
emissions varied between 0.069 and 2.49 and are presented in Fig. 7. 

4. Discussion 

Raw landfill gas concentrations of the chemicals included in the 
study were consistently higher than the ambient and background con
centrations (Fig. 1a). The mean ambient concentrations were generally 
higher than the mean background air concentrations by 1 order of 
magnitude with the exception of aromatic hydrocarbons and ketones 
(background concentrations slightly higher than ambient concentra
tions). The differences between the ambient and background air con
centrations were higher for the anthropogenic GHGs than the NMVOCs. 
Within the GHGs, the difference between ambient and background 
concentrations were higher for methane than for nitrous oxide and F- 
gases (Hanson et al., 2020). Gas fluxes were directly correlated to 

ambient near ground surface concentrations, supporting the need for 
regular surface gas monitoring at landfills (Fig. 1c). 

Positive fluxes were measured for all 80 gases from all three cover 
categories at all landfills included in the investigation. Overall, four 
types of flux data were obtained: positive flux, negative flux, below 
detection limit data, and below regression limit data, where the majority 
of the data consisted of positive fluxes. F-gas and NMVOC fluxes were 
statistically skewed to more positive values than methane and nitrous 
oxide fluxes. 

Highest fluxes were obtained for GHGs, alkanes, monoterpenes, al
cohols, and ketones (Fig. 1b). Methane flux was higher than the fluxes of 
the other GHGs and the remaining NMVOCs (Fig. 2). Overall, variability 
of flux was lower for the NMVOCs (all trace constituents) than the GHGs, 
which included both main (methane) and trace gases (nitrous oxide and 
F-gases) (Figs. 1 and 2). Methane flux is affected by both waste and cover 
processes. Waste characteristics and landfill operational conditions each 
influence methane loading underlying the various covers (Tchobano
glous et al., 1993). In addition, methane undergoes transformation in 

Fig. 2. Summary of Fluxes Measured in the Investigation.  
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cover materials mainly through biological oxidation (e.g., Chanton 
et al., 2011). Furthermore, methane flux is affected by cover geotech
nical properties (Hanson et al., 2023a). Coupled effects of the spatio
temporal variations in waste methane generation, cover methane 
oxidation processes, and cover engineering properties likely contributed 
to the high variations of methane fluxes. F-gas and NMVOC fluxes are 
generated through direct volatilization from waste materials in addition 
to biogenic generation during various stages of waste decomposition 
(Christensen et al., 1996). Studies on biological transformation pro
cesses for F-gases and select NMVOC chemical families (e.g., aromatics, 
halogenated hydrocarbons) in soil covers indicate generally low to 
moderate reactivity (e.g., Scheutz and Kjeldsen, 2003), which along 
with low mobility in the waste mass due to phase partitioning and 
adsorptive processes (Manheim et al., 2021a) may have contributed to 
the relatively low variation in NMVOC fluxes. 

Flux varied mainly by cover category decreasing from daily to in
termediate to final covers, by landfill, and also to a lesser extent by 
season. Median flux decreased by 4 and 2 orders of magnitude from daily 
to final covers for GHGs and NMVOCs, respectively (Fig. 2). From daily, 
to intermediate, to final covers, the cover materials transition from 
generally coarse-grained, relatively loosely placed, low thickness, 
cohesionless, and low solids content, to fine-grained, well-compacted, 
high thickness, cohesive, and high solids content materials. The com
bined effect of the transition to final cover results in increased resistance 
to gas transfer. In addition, the coarse-grained covers have well- 
connected pores that readily transmit fluids, whereas fine-grained 
covers have occluded pores that resist flow of fluids (Yeşiller et al., 
2018). Seasonal effects were minimal as the climate zones with landfills 
in California vary over a relatively narrow range with comparatively low 
variations in average daily temperature and annual precipitation 
(Table 1). Flux was not directly correlated to the size of the landfills, 
where maximum inter-landfill variations in median GHG and NMVOC 
fluxes was less than 2 and 1 orders of magnitude, respectively. The 
relatively comparable fluxes at the mid-sized landfills (SMRL and TDL) 
to the large landfills (PHL, SAL, and CCL) were attributed to presence of 
low amount of fine-grained soils and plastic fines and prevalence of 
sandy soils and silts with low plasticity in the cover soils at the smaller 
Santa Maria Regional Landfill and Teapot Dome Landfill (Hanson et al., 
2023a). In addition, no final covers were present at TDL at the time of 
the investigation. 

The direct emissions were essentially positive and high, whereas 
indirect emissions were mostly negative and low (Figs. 3-5). Baseline 

and direct emissions at the study landfills were dominated by GHG 
emissions (Fig. 3). Within the GHGs, the main landfill gas methane 
generally contributed most to both baseline and direct emissions 
(Fig. 3). However, the relative contributions of methane decreased from 
baseline to direct emissions analysis and relative contributions of the 
trace GHGs nitrous oxide, and, in particular F-gases, significantly 
increased due to the comparatively high global warming potentials, 
particularly of the F-gases. For 20-yr analysis, the GWP for nitrous oxide 
was 273 and the GWPs for the F-gases varied from 575 to 12,400 and for 
100-yr analysis, the GWP for nitrous oxide was 273 and the GWPs for the 
F-gases varied from 160 to 11,200 (Table A1). 

Emission fractions were determined by taking the quotient of the 
baseline, direct (20-yr/100-yr GWP), or indirect (20-yr/100-yr GWP) 
emissions and the total emissions (either baseline or 20-yr/100-yr 
GWP). Direct and indirect emission fraction calculations represented 
the relative contributions of either positive or negative emissions along 
with positive or negative GWP weighting. Across all landfills, calculated 
direct emissions were mainly positive, ranging from 99.5 to 115% of the 
total emissions. The direct emission fractions were either near or above 
100% due to the high mainly positive surface emissions and the high 
positive radiative forcing associated with the main GHGs and select 
NMVOCs. Calculated indirect emissions were generally negative, 
ranging from − 15 to 0.5% of the total emissions. The indirect emissions 
(and associated emission fractions) were lower than the direct emissions 
due to the relatively higher direct GWP of the gases compared to the 
parameters describing indirect emissions (Equations 3–6). 

Emission fractions were also determined on a chemical family basis 
by taking the quotient of family-specific baseline or combined direct and 
indirect (20-yr/100-yr GWP) emissions and the total emissions (either 
baseline or 20-yr/100-yr GWP) from each landfill. For methane, base
line, 20-yr GWP direct, and 100-yr GWP direct emissions were 75 to >
99%, 53 to 99%, and 35 to 99% of the total emissions, respectively. For 
F-gases, baseline, 20-yr GWP direct, and 100-yr GWP direct emissions 
were 0.02 to 1.9%, 0.8 to 42%, and 0.8 to 42% of the total emissions, 
respectively. Direct GWPs were typically highest for the CFCs followed 
by the HCFCs, and HFCs, then nitrous oxide, and methane (Table A1). 
The high direct emissions resulted from the high positive radiative 
forcing of these gases. The contributions of secondary carbon dioxide 
formation to direct emissions were relatively low (Fig. 5). Positive in
direct emissions were mainly associated with the alkane, alkene, alde
hyde/alkyne, aromatic, and alcohol chemical families. Negative indirect 
emissions were generally associated with the GHGs (mainly F-gases) and 

Fig. 2. (continued). 
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monoterpenes (Fig. 3). In general, indirect emissions were dominated by 
the stratospheric ozone depleting potential and the secondary organic 
formation potential, where contributions from the indirect global 
warming potentials and tropospheric ozone formation were not as sig
nificant (Fig. 5). Overall, positive and negative emissions were mainly 
dominated by direct climate forcing and indirect stratospheric ozone 
depletion contributions, respectively. 

The largest contributions to total emissions were generally from the 
intermediate covers (Figs. 4 and 6). These covers had the highest relative 
surface areas at the study landfills (Table 1) and moderate fluxes (Fig. 2). 
The relatively low intermediate cover emissions at CCL were largely 
attributed to the operational practice of placement of a layer of green 
waste over intermediate soil covers for erosion control on perimeter 
slopes. The green waste layer likely promoted methane oxidation (Bar
laz et al., 2004, Abichou et al., 2006), and as methane was the pre
dominant constituent of baseline and direct emissions categories low 
methane emissions resulted in reduced overall emissions from these 
covers. Even though the fluxes from daily covers were high, the con
tributions of these to the total whole-site emissions were generally low 
(<16%) due to the relatively low areas at the landfills. Relative contri
butions of final covers were 0 to 32% (Fig. 6). 

The analysis time horizon affected the climate forcing emissions. The 

20-yr GWP emissions data were consistently higher than the 100-yr 
GWP data for direct, indirect, and total climate-forcing emissions 
(Figs. 4-7). Ratios of 100-yr to 20-yr gas emissions were lower than 1 
(essentially lower than 0.5) for direct and total gas emission scenarios 
(Fig. 7). The differences between 20-yr and 100-yr analysis were lower 
for indirect emissions than direct emissions (Fig. 5). The direct 20-yr 
GWPs were higher than direct 100-yr GWPs, the indirect 20-yr GWPs 
were higher than indirect 100-yr GWPs, and stratospheric ozone 
depletion GWPs (IGWPODP) were relatively similar between the two time 
horizons. Indirect emissions for SMRL and CCL from 20-yr analysis was 
lower than the 100-yr analysis. The differences mainly resulted from the 
higher emissions of NMVOCs relative to GHGs from these two sites (in 
particular from daily covers), which included high ODP and SOAP gases. 

The combined total emissions from the 5 study landfills were 
347,070 and 130,440 Mg CO2-eq./yr for 20-yr and 100-yr time horizons, 
respectively. The combined methane emissions were 311,485 and 
114,400 Mg CO2-eq./yr for 20-yr and 100-yr time horizons, respectively 
representing 3.7 and 1.3% of estimated California landfill methane 
emissions of 8.5x106 Mg CO2-eq./yr based on inventory analysis pro
vided in CARB (2020). The total waste mass at the 5 landfills was 13% of 
the waste in place in California, higher than the relative emissions 
contributions from these landfills to state totals. Inclusion of the indirect 

Fig. 3. Baseline (B), Direct (D), and Indirect (I) Gas Emissions by Landfill and Chemical Family.  
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effects in the total emissions calculations offset total climate forcing 
impacts for each landfill, reducing the total emissions by 0.03 to 15%. 
Indirect emissions were relatively low for GHGs and higher for NMVOCs 
and affected total emissions for NMVOCs more than GHGs. The effects of 
indirect emissions were most significant for NMVOCs and 100-yr GWP 
analysis. 

Parametric analyses were conducted by changing the areal extent of 
the different covers to further study the effects of cover categories on 
emissions. First, the areal extents of intermediate covers were reduced 
by 50% (converting this area to final cover) without changing the areas 
of daily covers. This analysis resulted in decreases in total emissions at 
the study landfills. For 20-yr GWP analysis, the decreases in total 
emissions were 12% for SMRL, 48% for TDL, 37% for PHL, 48% for SAL, 
and 9% for CCL. For 100-yr GWP analysis, the decreases were 48% for 
TDL, 37% for PHL, 48% for SAL, and9 % for CCL, respectively. At SMRL, 
total emissions increased (for the 100-yr GWP analysis) by 10% mainly 
due to an increase in final cover associated emissions of nitrous oxide. 
Moderate to high positive fluxes of nitrous oxide were observed at this 
final cover location. Due to potential generation of nitrous oxide in soil 
covers associated with biological N cycling (i.e., nitrification/denitrifi
cation), there is uncertainty as to whether the elevated nitrous oxide 
emissions from SMRL can be attributed to cover- or waste-specific 
generation mechanisms. This particular landfill is located in an agri
culturally intensive region, likely receiving a waste composition that is 
highly organic and elevated in macronutrients (N, P), which may have 
contributed to the high nitrous oxide emissions observed in final cover 
areas. 

Second, the areal extents of daily covers were set to 1% representa
tive of working face and immediate surrounding areas. The daily cover 
areas in excess of 1% were converted to intermediate cover areas. This 
analysis was conducted for TDL, PHL, and CCL with daily cover areas 
larger than 1% of the total landfill surface area (Table 1). Conversion of 
daily cover areas to intermediate cover areas resulted in significant re
ductions in total emissions. For the three sites, TDL, PHL and CCL, total 
emissions decreased by 67, 49 and 80%, respectively. 

Significant differences in total CO2-eq. emissions were observed as a 
function of GWP time horizon, regardless of the landfill investigated. 
Given the diversity in gases emitted from landfills including a wide 
range of NMVOCs, short, as compared to long, GWP time horizons may 
provide more representative and meaningful climate impact assess
ments of solid waste landfills. A majority of NMVOC compounds are 
highly reactive gases, taking part in a number of photochemical re
actions over quick timescales (i.e., on the order of seconds to minutes). 
These photochemical reactions, in turn, affect the atmospheric concen
trations and lifetimes of the main GHGs, including methane and nitrous 
oxide. GHG emission inventories and climate impact assessments tar
geting solid waste management infrastructure should integrate indirect 
factors, including stratospheric ozone depletion and secondary organic 
aerosol effects, as these contributions lead to noticeable reductions in 

Fig. 4. Baseline (B), Direct (D), and Indirect (I) Gas Emissions by Landfill and 
Cover Category for 20-yr and 100-yr Analyses. 

Fig. 5. Total Direct and Indirect Emissions by Climate Impact Category.  

Fig. 6. Total Gas Emissions.  

Fig. 7. Ratios of 100-yr to 20-yr Direct, Indirect, and Total Gas Emissions.  
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positive GWP emissions associated with the main GHGs. Excluding 
negative GWP contributions from the F-gases (e.g., CFCs) and select 
NMVOCs (e.g., monoterpenes) can lead to overestimation of total CO2- 
eq. emissions from landfills, particularly over short operational time
scales. Over similar timescales, relying on a 100-yr GWP time horizon 
can lead to underestimation of climate forcing landfill emissions. These 
observations are critical to consider in particular for short-term gas 
emission mitigation measures for landfills, favoring the application of 
20-yr GWP time horizons as well as comprehensive analysis of the full 
range in climate impacts of GHG and NMVOC emissions. 

5. Summary and conclusions 

This investigation was conducted to provide a comprehensive and 
systematic analysis of surface emissions and associated time-dependent 
climate forcing impacts from landfills. Analysis was conducted using 20- 
and 100-yr time horizons to evaluate climate impacts of both short- and 
long-lived landfill gases. In the test program, fluxes of 80 gases were 
determined using ground-based field testing at five sites in California, 
which collectively contained 13% of the waste in place in active land
fills. The gases included: i) anthropogenic GHGs main landfill gas 
methane and trace gases nitrous oxide and F-gases (13 species) and ii) 65 
species of trace non-methane volatile organic compounds categorized 
under 10 chemical families. Analysis was conducted for all three cover 
categories (daily, intermediate, and final) used at active landfills. The 
measured fluxes were converted to whole-site emissions using relative 
areal extents of different covers at the sites. Direct and indirect climate 
forcing impacts of the gases were quantified using global warming po
tential (direct and indirect); atmospheric degradation (direct); tropo
spheric ozone forming potential (indirect); secondary aerosol forming 
potential (indirect) and stratospheric ozone depleting potential (indi
rect) of the gases. Whole-site emissions and direct, indirect, and total 
(direct + indirect) climate forcing emissions were calculated for both 
20- and 100-yr GWP time horizons. Both the magnitude and relative 
contributions of main and trace gas emissions and direct and indirect 
emissions to total climate impacts were assessed. 

Positive fluxes and emissions were measured for all 80 gases from all 
three cover categories at all five landfills. Highest fluxes were obtained 
for GHGs, alkanes, monoterpenes, alcohols, and ketones. Methane flux 
was higher than the fluxes of the other GHGs and the NMVOCs. Vari
ability of flux was lower for the NMVOCs than the GHGs. Flux varied 
mainly by cover category decreasing from daily to intermediate to final 
covers and secondarily by season. Of the three categories of emissions 
determined, baseline, direct, and indirect, the direct emissions were 
consistently higher than the baseline and indirect emissions. The direct 
emissions were essentially positive and high, whereas indirect emissions 
were mostly negative and low. The ranges for 20-yr and 100-yr direct 
emissions were 683 to 103,411 and 381 to 37,925 Mg CO2-eq./yr. The 
ranges for 20-yr and 100-yr indirect emissions were − 3,337 to 189 and 
− 3,768 to 183 Mg CO2-eq./yr. The ranges for 20-yr and 100-yr total 
emissions were 680 to 103,600 and 374 to 38,108 Mg CO2-eq./yr. Direct 
and indirect emissions were mainly attributed to the high positive 
radiative forcings of the baseline GHGs (i.e., methane, nitrous oxide, F- 
gases) and the high ozone depletion potentials of the F-gases, respec
tively. Baseline and direct emissions were controlled by GHG emissions 
and indirect emissions were controlled by NMVOCs (e.g., alkanes, al
kenes, alcohols, monoterpenes). Within the GHGs, methane contributed 
most to both baseline and direct emissions. The relative contributions of 

methane decreased from baseline to direct emissions analysis and rela
tive contributions of the trace GHGs nitrous oxide and in particular F- 
gases significantly increased due to the comparatively high global 
warming potentials, particularly of the F-gases. The 20-yr direct and 
total emissions were consistently higher than the corresponding 100-yr 
emissions by up to 2.5 times. Inclusion of the indirect effects in the total 
emissions calculations offset total climate forcing impacts for each 
landfill, reducing the total emissions by 0.03 to 15%. The effects of in
direct emissions were more significant for NMVOCs and 100-yr GWP 
analysis. Decreasing intermediate cover areas and accelerating transi
tion of these areas to final covers is a viable strategy to mitigate and/or 
control gas emissions from landfills in particular for short time horizons. 
Similarly, reducing the areal extent of daily covers has a significant 
impact on mitigation of total climate forcing landfill emissions. 

For complete assessment of landfill impacts on anthropogenic 
climate drivers, all primary GHGs and trace NMVOCs are recommended 
to be investigated. Short-term time horizons provide representative es
timates of the climate forcing impacts of MSW landfills, as a majority of 
the atmospheric lifetimes of the landfill gas pollutants and climate 
drivers are short (i.e., less than 1- to 20-yr lifetime). The 20-yr analysis is 
appropriate for assessing impacts of current and short-term emissions 
reduction measures. The 100-yr analysis (with lower total emissions 
than 20-yr analysis) does not capture immediate or short-term vari
ability in direct and indirect climate forcing impacts and is best-suited 
for landfill sites where no changes are expected to operational and 
environmental conditions for extended periods of time and also for 
closed landfills. 
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Appendix  

Table A1 
Characteristics of Gas Constituents.  

Chemical Family 
(Abbr.) 

Sources1 Chemical Species Chemical 
Formula 

20-yr 
DGWP2 

100-yr 
DGWP2 

20-yr 
IGWP3 

100-yr 
IGWP3 

OFP4 

(g O3/g 
species) 

SOAP5 

(%) 
20-yr 
IGWPODP

6 
100-yr 
IGWPODP

7 

Greenhouse 
Gases 
(GHG) 

FW, GW Methane CH4 81.2 28 NA NA 0.014 NA NA NA 
Nitrous Oxide N2O 273 273 NA NA NA NA NA NA 

AppW, C&D, AW CFC-11 CCl3F 7430 5560 NA NA NA NA − 2460 − 2860 
CFC-12 CCl2F2 11,400 11,200 NA NA NA NA − 1210 − 2050 
CFC-113 C2Cl3F3 12,400 6520 NA NA NA NA − 1450 − 2180 
CFC-114 C2Cl2F4 8260 9430 NA NA NA NA − 1308.3 − 880 
HCFC-21 CHCl2F 575 160 NA NA NA NA − 310 − 67.8 
HCFC-22 CHClF2 5690 1960 NA NA NA NA − 98 − 98 
HCFC-141b CCl2FCH3 2710 860 NA NA NA NA − 760 − 250 
HCFC-142b C2H3ClF2 5510 2300 NA NA NA NA − 320 − 160 
HFC-134a CH2FCF3 4140 1260 NA NA NA NA NA NA 
HFC-152a C2H4F2 591 164 NA NA NA NA NA NA 
HFC-245fa CF3CH2CHF2 3170 962 NA NA NA NA NA NA 
HFC-365mfc C4H5F5 2920 914 NA NA NA NA NA NA 
Halon-1211 CBrClF2 4920 1930 NA NA NA NA − 18,960 − 18,500 

Reduced Sulfur 
Compounds 
(RSC) 

FW, GW, C&D Carbonyl sulfide COS NA NA 0 0 NA NA NA NA 
Di-methyl sulfide C2H6S NA NA 0 0 NA NA NA NA 
Di-methyl disulfide C2H6S2 NA NA 0 0 NA NA NA NA 
Carbon disulfide CS2 NA NA 0 0 NA NA NA NA 

Halogenated 
Hydrocarbons 
(HH) 

TW, HCW, PW Chloroform CHCl3 74.2 20.6 0 0 0.0255 NA NA NA 
Methyl chloroform C2H3Cl3 567 161 0 0 0.0052 NA − 990 − 310 
Carbon tetrachloride CCl4 3810 2200 0 0 NA NA − 3020 − 2610 
Methylene chloride CH2Cl2 40.2 11.2 0 0 0.0491 NA NA NA 
Trichloroethylene C2HCl3 0.158 0.044 7.05 2.11 0.746 NA NA NA 
Tetrachloroethylene C2Cl4 22.8 6.34 3.13 0.93 0.0373 NA NA NA 
Methyl chloride CH3Cl 19.9 5.54 1.20 0.36 0.042 NA NA NA 
Bromomethane CH3Br 8.74 2.43 1.92 0.60 0.0206 NA − 4280 − 1210 
Dibromomethane CH2Br2 5.45 1.51 0 0 NA NA NA NA 
Bromodichloromethane CHBrCl2 NA NA 0 0 NA NA NA NA 
Bromoform CHBr3 NA NA 0 0 NA NA NA NA 
Chloroethane C2H5Cl 1.73 0.481 4.37 1.31 0.343 NA NA NA 
1,2-Dichloroethane C2H4Cl2 4.68 1.3 0 0 0.228 NA NA NA 
1,2-Dibromoethane C2H4Br2 3.67 1.02 0 0 0.108 NA NA NA 

Organic (Alkyl) 
Nitrates 
(ON) 

OBP Methyl Nitrate CH3NO3 NA NA 0 0 NA NA NA NA 
Ethyl Nitrate C2H5NO3 NA NA 1.24 0.33 NA NA NA NA 
Isopropyl nitrate C3H7NO3 NA NA 1.88 0.52 NA NA NA NA 
N-propyl nitrate C3H7HO3 NA NA 6.28 1.90 NA NA NA NA 
2-butyl nitrate C4H9NO3 NA NA 6.37 1.89 NA NA NA NA 

Alkanes 
(Alk) 

PW, HCW, CW, 
PaW, PapW 

Ethane C2H6 1.57 0.437 18.60 5.90 0.321 NA NA NA 
Propane C3H8 0.072 0.02 18.30 5.80 0.563 NA NA NA 
i-Butane C4H10 NA NA 14.12 4.44 1.3 NA NA NA 
n-Butane C4H10 0.022 0.006 10.50 3.20 1.33 NA NA NA 
i-Pentane C5H12 NA NA 15.99 5.05 1.65 NA NA NA 
n-Pentane C5H12 NA NA 20.70 6.60 1.56 NA NA NA 
n-Hexane C6H14 NA NA 21.30 6.80 1.55 NA NA NA 
n-Undecane C11H24 NA NA 11.09 3.40 0.849 2.5 NA NA 

Alkenes 
(Alke) 

PW, HCW, CW, 
PaW, PapW 

Ethene C2H4 NA NA 10.80 3.30 8.64 0.3 NA NA 
Propene C3H6 NA NA 11.70 3.60 10.8 NA NA NA 
1-Butene C4H8 NA NA 7.05 2.11 9.3 NA NA NA 
i-Butene C4H8 NA NA 4.95 1.45 5.37 NA NA NA 
trans-2-butene C4H8 NA NA 4.88 1.43 12.5 NA NA NA 
cis-2-butene C4H8 NA NA 4.70 1.37 12.2 NA NA NA 
1-Pentene C5H10 NA NA 6.85 2.04 6.92 NA NA NA 
Isoprene C5H8 NA NA 3.88 1.10 9.71 0.6 NA NA 

Aldehydes/ 
Alkynes 
(Ald/Alky) 

PW, HCW, CW, 
PaW, PapW 

Ethyne C2H2 NA NA 7.38 2.22 0.944 NA NA NA 
Acetaldehyde C2H4O NA NA 2.44 0.64 6.07 NA NA NA 
Butanal C4H8O NA NA 5.49 1.62 5.73 NA NA NA 

Aromatic 
Hydrocarbons 
(Ar) 

FW, HCW, CW, 
PCPW, HSPW, 
PW, PaW, TW, 
FuW 

Benzene C6H6 NA NA 3.88 1.10 0.787 2.6 NA NA 
Toluene C7H8 NA NA 3.88 1.10 4.02 5.4 NA NA 
Ethylbenzene C8H10 NA NA 10.86 3.34 3.11 5.4 NA NA 
m + p-Xylene C8H10 NA NA 10.20 3.11 4.3 3.15 NA NA 
o-Xylene C8H10 NA NA 10.12 3.08 7.17 5 NA NA 
i-Propylbenzene C9H12 NA NA 0 0 2.58 4 NA NA 
n-Propylbenzene C9H12 NA NA 0 0 2.15 1.6 NA NA 
3-Ethyltoluene (M) C9H12 NA NA 0 0 6.7 6.3 NA NA 
4-Ethyltoluene (P) C9H12 NA NA 10.90 3.34 4.28 2.5 NA NA 
2-Ethyltoluene (O) C9H12 NA NA 11.07 3.39 5.33 5.6 NA NA 
1–3-5- 
Trimethylbenzene 

C9H12 NA NA 9.15 2.77 9.35 2.9 NA NA 

(continued on next page) 
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Table A1 (continued ) 

Chemical Family 
(Abbr.) 

Sources1 Chemical Species Chemical 
Formula 

20-yr 
DGWP2 

100-yr 
DGWP2 

20-yr 
IGWP3 

100-yr 
IGWP3 

OFP4 

(g O3/g 
species) 

SOAP5 

(%) 
20-yr 
IGWPODP

6 
100-yr 
IGWPODP

7 

1,2,3- 
Trimethylbenzene 

C9H12 NA NA 8.23 2.46 9.86 3.6 NA NA 

1,2,4- 
Trimethylbenzene 

C9H12 NA NA 8.27 2.47 7.88 2 NA NA 

Monoterpenes 
(Mon) 

GW, PCPW, 
C&D, HCW, 
HSPW 

α-pinene C10H16 NA NA 2.54 0.70 4.02 30 NA NA 
β-pinene C10H16 NA NA 2.54 0.70 3.47 30 NA NA 
Limonene C10H16 NA NA 2.54 0.70 4.06 NA NA NA 

Alcohols 
(Alc) 

FW, HCW, 
PCPW, HSPW 

Methanol CH4O NA NA 5.50 1.60 0.668 NA NA NA 
Ethanol C2H6O NA NA 6.27 1.88 1.79 NA NA NA 
Isopropanol C3H8O NA NA 7.67 2.31 0.644 NA NA NA 
2-Butanol C4H10O NA NA 8.84 2.69 1.52 NA NA NA 

Ketones 
(Ket) 

FW, HCW, 
PCPW, HSPW 

Acetone C3H6O 0.5 0.5 1.15 0.30 0.343 NA NA NA 
Butanone C4H8O NA NA 4.81 1.39 1.53 NA NA NA 
Methylisobutylketone C6H12O NA NA 7.54 2.27 3.81 NA NA NA 

1Adapted from Nair et al. (2019). FW = food wastes; PapW = paper wastes; GW = green wastes (i.e., yard trimmings); C&D = construction and demolition wastes (e.g., 
concrete, metal, wood, drywall); AW = auto-wastes; TW = textile wastes (i.e., clothes, carpet); HCW = household cleaning wastes; PW = plastic wastes; OBP =
oxidation byproduct of NMVOCs in the landfill environment; CW = cooking wastes (i.e., charcoal, propane fuels); PCPW = personal care product wastes (i.e., shampoo, 
toothpaste); HSPW = household spray product wastes (i.e., air fresheners); PaW = paint wastes; FuW = furniture wastes; AppW = appliance wastes. 
2All DGWP values obtained from IPCC (2021). 
3Select IGWP values obtained from Johnson and Derwent (1996), Collins et al. (2002), Hodnebrog et al. (2018), and all other IGWP values were interpolated based on 
atmospheric reactivity. 
4Carter (2010). 
5Grosjean and Seinfeld (1989). 
6Daniel et al. (1995). 
7WMO (2018). 
NANot available and/or reported from the literature. 
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