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ABSTRACT: To provide information for greenhouse gas
reduction policies, the California Air Resources Board (CARB)
inventories annual emissions of high-global-warming potential
(GWP) fluorinated gases, the fastest growing sector of greenhouse
gas (GHG) emissions globally. Baseline 2008 F-gas emissions
estimates for selected chlorofluorocarbons (CFC-12), hydro-
chlorofluorocarbons (HCFC-22), and hydrofluorocarbons (HFC-
134a) made with an inventory-based methodology were compared
to emissions estimates made by ambient-based measurements.
Significant discrepancies were found, with the inventory-based
emissions methodology resulting in a systematic 42% under-
estimation of CFC-12 emissions from older refrigeration equip-
ment and older vehicles, and a systematic 114% overestimation of
emissions for HFC-134a, a refrigerant substitute for phased-out CFCs. Initial, inventory-based estimates for all F-gas emissions
had assumed that equipment is no longer in service once it reaches its average lifetime of use. Revised emission estimates using
improved models for equipment age at end-of-life, inventories, and leak rates specific to California resulted in F-gas emissions
estimates in closer agreement to ambient-based measurements. The discrepancies between inventory-based estimates and
ambient-based measurements were reduced from −42% to −6% for CFC-12, and from +114% to +9% for HFC-134a.

1.0. INTRODUCTION

The fastest rising sector of greenhouse gas (GHG) emissions
globally are from the high-global-warming potential (GWP)
substitutes to ozone-depleting substances (ODS), primarily
hydrofluorocarbons (HFCs),1,2 which have 100-year GWPs up
to thousands of times greater than carbon dioxide.3 HFCs are
synthetic gases used in refrigeration, air conditioning, insulating
foams, solvents, aerosol products, and fire protection. In 2012,
HFC emissions were estimated to contribute to approximately
1 to 2% of all global GHG emissions in carbon dioxide (CO2)-
equivalents (using 100-year GWP values).1 By 2050, without
reduction measures in place, HFC emissions are likely to
contribute between 9 and 19% of all global GHG emissions (on
a CO2-equivalent basis).2 Additionally, ODS including

chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons
(HCFCs) are also important high-GWP compounds that
continue to contribute significantly to GHG emissions,
although their use is being phased out as part of the Montreal
Protocol.4,5

The California Global Warming Solutions Act of 2006,
Assembly Bill 32 (AB 32) requires California to reduce
greenhouse gas (GHG) annual emissions to 1990 levels by
2020, a reduction of 16% below estimated business-as-usual
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emissions in 2020 without AB 32 regulations in place.6

Additional GHG emission reductions are required by California
Executive Order S-3-05 which sets a long-term goal of 80%
reduction of GHG emissions in California between 1990 and
2050.7 The California Air Resources Board (CARB), tasked
with implementing AB 32 to reduce GHG emissions,
recognizes HFCs and other high-GWP ODS substitutes as
the fastest-growing GHG sector. CARB also continues to
monitor ODS emissions and develop measures to reduce their
emissions.
A necessary first step in managing and reducing emissions of

high-GWP GHGs was for CARB to develop a state-specific
inventory of emissions from high-GWP fluorinated gases
(commonly referred to as “F-gases”) that include the following
32 F-gases estimated to comprise more than 99% of all F-gas
emissions (by mass and by CO2-equivalents) in California:

• CFCs: CFC-11 (CCl3F), CFC-12 (CCl2F2), CFC-113
(C2F3Cl3), CFC-114 (C2F4Cl2), and CFC-115 (C2F5Cl)

• HCFCs: HCFC-22 (CHClF2), HCFC-123 (C2HF3Cl2),
HCFC-124 (C2HF4Cl), HCFC-141b (C2H3FCl2),
HCFC-142b (C2H3F2Cl), and HCFC-225ca/cb (50−
50 blend of C3HF5Cl2 isomers)

• HFCs: HFC-23 (CHF3), HFC-32 (CH2F2), HFC-43−
10mee (C5H2F10), HFC-125 (C2HF5), HFC-134a
(C2H2F4), HFC-143a (C2H3F3), HFC-152a (C2H4F2),
HFC-227ea (C3HF7), HFC-236fa (C3H2F6), HFC-245fa
(C3H3F5), and HFC-365mfc (C4H5F5)

• Perfluorocarbons (PFCs) and perfluoropolyethers
(PFPEs): PFC-14 (CF4), PFC-116 (C2F6), PFC-218
(C3F8), PFC-318 (C4F8), and PFC/PFPEs (used as a
proxy for a diverse collection of PFCs and PFPEs
employed for solvent applications)

• Brominated fluorocarbon fire suppressants (Halons):
Halon 1211 (CF2ClBr), and Halon 1301 (CF3Br)

• Miscellaneous F-gases: Sulfur hexafluoride (SF6), nitro-
gen trifluoride (NF3), and sulfuryl fluoride (SO2F2)

F-gas emission estimates in California are based upon a
bottom-up inventory methodology developed by CARB staff.

2.0. INITIAL METHODOLOGY AND RESULTS
The initial methodology used to estimate high-GWP F-gas
emissions in California were not based on data or emission
factors that were regional or state-specific, but were simply
scaled-down from U.S. EPA national estimates.8

2.1. Initial Methodology Using Scaled National
Estimates. F-gas emission estimates for California were first
derived in 2007 from population proportion scaling of the
results of the national Vintaging Model developed by the U.S.
EPA.8,9 The Vintaging Model was developed as a tool for
estimating the annual chemical emissions from industrial
sectors that have historically used ozone-depleting substances
(ODSs) in their products, or use ODS substitutes, including
HFCs. The model name refers to the fact that it tracks the use
and emissions of annual “vintages” of equipment that enter
service in a given production year. The Vintaging Model is a
“bottom-up” model that utilizes information regarding the
annual market size, growth, amount of the chemical required by
each unit of equipment, chemical substitute history, amount of
F-gas used during equipment lifetime, and emission losses at
end-of-life.9

Emission sectors reported in the Vintaging Model include
commercial refrigeration, domestic refrigeration, industrial

process refrigeration, mobile air conditioning, stationary air-
conditioning (AC) large commercial, stationary AC small
commercial, stationary AC residential, transport refrigeration,
metered dose inhaler (MDI) aerosol propellants, non-MDI
aerosol propellants, solvents, fire suppressants, and insulating
foam.
To preserve confidential industry data, emissions of specific

compounds are not reported, but are instead aggregated by
group as CFC, HCFC, HFC, or Halons, and reported as CO2-
equivalent GHG emissions (using 100-year GWPs). Therefore,
the Vintaging Model could not be used in isolation to estimate
emissions of specific compounds such as CFC-12, HCFC-22,
and HFC-134a from specific emission sectors. It should be
noted that the U.S. EPA “Inventory of U.S. Greenhouse Gas
Emissions and Sinks: 1990−2011” does show the GHG
emissions for the following specific fluorinated compounds:
HFC-23, HFC-32, HFC-125, HFC-134a, HFC-143a, HFC-
236fa, and CF4 (PFC-14).10 Although the specific emission
estimates are an improvement over aggregated HFC and PFC
emission estimates shown in the Vintaging Model, the available
data were still not sufficient to estimate the emissions of specific
compounds from specific emission sectors.

2.2. Initial MethodologyApplying State-Specific
Data. Inventory estimates of F-gas emissions have historically
used records of reported production and sales, and applied
estimated emission factors that describe the delays between
manufacture and emissions to the atmosphere based on the
various uses.11−13 However, this approach is no longer valid for
ODS such as CFCs and HCFCs that have ceased production.
The banks of existing ODS in equipment and materials now
determine current emissions. The emissions from banks of
ODS are often difficult to estimate due to incomplete data on
the types and numbers of equipment that continue to use ODS
refrigerant, or the amount of products and materials still in use
or landfilled that contain ODS. Further complicating emission
estimates of ODS are unreported amounts of stockpiling,
recycling, black market smuggling across borders, and possible
illicit production.14

Since 2007, CARB has steadily refined the initial F-gas
emission estimates by replacing scaled-down Vintaging Model
estimates with California state-specific emission estimates as
additional state-specific data became available. CARB used the
U.S. EPA Vintaging Model as a starting point, and further dis-
aggregated the 14 emission sectors into the following 30
subsectors, as shown in Table 1.
For each emission subsector, an emissions estimates

methodology was developed, using accepted methodologies
for ODS substitutes emissions as recommended by the IPCC
guidelines for estimating GHG emissions.15 The emissions
estimates methodology is comprehensively described in the
Supporting Information for this paper, and summarized below.
For commercial stationary refrigeration and air-conditioning

(AC) subsectors, we analyzed more than 30 000 refrigeration
and AC equipment refrigerant usage records from 2002−2010
as reported to the South Coast Air Quality Management
District (SCAQMD) in compliance with Rule 1415, “Reduction
of Refrigerant Emissions from Stationary Refrigeration and Air
Conditioning Systems”.16,17 The refrigerant usage records were
used to determine types of systems used, average charge sizes
(capacity of refrigerant), annual leak rates, and types of
refrigerant used. For residential refrigeration and AC, CARB-
sponsored original research was reported by Mathis et al.,
2011.18
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Mobile vehicle AC emissions and transport emissions were
estimated by CARB by developing a methodology to determine
the number of units, charge sizes, annual refrigerant loss rates,
and end-of-life refrigerant losses. The methodology relies on
vehicle data and emissions using the CARB EMissions FACtor
model (EMFAC), and the OFFROAD model. Significant new
research was also conducted by the authors to develop an
emissions methodology to determine emissions from the
remaining F-gas emissions sectors. Details are provided in the
Supporting Information.
For each emissions subsector, an emissions profile was

developed, which includes types and number of units
[equipment or material], average lifetime of equipment/
material, types and distribution of F-gases used in sector,
average F-gas charge per unit, average annual leak or loss rate,
and average loss rate of F-gases at equipment/material end-of-
life. Annual emissions from each of the emission subsectors
were calculated using the following basic formula:

=

× ‐ ×

+

× ‐

×

emissions [number of units (equipment in use)

average F gas charge/unit average annual 

leak or loss rate]

[number of units reaching EOL

average F gas charge/unit

average loss rate at EOL]

where EOL denotes end-of-life.
Emissions by mass were then proportionally distributed to

specific F-gas compounds by the actual equipment/material
distribution for each F-gas. Several emission sectors that do not
use banked amounts of F-gases in equipment are considered
100% emissive, with emissions equal to usage for the following
sectors: MDIs, consumer product and commercial/industrial
aerosol propellant, medical sterilants, industrial solvents,
semiconductor manufacturing, sulfuryl fluoride, and sulfur
hexafluoride in all uses except electric switchgear.15

An important outcome of conducting a state or regional-
specific F-gas emissions inventory (rather than relying on
scaled-down national estimates) was highlighted by the
discovery of a regional anomaly of relatively high GHG
emissions in California from sulfuryl fluoride (SO2F2), a non-
ODS pesticide fumigant substitute for methyl bromide. Sulfuryl
sulfide has an estimated 100-year GWP value of 4780.19−21

Although not included in the U.S. EPA GHG inventory, and
regarded by the European Commission as contributing “a
negligible share of global greenhouse gases”, between 50 to 60%
of the entire global usage of sulfuryl fluoride takes place in
California, with estimated emissions of 960 metric tonnes (4.6
MMTCO2E) in 2008, or 9% of all F-gas emissions in California
(51.0 MMTCO2E) by GHG CO2-equivalents (for comparison,
all non-F-gas GHG emissions in CA in 2008 were 471.4
MMTCO2E).

22−24

2.2.1. Selecting F-Gases for Comparison of Inventory-
Based Emissions Estimates with Ambient-Based Emissions
Estimates. After inventory-based F-gas emission estimates had
been completed for emissions year 2008, as part of a quality
assurance/quality control check, the emissions estimates were
compared to ambient-based emission estimates from air
samples collected at Mount Wilson in Los Angeles County,
California. Bottom-up inventory-based emissions for 2008 in
California at a state-wide level were scaled to the population
proportion of the Los Angeles County Air Basin.
For comparison, we began with bottom-up inventory

emission estimates of representative F-gases from the three
main groups studied (CFCs, HCFCs, and HFCs), selecting the
F-gases with the estimated highest emissions (by mass or by
GHG CO2-equivalents) for each group: CFC-12 for CFCs,
HCFC-22 for HCFCs, and HFC-134a for HFCs. Using the
inventory-based emissions estimates from the first refinement
of the emissions model, the three selected F-gases (CFC-12,
HCFC-22, and HFC-134a) were estimated to represent
approximately 70% of F-gas emissions by mass, and 65% of
F-gas emissions by GHG CO2-equivalents. An additional
rationale for our selection is that each F-gas represented one
of the three “generations of refrigerants”, with each generation
displaying slightly different emission patterns. The CFCs (first
generation) were phased out of production by the end of 1995,
and much of their emissions would be expected at equipment
EOL. HCFCs (second generation) would not begin phase-

Table 1. F-Gas Emission Sectors and Subsectors Used To
Determine California High-GWP Emissions

emission sector of F-gas subsector description

aerosol propellants (MDI) metered dose inhalers (MDI)
aerosol propellants (non-MDI) consumer product and commercial/

industrial aerosols
commercial refrigeration and AC
large (>22.7 kg [50 lbs] systems)

centralized system ≥907.2 kg (2 000 lbs)
centralized system 90.7 to <907.2 kg
(200 to <2 000 lbs.)

centrifugal chiller ≥907.2 kg (2 000 lbs)
centrifugal chiller 90.7 to <907.2 kg (200
to <2 000 lbs)

chiller packaged 90.7 to <907.2 kg (200
to <2 000 lbs)

cold storage ≥907.2 kg (2 000 lbs)
cold storage 90.7 to <907.2 kg (200 to
<2 000 lbs)

process cooling ≥907.2 kg (2 000 lbs)
refrigerated condensing units 22.7 to
≤90.7 kg (50 to ≤200 lbs)

unitary AC 22.7 to ≤90.7 kg (50 to
≤200 lbs)

commercial refrigeration and AC
small (≤22.7 kg [50 lbs]
systems)

refrigerated condensing units ≤22.7 kg
(50 lbs)

unitary AC ≤22.7 kg (50 lbs)
fire suppressant fire suppressant
fluorinated pesticides sulfuryl fluoride fumigant
foam insulating foam (appliance building refrigeration

equipment transport marine
buoyancy)

industrial industrial solvents
semiconductor manufacturing
sulfur hexafluoride uses

medical medical sterilants
mobile and transport light duty (LD) vehicle AC

heavy duty (HD) vehicle (non-bus) AC
bus AC
off-road heavy duty vehicle
transport refrigerated units (TRUs)
including rail cars

refrigerated shipping containers
ships (marine vessels)

residential residential refrigerator-freezers
residential AC
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down in new equipment until 2010 for HCFC-22 (the most
common HCFC used), and would represent a class of F-gases
used continuously for several decades, with a balance of
emissions from annual use and EOL. HFCs (third generation),
developed as substitutes to ODSs, were not in common use
until after 1995, and as a newer class of refrigerants, we expect
emissions from active use to be greater than EOL emissions.
2.2.2. Ambient-Based Emissions Estimates Methodology.

An air quality monitoring station adjacent to the Mount Wilson
Observatory in Los Angeles County was installed in April 2007
to study GHG emissions in the Los Angeles (LA) urban area.
Mt. Wilson is a prominent peak located in northern LA
County. The monitoring station is south-facing, overlooking
the LA metropolitan area and is an ideal site to collect air
samples from the LA urban plume due to the strong and rapid
upslope flow of well-mixed air from the urban lowland during
daylight hours,25 with reversed subsidence flow replacing the
urban air with air from the lower free troposphere at night. Air
samples were collected using hourly canister sampling for
comprehensive organic gases and carbon monoxide (CO)
during four intensive sampling periods: April 28th to May sixth,
2007; September 8th to 16th, 2007; November 10th to 18th,
2007; and February 9th to 17th, 2008.26 Canister samples were
quantified with a gas chromatography system (GCs) calibrated
immediately before organic gases analysis. Three HP 6890s
form the core of the analytical system. Electron-capture
detectors (ECD, sensitive to halocarbons and alkyl nitrates),
and a quadrupole mass spectrometer (MS, for unambiguous
compound identification and selected ion monitoring) were
employed. We sampled for a suite of 54 hydrocarbons,
halocarbons, and alkyl nitrates by cryogenic preconcentration
and split injection into a multicolumn/detector GC system,
which is described in detail by Gorham et al., 2010.27 Absolute
accuracy is estimated to vary from 2% to 10%. The limit of
detection is less than 0.1 parts per trillion by volume (pptv) for
the halocarbons of interest and the precision is 1% to 5%. The
whole air samples were also analyzed for CO using a separate
GC system that employed a packed column separation followed
by catalytic conversion of CO to methane and subsequent
detection by FID. The limit of detection for CO is 1 part per
billion by volume (ppbv), with an accuracy of 5% and 4 ppbv
precision.
Atmospheric measurements of the ratio of the selected F-gas

(CFC, HCFC, or HFC) to carbon monoxide (CO) (CFC:CO,
HCFC:CO, or HFC:CO) are combined with measured CO
emission rates. The selected F-gas emissions were estimated by
scaling from estimates of CO emissions using the enhancement
ratio of concentrations above background.
F-gas emission studies in California show that several F-gases

and carbon monoxide exhibit good collocation, which indicates
that F-gases are correlated with urban CO emissions from
human activities, and tend to be well-mixed in urban areas in
the atmosphere before reaching the sampling site.28−30 For
example, Barletta et al., 2013, notes, “Considering that most
HCFC and HFC emissions are released from refrigeration and
stationary and mobile air conditioning systems, HCFC and
HFC emissions will be collocated with CO emissions related to
residential and commercial activities and to transportation. In
the SoCAB [Southern California Air Basin], transportation
dominates CO emissions (light-duty trucks and passenger
vehicles emit about 43% of CO in the SoCAB) ... as a result,
CO and halocarbon emissions are relatively well collocated as
indicated by the regression analysis.”30

The relationship between the interested halocarbons and CO
mixing ratios measured between 11 am and 6 pm at the Mount
Wilson monitoring station during the four discrete seasonal
campaigns shows a good linear correlation, indicating that these
gases are well mixed before reaching the Mount Wilson site and
source contributions of these compounds are reasonably
consistent. The accuracy of the “top-down” approach utilized
for Mount Wilson ambient air measurements relies both on the
quality of the CARB CO inventory, which has been developed
over decades using extensive monitoring programs with
validation from ambient ratio studies, tunnel studies, fuel-
based inventories, and remote sensing techniques;31−34 and on
the validity of the assumption that the approximately constant
CFC-12, HCFC-22, and HFC-134a to CO ratios observed at
Mount Wilson is representative of the total emission of the LA
County area. Additional details on the ambient air measure-
ments are provided in the Supporting Information.

2.3. Initial Results. Large discrepancies were apparent
when emission estimates were compared between the results of
the ambient-based and inventory-based estimates, as shown in
Figure 1.

Ambient-based air measurement emission estimates shown in
blue are compared to the initial, unrefined inventory-based
emission estimates shown in red. CFC-12 ambient-based
emissions estimates were 303 ± 33 MT vs 177 ± 39 MT for
inventory-based estimates. HCFC-22 ambient-based emissions
estimates were 1987 ± 173 MT vs 2602 ± 472 MT for
inventory-based estimates. HFC-134a ambient-based emissions
estimates were 1097 ± 52 MT vs 2345 ± 516 MT for
inventory-based estimates. (A description of the uncertainty
analysis is included in the Supporting Information.)
The initial inventory-based emission estimates were less than

ambient-based emission estimates for CFC-12 by −42%;
greater than ambient-based emission estimates for HCFC-22
by 31%, and also greater for HFC-134a by 114%.
Uncertainty levels for inventory-based emission estimates

were relatively higher at plus or minus 14 to 25%, compared to
the uncertainty levels of ambient-based measurements, which
ranged from plus or minus 5 to 11%. Therefore, it was assumed
that the ambient-based emission estimates were likely to be
more accurate than bottom-up inventory-based emission

Figure 1. Los Angeles County, California; selected F-gas emissions
estimates in metric tonnes (MT) for 2008, ambient-based vs
inventory-based.
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estimates that often rely on incomplete data and best estimates
of F-gas usage and equipment numbers.14 The discrepancy in
emission results served as a catalyst for CARB staff to develop a
more refined methodology for inventory-based emissions
estimates. To determine the cause of the discrepancies from
the inventory-based methodology, we first had to analyze the
underlying assumptions and factors used to estimate F-gas
emissions.

3.0. REFINED METHODOLOGY
Analysis of initial results: In the initial inventory-based
estimates, emissions of CFC-12 were apparently under-
estimated, and emissions of HFC-134a were apparently
overestimated. A preliminary explanation for the discrepancy
was that an overestimation was made of the magnitude and rate
at which HFC-134a had replaced CFC-12. It was known that
by 1996, HFC-134a had made a complete replacement of CFC-
12 for new vehicles in the mobile vehicle AC sector, and also
for new appliances in the residential refrigerator-freezer sector.4

The emissions methodology refinement began with these two
sectors because it was known that their F-gas emissions of
CFC-12 and HFC-134a were inversely related, that is,
emissions had to be either CFC-12 or HFC-134a (except for
a small amount of HCFC-22 emissions from bus AC systems).
The causes of the apparent 31% overestimate of HCFC-22

emissions were analyzed further to ascertain which, if any,
emissions methodology factors or assumptions were contribu-
ting to a discrepancy with ambient air estimates. Unlike HFC-
134a, HCFC-22 was not a replacement for CFC-12, but had
been in use in parallel with CFC-12 for many years, which
indicated that the discrepancy of the HCFC-22 emissions
would not be related to a phase-out of CFCs. Additionally, for
all 30 emissions sectors and 32 F-gases investigated, all
emission factors and assumptions used to estimate inventory-
based emissions were compared to previously published usage,
emission factors, and assumptions, and emission assessments of
ODS and ODS substitutes, including U.S. EPA stud-
ies,8−10,35−38 IPCC reports,15,39 United Nations Environment
Programme (UNEP) Reports,40−44 and technical associations
and consultant reports.45−51

3.1. Equipment Age at End-of-Life Oversimplification
Skews Emission Estimates. After all the assumptions and
emissions input factors for each of the 30 emission subsectors
and all F-gases had been compared to previous research and
emissions inventory reports, several factors were selected for
additional improvement/refinement, which included updating
assumed refrigerant leak rates during lifetime of the equipment
and at the end of equipment useful life (EOL), speciating all
refrigerants used in a given equipment production year (rather
than grouping similar refrigerant classes together), and
conducting additional research on the number of commercial
facilities in California with stationary refrigeration systems.
However, the assessment indicated that the strongest possibility
for improving emission estimates could be through additional
refinement of the assumptions regarding age of refrigeration
and AC equipment at EOL. An overly simplistic approach had
been employed that assumed that all equipment from a given
production year (or vintage) is in use until average lifetime is
reached, at which time all of the equipment retires and none is
used past its average lifetime.
The 0 to 100% retirement (within one year) assumption

does not adequately represent an expected normal distribution
curve of equipment retirement, with some of the equipment

retiring before or after the age of average lifetime; and would
not adequately estimate EOL emissions for equipment using
recently introduced F-gases, or those that have been phased-out
of production and are no longer used in newer equipment.
For example, for residential appliances with an average

lifetime of 14 years, it had been assumed that all CFC-
containing refrigerator-freezers manufactured before 1996
would reach EOL before 2009. Beginning in disposal year
2009, no CFC-containing appliances would be within the mix
of appliances reaching EOL.18 Similarly, on the basis of U.S.
EPA Vintaging Model outputs, it was assumed that all mobile
AC emissions by 2010 would be HFC-134a, with no emissions
of CFC-12.8 However, additional information on appliance
recycling and auto dismantling indicated that appliances and
vehicles containing CFC-12 were in fact, still being recycled as
of 2010.35,52,53 The existing simplistic application of age of
equipment at end-of-life resulted in a systematic, compounding
effect of under-estimating emissions of F-gases from older
equipment, while overestimating emissions of F-gases from
newer equipment. The net results were to significantly
underestimate CFC emissions, and significantly overestimate
HFC emissions.
A less simplistic methodology was needed to develop more

accurate equipment age distributions at end-of-life. Studies
available on equipment and appliance retirement age (EOL)
indicate a normal distribution curve represents actual appliance
and equipment retirement ages.54−57 Using retirement age data
and regression curves, it is shown that appliances begin to retire
almost immediately after their year of manufacture, with the
longest tail-end of equipment functioning until 200% the age of
the average lifetime of the equipment.
We applied the normal distribution of functional life and

retirement age, or “survival curve” to the emission equations for
all refrigeration and AC equipment. Data are lacking on the
retirement ages of very large commercial refrigeration and AC
equipment, therefore, it was assumed that commercial equip-
ment follows a similar functional life and retirement age curve
(“survival curve”) as smaller equipment. See Figure 2 for a
comparison of equipment survival curves.
Figure 2 shows survival curves that include the original,

unrefined “curve” used, shown as a dashed green line, where all
equipment is in use until average lifetime is reached, at which

Figure 2. Equipment end-of-life function curve (“survival curve”).
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time all equipment reaches EOL. The normal distribution
survival curve is shown as a red dotted line. For comparison
purposes, an average lifetime curve for household appliances
(refrigerator-freezers) as sampled is shown as a blue line with
blue dots, which compares closely to the normalized survival
curve.57

The normal distribution survival curve indicates that half of
all equipment are still in use at the time of average lifetime of
equipment. Thus, the previously used equipment retirement
model of 100% retirement at average equipment lifetime
resulted in significant underestimates of CFCs (used in
equipment manufactured prior to 1995), and overestimates of
replacements to CFCs, primarily HFCs.

4.0. REFINED RESULTS AND DISCUSSION
The discrepancies between ambient-based and inventory-based
emission estimates were reduced for the selected F-gases. The
refined emission estimates for 2008 for the selected F-gases are
shown in Figure 3.

Ambient air emission estimates shown in blue are compared
to the refined inventory-based emission estimates (dark-striped
bars) for selected F-gases. Unrefined estimates shown in red are
also included for comparison to the refined estimates.
For the refined estimates, ambient estimates remain the

same. CFC-12 ambient-based emissions estimates were 303 ±
33 MT vs 286 ± 57 MT for the refined inventory-based
estimates. HCFC-22 ambient-based emissions estimates were
1987 ± 173 MT vs 1959 ± 480 MT for inventory-based
estimates. HFC-134a ambient -based emissions estimates were
1097 ± 52 MT vs 1192 ± 165 MT for inventory-based
estimates.
The discrepancies between inventory-based estimates and

ambient-based measurements were reduced as follows: from
−42% to −6% for CFC-12; from +31% to −1% for HCFC-22;
and from +114% to +9% for HFC-134a. The reassessment of
EOL emissions assumptions was the primary factor in reducing
discrepancies in CFC-12 and HFC-134a, while the reduced
discrepancy for HCFC-22 was primarily due to a refinement
(decrease) in the number of facilities containing large HCFC-
22 refrigeration or AC systems (based on CARB direct surveys

on commercial business and industry refrigerant usage).58 In
addition to the three representative F-gases, all sectors and F-
gas emission estimates were refined by applying EOL emission
refinements and other emission estimate refinements as
described in the Supporting Information document. Table 2
shows refined, inventory-based emissions estimates in Cal-
ifornia in 2008 for all 32 F-gases investigated.
In addition to closer agreement between inventory-based and

ambient-based emission estimates in 2008 for CFC-12, HCFC-
22, and HFC-134a; as a follow-up comparison to alternate
ambient-based emissions estimates, we compared the 2010
inventory-based emission estimates to the findings of Barletta et
al., 2013,30 from the California Research at the Nexus of Air
Quality and Climate Change (CalNex 2010) sampling, which
showed a continuing close agreement for HCFC-22 emissions,
with ambient-based measurements (in the Southern California
Air Basin) of 3170 ± 340 MT, compared to inventory-based
estimates 2985 ± 730 MT (6% less than ambient-based
estimates). Additionally, there was close agreement for the
ambient-based emissions estimates in 2010 of HCFC-124,
HCFC-141b, HCFC-142b, and HFC-152a compared to the
CARB inventory-based estimates.30

Refined emission estimates for F-gases have also been
calculated for years 1990 through 2050 in California (back-cast
revisions and forward projections were applied); the refined
emissions estimates for years 2000−2011 have been used in the
official CARB greenhouse gas inventory.24 Emission trends are
shown in Figure 4.

The vertical axis shows emissions by MMTCO2E for the four
main groups of F-gases studied: CFCs, HCFCs, HFCs, and all
other non-ODS, non-HFC F-gases. GWP values are from the
Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report of 2007 (AR4) 100-year GWP values. CFC
emissions are shown in blue, HCFC emissions are shown in
gold, HFC emissions are shown in red, and all other F-gases are
shown in blue diagonal stripes. By 2050, ODS emissions will be
negligible, but the HFC and ODS substitutes emissions are
estimated to increase from 24.5 MMTCO2E in 2012 to
approximately 50 MMTCO2E, by 2050, a 100% increase.
The long-term GHG emissions goal in California is no

greater than 85 MMTCO2E emissions annually from all sources
by the year 2050 (80% reduction from baseline year 1990 levels
of 427 MMTCO2E).

7 However, if the emissions trends of ODS

Figure 3. Los Angeles County, California; selected F-gas emissions
estimates in metric tonnes for 2008, ambient-based vs inventory-based
(unrefined and refined estimates).

Figure 4. California estimated emissions, 1990−2050, for fluorinated
gas groups of CFCs, HCFCs, HFCs, and all other F-gases.
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substitutes continue, this emissions sector alone will comprise a
full 59% of all GHG emissions in California.
4.1. Discussion. F-Gas emission estimates derived by

inventory-based methods differed significantly for selected
representative F-gases when compared to ambient-based
measurements. A comparison between the results of the two
methods led to a reassessment of all assumptions and input
factors to estimate emissions using an inventory-based
methodology. A systematic bias was revealed where it was
assumed that all equipment would be removed from service
once it had reached its average lifetime. Although the approach
has been used to help simplify emission calculations in the

past,8,18 it leads to an underestimate of older chemicals phased
out of production such as CFCs; and leads to an overestimate
for newer replacement chemicals such as HFCs.
An implication of the findings is that inventory-based

emission estimates must periodically be compared to actual
ambient-based measurements and emissions estimates to assist
in assessing the reasonableness of the inventory-based emission
estimates. Another implication of the findings is that previously
used inventory-based methods have likely underestimated ODS
emissions, due to an underestimate of stockpiled chemicals and
usage in older equipment.

Table 2. High-GWP Emissions in California, 2008. Shown by Speciated Compound. Statewide Results Are Shown in
MMTCO2E, Kilograms, and kg/capita

F-gas or high-GWP gas
inventoried

GWP
valuea

2008 MMTCO2E
stateb

percent of total high-GWP GHG emissions
(by CO2E)

2008 kg
stateb

2008
kg/capitab

CFC-11 4750 6.24 12.1% 1 300 000 0.035
CFC-12 10900 11.72 22.8% 1 100 000 0.028
CFC-113c 6130 0.09 0.2% 15 000 0.0004
CFC-114 10000 0.20 0.4% 20 000 0.0005
CFC-115 7370 0.50 1.0% 68 000 0.002
HCFC-22 1810 13.34 26.0% 7 400 000 0.19
HCFC-123 77 0.01 0.01% 80 000 0.002
HCFC-124 609 0.16 0.31% 260 000 0.007
HCFC-141b 725 0.26 0.5% 360 000 0.01
HCFC-142b 2310 0.17 0.3% 72 000 0.002
HCFC-225 ca/cb 359 0.02 0.04% 51 000 0.001
Halon 1211 1890 0.01 0.01% 3 600 0.0001
Halon 1301 7140 0.07 0.1% 10 200 0.0003
HFC-23d 14800 0.08 0.1% 5 100 0.0001
HFC-32 675 0.10 0.2% 150 000 0.004
HFC-43−10mee 1640 0.03 0.05% 17 000 0.0005
HFC-125 3500 2.11 4.1% 600 000 0.016
HFC-134a 1430 6.41 12.5% 4 500 000 0.118
HFC-143a 4470 2.23 4.3% 500 000 0.013
HFC-152a 124 0.40 0.8% 3 200 000 0.085
HFC-227ea 3220 0.14 0.3% 43 000 0.001
HFC-236fa 9810 0.10 0.2% 11 000 0.0003
HFC-245fa 1030 0.53 1.0% 520 000 0.014
HFC-365mfc 794 0.0003 0.001% 400 0.00001
PFC-14 7390 0.17 0.3% 23 000 0.001
PFC-116 12200 0.48 0.9% 39 000 0.001
PFC-218 8830 0.01 0.03% 1 600 0.00004
PFC-318 10300 0.01 0.02% 1 100 0.00003
PFC/PFPEse 9300 0.002 0.004% 200 0.00001
NF3 17200 0.17 0.3% 9 800 0.0003
SF6 22800 1.02 2.0% 45 000 0.001
SO2F2 4780 4.60 9.0% 960 000 0.025

totals 51.4 100% 21 400 000
aGWP values are 100-year time horizon GWP values from the IPCC Fourth Assessment Report of 2007.3 bRefined emission estimates have the
following uncertainties: ±20% for CFC-12 and ±17% for all other CFCs and Halons; ±25% for HCFC-22 and ±24% for all other HCFCs; ±14%
for HFC-134a and ±15% for all other HFCs; and ±13% for all other F-gases (PFCs, PFC/PFPEs, NF3, SF6, and SO2F2). The unrefined emission
estimates uncertainty had been aggregated for all F-gases at ±22%. cAccording to the California Office of Environmental Health Hazard Assessment
(OEHHA), continuing illegal importation of CFC-113 from Mexico to California, used in the clandestine manufacture of methamphetamines,
contributes an additional, but unknown amount of CFC-113 in California.59 dIn California, the minimal HFC-23 emissions are from its use in the
semiconductor manufacturing industry, not from HCFC-22 production, which produces the majority of global HFC-23 emissions as an incidental
and generally undesired byproduct. Although HCFC-22 will be phased out of production and import in the U.S. by 2020, it will continue to be
produced globally for use as a feedstock for fluoropolymer production. Therefore, global HFC-23 emissions will continue to be a concern.60 eFor
PFC/PFPEs, CARB follows the protocol established by the U.S EPA, which uses PFC/PFPEs as a proxy for a diverse collection of PFCs and PFPEs
employed for solvent applications. For estimating purposes, the 100-year IPCC AR4 GWP value used for PFC/PFPEs was based upon C6F14 (PFC-
5-1-14, or perfluorohexane).10
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Although a production and import phase-out of CFCs by
December 31, 1995 was enacted in the U.S., CFCs continue to
be a major source of GHG radiative forcing. We estimate that
in 2010, CFC-12 contributed 3.2% of all F-gas emissions by
mass, but due to its high GWP of 10900, comprised 16% of all
GHG emissions by CO2-equivalents from F-gases. If GHG and
ODS reduction programs were to continue or expand their
scope, they could further mitigate the continuing ODS
emissions such as CFC-12, which will likely continue through
2020.61

The likely ongoing emissions of CFCs more than 25 years
after final phase-out of production is a realistic model for
expected and continued emissions of HCFCs, which were
phased-down from maximum production between 2003 and
2010,5 and may serve as a cautionary tale when developing
phase-out schedules for HFC production and import, with
global consumption and emissions expected to increase five to
ten times the present levels by 2050.2 Large commercial
refrigeration equipment can still be in operation for up to 27 to
40 years.54,62 Therefore, equipment manufactured prior to the
2010 phase-down of HCFC-22 could be expected to still be in
use until 2036 to 2050. For the mobile vehicle AC emissions
sector, we can expect HFC-134a emissions to continue many
years after a complete conversion of new model year vehicles to
low-GWP alternatives.
ODS no longer produced have proven to be more persistent

in use and emissions than previously believed. As with the
persistence of ODS emissions, it is also reasonable to expect a
similarly lengthy impact from HFC-containing equipment, even
if an HFC phase-down were to begin immediately. The mass of
F-gas emissions continues to increase annually; therefore, if
reduction of the GHG impact from HFC sources were to be
made, a rapid transition to lower-GWP replacements would
result in significant reductions of GHG impacts from F-gases,
but not until existing banks of high-GWP F-gases become
depleted, which would take several decades after complete
phase-out of HFCs.

■ ASSOCIATED CONTENT

*S Supporting Information
Additional information for the F-gas inventory-based emissions
estimates methodology and refinements: a comprehensive
description of inventory-based emissions methodology, F-gas
emission trends in California, and correlation charts for F-gases
to carbon monoxide. This material is available free of charge via
the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: ggallagh@arb.ca.gov.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

For their generous assistance to the authors and to the
understanding of fluorinated gas emissions, the authors thank
the staff of the California Air Resources Board, Jeff Austin of
CARB, the staff of the U.C. Irvine Department of Chemistry,
and the U.S. EPA Stratospheric Protection Division. The
authors wish to thank the anonymous reviewers for helpful
comments.

■ REFERENCES
(1) Benefits of Addressing HFCs under the Montreal Protocol; United
States Environmental Protection Agency (U.S. EPA), Stratospheric
Protection Division, Office of Atmospheric Programs, Office of Air and
Radiation: Washington, DC, June 2012; http://www.epa.gov/ozone/
d o w n l o a d s /
Benefits%20of%20Addressing%20HFCs%20Under%20the%20Mon
treal%20Protocol,%20June%202012.pdf.
(2) Velders, G. J. M.; Fahey, D. W.; Daniel, J. S.; McFarland, M.;
Anderson, S. O. The large contribution of projected HFC emissions to
future climate forcing. Proc. Natl. Acad. Sci. U.S.A. July 7, 2009, 106
(Number 27), 10949−10954, DOI: 10.1073/pnas.0902817106.
(3) . Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change. Climate
Change 2007The Physical Science Basis; Intergovernmental Panel on
Climate Change (IPCC): Geneva, 2007; section 2.10.2: Direct Global
Warming Potentials. Table 2.14 “Lifetimes, radiative efficiencies and
direct (except for CH4) GWPs relative to CO2; http://www.ipcc.ch/
publications_and_data/ar4/wg1/en/ch2s2-10-2.html.
(4) United States Environmental Protection Agency Stratospheric
Protection Division, Phaseout of Class I Ozone-Depleting Substances;
http://www.epa.gov/ozone/title6/phaseout/classone.html (accessed
August 2013).
(5) United States Environmental Protection Agency Stratospheric
Protection Division, HCFC Phaseout Schedule; http://www.epa.gov/
ozone/title6/phaseout/classtwo.html (accessed August 2013).
(6) Final Supplement to the AB 32 Scoping Plan Functional Equivalent
Document; California Air Resources Board: Sacramentos, CA, August
19, 2011; http://www.arb.ca.gov/cc/scopingplan/fed.htm.
(7) California Executive Order S-3-05. Executive Order establishing
the following greenhouse gas emission reduction targets for California:
“by 2010, reduce GHG emissions to 2000 levels; by 2020, reduce
GHG emissions to 1990 levels; by 2050, reduce GHG emissions to 80
percent below 1990 levels”. Executive Department, State of California:
June 1, 2005; http://www.climatechange.ca.gov/state/executive_
orders.html.
(8) United States Environmental Protection Agency, Stratospheric
Protection Division, Vintaging Model U.S. Emissions from CFCs,
HCFCs, HFCs, and Halons, spreadsheet summary of emissions, and
supporting documentation for equipment emissions, supplied to the
California Air Resources Board 25 April 2008.
(9) Godwin, D. S.; Van Pelt, M. M.; Peterson, K. Modeling Emissions
of High Potential Warming Gases. Vintaging Model Presentation at 12th
Annual Emission Inventory Conference, San Diego, 2003; http://
www.epa.gov/ttn/chief/conference/ei12/green/godwin.pdf.
(10) Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990−
2011, U.S. Environmental Protection Agency: Washington, DC, April
12, 2013; document no. EPA 430-R-13-001; http://www.epa.gov/
climatechange/emissions/usinventoryreport.html.
(11) McCulloch, A.; Ashford, P.; Midgley, P. M. Historic emissions
of fluorotrichloromethane (CFC-11) based on a market survey. Atmos.
Environ. 2001, 35 (Issue 26), 4387−4397, DOI: 10.1016/S1352-
2310(01)00249-7.
(12) McCulloch, A.; Ashford, P.; Midgley, P. M. Releases of
refrigerant gases (CFC-12, HCFC-22 and HFC-134a) to the
atmosphere. Atmos. Environ. 2003, 37 (Issue7), 889−902,
DOI: 10.1016/S1352-2310(02)00975-5.
(13) Daniel, J. S.; Velders, G. J. M.; Solomon, S.; McFarland, M.;
Montzka, S. A. Present and future sources and emissions of
halocarbons: Toward new constraints. J. Geophys. Res. 2007, 112,
D02301 DOI: 10.1029/2006JD007275.
(14) Millet, D.; Atlas, E.; Blake, D.; Blake, N.; Diskin, G.; Holloway,
J.; Hudman, R.; Meinardi, S.; Ryerson, T.; Sachse, G. Halocarbon
Emissions from the United States and Mexico and Their Global
Warming Potential. Environ. Sci. Technol. 2009, 43, 1055−1060,
DOI: 10.1021/es802146j.
(15) Industrial Processes and Product Use; 2006 IPCC Guidelines for
National Greenhouse Gas Inventories, Volume 3; Intergovernmental

Environmental Science & Technology Article

dx.doi.org/10.1021/es403447v | Environ. Sci. Technol. 2014, 48, 1084−10931091

http://pubs.acs.org
mailto:ggallagh@arb.ca.gov
http://www.epa.gov/ozone/downloads/Benefits%20of%20Addressing%20HFCs%20Under%20the%20Montreal%20Protocol,%20June%202012.pdf
http://www.epa.gov/ozone/downloads/Benefits%20of%20Addressing%20HFCs%20Under%20the%20Montreal%20Protocol,%20June%202012.pdf
http://www.epa.gov/ozone/downloads/Benefits%20of%20Addressing%20HFCs%20Under%20the%20Montreal%20Protocol,%20June%202012.pdf
http://www.epa.gov/ozone/downloads/Benefits%20of%20Addressing%20HFCs%20Under%20the%20Montreal%20Protocol,%20June%202012.pdf
http://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch2s2-10-2.html
http://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch2s2-10-2.html
http://www.epa.gov/ozone/title6/phaseout/classone.html
http://www.epa.gov/ozone/title6/phaseout/classtwo.html
http://www.epa.gov/ozone/title6/phaseout/classtwo.html
http://www.arb.ca.gov/cc/scopingplan/fed.htm
http://www.climatechange.ca.gov/state/executive_orders.html
http://www.climatechange.ca.gov/state/executive_orders.html
http://www.epa.gov/ttn/chief/conference/ei12/green/godwin.pdf
http://www.epa.gov/ttn/chief/conference/ei12/green/godwin.pdf
http://www.epa.gov/climatechange/emissions/usinventoryreport.html
http://www.epa.gov/climatechange/emissions/usinventoryreport.html


Panel on Climate Change (IPCC): Geneva, 2006; http://www.ipcc-
nggip.iges.or.jp/public/2006gl/vol3.html.
(16) South Coast Air Quality Management District (SCAQMD),
Rule 1415 “Reduction of Refrigerant Emissions from Stationary
Refrigeration and Air Conditioning Systems” biannual reporting data,
reporting years 2000−2006, submitted by commercial facilities with
refrigeration or air-conditioning systems containing more than 50
pounds of ozone-depleting refrigerant. Report data supplied by
SCAQMD to the California Air Resources Board, September 2008.
(17) South Coast Air Quality Management District (SCAQMD),
Rule 1415 “Reduction of Refrigerant Emissions from Stationary
Refrigeration and Air Conditioning Systems” biannual reporting data,
reporting years 2007−2010, submitted by commercial facilities with
refrigeration or air-conditioning systems containing more than 50
pounds of ozone-depleting refrigerant. Report data supplied by
SCAQMD to the California Air Resources Board, October 2012.
(18) Mathis, P.; Wagner, M.; Forgie, J. Lifecycle Analysis of High-
Global Warming Potential Greenhouse Gas Destruction; Final Report of
research project 07-330; ICF International: Fairfax, VA, October 2011;
http://www.arb.ca.gov/research/rsc/10-28-11/item7dfr07-330.pdf.
(19) Papadimitriou, V. C.; Portmann, R. W.; Fahey, D. W.; Mühle, J.;
Weiss, R. F.; Burkholder, J. B. Experimental and theoretical study of
the atmospheric chemistry and global warming potential of SO2F2. J.
Phys. Chem. A 2008, 112, 12657−12666, DOI: 10.1021/jp806368u.
(20) Mühle, J.; Huang, J.; Weiss, R.F.; Prinn, R.G.; Miller, B.R.;
Salameh, P.K.; Harth, C.M.; Fraser, P.J.; Porter, L.W.; Greally, B.R.;
O’Doherty, S.; Simmonds, P. G. Sulfuryl Fluoride in the Global
Atmosphere. J. Geophys. Res. 2009, 114, 16 DOI: 10.1029/
2008JD011162.
(21) Sulbaek-Anderson, M. P.; Blake, D. R.; Rowland, F. S.; Hurley,
M. D.; Wallington, T. J. Atmospheric Chemistry of Sulfuryl Fluoride:
Reaction with OH Radicals, Cl Atoms and O3, Atmospheric Lifetime,
IR Spectrum, and Global Warming Potential. Environ. Sci. Technol.
2009, 43 (4), 1067−1070, DOI: 10.1021/es802439f.
(22) European Commission Sulfuryl fluoride policy, as stated in
European Parliament, Parliamentary Questions, 15 June 2009. E-
3098/2009. Answer given by Mr. Dimas on behalf of the European
Commission to the European Parliament (concerning possible
inclusion of sulfuryl fluoride in Annex 1 to Directive 91/414/EEC
of 15 July 1991, concerning the placing of plant protection products
on the market). http://www.europarl.europa.eu/sides/getAllAnswers.
do?reference=E-2009-3098&language=EN (accessed November
2013).
(23) Summary of Pesticide Use Report Data 2011 - Indexed by
Chemical, California Department of Pesticide Regulation (DPR); June
2013. Available at: http://www.cdpr.ca.gov/docs/pur/pur11rep/11_
pur.htm.
(24) California Air Resources Board, California Greenhouse Gas
Inventory Data, 2000−2011. Available at: http://www.arb.ca.gov/cc/
inventory/data/data.htm.
(25) Stolzenbach, K. D., Lu, R., Xiong, C., Friedlander, S., Turco, R.,
Schiff, K., Tiefenthaler, L., 2001. Measuring and Modeling of
Atmospheric Deposition on Santa Monica Bay and the Santa Monica
Bay Watershed. Final Report to the Santa Monica Bay Restoration
Project, September 2001. ftp://ftp.sccwrp.org/pub/download/
DOCUMENTS/TechnicalReports/346_smb_atmospheric_
deposition.pdf.
(26) Hsu, Y. K.; VanCuren, T.; Park, S.; Jakober, C.; Herner, J.;
FitzGibbon, M.; Blake, D. R.; Parrish, D. D. Methane emissions
inventory verification in southern California. Atmos. Environ. 2010, 44,
1−7, DOI: 10.1016/j.atmosenv.2009.10.002.
(27) Gorham, Katrine A.; Blake, Nicola J.; VanCuren, Richard A.;
Fuelberg, Henry E.; Meinardi, Simone; Donald, R. Blake Seasonal and
diurnal measurements of carbon monoxide and nonmethane hydro-
carbons at Mt. Wilson, California: Indirect evidence of atomic Cl in
the Los Angeles basin. Atmos. Environ. 2010, 44, 2271−2279,
DOI: 10.1016/j.atmosenv.2010.04.019.
(28) VanCuren, R. A., 2008. Inferring High-GWP Emissions from
the Los Angeles Urban Area by Association with Common Air

Pollutant Species. American Geophysical Union, Fall Meeting 2008;
Vol. 89, abstract A53H-02.
(29) Barletta, B.; Nissenson, P.; Meinardi, S.; Dabdub, D.; Sherwood
Rowland, F.; VanCuren, R. A.; Pederson, J.; Diskin, G. S.; Blake, D. R.
HFC-152a and HFC-134a emission estimates and characterization of
CFCs, CFC replacements, and other halogenated solvents measured
during the 2008 ARCTAS campaign (CARB phase) over the South
Coast Air Basin of California. Atmos. Chem. Phys. 2011, 11 (Number
6), 2655−2669, DOI: 10.5194/acp-11-2655-2011.
(30) Barletta, B.; Carreras-Sospedra, M.; Cohan, A.; Nissenson, P.;
Dabdub, D.; Meinardi, S.; Atlas, E.; Lueb, R.; Holloway, J. S.; Ryerson,
T. B.; Pederson, J.; VanCuren, R. A.; Blake, D. R. Emission estimates
of HCFCs and HFCs in California from the 2010 CalNex study. J.
Geophys. Res. Atmos. 2013, 118, 2019−2030, DOI: 10.1002/
jgrd.50209.
(31) Singer, B.; Harley, R. A. A fuel-based inventory of motor vehicle
exhaust emissions in the Los Angeles area during summer 1997. Atmos.
Environ. 2000, 34, 1783−1795.
(32) Marr, L. C.; Black, D. R.; Harley, R. A. Formation of
photochemical air pollution in central California 1. Development of a
revised motor vehicle emission inventory. J. Geophys. Res. 2002, 107
(D6), 4047 DOI: 10.1029/2001JD000689.
(33) Wenzel, T., Use of California remote sensing pilot project data
for on-road fleet and emissions characterization, and evaluation of the
Enhanced Smog Check program. Final Report October 2005 to
California Bureau of Automotive Repair and California Air Resources
Board. Eastern Research Group: Sacramento, CA, 2005; www.arb.ca.
gov/msprog/smogcheck/may07/fleetassmt.pdf.
(34) Wunch, D., Wennberg, P. O., Toon, G. C., Keppel-Aleks, G.,
Yavin, Y. G. Methane, nitrous oxide, carbon dioxide and carbon
monoxide emissions in the South Coast air basin from September
2007 through June 2008. Presented at the 2008 American Geophysical
Union (AGU) meeting, San Francisco, CA, Dec 15−19, 2008; http://
www.agu.org/meetings/fm08/.
(35) Responsible Appliance Disposal (RAD) Program; Annual Report;
US EPA: Washington DC, 2011; http://www2.epa.gov/rad/
responsible-appliance-disposal-program-2011-annual-report.
(36) Global Mitigation of Non-CO2 Greenhouse Gases; United States
Environmental Protection Agency: Washington, DC, June 2006;
Document number EPA 430-R-06-005; http://www.epa.gov/
climatechange/EPAactivities/economics/nonco2mitigation.html.
(37) The U.S. Solvent Cleaning Industry and the Transition to Non
Ozone Depleting Substances; ICF Consulting: September 2004; http://
www.epa.gov/ozone/snap/solvents/EPASolventMarketReport.pdf.
(38) Essential Uses of CFCs for Metered-Dose Inhalers. U.S. EPA Ozone
Layer Protection web page updated June 11, 2011; http://www.epa.
gov/ozone/title6/exemptions/essential.html.
(39) Safeguarding the Ozone Layer and the Global Climate System
Issues Related to Hydrofluorocarbons and Perfluorocarbons; Inter-
governmental Panel on Climate Change (IPCC) and United Nations
Environment Programme (UNEP) Technology and Economic
Assessment Panel (TEAP): 2005; http://www.ipcc.ch/pdf/special-
reports/sroc/sroc_full.pdf.
(40) Montreal Protocol on Substances that Deplete the Ozone Layer
UNEP 2010 Report of the Medical Technical Options Committee 2010
Assessment Report; United Nations Environment Programme (UNEP):
2010; http://ozone.unep.org/Assessment_Panels/TEAP/Reports/
MTOC/.
(41) Montreal Protocol on Substances that Deplete the Ozone Layer
UNEP 2010 Report of the Foams Technical Options Committee 2010
Rigid and Flexible Foams Report; United Nations Environment
Programme (UNEP): 2010; http://ozone.unep.org/Assessment_
Panels/TEAP/Reports/FTOC/index/shtml.
(42) Montreal Protocol on Substances that Deplete the Ozone Layer
2006 Report of the Halons Technical Options Committee 2006
Assessment; United Nations Environment Programme (UNEP):
2007; http://ozone.unep.org/teap/Reports/HTOC/2006_HTOC_
Assessment_Report_2006.pdf.

Environmental Science & Technology Article

dx.doi.org/10.1021/es403447v | Environ. Sci. Technol. 2014, 48, 1084−10931092

http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol3.html
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol3.html
http://www.arb.ca.gov/research/rsc/10-28-11/item7dfr07-330.pdf
http://www.europarl.europa.eu/sides/getAllAnswers.do?reference=E-2009-3098&language=EN
http://www.europarl.europa.eu/sides/getAllAnswers.do?reference=E-2009-3098&language=EN
http://www.cdpr.ca.gov/docs/pur/pur11rep/11_pur.htm
http://www.cdpr.ca.gov/docs/pur/pur11rep/11_pur.htm
http://www.arb.ca.gov/cc/inventory/data/data.htm
http://www.arb.ca.gov/cc/inventory/data/data.htm
ftp://ftp.sccwrp.org/pub/download/DOCUMENTS/TechnicalReports/346_smb_atmospheric_deposition.pdf
ftp://ftp.sccwrp.org/pub/download/DOCUMENTS/TechnicalReports/346_smb_atmospheric_deposition.pdf
ftp://ftp.sccwrp.org/pub/download/DOCUMENTS/TechnicalReports/346_smb_atmospheric_deposition.pdf
www.arb.ca.gov/msprog/smogcheck/may07/fleetassmt.pdf
www.arb.ca.gov/msprog/smogcheck/may07/fleetassmt.pdf
http://www.agu.org/meetings/fm08/
http://www.agu.org/meetings/fm08/
http://www2.epa.gov/rad/responsible-appliance-disposal-program-2011-annual-report
http://www2.epa.gov/rad/responsible-appliance-disposal-program-2011-annual-report
http://www.epa.gov/climatechange/EPAactivities/economics/nonco2mitigation.html
http://www.epa.gov/climatechange/EPAactivities/economics/nonco2mitigation.html
http://www.epa.gov/ozone/snap/solvents/EPASolventMarketReport.pdf
http://www.epa.gov/ozone/snap/solvents/EPASolventMarketReport.pdf
http://www.epa.gov/ozone/title6/exemptions/essential.html
http://www.epa.gov/ozone/title6/exemptions/essential.html
http://www.ipcc.ch/pdf/special-reports/sroc/sroc_full.pdf
http://www.ipcc.ch/pdf/special-reports/sroc/sroc_full.pdf
http://ozone.unep.org/Assessment_Panels/TEAP/Reports/MTOC/
http://ozone.unep.org/Assessment_Panels/TEAP/Reports/MTOC/
http://ozone.unep.org/Assessment_Panels/TEAP/Reports/FTOC/index/shtml
http://ozone.unep.org/Assessment_Panels/TEAP/Reports/FTOC/index/shtml
http://ozone.unep.org/teap/Reports/HTOC/2006_HTOC_Assessment_Report_2006.pdf
http://ozone.unep.org/teap/Reports/HTOC/2006_HTOC_Assessment_Report_2006.pdf


(43) Montreal Protocol on Substances that Deplete the Ozone Layer
2006 Report of the Chemical Technical Options Committee 2006
Assessment; United Nations Environment Programme (UNEP): 2007;
http://ozone.unep.org/teap/Reports/CTOC/ctoc_assessment_
report06.pdf.
(44) Montreal Protocol on Substances that Deplete the Ozone Layer
UNEP 2010 Report of the Refrigeration, Air Conditioning and Heat
Pumps Technical Options Committee 2010 Assessment; United Nations
Environment Programme (UNEP): February 2011; http://ozone.
unep.org/Assessment_Panels/TEAP/Reports/RTOC/RTOC-
Assessment-report-2010.pdf.
(45) Development of the GHG Refrigeration and Air Conditioning
Model; Final Report. ICF International: December 2011; http://www.
decc.gov.uk/assets/decc/11/cutting-emissions/3844-greenhouse-gas-
inventory-improvement-project-deve.pdf.
(46) Vincent, R.; Cleary, K.; Ayala, A.; Corey, R. Emissions of HFC-
134a from Light-Duty Vehicles in California. SAE Tech. Pap. 2004,
2256 http://papers.sae.org/2004-01-2256/.
(47) Schwarz, W.; Gschrey, B.; Leisewitz, A.; Herold, A.; Gores, S.;
Papst, I.; Usinger, J.; Oppelt, D.; Croiset, I.; Pedersen, P. H.;
Colbourne, D.; Kauffeld, M.; Kaar, K.; Lindborg, A. Preparatory study
for a review of Regulation (EC) No 842/2006 on certain fluorinated
greenhouse gases; Final Report. European Commission: September
2011; Service Contract No 070307/2009/548866/SER/C4; ec.
europa.eu/clima/policies/f-gas/docs/2011_study_en.pdf.
(48) Tremoulet, A.; Riachi, Y.; Sousa, D.; Palandre, L.: Clodic, D.
Evaluation of the Potential Impact of Emissions of HFC-134a From Non
Professional Servicing of Motor Vehicle Air Conditioning Systems; Final
Report. California Air Resources Board: December 2008; research
project 06-341; http://www.arb.ca.gov/research/apr/past/06-341.pdf.
(49) Church, S.; Ayala, A.; Hughes, P.; Corey, R. CO2 Emission
Quantification from Vehicle Air Conditioning Operation in California-
Specific Conditions. California Air Resources Board staff presentation at
7th Society of Automotive Engineers (SAE) Automotive Alternate
Refrigerant Systems Symposium, June 27−29, 2006; http://www.arb.
ca.gov/cc/hfc-mac/hfcdiy/references/references.htm.
(50) Initial Statement of Reasons for Proposed Regulation for Small
Containers of Automotive Refrigerant, December 2008. California Air
Resources Board; http://www.arb.ca.gov/regact/2009/hfc09/hfcisor.
pdf.
(51) Baker, R.; Burnette, A. Characterizing MAC Refrigerant Emissions
from Heavy-duty On and Offroad Vehicles in California; Final Report.
Eastern Research Group (ERG) Inc.: September 2010; research
project 06−342; www.arb.ca.gov/research/apr/past/06-342.pdf.
(52) Wimberger, E. Emissions of HFC-134a in Auto Dismantling and
Recycling; Final Report. University of California at Davis: October 15,
2009, revised July 16, 2010; research project 06-334; http://www.arb.
ca.gov/research/apr/past/06-334.pdf.
(53) Wimberger, E. Emissions of HFC-134a in Auto Dismantling and
Recycling; California Air Resources Board; Sacramento, CA, 15
September 2010; http://www.arb.ca.gov/research/seminars/
wimberger/wimberger.pdf.
(54) Welch, C.; Rogers, B. Estimating the Remaining Useful Life of
Residential Appliances; Navigant Consulting, Inc. 2010; http://eec.
ucdavis.edu/ACEEE/2010/data/papers/1977.pdf.
(55) Weibull, W. A statistical distribution function of wide
applicability. J. Appl. Mech.-Trans. ASME 1951, 18 (3), 293−297.
(56) Lawless, Jerald, F. Statistical Models and Methods for Lifetime
Data, 2nd ed.; Wiley: Hoboken, NJ: 2003.
(57) Calabrese, D. Appliance Recycling & Accelerated Replacement,
Association of Home Appliance Manufacturers, October, 2004; at the
2004 National Appliance Partner Meeting, October 4−5, 2004;
Chicago, Illinois; http://www.energystar.gov/ia/partners/downloads/
Plenary_C_David_Calabrese.pdf.
(58) California Air Resources Board (CARB), Refrigerant Manage-
ment Program (RMP). Ongoing direct outreach and surveys by CARB
from 2008 through 2013 to businesses potentially affected by the
CARB rule “Regulation for the Management of High Global Warming
Potential Refrigerants for Stationary Sources”. Four separate mail-out

surveys to more than 7000 businesses conducted from 2008−2012,
with follow-up phone calls and e-mails. http://www.arb.ca.gov/cc/
reftrack/reftrack.htm.
(59) Update of the Freon 113 Public Health Goal; California Office of
Environmental Health Hazard Assessment (OEHHA); February 8,
2011. http://oehha.ca.gov/water/phg/pdf/Freon113_021011.pdf.
(60) Miller, B. R.; Kuijpers, L. J. M. Projecting future HFC-23
emissions. Atmos. Chem. Phys. 2011, 11, 13259−13267, DOI: 10.5194/
acp-11-13259-2011.
(61) Velders, G. J. M.; Anderson, S. O.; Daniel, J. S.; Fahey, D. W.;
McFarland, M. The importance of the Montreal Protocol in protecting
climate. Proc. Natl. Acad. Sci. U.S.A. 2007, 104 (Number 12), 4814−
4819, DOI: 10.1073/pnas.0610328104.
(62) Saba, S.; Slim, R.; Palandre, L.; Clodic, D. Inventory of Direct and
Indirect GHG Emissions from Stationary Air conditioning and
Refrigeration Sources, with Special Emphasis on Retail Food Refrigeration
and Unitary Air Conditioning; Final Report. Armines Center for Energy
and Processes (ARMINES): March 2009; CARB Research Project 06-
325; http://www.arb.ca.gov/research/apr/past/06-325.pdf.

Environmental Science & Technology Article

dx.doi.org/10.1021/es403447v | Environ. Sci. Technol. 2014, 48, 1084−10931093

http://ozone.unep.org/teap/Reports/CTOC/ctoc_assessment_report06.pdf
http://ozone.unep.org/teap/Reports/CTOC/ctoc_assessment_report06.pdf
http://ozone.unep.org/Assessment_Panels/TEAP/Reports/RTOC/RTOC-Assessment-report-2010.pdf
http://ozone.unep.org/Assessment_Panels/TEAP/Reports/RTOC/RTOC-Assessment-report-2010.pdf
http://ozone.unep.org/Assessment_Panels/TEAP/Reports/RTOC/RTOC-Assessment-report-2010.pdf
http://www.decc.gov.uk/assets/decc/11/cutting-emissions/3844-greenhouse-gas-inventory-improvement-project-deve.pdf
http://www.decc.gov.uk/assets/decc/11/cutting-emissions/3844-greenhouse-gas-inventory-improvement-project-deve.pdf
http://www.decc.gov.uk/assets/decc/11/cutting-emissions/3844-greenhouse-gas-inventory-improvement-project-deve.pdf
http://papers.sae.org/2004-01-2256/
ec.europa.eu/clima/policies/f-gas/docs/2011_study_en.pdf
ec.europa.eu/clima/policies/f-gas/docs/2011_study_en.pdf
http://www.arb.ca.gov/research/apr/past/06-341.pdf
http://www.arb.ca.gov/cc/hfc-mac/hfcdiy/references/references.htm
http://www.arb.ca.gov/cc/hfc-mac/hfcdiy/references/references.htm
http://www.arb.ca.gov/regact/2009/hfc09/hfcisor.pdf
http://www.arb.ca.gov/regact/2009/hfc09/hfcisor.pdf
www.arb.ca.gov/research/apr/past/06-342.pdf
http://www.arb.ca.gov/research/apr/past/06-334.pdf
http://www.arb.ca.gov/research/apr/past/06-334.pdf
http://www.arb.ca.gov/research/seminars/wimberger/wimberger.pdf
http://www.arb.ca.gov/research/seminars/wimberger/wimberger.pdf
http://eec.ucdavis.edu/ACEEE/2010/data/papers/1977.pdf
http://eec.ucdavis.edu/ACEEE/2010/data/papers/1977.pdf
http://www.energystar.gov/ia/partners/downloads/Plenary_C_David_Calabrese.pdf
http://www.energystar.gov/ia/partners/downloads/Plenary_C_David_Calabrese.pdf
http://www.arb.ca.gov/cc/reftrack/reftrack.htm
http://www.arb.ca.gov/cc/reftrack/reftrack.htm
http://oehha.ca.gov/water/phg/pdf/Freon113_021011.pdf
http://www.arb.ca.gov/research/apr/past/06-325.pdf



