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EXECUTIVE SUMMARY
The electrification of residential buildings refers to the transition from fossil-fuel-powered appliances 

to electric technologies. Dozens of cities in California have already passed electrification policies to 

ensure new constructions within their jurisdictions are built all-electric. State regulatory agencies 

and utilities are pursuing programs and policies to support residential and commercial building 

electrification as part of meeting the state’s climate and energy goals.

There has been considerable focus on building 

electrification’s potential to reduce greenhouse gas 

emissions, and less focus on how electrification can also 

yield significant air quality and public health benefits. 

California currently faces a global pandemic in which a 

rapidly spreading coronavirus disease, COVID-19, can 

cause severe respiratory illness and even death. New 

evidence suggests that a small increase in long-term 

exposure to fine particulate matter (PM2.5) leads to a 

large increase in the COVID-19 death rate; this further 

establishes the substantial value in protecting the 

population from the respiratory vulnerability caused by 

widespread air pollution. 

Exposure to the pollutants produced from gas appliances 

can be detrimental to human health; thus, one significant 

benefit of replacing natural gas (hereafter referred to 

as “gas”) appliances with electric appliances would 

be the elimination of indoor air pollution that comes 

from burning gas indoors. This report aims to better 

understand the health concerns associated with gas 

appliance use, as well as the health benefits of phasing 

out residential gas appliances in California. 

To systematically evaluate the impact of gas appliances 

on indoor air quality (Section 2), we developed an emis-

sion factor (EF) database, provided an estimate of indoor 

air pollutant concentrations due to gas appliance usage, 

and characterized the associated health impacts. Next, we 

evaluated the potential health co-benefits resulting from 

changes to ambient (outdoor) air quality related to resi-

dential gas appliance electrification (Section 3). This was 

accomplished by estimating the total emission of outdoor 

air pollutants in California due to the use of household gas 

appliances, the reduction in emissions due to residential 

building electrification under a modeled transition scenar-

io, the resulting reduction of premature deaths and cases 

of acute and chronic bronchitis in California, and moneti-

zation of those health benefits. A detailed description of 

the data and methods can be found in Appendix A. 

Key Findings 

INDOOR AIR QUALITY 

• Gas appliances emit a wide range of air pollutants, 
such as carbon monoxide (CO), nitrogen oxides (NOx, 
including nitrogen dioxide (NO2)), particulate matter 
(PM), and formaldehyde, which have been linked to 
various acute and chronic health e�ects, including 
respiratory illness, cardiovascular disease, and 
premature death. 

• Under a hypothetical cooking scenario where a 
stove and oven are used simultaneously for 1 hour, 
peak concentrations of NO2  from cooking with gas 
appliances exceed the levels of acute national and 
California-based ambient air quality thresholds in  
more than 90% of modeled emission scenarios. 

• Concentrations of CO and NO2 resulting from gas 
cooking are the highest for apartments, due to a smaller 
residence size. This presents an additional risk for 
renters, who are often low-income. 

• Increases in indoor air pollutant concentrations can be 
driven by insu�cient ventilation. Surveys show that less 
than 35% of California residents use range hoods when 
cooking — and many homes in the U.S. are lacking range 
hoods or ventilation altogether. 

• The use of kitchen appliances for supplemental heating 
can increase exposure risks, and there is evidence this 
disproportionately a�ects low-income households, 
though more data on the frequency of use is needed to 
quantify the risk to various populations.
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• Environmental justice communities disproportionately 
experience poor housing conditions which can be 
detrimental to health. Concerns related to gas appliance 
use include: the presence of old and unmaintained 
appliances in households, smaller and overcrowded 
residences where air pollution can reach higher 
concentrations, and challenges faced by renters to 
control appliance choices or a�ord maintenance. These 
populations already face cumulative e�ects associated 
with health and environmental injustices more broadly, 
and gas appliance issues can compound this. There are 
significant data gaps regarding equity and the health 
e�ects of gas combustion on low-income and minority 
populations, which should be further explored to 
facilitate a just transition to a low-carbon future. 

• Better regulations and safeguards are needed to protect 
residents from exposure to indoor air pollution from gas 
appliances. Along with replacing gas kitchen appliances 
with electric alternatives, increasing the frequency of 
range hood use and improving the e�cacy of ventilation 
technology would also reduce exposure and protect 
public health.

OUTDOOR AIR QUALITY 

• Gas appliances are also a source of outdoor air pollution, 
and literature shows that the pollutants released by 
combustion can lead to illness and premature death.

• Using the EFs developed in this study’s indoor air 
quality analysis, and assuming all indoor emissions are 
transported to the outdoor environment, we find that 
approximately 12,000 tons of CO and 15,900 tons of 
NOX (see Figure 3-1 in Section 3.2.1) were emitted to 
outdoor air from the use of residential gas appliances in 
California in 2018.

• If all residential gas appliances were immediately 
replaced with clean electric alternatives, the reduction 
of outdoor NOX and PM2.5 would result in 354 
fewer deaths, as well as 596 fewer cases of acute 
bronchitis and 304 fewer cases of chronic bronchitis 
annually in California (Table 3-1). This is equivalent to 
approximately $3.5 billion in monetized health benefits 
over the course of one year. These numbers only 
account for exposures from outdoor air as a result of 
residential electrification; a full exposure assessment 
accounting for indoor exposures would increase the 
total health benefits and the associated economic 
benefits of residential electrification.

In summary, this report contributes to a growing body of 

research quantifying the air quality and health impacts 

from the use of gas appliances in households, and 

highlights several potential benefits, both health-related 

and economic, of residential electrification throughout 

the state of California. While this report provides 

an estimate of emissions, and resulting emission 

reductions from discontinuing the use of gas appliances 

in residences, it does not consider the full spectrum 

of costs and benefits associated with residential 

building electrification. Policymakers and stakeholders 

are encouraged to use this report, alongside existing 

research on building decarbonization, electrification, 

and other related topics, as a tool to develop stronger 

regulations and protections that limit indoor and outdoor 

air pollution from gas appliances, and to support new 

policy development to improve public health, particularly 

for communities disproportionately burdened by 

pollution from fossil fuels. 
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1 INTRODUCTION

i. Though gas has been considered a transitional fuel because it emits less GHGs than other fossil fuels10, evidence indicates that the leakage of methane negates 
the climate benefits of burning gas.11 In addition, the use of fracking for the extraction of gas results in methane leaks and incurs severe environmental and health 
costs; the chemical additives involved in fracking are highly toxic.11–13

1.1. CALIFORNIA’S GAS CONSUMPTION 
AND TRANSITION TO CLEAN ENERGY 

Natural gas (hereafter referred to as “gas”) is one of 

California’s primary energy sources.1 It is a fossil fuel 

consisting of mostly hydrocarbons, the majority of which 

is methane (CH4) - a potent greenhouse gas (GHG). 

In 2018, more than 2.1 trillion cubic feet of gas were 

consumed in California, which accounts for 7.1% of gas 

consumption within the entire United States.1 

In California, gas is used to fuel power plants and certain 

industrial processes, and in buildings for heating and 

cooking. In residences, common gas-powered appliances 

include stoves, ovens, furnaces, water heaters, clothes 

dryers, and fireplaces. Results from the American 

Housing Survey (AHS) indicate that more than 90% of 

California households use gas for at least one purpose, 

and almost 70% of households use gas for cooking.2 

While demand for gas in the power sector is expected 

to drop dramatically as the state implements Senate Bill 

(SB) 100, which calls for 100% carbon-free electricity, 

there is no current statewide policy to address the 

gas that is burned inside California’s buildings, even 

though consumption by residential and commercial 

buildings accounts for 31% of gas use within the state.1 

The residential sector alone accounts for more than 

20% of the state’s gas use.1 Research also indicates 

that residential appliances alone constitute 15% of 

California’s CH4 emissions from gas,3 and overall, 

buildings are responsible for an estimated 25% of all 

GHG emissions in California.4,5 Two-thirds of these are 

caused by onsite combustion of fuel, including gas.5 

While this report focuses on California, it is worth noting 

that the climate e�ects of gas use in buildings are of 

national significance. The United States Environmental 

Protection Agency (US EPA) reported that in 2017, 

gas consumption comprised 89% of direct, fossil-fuel 

carbon dioxide (CO2) emissions from the residential and 

commercial sectors.6

California is a national leader in clean energy and 

climate policy, and has mainly pursued new policies and 

programs to promote building electrification (i.e., the 

transition from fossil-fuel-powered appliances to electric 

technologies) as a climate mitigation strategy.4,7,8 State 

and local agencies have not, for the most part, regulated 

gas appliances or promoted electrification to explicitly 

improve air quality and public health, although agencies 

and reports have noted cleaner air and improved health 

outcomes as a co-benefit of building decarbonization.9 

This research was commissioned to inform the potential 

air quality and health benefits of stricter regulation of gas 

appliances with a goal of improving the state’s air quality 

and population health, and to better understand the co-

benefits of building decarbonization. 

Much recent research surrounding the use of gas as 

an energy source focuses on emissions of GHGs, such 

as carbon dioxide (CO2) as a result of combustion, as 

well as the leakagei of CH4.3,14 Organizations such as 

Energy and Environmental Economics, Inc. (E3) and 

the Electric Power Research Institute (EPRI) have 

conducted comprehensive research for the California 

Energy Commission (CEC) and utility companies on 

decarbonization and building electrification. Findings 

indicate that California residential building electrification 

is a cost-e�ective GHG mitigation tool under many 

circumstances, and would often result in reduced 

consumer household energy costs.4,7 
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1.2. GAS APPLIANCE USE AND 
ASSOCIATED AIR QUALITY AND 
HEALTH OUTCOMES 

Another key area in the literature explores the extent 

of criteria pollutants, such as carbon monoxide (CO), 

nitrogen dioxide (NO2), and particulate matter (PM) 

produced from gas combustion, and the health co-

benefits from GHG reduction tactics due to the reduction 

of these criteria air pollutants, which have a more 

localized and substantial impact on public health than 

GHGs.15 Gas has been marketed as a relatively clean fuel 

because it emits less criteria pollutants compared to 

other fossil fuels, such as coal and oil,16,17 as well as the 

burning of biomass.18,19 However, there are significant 

risks associated with the burning of gas in residences, 

due to the indoor emission of pollutants, such as CO 

and formaldehyde (from incomplete combustion), as 

well as nitrogen oxides (NOX) such as NO2 (caused by 

the oxidation of nitrogen during combustion). Other 

hazardous compounds emitted from the burning of 

gas inside homes include volatile organic compounds 

(VOCs), sulfur oxides, and PM.20 The resulting indoor air 

pollution can have adverse e�ects on human health, as 

Americans spend almost 90% of their time indoors,21 

and a substantial body of literature has established that 

both indoor and outdoor air pollution are notable threats 

to human health.22–24 While many studies have been 

published on the various sources and e�ects of indoor air 

pollution, the extent of the e�ects of residential exposure 

to combusted gas on human health merits additional 

analysis.

Many studies have measured emissions and 

concentration levels of NO2, NOX, PM, formaldehyde, 

and other compounds while appliances were in use. 

Overall, studies have reported higher concentrations 

of CO and NO2 in homes that use gas rather than all-

electric appliances. Although electric appliances do not 

generate emissions from combustion, they can produce 

emissions from other sources, such as the cooking of 

food, or dust on the heating surface.23,25–28 There are 

also numerous studies on cooking activities, which 

also provide evidence of emissions from gas stove and 

oven use, although some emissions are related to the 

cooking style and type of food being cooked, and not 

the fuel that is being used.26,28,29 Additionally, studies 

on the association between gas appliance use and 

health have mixed results, in part due to study design 

limitations, but also due to a lack of data on quantified 

exposures.30,31 The nature of this uncertainty is 

described in further detail in Section 2.1. Studies have 

also demonstrated associations between gas stove 

use and increased respiratory symptoms for household 
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residents, particularly children.32–34 Notably, children had 

lower odds of su�ering from asthma and bronchitis in 

households where adults used ventilation when operating 

gas stoves.35 The California Department of Public Health 

recommends increasing outdoor ventilation and using 

exhaust fans when cooking with gas stoves, and avoiding 

the use of illegal, fuel-burning, unvented gas space 

heaters.36 

Environmental health burdens associated with gas 

appliance use can disproportionately a�ect low-income 

individuals, who are often renters with less control over 

appliance installation and maintenance,37–39 and typically 

living in smaller units, which can result in elevated 

pollutant concentrations.40,41 These issues compound 

the cumulative health e�ects in environmental justice 

communities, populations which currently — and 

historically — have borne a disproportionate burden of 

environmental health risks. 

1.3. SCOPE OF RESEARCH

Considering existing knowledge, as well as specific 

knowledge gaps, this research builds upon work from 

other organizations, including the Lawrence Berkeley 

National Laboratory (LBNL), the California Air Resources 

Board (CARB), the CEC, E3, and EPRI, to conduct a wide-

ranging evaluation of the e�ects of gas appliance use 

on both indoor and outdoor air quality, the associated 

health e�ects and susceptibility of populations, and 

the potential benefits of electrifying residential gas 

appliances throughout the state. We endeavor to 

consider how these issues impact low-income and 

environmental justice communities throughout the 

report.

This report is a synthesis of relevant literature and 

data, incorporating literature primarily focused on the 

21st century in California, and including new secondary 

analyses and modeling to the extent possible. Our 

work is novel in its combination of varying approaches 

of evaluating gas appliances, including: (1) modeling 

a variety of gas cooking exposure scenarios and 

conducting sensitivity analyses accounting for pollutant 

spillage into the indoor environment from four types 

of appliances; (2) an evaluation of exposure and 

vulnerability considerations, including equity-related 

concerns associated with gas appliance use; (3) an in-

depth aggregation of current data on the health impacts 

of pollutants associated with gas combustion; (4) a 

quantitative assessment of outdoor emissions resulting 

from gas appliance use; and (5) a health impact and 

monetary valuation assessment of exposure to those 

outdoor emissions. This assessment aims to help the 

general public and policymakers to better understand the 

potential health impacts associated with gas appliance 

use, as well as the health benefits of phasing out 

residential gas appliances in California. 

In the rest of the report, we separate our analysis into 

two main sections: indoor air quality and health e�ects, 

and outdoor air quality and health e�ects. We start with 

a detailed background section, then present results 

and discussion for each section. We conclude with a 

summary of our findings. The data and methodology can 

be found in Appendix A. 
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2 INDOOR AIR QUALITY AND HEALTH 
EFFECTS

Section 2 is focused on indoor air quality and health e�ects. Section 2.1 provides background 

information from a literature review, and Section 2.2 contains the results and discussion. The 

objectives of this section are to: 

• quantify emission factors of CO, NO2, and NOX from gas appliances in California; 

• evaluate the impact of gas appliance usage on indoor levels of CO, NO2, and NOX, as 

well as their associated health e�ects; and

• qualitatively assess the vulnerability of specific populations to indoor air pollution 

exposures from gas appliance usage, through an equity lens.

In this section of the report, we quantitatively focus 

on three pollutants: CO, NO2, and NOX. We do not 

include other pollutants, such as formaldehyde and PM 

[including ultrafine particles (UFP, particles less than 0.1 

micrometer in size), and fine PM with an aerodynamic 

diameter less than or equal to 2.5 micrometers (PM2.5)], 

due to data paucity and feasibility. However, to the extent 

possible, we do qualitatively assess the emissions and 

associated health e�ects of these additional pollutants. 

Therefore, formaldehyde and PM are mentioned 

throughout the background (Section 2.1), and exposure is 

assessed in various portions of the Results & Discussion 

(Section 2.2). 

2.1. BACKGROUND

This section provides general background information 

from the literature, and further findings based on 

modeling are presented in the results section. In this 

literature review section, we: 

• explore the relationship between gas appliance use and 
indoor air quality by describing findings from relevant 
research studies and reports (2.1.1); 

• define factors associated with pollutant emissions 
(2.1.2) and resulting indoor air concentrations (2.1.3), 
such as appliance ventilation and maintenance, and 
house volume and air exchange rate (AER); 

• clarify the significance of the relationship between 
indoor air pollution and human health, particularly with 
respect to environmental justice communities (2.1.4); 
and 

• identify current knowledge gaps and the contribution of 
this report (2.1.5). 

2.1.1. THE RELATIONSHIP BETWEEN GAS 
APPLIANCE USE AND INDOOR AIR QUALITY 

Formation of combustion pollutants 

Combustion pollutants are produced from the use of 

gas appliances, including water heaters, stoves, ovens, 

furnaces and other indoor heating devices, such as gas 

fireplaces. Notable pollutants include CO, NO2, NOX, 

formaldehyde, and PM, including UFP and PM2.5, though 

there are several other pollutants associated with 

residential gas combustion (see Table B-1 in Appendix 

B regarding pollutants emitted from gas combustion 

and their associated concentrations in the indoor 

environment). Although we were unable to quantitatively 

analyze all the pollutants emitted by combustion 

appliances, Table B-1 illustrates the wide range of 

pollutants produced. It excludes the pollutants subjected 

to subsequent quantitative analysis in this report — CO, 

NO2, and NOX — pollutants with known health e�ects 

that also have enough publicly available combustion 

emission data to conduct analysis. 
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Combustion-related pollutants are primarily formed by 

the processes of incomplete combustion or oxidation. 

Incomplete combustion occurs when there is insu�cient 

oxygen available to complete the combustion of fuel, 

resulting in byproducts such as CO and formaldehyde. 

In order to facilitate “complete” combustion, the proper 

amount of gas and air must be supplied at the correct 

pressure. However, incomplete combustion and its 

associated byproducts are unavoidable, even under 

ideal conditions.42 Regarding oxidation, a prevalent 

example resulting in combustion pollution formation 

is the oxidation of nitric oxide (NO) to NO2. At high 

temperatures, NO is formed by the combination of 

nitrogen with oxygen then oxidized to become NO2. 

Overview of types of gas appliances

Out of all commonly used gas appliances, water 

heaters and home heating devices such as furnaces are 

responsible for the majority of gas use in households, and 

thus, emit a larger proportion of combustion pollutants 

than gas kitchen appliances (stoves and ovens).3,15,42–44 

However, kitchen appliance emissions have a more 

significant e�ect on indoor air quality, as the heating 

appliances are vented outdoors and those emissions are 

generally considered to be outside the building envelope. 

Depending on the type of appliance and associated 

features, pollutants are either emitted directly into the 

living space, mitigated with ventilation technology such 

as range hoods, or directly vented outdoors (typically 

water heaters and furnaces). Ventilation e�ectiveness, 

which usually depends on appliance quality and 

maintenance, is discussed further in Section 2.1.2. There 

are regulations surrounding the use of gas appliances in 

households, including requirements for heating devices 

and water heaters to be vented outdoors, and prohibiting 

the sale of unvented gas space heaters. We discuss 

these regulations further in Section 2.1.2.

Pollutant emissions and indoor air concentrations 

associated with gas appliance use

Organizations such as LBNL and CARB have conducted 

research on the topic of gas appliance emissions 

in California specifically. They have studied the 

e�ectiveness of ventilation technology (including the 

use of range hoods), issues such as backdrafting (the 

backward movement of exhausted gases through 

the venting system) into residences from ventilation 

ducts and pollutant spillage (described in more detail 

in Section 2.1.2), and increasing the energy e�ciency 

of appliances, and have modeled indoor air quality and 

population exposures resulting from the use of these 

appliances. 27,44–53 Additionally, researchers from other 

institutions have conducted various studies on these 

topics over the last several decades, from measurement 

of indoor air concentrations to simulating concentrations 

from gas appliance use, both in California and in other 

regions.25,26,54–60 Studies measuring pollutant emissions 

or indoor air concentrations have consistently found that 

the use of gas appliances can result in concentrations of 

pollutants — particularly NO2 — at concentrations above 

the level of ambient (outdoor) air quality standards.

Specifically, studies of California residential buildings 

have examined the association between gas appliances 

and measured indoor levels of air pollutants, including 

CO, NO2, NOX, PM2.5, UFP, polycyclic aromatic 

hydrocarbons (PAHs), and formaldehyde.44–46,48–50,52 

While the majority of research focuses on cooking 

appliances, such as stoves and ovens, studies have 

also measured pollutant emissions or resulting indoor 

air pollutant concentrations from the use of heating 

appliances, such as furnaces, space heaters, water 

heaters, and fireplaces.44,54,56,58,60–63 Furthermore, 

although many studies have measured PM2.5 and UFP 

emissions from cooking with various types of food and 

cooking oil, these particulate emissions were often 

attributed to the food and cooking method rather than 

the operation of gas appliances.55,57,64

Several studies have found gas stove usage results 

in both peak and weekly average NO2 concentrations 

exceeding the level set by both the chronic California 

Ambient Air Quality Standards (CAAQS) ambient an-

nual average limit of 57 micrograms per cubic meter 

(µg/m3), and the acute National Ambient Air Quality 

Standards (NAAQS, set by the US EPA) 1-hour limit of 

188 µg/m3 or 100 parts per billion (ppb). Please refer to 

Section 2.2.2 for relevant considerations regarding the 

use of outdoor air quality standards to assess exposure 

to indoor air quality.27,45,46,49,52 Studies of California res-

idential buildings have reported NO2 levels in excess of 

these standards in kitchens and bedrooms, suggesting 

elevated concentrations throughout the entirety of the 

home during a single instance of gas cooking, especially 

in homes using gas stoves with pilot lights, or without 

venting range hoods.49,50,52 Research from earlier decades 

on unvented gas space heaters measured NO2 and PM2.5 

concentrations above standards, but these types of heat-

ing devices are no longer legally sold in California.58,60,65,66

Research has found that CO is a lesser potential health 

concern than NO2 if appliances are operating properly. 

Gas stoves have been associated with increased levels 

of indoor CO in California homes, but these increases in 

concentrations are generally negligible,27,49,51,52 with only 

a small portion of homes exhibiting CO concentrations 

above the CAAQS 1-hour standard of 23 milligrams per 
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cubic meter (mg/m3).45,46 However, CO concentrations 

above the CAAQS 8-hour standard of 10 mg/m3 have 

been reported during preparation of a full meal and under 

broiling conditions, without range hood use (though 

these were peak values and these concentrations did 

not persist for an entire 8-hour period).27 Furthermore, 

CO emissions may rise to higher concentrations under 

conditions where appliance ventilation mechanisms 

fail or are not used, or the stove is misused for heating 

residences, and we address the former in Section 2.1.2. 

CARB reports that CO is responsible for 13 to 36 deaths 

from non-fire-related CO poisoning in California each 

year since 2000.67 

As mentioned at the beginning of Section 2, although we 

do not include PM or formaldehyde in our quantitative 

assessment, it is important not to overlook these 

pollutants when considering the e�ect of gas appliances 

on air quality. Similarly to CO, studies measuring PM2.5 

emissions found that increases attributed solely to gas 

kitchen appliances (with no cooking of food involved, 

though sometimes a pot of water was heated) were 

negligible.49,52 One caveat mentioned previously is that 

cooking can be a significant source of exposure to PM2.5 

due to heating and combustion of food and cooking 

oil, resulting in indoor concentrations far in excess 

of the NAAQS 24-hour threshold of 35 µg/m3.27,55,57 

Furthermore, studies have measured substantial peak 

UFP concentrations during gas stove cooking, both with 

and without food.28,30,44,48,57,68,69 All studies including 

tests of gas stoves used without food demonstrated 

elevated UFP concentrations.28,44,68 Emissions from 

episodic sources such as cooking, with either gas 

or electric stoves, constitute a majority of indoor 

UFP concentrations.30,48,68,70–72 UFP concentrations 

during episodes of cooking without a range hood are 

comparable to those found outdoors on high pollution 

days.28 Since no government standards for UFP 

concentrations currently exist, and the health e�ects 

of UFPs are not yet fully characterized, it is challenging 

to regulate these smaller particles. Though we do not 

quantitatively evaluate UFP in this report, we discuss the 

health e�ects of UFP exposure in Section 2.2.4. Studies 

have also estimated particle emissions from other types 

of gas appliances, such as water heaters and home 

heating devices, but most assess particle emissions in 

the units of particle number (PN, which better reflects 

UFP levels) and not PM2.5. Based on CARB’s annual 

projections of county-level, estimated total emissions for 

PM2.5 from residential gas combustion, and as seen for 

other pollutants as well, water heaters and home heating 

appliances have significantly higher overall emissions 

than gas cooking appliances. However, water heaters and 

home heating appliances are vented outdoors (outside 

the building envelope), as mandated by regulations.73

Gas appliances also emit formaldehyde,27,44,62 but 

some studies did not find a statistically significant 

association between gas appliance use and indoor 

formaldehyde concentrations.45,46,74 A CARB analysis 

reported formaldehyde concentrations far above the 

acute Reference Exposure Level (REL) of 55 µg/m3 
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set by the California O�ce of Environmental Health 

Hazard Assessment (OEHHA) during gas cooking, 

both with and without food.27 An REL is the maximum 

concentration at which not to expect any adverse, non-

cancer health e�ects at each given exposure duration 

(acute, 8-hour, or chronic). However, an LBNL study of 

California homes found that although 95% of homes 

tested had formaldehyde concentrations above the 

OEHHA chronic REL, these levels were not statistically 

significantly associated with gas appliances.45 In 

addition, gas appliances emit acetaldehyde,27,44 a highly 

toxic and carcinogenic VOC similar to formaldehyde, 

with recent research indicating low levels emitted from 

gas stove burners.44 Due to the lack of emission data 

and statistically significant evidence reported in the 

primary literature, we did not include formaldehyde or 

acetaldehyde in our quantitative analysis. 

Besides experimental research, several simulation stud-

ies have modeled gas appliance emissions and reported 

exposures to indoor pollutants, including CO, NO2, and 

formaldehyde.47,53,59 Simulation studies specific to Cal-

ifornia residential buildings found that gas stove emis-

sions comprise up to a third of total weekly average con-

centrations of indoor CO and NO2, and even conservative 

estimates of indoor CO and NO2 concentrations may 

frequently be in excess of the 1-hour and 8-hour CAAQS 

standards for CO and the 1-hour NAAQS standard for 

NO2. 47,53 One study estimated that in a typical winter 

week, 12 million and 1.7 million Californians may be ex-

posed to NO2 and CO levels (respectively) in exceedance 

of acute, ambient air quality standards.47 Furthermore, 

the study estimated that formaldehyde emissions from 

gas cooking appliances alone would lead to exposures 

exceeding the OEHHA acute RELs (for approximately 

50% of homes) and chronic RELs (for less than 10% of 

homes), depending on the season.47 

2.1.2. FACTORS INFLUENCING EMISSIONS TO THE 
INDOOR ENVIRONMENT

Apart from the frequency of appliance use, as well as 

trends toward reduced heating (and increased cooling) 

demand for California buildings, there are several 

important factors influencing the quantity of emissions 

to indoor residences. 

Appliance ventilation conditions

The e�ective removal of combustion products generated 

by gas appliances is a core element of health and safety 

in buildings. Home heating devices and water heaters 

must have their exhausted gases moved through the 

appliance, out of the venting apparatus, and into the 

outdoors.75 The National Fire Protection Association 54: 

National Fuel Gas Code provides safety requirements 

for the ventilation of gas appliances and requires that 

gas space heaters and water heaters be vented to the 

outdoors, while the California Health and Safety Code 

prohibits the sale of unvented gas space heaters, and 

mandates the existence of ventilation equipment above 

stoves and ovens.76,77 Even with such legislation in place, 

unvented or inadequately vented gas cooking appliances 

are present in some California homes.78,79

One significant concern regarding appliance ventilation 

failure is pollutant backdraft and resulting spillage, which 

put residents at greater risk of CO poisoning. Backdraft 

refers to the backward movement of exhausted gases 

through the venting system, and spillage refers to the 

resulting leakage of exhausted gases from the appliance 

into the indoor environment, which leads to the buildup of 

pollutants inside the home.80 Although the frequency of 

backdrafting and spillage events is not well-established, 

this has led to excessive CO exposure, which has severe 

consequences: The Centers for Disease Control and Pre-

vention (CDC) estimated 393 deaths in the United States 

from unintentional, non-fire-related CO poisoning asso-

ciated with consumer products in 2015.81 In California 

specifically, the Tracking California program (previously 

known as the California Environmental Health Tracking 

Program) estimated 643 emergency department visits 

due to non-fire-related CO poisoning in 2016.82 

One main cause of backdraft and spillage is 

depressurization, which happens when air removed 

from the house by weather-related forces, open doors 

and windows, or mechanical appliances such as exhaust 

fans and furnaces, results in a lower air pressure 

indoors as compared to the outdoor environment.80,83 

Depressurization interferes with the mechanisms of 

combustion appliances, resulting in backdrafting and 

spillage. Depressurization is usually periodic rather 

than continuous,83 although research has observed 

instances of continuous depressurization.84 A literature 

review conducted by LBNL found that while up to 50% 

of appliances tested were at risk of backdrafting, few 

instances of “sustained” backdrafting or spillage were 

recorded.80 There are several challenges associated with 

monitoring for backdrafting and spillage in homes.80 

Due to the existing limitations, questions regarding the 

frequency, duration, and severity of backdrafting and 

spillage events remain to be answered. 

Low-income and elderly residents may face increased 

risk of CO poisoning from gas combustion appliances. 

A 2016 LBNL report on wall furnaces in apartments 

did find that backdrafting can occur frequently in small 

residences when kitchen and bathroom exhaust fans are 
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on a high setting, though this study had a relatively small 

sample size (16 apartments) and highlighted the need 

for additional research.85 Nonetheless, this points to the 

potential for added risk for residents, including elderly 

populations, who live in smaller rental apartments, are 

often low-income, and face existing challenges with the 

burdens of appliance maintenance.86,87 

Considering the uncertainty surrounding improper 

ventilation, one of our two sensitivity analyses (See 

Section 2.2.2 and Appendix A.1.2 for details) involved 

a scenario to account for the potential of indoor 

emissions from appliances, such as water heaters and 

home heating devices, that are designed to solely emit 

combustion pollutants outdoors. Of course, the location 

of the appliances, which can vary from wall furnaces in 

living rooms to water heaters in designated mechanical 

closets, are not aspects we were able to control for, but 

are important considerations for future research. 

Appliance maintenance considerations 

Maintenance issues can have a pronounced impact on 

the emissions produced by combustion appliances, as 

well as on ventilation e�ciency. Old appliances that have 

not been maintained are at risk of ventilation failure, 

resulting in potentially dangerous levels of pollutants 

being emitted into the indoor environment.44,61,80 Other 

problems requiring maintenance include heat exchanger 

failures and blocked flues in furnaces.

Appliance tuning, which refers to various aspects of 

appliance maintenance, can also have a substantial 

impact on emissions. Well-tuned appliances often emit 

substantially less CO than poorly tuned appliances, 

sometimes di�ering by an order of magnitude.80,83,88–91 

However, there are only limited studies on appliance 

maintenance and safety mechanisms, and these topics 

warrant further research. 

2.1.3. FACTORS INFLUENCING COMBUSTION 
POLLUTANT CONCENTRATIONS IN AN INDOOR 
ENVIRONMENT

There are several factors that significantly a�ect the 

indoor air pollutant concentrations resulting from 

combustion. 

Range hoods and capture e�ciency

Gas stoves often lack adequate exhaust ventilation. The 

low-rise residential building ventilation code ASHRAE 

62.2 requires the installation of range hoods in kitchens, 

with minimum airflow and maximum noise levels, but it 

is estimated that only half of new homes in the United 

States comply with this standard.78 Furthermore, 

a study of California homes, using data from a real 

estate website, approximated that 47% of homes had 

combination microwave/range hoods, which do not meet 

the airflow and noise level requirements of ASHRAE 

62.2, while 7% of homes had no range hoods at all.79 A 

2014 LBNL report highlighted a specific need for the 

development of over-the-range microwaves that meet 

the ASHRAE 62.2 requirements.92 The body of research 

on the use and e�ectiveness of range hoods is growing. 
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Research on kitchen range hoods has demonstrated 

their potential to reduce exposure to pollutants emitted 

by combustion appliances, as well as evaluated noise 

levels, since sound is one reason why people often elect 

not to use range hoods.45,52,57,68,92–97 Range hoods di�er 

considerably in their ability to remove pollutants from 

the indoor environment and can be assessed using 

capture e�ciency as a measure of overall e�ectiveness. 

Capture e�ciency refers to the proportion of pollutants 

emitted from an appliance that are removed by the range 

hood before they enter the indoor environment.52,93 

The capture e�ciency of range hoods is often above 

50%, though it varies widely depending on the cooktop 

burner used (typically lower for front burners), as well as 

coverage and quality of the hood.52,57,68,93,95 In one study 

of California residences, the use of range hoods resulted 

in significant reductions in air pollutant concentrations 

within the home.52 

While studies have shown that range hoods can 

significantly reduce exposure, they are infrequently 

used and not always available or appropriately sized or 

installed.78,79,92 Small-scale survey results show that 

less than 35% of California residents use range hoods 

when cooking,98 while a CARB study of California homes 

found that 54% of participants did not use their range 

hood.96 As mentioned previously, studies have shown 

that the excessive noise produced by many range 

hoods and fans is a primary reason for the lack of range 

hood use.92,96,97 It is important to note that increased 

awareness of the need for ventilation during cooking and 

encouragement of range hood use may reduce exposures 

to pollutants emitted by combustion appliances for those 

with properly sized, installed, and maintained hoods. 

However, renters sometimes do not have range hoods 

installed, or existing hoods are not vented outdoors and 

may not meet standards, therefore putting renters at 

heightened vulnerability to exposure to air pollutants 

from gas cooking appliances.99 Due to the infrequency 

of range hood use, our analysis assumed that there is 

no significant range hood use as a health-protective 

conservative assessment, though it is still useful to 

consider our estimates in the context of conditions 

involving range hoods as well, with varying levels of 

capture e�ciency.

Residence size and ventilation

The size and ventilation of an indoor space are primary 

determinants of indoor air quality. In smaller residences, 

indoor air pollutants are distributed across a smaller 

space and thus, are more concentrated.100–102 The 

volume of an indoor space is also a major factor in the 

determination of AER, which is expressed as the number 

of indoor air volumes replaced with outdoor air per hour.102 

Ventilation (and AER) significantly influence indoor air 

quality. Inadequate ventilation has been associated 

with higher concentrations of indoor air pollutants, 

including NO2, PM2.5, and VOCs, as well as adverse 

health outcomes.103–106 In fact, a recent study of 

commercial buildings in California determined that such 

buildings rarely meet ventilation standards.107 There 

are reported challenges associated with meeting 

ventilation standards in multifamily housing as well.108 A 

dilemma that has emerged in recent years, particularly 

with climate change considerations, is the dichotomy 

between promoting energy e�ciency and improving 

indoor air quality. The tightening of building envelopes 

— essentially, residential air-sealing — has the potential 

to save billions in energy bills and reduce infiltration of 

outdoor air pollutants,109 but it also decreases ventilation, 

degrading indoor air quality.110 More energy-e�cient 

buildings with tightened envelopes have, in some cases, 

been associated with adverse health outcomes due 

to worsened indoor air quality,111,112 though a recent 

study on green buildings found several health benefits 

for individuals who moved from conventional housing 

to green-renovated housing.106 Due to the crucial 

role of ventilation in determining indoor air quality, 

developments in building energy e�ciency should be 

balanced with the preservation of indoor air quality. 

2.1.4. WHY THIS ISSUE MATTERS: INDOOR AIR 
QUALITY, HUMAN HEALTH, AND ENVIRONMENTAL 
JUSTICE 

As mentioned in the introduction, considering that 

people in the U.S. spend almost 90% of their time 

indoors, indoor air quality and human health are closely 

linked.21 Many studies have assessed the health impacts 

of various indoor air pollutants.30,113,114 We discuss each 

primary combustion pollutant (CO, NO2/NOX), as well as 

the pollutants we do not quantitatively evaluate (PM and 

formaldehyde) and their associated relationships with 

human health in detail in Section 2.2.4. 

In the context of household gas appliances, the 

potential transition from gas to all-electric home 

appliances could benefit low-income households and 

environmental justice communities by improving both 

indoor and outdoor air quality. These communities face 

disproportionate air-pollution burdens115 and limited 

access to clean energy resources. 

While many issues related to gas appliance use and 

vulnerable populations are challenging to quantify 

without primary data collection, we aim to aggregate 
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as much of the relevant quantitative and qualitative 

information as possible on this topic as it connects 

to environmental justice and equity. A few key equity 

considerations related to gas appliance use, which 

we explore further in Sections 2.2.2 and 2.2.3, are as 

follows: 

• SUPPLEMENTAL USE OF COOKING APPLIANCES FOR 

HEATING RESIDENCES. Though the frequency is not 
well-established, some research indicates that low-
income and minority residents may disproportionately 
use kitchen appliances for the purpose of heating 
their residences (instead of using designated heating 
devices). 

• HOUSING CHARACTERISTICS: TENURE, QUALITY, 

RESIDENCE SIZE, AND APPLIANCE MAINTENANCE. 
Residences occupied by low-income populations 
are often older, and use older, less e�cient, and 
unmaintained appliances. These older appliances may 
not be regularly maintained due to the cost required 
and a lack of available funds to repair them, or lack of 
landlord attention.37–39 Low-income residences are 
also likely to be smaller in size and have inadequate 
ventilation, resulting in higher indoor pollutant 
concentrations.40,41

• TIME-ACTIVITY PATTERNS. Time-activity patterns, or 
the amounts of time spent performing various activities 
throughout the day, substantially a�ect exposure to 
pollutants in various environments. Notably, children 
in low-income families may spend a greater amount of 
time at home and indoors than other populations. 

• CUMULATIVE EFFECTS: HEALTH AND ENVIRONMENTAL 

JUSTICE IN CALIFORNIA. Residents in environmental 

justice or “disadvantaged” communities [defined by 
SB 535 as the top 25% scoring tracts in OEHHA’s 
CalEnviroScreen tool, used for assessing environmental 
justice vulnerability] face some of the worst air quality 
in the state. Gas appliance emissions add to the 
persistent outdoor air pollution and can compound 
existing environmental burdens, placing low-income 
residents and people of color at even greater risk of 
adverse health e�ects from air pollution. 

2.1.5. KNOWLEDGE GAP AND CONTRIBUTIONS TO 
THE LITERATURE

Based on the literature review, there is a clear need 

to: (1) aggregate information on related studies of gas 

appliances, indoor air quality, equity, and health; and (2) 

conduct data analysis to provide additional clarity on 

these issues through quantitative estimations. 

While there is clear evidence of a relationship between 

indoor air quality and health, and combustion falls 

under that domain, there is some inconclusive literature 

related to gas appliance use and specific health e�ects. 

The broader relationship between NO2 and adverse 

health e�ects is well-established,116 but a recurrent 

theme in the literature is the uncertainty regarding 

the link between indoor NO2 exposures from gas 

combustion and respiratory illness.30,31,113,117 Challenges 

to the clarification of this relationship include the 

variabilities between appliances, use activity patterns, 

and home size and ventilation.118 Studies have also 

highlighted the uncertainty regarding the relationship 

between residential indoor concentrations and personal 

exposure.119 While several studies investigating gas 
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appliances and asthma exacerbation produced mixed 

results, evidence supports a clearer association between 

gas appliances and asthma and respiratory symptoms 

in children,33,120,121 with one meta-analysis reporting that 

children living in homes using gas for cooking have a 42% 

higher risk of having asthma.33 While we did not estimate 

the association between specific health symptoms and 

use of gas appliances, our literature review and analysis 

aim to clarify the relationship between pollutants 

associated with gas appliance use and human health. 

As described earlier, there are a limited number of recent 

studies that simulate and measure indoor air pollutant 

concentrations resulting from the use of gas appliances, 

and many are focused entirely on gas stovetop ranges. 

We used similar methods and data as some of those 

studies to conduct our analysis, but we included multiple 

types of appliances and conducted a detailed literature 

review on the use of gas appliances, related pollutants, 

and human health. 

We modeled pollutant emissions, concentrations, and 

exposures resulting from gas appliance use in di�erent 

housing types in California and linked these exposures 

to potential health e�ects via comparison to state and 

national standards. To our knowledge, there are no 

existing literature review and secondary analysis studies 

that tie together indoor air quality modeling for various 

pollutants, housing types, and low-income vulnerability 

in California. 

2.2. RESULTS AND DISCUSSION

2.2.1.  EMISSION FACTOR DATABASE

Results of statistical analyses 

To model the e�ects of gas appliances on indoor air 

quality, we first created an emission factors (EF) 

database for residential gas appliances (see Appendix 

A, Section A.1.1 for details). Our regression models, 

designed to predict EFs in units of ng/J (nanogram/

Joule), found that there are significant di�erences in EFs 

among gas appliance types. 

Unsurprisingly, the EFs of gas appliances have declined 

over time, likely due to the technological advances of 

appliances and pollutant capture technology, which 

reduce emissions. Consistently, as the year of the 

publication from which EFs were gathered became 

more recent, the ng/J emissions decreased (e.g., a 

paper in 1995 would report higher emissions than a 

paper published in 2009, with a statistically significant 

di�erence); this indicates that emissions have reduced 

over time. For NOX, there is a statistically significant 

increase in EFs for appliances designed to be vented 

outdoors (e.g., water heaters and home heating devices). 

EF and emission rate estimations 

As described in Appendix A, the EFs of gas appliances 

in a unit such as ng/J do not reflect the amount of 

pollutants released during the consumption without 

accounting for the mass burning rate (MBR, in J per time 

period) of di�erent gas appliances. The emission rate in 

µg/hour (µg/h), or the amount of pollutants released in 

a specific time period during the usage of di�erent gas 

appliances, is the product of the EF in ng/J and the MBR 

in J/h, since both factors a�ect the rate that combustion 

byproducts are released into the air. 

EFs in ng/J, and emission rates in µg/h (the amount of 

pollutants released in a specific time period during the 

usage of di�erent gas appliances) for each appliance 

category and pollutant were calculated as described in 

Appendix A. 

Table 2-1: Mean emission factors (EF) and emission rates (ER) for each appliance type.

Appliance Type CO (mean) NO
2
 (mean) NO

X
 (mean)

EF (ng/J) ER (µg/h) EF (ng/J) ER (µg/h) EF (ng/J) ER (µg/h)

Gas Stove 52 670,000 10 130,000 38 440,000

Gas Ovenii 92 1,700,000 8.3 150,000 36 640,000

Gas Water Heateriii 18 3,200,000 3.4 490,000 25 2,300,000

Gas Heater 16 1,300,000 5.3 320,000 37 1,600,000

Note: Values correspond to total emission factors and rates when the appliance is turned on, regardless of whether an appliance is vented outdoors 
(meaning not all these emissions travel indoors).

ii. Separate EFs were calculated for stoves and ovens, but throughout this report we combined the two for most analyses (using a sum of emission rates), due to 
the nature of existing data (e.g. the RASS and CARB State Implementation Plan data). More specifics available upon request.

iii. This analysis incorporates both tankless and storage water heaters, which do have significantly di�erent emissions for CO; tankless water heaters have higher 
emissions of CO. We did not control for these di�erences in our analysis. These higher emissions also occur for formaldehyde, which we did not quantitatively 
assess in this report.44
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Descriptive statistics from the results of our EF 

calculations are listed in Table 2-1. Kitchen appliances 

have higher EFs in ng/J for all pollutants, as compared 

with other gas appliances, but energy usage for water 

heaters and home heating devices is much higher 

(see Figure B-2 in Appendix B), which is why resulting 

emissions are higher for water heaters and home heating 

devices.3,15,42,44,45 This is consistent with previous studies 

that have observed higher emissions from water heaters 

and home heating devices. Residential water heating 

results in the highest level of emissions of each of these 

pollutants.

2.2.2. INDOOR AIR QUALITY IMPACTS AND 
SUSCEPTIBILITY 

Indoor air quality model results 

As described in Appendix A, a mass-balance model122 

was used to estimate indoor air concentrations of 

CO, NO2, and NOX under various scenarios of kitchen 

appliance use, including peak concentrations in the 

kitchen and time-weighted concentrations throughout 

the entire home (considering that cooking only occurs 

for a small portion of the day). This is described 

further in Appendix A (Section A.1.2), but the model 

produced an output with the highest concentration 

value, representing the emissions while cooking; we 

averaged these to establish the peak concentration 

levels presented in Table 2-2. For peak concentration 

levels, we used kitchen-specific volumes, and for values 

weighted by appliance usage time, we used entire 

residence volumes, under the assumption that pollutants 

would mix into the residential space over time. We are 

conservatively assuming there is no range hood use, and 

that all kitchen appliances are unvented. 

iv. An underlying assumption is that concentrations and exposures are directly proportional.

Table 2-2 provides an overview of the average 

concentrations calculated using the model. We used a 

range of 15 minutes of cooking to 2 hours of cooking to 

represent a spectrum of potential cooking patterns. 

Defining exceedances of air quality thresholds

Throughout this section, we used California (CAAQS) 

and U.S. EPA (NAAQS) ambient (outdoor) air 

quality standards as a metric for health e�ects from 

exposure.iv These standards are the maximum allowable 

concentration of a pollutant present in outdoor air 

that will not have a known, adverse impact on human 

health and are developed to apply to long-term, ambient 

outdoor air quality, averaged over time periods. It is not 

possible to actually exceed these outdoor standards in an 

indoor environment due to the technical definition.

Therefore, we apply target thresholds using the 

standards as a guide to provide context for indoor air 

quality. We refer to three di�erent types of thresholds 

based on the standards: 1) acute (1-hour for NO2 and 

CO), 2) 8-hour (for CO), and 3) chronic (annual mean 

for NO2 — there is no annual mean standard for CO). 

When we use the term “acute,” we are referring to 1-hour 

standards. For CO, we refer to 8-hour standards directly 

as such. For NO2, when we use the term “chronic,” we are 

referring to the annual mean standards.

When an exceedance is referenced in this report, it 

means that the modeled indoor air concentration is 

higher than the threshold levels based on the standards 

in Table B-7. When we refer to the percentage of 

exceedances, we are discussing the percent of our 

modeled indoor air quality estimates that exceed 

thresholds (please see Appendix A for additional details). 

We evaluate the indoor air quality exceedances of the 

Table 2-2: Average indoor air concentrations by appliance – peak (highest concentration) vs. time-averaged 15-minute cooking, 1-hour 
cooking, and 2-hour cooking scenarios.

Appliances Pollutant Average Peak 
Concentration 

 (µg/m3)

Average Time-weighted 
Concentration  

(µg/m3) 

Average Time-weighted 
Concentration 

(µg/m3)  

Average Time-weighted 
Concentration 

(µg/m3)

Duration Peak 15-minute cooking 1-hour cooking 2-hour cooking

Location Kitchen Entire Residence Entire Residence Entire Residence

Stoves and ovens CO 18,000 (16 ppm) 950 (0.83 ppm) 2,600 (2.3 ppm) 4,900 (4.2 ppm)

NO
2

1,600 (860 ppb)* 16 (9 ppb) 37 (19 ppb) 64 (34 ppb)*

NO
X

6,700 (3,600 ppb) 43 (23 ppb) 130 (69 ppb) 250 (130 ppb)

Stoves only CO 5,600 (4.9 ppm) 550 (0.48 ppm) 1,000 (0.9 ppm) 1,700 (1.5 ppm)

NO
2

750 (400 ppb)* 12 (6.4 ppb) 22 (11 ppb) 34 (18 ppb)

NO
X

2,800 (1,500 ppb) 26 (14 ppb) 62 (33 ppb) 110 (58 ppb)

Note: Values marked with * exceed acute CAAQS (for average peak concentration) for CO and NO2, or 8-hour CAAQS for CO/chronic CAAQS for 
NO2 (for time-weighted concentrations).
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CAAQS and NAAQS thresholds, overall and for separate 

residence types, for CO and NO2 (there are no applicable 

standards for NOX). 

We compare the peak concentrations (which are direct 

model outputs without any time-averaging, reflecting 

kitchen concentrations) from our indoor air quality 

model to the acute NO2 and CO thresholds, under the 

assumption that exceedances of the thresholds for 

our estimated peak concentrations only apply under a 

scenario where cooking occurs for an extended period 

of time and the air quality levels in the kitchen remain 

elevated for an entire hour (considering the ambient 

air quality acute 1-hour threshold described above). 

We compare the modeled 8-hour time-averaged CO 

concentrations to the 8-hour CO thresholds, and the 24-

hour time-averaged NO2 concentrations to the chronic 

NO2 thresholds, under three cooking-time scenarios (15 

minutes of cooking, 1 hour of cooking, and 2 hours of 

cooking. This is laid out in Table 2-3. 

We focus on the California CAAQS and U.S. NAAQS in 

this report, but we also note that Canada has existing 

indoor residential air quality guidelines for NO2 that 

are more stringent than the U.S. thresholds we discuss 

throughout the report (i.e., 170 µg/m3 for 1-hour, and 

20 µg/m3 for 24-hour).123 Thus, the NO2 results we 

present here can also be considered through the more 

health-protective lens of the Canadian standards. The 

Canadian CO standards are similar to the CAAQS and 

NAAQS thresholds. All of these standards can be found 

in Table B-7 in Appendix B. 

Findings: exceedances of air quality thresholds

As shown in Table 2-2, for the use of both stoves 

and ovens simultaneously, the 2-hour use of kitchen 

appliances results in an average of the time-weighted 

NO     concentrations of 64 µg/m3, exceeding the chronic 

(annual mean) NO2 CAAQS threshold of 57 µg/m3. For 2 

hours or less of stove use alone, the average household 

does not exceed any chronic thresholds. 

Exceedances resulting from the use of both kitchen 

appliances simultaneously, as well as from stoves 

individually, are summarized in Table 2-4, with percent 

exceedances for both the CAAQS and NAAQS (see 

Appendix B, Table B-7 for each threshold level). As 

mentioned previously and in Appendix A, the kitchen 

peak concentrations are compared with the acute 

thresholds, and the modeled 15-minute, 1-hour, and 

2-hour cooking, entire home concentration estimates 

have been time-averaged (over 24 hours for NO2 and 

8 hours for CO), and are compared with the chronic 

threshold for NO2 and 8-hour threshold for CO. 

When both stoves and ovens are used simultaneously, 

18.7% of peak CO concentrations inside the kitchen 

exceed acute CAAQS, and 11% of 2-hour and 4.5% 

of 1-hour cooking averages throughout the home 

exceed 8-hour CAAQS. For CO, less than 1% of 8-hour 

concentrations based on a 15-minute cooking scenario 

results exceed the 8-hour CAAQS.

Results for NO2 are even more noteworthy, particularly 

for peak concentrations. Again, when both stoves and 

ovens are used at the same time, more than 90% of 

Table 2-3: Concentration and exposure scenarios.

Pollutant Scenario(s) Time-Averaging Location Comparison

CO Peak (assuming 1 hour of elevated 
concentration for exceedance to apply)

None Kitchen Acute: 1-hour thresholds

NO2 Peak (assuming 1 hour of elevated 
concentration for exceedance to apply)

None Kitchen Acute: 1-hour thresholds

CO 15-minutes, 1-hour, and 2-hours of cooking 8-hour Entire residence 8-hour thresholds

NO2 15-minutes, 1-hour, and 2-hours of cooking 24-hour Entire residence Chronic: annual mean thresholds

Table 2-4: Percent exceedances of air quality thresholds by appliances used and cooking time intervals. 

Appliance Pollutant Acute 8-hour for CO and Chronic for NO
2

% of Peak 
Exceeding 

CAAQS

%of Peak 
Exceeding 

NAAQS

% of 
15-minute 

Use 
Exceeding 

CAAQS

% of 
15-minute 

Use 
Exceeding 

NAAQS

% of 
1-hour Use 
Exceeding 

CAAQS

% of 
1-hour Use 
Exceeding 

NAAQS

% of 
2-hour Use 
Exceeding 

CAAQS

% of 
2-hour Use 
Exceeding 

NAAQS

Stoves and 
ovens

CO 19% 11% 0.4% 0.4% 4.5% 4.5% 11% 11%

NO2 93% 99% 2.0% 0.1% 15% 2.5% 45% 15%

Stoves 
only

CO 4.4% 2.6% 0.1% 0.1% 1.0% 1.0% 2.7% 2.7%

NO2 61% 81% 1.7% 0.4% 5.0% 1.1% 15% 4.1%

Note: In the peak scenarios, when comparing concentrations to air quality thresholds and acute exposures, we assume cooking time occurred for 
the entire 1-hour period that the acute threshold applies.
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peak NO2 concentrations inside the kitchen exceed 

acute CAAQS. Additionally, 45% of 2-hour and 15% of 

1-hour cooking averages throughout the home exceed 

chronic CAAQS, though only 2% of 15-minute cooking 

concentrations exceed chronic CAAQS. 

When stoves are used independently, and resulting 

emissions and concentrations are lower, CO exceedances 

are again much less significant, while for NO2, 

exceedances of acute NAAQS occur up to 80% of 

the time for peak concentrations, and exceedances 

of chronic CAAQS occur up to 15% of the time for the 

longest cooking time (2 hours), both based on the most 

stringent thresholds. 

Keeping in mind the air quality thresholds, these 

percentages represent the frequency that air quality 

can no longer be considered safe (i.e., having no known, 

adverse impact on human health).

Figure 2-1 and Tables 2-5 and 2-6 provide housing-

type-specific assessments. Figure 2-1 depicts average 

peak concentrations inside kitchens for each housing 

type, along with acute, ambient air quality standards 

for CO and NO2. Variations in peak concentrations 

shown in Figure 2-1 are a result of variations in residence 

volume and associated ventilation rates. Our findings 

for apartments, townhouses, and single-family homes 

(SFHs) in Tables 2-5 and 2-6 are a disaggregation of the 

data in Table 2-4 and serve to inform the public about 

the variations in indoor air concentrations by building 

type. It must be noted that these findings are based on 

averages of housing volume and ventilation found in the 

literature, and may not represent all homes; therefore, 

these should only be used as general indicators. While 

Table 2-2 and Table 2-4 include a 15-minute cooking 

scenario, we did not include this particular scenario in 

the housing-specific tables (2-5 and 2-6) for simplicity. 

If the 15-minute cooking scenario is of further interest, 

Tables 2-2 and 2-4 can be used to extrapolate the data. 

To appropriately interpret these tables and figures, we 

refer to housing estimates in California. Throughout 

the state, approximately 58% of residences are SFHs, 

30% are apartments, and 9% are attached homes, such 

as townhouses.2 The remainder (~3%) are primarily 

mobile homes, but because those make up such a 

small percentage of the California housing stock, we 

Figure 2-1: Peak concentrations in the kitchen resulting from usage of stoves and ovens simultaneously, by pollutant  
[(a) CO and (b) NO2 ] and housing type.
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Table 2-5: Average peak (kitchen) and time-weighted, 8-hour average (entire home) CO concentrations from use of gas kitchen 
appliances in various residence types, and percentage of scenarios in which concentrations exceed air quality thresholds.

Residence 
Type

Acute - Peak 8-hour

Peak Conc.  in 
Kitchen (µg/m3)

% of Cases Above 
1-hour Standards

8-hour Conc. 1-hour 
Cooking Entire Home 

(µg/m3)

% of Cases Above 
8-hour CAAQS 
1-hour Cooking

8-hour Conc. 
2-hour Cooking 

Entire Home  
(µg/m3)

% of Cases Above 
8-hour CAAQS 
2-hour Cooking

Apartment 28,000 27.6% 3,900 8.2% 7,400 18.2%

Townhouse 13,000 12.8% 2,000 2.5% 3,500 6.9%

SFH 12,000 12.2% 1,800 1.8% 3,300 5.8%
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do not include them in this analysis. However, this is an 

important area for additional study. There are existing 

challenges with the provision of utilities in mobile 

home parks; the California Public Utilities Commission 

approved a Mobile Home Park Utility Upgrade Program in 

2014, which is still operating.124 

These concentrations and exceedances are comparable 

to the findings in previous studies, both modeled and 

measured, many of which are discussed in Section 2.1.1. 

One notable finding is that exceedances are all higher for 

apartments, primarily due to smaller residence sizes. 

A 2012 analysis conducted by LBNL measured 

pollutant levels in 155 California homes and found 

that approximately 10% of residences studied had 

chronic (6-day, in the case of this study — typical 

passive monitoring methods only capture multiday NO2 

averages) indoor air concentrations of NO2 exceeding 

chronic CAAQS, which are comparable to our 1-hour 

cooking results of 15% exceedances for stoves and ovens 

used simultaneously, and 5% for just stove use (Table 

2-4).45 They had a low number of exceedances for CO, 

which aligns with our findings (Tables 2-4 and 2-5) that 

CO exceedances are much less frequent than NO2. A 

modeling analysis of Southern California homes found a 

similar pattern between CO and NO2 exposures.53 

We did find a high percentage of peak exceedances of 

acute (1-hour) thresholds for NO2 when both stoves 

and ovens are used (Table 2-4 and 2-6), and associated 

exposures apply, assuming the household cooked for 

the entire hour, but this is not necessarily a typical 

exposure scenario; it depends on cooking habits in the 

home. When only stoves are used (Table 2-4), the risk 

assessment more closely matches existing literature on 

emissions from stovetop ranges. A simulation-based 

study of California residences, which incorporated 

seasonality, found that among homes using gas stoves 

with no ventilation (the same conditions as our analysis), 

55-70% exceeded NAAQS NO2 standards.47 Though we 

found that almost all of our estimated concentrations 

exceeded the 1-hour NO2 NAAQS threshold for 

concurrent stove and oven use, we found 80% 

exceedances when solely stoves are used (Table 2-4), 

which is comparable. 

Overall, our analysis echoes the assertions of many 

existing studies that exceedances of regulatory 

standards for NO2 may be frequent and are a cause for 

concern. Additional information on the pollutant levels 

measured and simulated in the literature is provided in 

Section 2.1.1. 

Sensitivity analysis: using kitchen appliances for 

heating residential spaces and the impact of improper 

ventilation 

In situations where designated heating devices are 

insu�cient in a residence, kitchen appliances are 

sometimes used as heating devices. Additionally, as 

discussed in Section 2.1.2, ventilation technology does 

not always work exactly as designed. Due to the lack 

of existing data sources, we were unable to quantify 

the frequency of occurrences of the use of kitchen 

appliances for heating residential spaces, or the 

frequency of improper ventilation that results in pollutant 

spillage to the indoor environment. We have provided 

a brief analysis of existing knowledge to cover the 

spectrum of this potential issue. 

Again, while it is challenging to quantify the frequency 

of these types of occurrences, there are many 

circumstances under which backdrafting and spillage 

of combustion pollutants can occur, and evidence 

suggests this may happen in homes across the United 

States (see Section 2.1.2). Under these various scenarios 

where appliances designed to be vented outdoors are 

improperly vented and combustion gases spill into the 

interior, peak exposures rise significantly, particularly 

because when used, these types of appliances have 

higher hourly emissions than kitchen appliances (see 

Table 2-1). One key assumption for this portion of 

the analysis is that the pollutant spillage is occurring 

for the entire time the appliance is operating. Due 

to the conservative nature of this assumption, we 

included several capture e�ciency scenarios; we have 

provided this range of scenarios to account for various 

percentages of combustion pollutants traveling indoors 

Table 2-6: Average peak (kitchen) and time-weighted 24-hour average (entire home) NO2 concentrations from use of gas kitchen 
appliances in various residence types, and percentage of scenarios in which concentrations exceed air quality thresholds.

Residence 
Type

Acute - Peak Chronic 

Peak Conc.  in 
Kitchen  (µg/m3)

% of Cases 
Above Acute 

Standards

Time-weighted Conc. 
1-hour Cooking Entire 

Home (µg/m3)

% of Cases Above 
Chronic CAAQS 
1-hour Cooking

Time-weighted 
Conc. 2-hour 

Cooking Entire 
Home (µg/m3)

% of Cases Above 
Chronic CAAQS 
2-hour Cooking

Apartment 2,400 98.3% 46 27.2% 85 65.8%

Townhouse 1,100 90.8% 31 8.4% 52 31.9%

SFH 1,100 87.0% 33 12.5% 56 33.9%
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instead of out through ventilation. These concentrations 

are for each appliance used individually, as opposed to 

concurrently. 

Compared to the average peak concentrations presented 

in Tables 2-2, 2-5, and 2-6, the concentrations resulting 

from improper ventilation presented in Table 2-7 are 

elevated in several cases. For water heaters, these 

concentrations commonly exceed the acute CAAQS 

threshold for CO (two out of four capture e�ciency 

scenarios) and NO2 (all four scenarios). For NO2, 

concentrations for home heating device use also exceed 

the acute CAAQS threshold for all but the highest capture 

e�ciency scenario. These represent peak concentrations 

throughout the entire home, not just the kitchen (since 

there is not a specific, designated room for these other 

appliances); therefore, these are modeled on a larger 

volume than peak concentrations in the other tables. 

It is important to note that if the appliance of concern 

is in a small room, concentrations in that room will be 

significantly higher than what is recorded in Table 2-7. 

There is limited information on the supplemental use 

of cooking appliances (stoves and ovens) for heating 

residences (meaning appliances not designed for 

heating are used to heat spaces in the home). When 

gas cooking appliances are used for heating, there are 

two particularly important considerations: the greatly 

increased duration of use, compared to when they are 

used for cooking, and that they constitute an unvented 

heating source. These factors elevate indoor combustion 

pollutant levels. A study investigating the relationship 

between respiratory illness in children, gas stove use, 

and ventilation found that in homes where adults used 

the stoves for both cooking and heating, as opposed to 

solely for cooking, children had significantly higher odds 

of being diagnosed with asthma and experiencing other 

respiratory symptoms.35 

Under a scenario where kitchen appliances are used 

for supplemental heating for approximately 4 hours, 

time-weighted exposures in the entire home rise by a 

factor of 4.8 for NO2 as compared to 1 hour of cooking, 

and the chronic CAAQS threshold is exceeded in 90% 

of instances. The 8-hour CO concentrations would 

rise by 2.8 times in this scenario. If only the stove is 

used for both cooking and supplemental heating, time-

weighted exposures for NO2 rise by a factor of 4.0 and 

exceed the CAAQS threshold 51% of the time when 

supplemental heating occurs. On average, the 8-hour CO 

concentrations would rise by 2 times when compared to 

1 hour of cooking. 

Though frequency of use for these purposes is not well 

established, particularly in recent literature and datasets, 

there are reasons for equity-related concern. A report 

based on the National Health and Nutrition Examination 

Survey (NHANES) III (1988-1994) found that use of a 

gas stove or oven for heating was highest among adults 

in the Southern U.S., with lower-income households 

engaging in such use of combustion appliances 

approximately twice as often as higher-income 

households.125 In recent years, the U.S. Census Bureau’s 

American Community Survey (ACS) started collecting 

data on supplemental heating devices, but found no clear 

income- or race-based trends. In each income group, 

2.6-5.4% of households reported using cooking stoves 

for supplemental heating. Significantly fewer households 

use gas ovens with the oven door open for heating, as 

opposed to cooking stoves.

There have been a few articles written on the use of gas 

stoves for supplemental heating, though several date 

to the early 1980s. This behavior has been identified 

as a contributor to elevated indoor NO2 levels in low-

income housing — particularly in combination with poor 

ventilation and small apartment size30 — and the use of 

gas stoves for heating is linked with childhood asthma.118 

In the previously mentioned NHANES III of more than 

8,000 children, those who lived in homes where a gas 

stove or oven was used for heat were more likely to have 

Table 2-7: Mean peak CO and NO2 exposures in the entire home associated with pollutant backdrafting/spillage and various capture 
e�ciencies.

Appliance Pollutant Concentration with 0% 
Capture E�ciency  

(µg/m3)

Concentration with 25% 
Capture E�ciency  

(µg/m3)

Concentration with 50% 
Capture E�ciency  

(µg/m3)

Concentration with 75% 
Capture E�ciency  

(µg/m3)

Heating devices

CO 11,000 8,200 5,600 3,000

NO
2

730* 550* 370* 190

NO
X

3,900 2,900 2,000 990

Water heaters

CO 31,000* 24,000* 16,000 8,100

NO
2

1,400* 1,100* 710* 360*

NO
X

6,400 4,800 3,200 1,600

Note: Values marked with * exceed acute CAAQS for CO and NO2. 
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clinically diagnosed asthma.118,121 In a 1980s study of 

700,000 residents in New York City, approximately 50% 

of those with gas stoves, but no gas heating appliances, 

were found to use gas stoves for supplemental heating.126 

A study of patients with symptoms of CO exposure 

found that use of gas stoves for heating was a significant 

predictor of high carboxyhemoglobin levels, indicating 

CO poisoning.127 In a sample of residences in the United 

Kingdom, use of gas ovens for heating was significantly 

related to NO2 concentrations in both kitchens and 

bedrooms.128 However, in a study of low-income public 

housing in Boston, supplemental heating with stoves was 

not a significant predictor of indoor NO2 concentrations, 

though gas stove heating behavior was only assessed 

via an initial survey and not during the environmental 

sampling period.129 Researchers have called for further 

research and education on the impact of supplemental 

heating with gas stoves, and have identified the 

improvement of heating technology as a means of 

limiting the use of gas stoves for heating. 

2.2.3. ADDITIONAL EXPOSURE AND 
VULNERABILITY CONSIDERATIONS

This section includes a brief, qualitative discussion of 

other factors associated with exposure and associated 

risk.

Synergistic e�ects of multiple air pollutants

There is potential for synergistic e�ects of exposure to 

multiple pollutants, including our pollutants of interest — 

CO, NO2, and NOX — meaning that exposure to multiple 

pollutants at one time may not be a direct sum of the 

individual health impact of exposure to each pollutant.130 

The health e�ects of pollutants such as PM2.5, NOX/

NO2, and CO are evaluated separately in our report 

and others, but these exposures occur simultaneously, 

and concurrently with other pollutants not included in 

our analysis, such as heavy metals, PAHs, and VOCs 

(both during cooking, and due to other sources of indoor 

exposures).27,119 We are not able to account for this in our 

analysis, but it is an important consideration.

Body weight, inhalation rates, and gender

Body weight and inhalation rates play a major role in 

determining the e�ects of personal exposure to airborne 

contaminants. Higher inhalation rates result in greater 

exposures, and lower body weights increase the e�ects 

of exposure, due to a higher dose per unit of body weight. 

Body weight and inhalation rate are also correlated, 

and thus, the two factors should be considered in 

v. We do not expand upon it in this report, but it is important to note that the gender disparities in cooking frequency as well as associated exposures for 
children are international issues, particularly in countries where traditional cookstoves are used to burn solid fuels, leading to significant environmental health 
concerns.135,136

conjunction.131 Inhalation rates increase with body weight, 

with substantial increases found when comparing 

people of normal weight and people who are overweight; 

additionally, males have slightly higher inhalation rates 

than females.

Body weight and inhalation rate considerations are most 

important in regard to children, who are particularly 

susceptible to the adverse health e�ects of air pollution. 

Children perform a substantially higher level of daily 

physical activity than adults, which culminates in a 

far greater intake of air into the lungs.132 Furthermore, 

children breathe 50% more air per unit of body weight 

than adults, due to having a greater lung surface area to 

body weight ratio.133 

We did not incorporate body weight and inhalation rates 

into our quantitative assessment, but the California 

Department of Toxic Substances Control (DTSC) 

releases and regularly updates a set of Human Health 

Risk Assessment (HHRA) notes134 focused on di�erent 

aspects of risk assessment, and HHRA Note 1 is entirely 

focused on default exposure factors, including body 

weight and inhalation rate. Additionally, the 2011 US EPA 

Exposure Factors Handbook o�ers a comprehensive 

overview of inhalation rates for children and adults 

according to age, gender, body weight, and activity 

level.131 According to this handbook, domestic tasks such 

as cooking are considered light intensity activities. 

In terms of gender, the variations between men and 

women related to body weight and inhalation rate apply, 

but in regard to gas appliances, there is an additional 

consideration regarding which gender spends more time 

cooking and thus, is in closer proximity to gas appliances 

being used in the kitchen. Surveys have indicated that 

women do spend more time preparing meals than menv, 

resulting in additional exposure to combustion pollutants 

in households with gas appliances.137,138 A 1991 CARB 

study of children’s activity patterns also found the 

prevalence of potential exposure to fumes from a gas-

powered oven to be consistently elevated for children of 

all ages and genders.139

Housing characteristics: tenure, quality, residence size, 

and appliance maintenance 

Disadvantaged populations disproportionately 

experience poor housing conditions that can be 

detrimental to health.140 A recent State of the Nation’s 

Housing report from Harvard University found that 

more than half of the nation’s low-income population 
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live in high-poverty neighborhoods.141 Housing 

quality related to safety is substandard in many low-

income residences,142,143 and is inextricably linked 

with public health concerns; also, appliance age and 

maintenance fall under this umbrella of housing safety 

considerations.40,144 Lower-income families are often 

renters: The median income for renters in California is 

$50,000 annually, while the median income for home 

owners is $90,070 annually.2 Lower-income families 

often do not have control over, or incentive to engage in, 

appliance replacement and maintenance; additionally, 

these families have less disposable income to spend 

on resolving maintenance issues. We can refer to the 

sensitivity analyses in 2.2.2, which highlight a potential 

health concern associated with old and unmaintained 

appliances: improper ventilation resulting in spillage 

of combustion pollutants into the living space. Lack of 

maintenance may result in improper ventilation occurring 

for extended periods of time. Thus, there is a need for 

future research on the sociodemographic trends in 

households with appliance maintenance and ventilation 

concerns.

Housing size variations are accounted for within the 

indoor air quality model; a smaller home with the 

same ventilation rate as a larger home will have higher 

concentrations of pollutants due to having lower 

volume. Our findings from Section 2.2.2 demonstrate 

that exceedances for CO and NO2 are all higher for 

apartments, primarily due to smaller residence sizes. 

Additionally, individuals in the kitchen and other rooms 

will be in closer proximity to gas-burning devices. 

This may have air quality and health implications 

for low-income populations living in smaller homes. 

Furthermore, low-income residences are more likely to 

be overcrowded,145 which may a�ect cooking frequency. 

“Overcrowding” is defined as occurring when there is 

more than one person living in a residence as there are 

rooms in the residence (including rooms such as the 

living room and kitchen). According to the California 

Department of Housing and Community Development, 

California’s overcrowding rate is 8.4%, which is more 

than double the U.S. average of 3.4%.145

Time-activity patterns

Research has shown that children in low-income families 

spend more time in the home,146 and are thus exposed 

to indoor air quality issues in the home more often than 

children from families with a higher socioeconomic sta-

tus. Limited literature indicates that this may be particu-

larly due to lower participation in after-school programs, 

resulting in greater exposure to indoor air pollutants in 

the home.147,148 This is an area for future study. 

Cumulative impacts: health and environmental justice 

in California

As we briefly touched upon in the background section, 

low-income and environmental justice communities 

are often disproportionately a�ected by adverse 

environmental conditions, and historically, have less 

access to clean water and air, as well as to clean energy 
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resources. Many environmental issues in disadvantaged 

communities are externalities that these communities 

do not have control over, and these issues contribute to 

health disparities. 

Existing research has explored the cumulative e�ects 

faced by vulnerable communities, finding that there 

are many complex, nuanced relationships between 

environmental and social factors that can result in 

significant (and potentially nonlinear) health e�ects 

on the population.115,149 This includes the exacerbation 

of the e�ects of harmful environmental exposures — 

such as air or water pollution — and the enhancement 

of psychosocial stress experienced in impoverished 

neighborhoods. There are also potential synergistic 

e�ects from exposure to multiple pollutants, and 

multiple stressors, that need to be explored further to be 

fully understood.115,149 

Research suggests that regulatory interventions must 

consider di�erent elements of cumulative e�ects to 

reduce environmental inequities and associated health 

disparities.115 It is critical to note that any air quality 

impact from the use of gas appliances compounds upon 

preexisting, complex, and adverse environmental and 

health burdens in these communities. 

2.2.4.  HEALTH EFFECTS OF AIR POLLUTION

In this section, we present the existing evidence 

surrounding each pollutant’s relationship with gas 

appliance use, and describe the specific acute and 

chronic health impacts associated with exposure. We 

address indoor exposures specifically, but this section is 

also generally applicable to outdoor, ambient exposures 

to these pollutants. Table 2-8 summarizes the health 

e�ects described in this section. 

2.2.4.1. Nitrogen oxides 

NOX, predominantly consisting of NO and NO2, are 

widespread gaseous pollutants. NO2 is primarily formed 

from the oxidation of NO.155 Existing research evaluates 

the human health impacts of both NOX and NO2, but 

much of recent literature focuses on NO2, particularly 

since a growing body of evidence indicates that it leads to 

premature mortality. Therefore, we focus specifically on 

NO2 in this section. The 2016 US EPA Integrated Science 

Assessment (ISA) on the health e�ects of NOX found 

the literature to be suggestive of a causal relationship 

between chronic NO2 exposure and respiratory e�ects, 

cardiovascular e�ects, cancer, and mortality, though it 

did not make an absolute determination.116

As mentioned in Section 2.1.1, combustion appliances — 

specifically, gas cooking appliances — have been found 

to increase indoor NO2 levels above acute CAAQS and 

NAAQS thresholds.119 Studies have observed higher NO2 

exposures in homes with gas stoves compared to those 

with electric stoves.27,221 When cooking with gas, peak 

concentrations of NO2 in the kitchen can reach levels 

far in excess of the CAAQS 1-hour NO2 threshold.34 

Individuals who cook with gas can be exposed to high 

levels of NO2 due to close proximity to the stove. These 

peak concentrations of NO2 are comparable to those 

reported in Section 2.2.2.

Though exposure to NO2 has been linked to adverse 

health outcomes, there is some mixed evidence regarding 

the association between indoor NO2 exposure from 

combustion appliances and specific respiratory health 

impacts.31,33 Studies from the last several decades 

have found a robust association between NO2 from 

gas cooking and increased risk of respiratory illness 

Table 2-8: Overview of health e�ects of main studied pollutants.

Pollutant Health E�ects

Acute Chronic

Nitrogen oxides  
(NO

X
)

Decreased lung function, asthma exacerbation,  
respiratory infection, 118,120,150–153 stroke 154

Premature mortality,155–158 lung and breast cancer,156,159  

cough, shortness of breath, asthma, wheezing, respiratory 
illness in children33,33,91,117,120,160–163 

Carbon monoxide  
(CO)

Death, brain damage, seizures, memory loss, dementia, 
headaches, dizziness, nausea 164–168 

Brain and heart toxicity,164,169–173  
heart failure and cardiovascular disease,167,174–176  

low birth weight 177

Fine particulate matter 
(PM2.5)

Stroke, increased blood pressure154,178–180 Premature mortality,22,181 bronchitis,  
asthma onset and exacerbation, 185–189  

low birth weight and preterm birth 190–194

Ultrafine particles  
(UFP)

Increased blood pressure 179,195 Cardiovascular disease,196,197  
neurological disorders 198,199

Formaldehyde Respiratory/eye/skin irritation, sneezing,  
coughing, nasal congestion, 103,200,201  

drowsiness, chest tightness, shortness of breath,103,200,202  
asthma exacerbation,203,204  

death (higher doses)205

Cancer,103,172,206–210  
asthma and bronchitis in children,200,211,212  
damage to respiratory system,205,211,213–219  

headaches, sleep disorders, memory loss,202,205  
birth defects, low birth weight, spontaneous abortion 

205,213,218,220
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in children, such as asthma, wheezing, and other 

respiratory symptoms.33,91,120,162,163 NO2 exposure from 

gas appliances is implicated in many other respiratory 

symptoms, including cough, lung obstruction, and 

shortness of breath.33,117,160,161 Women may be at 

higher health risk from NO2 exposure, due to greater 

susceptibility and higher frequency of cooking compared 

to men.117,138,160 Research suggests that due to the 

widespread use of gas for cooking, NO2 exposure from 

gas appliances has a substantial public health impact, 

particularly in children, as described in Section 2.2.3.33

The respiratory e�ects of acute NO2 exposure more 

broadly include decreased lung function, asthma 

exacerbation, and increased risk of respiratory 

infection.118,120 Children are at the highest risk of 

health e�ects from NO2 exposure.118,120,222 Short-term 

NO2 exposures above the CAAQS 1-hour standard 

are associated with lung inflammation, particularly 

in individuals with asthma or chronic obstructive 

pulmonary disease (COPD).150–153 Acute NO2 exposure is 

also associated with increased risk of hospital admission 

and mortality from stroke.154

Chronic NO2 exposure is suspected to be a driver 

of air-pollution-related mortality and is associated 

with premature death.156,222 Studies have observed a 

relationship between chronic NO2 exposure and all-

cause, cardiovascular, respiratory, and lung cancer 

mortalities, with greater risks among populations with 

preexisting diseases.155–158 Chronic NO2 exposure also 

increases the risk of lung and breast cancers,156,159 and 

evidence also suggests impact to pregnancy outcomes, 

such as low birth weight.223–225 A substantial body 

of evidence supports an independent e�ect of NO2 

on mortality, and epidemiological research on this 

burgeoning topic is accumulating quickly.155–158 Because 

NO2 is ubiquitous and large populations are exposed, 

even small increases in NO2 may have extensive public 

health consequences.155–158,222

2.2.4.2. Carbon monoxide 

Although exposure to dangerous levels of CO is 

preventable, many instances of CO poisoning still occur 

in homes,226 resulting in estimated expenses of $1.3 

billion annually in the United States.227,228 As mentioned 

previously, the Tracking California program estimated 

643 emergency department visits due to non-fire-

related CO poisoning in 2016,82 and CARB estimates 

there have been 13-36 non-fire-related CO poisoning 

deaths in California annually since 2000.67 Although CO 

emissions from gas appliances can be negligible,27,49,51,52 

and most of the CO concentrations presented in our 

results in Section 2.2.2 are below the state and national 

8-hour standards of 10,000 µg/m3, dangerously high 

CO exposures from gas appliances may occur due to 

mechanical and ventilation failures.164,229 Excessive 

CO exposures, often associated with gas appliances, 

have been found to cause severe damage to brain 

tissue,164–168 and can result in long-term or permanent 

neurological symptoms such as seizures, memory loss, 

and dementia.228–232 

CO exposure has diverse, acute human health e�ects, 

with symptoms ranging from headaches, dizziness, and 

nausea at low concentrations, to neurological damage 

and death at high concentrations.165,168 CO is an insidious 

pollutant; because it is tasteless, odorless, and induces 

nonspecific symptoms, CO exposures often remain 

undetected by both victims and medical professionals.233

While the health e�ects of acute exposure are well-

established, the long-term impact is not as well-studied 

or understood. Chronic exposure to low concentrations 

of CO was found to be associated with adverse health 

e�ects on multiple organ systems, with substantial 

evidence demonstrating toxic e�ects on the brain 

and heart.164,169–173 The World Health Organization 

(WHO) suggests potential toxic e�ects of chronic CO 

concentrations above 6.9 mg/m3.172 Increases of 11.5 mg/

m3 in ambient CO levels are associated with increased 

risk of hospital admission for congestive heart failure, 

particularly in the elderly,167,174,175 whereas increases 

of slightly more than 1 mg/m3 in 1-hour maximum CO 

concentrations are associated with increased risk of 

cardiovascular-disease-related hospitalizations.176 

In addition, children are especially vulnerable to CO 

exposure due to their developing nervous systems 

and high metabolic rates,229 and exposure to ambient 

CO levels close to those of the WHO threshold 

listed previously in this report is associated with an 

increased risk of low birth weight.177 There are other 

risks associated with CO exposure during pregnancy as 

well.234 

2.2.4.3. Particulate matter 

PM is a leading cause of worldwide mortality and 

morbidity, and there is evidence that PM2.5 pollution 

adversely a�ects cardiovascular and respiratory health 

through a myriad of pathways.22,181 Recent research, 

based on the Global Burden of Disease project, found 

that PM2.5 led to approximately 8.9 million deaths in 

2015, which is higher than previous estimates.24 PM 

concentrations are often higher indoors than outdoors 

and come from a variety of sources, including cooking, 

household aerosol products, o�ce equipment, and 
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transportation of outdoor pollution into the indoor 

environment.182

Cooking with combustion appliances can be a significant 

source of PM2.5 and UFP exposure,26,27,64,235 though 

studies of PM2.5 exposure from these types of appliances 

have shown a decrease over the last several decades, 

likely due to technological advances resulting in reduced 

emissions. Although both gas and electric stoves 

generate particle emissions, gas stoves have been found 

to produce greater particle exposures.26,28 Cooking 

methods, and the type of food being cooked, can also 

have a substantial impact on PM2.5 emissions, and the 

use of cooking oils with higher smoke temperatures 

has been identified as a means of reducing PM2.5 

emissions.236 As mentioned previously, many of 

these experimental tests involved food, and the PM2.5 

concentrations observed cannot solely be attributed to 

the appliances. Additionally, as mentioned in Section 2.1, 

PM emissions from gas water heaters and home heating 

devices are significantly higher than PM emissions from 

kitchen appliances.

Short-term exposure to PM2.5 is associated with 

cardiovascular and cerebrovascular disease, including 

strokes and increases in blood pressure.154,178–180 An 

increased risk of hospital admissions and mortality 

for stroke has been observed per 10 µg/m3 short-term 

increase in ambient PM2.5.154 

PM2.5 also has well-established, chronic health e�ects.182 

An extensive body of evidence supports a significant 

association between PM2.5 and all-cause mortality.22 

PM2.5 exposure is associated with an increased risk of 

cardiovascular and respiratory mortality, with a greater 

increase in risk than seen for NO2.156–158 The impact 

of PM2.5 pollution also includes increased emergency 

room visits and general hospital admissions,182–184 and 

chronic PM2.5 exposure is linked to certain cardiovascular 

diseases and chronic respiratory conditions as well, such 

as bronchitis and asthma onset and exacerbation.185–189 

Chronic PM2.5 exposure is particularly harmful to 

pregnant women and children. Long-term PM2.5 exposure 

during pregnancy is associated with increased risk 

of low birth weight and preterm birth per 10 µg/m3 

increase in PM2.5.190–194 A study of more than 600,000 

births in California over a 7-year period revealed a 

significant association between PM2.5 exposure and low 

birth weight.237 One recent study found that the dose-

response relationship between preterm birth and PM2.5 is 

linear at lower pollution levels, suggesting increased risk 

even at low concentrations.190 

Evidence indicates that combustion processes produce 

large amounts of UFPs.48,57,236 UFPs can also be formed 

by nucleation, where low volatile gas phase species are 

converted to aerosol phases. Nucleation events can 

be provoked by the operation of gas appliances, where 

combustion processes produce gaseous emissions such 

as CO and NO2.44,238,239 In an LBNL study of combustion 

appliance emissions, the vast majority of particles 

emitted by gas stoves were found to be in the ultrafine 

range,44 and a study of residences in Northern California 

found cooking to be the greatest source of indoor UFPs.48 

A chamber study demonstrated substantial UFP number 

concentrations of more than 300,000 particles/cm3 

emitted by both gas and electric stoves,240 while a 

residential study of gas stoves in Taiwan recorded PM2.5 

concentrations of up to 100 µg/m3 and UFP emissions of 

up to 1,400,000 particles/cm3.241 

Burgeoning research indicates that UFPs significantly 

a�ect human health, though regulatory intervention 

to control emissions of these particles is particularly 

challenging, due to their small size.198 Emerging evidence 

posits UFPs are potentially more toxic and harmful than 

PM2.5 on a per unit mass basis.179,242 

Chronic exposure to UFPs is associated with increases 

in markers related to cardiovascular disease risk.196,197 

Both ambient UFP concentrations and UFP emissions 

from indoor sources have been found to increase 

blood pressure in adults and children.179,195 UFP 

exposure also has pronounced respiratory e�ects: A 

study of five European cities over a 10-year period 

found an association between UFP and respiratory 

hospitalizations during warm periods, with the 

strongest e�ects seen among children 0-14 years old.243 

Researchers suggest that UFPs may contribute to 

neurological disorders as well.198,199

Exposure to PM has well-established acute and chronic 

health e�ects, and though we were not able to quantify 

indoor residential exposures to PM2.5 and UFPs in this 

report, due to limited available data, PM exposure due to 

indoor gas appliance operation should be considered in 

future air pollution and health e�ect studies. 

2.2.4.4. Formaldehyde

Formaldehyde is a part of a larger family of VOCs, 

which are common indoor pollutants with sources 

including building materials, carpeting, paint, furniture, 

personal care products, and combustion.30,244,245 

Newer residential buildings have been found to 

produce greater formaldehyde and VOC emissions 

than older buildings.200,244 Additionally, recent evidence 
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suggests that infiltration of outdoor formaldehyde 

contributes substantially to indoor concentrations.246,247 

Formaldehyde is an extremely prevalent pollutant, 

and a study of California homes found that 95% had 

formaldehyde levels above the OEHHA chronic REL.45

Formaldehyde has been formally established as a human 

carcinogen by regulatory agencies such as the WHO and 

the International Agency for Research on Cancer (IARC), 

and noted potentially carcinogenic by other agencies, 

with evidence of it causing nasopharyngeal cancer and, 

to a lesser extent, leukemia.103,172,206–210 Apart from its 

carcinogenic e�ects, formaldehyde is a sensory and 

respiratory irritant with both acute and chronic non-

cancer health e�ects.103,200,201 However, formaldehyde 

exposures often occur in conjunction with large numbers 

of other VOCs and indoor air pollutants; thus, identifying 

the direct health e�ects of formaldehyde has proven 

challenging.200,213,248

Formaldehyde can be formed as a byproduct 

of combustion processes, due to incomplete 

combustion.103,247 Although most existing literature 

focuses on formaldehyde emissions as a result of 

cigarette smoking, wood combustion, and o�-gassing 

from building materials, a number of studies have 

investigated the e�ects of formaldehyde formation 

due to gas appliances and residential cooking 

activities.27,44–46,74 Although the operation of gas 

appliances has been found to result in formaldehyde 

emissions, the concentrations measured in such studies 

were often below the OEHHA chronic REL of 9 µg/

m3.27,44 Additionally, several studies did not indicate any 

significant contribution of gas appliance use to indoor 

formaldehyde concentrations.45,46,74 These results are 

consistent with research showing that building materials 

are the primary sources of indoor formaldehyde 

emissions.30,244,245 Preliminary evidence in mice suggests 

intermittent exposures to higher concentrations of 

formaldehyde are more damaging than constant low-

level exposures, as the dose-response relationship 

between formaldehyde and its impact on human health is 

not linear.214 This may be of importance when considering 

formaldehyde emissions from gas appliances, as these 

exposures are acute and unpredictable, as opposed 

to chronic and stable (as in the case of formaldehyde 

emitted from building materials).

Respiratory irritation is the most common, acute e�ect 

of formaldehyde exposure, along with related symptoms 

such as dry skin, sneezing, coughing, eye irritation, 

and nasal congestion.200,202,205,207,211,249 Formaldehyde 

exposure is also associated with a range of nonspecific 

symptoms, including drowsiness, chest tightness, and 

shortness of breath.103,200,202 Relatively low formaldehyde 

concentrations are associated with increased risk 

of asthma and chronic bronchitis in children.200,211,212 

Formaldehyde also increases sensitivity to allergens in 

asthmatics, even at the WHO-recommended maximum, 

30-minute average concentration.203,204 Acute 

formaldehyde poisoning at higher doses is associated 

with severe symptoms, including fever, vomiting, 

abdominal pain, and in extreme circumstances, death.205

Chronic formaldehyde exposure is an issue of concern 

as well, as e�ects have been found to increase over time. 

In addition to increasing cancer risk, chronic exposure 

to formaldehyde results in a multitude of symptoms, 

including reduced lung function, tremors, and damage 

to the nasal passages.205,211,213–219 The relationship 

between chronic formaldehyde exposure and poor 

respiratory health may be particularly important for 

children.250 Additionally, chronic formaldehyde exposure 

has neurotoxic e�ects, causing symptoms such as 

headaches, sleep disorders, and memory loss.202,205 

Formaldehyde is also a reproductive and developmental 

toxicant associated with birth defects, low birth weights, 

and spontaneous abortion.205,213,218,220

While exposure to formaldehyde can result in life-

threatening, adverse health conditions, it remains unclear 

whether formaldehyde is a significant concern related 

to gas appliance use. Since formaldehyde is a known 

carcinogen, this topic demands further research. 

2.2.5. ASSUMPTIONS AND LIMITATIONS

Due to the limited scope of this project, we did not 

conduct any primary data collection; we only analyzed 

existing literature and datasets. While we used as many 

relevant data sources as we could access, data paucity 

was a major limitation for this report. Particularly for 

conducting future quantitative analyses with regard to 

equity, the development of additional, publicly available 

databases to include more detailed and higher spatial 

resolution data would be a significant asset. 

There are other factors associated with exposure that 

we were unable to control for, including the location 

of appliances throughout the home (water heaters 

and home heating devices), and seasonality (which 

a�ects ventilation, as well as the ambient pollutant 

concentrations used in the indoor air model).29,47 There 

were also challenges associated with determining a 

standard residence volume and ventilation rate for each 

residence type, so these values are based on estimates 

from primary literature, and public data and reports. 
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Details on our calculations of volumes and ventilation 

rates are included in Appendix A. We also did not 

assess any exposures or other dangers associated with 

electrification, as we focus on combustion pollutants in 

this report. 

There are also limitations associated with the use of 

an indoor air quality model. This model assumes the 

pollutant of interest reaches a steady state, which 

is more appropriate for emissions occurring over 

a consistent period, not for analyzing short-term 

emissions. Our analyses also operated under various 

assumptions about the time spent using kitchen 

appliances. We approximated applicable time periods, 

but we also wanted to provide varying assessments 

considering di�erent amounts of time using the 

appliances, so that readers of this report can gain 

a better understanding of the implications of their 

own appliance-use habits. Additionally, as mentioned 

previously, the 1-hour (acute) thresholds compared to 

our peak kitchen pollutant concentrations only apply 

to exposures under a scenario where air quality levels 

remain elevated for an entire hour.

Finally, there are indoor air quality issues associated 

with the use of gas cooking appliances that will remain 

despite the implementation of electrification, and 

we do not account for this. Some PM emissions are 

associated with cooking oils and foods, and there are 

no mitigation methods for this, other than the use of 

ventilation devices such as range hoods. We do not claim 

that the transition to electric appliances would make a 

substantial di�erence in terms of emissions from cooking 

oils and food. 

This report does not compare the benefits and costs 

of electrification versus improving range hood use and 

e�ciency in terms of reducing indoor air pollution. This 

is an important consideration that needs to be included 

in any full-scale assessment of indoor air pollution 

mitigation techniques. We touched briefly upon range 

hoods in Section 2.1.3. 
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3 OUTDOOR AIR QUALITY AND HEALTH 
EFFECTS

Section 2 discussed the indoor air quality issues and resulting health e�ects associated with the use 

of residential gas appliances. This portion of the report covers an equally relevant realm: how the 

use of these appliances a�ects outdoor (ambient) air quality, the extent to which residential building 

electrification would reduce ambient exposures to the pollutants of concern, and the resulting 

premature mortality and morbidity reductions throughout the state. Section 3.1 provides background 

information from a literature review, and Section 3.2 contains the results and discussion. The 

objectives of this section are to: 

• quantify the total emissions of CO, NO2, and NOX due to gas appliances across 

California; 

• model changes in ambient PM2.5 due to reduced emissions of NOX and PM2.5 from a 

hypothetical, residential building electrification scenario; and

• estimate the potential reduction in mortality associated with the modeled scenario.

In the results and discussion portion of this outdoor 

air quality section of the report, as described in these 

objectives, we included various quantitative assessments 

of four pollutants: CO, NO2, NOX, and PM2.5. In Section 

3.2.1, we assessed the total emissions of CO, NO2, 

and NOX based on our EFs calculated in Section 2. 

In Sections 3.2.2 and 3.2.3, we considered only two 

pollutants: NOX and PM2.5. We first estimated reductions 

in secondary PM2.5 levels due to a calculated reduction 

in NOX and resulting nitrate PM2.5. We then incorporated 

CARB data on PM2.5 emissions from residential gas 

appliances to estimate the total reduction in PM2.5 from 

the replacement of gas appliances, representing changes 

in primary and secondary (nitrate) PM2.5 from gas use. 

We then assessed health impacts from reductions in 

those estimated ambient PM2.5 levels. This is described 

in detail in Appendix A.

3.1. BACKGROUND

In this literature review section, we discuss the following 

relevant topics: 

• current electrification research as it relates to criteria 
air pollutants, and related policy and implications of 
electrification more generally (3.1.1); 

• the relationship between gas appliances and outdoor air 
quality (3.1.2); 

• resulting outdoor air quality, health, and environmental 
justice implications (3.1.3); and

• the identified knowledge gap we aim to fill (3.1.4). 

3.1.1. CALIFORNIA’S ELECTRICITY LANDSCAPE 

Electricity and criteria air pollutant emissions

Residential building electrification has multiple 

potential co-benefits, spanning the domains of air 

quality, health, and climate change mitigation.251,252 

Reducing air pollutant emissions through electrification 
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would improve air quality and promote public health 

while also limiting production of GHGs. The coupling 

of electrification with decarbonizing electricity 

generation represents an ideal scenario, producing 

these associated co-benefits. Of course, even without 

complete, wide-scale decarbonization of electricity 

generation, decreasing the carbon-generating proportion 

of the power mix will be conducive to climate change 

mitigation.253 

There are several existing research studies on air quality 

and health co-benefits from electrification.254–256  

A recent modeling study predicted that achieving the 

California Executive Order S-3-05 target of reducing 

GHG emissions to 80% below 1990 levels by 2050 

through a focus on electrification would result in signif-

icant public health benefits.256 A comprehensive decar-

bonization approach, prioritizing electrification and clean, 

renewable energy sources, with 85% electrification in 

commercial and residential sectors, would reduce 2050 

emissions of NOX by 34% and PM2.5 by 33%.256 Further-

more, the pollutant reductions would result in the avoid-

ance of an estimated 12,100 premature deaths annually 

by 2050, due to changes in ambient ozone and PM2.5, 

with a monetized estimated value of $109 billion.256 This 

particular scenario, focused on the implementation of 

clean, renewable energy and high levels of electrification, 

had significantly more health co-benefits than a scenario 

focused on combustible, “renewable” fuels. Similarly, a 

study modeling the air quality impact of Assembly Bill 

(AB) 32257 (The Global Warming Solutions Act of 2006, 

which facilitated the enactment of the Cap-and-Trade 

Program), predicted cumulative emissions reductions of 

approximately 15% for NOX and 1% for PM2.5 throughout 

California.254 Air quality improvements due to AB 32 

were predicted to avoid approximately 880 premature 

deaths per year by 2030, with an estimated monetized 

value of $5.4 billion.254 Another California-focused study 

on reaching the 2050 GHG emissions targets predicted 

air-pollution-associated premature mortality reductions 

of up to 2,760 deaths per year by 2050, with an estimat-

ed monetized value of up to $20 billion annually.255

A 2018 CEC report investigating future decarbonization 

scenarios reported high levels of building electrification 

to be an e�ective, relatively low-risk, and low-cost GHG 

mitigation strategy as compared to other mitigation 

measures, and a key factor in reducing gas consumption.7 

On a related project in 2019 for the CEC, the E3 group 

and the Advanced Power & Energy Program at University 

of California, Irvine (UCI) evaluated the air quality and 

health e�ects of electrification; they evaluated multiple 

scenarios to reduce GHG emissions from 1990 levels 

by 80% by the year 2050, including a high building-

electrification scenario, and a no building-electrification 

scenario.258 Similar to the CEC report, they also found 

that building electrification has the potential to be 

low risk and low cost, in this case compared to the 
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widespread use of renewable gas.258 One portion of 

this project involved using the U.S. EPA’s Benefits 

Mapping and Analysis tool (BenMAP) to conduct a 

health-impact analysis for a high building-electrification 

scenario. Building electrification was projected to result 

in lower PM2.5 concentrations, particularly in winter, 

and the BenMAP analysis reported health savings of 

approximately $200 million over 10-day episodes in 

summer and winter, due to mitigation of ozone and 

PM2.5 from the high building-electrification scenario.258 

Reductions in secondary PM2.5 formation from lower 

NOx emissions from gas appliances were found to have 

a major impact on health savings.258 The building-

electrification scenarios modeled by UCI indicate 

substantial co-benefits to air quality and human health as 

a result of reductions in NOx, PM2.5, and ozone. However, 

these scenarios were designed to reduce GHG emissions 

rather than target criteria pollutant reductions.258 

EPRI prepared a 2019 report, commissioned by the CEC, 

investigating the air quality implications of electrification 

in California across multiple sectors.15 It estimated that 

electrification would result in substantial reductions of 

PM2.5 and ozone across California, with monetized health 

benefits estimated to be $108 billion per year in 2050.15 

It also found that electrification of residential and 

commercial stationary sources resulted in the majority 

of PM2.5 reductions (61%), with significant impacts from 

the reduction of residential wood combustion.15

One aspect to keep in mind throughout this analysis, 

which will be mentioned again in the Results and 

Discussion section, is that electricity generation at gas 

power plants emits both GHGs and criteria air pollutants. 

Even if all residential gas appliances were transitioned 

to electric appliances, the electricity required to power 

these appliances must still be generated by some form 

of fuel, and gas power plants currently produce almost 

half of the electricity generation in the state. Therefore, 

in order to avoid increased emissions from gas power 

plants, building electrification must be based on the 

preface that the electric power system will continue 

to decarbonize and shift to clean energy. As California 

increasingly builds and relies upon zero-carbon 

electricity sources such as wind and solar energy, which 

is state-mandated by the 100% Clean Energy Act of 

2018, or SB 100, the overall GHG and air quality benefits 

of electrification will increase (This law enacted the 

Renewables Portfolio Standard (RPS), which mandates 

that 100% of electricity sold must be generated 

from zero-carbon energy sources by 2045259. This is 

discussed further in Section 3.2.2. 

Overall, GHG emissions reductions and in particular, 

electrification, o�er immense co-benefits with regard to 

air quality, health, and economic value, with the largest 

benefits predicted in densely populated, metropolitan 

areas.7,15,254–256

Building electrification in California: policy and 

economic implications 

California is a national leader in clean energy and climate 

policy. Though local emissions of criteria pollutants 

are a byproduct of combustion processes (the focus 

of this report), there is a substantial body of research 

on the relationships between energy sources and 

climate change mitigation,3,42,251,260–262 and climate 

change mitigation continues to be a main driver of 

policy that a�ects electrification status throughout 

the state. Together, SB 32 (which extends AB 32), SB 

100, California’s B-55-18 Executive Order to achieve 

carbon neutrality by 2045, and other forthcoming bills 

provide a strong legislative framework for mitigating 

climate change, with aggressive targets for reducing 

GHG emissions.257,263 Research has identified wide-scale 

electrification of multiple energy-consumption sectors, 

including residential buildings, as an important requisite 

for achieving California’s GHG emissions goals; 4,7,8 this 

transition will require policy support.264 

Unlike the national landscape, where approximately 

25% of all homes in the United States are all-electric,265 

roughly 90% of California’s homes consume gas for 

various fueling purposes. The majority of California 

homes use gas for heating and cooking: Recent AHS 

surveys estimated that 64% of California homes used 

gas as their primary heating fuel, and that 67% of homes 

used gas as their primary cooking fuel.2 One example 

of a scenario with high rates of building electrification, 

as described in the recent report by E3, finds that more 

than 7 million existing California residences will need 

to be retrofitted with electric technologies.4 A di�erent 

report posed another scenario showing that if gas were 

entirely phased out at an accelerated pace, there would 

be more than 13 million residential buildings in California 

retrofitted by 2045.266 

In July 2019, Berkeley became the first city in California 

to introduce legislation to phase out the use of gas piping 

in new buildings, with limited exceptions.267 Since then, 

roughly 30 cities and counties have adopted ordinances 

supporting or requiring the construction of all-electric 

buildings.268 

A study modeling the impact of future building 

electrification found that all-electric homes performed 

better than mixed-fuel buildings, in terms of both GHG 
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emissions reductions and abatement costs associated 

with the construction of buildings compliant with the 

Title 24 California Building Standards.269 In particular, 

the electrification of space and water heating appliances 

presents an opportunity for substantial GHG emissions 

reductions, which aligns with our results from Section 2 

regarding criteria pollutant emissions.260,270,271 

Additionally, a recent study investigating the 

consequences of residential building electrification in 

California predicted several load-distribution e�ects 

to the electrical grid.4 Building electrification would 

result in more e�cient utilization of the power grid as 

characterized by an improved load factor, which is the 

ratio of average- to peak- electricity demand. The report 

forecasted changes in seasonal electricity demand, with 

higher overall winter electricity loads and slightly lower 

peak summer electricity loads. 

Transitioning to electric heat pumps would provide 

e�ective heating and cooling in buildings, and the recent 

maturation of heat pump technologies has been identified 

as an e�cient and beneficial component of future 

electrification.4,272,273 This is all particularly relevant as 

California temperatures are rising. Projected increases 

in the intensity, frequency, and duration of heat waves274 

could result in higher air conditioning adoption, increased 

cooling demands, and decreased heating demands. 

There are several economic considerations related to a 

transition from gas to electricity. Fugitive CH4 emissions 

produced when gas appliances are not operating (e.g., 

emissions from pipe leaks) are estimated to incur an 

economic cost to consumers of approximately $30 

million annually.3 Research has also found that building 

all-electric reduces construction costs considerably, 

and lowers energy bills overall.275 One research group 

projected consumer energy bill savings for a range of 

appliances, and found that despite higher capital costs 

in certain scenarios, the majority of households will have 

both bill and life-cycle savings as a result of building 

electrification.4 However, one consideration identified by 

a recent report is that as demand for gas falls, cost for 

gas customers increases significantly.258 In a wide-scale 

electrification scenario, this may result in low-income 

gas consumers requiring rate protection or financial 

assistance for transition. This report also predicted higher 

utility bills for mixed-fuel homes than for all-electric 

homes after year 2030.258 This may have multifaceted 

e�ects that constitute equity concerns; higher utility 

bills for gas-using homes will further encourage 

electrification, but low-income consumers who rent 

their homes and do not own their gas appliances, or are 

unable to a�ord purchasing electric appliances, may bear 

a disproportionate burden of transition costs. One report 

addressed other barriers to residential electrification 

throughout the state, highlighting that, despite the fact 

that all-electric homes have lower maintenance costs 

(and other considerable benefits, including no direct 

emissions), the up-front costs of purchasing high-

e�ciency, electric appliances are higher.15 Savings were 

highest for homes with the greatest heating and cooling 

demands, such as larger SFHs. 

Policy intervention providing incentives for replacing 

gas appliances with electric appliances may make the 

transition to electrification in California more equitable. 

For example, tari�s for all-electric homes o�er lower 

rates for electricity to o�set their higher electricity 

consumption.276 Financing programs providing low- or 

no-interest loans for electric appliances could provide a 

means for making electrification economically feasible, 

especially in disadvantaged communities.276 

3.1.2. RESIDENTIAL GAS APPLIANCES AND 
OUTDOOR AIR QUALITY 

Relationship between indoor and outdoor air quality 

While much of scientific literature focuses on the 

transport of outdoor pollutants into indoor environments, 

emissions from residential gas appliances also transport 

outdoors, through the ventilation system or through 

open windows and other pathways.277 The relationship 

between indoor and outdoor air can be characterized by 

the indoor/outdoor (I/O) ratio. The I/O ratio is influenced 

by factors such as natural and mechanical ventilation 

and the tightness of the building envelope: Generally, 

closed windows lead to low I/O ratios, while well-

ventilated environments have higher I/O ratios.277

Pollutant chemistry 

Atmospheric chemistry is important when considering 

certain criteria pollutants. NOX is heavily involved in the 

formation of ground-level ozone.278 Ozone is a secondary 

pollutant produced by a complex chemical reaction 

between NOX, VOCs, and sunlight.278 Ozone is a risk 

factor for all-cause, cardiovascular, and respiratory 

mortality,279,280 and the global burden of ozone exposure 

is estimated at almost half a million deaths per year,281 

although a recent study estimates that this number could 

actually be as high as 1.2 million.282 Contributions to 

ozone associated with NOX emissions from gas appliance 

use are outside the scope of this study. 

3.1.3. WHY THIS ISSUE MATTERS: OUTDOOR AIR 
QUALITY, HEALTH, BUILDING ELECTRIFICATION, 
AND ENVIRONMENTAL JUSTICE

In Section 2, this report discussed indoor air quality 

e�ects from the use of gas appliances in residences; 
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however, air pollution from residential gas combustion 

a�ects outdoor air quality as well. The relationship 

between outdoor air quality and public health is an 

important equity issue that merits greater public 

awareness and policy development. As introduced in 

Section 2.1.4, low-income communities and communities 

of color often have poor air quality and are burdened 

with associated negative health e�ects. More than 

40% of all fossil-fuel power plants in California are 

disproportionately concentrated near disadvantaged 

communities, including in the San Francisco East Bay, 

the Sacramento area, Bakersfield, and the Los Angeles 

South Bay.283 Furthermore, data from the exposure 

mapping tool CalEnviroScreen demonstrate that the 

most socially vulnerable communities, such as those 

with high poverty, unemployment, and poor health 

status, also su�er the highest cumulative burden of 

pollution exposure.283,284 These communities often have 

less access to healthcare and may only seek out medical 

professionals when in dire need, further exacerbating 

the mortality and morbidity e�ects experienced due to 

increased pollutant exposure.15 

Apart from these important considerations regarding 

outdoor air quality, health, and environmental justice as 

they relate to gas appliances and electrification, there 

are numerous other equity considerations related to 

the potential transition to electrification. These equity 

considerations are not a focus of this report but must not 

be overlooked. 

The University of Southern California (USC) Program 

for Environmental and Regional Equity (PERE) prepared 

a 2019 report for the Climate Equity Network o�ering 

guiding principles for a just and equitable transition to 

a low-carbon future.283 The report drew attention to the 

need to protect and prioritize disadvantaged communi-

ties throughout the process of alleviating the e�ects of 

climate change. EPRI’s electrification report (discussed 

previously) also highlights equity considerations.15 EPRI 

conducted interviews and hosted stakeholder meetings 

with environmental justice groups to discuss the results 

of their electrification analysis, receiving input from the 

communities a�ected.15 Beyond simply acknowledg-

ing injustices of the past, both the USC PERE and EPRI 

emphasize the need for disadvantaged communities to 

play a role in the transition to electrification and renew-

able energy, stating that these marginalized populations 

should be included in the decision-making process as a 

means of advancing equity.15,283 

A 2019 Greenlining Institute report focused on 

equitable building electrification, developing a five-step 

framework for California to ensure that environmental 

and social justice communities are at the forefront 

of this transition.285 The steps outlined in this report 

include working closely with communities to identify 

needs and make community-driven decisions, identifying 

methods and metrics for data tracking, ensuring 

allocation of necessary funding, and successfully 

influencing outcomes.285 As mentioned previously, 

policy intervention, such as providing incentives for 

replacing gas appliances with electric appliances, can 

help make the transition to electrification in California 

more equitable.276 While there are existing low-income 



EFFECTS OF RESIDENTIAL GAS APPLIANCES ON INDOOR AND OUTDOOR AIR QUALITY AND PUBLIC HEALTH IN CALIFORNIA 36

energy programs throughout the state, Greenlining’s 

report identifies that there are significant distributive 

justice shortcomings in terms of benefit allocation; for 

several reasons outlined in more detail in their report, 

program benefits are not maximized for households in 

need.285 These reports and many others have highlighted 

the importance of equity in decision-making regarding 

California’s energy future. 

3.1.4. KNOWLEDGE GAP AND CONTRIBUTIONS TO 
THE LITERATURE

Our study contributes to a growing body of recent 

research on the potential impact of expanding 

electrification throughout the state. Large-scale 

research projects modeling the future of electrification in 

California have considered the impact across economic 

sectors.15,254–256 These studies reported significant 

reductions in criteria air pollutant emissions, and 

associated health and monetary benefits, in addition 

to reduced GHG emissions. Our approach is novel in 

that it isolates the emissions and health e�ects of gas 

appliances in the residential sector, providing estimates 

of criteria pollutant emissions and their resulting e�ects 

on outdoor air quality and health.

Our focus on the emissions associated with residential 

gas appliances may serve as a benchmark to be used 

by future models of a potential switch to electrification. 

This report o�ers a quantitative approximation of the 

contribution of residential gas appliances to overall 

air pollutant levels in California. We anticipate that 

this analysis will contribute to a more developed 

understanding of how residential activity impacts air 

quality on a larger, statewide scale.

3.2. RESULTS AND DISCUSSION

3.2.1. CONTRIBUTION OF GAS APPLIANCES TO 
OUTDOOR AIR POLLUTION IN CALIFORNIA

Total emissions of pollutants from gas appliances 

throughout the state

Using our calculated EFs and CEC data on gas 

consumption, we estimated total annual emissions 

of NOX (which includes NO2) and CO for 2018 (See 

Appendix A, Section A.2.1 for additional details). 

We found that residential gas appliances emitted 

approximately 15,900 tons of NOX (with a confidence 

interval of 15,500 to 16,300) and 12,000 tons of 

CO (with a confidence interval of 10,800 to 13,100) 

in 2018. In comparison, CARB’s annual estimates 

for residential gas appliance use were approximately 

16,000 tons for NOX and 9,000 tons for CO for 2018. 

There is no specific estimate for NO2 provided by CARB 

for comparison here, but we do present NO2 results 

separately in Figures 3-1 and 3-2. Since the numbers are 

similar in magnitude, indicating consistency between our 

estimates and CARB’s estimates, we chose to extract 

PM2.5 gas combustion emission estimates from CARB, 

and use them for the remainder of the outdoor air quality 

and health analysis in this section to develop more 

comprehensive estimates for total pollutant reductions 

and mortality impacts. This is discussed in Appendix A 

in more detail. Figure B-4 in Appendix B depicts total 

emissions of the three studied pollutants by county from 

gas appliance use, calculated using the EFs reported in 

Section 2.

This report’s findings indicate that emissions from 

residential gas appliances account for approximately 

3% of total NOX emissions in California (Figure B-5 in 
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Figure 3-1: Estimated state-wide emissions of pollutants (a) CO, (b) NO2, and (c) NOX by gas appliance type.
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Appendix B shows NOX emissions from gas appliances 

by county, as compared to NOX emissions from all 

sources).73 Among all counties in California, Los Angeles 

County has the highest total NOX emissions, as well as 

the highest NOX emissions from gas appliances (3,900 

tons/year). As of 2019, 34 million Californians live in 

counties that are not in compliance with state or federal 

ambient air quality standards for ozone and/or PM2.5.286 

Considering NOX contributes to ambient PM2.5, gas 

appliances have the potential to add to this pollution 

burden. 

Comparison of emissions from various types of 

appliances

Our analysis indicates that gas water heaters and home 

heating devices, such as furnaces, are responsible for 

the bulk of outdoor air pollution from gas appliances. 

Gas water heaters contribute the most to CO emissions 

(36.5% of all CO emissions come from residential gas 

appliances) when compared with other types of gas 

appliances, while gas heating appliances emitted the 

most NOX (44% of all NOX emissions from residential 

gas appliances) in California for 2018 (Figure 3-1). 

This is associated with the relative EFs in ng/J of each 

pollutant for each appliance type, as well as the percent 

distribution of use of these appliances, extracted from 

the Residential Appliance Saturation Study (RASS).287 

This section also shows the estimated apportionment 

of emissions for each gas appliance type by air basin, as 

depicted in Figure 3-2. Variations by air basin result from 

di�erent usage profiles for the climate zones designated 

in the RASS (see Appendix A, Section A.2.1 for details). 

The two air basins not included in this figure (Great Basin 

Valleys and Lake County) did not have any available gas 

consumption data.

Moving forward, this report only discusses NOX, as 

ambient CO is not used in the health-impact calculations 

and NO2 is a component of NOX. As described previously, 

we assess the contribution of NOX to PM2.5 using 

our calculated EFs. We also assess the independent 

contribution from PM2.5 emissions from residential fuel 

combustion to ambient PM2.5, using data extracted from 

a CARB database. We did not develop EFs for PM2.5 in 

Section 2 due to data paucity. 

3.2.2. EMISSION REDUCTION DUE TO RESIDENTIAL 
BUILDING ELECTRIFICATION

We simulated an electrification scenario in which 100% 

of gas appliances were replaced with clean-energy 

electric appliances, under the assumption that all 

emissions described in Section 3.2.1 are eliminated. 

As mentioned in the beginning of Section 3, we first 
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in air basins from gas appliances by type.
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estimated reductions in secondary PM2.5 levels, based 

on our calculated reduction in NOX (Section 3.2.1) and 

resulting nitrate PM2.5. We then incorporated CARB data 

on PM2.5 emissions from residential gas appliances to 

estimate the total reduction in PM2.5 from replacement 

of gas appliances, representing changes in primary and 

secondary (nitrate) PM2.5 from gas appliance use. This 

scenario is described in detail in Appendix A. Overall, 

this scenario suggests a reduction in the ambient PM2.5 

concentration by an average of 0.11 μg/m3 per county 

(see Appendix A.2.3 for details). 

Appendix B shows county data for total PM2.5 and NOX 

emissions, and the estimated emission reductions with 

building electrification per county. Figure 3-3 shows the 

geographic distribution of emission reductions due to 

residential building electrification. 

As discussed in Section 3.1.1, there are existing emissions 

from power plants due to electricity generation.73 

Gas accounts for approximately half of all electricity 

generation in California,288 and thus, if the fuel sources 

vi. Mortality impact applies to the population aged 30-99; acute bronchitis impact applies to the population aged 8-12; and chronic bronchitis impact applies to 
the population aged 27-99. 

of electricity generation were to remain the same, gas 

usage would increase (and associated emissions from 

power plants would increase) if the new electric load is 

not powered by renewable energy resources. However, 

utilities are making progress to ramp down electricity 

production from gas and deploy clean energy on the grid, 

in accordance with the state’s zero-carbon requirements. 

Additionally, taking into consideration California law SB 

100 — which requires all of the state’s electricity to be 

generated by zero-carbon resources by 2045 — there 

will be increasingly less dependence on nonrenewable 

resources from power plants, and an increased clean 

energy portfolio that contributes to reduced emissions 

from power plants.259 Our analysis does not account for 

any increases in gas used for electricity generation as a 

means of looking beyond the transition period to zero-

carbon resources. 

3.2.3. REDUCED MORTALITY (DEATH) AND 
MORBIDITY (DISEASE) DUE TO ELECTRIFICATION

In this section, we assess the human health impact 

from emission reductions in the ambient PM2.5 levels 

due to building electrification described in Section 

3.2.2. Using the U.S. EPA’s BenMAP community edition 

tool (BenMAP-CE), we estimated all-cause mortality 

impacts, acute bronchitis impacts, and chronic bronchitis 

impactsvi due to the reduction in PM2.5 from the modeled 

electrification scenario for the year 2018, as described 

in Section 3.2.2. As described in the Data and Methods 

section (Appendix A, Section A.2.3), we incorporated 

impacts from the reduction of both primary and 

secondary (nitrate) PM2.5 from the conversion of NOX to 

secondary PM2.5. 

For the year 2018 (as described in Section 3.2.2), the 

improvement in outdoor air quality from residential 

building electrification alone would reduce approximately 

354 deaths (all-cause mortality), 304 cases of chronic 

bronchitis, and 596 cases of acute bronchitis in 

California (see Table B-5 for confidence intervals for 

mortality). The most a�ected counties are the higher-

population areas, i.e., Los Angeles County and Orange 

County, due to the nature of the concentration-response 

function. 

To estimate the monetized benefits of reduced all-cause 

mortality, we used a Value of a Statistical Life (VSL) 

estimation in BenMAP, which is commonly used in health 

impact assessment. For acute and chronic bronchitis, 

we used a Willingness to Pay (WTP) function, explained 

in more detail in Appendix A. The mortality reductions 
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California from elimination of gas appliances, by county in 2018. 
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result in estimated monetized benefits of almost $3.3 

billion. For reductions of acute bronchitis and chronic 

bronchitis cases respectively, benefits were estimated at 

$310,000 and $150 million respectively, in 2019 dollar-

values. The total estimated, monetized benefits for all 

health e�ects addressed (i.e., all-cause mortality, acute 

bronchitis, and chronic bronchitis) were estimated to be 

close to $3.5 billion dollars (see Table B-6 for confidence 

intervals for mortality).

A summary of all health impact and valuation results 

is shown in Table 3-1, and annual monetary values for 

the five California air basins with the highest monetary 

benefits are shown in Table 3-2. There are additional 

tables in Appendix B describing health e�ects and 

resulting monetary benefits by county and by air 

basin. Tables B-3 and B-4 vii in the appendix include an 

approximation of mortality and valuation results by air 

basin for nitrate PM2.5 alone and all PM2.5. For morbidity 

and the remainder of this discussion, this report only 

refers to impacts from total PM2.5.

Table 3-1: Annual health impacts and monetized benefits from 
outdoor air quality improvements in a residential electrification 
scenario.

Health Impact Avoided Mortality 
and Morbidity Cases 

(Annual)

Monetized Benefits 
(Annual)

All-Cause Mortality 
(ages 30 - 99)

354 $3.3 billion

Acute Bronchitis 
(children ages 8-12)

596 $0.3 million

Chronic Bronchitis 
(ages 27-99)

304 $150 million

Totals — $3.5 billion

Table 3-2: Estimated annual monetization of health benefits 
from the electrification scenario by air basin for the five air 
basins with the highest benefits throughout the state.viii

Air Basin All PM
2.5

: 
Mortality 
Valuation 
(Annual)

Acute 
Bronchitis 
Valuation 
(Annual)

Chronic Bronchitis 
Valuation 
(Annual)

San 
Francisco 
Bay Area

$1.2 billion $100,000 $58 million

South Coast $1.0 billion 97,000 $46 million

Mojave 
Desert

$0.6 billion 57,000 $26 million

Sacramento 
Valley

$0.2 billion 16,000 $7 million

San Joaquin 
Valley

$0.2 billion 18,000 $6 million

vii. We separated an air pollution impact of a county evenly across di�erent air basins, in cases where the county is spread over di�erent air basin areas. 

viii. The values in this table are rounded to two significant digits. Please see Table B-4 for detailed results.

A geographic depiction of mortality reductions by county 

is provided in Figure 3-4. 

We can compare our findings with other recently 

released reports. As previously mentioned, EPRI released 

an analysis for the CEC on the air quality and health 

impacts of a high electrification scenario in California. 

In their analysis, EPRI found that electrification of 

multiple sectors in 2050 would result in $108 billion in 

annual health benefits for California from reductions 

in PM2.5 and ozone.15 They also found significant, 

unexpected impacts from the reduction of residential 

wood combustion — reductions in winter PM2.5 from 

wood-burning are equivalent to reductions from all 

other sources combined. More than half of EPRI’s 

reported benefits would occur in the South Coast Air 

Basin. The analysis involved developing a reference and 

electrification scenario for 2050 based on emission 

inventories for non-road, stationary, on-road, and power-

sector sources, pulled from multiple databases and 

models. Though there are other challenges in comparison 
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Figure 3-4: Total reduction in annual cases of PM2.5 related all-
cause mortality by county in 2018.
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here as well, considering EPRI’s analysis is for 2050 

and ours is for 2018, and our analysis only incorporates 

PM2.5 and residential building electrification, and is only 

including the e�ects of gas, it is reasonable to assume 

that our estimated benefits are a small percentage 

of EPRI’s. Another general point of comparison is 

CARB’s GHG inventory cited by the EPRI report, which 

suggests that the residential sector was responsible 

for approximately 6% of GHG emissions in 2017, most 

of which resulted from gas combustion.289 This can be 

compared to our residential sector findings of 3% ($3.4 

billion) of the monetized benefits EPRI estimated for high 

electrification of multiple sectors; however, again, our 

analysis only accounted for PM2.5, and not ozone. Thus, 

they are even more comparable. 

A Massachusetts Institute of Technology study 

published in early 2020 assessed premature mortality 

from cross-state air pollution in the U.S., accounting for 

PM2.5 and ozone emissions and resulting health e�ects 

from exposure.290 This analysis found that the residential 

and commercial sectors, which included residential 

combustion of all fuels as well as other sources (such as 

waste treatment), were responsible for more than 6,000 

premature deaths in California in 2018.290 Our analysis 

accounts for a small subset of these mortality rates. We 

only assess PM2.5 and residential gas consumption in 

our analysis; we do not include other fuels or emission 

sources, as the 2020 study did. Our findings account 

for approximately 6% of these premature deaths 

attributable to the residential and commercial sectors. 

Another key finding from that particular study: The 

premature deaths caused by those two sectors is 

double the number caused by electric power generation 

processes. The authors of that study clarify that this is a 

direct result of significant emission reductions in electric 

power generation processes since 2005.290 

We were not able to assess outdoor air quality and 

resulting health e�ects at the census tract level due 

to data paucity, but conducting future analyses at 

that spatial level would enable us to draw quantitative 

conclusions about the relationship between gas 

appliance use, electrification, and environmental justice.

3.2.4. ASSUMPTIONS AND LIMITATIONS 

There are several limitations associated with the analysis 

presented in Section 3. Data limitations restricted the 

geographical scale for this analysis, as much data (e.g., 

on energy use) are only available at the county level 

and higher. The RASS data we used to estimate total 

emissions is from 2009, and therefore may not be 

entirely representative of current usage proportions 

of di�erent appliances. Due to the limited scope of 

this project, we were not able to conduct dispersion or 

photochemical modeling for the distribution of PM2.5 

emissions and resulting ambient changes, and instead 

used a back-of-the-envelope calculation for estimating 

changes in PM2.5 at the county level that would result 

from eliminating residential gas appliances. We also 

assumed all indoor emissions from gas appliances 

eventually traveled outdoors, which is a health-

protective, conservative assessment. We also did not 

account for heating demand trends or seasonality in 

this analysis, although prior studies have separately 

evaluated winter and summer seasons. Considering 

these factors, this is a simplified analysis and should be 

considered a conservative approximation.

Regarding the health impact analysis, it is important to 

note that the BenMAP software accounts for ambient 

outdoor PM2.5 changes and does not assess population 

time-activity patterns or personal exposures, which also 

significantly contribute to health e�ects.

Finally, there are several facets of electrification that we 

were unable to include in this report due to the scope of 

this project. There are some pollutant emissions from 

the use of residential electric appliances, though not to 

the same extent as those produced by combustion of 

gas appliances; we did not account for these electric 

appliance emissions in this analysis. This report only 

focuses on residential buildings and does not include an 

assessment of the health and monetary impacts from 

the electrification of commercial buildings. Also, it does 

not assess the costs and potential adverse impacts of 

residential electrification as some other reports do, such 

as EPRI’s report (on electrification of multiple sectors), 

which we have discussed and cited.15 
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4 CONCLUSION
While California is a leader in clean energy and climate policy, many regions of the state have poor 

air quality, particularly in state-identified disadvantaged communities. As part of the state’s strategy 

to improve air quality and public health, one area of focus can be reducing emissions from gas 

appliances through methods such as building electrification. This report presents the adverse health 

e�ects resulting from the residential use of gas appliances and outlines the potential benefits of 

transitioning residential gas appliances to all-electric appliances. These benefits are not only related 

to GHG emission reductions, but also are related to improving indoor and outdoor air quality, as well 

as subsequent health and economic e�ects from pollutant reductions.

The indoor air quality analysis for this report found that 

concentrations of CO and NO2 during cooking events 

can exceed the levels set by national and California-

based ambient air quality standards, occurring much 

more often for NO2 than CO. Under a cooking scenario 

where the stove and oven are used simultaneously for 

an hour, acute exposures to NO2 from cooking with gas 

appliances exceed the levels of national and California-

based ambient air quality thresholds in more than 90% 

of modeled emission scenarios. Concentrations of CO 

and NO2 resulting from gas cooking are the highest 

for apartments, due to smaller residence sizes. This 

presents an additional risk for renters, who are often 

lower income than homeowners. Considering the well-

known dangers of CO poisoning, and that acute and 

chronic exposures to NO2 are associated with respiratory 

illness and mortality, this is a serious concern that should 

not be overlooked. We echo other researchers in this 

space with the recommendation that proper ventilation 

technology, such as e�ective, low-noise range hoods, 

be implemented to reduce exposure and protect public 

health.

Regarding outdoor air quality, this report indicates 

that under a 2018 scenario where all residential gas 

appliances were transitioned to electric, the reduction of 

secondary nitrate PM2.5 (from NOX) and primary PM2.5 

would result in 354 fewer deaths, and 596 and 304 

fewer cases of acute and chronic bronchitis, respectively. 

The reduction in associated negative health e�ects is 

equivalent to approximately $3.5 billion in monetized 

health benefits for just one year. 

However, these health and monetary benefits will not be 

realized at the pace or scale needed without policymaker 

support. Decision-makers at state and local agencies 

that regulate air quality all have important roles to play 

in determining the best course of action for reducing 

pollution from gas appliances, and doing so in a way 

that prioritizes and protects those most burdened by 

air pollution — namely, low-income and environmental 

justice communities. Implemented strategically, new 

policies to reduce air pollution from residential buildings 

will yield significant health benefits, improve the quality 

of life for Californians, and reduce greenhouse gas 

emissions. 
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APPENDICES 
Appendix A: Data and Methods 
A.1. INDOOR AIR QUALITY & HEALTH 
EFFECTS (SECTION 2 IN THE REPORT)

A.1.1. EMISSION FACTOR DATABASE 

We developed an EF database of CO, NO2, and NOX for 

di�erent gas appliances, including stoves and ovens, 

heating devices, and water heaters. In cases where 

EFs were not available for some pollutants (due to data 

paucity and/or feasibility), such as PM2.5, UFP, and 

formaldehyde, a qualitative analysis of related emissions 

and associated health impacts was conducted.

Aggregating appliance characteristics from online 

resources 

First, we summarized real-world (measured) EFs of 

gas appliances from existing peer-reviewed or grey 

literature. While most previous studies reported the EF 

of gas appliances in a unit such as ng/J, those values do 

not reflect the amount of pollutants released during the 

consumption without accounting for the MBR in J/h of 

di�erent gas appliances. Hence, we also summarized 

the MBR of various gas and electric appliances from 

approximately 15 main appliance brands using online 

resources, including websites for companies such 

as Home Depot, Lowe’s, Amazon, etc. Our internet 

search terms to select brands and extract information 

included, “gas and electric ovens,” “cooktops,” “popular 

gas appliances,” “range,” “gas range,” “electric range,” 

“furnace,” “water heater,” and “fireplace.” We gathered 

information regarding di�erent models for each brand, 

including price(s), heat output in British thermal units 

(BTUs — which were converted to J/h), and specification 

characteristics.

Extracting emission rates from primary literature and 

determining significant explanatory variables

We acknowledge that the EF (ng/J) can be influenced 

by many factors, such as appliance age, location, and 

ventilation conditions. Thus, we collected information 

on these parameters in conjunction with EFs from the 

aforementioned literature. We performed a multiple 

linear regression analysis to quantify the contribution of 

di�erent factors to the EFs of CO, NO2, and NOX, with 

EFs and various factors as dependent and independent 

variables, respectively. We ran three models using 

RStudio software, with emission rates of CO, NO2, and 

NOX as the outcome variable. 

Log (Emission Factor) = b0 + b1a + b2c +  b3d + b4f + b5h + b6l     
 
 

EF (in a unit of ng/J) = f (a, c, d, f, l) * prediction uncertainty   
Emission rate (in a unit of ng/h) = BTU* f (a, c, d, f, l) * prediction uncertainty 

 
 
 C	=	𝑝𝑝 % &&'()*CO	+	 -&'()                                                     (3) 
 
 
 𝛥𝛥𝑃𝑃𝑃𝑃1.3	45 = 𝑃𝑃𝑃𝑃1.3	(7894:;<)45 ∗ 		𝑘𝑘		 ∗ ∆ABCDEABCDE 			            (4)  

 
 𝛥𝛥𝑃𝑃𝑃𝑃1.3	45 = 𝑃𝑃𝑃𝑃1.3	(7894:;<)45 ∗ ∆FG1.3DEFG1.3     (5) 

 

 (1) 

where, α = appliance directly vented (yes/no), χ = energy 

use (J/h), δ = appliance age, φ = appliance type, η = 

laboratory or residence setting, and λ = year of study. 

The EFs from literature used as the outcome variable 

in the regression analysis, along with the associated 

covariates, were primarily extracted from a 2009 

report produced by LBNL in California, which was ideal 

since it provided very detailed information on sampling 

methods and results.44 Since this dataset is the most 

recent source and specific to our study area, this was 

our primary data source for the quantitative analysis. 

We also gathered emission rates from other papers, 

some of which dated to the 1970s (so, covering the last 

50 years); we gathered as much data as was feasible 

during the timeframe. We only used data from the 

United States, and most data used was California-based, 

but we needed to use several other studies as well, to 

optimize the regression models. Of course, there have 

been technological advances that have reduced emission 

rates over time, and this was factored into the regression 

model. Appliance ages spanned from 1-20 years old. 

Most of the data used fit the regression line well. 

Based on the results of normality tests, we log-

transformed the data. We ran the model with multiple 

specifications, including with and without the oldest data 

points, and with various appliance groupings, to ensure 

our model was optimally fitted. The final sample sizes 

https://www.homedepot.com/
https://www.lowes.com/
https://www.amazon.com/
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(emission rates with values for each covariate in the 

regression equation), including all appliance types, were 

approximately 55 for each pollutant. 

The regression models all had R2 values of ≥ 0.6 (see 

Figure B-1 in Appendix B), which indicates that the 

models fit well, and the dependent variables of pollutant 

EFs in ng/J are highly predictable from the data. Three 

supplemental figures with the regression lines, J/second 

distribution (prior to conversion to J/h) and predicted 

emission rates are included in Appendix B (Figures B-1, 

B-2, and B-3).

We identified factors that are significantly associated 

with EFs. Then, by reviewing existing literature and 

databases, we obtained or assigned appropriate values 

for those factors to better reflect the real-world scenario 

in California, and used bootstrapping statistics to 

simulate the distribution of each factor — and thus, 

EFs in California, accordingly, with 1000 bootstraps 

for each factor. This nonparametric technique involved 

resampling data to estimate data distributions and is 

widely used. The MBR values, in J/h, were gathered 

from online resources and converted from BTU/h. The 

ventilation characteristics we used for stoves and ovens 

were based on the general assumptions that stoves 

and ovens are not vented, and heating devices and 

water heaters are vented 44 (assumed due to existing 

regulations). According to California Health and Safety 

Code, gas-fueled, unvented space heaters cannot be 

sold,76 the CEC mandates direct venting of water heaters 

to outside spaces,291 and the California Mechanical Code 

regulates the venting of other fuel-burning devices as 

well (additional information on these types of regulations 

is provided in Section 2.1.2 of the report).292 The age of 

appliances was gathered from the RASS. We calculated 

EFs for stoves and ovens separately, but combined 

them for much of this analysis under the assumption 

that the devices were operating at the same time and 

were entirely vented into the kitchen, though we do 

include some separate considerations for stove use 

only. We did not adjust for variable range hood use, due 

to survey results showing low rates of range hood use 

in California.98 Therefore, this aspect of the analysis is 

more conservative.

Developing emission rate database

With available data on EFs (ng/J) and MBR (J/h), we 

derived a new emission rate database for NO2, NOX, and 

CO in a unit of ng/h, which we converted to µg/h, which 

reflects the emission rate, or the amount of pollutants 

ix. We took this approach because we believe it is valuable to compare cooking times of 15 minutes, 1 hour, and 2 hours, since one objective of this report is to help 
the public understand these concerns, and considering that some households may cook more or less than others, we wanted to provide this range. 

released in a specific time period during the usage of 

di�erent gas appliances. To validate our results, we 

compared our calculated emission rates to the WHO’s 

household fuel combustion emission rate targets293 as 

well as primary literature. We used Microsoft Excel to 

conduct the bootstrapping and initial model setup. The 

equations used for calculating EFs and emission rates 

are listed here: 
Log (Emission Factor) = b0 + b1a + b2c +  b3d + b4f + b5h + b6l     

 
 

EF (in a unit of ng/J) = f (a, c, d, f, l) * prediction uncertainty   
Emission rate (in a unit of ng/h) = BTU* f (a, c, d, f, l) * prediction uncertainty 

 
 
 C	=	𝑝𝑝 % &&'()*CO	+	 -&'()                                                     (3) 
 
 
 𝛥𝛥𝑃𝑃𝑃𝑃1.3	45 = 𝑃𝑃𝑃𝑃1.3	(7894:;<)45 ∗ 		𝑘𝑘		 ∗ ∆ABCDEABCDE 			            (4)  

 
 𝛥𝛥𝑃𝑃𝑃𝑃1.3	45 = 𝑃𝑃𝑃𝑃1.3	(7894:;<)45 ∗ ∆FG1.3DEFG1.3     (5) 

 

 (2)

where, α
 
= appliance directly vented (yes/no), χ = energy 

use (J/h), δ
 
= appliance age, φ = appliance type, and λ = 

year of study. 

A.1.2. INDOOR AIR QUALITY IMPACTS AND 
SUSCEPTIBILITY 

We estimated the impact of the gas appliances that are 

not vented to the outdoors (stoves and ovens) on indoor 

air quality using our developed EF database and a mass 

balance model:122 

Log (Emission Factor) = b0 + b1a + b2c +  b3d + b4f + b5h + b6l     
 
 

EF (in a unit of ng/J) = f (a, c, d, f, l) * prediction uncertainty   
Emission rate (in a unit of ng/h) = BTU* f (a, c, d, f, l) * prediction uncertainty 

 
 
 C	=	𝑝𝑝 % &&'()*CO	+	 -&'()                                                     (3) 
 
 
 𝛥𝛥𝑃𝑃𝑃𝑃1.3	45 = 𝑃𝑃𝑃𝑃1.3	(7894:;<)45 ∗ 		𝑘𝑘		 ∗ ∆ABCDEABCDE 			            (4)  

 
 𝛥𝛥𝑃𝑃𝑃𝑃1.3	45 = 𝑃𝑃𝑃𝑃1.3	(7894:;<)45 ∗ ∆FG1.3DEFG1.3     (5) 

 

 (3) 

where, V = volume of the indoor space (m3), Q = 

ventilation rate (m3/h), S = emission rate (µg/h), C0 = 

outdoor concentration (µg/m3), C = indoor concentration 

(µg/m3), k = deposition rate (h-1), and p = penetration 

factor (unitless). 

We used values for deposition rate and penetration 

factor from recent journal articles.47,52 For outdoor 

concentrations, we used average California values from 

the EPA’s Air Data portal for 2018.294 The methods for 

determining volume and ventilation rate, which varied 

for di�erent housing types, are described later in this 

section. 

For this analysis, we defined two indoor environments, 

one with the use of gas appliances and one without, to 

determine the contribution of gas appliances to indoor air 

pollution, the latter of which represents an electrification 

scenario; we assumed there were no emissions 

of combustion pollutants with the use of electric 

appliances. Under the assumption of a steady state, we 

calculated the increment of indoor levels of CO, NO2, and 

NOX due to gas appliance use by comparing C in models 

with or without emissions (S) from gas appliance usage. 

The elevation of pollutants’ concentrations due to gas 

appliances was weighted by the time of their usage (e.g., 

time-activity patterns) over 24 hours to estimate the 

contribution to chronic exposures. We modeled the use 

of kitchen appliances under three cooking scenarios: 15 

minutes, 1 hour, and 2 hours per day.ix These timeframes 
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were chosen based on a cooking appliance use survey 

indicating a total daily cooking time of around 1 hour for 

breakfast, lunch, dinner, and other meals, for both stoves 

and ovens, though we included multiple timeframes to 

account for a wide range of cooking patterns.98 For CO, 

we also weighted the elevated concentrations over 8 

hours for comparison with the national 8-hour standard 

of 10 mg/m3 for both California and the EPA.295,296 

The model also produced an output with the highest 

concentration value, representing the emissions while 

cooking; we used this to establish peak concentration 

levels. For peak concentration levels, we used kitchen-

specific volumes, and for values weighted by usage time, 

we used entire residence volumes under the assumption 

that pollutants would mix into the residential space over 

time.

We modeled the increments of CO, NO2, and NOX due to 

gas appliance use in three common residential building 

types: SFHs, apartment buildings, and townhouses. As 

shown in Equation (3), the relationship between C and 

S is dependent on other building parameters associated 

with indoor air quality, suggesting di�erential impacts 

of gas appliances in di�erent building types. Therefore, 

we collected data on building design parameters (e.g., 

air exchange rate and ventilation, residence volume) by 

housing type in California from regulatory standards, 

AHS, primary literature, and various other reports on 

building ventilation and other factors. To estimate kitch-

en volume, we assumed kitchens occupied 10% of the 

house volume. This is near the lower end of the range 

found in our literature review, and hence, another conser-

vative assumption. We used bootstrapping to simulate 

the distributions of the various housing parameters, and 

incorporated them into Equation (3) to finalize our indoor 

air quality estimates. These findings were simplified into 

three boxplots, by pollutant (Figure 2-1). 

For assessing the impact these concentrations and 

associated exposures may have on health, we stopped 

evaluating NOX separately, since NO2 is established to 

be the primary health concern out of the nitrogen oxides, 

as well as a main combustion pollutant with established 

ambient air quality standards. 

As noted in Section 2.2.2, we used California 

(CAAQS) and U.S. EPA ambient (outdoor - NAAQS) air 

quality standards as a metric for health e�ects from 

exposure. These standards are the maximum allowable 

concentration of a pollutant present in outdoor air 

that will not have a known, adverse impact on human 

health and are developed to apply to long-term, ambient 

outdoor air quality, averaged over time periods. It is not 

possible to actually exceed these outdoor standards in 

an indoor environment due to the technical definition. 

Therefore, we apply target thresholds using the 

standards as a guide to provide context for indoor air 

quality. We refer to three di�erent types of thresholds 

based on the standards: 1) Acute (1-hour for NO2 and 

CO), 2) 8-hour (for CO), and 3) chronic (annual mean for 

NO2; there is no annual mean standard for CO). When 

we use the term “acute,” we are referring to 1-hour 

standards. For CO, we refer to 8-hour standards directly 

as such. For NO2, when we use the term “chronic,” we are 

referring to the annual mean standards.

When an exceedance is referenced in this report, it 

means that the modeled indoor air concentration is 

higher than the threshold levels based on the standards 

in Table B-7. When we refer to the percentage of 

exceedances, we are discussing the percent of our 

modeled indoor air quality estimates that exceed 

thresholds. We evaluated the indoor air quality 

exceedances of the CAAQS and NAAQS thresholds, 

overall and for separate residence types, for CO and NO2 

(there are no applicable standards for NOX). 

To assess acute exposures of these two pollutants, we 

compared peak concentrations to acute (1-hour) CAAQS 

and NAAQS. This is like calculating a hazard quotient 

(HQ) as is done in risk assessment, which would be a 

ratio of the concentrations to the established standards. 

If the HQ is less than 1 (essentially, if the maximum 

concentration does not exceed the standard), adverse 

health impacts are not expected. We compared the peak 

concentrations to 1-hour CAAQS of 339 µg/m3 (180 

ppb) for NO2 and 23 mg/m3 (20 ppm) for CO and 1-hour 

NAAQS (US EPA standards) of 188 µg/m3 (100 ppb) for 

NO2 and 40 mg/m3 (35 ppm) for CO.295 Exceedances 

of the thresholds for our estimated peak concentrations 

(based on 1-hour standards) only apply under a scenario 

where cooking occurs for the entire hour and the air 

quality levels remain elevated. 

To assess chronic exposures, we compared chronic 

exposure concentrations for NO2 to the annual mean 

CAAQS (57 µg/m3 or 30 ppb) and NAAQS (100 µg/m3 or 

53 ppb) as well.295,296 For CO, we compared our 8-hour 

averages to the 8-hour threshold of 10 mg/m3 (9.0 ppm) 

for both CAAQS and the NAAQS.295 All acute, chronic, 

and 8-hour standards are listed in Table B-7. We also 

qualitatively discussed long-term health impacts of the 

pollutants (Section 2.2.4) as described in the literature, 

since chronic impacts are less well-established for NO2 

and CO (though the epidemiological literature on NO2 

and mortality is expanding, which we discuss in detail in 

the results section). More information on this is provided 

in Section A.1.3.
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We conducted two sensitivity analyses: we estimated 

indoor air concentrations due to potential use of kitchen 

appliances for supplemental heating, and we estimated 

concentrations resulting from improper ventilation 

systems for appliances required to be vented outdoors 

(within the results, we discuss peak concentrations in the 

entire home due to the ventilation issues). 

We evaluated exposure susceptibility qualitatively 

to the extent possible (Section 2.2.3), including 

equity considerations. There is insu�cient data to 

quantitatively estimate exposure disparities in di�erent 

groups. It is important to note that risk is highly 

dependent on exposure parameters (e.g., inhalation rate 

and body weight). Additionally, di�erent populations’ 

exposures are a�ected by their activity patterns as well 

as by the environmental concentrations of pollutants. We 

qualitatively discussed the exposure levels of populations 

with di�erent characteristics. 

A.1.3. HEALTH EFFECTS OF AIR POLLUTION 

We reviewed previous human research studies focusing 

on pollutants that could be emitted by gas appliances. 

Specifically, controlled-exposure experimental and 

time-series epidemiologic studies were reviewed to 

evaluate the adverse health e�ects of short-term 

exposures, while cross-sectional studies were reviewed 

for long-term e�ects. In Section 2.2.4, we summarized 

potential outcomes associated with CO, NO2, and NOX 

at all levels, including those comparable to our modeled 

concentrations. Additionally, we summarized the current 

literature on the health impacts of exposure to PM and 

formaldehyde. 

A.2. OUTDOOR AIR QUALITY & HEALTH 
EFFECTS (SECTION 3 IN THE REPORT)

A.2.1. CONTRIBUTION TO TOTAL EMISSIONS OF 
OUTDOOR AIR POLLUTANTS IN CALIFORNIA

We estimated the total emissions of outdoor air 

pollutants from gas appliances in California, at the 

county and state-wide levels. To do this, we used the 

EF database created in Section 2 in combination with 

total gas consumption (from the CEC) to calculate the 

total emissions of CO, NO2, and NOX in tons/year.297 

Since consumption patterns related to appliances vary 

by region (e.g., in some regions 40% of the energy may 

be used by water heaters, but in a di�erent area, more 

energy is designated to heating devices than water 

heaters), we used the RASS relative appliance energy 

usage splits by climate zones to estimate emissions in 

each county by assigning counties to each climate zone. 

Total emissions of each pollutant by county are depicted 

in Figure B-4. We compared the contributions from 

gas appliances to NOX emissions with other sources 

in California, which is shown in Figure B-5. With the 

data of energy consumption by di�erent gas appliances 

in California,287 we also estimated the emissions by 

appliance type, and the result is depicted in Figure 3-1. 

It is also important to note that for this second section, 

we incorporated emissions from all types of appliances, 

while for the indoor air quality evaluation, we primarily 

considered emissions from appliances that are not 

vented to the outdoors (e.g., stoves and ovens), and also 

conducted a sensitivity analysis, incorporating scenarios 

in which venting technology for water heaters and 

home heating devices failed to transport all combustion 

pollutants outdoors. For this section, we operated under 

the conservative assumption that all indoor emissions 

are transporting outside. 

A.2.2. EMISSION REDUCTION DUE TO 
ELECTRIFICATION

We simulated NOX emissions (which include NO2) under 

the assumption that all the energy generated by gas 

appliance usage is replaced by clean electricity. We 

modeled and evaluated an all-electrification scenario, 

as compared to the “business as usual” scenario with 

no replacement of appliances (though this scenario is 

unrealistic, as normal replacement rates are a part of 

“business as usual”). This simulates 100% replacement 

of gas appliances with electric appliances.

Our modeled scenario, which is for the year 2018, was 

based on the assumption of adoption of entirely clean 

electric technologies. We discussed the limitations 

associated with this, with consideration to the emissions 

from electricity generation at power plants,298 and the 

reduction in EFs over time.

A.2.3. REDUCED AMBIENT PM2.5 CONCENTRATIONS 
AND RESULTING MORTALITY AND MORBIDITY 
IMPACTS DUE TO ELECTRIFICATION

Using the same scenario listed in Section A.2.2 and 

the previously calculated reduction in total outdoor 

emissions, we estimated the potential mortality 

and morbidity impacts (only for acute and chronic 

bronchitis) in California due to residential building 

electrification and the resulting reduction in ambient 

outdoor concentrations of PM2.5. This analysis was 

entirely separate from the indoor air exposure analysis 

in Section 2. Again, we operated under the conservative 

assumption that all indoor emissions are transported 

outdoors. 

Approximately 40% of NOX converts into nitrate-PM2.5 

after emission. Thus, we first estimated reductions in 
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secondary PM2.5 levels by county (later aggregated to 

air basin) due to reduction in NOX and resulting nitrate 

PM2.5, using methods described in a recently published 

paper.299 

Log (Emission Factor) = b0 + b1a + b2c +  b3d + b4f + b5h + b6l     
 
 

EF (in a unit of ng/J) = f (a, c, d, f, l) * prediction uncertainty   
Emission rate (in a unit of ng/h) = BTU* f (a, c, d, f, l) * prediction uncertainty 

 
 
 C	=	𝑝𝑝 % &&'()*CO	+	 -&'()                                                     (3) 
 
 
 𝛥𝛥𝑃𝑃𝑃𝑃1.3	45 = 𝑃𝑃𝑃𝑃1.3	(7894:;<)45 ∗ 		𝑘𝑘		 ∗ ∆ABCDEABCDE 			            (4)  

 
 𝛥𝛥𝑃𝑃𝑃𝑃1.3	45 = 𝑃𝑃𝑃𝑃1.3	(7894:;<)45 ∗ ∆FG1.3DEFG1.3     (5) 

 

 (4) 

In Equation 4, i represents the year, j represents the 

area of analysis (county), and k is the conversion rate 

for NOx to nitrate (0.4).300 ΔNOxij is the reduction in NOx 

emissions in that particular county and year, and NOxij is 

the total NOX emissions in county j in that year, extracted 

from CARB’s State Implementation Plan Standard 

Emission Tool database.73 PM2.5ij is the nitrate PM2.5 level 

in each county, and was calculated by averaging nitrate 

PM2.5 data from the US EPA Air Data portal.294

We did not develop EFs for primary PM2.5 in our study, 

due to data paucity and uncertainty regarding how much 

gas combustion contributes to PM2.5 (our literature 

review provided su�cient evidence of a relationship 

between UFPs and gas combustion, but not solely PM2.5 

in papers published in recent decades, particularly for 

kitchen appliances). Since we were not able to calculate 

EFs for PM2.5 for reasons stated previously, we extracted 

CARB estimates of emissions for PM2.5 from residential 

gas appliances. We used Equation 5 shown here to 

calculate changes in ambient PM2.5 levels; the baseline 

PM2.5 levels were extracted from the US EPA Air Data 

portal:

Log (Emission Factor) = b0 + b1a + b2c +  b3d + b4f + b5h + b6l     
 
 

EF (in a unit of ng/J) = f (a, c, d, f, l) * prediction uncertainty   
Emission rate (in a unit of ng/h) = BTU* f (a, c, d, f, l) * prediction uncertainty 

 
 
 C	=	𝑝𝑝 % &&'()*CO	+	 -&'()                                                     (3) 
 
 
 𝛥𝛥𝑃𝑃𝑃𝑃1.3	45 = 𝑃𝑃𝑃𝑃1.3	(7894:;<)45 ∗ 		𝑘𝑘		 ∗ ∆ABCDEABCDE 			            (4)  

 
 𝛥𝛥𝑃𝑃𝑃𝑃1.3	45 = 𝑃𝑃𝑃𝑃1.3	(7894:;<)45 ∗ ∆FG1.3DEFG1.3     (5) 

 
 (5) 

We then summed the two changes in PM2.5, with the final 

PM2.5 increase representing both changes in primary and 

secondary (nitrate) PM2.5 from gas use. 

We used the EPA’s BenMAP tool to estimate the 

mortality and morbidity (acute and chronic bronchitis) 

impacts for the scenario as compared to “business as 

usual,” using the standard U.S. EPA preloaded selections 

when possible. BenMAP uses established concentration-

response functions to quantify mortality from increased 

PM2.5 pollution. Inputs included: the change in PM2.5 

calculated in Equation 5, population rates,301 incidence 

rates,302 and a β value,156,303 which represents the health 

impact per unit change of pollution and is drawn from 

epidemiologic literature. We used California-specific 

input values. 

Additionally, we used our BenMAP mortality and 

morbidity outputs to monetize the benefits of 

electrification. This process was done using the 

BenMAP software (it has VSL calculations and other 

specific morbidity valuation functions as well), except 

for chronic bronchitis, which has a functionality issue 

within BenMAP that we confirmed with U.S. EPA sta�. 

We calculated valuation for chronic bronchitis manually. 

As stated in Section 3.2.3, we used VSL estimates 

for monetizing mortality benefits, which is standard 

in health impact assessment literature. For acute and 

chronic bronchitis, we used the WTP metric for valuing 

illness. The U.S. EPA BenMAP manual defines WTP 

as “the willingness of individuals to pay for a good or 

service, such as a reduction in the risk of illness,” and 

it is considered conservative.304 We adjusted all of the 

monetary outputs for inflation by converting them to 

2019 dollars, using the Bureau of Labor Statistics’ CPI 

Inflation Calculator. 

The mortality and valuation results are presented in 

Tables 3-1 and 3-2 in the report, and Tables B-3 to B-6 in 

Appendix B.
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Appendix B: Supplemental Figures and Tables
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Figure B-1: Relationship between predicted and measured EFs of (a) CO, (b) NO2, and (c) NOX. (Blue line = correlation between 
predicted EFs and measured EFs.)

Figure B-2: Energy use histogram of (a) heating devices, (b) water heaters, (c) ovens, and (d) stoves, gathered from online resources.
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Figure B-3: Predicted emission rates of (a) CO, (b) NO2, and (c) NOX in μg/h for various gas appliances.
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Figure B-4: Total emissions of air pollutants (a) CO, (b) NO2, and (c) NOx by county (gray outlines) in 2018.
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Figure B-5: NOX emissions from residential gas appliances as compared to NOX emissions from all sources (all California counties).
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Table B-1: Pollutants other than CO, NO2, and NOx emitted during gas appliance use as identified in various studies and reports, and a 
summary of associated key findings and health outcomes.

Pollutant Source Description of Study Key Findings Related to Pollutant Example of Health 
Impacts of Exposure to 

Pollutant

Acetaldehyde

Fortmann, R., Kariher, P. 
& Clayton, R. 200127

Assessed emissions of multiple 
pollutants during typical stove and 

oven use activities in a California home 
(both gas and electric ranges).

Acetaldehyde is present in air samples 
collected during fish broiling, oven 
self-cleaning, and pork roast tests. 

These findings, though limited, provide 
evidence that cooking may have a 

substantial e�ect on aldehyde levels 
more broadly. 

Carcinogenic, sensory 
irritant, and a�ects the 

respiratory system.305,306

Mullen, N. A., Li, J. & 
Singer, B. C. 201245

Concentrations of CO, NO
X
, NO

2
, 

formaldehyde, and acetaldehyde 
were measured over 6-day 

periods in 155 California homes to 
assess associations of pollutant 
concentrations with natural gas 

appliances. 

The geometric mean of acetaldehyde 
concentrations in both kitchens and 

bedrooms was 9 ppb, which was much 
higher than outdoor concentrations. 

However, acetaldehyde concentrations 
were not significantly a�ected by gas 

appliance use.

Carcinogenic, sensory 
irritant, and a�ects the 

respiratory system.305,306

Mullen, N. A. et al. 201646 To assess the indoor air quality 
impacts of gas appliance use, 
collected indoor and outdoor 

measurements of pollutants at 352 
California homes with natural gas 

appliances, and conducted interviews 
with residents.

This study did not find statistically 
significant changes in acetaldehyde 

levels due to gas appliance use.

Carcinogenic, sensory 
irritant, and a�ects the 

respiratory system.305,306

Singer, B. C. et al. 200944 Measured emission rates of 
multiple pollutants from natural gas 

combustion in various types of stoves, 
ovens, broilers, water heaters, and 

furnaces. This was a large study with 
multiple objectives.

Acetaldehyde emission rates were low 
for all burners.

Carcinogenic, sensory 
irritant, and a�ects the 

respiratory system.305,306

Formaldehyde

Fortmann, R., Kariher, P. 
& Clayton, R. 200127

Assessed emissions of multiple 
pollutants during typical stove and 

oven use activities in a California home 
(both gas and electric ranges).

Formaldehyde was present in 
air samples collected during fish 

broiling, oven self-cleaning, and pork 
roast tests. This study reported 

formaldehyde concentrations far 
above the acute Reference Exposure 

Level set by OEHHA during gas 
cooking, both with and without food. 

These findings, though limited, provide 
evidence that cooking may have a 

substantial e�ect on aldehyde levels 
more broadly. 

Carcinogenic, sensory 
and respiratory 
irritant, causes 

nausea and headache. 
103,200,201,206,307,308

Mullen, N. A., Li, J. & 
Singer, B. C. 201245

Concentrations of CO, NO
X
 , NO

2
, 

formaldehyde, and acetaldehyde 
were measured over 6-day 

periods in 155 California homes to 
assess associations of pollutant 
concentrations with natural gas 

appliances. 

The geometric mean of formaldehyde 
concentrations in both kitchens 

and bedrooms was 15 ppb, which 
was much higher than outdoor 

concentrations. About 95% of homes 
had indoor formaldehyde levels above 
the Chronic Reference Exposure Level 
set by OEHHA. However, formaldehyde 
concentrations were not significantly 

a�ected by gas appliance use.

Carcinogenic, sensory 
and respiratory 
irritant, causes 

nausea and headache. 
103,200,201,206,307,308

Mullen, N. A. et al. 201646 To assess the indoor air quality 
impacts of gas appliance use, 
collected indoor and outdoor 

measurements of pollutants at 352 
California homes with natural gas 

appliances, and conducted interviews 
with residents.

This study did not find statistically 
significant changes in formaldehyde 

levels due to gas appliance use.

Carcinogenic, sensory 
and respiratory 
irritant, causes 

nausea and headache. 
103,200,201,206,307,308

Singer, B. C. et al. 200944 Measured emission rates of 
multiple pollutants from natural gas 

combustion in various types of stoves, 
ovens, broilers, water heaters, and 

furnaces. This was a large study with 
multiple objectives.

Formaldehyde emission rates showed 
high variability across all burners, but 
were particularly low in storage water 

heaters and high in tankless water 
heaters.

Carcinogenic, sensory 
and respiratory 
irritant, causes 

nausea and headache. 

103,200,201,206,307,308
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Pollutant Source Description of Study Key Findings Related to Pollutant Example of Health 
Impacts of Exposure to 

Pollutant

Polycyclic 
Aromatic 
Hydrocarbons 
(PAHs)

Fortmann, R., Kariher, P. 
& Clayton, R. 200127

Assessed emissions of multiple 
pollutants during typical stove and 

oven use activities in a California home 
(both gas and electric ranges).

PAHs were found in cooking oils 
used, though PAH air concentrations 
were low; the study concluded that 

additional research on PAHs is 
necessary in order to fully assess 

the impact of cooking on PAH 
concentrations. 

Varies by PAH. Examples 
are carcinogenic and 

teratogenic e�ects, and 
various impacts from 
oxidative stress.311,312

Ruiz, P. A. et al. 201066 Conducted indoor and outdoor 
sampling of 16 homes with unvented 
space heaters using di�erent energy 

sources (electric/central heating, 
compressed natural gas, liquified 

petroleum gas, and kerosene) in Chile. 

This study found high levels of PAHs in 
homes with kerosene space heaters. 

The impacts of gas space heaters were 
less significant.

Varies by PAH. Examples 
are carcinogenic and 

teratogenic e�ects, and 
various impacts from 
oxidative stress.311,312

Yu, K.-P. et al. 2015241 Sampled particle concentrations and 
PAHs in five gas cooking kitchens of 
non-smoking families in Taiwan and 
conducted a health risk assessment.

This study found that PAH 
concentrations were correlated with 
PM concentrations, and PAH cooking 

exposures could result in cancer 
risks exceeding the well-established 

threshold of 10-6. 

Varies by PAH. Examples 
are carcinogenic and 

teratogenic e�ects, and 
various impacts from 
oxidative stress.311,312

Dutton, S. J., Hannigan, 
M. P. & Miller, S. L. 

200190

Monitored emissions of NO
2
, CO, 

and PAHs from unvented natural gas 
fireplaces in two Colorado residences. 

The concentrations measured here 
were more than an order of magnitude 
larger than ambient measurements in 
urban areas. This study highlights the 

need for research to assess the e�ects 
of PAH exposure further.

Varies by PAH. Examples 
are carcinogenic and 

teratogenic e�ects, and 
various impacts from 
oxidative stress.312,313

Sulfur Dioxide 
(SO

2
)

Jones, A. P. 199923 This review paper assessed indoor air 
quality and health. 

This review identifies that indoor SO2 
concentrations can be high in homes 

with poorly vented gas appliances and 
kerosene space heaters, citing studies 

(before 2000) that have sampled 
homes with both types of appliances.

Respiratory symptoms 
and disease, premature 

mortality.313,314

Triche, E. W. et al. 
2005315

Assessed respiratory symptoms and 
exposures of almost 900 women 

who used secondary heating devices, 
including gas space heaters, during 

winter. 

A 10-ppb increase in SO2 was 
associated with an increase in 

respiratory symptoms (wheezing and 
chest tightness), though kerosene 

heaters evaluated in this study were 
the primary source of SO2.

Respiratory symptoms 
and disease, premature 

mortality.313,314

Table B-1: Pollutants other than CO, NO2, and NOx emitted during gas appliance use as identified in various studies and reports, and a 
summary of associated key findings and health outcomes, cont.
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Pollutant Source Description of Study Key Findings Related to Pollutant Example of Health 
Impacts of Exposure to 

Pollutant

Ultrafine 
Particles 
(UFP)/Particle 
Number (PN)

Dennekamp, M. et al. 
200128

Measured UFP and nitrogen oxide 
emissions from gas and electric stoves 

and ovens in a laboratory chamber 
with no ventilation.

Gas combustion alone and with 
boiling water produced UFP in a peak 

size range of 15-40 nm. Electric 
stove coils also generate UFP. The 
authors suggested that cooking in 

kitchens with inadequate ventilation 
could produce toxic particle number 

concentrations. 

Respiratory impacts, 
cardiovascular 

disease, various 
impacts from oxidative 

stress, neurological 
impacts.199,316–318

Minutolo, P. et al. 
2008319

Measured UFP emissions from 
3 heater burners and 1 stove burner in 

an experimental chamber.

UFP in the size range of 1 nm-10 nm 
formed under all examined conditions, 
but at very low mass concentrations. 

Larger UFP (soot particles) are not 
formed under the conditions studied. 

A larger amount of particles were 
ultimately emitted from the stove top 

burner than heater burners. 

Respiratory impacts, 
cardiovascular 

disease, various 
impacts from oxidative 

stress, neurological 
impacts.199,316–318

Ruiz, P. A. et al. 201066 Conducted indoor and outdoor 
sampling of 16 homes with unvented 
space heaters using di�erent energy 

sources (electric/central heating, 
compressed natural gas, liquified 

petroleum gas, and kerosene) in Chile. 

Found higher levels of UFP in homes 
with combustion heaters (including 

gas heaters) than in homes with 
electric heaters or central heating. 

Respiratory impacts, 
cardiovascular 

disease, various 
impacts from oxidative 

stress, neurological 
impacts.199,316–318

Wallace, L., Wang, F., 
Howard-Reed, C. & 
Persily, A. 2008320

Measured UFP emissions of a gas 
stove, electric stove, and electric 

toaster oven in a test house. 150 tests 
were conducted. 

Found larger particle number 
concentrations than reported in 

previous studies assessing larger 
particles >10 nm, with the highest 

concentrations occurring at a 5 nm 
particle size. The study concludes 

that gas and electric stoves produce 
these small particles in significant 

quantities.

Respiratory impacts, 
cardiovascular 

disease, various 
impacts from oxidative 

stress, neurological 
impacts.199,316–318

Zhang, Q., Gangupomu, 
R. H., Ramirez, D. & Zhu, 

Y. 201057

Measured UFP, PM
2.5

, and black 
carbon concentrations from cooking in 

residences.

Cooking increased UFP concentrations 
in the kitchen significantly. This 

study found that the highest UFP 
concentrations occurred when gas 

stoves were turned on high and range 
hoods were not on. 

Respiratory impacts, 
cardiovascular 

disease, various 
impacts from oxidative 

stress, neurological 
impacts.199,316–318

Other Volatile 
Organic 
Compounds 
(VOCs)

Stocco, C. et al. 2008323 Measured personal, indoor and 
outdoor 24-hour levels of 188 VOCs 
(though analysis focused on 18) in 

48 homes for 8 weeks during winter 
and summer in Canada. Created an 
exposure model using predictions 
based on indoor concentrations. 

Indoor concentrations of VOCs are 
predictive of personal exposures. 

Having a gas stove in the home was 
a significant predictor of acrolein 

exposure. 

Varies by VOC. Examples 
are headaches, fatigue, 
respiratory issues.321,322

Table B-1: Pollutants other than CO, NO2, and NOx emitted during gas appliance use as identified in various studies and reports, and a 
summary of associated key findings and health outcomes, cont.
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County PM
2.5

 Emissions from Gas 
Appliances (tons/year)73

Primary PM
2.5

 
Reduction (µg/m3)

NO
X
 Emissions from Gas 

Appliances (tons/year)
Nitrate PM

2.5
 

Reduction (µg/m3)
Total PM

2.5
 

Reduction (µg/m3)

Alameda 101 0.47 793 0.021 0.49

Alpine 0 0 0 0 0

Amador 0.77 0.0072 7.5 0.00081 0.0081

Butte 12 0.029 91 0.0031 0.032

Calaveras 0.22 0.0017 1.4 0.00023 0.0020

Colusa 0.80 0.0036 7.5 0.00051 0.0042

Contra Costa 77 0.29 634 0.018 0.30

Del Norte 0 0 0 0 0

El Dorado 1.2 0.0027 84 0.0025 0.0052

Fresno 44 0.045 368 0.018 0.062

Glenn 1.0 0.013 8.2 0.00070 0.014

Humboldt 7.0 0.0091 71 0.00071 0.0098

Imperial 1.9 0.0015 0 0 0.0015

Inyo 0 0 0 0 0

Kern 39 0.030 343 0.0133 0.043

Kings 6.7 0.067 53 0.0114 0.078

Lake 0 0 0 0 0

Lassen 0 0 3.9 0.00018 0.00018

Los Angeles 368 0.22 3883 0.041 0.26

Madera 3.1 0.018 29 0.0055 0.024

Marin 23 0.41 192 0.0086 0.41

Mariposa 0 0 0 0 0

Mendocino 2.7 0.0036 21 0.00027 0.0038

Merced 10 0.072 90 0.012 0.085

Modoc 0 0 0 0 0

Mono 0 0 0 0 0

Monterey 22 0.0086 181 0.0017 0.010

Napa 9.2 0.19 75 0.019 0.20

Nevada 2.1 0.013 48 0.0037 0.017

Orange 120 0.33 1178 0.041 0.37

Placer 18 0.025 229 0.0057 0.031

Plumas 0 0 0 0 0

Riverside 72 0.12 960 0.043 0.16

Table B-2: Emissions of PM2.5 and NOX from residential gas appliance use and estimated primary, nitrate, and total PM2.5 reductions 
under an electrification scenario in which all residential gas appliances are replaced with electric appliances.
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Table B-2: Emissions of PM2.5 and NOX from residential gas appliance use and estimated primary, nitrate, and total PM2.5 reductions 
under an electrification scenario in which all residential gas appliances are replaced with electric appliances, cont.

County PM
2.5

 Emissions from Gas 
Appliances (tons/year)73

Primary PM
2.5

 
Reduction (µg/m3)

NO
X
 Emissions from Gas 

Appliances (tons/year)
Nitrate PM

2.5
 

Reduction (µg/m3)
Total PM

2.5
 

Reduction (µg/m3)

Sacramento 73 0.21 716 0.028 0.24

San Benito 2.2 0.032 23 0.0027 0.035

San Bernardino 80 0.062 857 0.0039 0.066

San Diego 62 0.057 942 0.016 0.073

San Francisco 65 0.84 512 0.015 0.85

San Joaquin 35 0.22 316 0.026 0.24

San Luis Obispo 14 0.051 132 0.0025 0.053

San Mateo 56 0.53 446 0.015 0.55

Santa Barbara 25 0.028 194 0.0014 0.029

Santa Clara 112 0.37 851 0.040 0.41

Santa Cruz 14 0.062 122 0.0031 0.065

Shasta 6.6 0.0064 61 0.00057 0.0070

Sierra 0 0 0 0 0

Siskiyou 0 0 0 0 0

Solano 27 0.22 205 0.0098 0.23

Sonoma 30 0.15 252 0.011 0.16

Stanislaus 26 0.16 220 0.022 0.19

Sutter 5.4 0.051 43 0.0031 0.054

Tehama 1.3 0.0023 13 0.0011 0.0034

Trinity 0 0 0.080 0.0000032 0.0000032

Tulare 21 0.043 181 0.016 0.060

Tuolumne 0 0 0 0 0

Ventura 41 0.12 344 0.0050 0.13

Yolo 10 0.064 91 0.0053 0.070

Yuba 2.6 0.044 26 0.0042 0.048
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Table B-3: Estimated mortality and morbidity reductions from the electrification scenario by air basin, in 2018. 

Air Basin Nitrate PM
2.5

:  
Reduced Mortality

All PM
2.5

: 
 Reduced Mortality

Acute Bronchitis  
(Cases Avoided)

Chronic Bronchitis 
(Cases Avoided)

Great Basin Valleys 0 0 0 0

Lake County 0 0 0 0

Lake Tahoe 0.061 0.29 0.35 0.19

Mojave Desert 9.7 61 109 52

Mountain Counties 0.088 0.43 0.45 0.27

North Central Coast 0.063 0.91 1.5 0.76

North Coast 0.14 2.2 2.5 1.5

Northeast Plateau 0.0021 0.0024 0.0031 0.0017

Sacramento Valley 2.1 20 31 14

Salton Sea 1.4 5.4 9.9 4.1

San Diego 2.1 9.5 15 7.8

San Francisco Bay Area 6.0 125 196 115

San Joaquin Valley 2.8 18 35 13

South Central Coast 0.24 5.7 9.3 4.4

South Coast 14 105 185 91

Total 39 354 596 304

Table B-4: Estimated monetization of the health benefits from the electrification scenario by air basin, in 2018.

Air Basin Nitrate PM
2.5

: 
Mortality Valuation

All PM
2.5

:  
Mortality Valuation

Acute Bronchitis Valuation Chronic Bronchitis Valuation

Great Basin Valleys $0 $0 $0 $0

Lake County $0 $0 $0 $0

Lake Tahoe $565,809 $2,707,573 $185 $95,561

Mojave Desert $90,280,523 $570,844,734 $57,048 $26,344,390

Mountain Counties $818,583 $3,972,574 $239 $134,691

North Central Coast $592,105 $8,528,831 $808 $380,196

North Coast $1,332,509 $20,137,675 $1,331 $729,931

Northeast Plateau $20,055 $22,050 $2 $831

Sacramento Valley $19,919,241 $187,863,502 $16,487 $7,182,284

Salton Sea $13,247,571 $50,566,952 $5,187 $2,069,330

San Diego $19,447,260 $88,384,743 $8,138 $3,932,141

San Francisco Bay Area $56,225,767 $1,168,481,307 $103,155 $57,664,334

San Joaquin Valley $26,072,110 $168,161,417 $18,422 $6,390,438

South Central Coast $2,226,449 $53,269,838 $4,888 $2,206,735

South Coast $134,721,840 $983,223,898 $97,343 $45,569,735

Total $365 million $3.31 billion $0.31 million $153 million
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County All PM
2.5

: Reduced Mortality 
(95% Confidence Interval)

San Benito 0.07 (0.05, 0.09)

San Bernardino 13.03 (8.8, 17.25)

San Diego 9.46 (6.39, 12.52)

San Francisco 28.64 (19.33, 37.93)

San Joaquin 7.79 (5.26, 10.31)

San Luis Obispo 0.79 (0.53, 1.05)

San Mateo 16.03 (10.82, 21.23)

Santa Barbara 0.54 (0.36, 0.71)

Santa Clara 25.35 (17.12, 33.56)

Santa Cruz 0.69 (0.47, 0.91)

Shasta 0.1 (0.06, 0.13)

Sierra 0 (0, 0)

Siskiyou 0 (0, 0)

Solano 4.54 (3.07, 6.01)

Sonoma 4.11 (2.78, 5.44)

Stanislaus 4.51 (3.05, 5.97)

Sutter 0.24 (0.16, 0.32)

Tehama 0.01 (0.01, 0.02)

Trinity 0 (0, 0)

Tulare 1.05 (0.71, 1.39)

Tuolumne 0 (0, 0)

Ventura 4.37 (2.95, 5.78)

Yolo 0.56 (0.38, 0.74)

Yuba 0.16 (0.11, 0.21)

County All PM
2.5

: Reduced Mortality 
(95% Confidence Interval)

Alameda 29.4 (19.85, 38.93)

Alpine 0 (0, 0)

Amador 0.02 (0.02, 0.03)

Butte 0.43 (0.29, 0.57)

Calaveras 0.01 (0, 0.01)

Colusa 0.003 (0.002, 0.004)

Contra Costa 14.58 (9.84, 19.29)

Del Norte 0 (0, 0)

El Dorado 0.05 (0.03, 0.07)

Fresno 2.5 (1.69, 3.31)

Glenn 0.02 (0.01, 0.03)

Humboldt 0.08 (0.05, 0.1)

Imperial 0.02 (0.02, 0.03)

Inyo 0 (0, 0)

Kern 1.5 (1.02, 1.99)

Kings 0.38 (0.26, 0.51)

Lake 0 (0, 0)

Lassen 0 (0, 0)

Los Angeles 96.88 (65.42, 128.22)

Madera 0.16 (0.11, 0.21)

Marin 5.17 (3.49, 6.85)

Mariposa 0 (0, 0)

Mendocino 0.02 (0.01, 0.03)

Merced 0.85 (0.58, 1.13)

Modoc 0 (0, 0)

Mono 0 (0, 0)

Monterey 0.15 (0.1, 0.2)

Napa 1.55 (1.04, 2.05)

Nevada 0.11 (0.07, 0.14)

Orange 44.89 (30.31, 59.42)

Placer 0.79 (0.53, 1.05)

Plumas 0 (0, 0)

Riverside 16.16 (10.91, 21.39)

Sacramento 16.04 (10.83, 21.23)

Table B-5: BenMAP outputs for estimated mortality reductions from the electrification scenario by county, in 2018.
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County All PM
2.5

: Mortality Valuation 
& 95% Confidence Interval

Estimate Lower Bound Upper Bound

San 
Bernardino

$113,451,872 $10,524,312 $307,711,232

San Diego $82,344,448 $7,638,627 $223,339,872

San 
Francisco

$249,324,048 $23,121,320 $676,267,520

San Joaquin $67,795,992 $6,288,626 $183,882,720

San Luis 
Obispo

$6,890,559 $639,203 $18,688,990

San Mateo $139,580,336 $12,945,681 $378,590,528

Santa 
Barbara

$4,701,954 $436,181 $12,752,904

Santa Clara $220,699,600 $20,470,320 $598,609,024

Santa Cruz $6,017,096 $558,174 $16,319,943

Shasta $835,539 $77,510 $2,266,194

Sierra $0 $0 $0

Siskiyou $0 $0 $0

Solano $39,542,172 $3,667,874 $107,249,936

Sonoma $35,786,860 $3,319,630 $97,063,968

Stanislaus $39,271,068 $3,642,793 $106,514,288

Sutter $2,117,348 $196,416 $5,742,799

Tehama $110,212 $10,224 $298,922

Trinity $0 $0 $0

Tulare $9,130,249 $846,966 $24,763,624

Tuolumne $0 $0 $0

Ventura $38,036,816 $3,528,387 $103,166,240

Yolo $4,857,377 $450,592 $13,174,484

Yuba $1,407,345 $130,553 $3,817,086

County All PM
2.5

: Mortality Valuation 
& 95% Confidence Interval

Estimate Lower Bound Upper Bound

Alameda $255,972,880 $23,741,228 $694,285,440

Alpine $0 $0 $0

Amador $202,040 $18,743 $547,983

Butte $3,774,240 $350,120 $10,236,708

Calaveras $54,529 $5,058 $147,895

Colusa $28,817 $2,673 $78,159

Contra Costa $126,885,312 $11,769,362 $344,151,744

Del Norte $0 $0 $0

El Dorado $448,354 $41,592 $1,216,049

Fresno $21,789,786 $2,021,323 $59,099,608

Glenn $174,319 $16,171 $472,799

Humboldt $687,856 $63,810 $1,865,639

Imperial $217,224 $20,151 $589,166

Inyo $0 $0 $0

Kern $13,099,088 $1,215,142 $35,528,120

Kings $3,329,755 $308,882 $9,031,176

Lake $0 $0 $0

Lassen $20,543 $1,906 $55,719

Los Angeles $843,326,528 $78,224,896 $2,287,352,832

Madera $1,362,471 $126,391 $3,695,370

Marin $45,046,368 $4,178,137 $122,180,416

Mariposa $0 $0 $0

Mendocino $180,162 $16,713 $488,643

Merced $7,440,247 $690,186 $20,179,928

Modoc $0 $0 $0

Mono $0 $0 $0

Monterey $1,315,226 $122,009 $3,567,224

Napa $13,453,159 $1,247,909 $36,488,836

Nevada $921,981 $85,529 $2,500,646

Orange $390,746,336 $36,243,116 $1,059,827,968

Placer $6,895,075 $639,627 $18,701,210

Plumas $0 $0 $0

Riverside $140,681,808 $13,049,800 $381,568,448

Sacramento $139,650,096 $12,953,712 $378,772,032

San Benito $613,641 $56,925 $1,664,352

Table B-6: BenMAP outputs for estimated monetization of mortality reductions from the electrification scenario by county, in 2018 
(shown in 2015 dollars, pre-inflation adjustments).     
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Table B-7: List of air quality standards

Air Pollutant Standard Averaging Time  Concentration

CO 

CAAQS

 

1-hour 23,000 µg/m3 (20 ppm)

8-hour 10,000 µg/m3 (9 ppm)

NAAQS

 

1-hour 40,000 µg/m3 (35 ppm)

8-hour 10,000 µg/m3 (9 ppm)

Health Canada Residential  
Indoor Air Quality Guideline

1-hour 28,600 µg/m3 (25 ppm)

Health Canada Residential  
Indoor Air Quality Guideline

24-hour 11,500 µg/m3 (10 ppm)

NO2

CAAQS

 

1-hour 339 µg/m3 (180 ppb)

Annual mean 57 µg/m3 (30 ppb)

NAAQS

 

1-hour 188 µg/m3 (100 ppb)

Annual mean 100 µg/m3 (53 ppb) 

Health Canada Residential  
Indoor Air Quality Guideline

1-hour 170 µg/m3 (90 ppb)

Health Canada Residential  
Indoor Air Quality Guideline

24-hour 20 µg/m3 (11 ppb)



EFFECTS OF RESIDENTIAL GAS APPLIANCES ON INDOOR AND OUTDOOR AIR QUALITY AND PUBLIC HEALTH IN CALIFORNIA 60

REFERENCES
1.  U.S. Energy Information Administration. Natural Gas 

Consumption by End Use. https://www.eia.gov/dnav/ng/ng_
cons_sum_dcu_SCA_a.htm (2019).

2.  US Census Bureau. American Housing Survey. (2017).

3.  Fischer, M. L. et al. An Estimate of Natural Gas Methane 
Emissions from California Homes. Environ. Sci. Technol. 52, 
10205–10213 (2018).

4.  Mahone, A. et al. Residential Building Electrification in California: 
Consumer economics, greenhouse gases and grid impacts. 
https://www.ethree.com/wp-content/uploads/2019/04/E3_
Residential_Building_Electrification_in_California_April_2019.
pdf (2019).

5.  Vukovich, J. & Delforge, P. The Real Climate Impact of 
California’s Buildings. NRDC Expert Blog https://www.nrdc.org/
experts/joe-vukovich/real-climate-impact-californias-buildings 
(2018).

6.  US Environmental Protection Agency. Sources of Greenhouse 
Gas Emissions: Commercial and Residential Sector Emissions. 
https://www.epa.gov/ghgemissions/sources-greenhouse-gas-
emissions#commercial-and-residential (2019).

7.  Mahone, A. et al. Deep Decarbonization in a High 
Renewables Future. https://www.ethree.com/wp-content/
uploads/2018/06/Deep_Decarbonization_in_a_High_
Renewables_Future_CEC-500-2018-012-1.pdf (2018).

8.  Williams, J. H. et al. The Technology Path to Deep Greenhouse 
Gas Emissions Cuts by 2050: The Pivotal Role of Electricity. 
Science 335, 53 (2012).

9.  California Energy Commission sta�. 2018 Integrated Energy 
Policy Report Update, Volume II (2018).

10. Pacala, S. & Socolow, R. Stabilization Wedges: Solving 
the Climate Problem for the Next 50 Years with Current 
Technologies. Science 305, 968 (2004).

11. Howarth, R. W., Santoro, R. & Ingra�ea, A. Methane and the 
greenhouse-gas footprint of natural gas from shale formations. 
Clim. Change 106, 679 (2011).

12. Howarth, R. W., Ingra�ea, A. & Engelder, T. Should fracking 
stop? Nature 477, 271–275 (2011).

13. Colborn, T., Kwiatkowski, C., Schultz, K. & Bachran, M. Natural 
Gas Operations from a Public Health Perspective. Hum. Ecol. 
Risk Assess. Int. J. 17, 1039–1056 (2011).

14. Brandt, A. R. et al. Methane Leaks from North American Natural 
Gas Systems. Science 343, 733 (2014).

15. Alexander, M. et al. Air Quality Implications of an Energy 
Scenario for California Using High Levels of Electrification. 
(2019).

16. Akella, A. K., Saini, R. P. & Sharma, M. P. Social, economical and 
environmental impacts of renewable energy systems. Renew. 
Energy Sustain. Dev. Asia Pac. Reg. 34, 390–396 (2009).

17. Stambouli, A. B. Fuel cells: The expectations for an 
environmental-friendly and sustainable source of energy. 
Renew. Sustain. Energy Rev. 15, 4507–4520 (2011).

18. Abbasi, S. A. & Abbasi, N. The likely adverse environmental 
impacts of renewable energy sources. Appl. Energy 65, 121–144 
(2000).

19. Nussbaumer, T. Combustion and Co-combustion of 
Biomass:�Fundamentals, Technologies, and Primary Measures 
for Emission Reduction. Energy Fuels 17, 1510–1521 (2003).

20. U.S. EPA. AP-42: Compilation of Air Emissions Factors. Section 
1.4. (1998).

21. Klepeis, N. E. et al. The National Human Activity Pattern Survey 
(NHAPS): a resource for assessing exposure to environmental 
pollutants. J. Expo. Anal. Environ. Epidemiol. 11, 231 (2001).

22. Pope, C. A. & Dockery, D. W. Health E�ects of Fine Particulate 
Air Pollution: Lines that Connect. J. Air Waste Manag. Assoc. 
56, 709–742 (2006).

23. Jones, A. P. Indoor air quality and health. Atmos. Environ. 33, 
4535–4564 (1999).

24. Burnett, R. et al. Global estimates of mortality associated with 
long-term exposure to outdoor fine particulate matter. Proc. 
Natl. Acad. Sci. 115, 9592 (2018).

25. Abdullahi, K. L., Delgado-Saborit, J. M. & Harrison, R. M. 
Emissions and indoor concentrations of particulate matter 
and its specific chemical components from cooking: A review. 
Atmos. Environ. 71, 260–294 (2013).

26. Buonanno, G., Morawska, L. & Stabile, L. Particle emission 
factors during cooking activities. Atmos. Environ. 43, 3235–
3242 (2009).

27. Fortmann, R., Kariher, P. & Clayton, R. Indoor air quality: 
Residential cooking exposures. (2001).

28. Dennekamp, M. et al. Ultrafine particles and nitrogen oxides 
generated by gas and electric cooking. Occup. Environ. Med. 58, 
511–516 (2001).

29. Nicole, W. Cooking Up Indoor Air Pollution: Emissions from 
Natural Gas Stoves. Environ. Health Perspect. 122, A27–A27 
(2014).

30. Bernstein, J. A. et al. The health e�ects of nonindustrial indoor 
air pollution. J. Allergy Clin. Immunol. 121, 585–591 (2008).

31. Basu, R. & Samet, J. M. A review of the epidemiological evidence 
on health e�ects of nitrogen dioxide exposure from gas stoves. 
J. Environ. Med. 1, 173–187 (1999).

32. Ware, J. H., Dockery, D. W., Spiro, A., Speizer, F. E. & Ferris, B. 
G. Passive Smoking, Gas Cooking, and Respiratory Health of 
Children Living in Six Cities. Am. Rev. Respir. Dis. 129, 366–374 
(1984).

33. Lin, W., Brunekreef, B. & Gehring, U. Meta-analysis of the e�ects 
of indoor nitrogen dioxide and gas cooking on asthma and 
wheeze in children. Int. J. Epidemiol. 42, 1724–1737 (2013).

34. Garrett, M. H., Hooper, M. A., Hooper, B. M. & Abramson, M. 
J. Respiratory Symptoms in Children and Indoor Exposure to 
Nitrogen Dioxide and Gas Stoves. Am. J. Respir. Crit. Care Med. 
158, 891–895 (1998).

35. Kile, M. L. et al. A cross-sectional study of the association 
between ventilation of gas stoves and chronic respiratory illness 
in U.S. children enrolled in NHANESIII. Environ. Health 13, 71 
(2014).

36. California Department of Public Health. Combustion Pollutants. 
https://www.cdph.ca.gov/Programs/CCDPHP/DEODC/EHLB/
IAQ/Pages/Combustion.aspx (2018).

37. Acquaye, L. Low-income homeowners and the challenges of 
home maintenance. Community Dev. 42, 16–33 (2011).

38. Benfer, E. A. & Gold, A. E. There’s no place like home: 
Reshaping community interventions and policies to eliminate 
environmental hazards and improve population health for low-
income and minority communities. Harv Pol Rev Online S1 11, 
(2017).

39. Grineski, S. E. & Hernández, A. A. Landlords, fear, and children’s 
respiratory health: an untold story of environmental injustice in 
the central city. Local Environ. 15, 199–216 (2010).

40. Krieger, J. & Higgins, D. L. Housing and health: time again for 
public health action. Am. J. Public Health 92, 758–768 (2002).

41. Adamkiewicz, G. et al. Environmental conditions in low-income 
urban housing: clustering and associations with self-reported 
health. Am. J. Public Health 104, 1650–1656 (2014).

42. Merrin, Z. & Francisco, P. W. Unburned Methane Emissions from 
Residential Natural Gas Appliances. Environ. Sci. Technol. 53, 
5473–5482 (2019).

https://www.eia.gov/dnav/ng/ng_cons_sum_dcu_SCA_a.htm
https://www.eia.gov/dnav/ng/ng_cons_sum_dcu_SCA_a.htm
https://www.ethree.com/wp-content/uploads/2019/04/E3_Residential_Building_Electrification_in_California_April_2019.pdf
https://www.ethree.com/wp-content/uploads/2019/04/E3_Residential_Building_Electrification_in_California_April_2019.pdf
https://www.ethree.com/wp-content/uploads/2019/04/E3_Residential_Building_Electrification_in_California_April_2019.pdf
https://www.nrdc.org/experts/joe-vukovich/real-climate-impact-californias-buildings
https://www.nrdc.org/experts/joe-vukovich/real-climate-impact-californias-buildings
https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions#commercial-and-residential
https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions#commercial-and-residential
https://www.ethree.com/wp-content/uploads/2018/06/Deep_Decarbonization_in_a_High_Renewables_Future_CEC-500-2018-012-1.pdf
https://www.ethree.com/wp-content/uploads/2018/06/Deep_Decarbonization_in_a_High_Renewables_Future_CEC-500-2018-012-1.pdf
https://www.ethree.com/wp-content/uploads/2018/06/Deep_Decarbonization_in_a_High_Renewables_Future_CEC-500-2018-012-1.pdf
https://www.cdph.ca.gov/Programs/CCDPHP/DEODC/EHLB/IAQ/Pages/Combustion.aspx
https://www.cdph.ca.gov/Programs/CCDPHP/DEODC/EHLB/IAQ/Pages/Combustion.aspx


EFFECTS OF RESIDENTIAL GAS APPLIANCES ON INDOOR AND OUTDOOR AIR QUALITY AND PUBLIC HEALTH IN CALIFORNIA 61

43. California Energy Commission. Residential Appliance Saturation 
Study. (2009).

44. Singer, B. C. et al. Natural Gas Variability in California: 
Environmental Impacts and Device Performance. Experimental 
Evaluation of Pollutant Emissions from Residential Appliances. 
(2009).

45. Mullen, N. A., Li, J. & Singer, B. C. Impact of Natural Gas 
Appliances on Pollutant Levels in California Homes. (2012).

46. Mullen, N. A. et al. Results of the California Healthy Homes 
Indoor Air Quality Study of 2011–2013: impact of natural gas 
appliances on air pollutant concentrations. Indoor Air 26, 231–
245 (2016).

47. Logue, J. M., Klepeis, N. E., Lobscheid, A. B. & Singer, B. C. 
Pollutant exposures from natural gas cooking burners: a 
simulation-based assessment for Southern California. Environ. 
Health Perspect. 122, 43–50 (2014).

48. Bhangar, S., Mullen, N. A., Hering, S. V., Kreisberg, N. M. & 
Nazaro�, W. W. Ultrafine particle concentrations and exposures 
in seven residences in northern California. Indoor Air 21, 132–
144 (2011).

49. Singer, B. C., Delp, W. W., Lorenzetti, D. M. & Maddalena, R. L. 
Pollutant Concentrations and Emission Rates from Scripted 
Natural Gas Cooking Burner Use in Nine Northern California 
Homes. (2016).

50. Less, B., Mullen, N., Singer, B. & Walker, I. Indoor air quality in 24 
California residences designed as high-performance homes. Sci. 
Technol. Built Environ. 21, 14–24 (2015).

51. Chan, W. R. et al. Healthy E�cient New Gas Homes (HENGH) 
Pilot Test Results. (2016).

52. Singer, B. C., Pass, R. Z., Delp, W. W., Lorenzetti, D. M. & 
Maddalena, R. L. Pollutant concentrations and emission rates 
from natural gas cooking burners without and with range hood 
exhaust in nine California homes. Build. Environ. 122, 215–229 
(2017).

53. Lobscheid, A. B., Klepeis, N. E. & Singer, B. C. Modeling 
Population Exposures to Pollutants Emitted from Natural Gas 
Cooking Burners. (2011).

54. Relwani, S. M., Moschandreas, D. J. & Billick, I. H. E�ects 
of Operational Factors on Pollutant Emission Rates from 
Residential Gas Appliances. J. Air Pollut. Control Assoc. 36, 
1233–1237 (1986).

55. Wan, M. P., Wu, C. L., Sze To, G. N., Chan, T. C. & Chao, C. Y. H. 
Ultrafine particles, and PM2.5 generated from cooking in homes. 
Atmos. Environ. 45, 6141–6148 (2011).

56. Moschandreas, D., Relwani, S., Johnson, D. & Billick, I. Emission 
rates from unvented gas appliances. Indoor Air Qual. 12, 247–
253 (1986).

57. Zhang, Q., Gangupomu, R. H., Ramirez, D. & Zhu, Y. 
Measurement of ultrafine particles and other air pollutants 
emitted by cooking activities. Int. J. Environ. Res. Public. Health 
7, 1744–1759 (2010).

58. Kawamoto, T. et al. Personal exposure to nitrogen dioxide from 
indoor heaters and cooking stoves. Arch. Environ. Contam. 
Toxicol. 25, 534–538 (1993).

59. Fazli, T. & Stephens, B. Development of a nationally 
representative set of combined building energy and indoor air 
quality models for U.S. residences. Build. Environ. 136, 198–212 
(2018).

60. Brown, S., Mahoney, K. & Cheng, M. Room chamber assessment 
of the pollutant emission properties of (nominally) low-emission 
unflued gas heaters. Indoor Air 14, 84–91 (2004).

61. Singer, B. C. Natural Gas Variability In California: Environmental 
Impacts And Device Performance: Literature Review And 
Evaluation For Residential Appliances. (2007).

62. Traynor, G. W., Apte, M. G. & Chang, G. M. Pollutant Emission 
Factors from Residential Natural Gas Appliances: A Literature 
Review. (1996).

63. Leaderer, B. P. et al. Indoor, outdoor, and regional summer and 
winter concentrations of PM10, PM2.5, SO4(2-), H+, NH4+, 
NO3(-), NH3, and nitrous acid in homes with and without 
kerosene space heaters. Environ. Health Perspect. 107, 223–
231 (1999).

64. See, S. W. & Balasubramanian, R. Chemical characteristics 
of fine particles emitted from di�erent gas cooking methods. 
Atmos. Environ. 42, 8852–8862 (2008).

65. Palmes, E. D., Tomczyk, C. & March, A. W. Relationship of Indoor 
N02 Concentrations to Use of Unvented Gas Appliances. J. Air 
Pollut. Control Assoc. 29, 392–393 (1979).

66. Ruiz, P. A. et al. E�ect of Gas and Kerosene Space Heaters on 
Indoor Air Quality: A Study in Homes of Santiago, Chile. J. Air 
Waste Manag. Assoc. 60, 98–108 (2010).

67. California Air Resources Board. Carbon Monoxide and Health. 
https://ww2.arb.ca.gov/resources/carbon-monoxide-and-
health (2020).

68. Rim, D., Wallace, L., Nabinger, S. & Persily, A. Reduction of 
exposure to ultrafine particles by kitchen exhaust hoods: The 
e�ects of exhaust flow rates, particle size, and burner position. 
Sci. Total Environ. 432, 350–356 (2012).

69. O’Leary, C. et al. Investigating measurements of fine particle 
(PM2.5) emissions from the cooking of meals and mitigating 
exposure using a cooker hood. Indoor Air 29, 423–438 (2019).

70. He, C., Morawska, L., Hitchins, J. & Gilbert, D. Contribution from 
indoor sources to particle number and mass concentrations in 
residential houses. Atmos. Environ. 38, 3405–3415 (2004).

71. Wallace, L. Indoor Sources of Ultrafine and Accumulation Mode 
Particles: Size Distributions, Size-Resolved Concentrations, and 
Source Strengths. Aerosol Sci. Technol. 40, 348–360 (2006).

72. Abt, E., Suh, H. H., Allen, G. & Koutrakis, P. Characterization of 
indoor particle sources: A study conducted in the metropolitan 
Boston area. Environ. Health Perspect. 108, 35–44 (2000).

73. California Air Resources Board. CEPAM: 2016 SIP: Standard 
Emission Tool. (2018).

74. Gilbert, N. L. et al. Housing characteristics and indoor 
concentrations of nitrogen dioxide and formaldehyde in Quebec 
City, Canada. Environ. Res. 102, 1–8 (2006).

75. McWilliams, J. & Sherman, M. H. Review of Literature Related to 
Residential Ventilation Requirements. (2005).

76. California Health and Safety Code Section 19881. California 
Health and Safety Code vol. 19881 (1998).

77. California Health and Safety Code Section 114149.1. California 
Health and Safety Code vol. 114149.1 (2007).

78. Seltenrich, N. Take Care in the Kitchen: Avoiding Cooking-
Related Pollutants. Environ. Health Perspect. 122, A154–A159 
(2014).

79. Klug, V. L. & Singer, B. C. Characteristics of range hoods in 
California homes - Data collected from a real estate web site. 
(2011).

80. Rapp, V. H., Singer, B. C., Stratton, J. C., Wray, C. P. & Less, B. 
Assessment of Literature Related to Combustion Appliance 
Venting Systems. (2015).

81. QuickStats: Number of Deaths Resulting from Unintentional 
Carbon Monoxide Poisoning,* by Month and Year — National 
Vital Statistics System, United States, 2010-2015. MMWR 
Morb. Mortal. Wkly. Rep. 66, 234–234 (2017).

82. Carbon Monoxide (CO) Poisoning. Tracking California: 
Informing Action for Healthier Communities https://www.
trackingcalifornia.org/ (2019).

83. Nagda, N. L., Koontz, M. D., Billick, I. H., Leslie, N. P. & Behrens, 
D. W. Causes and Consequences of Backdrafting of Vented Gas 
Appliances. J. Air Waste Manag. Assoc. 46, 838–846 (1996).

84. Grimsrud, D. et al. Surveys on Depressurization-Induced 
Backdrafting and Spillage. in vol. 1 (1999).

https://ww2.arb.ca.gov/resources/carbon-monoxide-and-health
https://ww2.arb.ca.gov/resources/carbon-monoxide-and-health
https://www.trackingcalifornia.org/
https://www.trackingcalifornia.org/


EFFECTS OF RESIDENTIAL GAS APPLIANCES ON INDOOR AND OUTDOOR AIR QUALITY AND PUBLIC HEALTH IN CALIFORNIA 62

85. Singer, B. C., Less, B. D., Delp, W. W., Brooks, A. & Cohn, S. A 
Field Study of Wall Furnace Venting and Coincident Exhaust Fan 
Usage in 16 Northern California Apartments: (2016).

86. James, R. N. Residential Satisfaction of Elderly Tenants in 
Apartment Housing. Soc. Indic. Res. 89, 421–437 (2008).

87. Abramsson, M. & Andersson, E. K. Residential Mobility Patterns 
of Elderly — Leaving the House for an Apartment. Hous. Stud. 
27, 582–604 (2012).

88. Center for Energy and Environment. Ventilation and 
Depressurization Information for Houses Undergoing 
Remodeling. (2002).

89. Traynor, G. W., Girman, J. R., Apte, M. G., Dillworth, J. F. & White, 
P. D. Indoor Air Pollution Due to Emissions from Unvented Gas-
Fired Space Heaters. J. Air Pollut. Control Assoc. 35, 231–237 
(1985).

90. Dutton, S. J., Hannigan, M. P. & Miller, S. L. Indoor Pollutant 
Levels from the Use of Unvented Natural Gas Fireplaces in 
Boulder, Colorado. J. Air Waste Manag. Assoc. 51, 1654–1661 
(2001).

91. Girman, J. R., Apte, M. G., Traynor, G. W., Allen, J. R. & Hollowell, 
C. D. Pollutant emission rates from indoor combustion 
appliances and sidestream cigarette smoke. Indoor Air Pollut. 8, 
213–221 (1982).

92. Stratton, J. C. & Singer, B. C. Addressing Kitchen Contaminants 
for Healthy, Low-Energy Homes. (2014).

93. Delp, W. W. & Singer, B. C. Performance Assessment of U.S. 
Residential Cooking Exhaust Hoods. Environ. Sci. Technol. 46, 
6167–6173 (2012).

94. Singer, B. C., Delp, W. W., Price, P. N. & Apte, M. G. Performance 
of installed cooking exhaust devices. Indoor Air 22, 224–234 
(2012).

95. Lunden, M. M., Delp, W. W. & Singer, B. C. Capture e�ciency 
of cooking-related fine and ultrafine particles by residential 
exhaust hoods. Indoor Air 25, 45–58 (2015).

96. O�ermann, F. J. Ventilation and indoor air quality in new homes. 
(2009).

97. Piazza, T., Lee, R. H., Sherman, M. & Price, P. Study of ventilation 
practices and household characteristics in new California 
homes. (2007).

98. Klug, V. L., Lobscheid, A. B. & Singer, B. C. Cooking Appliance 
Use In California Homes — Data Collected From A Web-Based 
Survey. (2011).

99. Noris, F. et al. Indoor environmental quality benefits of 
apartment energy retrofits. Build. Environ. 68, 170–178 (2013).

100.  Widder, H. S. & Haselbach, L. Relationship among 
Concentrations of Indoor Air Contaminants, Their Sources, 
and Di�erent Mitigation Strategies on Indoor Air Quality. 
Sustainability 9, (2017).

101. Hellweg, S. et al. Integrating Human Indoor Air Pollutant 
Exposure within Life Cycle Impact Assessment. Environ. Sci. 
Technol. 43, 1670–1679 (2009).

102. Weisel, C. P. et al. Relationship of Indoor, Outdoor and Personal 
Air (RIOPA) study: study design, methods and quality 
assurance/control results. J. Expo. Sci. Environ. Epidemiol. 15, 
123–137 (2005).

103. Salthammer, T., Mentese, S. & Marutzky, R. Formaldehyde in the 
indoor environment. Chem. Rev. 110, 2536–2572 (2010).

104. Fabian, M. P., Adamkiewicz, G., Stout, N. K., Sandel, M. & Levy, J. 
I. A simulation model of building intervention impacts on indoor 
environmental quality, pediatric asthma, and costs. J. Allergy 
Clin. Immunol. 133, 77–84 (2014).

105. Sundell, J. et al. Ventilation rates and health: multidisciplinary 
review of the scientific literature. Indoor Air 21, 191–204 (2011).

106. Colton, M. D. et al. Indoor Air Quality in Green Vs Conventional 
Multifamily Low-Income Housing. Environ. Sci. Technol. 48, 
7833–7841 (2014).

107. Bennett, D. H. et al. Ventilation, temperature, and HVAC 
characteristics in small and medium commercial buildings in 
California. Indoor Air 22, 309–320 (2012).

108. Markley, J., Harrington, C. & Torvestad, G. Modeling Ventilation 
in Multifamily Buildings. https://wcec.ucdavis.edu/wp-content/
uploads/2015/06/1-1167.pdf (2014).

109. Taylor, J. et al. The modifying e�ect of the building envelope on 
population exposure to PM2.5 from outdoor sources. Indoor Air 
24, 639–651 (2014).

110. Logue, J. M., Sherman, M. H., Walker, I. S. & Singer, B. C. Energy 
impacts of envelope tightening and mechanical ventilation for 
the U.S. residential sector. Energy Build. 65, 281–291 (2013).

111. Yu, C. W. F. & Kim, J. T. Low-Carbon Housings and Indoor Air 
Quality. Indoor Built Environ. 21, 5–15 (2011).

112. Sharpe, R. A., Thornton, C. R., Nikolaou, V. & Osborne, N. J. 
Higher energy e�cient homes are associated with increased risk 
of doctor diagnosed asthma in a UK subpopulation. Environ. Int. 
75, 234–244 (2015).

113. Dales, R., Liu, L., Wheeler, A. J. & Gilbert, N. L. Quality of indoor 
residential air and health. CMAJ Can. Med. Assoc. J. J. Assoc. 
Medicale Can. 179, 147–152 (2008).

114. Hoskins, J. A. Health E�ects due to Indoor Air Pollution. Indoor 
Built Environ. 12, 427–433 (2003).

115. Morello-Frosch, R., Zuk, M., Jerrett, M., Shamasunder, B. & Kyle, 
A. D. Understanding The Cumulative Impacts Of Inequalities 
In Environmental Health: Implications For Policy. Health A�. 
(Millwood) 30, 879–887 (2011).

116. U.S. Environmental Protection Agency. Integrated Science 
Assessment for Oxides of Nitrogen - Health Criteria. (2016).

117. Fuhlbrigge, A. & Weiss, S. Domestic gas appliances and lung 
disease. Thorax 52 Suppl 3, S58–S62 (1997).

118. Belanger, K. & Triche, E. W. Indoor Combustion and Asthma. 
Environ. Factors Asthma What We Learn. Epidemiol. Stud. 28, 
507–519 (2008).

119. Logue, J. M., McKone, T. E., Sherman, M. H. & Singer, B. C. 
Hazard assessment of chemical air contaminants measured in 
residences. Indoor Air 21, 92–109 (2011).

120. Willers, S. M. et al. Gas cooking, kitchen ventilation, and asthma, 
allergic symptoms and sensitization in young children – the 
PIAMA study. Allergy 61, 563–568 (2006).

121. Lanphear, B. P., Aligne, C. A., Auinger, P., Weitzman, M. & Byrd, 
R. S. Residential Exposures Associated With Asthma in US 
Children. Pediatrics 107, 505 (2001).

122. Nazaro�, W. W. Indoor particle dynamics. Indoor Air 14, 175–183 
(2004).

123. Health Canada. Residential Indoor Air Quality Guideline: 
Nitrogen Dioxide. Government of Canada https://www.canada.
ca/en/health-canada/services/publications/healthy-living/
residential-indoor-air-quality-guideline-nitrogen-dioxide.
html#c4a (2015).

124. California Public Utilities Commission. Mobile Home Park Utility 
Upgrade Program. https://www.cpuc.ca.gov/mhpupgrade/ 
(2020).

125. Centers for Disease Control. Use of Unvented Residential 
Heating Appliances — United States, 1988-1994. Morb. Mortal. 
Wkly. Rep. 46, 1221–1224 (1997).

126. Sterling, T. D. & Kobayashi, D. Use of Gas Ranges for Cooking 
and Heating in Urban Dwellings. J. Air Pollut. Control Assoc. 31, 
162–165 (1981).

127. Heckerling, P. S., Leikin, J. B., Maturen, A. & Perkins, J. T. 
Predictors of Occult Carbon Monoxide Poisoning in Patients 
with Headache and Dizziness. Ann. Intern. Med. 107, 174–176 
(1987).

128. Coward, S., Raw, G., Llewellyn, J. & Ross, D. Indoor air quality in 
English homes - nitrogen dioxide. Proc. Indoor Air (2002).

129. Ventilation in public housing: implications for indoor nitrogen 
dioxide concentrations. Indoor Air 15, 393–401 (2005).

https://wcec.ucdavis.edu/wp-content/uploads/2015/06/1-1167.pdf
https://wcec.ucdavis.edu/wp-content/uploads/2015/06/1-1167.pdf
https://www.canada.ca/en/health-canada/services/publications/healthy-living/residential-indoor-air-quality-guideline-nitrogen-dioxide.html#c4a
https://www.canada.ca/en/health-canada/services/publications/healthy-living/residential-indoor-air-quality-guideline-nitrogen-dioxide.html#c4a
https://www.canada.ca/en/health-canada/services/publications/healthy-living/residential-indoor-air-quality-guideline-nitrogen-dioxide.html#c4a
https://www.canada.ca/en/health-canada/services/publications/healthy-living/residential-indoor-air-quality-guideline-nitrogen-dioxide.html#c4a
https://www.cpuc.ca.gov/mhpupgrade/


EFFECTS OF RESIDENTIAL GAS APPLIANCES ON INDOOR AND OUTDOOR AIR QUALITY AND PUBLIC HEALTH IN CALIFORNIA 63

130. Dominici, F., Peng, R. D., Barr, C. D. & Bell, M. L. Protecting 
human health from air pollution: shifting from a single-pollutant 
to a multipollutant approach. Epidemiol. Camb. Mass 21, 187–
194 (2010).

131. U.S. Environmental Protection Agency. EPA’s Exposure Factors 
Handbook. https://www.epa.gov/expobox/about-exposure-
factors-handbook (2011).

132. Salvi, S. Health e�ects of ambient air pollution in children. 
Paediatr. Respir. Rev. 8, 275–280 (2007).

133. Schwartz, J. Air Pollution and Children’s Health. Pediatrics 113, 
1037 (2004).

134. Department of Toxic Substances Control. DTSC Human and 
Ecological Risk O�ce: Human Health Risk Assessment. https://
dtsc.ca.gov/human-health-risk-hero/ (2019).

135. World Health Organization. Burning Opportunity: Clean 
Household Energy for Health, Sustainable Development, and 
Wellbeing of Women and Children. (2016).

136. World Health Organization. Health and sustainable 
development: cleaner cookstoves. https://www.who.int/
sustainable-development/housing/strategies/cleaner-
cookstoves/en/ (2020).

137. Hamrick, K., Andrews, M., Guthrie, J., Hopkins, D. & McClelland, 
K. How Much Time Do Americans Spend on Food? Am. Food 
Choices Sel. Res. Time Diet (2011).

138. Taillie, L. S. Who’s cooking? Trends in US home food preparation 
by gender, education, and race/ethnicity from 2003 to 2016. 
Nutr. J. 17, 41–41 (2018).

139. Wiley, J. A. et al. Study of children’s activity patterns. (1991).

140. Miller, W. D., Pollack, C. E. & Williams, D. R. Healthy Homes and 
Communities: Putting the Pieces Together. Am. J. Prev. Med. 40, 
S48–S57 (2011).

141. Joint Center for Housing Studies of Harvard University. The 
State of the Nation’s Housing: 2019. (2019).

142. Gielen, A. C. et al. Home Safety and Low-Income Urban Housing 
Quality. Pediatrics 130, 1053 (2012).

143. Rauh, V. A., Chew, G. R. & Garfinkel, R. S. Deteriorated housing 
contributes to high cockroach allergen levels in inner-city 
households. Environ. Health Perspect. 110, 323–327 (2002).

144. Bashir, S. A. Home Is Where the Harm Is: Inadequate Housing 
as a Public Health Crisis. Am. J. Public Health 92, 733–738 
(2002).

145. California Department of Housing and Community Development. 
California’s Housing Future: Challenges and Opportunities Final 
Statewide Housing Assessment 2025. https://www.hcd.ca.gov/
policy-research/plans-reports/docs/SHA_Final_Combined.pdf 
(2018).

146. Ho�erth, S. L. & Sandberg, J. F. How American Children Spend 
Their Time. J. Marriage Fam. 63, 295–308 (2001).

147. Coulton, C. & Irwin, M. Parental and community level correlates 
of participation in out-of-school activities among children living 
in low income neighborhoods. Environ. Child Well-Being 31, 
300–308 (2009).

148. Posner, J. K. & Vandell, D. L. After-school activities and the 
development of low-income urban children: A longitudinal study. 
Dev. Psychol. 35, 868–879 (1999).

149. Clougherty, J. E. & Kubzansky, L. D. A Framework for Examining 
Social Stress and Susceptibility to Air Pollution in Respiratory 
Health. Environ. Health Perspect. 117, 1351–1358 (2009).

150. Hesterberg, T. W. et al. Critical review of the human data on 
short-term nitrogen dioxide (NO2) exposures: Evidence for NO2 
no-e�ect levels. Crit. Rev. Toxicol. 39, 743–781 (2009).

151. Barck, C., Lundahl, J., Halldén, G. & Bylin, G. Brief exposures to 
NO2 augment the allergic inflammation in asthmatics. Environ. 
Res. 97, 58–66 (2005).

152. Barck, C. et al. Ambient level of NO2 augments the inflammatory 
response to inhaled allergen in asthmatics. Respir. Med. 96, 
907–917 (2002).

153. Solomon, C. et al. E�ect of serial-day exposure to nitrogen 
dioxide on airway and blood leukocytes and lymphocyte subsets. 
Eur. Respir. J. 15, 922 (2000).

154. Shah, A. S. V. et al. Short-term exposure to air pollution and 
stroke: systematic review and meta-analysis. BMJ 350, h1295 
(2015).

155. Atkinson, R. W., Butland, B. K., Anderson, H. R. & Maynard, R. L. 
Long-term Concentrations of Nitrogen Dioxide and Mortality: 
A Meta-analysis of Cohort Studies. Epidemiol. Camb. Mass 29, 
460–472 (2018).

156. Jerrett, M. et al. Spatial Analysis of Air Pollution and Mortality in 
California. Am. J. Respir. Crit. Care Med. 188, 593–599 (2013).

157. Faustini, A., Rapp, R. & Forastiere, F. Nitrogen dioxide and 
mortality: review and meta-analysis of long-term studies. Eur. 
Respir. J. 44, 744 (2014).

158. Hoek, G. et al. Long-term air pollution exposure and cardio-
respiratory mortality: a review. Environ. Health Glob. Access Sci. 
Source 12, 43–43 (2013).

159. Keramatinia, A. et al. Correlation Between Nitrogen Dioxide 
as an Air Pollution Indicator and Breast Cancer: a Systematic 
Review and Meta-Analysis. Asian Pac. J. Cancer Prev. APJCP 17, 
419–424 (2016).

160. Jarvis, D., Chinn, S., Luczynska, C. & Burney, P. Association of 
respiratory symptoms and lung function in young adults with 
use of domestic gas appliances. The Lancet 347, 426–431 
(1996).

161. Jarvis, D., Chinn, S., Sterne, J., Luczynska, C. & Burney, P. The 
association of respiratory symptoms and lung function with the 
use of gas for cooking. European Community Respiratory Health 
Survey. Eur. Respir. J. 11, 651 (1998).

162. Franklin, P. J. Indoor air quality and respiratory health of 
children. Paediatr. Respir. Rev. 8, 281–286 (2007).

163. Dekker, C., Dales, R., Bartlett, S., Brunekreef, B. & Zwanenburg, 
H. Childhood Asthma and the Indoor Environment. Chest 100, 
922–926 (1991).

164. Townsend, C. L. & Maynard, R. L. E�ects on health of prolonged 
exposure to low concentrations of carbon monoxide. Occup. 
Environ. Med. 59, 708–711 (2002).

165. Raub, J. A., Mathieu-Nolf, M., Hampson, N. B. & Thom, S. R. 
Carbon monoxide poisoning — a public health perspective. 
Toxicology 145, 1–14 (2000).

166. Sönmez, B. M. et al. Delayed neurologic sequelae of carbon 
monoxide intoxication. Turk. J. Emerg. Med. 18, 167–169 (2018).

167. Wright, J. Chronic and occult carbon monoxide poisoning: we 
don’t know what we’re missing. Emerg. Med. J. 19, 386 (2002).

168. Rose, J. J. et al. Carbon Monoxide Poisoning: Pathogenesis, 
Management, and Future Directions of Therapy. Am. J. Respir. 
Crit. Care Med. 195, 596–606 (2017).

169. Reboul, C. et al. Carbon monoxide exposure in the urban 
environment: An insidious foe for the heart? Gasotransmitters 
Respir. Consequences Health Dis. 184, 204–212 (2012).

170. Raub, J. A. Health e�ects of exposure to ambient carbon 
monoxide. Chemosphere - Glob. Change Sci. 1, 331–351 (1999).

171. Liu, C. et al. Ambient carbon monoxide and cardiovascular 
mortality: a nationwide time-series analysis in 272 cities in 
China. Lancet Planet. Health 2, e12–e18 (2018).

172. World Health Organization. WHO Guidelines for Indoor Air 
Quality: Selected Pollutants. (2010).

173. Sari, I. et al. Chronic carbon monoxide exposure increases 
electrocardiographic P-wave and QT dispersion. Inhal. Toxicol. 
20, 879–884 (2008).

174. Burnett, R. T., Dales, R. E., Brook, J. R., Raizenne, M. E. & 
Krewski, D. Association between ambient carbon monoxide 
levels and hospitalizations for congestive heart failure in the 
elderly in 10 Canadian cities. Epidemiol. Camb. Mass 8, 162–167 
(1997).

https://www.epa.gov/expobox/about-exposure-factors-handbook
https://www.epa.gov/expobox/about-exposure-factors-handbook
https://dtsc.ca.gov/human-health-risk-hero/
https://dtsc.ca.gov/human-health-risk-hero/
https://www.who.int/sustainable-development/housing/strategies/cleaner-cookstoves/en/
https://www.who.int/sustainable-development/housing/strategies/cleaner-cookstoves/en/
https://www.who.int/sustainable-development/housing/strategies/cleaner-cookstoves/en/
https://www.hcd.ca.gov/policy-research/plans-reports/docs/SHA_Final_Combined.pdf
https://www.hcd.ca.gov/policy-research/plans-reports/docs/SHA_Final_Combined.pdf


EFFECTS OF RESIDENTIAL GAS APPLIANCES ON INDOOR AND OUTDOOR AIR QUALITY AND PUBLIC HEALTH IN CALIFORNIA 64

175. Morris, R. D., Naumova, E. N. & Munasinghe, R. L. Ambient air 
pollution and hospitalization for congestive heart failure among 
elderly people in seven large US cities. Am. J. Public Health 85, 
1361–1365 (1995).

176. Bell, M. L., Peng, R. D., Dominici, F. & Samet, J. M. Emergency 
hospital admissions for cardiovascular diseases and ambient 
levels of carbon monoxide: results for 126 United States urban 
counties, 1999-2005. Circulation 120, 949–955 (2009).

177. Ritz, B. & Yu, F. The e�ect of ambient carbon monoxide on low 
birth weight among children born in southern California between 
1989 and 1993. Environ. Health Perspect. 107, 17–25 (1999).

178. Wu, C. F. et al. Association of short-term exposure to 
fine particulate matter and nitrogen dioxide with acute 
cardiovascular e�ects. Sci. Total Environ. 569–570, 300–305 
(2016).

179. Soppa, V. J. et al. Arterial blood pressure responses to short-
term exposure to fine and ultrafine particles from indoor 
sources — A randomized sham-controlled exposure study of 
healthy volunteers. Environ. Res. 158, 225–232 (2017).

180. Lim, S. S. et al. A comparative risk assessment of burden of 
disease and injury attributable to 67 risk factors and risk factor 
clusters in 21 regions, 1990-2010: a systematic analysis for the 
Global Burden of Disease Study 2010. Lancet Lond. Engl. 380, 
2224–2260 (2012).

181. Anderson, J. O., Thundiyil, J. G. & Stolbach, A. Clearing the air: a 
review of the e�ects of particulate matter air pollution on human 
health. J. Med. Toxicol. O�. J. Am. Coll. Med. Toxicol. 8, 166–175 
(2012).

182. Kim, K. H., Kabir, E. & Kabir, S. A review on the human health 
impact of airborne particulate matter. Environ. Int. 74, 136–143 
(2015).

183. Gandini, M. et al. Long-term e�ect of air pollution on incident 
hospital admissions: Results from the Italian Longitudinal Study 
within LIFE MED HISS project. Environ. Int. 121, 1087–1097 
(2018).

184. Zhu, X. et al. Risks of hospital admissions from a spectrum of 
causes associated with particulate matter pollution. Sci. Total 
Environ. 656, 90–100 (2019).

185. Chuang, K. J., Yan, Y. H., Chiu, S. Y. & Cheng, T. J. Long-term air 
pollution exposure and risk factors for cardiovascular diseases 
among the elderly in Taiwan. Occup. Environ. Med. 68, 64 
(2011).

186. Kaufman, J. D. et al. Association between air pollution and 
coronary artery calcification within six metropolitan areas in 
the USA (the Multi-Ethnic Study of Atherosclerosis and Air 
Pollution): a longitudinal cohort study. Lancet Lond. Engl. 388, 
696–704 (2016).

187. Karottki, D. G. et al. Cardiovascular and lung function in relation 
to outdoor and indoor exposure to fine and ultrafine particulate 
matter in middle-aged subjects. Environ. Int. 73, 372–381 
(2014).

188. Buteau, S. et al. A population-based birth cohort study of the 
association between childhood-onset asthma and exposure 
to industrial air pollutant emissions. Environ. Int. 121, 23–30 
(2018).

189. Lee, A. et al. Prenatal fine particulate exposure and early 
childhood asthma: E�ect of maternal stress and fetal sex. J. 
Allergy Clin. Immunol. 141, 1880–1886 (2018).

190. Guan, T. et al. Acute and chronic e�ects of ambient fine 
particulate matter on preterm births in Beijing, China: A time-
series model. Sci. Total Environ. 650, 1671–1677 (2019).

191. Korten, I., Ramsey, K. & Latzin, P. Air pollution during pregnancy 
and lung development in the child. Paediatr. Respir. Rev. 21, 
38–46 (2017).

192. Sun, X. et al. The associations between birth weight and 
exposure to fine particulate matter (PM2.5) and its chemical 
constituents during pregnancy: A meta-analysis. Environ. Pollut. 
211, 38–47 (2016).

193. Li, X. et al. Association between ambient fine particulate 
matter and preterm birth or term low birth weight: An updated 
systematic review and meta-analysis. Environ. Pollut. 227, 
596–605 (2017).

194. Malley, C. S. et al. Preterm birth associated with maternal fine 
particulate matter exposure: A global, regional and national 
assessment. Environ. Int. 101, 173–182 (2017).

195. Pieters, N. et al. Blood Pressure and Same-Day Exposure to Air 
Pollution at School: Associations with Nano-Sized to Coarse PM 
in Children. Environ. Health Perspect. 123, 737–742 (2015).

196. Pilz, V. et al. C-reactive protein (CRP) and long-term air pollution 
with a focus on ultrafine particles. Int. J. Hyg. Environ. Health 
221, 510–518 (2018).

197. Lane, K. J. et al. Association of modeled long-term personal 
exposure to ultrafine particles with inflammatory and 
coagulation biomarkers. Environ. Int. 92–93, 173–182 (2016).

198. Chen, R. et al. Beyond PM2.5: The role of ultrafine particles 
on adverse health e�ects of air pollution. SI Air Pollut. 1860, 
2844–2855 (2016).

199. Heusinkveld, H. J. et al. Neurodegenerative and neurological 
disorders by small inhaled particles. NeuroToxicology 56, 94–
106 (2016).

200. Wolko�, P. & Nielsen, G. D. Non-cancer e�ects of formaldehyde 
and relevance for setting an indoor air guideline. Environ. Int. 36, 
788–799 (2010).

201. OEHHA. OEHHA Acute, 8-hour and Chronic Reference 
Exposure Level (REL) Summary. https://oehha.ca.gov/air/
general-info/oehha-acute-8-hour-and-chronic-reference-
exposure-level-rel-summary (2016).

202. Zain S.M., Azmi, W.N., Veloo, Y, & Shaharudin, R. Formaldehyde 
Exposure, Health Symptoms and Risk Assessment among 
Hospital Workers in Malaysia. J. Environ. Prot. 10(6), 861-879 
(2019)

203. Casset, A. et al. Inhaled formaldehyde exposure: e�ect on 
bronchial response to mite allergen in sensitized asthma 
patients. Allergy 61, 1344–1350 (2006).

204. Garrett, M., Hooper, M., Hooper, B., Rayment, P. & Abramson, 
M. Increased risk of allergy in children due to formaldehyde 
exposure in homes. Allergy 54, 330–337 (1999).

205. Tang, X. et al. Formaldehyde in China: Production, consumption, 
exposure levels, and health e�ects. Environ. Int. 35, 1210–1224 
(2009).

206. World Health Organization: International Agency for Research 
on Cancer. IARC Monographs on the Evaluation of Carcinogenic 
Risks to Humans: Volume 88. Formaldehyde, 2-Butoxyethanol 
and 1-tert-Butoxypropan-2-ol. (2006).

207. Hunt, A. & Dale, N. Economic valuation in formaldehyde 
regulation. (2018).

208. Sofuoglu, S. C., Aslan, G., Inal, F. & Sofuoglu, A. An assessment 
of indoor air concentrations and health risks of volatile organic 
compounds in three primary schools. Int. J. Hyg. Environ. Health 
214, 36–46 (2011).

209. U.S. Environmental Protection Agency. US EPA Integrated Risk 
Information System (IRIS) Chemical Assessment Summary: 
Formaldehyde. (1990).

210. National Toxicology Program. 14th Report on Carcinogens. 
(2016).

211. Krzyzanowski, M., Quackenboss, J. J. & Lebowitz, M. D. Chronic 
respiratory e�ects of indoor formaldehyde exposure. Environ. 
Res. 52, 117–125 (1990).

212. Rumchev, K. B., Spickett, J. T., Bulsara, M. K., Phillips, M. R. & 
Stick, S. M. Domestic exposure to formaldehyde significantly 
increases the risk of asthma in young children. Eur. Respir. J. 20, 
403 (2002).

213. Nielsen, G. D., Larsen, S. T. & Wolko�, P. Recent trend in risk 
assessment of formaldehyde exposures from indoor air. Arch. 
Toxicol. 87, 73–98 (2013).

https://oehha.ca.gov/air/general-info/oehha-acute-8-hour-and-chronic-reference-exposure-level-rel-summary
https://oehha.ca.gov/air/general-info/oehha-acute-8-hour-and-chronic-reference-exposure-level-rel-summary
https://oehha.ca.gov/air/general-info/oehha-acute-8-hour-and-chronic-reference-exposure-level-rel-summary


EFFECTS OF RESIDENTIAL GAS APPLIANCES ON INDOOR AND OUTDOOR AIR QUALITY AND PUBLIC HEALTH IN CALIFORNIA 65

214. Zhang, X. et al. Di�erential Health E�ects of Constant versus 
Intermittent Exposure to Formaldehyde in Mice: Implications 
for Building Ventilation Strategies. Environ. Sci. Technol. 52, 
1551–1560 (2018).

215. Lino-dos-Santos-Franco, A. et al. Formaldehyde induces lung 
inflammation by an oxidant and antioxidant enzymes mediated 
mechanism in the lung tissue. Toxicol. Lett. 207, 278–285 
(2011).

216. Persoz, C., Achard, S., Momas, I. & Seta, N. Inflammatory 
response modulation of airway epithelial cells exposed to 
formaldehyde. Toxicol. Lett. 211, 159–163 (2012).

217. Jakab, M. G. et al. Formaldehyde-induced chromosomal 
aberrations and apoptosis in peripheral blood lymphocytes 
of personnel working in pathology departments. Mutat. Res. 
Toxicol. Environ. Mutagen. 698, 11–17 (2010).

218. Duong, A., Steinmaus, C., McHale, C. M., Vaughan, C. P. & Zhang, 
L. Reproductive and developmental toxicity of formaldehyde: A 
systematic review. Mutat. Res. Mutat. Res. 728, 118–138 (2011).

219. Lim, S. K. et al. Formaldehyde induces apoptosis through 
decreased Prx 2 via p38 MAPK in lung epithelial cells. Toxicology 
271, 100–106 (2010).

220. Amiri, A. & Turner-Henson, A. The Roles of Formaldehyde 
Exposure and Oxidative Stress in Fetal Growth in the Second 
Trimester. J. Obstet. Gynecol. Neonatal Nurs. 46, 51–62 (2017).

221. Spengler, J. et al. Personal Exposure to Nitrogen Dioxide in the 
Los Angeles Basin. Air Waste J. Air Waste Manag. Assoc. 44, 
39–47 (1994).

222. California Air Resources Board & O�ce of Environmental Health 
Hazard Assessment. Review of the California Ambient Air 
Quality Standard For Nitrogen Dioxide. https://ww3.arb.ca.gov/
research/aaqs/no2-rs/no2sta�.pdf (2007).

223. Zhang, T. N. et al. Exposure to Nitrogen Oxide in the First 
Trimester and Risk of Cardiovascular-Related Malformations: 
A Dose-Response Meta-Analysis of Observational Studies. 
BioMed Res. Int. 2018, 1948407 (2018).

224. Ballester, F. et al. Air pollution exposure during pregnancy and 
reduced birth size: a prospective birth cohort study in Valencia, 
Spain. Environ. Health 9, 6 (2010).

225. Maroziene, L. & Grazuleviciene, R. Maternal exposure to low-
level air pollution and pregnancy outcomes: a population-based 
study. Environ. Health 1, 6 (2002).

226. Iqbal, S., Clower, J. H., Hernandez, S. A., Damon, S. A. & Yip, 
F. Y. A review of disaster-related carbon monoxide poisoning: 
surveillance, epidemiology, and opportunities for prevention. 
Am. J. Public Health 102, 1957–1963 (2012).

227. Ran, T., Nurmagambetov, T. & Sircar, K. Economic implications 
of unintentional carbon monoxide poisoning in the United States 
and the cost and benefit of CO detectors. Am. J. Emerg. Med. 
36, 414–419 (2018).

228. Hampson, N. B. Cost of accidental carbon monoxide poisoning: 
A preventable expense. Prev. Med. Rep. 3, 21–24 (2015).

229. Chang, Y. C. et al. Risk Factors and Outcome Analysis in Children 
with Carbon Monoxide Poisoning. Pediatr. Neonatol. 58, 171–177 
(2017).

230. Ryan, C. M. Memory disturbances following chronic, low-level 
carbon monoxide exposure. Arch. Clin. Neuropsychol. 5, 59–67 
(1990).

231. Myers, R. A. M., DeFazio, A. & Kelly, M. P. Chronic carbon 
monoxide exposure: A clinical syndrome detected by 
neuropsychological tests. J. Clin. Psychol. 54, 555–567 (1998).

232. Chambers, C. A., Hopkins, R. O., Weaver, L. K. & Key, C. Cognitive 
and a�ective outcomes of more severe compared to less severe 
carbon monoxide poisoning. Brain Inj. 22, 387–395 (2008).

233. Harper, A. & Croft-Baker, J. Carbon monoxide poisoning: 
undetected by both patients and their doctors. Age Ageing 33, 
105–109 (2004).

234. Friedman, P., Guo, X. M., Stiller, R. J. & Laifer, S. A. Carbon 
Monoxide Exposure During Pregnancy. Obstet. Gynecol. Surv. 
70, (2015).

235. Kim, K. H., Pandey, S. K., Kabir, E., Susaya, J. & Brown, R. J. 
C. The modern paradox of unregulated cooking activities and 
indoor air quality. J. Hazard. Mater. 195, 1–10 (2011).

236. Torkmahalleh, M. A. et al. PM2.5 and ultrafine particles emitted 
during heating of commercial cooking oils. Indoor Air 22, 483–
491 (2012).

237. Basu, R. et al. E�ects of fine particulate matter and its 
constituents on low birth weight among full-term infants in 
California. Environ. Res. 128, 42–51 (2014).

238. Saha, P. K. et al. Reduced Ultrafine Particle Concentration in 
Urban Air: Changes in Nucleation and Anthropogenic Emissions. 
Environ. Sci. Technol. 52, 6798–6806 (2018).

239. Jeong, C. H., Hopke, P. K., Chalupa, D. & Utell, M. Characteristics 
of Nucleation and Growth Events of Ultrafine Particles 
Measured in Rochester, NY. Environ. Sci. Technol. 38, 1933–
1940 (2004).

240. Poon, C., Wallace, L. & Lai, A. C. K. Experimental study of 
exposure to cooking emitted particles under single zone and 
two-zone environments. Build. Environ. 104, 122–130 (2016).

241. Yu, K. P. et al. Indoor air pollution from gas cooking in five 
Taiwanese families. Build. Environ. 93, 258–266 (2015).

242. Franck, U., Odeh, S., Wiedensohler, A., Wehner, B. & Herbarth, 
O. The e�ect of particle size on cardiovascular disorders — The 
smaller the worse. Sci. Total Environ. 409, 4217–4221 (2011).

243. Samoli, E. et al. Exposure to ultrafine particles and respiratory 
hospitalisations in five European cities. Eur. Respir. J. 48, 674 
(2016).

244. Liu, L. et al. The Research on Formaldehyde Concentration 
Distribution in New Decorated Residential Buildings. 10th Int. 
Symp. Heat. Vent. Air Cond. ISHVAC2017 19-22 Oct. 2017 Jinan 
China 205, 1535–1541 (2017).

245. Li, B. et al. An investigation of formaldehyde concentration in 
residences and the development of a model for the prediction of 
its emission rates. Build. Environ. 147, (2018).

246. Liu, C., Miao, X. & Li, J. Outdoor formaldehyde matters and 
substantially impacts indoor formaldehyde concentrations. 
Build. Environ. 158, 145–150 (2019).

247. Salthammer, T. The formaldehyde dilemma. Int. J. Hyg. Environ. 
Health 218, 433–436 (2015).

248. Du, Z., Mo, J. & Zhang, Y. Risk assessment of population 
inhalation exposure to volatile organic compounds and carbonyls 
in urban China. Environ. Int. 73, 33–45 (2014).

249. Golden, R. Identifying an indoor air exposure limit for 
formaldehyde considering both irritation and cancer hazards. 
Crit. Rev. Toxicol. 41, 672–721 (2011).

250. Lazenby, V., Hinwood, A., Callan, A. & Franklin, P. Formaldehyde 
personal exposure measurements and time weighted exposure 
estimates in children. Chemosphere 88, 966–973 (2012).

251. Peng, W., Yang, J., Lu, X. & Mauzerall, D. L. Potential co-benefits 
of electrification for air quality, health, and CO2 mitigation in 
2030 China. Appl. Energy 218, 511–519 (2018).

252. Buonocore, J. J. et al. Health and climate benefits of di�erent 
energy-e�ciency and renewable energy choices. Nat. Clim. 
Change 6, 100 (2015).

253. Nopmongcol, U. et al. Air Quality Impacts of Electrifying Vehicles 
and Equipment Across the United States. Environ. Sci. Technol. 
51, 2830–2837 (2017).

254. Zapata, C., Muller, N. & Kleeman, M. J. PM2.5 co-benefits of 
climate change legislation part 1: California’s AB 32. Clim. 
Change 117, 377–397 (2013).

255. Zapata, C. B., Yang, C., Yeh, S., Ogden, J. & Kleeman, M. J. Low-
carbon energy generates public health savings in California. 
Atmos Chem Phys 18, 4817–4830 (2018).

https://ww3.arb.ca.gov/research/aaqs/no2-rs/no2staff.pdf
https://ww3.arb.ca.gov/research/aaqs/no2-rs/no2staff.pdf


EFFECTS OF RESIDENTIAL GAS APPLIANCES ON INDOOR AND OUTDOOR AIR QUALITY AND PUBLIC HEALTH IN CALIFORNIA 66

256. Zhao, B. et al. Air Quality and Health Cobenefits of Di�erent 
Deep Decarbonization Pathways in California. Environ. Sci. 
Technol. 53, 7163–7171 (2019).

257. Pavley, F. & Nunez, F. AB-32 Air pollution: greenhouse gases: 
California Global Warming Solutions Act of 2006. AB 32 
(2006).

258. Aas, D. et al. The Challenge of Retail Gas in California’s Low 
Carbon Future: Technology Options, Customer Costs, and Public 
Health Benefits of Reducing Natural Gas Use.  (2020).

259. De Leon, K. & Gloria, T. SB-100 California Renewables Portfolio 
Standard Program: emissions of greenhouse gases. (2018).

260. Sheikh, I. Implications of electrified residential space heating in 
California. (2016).

261. S. Sridharan & S. Mangalam. Carbon monoxide risks and 
implications on maintenance-intensive fuel-burning appliances 
— A regulatory perspective. in 2017 Annual Reliability and 
Maintainability Symposium (RAMS) 1–7 (2017). doi:10.1109/
RAM.2017.7889726.

262. Wunch, D. et al. Quantifying the loss of processed natural 
gas within California’s South Coast Air Basin using long-term 
measurements of ethane and methane. Atmos Chem Phys 16, 
14091–14105 (2016).

263. Pavley, F. & Garcia, E. SB-32 California Global Warming 
Solutions Act of 2006: emissions limit. (2016).

264. Wei, M. et al. Deep carbon reductions in California require 
electrification and integration across economic sectors. Environ. 
Res. Lett. 8, 014038 (2013).

265. U.S. Energy Information Administration. Residential Energy 
Consumption Survey (RECS). (2015).

266. Jones, B., Karpman, J., Chlebnikow, M. & Goggans, A. 
California building decarbonization: Workforce needs and 
recommendations. (2019).

267. City of Berkeley. Ordinance No. 7,672, Chapter 12.80: 
Prohibition of Natural Gas Infrastructure in New Buildings. 
(2019).

268. Gough, M. California’s Cities Lead the Way to a Gas-Free Future. 
(2020).

269. White, B. W. & Niemeier, D. Quantifying Greenhouse Gas 
Emissions and the Marginal Cost of Carbon Abatement for 
Residential Buildings under California’s 2019 Title 24 Energy 
Codes. Environ. Sci. Technol. 53, 12121–12129 (2019).

270. Assembly Bill No. 3232, Chapter 373. AB 3232 (2018).

271. Raghavan, S. V., Wei, M. & Kammen, D. M. Scenarios to 
decarbonize residential water heating in California. Energy 
Policy 109, 441–451 (2017).

272. Brockway, A. M. & Delforge, P. Emissions reduction potential 
from electric heat pumps in California homes. Electr. J. 31, 44–
53 (2018).

273. Sugiyama, M. Climate change mitigation and electrification. 
Energy Policy 44, 464–468 (2012).

274. Pierce, D., Kalansky, J. & Cayan, D. California 4th Climate 
Change Assessment Climate Projections. (2019).

275. Hopkins, A. S., Takahashi, K., Glick, D. & Whited, M. 
Decarbonization of Heating Energy Use in California Buildings: 
Technology, Markets, Impacts, and Policy Solutions. (2018).

276. Cox, R. Building Electrification and the CPUC. (2018).

277. Leung, D. Y. C. Outdoor-indoor air pollution in urban 
environment: challenges and opportunity. Front. Environ. Sci. 2, 
69 (2015).

278. Ghazali, N. A. et al. Transformation of nitrogen dioxide into ozone 
and prediction of ozone concentrations using multiple linear 
regression techniques. Environ. Monit. Assess. 165, 475–489 
(2010).

279. Jerrett, M. et al. Long-Term Ozone Exposure and Mortality. N. 
Engl. J. Med. 360, 1085–1095 (2009).

280. Turner, M. C. et al. Long-Term Ozone Exposure and Mortality in 
a Large Prospective Study. Am. J. Respir. Crit. Care Med. 193, 
1134–1142 (2016).

281. Health E�ects Institute. State of Global Air 2019. (2019).

282. Malley Christopher S. et al. Updated Global Estimates of 
Respiratory Mortality in Adults ≥30Years of Age Attributable 
to Long-Term Ozone Exposure. Environ. Health Perspect. 125, 
087021.

283. Cha, J. M., Pastor, M., Wander, M., Sadd, J. & Morello-Frosch, R. 
A Roadmap to an Equitable Low-Carbon Future: Four Pillars for a 
Just Transition. (2019).

284. OEHHA. CalEnviroScreen 3.0. https://oehha.ca.gov/
calenviroscreen/report/calenviroscreen-30 (2018).

285. Miller, C., Chen, S., Hu, L. & Sevier, I. Equitable Building 
Electrification: A Framework for Powering Resilient 
Communities. (2019).

286. U.S. Environmental Protection Agency. EPA Takes Action 
to Ensure California Meets Nation’s Air Quality Standards. 
https://www.epa.gov/newsreleases/epa-takes-action-ensure-
california-meets-nations-air-quality-standards (2019).

287. California Energy Commission. 2009 Residential Appliance 
Saturation Study (RASS). https://ww2.energy.ca.gov/
appliances/rass/previous_rass.html (2010).

288. California Energy Commission. Total System Electric 
Generation. https://www.energy.ca.gov/almanac/electricity_
data/total_system_power.html.

289. California Air Resources Board. California Greenhouse Gas 
Emissions for 2000 to 2017: Trends of Emissions and Other 
Indicators. (2019).

290. Dedoussi, I. C., Eastham, S. D., Monier, E. & Barrett, S. R. H. 
Premature mortality related to United States cross-state air 
pollution. Nature 578, 261–265 (2020).

291. California Energy Commission. 2016 Residential Compliance 
Manual: Chapter 5, Water Heating Requirements - Overview. 
https://www.energy.ca.gov/2015publications/CEC-400-2015-
032/chapters/chapter_5-Water_Heating_Requirements.pdf 
(2017).

292. California Mechanical Code, Chapter 8. (2016).

293. World Health Organization. WHO indoor air quality guidelines: 
household fuel combustion. https://www.who.int/airpollution/
guidelines/household-fuel-combustion/recommendation1/en/ 
(2019).

294. U.S. Environmental Protection Agency. Air Data. Air Data: Air 
Quality Data Collected at Outdoor Monitors Across the US 
https://www.epa.gov/outdoor-air-quality-data (2019).

295. California Air Resources Board. Ambient Air Quality Standards: 
California and National. https://ww3.arb.ca.gov/research/aaqs/
aaqs2.pdf?_ga=2.224371355.1486246118.1555956961-
179613919.1474956453 (2016).

296. World Health Organization. Ambient (outdoor) air quality and 
health. World Health Organization https://www.who.int/news-
room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-
health (2018).

297. California Energy Commission. California Energy Consumption 
Database. (2017).

298. Jaramillo, P., Gri�n, W. M. & Matthews, H. S. Comparative Life-
Cycle Air Emissions of Coal, Domestic Natural Gas, LNG, and 
SNG for Electricity Generation. Environ. Sci. Technol. 41, 6290–
6296 (2007).

299. Wang, T., Jerrett, M., Sinsheimer, P. & Zhu, Y. Estimating 
PM2.5-associated mortality increase in California due to the 
Volkswagen emission control defeat device. Atmos. Environ. 
144, 168–174 (2016).

https://oehha.ca.gov/calenviroscreen/report/calenviroscreen-30
https://oehha.ca.gov/calenviroscreen/report/calenviroscreen-30
https://www.epa.gov/newsreleases/epa-takes-action-ensure-california-meets-nations-air-quality-standards
https://www.epa.gov/newsreleases/epa-takes-action-ensure-california-meets-nations-air-quality-standards
https://ww2.energy.ca.gov/appliances/rass/previous_rass.html
https://ww2.energy.ca.gov/appliances/rass/previous_rass.html
https://www.energy.ca.gov/almanac/electricity_data/total_system_power.html
https://www.energy.ca.gov/almanac/electricity_data/total_system_power.html
https://www.energy.ca.gov/2015publications/CEC-400-2015-032/chapters/chapter_5-Water_Heating_Requirements.pdf
https://www.energy.ca.gov/2015publications/CEC-400-2015-032/chapters/chapter_5-Water_Heating_Requirements.pdf
https://www.who.int/airpollution/guidelines/household-fuel-combustion/recommendation1/en/
https://www.who.int/airpollution/guidelines/household-fuel-combustion/recommendation1/en/
https://www.epa.gov/outdoor-air-quality-data
https://ww3.arb.ca.gov/research/aaqs/aaqs2.pdf?_ga=2.224371355.1486246118.1555956961-179613919.1474956453
https://ww3.arb.ca.gov/research/aaqs/aaqs2.pdf?_ga=2.224371355.1486246118.1555956961-179613919.1474956453
https://ww3.arb.ca.gov/research/aaqs/aaqs2.pdf?_ga=2.224371355.1486246118.1555956961-179613919.1474956453
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health


300. California Air Resources Board. Recommended Conversion 
Factors for Secondary Formation of PM-Nitrate from NOx 
Emissions. (2005).

301. U.S. Census Bureau. American Community Survey, 2015 
Estimates. United States Census Bureau, American FactFinder 
https://data.census.gov/cedsci (2017).

302. Centers for Disease Control and Prevention. CDC Wonder: 
Underlying Cause of Death 1999-2016. https://wonder.cdc.gov/
wonder/help/ucd.html (2017).

303. Krewski, D. et al. Extended Follow-Up and Spatial Analysis of the 
American Cancer Society Study Linking Particulate Air Pollution 
and Mortality. vol. No. 140 (Health E�ects Institute, 2009).

304. U.S. Environmental Protection Agency. BenMAP Environmental 
Benefits Mapping and Analysis Program – Community Edition: 
User’s Manual. https://www.epa.gov/sites/production/
files/2015-04/documents/benmap-ce_user_manual_
march_2015.pdf (2018).

305. Prieto, L., Gutiérrez, V., Cervera, A. & Liñana, J. Airway 
obstruction induced by inhaled acetaldehyde in asthma: 
repeatability relationship to adenosine 5’-monophosphate 
responsiveness. J. Investig. Allergol. Clin. Immunol. 12, 91–98 
(2002).

306. Tunsaringkarn, T. et al. Cancer risk analysis of benzene, 
formaldehyde and acetaldehyde on gasoline station workers. J. 
Environ. Eng. Ecol. Sci. 1, (2012).

307. Mathur, N. & Rastogi, S. K. Respiratory e�ects due to 
occupational exposure to formaldehyde: Systematic review with 
meta-analysis. Indian J. Occup. Environ. Med. 11, 26–31 (2007).

308. Kim, K. H., Jahan, S. A. & Lee, J. T. Exposure to Formaldehyde 
and Its Potential Human Health Hazards. J. Environ. Sci. Health 
Part C 29, 277–299 (2011).

309. Järup, L. Hazards of heavy metal contamination. Br. Med. Bull. 
68, 167–182 (2003).

310. Jomova, K. & Valko, M. Advances in metal-induced oxidative 
stress and human disease. Toxicology 283, 65–87 (2011).

311. Jeng, H. A. et al. Polycyclic aromatic hydrocarbon-induced 
oxidative stress and lipid peroxidation in relation to 
immunological alteration. Occup. Environ. Med. 68, 653 (2011).

312. Kim, K. H., Jahan, S. A., Kabir, E. & Brown, R. J. C. A review of 
airborne polycyclic aromatic hydrocarbons (PAHs) and their 
human health e�ects. Environ. Int. 60, 71–80 (2013).

313. Chen, T. M., Kuschner, W. G., Gokhale, J. & Shofer, S. Outdoor 
Air Pollution: Nitrogen Dioxide, Sulfur Dioxide, and Carbon 
Monoxide Health E�ects. Am. J. Med. Sci. 333, 249–256 
(2007).

314. Yorifuji, T., Kashima, S., Suryadhi, M. A. H. & Abudureyimu, K. 
Acute exposure to sulfur dioxide and mortality: Historical data 
from Yokkaichi, Japan. Arch. Environ. Occup. Health 1–8 (2018) 
doi:10.1080/19338244.2018.1434474.

315. Triche, E. W. et al. Indoor Heating Sources and Respiratory 
Symptoms in Nonsmoking Women. Epidemiology 16, (2005).

316. Li Ning et al. Ultrafine particulate pollutants induce oxidative 
stress and mitochondrial damage. Environ. Health Perspect. 111, 
455–460 (2003).

317. Evans, K. A., Halterman, J. S., Hopke, P. K., Fagnano, M. & 
Rich, D. Q. Increased ultrafine particles and carbon monoxide 
concentrations are associated with asthma exacerbation among 
urban children. Environ. Res. 129, 11–19 (2014).

318. Schulz, H. et al. Cardiovascular E�ects of Fine and Ultrafine 
Particles. J. Aerosol Med. 18, 1–22 (2005).

319. Minutolo, P. et al. Emission of Ultrafine Particles from Natural 
Gas Domestic Burners. Environ. Eng. Sci. 25, 1357–1364 
(2008).

320. Wallace, L., Wang, F., Howard-Reed, C. & Persily, A. Contribution 
of Gas and Electric Stoves to Residential Ultrafine Particle 
Concentrations between 2 and 64 nm: Size Distributions and 
Emission and Coagulation Rates. Environ. Sci. Technol. 42, 
8641–8647 (2008).

321. Dales, R. & Raizenne, M. Residential Exposure to Volatile 
Organic Compounds and Asthma. J. Asthma 41, 259–270 
(2004).

322. Soni, V., Singh, P., Shree, V. & Goel, V. E�ects of VOCs on Human 
Health. in Air Pollution and Control (eds. Sharma, N., Agarwal, 
A. K., Eastwood, P., Gupta, T. & Singh, A. P.) 119–142 (Springer 
Singapore, 2018). doi:10.1007/978-981-10-7185-0_8.

323. Stocco, C. et al. Predicting personal exposure of Windsor, 
Ontario residents to volatile organic compounds using indoor 
measurements and survey data. Sel. Pap. First Int. Conf. 
Atmospheric Chem. Mech. 42, 5905–5912 (2008).

https://wonder.cdc.gov/wonder/help/ucd.html
https://wonder.cdc.gov/wonder/help/ucd.html
https://www.epa.gov/sites/production/files/2015-04/documents/benmap-ce_user_manual_march_2015.pdf
https://www.epa.gov/sites/production/files/2015-04/documents/benmap-ce_user_manual_march_2015.pdf
https://www.epa.gov/sites/production/files/2015-04/documents/benmap-ce_user_manual_march_2015.pdf


EFFECTS OF RESIDENTIAL GAS APPLIANCES ON INDOOR AND OUTDOOR AIR QUALITY AND PUBLIC HEALTH IN CALIFORNIA 68

Sierra Club Legislative 
50 F Street, NW, Eighth Floor 
Washington, DC 20001 
(202) 547-1141

Sierra Club National 
2101 Webster Street, Suite 1300
Oakland, CA 94612 
(415) 977-5500

facebook.com/SierraClub
instagram.com/SierraClub 
twitter.com/SierraClub

E X P L O R E ,  E N J O Y ,  A N D  P R O T E C T  T H E  P L A N E T .  S I E R R A C L U B . O R G


	_Hlk29892229
	_Hlk34210043
	_Hlk34210031
	_Hlk34209915
	_Hlk34210102
	_Hlk29893276
	_Hlk29893960
	_Hlk33013195
	_Hlk34504649
	_Hlk36033125
	_Hlk33027202
	_Hlk34219245
	_Hlk34500841
	_Hlk24579259
	Acknowledgements 
	List of Tables and Figures
	Abbreviations and Units List
	Executive Summary
	1 Introduction
	1.1. California’s Gas Consumption and Transition to Clean Energy 
	1.2. Gas Appliance Use and Associated Air Quality and Health Outcomes 
	1.3. Scope of Research

	2 Indoor Air Quality and Health Effects
	2.1. Background
	2.2. Results and Discussion

	3 Outdoor Air Quality and Health Effects
	3.1. Background
	3.2. Results and Discussion

	4 Conclusion

	Appendices 
	Appendix A: Data and Methods 
	A.1. Indoor Air Quality & Health Impacts (Section 2 in the report)
	A.1.1. Emission factor database 
	A.1.2. Indoor air quality impacts and susceptibility 
	A.1.3. Health effects of air pollution 

	A.2. Outdoor Air Quality & Health Impacts (Section 3 in the report)
	A.2.1. Contribution to total emissions of outdoor air pollutants in California
	A.2.2. Emission reduction due to electrification
	A.2.3. Reduced ambient PM2.5 concentrations and resulting mortality and morbidity impacts due to electrification
	Appendix B: Supplemental Figures and Tables





	References

	Table 2-1: Mean emission factors (EF) and emission rates (ER) for each appliance type.
	Table 2-2: Average indoor air concentrations by appliance – peak (highest concentration) vs. time-averaged 15-minute cooking, 1-hour cooking, and 2-hour cooking scenarios.
	Table 2-3: Concentration and exposure scenarios.
	Table 2-4: Percent exceedances of air quality thresholds by appliances used and cooking time intervals. 
	Table 2-5: Average peak (kitchen) and time-weighted, 8-hour average (entire home) CO concentrations from use of gas kitchen appliances in various residence types, and percentage of scenarios in which concentrations exceed air quality thresholds.
	Table 2-6: Average peak (kitchen) and time-weighted 24-hour average (entire home) NO2 concentrations from use of gas kitchen appliances in various residence types, and percentage of scenarios in which concentrations exceed air quality thresholds.
	Table 2-7: Mean peak CO and NO2 exposures in the entire home associated with pollutant backdrafting/spillage and various capture efficiencies.
	Table 2-8: Overview of health effects of main studied pollutants.
	Figure 3-1: Estimated state-wide emissions of pollutants (a) CO, (b) NO2, and (c) NOX by gas appliance type.
	Figure 3-2: Estimated emissions of (a) CO, (b) NO2, and (c) NOX in air basins from gas appliances by type.
	Figure 3-3: Total reduction in ambient PM2.5 concentrations in California from elimination of gas appliances, by county in 2018. 

	Figure 3-4: Total reduction in annual cases of PM2.5 related all-cause mortality by county in 2018.

