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Abstract

Our Breaths We Take: Outdoor Air Quality, Health, and Climate Change
Consequences of Household Heating and Cooking with Solid Fuels

by
Zoé Anna Chafe
Doctor of Philosophy in Energy and Resources
University of California, Berkeley

Professor Kirk R. Smith, Chair

Worldwide, nearly 3 billion people—40% of the global population—burn wood, coal,
and other solid fuels every day to cook their food; this number is even larger when
including those who heat their homes with solid fuels as well. Exposure to pollution from
heating and cooking fires causes about 3 million deaths each year, making it one of the
biggest environmental health problems the world faces. The harm from this smoke is not
restricted to those who breathe it, however: it contains gases and particles that contribute
to global climate change as well.

Chapter 2 shows that household cooking with solid fuels caused an estimated 12% of
population-weighted ambient PM2.s worldwide in 2010. Exposure to this air pollution
caused the loss of 370,000 lives and 9.9 million disability-adjusted life years (DALY's)

globally in the same year.

In Chapter 3 I demonstrate that household heating with solid fuels caused an estimated
21% of population-weighted ambient PM2s in 2010 in Central Europe, 13% in Eastern
Europe, 12% in Western Europe, and 8% in North America. Exposure to this air pollution
results caused approximately 60,000 premature deaths in Europe, and nearly 10,000
deaths in North America, as well as an estimated 1.0 million disability-adjusted life years
(DALYs5s) in Europe and 160,000 DALY in North America.

Chapter 4 addresses drivers of household wood combustion pollution in the San
Francisco Bay Area, where the sector is the largest source of PMz.s and regulators
recently introduced amendments to wood burning rules for the airshed. Fireplaces are the
source of the vast majority (84%) of PM2 s from residential wood combustion in the San
Francisco Bay Area, despite their use primarily as an aesthetic or recreational combustion
activity. By evaluating hypothetical fuel and combustion device changeouts, I find that
replacing fireplaces with gas would yield significant health and economic benefits.



Specifically, retrofitting frequently used fireplaces (300,000 units) to gas inserts in the
Bay Area’s nine counties would reduce sector emissions by about 90%, avoiding
approximately 140-310 premature deaths and 19,000 lost days of work each year, and
creating upwards of $1 billion in annual financial benefits from improved public health.

Chapter 5 explains methodological overlaps and differences between the previous
chapters. In Chapter 6, I explore the current regulatory and policy mechanisms specific to
household heating with solid fuels, and relate these to the climate change implications
associated with the sector. In Chapter 7, I highlight the relative dearth of data on
household heating with biomass and its nuanced climate implications. This leads to a
series of recommendations for future research, including collection of better household
heating data in China and further work to understand how household combustion of
biomass interfaces with both local air quality policy and climate change mitigation,
outlining areas where this topic is currently visible in California.



To Mary Elizabeth (Mez) Chafe-Powles
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Preface

Material in Chapter 2 and some material in Chapter 5 was previously published in
Environmental Health Perspectives [Chafe, Z. A., et al. (2014), "Household Cooking with
Solid Fuels Contributes to Ambient PM2.s Air Pollution and the Burden of Disease."
Environmental Health Perspectives 122(12): 1314-1320]. I was the lead author,
responsible for the assembly of relevant data sets, analysis, and main manuscript drafting.
Kirk Smith, Michael Brauer, and Sumi Mehta provided invaluable advice on the project
idea and analysis. The supporting data sets were assembled by IIASA (Zbigniew
Klimont, Shilpa Rao, Keywan Riahi) and the European Community Joint Research
Center (Rita Van Dingenen and Frank Dentener). Other authors contributed to editing
and revision of the manuscript draft.

Some material in Chapter 3 and Chapter 6 was published by the World Health
Organization [Chafe, Z., et al. (2015). “Residential heating with wood and coal: health
impacts and policy options in Europe and North America.” World Health Organization.
Bonn, Germany.], by request of the Convention on Long-Range Transboundary Air
Pollution (LRTAP) Task Force on Health. I was the lead author of the document,
conceived of the analysis to isolate the outdoor air pollution and health effects from
household space heating with solid fuels, assembled the necessary data, and drafted the
manuscript. Kirk Smith and Michael Brauer advised the analysis, suggested alternative
techniques, and edited the findings. I worked with all co-authors of the WHO document
to construct and edit the manuscript.

Chapters 1, 4, and 7 consist of my original unpublished work.
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Let us use no euphemisms, no glossing words, to cover our own misdemeanoursin the
vain attempt to blame Dame Nature.

The citizens themsel ves, along with some manufacturers, are alone to blame;

and the dire effect, death—this excessive death—is due to one thing and one alone, and
that is smoke!

And the pity of it all isthat it ismostly our children that are slain.

—Peter Fyfe, Glasgow Chief Sanitary Inspector, 1909
Public lecture at Glasgow’s Technical College. Quoted in Mosley (2001).
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Chapter 1 : Introduction

1.1 Aims and objectives

Worldwide, nearly 3 billion people—40% of the global population—burn wood, coal, and other
solid fuels every day to accomplish the basic task of cooking their food (Bonjour et al., 2013;
Pachauri et al., 2012); this number is even larger when families who heat their homes with solid
fuels are included well. Household solid fuel combustion occurs either because families are too
poor to afford other forms of energy, such as electricity or liquefied petroleum gas (LPG);
because other fuels are not available; or, in a minority of cases, because they prefer solid fuels
over others. Exposure to pollution from cooking fires causes about 3 million deaths each year,
making it one of the biggest environmental health problems the world faces (Forouzanfar et al.,
2015; Lim et al., 2012; Smith et al., 2014). Pollution from household space heating emissions
adds an additional health burden that has not yet been well-estimated. The harm from this smoke
is not restricted to those who breathe it, however: it contains gases and particles that contribute to
global climate change as well (Anenberg et al., 2013; Smith et al., 2009).

While many of the families who rely on solid fuels live in developing countries and use the fuel
for cooking, household heating with wood and coal remains a widespread practice in Europe and
North America (Chafe et al., 2015; Rogalsky et al., 2014). Household use of coal is now widely
discouraged—by the World Health Organization (WHO) and local governments from Dublin to
Beijing—because it is so damaging both to human health and the environment (Clancy et al.,
2002; World Health Organization, 2014b). However, use of biomass for home heating is
increasing in some countries, especially those with climate change mitigation goals, because of
its attractiveness as an alternative to fossil fuels (European Commission, 2014).

The emissions associated with household combustion of solid fuels are of particular concern
because of their contribution to indoor air pollution, their contribution to outdoor (ambient) air
pollution, their negative environmental effects, and their effects on individuals’ health,
communities’ health, and public health more broadly. The many health effects of indoor air
pollution from household solid fuel combustion are increasingly well understood and have been
well-documented by hundreds of researchers over the past three decades (Balmes, 2010;
Baumgartner et al., 2011; Chowdhury et al., 2012; Dherani et al., 2008; Ezzati and Kammen,
2001; Ezzati and Kammen, 2002; Kurmi et al., 2010; Lim et al., 2012; Mondal et al., 2010;
Mortimer et al., 2012; Pope et al., 2010; Smith et al., 2011; Smith, 1993; Smith et al., 2014;
Smith and Mehta, 2003). (See Figure 1.1.)
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Figure 1.1: Organs of the human body affected by fine particulate air pollution. From: Peters et
al. (2011)

For decades, researchers have suspected that household cooking with solid fuels causes not only
harmful air pollution levels indoors and around the household, but also contributes to ambient
(outdoor) air pollution (AAP) to which a broader population (in the neighborhood and beyond) is
exposed (Smith et al., 1994). When households cook with solid fuels, the cooks and their
families are exposed to harmful household air pollution; but this pollution does not stay in
kitchens or courtyards, because the smoke exits through windows, gaps in walls and roofs,
and/or ventilation systems such as chimneys, becoming a source of outdoor air pollution as well.
This is particularly concerning in areas where most households cook with solid fuels, such as
rural villages in many developing countries. Although rural air quality is often assumed to be
better than air quality in cities, new analysis done by the GBD AAP risk factor group shows that
fine particulate air pollution (PM2.5) concentrations are actually quite high in many rural areas
(Brauer et al., 2012). (See Figure 5.1.)

Beyond the scope of the immediate neighborhood or village where the smoke is released,
emissions from household combustion have implications for regional air quality, as PM2.5 can
move via atmospheric transport, and for climate change, since many constituents of the smoke
that is released from incomplete combustion of solid fuels is associated with radiative warming.
(See Chapter 6.)

This dissertation explores the outdoor air quality and health consequences of residential
combustion of solid fuels, focusing first on household cooking patterns, second on household
heating patterns, and thirdly on the air quality, health, and economic impacts of household
combustion policymaking in a specific place (the San Francisco Bay Area in California).

In this dissertation I address three goals:
1. The first goal is to estimate the contribution to outdoor (ambient) fine particulate air pollution

from household combustion of solid fuels, filling a crucial knowledge gap in our understanding
of the environmental consequences of cooking and heating with solid fuels.



2. The second goal is to estimate the health effects of the outdoor air pollution generated by
household combustion of solid fuels, to better understand the extent to which household cooking
and heating with solid fuels contributes to ill-health and premature deaths.

3. The third goal is to assess the policy interventions and voluntary actions available to reduce
emissions from household combustion of solid fuels for heating, and their relevance to climate
change mitigation strategies.

1.2. Redefining Household Air Pollution from Cooking and Heating
with Solid Fuels

Whether regarding appliance or stove use, most efforts to understand household fuel use have
centered, understandably, on households. Taking cues from other development-related research
fields, such as water and sanitation, the household fuel use community is beginning to focus
attention on neighborhood-level measurements and interventions. This is particularly important
for air pollution-related research, because the fuel and appliance choices made by a single
household can affect ambient air quality for neighbors. Past air pollution research efforts, such as
the 2004 Global Burden of Disease risk factor report on outdoor air pollution, have often focused
exclusively on urban air quality, since that is where most data are collected (Cohen et al., 2004).
Relatively new satellite data collection and advanced modeling techniques have very recently
made more geographically-comprehensive analysis possible (Brauer et al., 2012), something that
has been reflected in recent GBD publications (Brauer et al., 2016; Forouzanfar et al., 2015; Lim
etal., 2012).

1.2.1 Residential Cooking

An estimated 2.8 billion people cook with solid fuels worldwide (Bonjour et al., 2013). Though
the issue of the contribution of household cooking to AAP has been mentioned in the past, as in
Smith’s critique of so-called “smokeless” stoves that simply divert smoke out of the kitchen via a
chimney (Smith, 1989), few publications have quantified the proportion of outdoor particulate
pollution attributable to cooking with solid fuels on a global scale, despite its often-prominent
role in determining outdoor air quality. The Global Burden of Disease (GBD) and associated
Comparative Risk Assessment (CRA) reported in 2004 the burden of morbidity and mortality
associated with indoor air pollution from household cooking and, separately, outdoor air
pollution, but only in cities due to data limitations at the time (Ezzati et al., 2004). As interest in
understanding not only the individual and family-level effects of household solid fuel
combustion have grown, so have efforts to better understand ‘improved’ cookstoves and their
impact on both indoor and ambient air pollution.

Smith describes three phases of interest in, research on, and dissemination and evaluation of
‘improved’ stoves designed for biomass fuels (also called biofuels): the classic phase, which
sought to lower smoke exposures; the energy phase, which focused on fuel savings; and the
‘phoenix’ phase, which can benefit from lessons learned in the earlier phases (Smith, 1989).
Similar phases are identified by US Congress Office of Technology Assessment, from a 1953
pamphlet promising women “five freedoms—from smoke, from soot, from heat, from waste, and
from fire risk” to a technical assistance project funded by USAID and IBM-Europe in the 1980s
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(U.S. Congress Office of Technology Assessment, 1992); and by the World Bank (World Bank,
2011). In general, cookstove designers often attempt to either maximize energy efficiency or
reduce human exposure to harmful emissions; doing both things at once has proved difficult. To
add to the challenge, many stoves are never rigorously lab- or field-tested before dissemination;
although many stoves perform quite differently in the field than in the lab, Jetter recently made a
significant contribution by testing 22 stoves in controlled conditions (Jetter et al., 2012).

Even after hundreds of studies to assess household air pollution levels in developing countries,
and the associated health outcomes, major questions remain about what constitutes an
“improved” cookstove, the efficacy of various stoves when used in households (rather than lab
conditions), and whether high levels of “improved” stove adoption can ever be achieved. These
large questions lead to myriad other questions, such as whether stoves should be sold, partially
subsidized, or given away for free; whether it is ethical to distribute stoves that increase energy
efficiency but are known not to result in significant pollution reductions, or those that cannot be
fixed easily at the local level if they break; what adoption rates should be used in calculating
benefits associated with stove adoption, including carbon credits, and for how long stoves should
be expected to last once distributed.

The study described in Chapter 2 filled a gap in the existing literature by specifically examining
and attempting to estimate the impact of household cooking on population-wide exposure to
AAP. Since its initial publication (Chafe et al., 2014), at least one other study has estimated the
deaths attributable to population exposure to AAP from household combustion, though it did not
distinguish between heating and cooking activities (Lelieveld et al., 2015). However, this paper
does not report concentrations of PMa s attributable to household combustion; it focuses purely
on premature mortality.

I anticipate that the findings from Chapter 2 will help policymakers understand the role of
household cooking in achieving better urban and rural air quality, while also helping health
researchers to better understand the complete burden of disease from household cooking—
through both indoor and outdoor exposure routes. More specifically, results show that, in many
regions, the fraction of outdoor air pollution attributable to cooking with solid fuels is so high
that it will be difficult or impossible to reach international air quality standards without
addressing cooking fuels and appliances. It also highlights the need for better emissions
inventories hosted at international institutions, as well as better air pollution data collection in
many countries where household cooking accounts for a large fraction of total PM2.s emissions.

1.2.2 Residential Heating

Residential heating is an essential energy service required by many people worldwide. Even with
widespread availability of electricity and natural gas, the use of solid fuels for residential heating
continues to be common practice in many places, including within European and North
American countries. Although there have been efforts in recent years to better understand and
track the number of people using solid fuels for cooking, to my knowledge no systematic study
of the number of people using solid fuels for heating exists.



Solid heating fuels consist primarily of wood and coal but can also include forestry and
agricultural residues and even garbage. Most fuels are burned in small-scale combustion devices,
such as household heating stoves or small boilers for single houses, apartment buildings or
district heating. Open fireplaces are popular in many parts of the developed world but do not
actually provide net heating in most circumstances; they are therefore often characterized as for
“recreational” or “aesthetic” use rather than for space heating.

Currently, most burning of solid fuels for space heating is done in devices that incompletely
combust the fuel owing to their low combustion temperature and other limitations. This results in
relatively high emissions per unit of fuel, including many products of incomplete combustion
such as particulate matter with an aerodynamic diameter of less than 2.5 micrometers (PMz.s)
and carbon monoxide (CO) — two major health-damaging air pollutants. Small-scale solid fuel
combustion is also an important source of black carbon (BC) emissions. BC is a component of
PM: 5 that warms the climate. When coal is used for residential heating it can also result in
emissions of sulfur and other toxic contaminants found in some types of coal; even with good
combustion these contaminants are not destroyed.

The amount of heating fuel needed in a particular climate is dependent on the fuel efficiency of
the stove, as well as the characteristics of the housing in which it is used (such as insulation
infiltration — infiltration through the building envelope), an issue this publication does not
address further. In developed countries nearly all space heating devices have chimneys; in some
developing countries much space heating is done with open stoves inside the house. In both cases
most of the emissions end up in the atmosphere and contribute to outdoor air pollution. However,
to date, no systematic international study of the effects of household heating with solid fuels on
outdoor air pollution has been published.

Chapter 3 begins to fill this gap by drawing on energy use and emissions databases and models
to estimate the impact of household combustion of solid fuels (wood and coal) for space heating
on population-weighted ambient particulate air pollution (APM:.s). Due to data constraints, the
chapter focuses primarily on Europe and North America. However, there is strong evidence that
household heating contributes to high levels of seasonal air pollution in many Central Asian and
East Asian countries, including China (Chen et al., 2013) and Mongolia (Ochir et al., 2014), as
well as in Latin America (Sanhueza et al., 2009; Smith and Pillarisetti, 2012), and Australia and
New Zealand (Ancelet et al., 2013; Johnston et al., 2013).

The concept for the analysis in Chapter 3 was developed in response to research needs expressed
by the Convention on Long-Range Transboundary Air Pollution Joint Task Force on Health, an
advisory group convened by the WHO European Centre for Environment and Health and the
Executive Body for the Convention on Long-range Transboundary Air Pollution, to assess the
health effects of such pollution and to provide supporting documentation. A summary of the
results from Chapter 3 were distributed to the Task Force and presented as a document to the
United Nations Economic and Social Council Economic Commission for Europe (UNECE)
(Executive Body for the Convention on Long-range Transboundary Air Pollution Joint Task
Force on the Health Aspects of Air Pollution, 2014).



Chapter 4 focuses on heating but at a much narrower geographic scale: the San Francisco Bay
Area. This part of Northern California is a temperate region with a large airshed that spans nine
counties. The air quality in the counties is regulated by the Bay Area Air Quality Management
District, which faces the challenge of reducing wintertime PM2.s5 levels to bring the airshed into
attainment for the daily average standards (35 pg/m?) set by the US Environmental Protection
Agency (EPA). Household combustion of wood during winter months is the top source of PMa2.s
in the Bay Area. This chapter presents a model for estimating the relative influences of three
wood burning device types (fireplaces, wood stoves, and pellet stoves) on mass emissions of
PMazs, and analyzes the projected health and economic effects of five hypothetical scenarios
designed to reduce PM2.s emissions from the residential wood heating sector. The findings
presented in Chapter 4 form the basis for new work that will done in conjunction with the Bay
Area Air Quality Management District (BAAQMD) to better understand potential trade-offs or
synergies between efforts to reduce local PMzs air pollution and to mitigate greenhouse gases
(GHG) and short-lived climate pollutants.

1.3. Hypotheses and Questions

In this dissertation, I explore to what extent household combustion of solid fuel for cooking and
heating affects outdoor air pollution and human health. I focus on a specific type of air pollution:
PMas.

1.3.1 Chapter 2: Ambient Air Pollution from Household Cooking with Solid Fuels

In Chapter 2, I hypothesize that household combustion of solid fuels for cooking is an important
source of fine particulate air pollution in regions where cooking with solid fuels continues to be a
common practice. I also hypothesize that exposure to this air pollution results in a population-
wide burden of disease. This chapter describes the methodology for isolating the emissions from
household cooking that I developed for this dissertation. I apply this methodology internationally
and report regional and global estimates of the concentration of APM: s attributable to household
cooking, as well as the proportion of AAP attributable to this source, and the human health
effects of exposure to this outdoor air pollution.

1.3.2 Chapter 3: Ambient Air Pollution from Household Heating with Solid Fuels

In Chapter 3, I test the hypothesis that household combustion of solid fuels for space heating has
a notable impact on levels of fine particulate air pollution in temperate regions where space
heating is needed. I also consider whether this energy use for heating results in population-wide
burden of disease. In the chapter, I apply the same methodology to isolate the particulate
emissions from household heating with solid fuels, though my analysis is restricted to regions for
which robust data about solid fuel use for heating exists. I find that estimates of solid fuel use for
household heating are not complete or comparable for many regions worldwide, so I focus my
analysis on Europe and North America. I report the concentrations of APM: s attributable to
household heating with solid fuels, the proportion of APM:s attributable to this energy source,
and the effects of exposure to this AAP on human health.



1.3.3 Chapter 4: Household Wood Combustion in the San Francisco Bay Area

In Chapter 4, 1 ask which wood burning devices contribute most to household wood combustion
emissions in the San Francisco Bay Area. I present a model that explores the relative influences
of wood burning device use, behavioral patterns, and PM2 s emission rates specific to the San
Francisco Bay Area. I also design and test the impacts of five hypothetical scenarios on public
health and economic outcomes linked to avoided emissions from the residential wood burning
sector. I then relate these scenarios to current policy and regulatory measures available to the San
Francisco Bay Region, including emission limits on specific devices set by the US EPA, sector
regulations enforced and recently amended by the Bay Area Air Quality Management District,
relevant local ordinances, and educational campaigns designed to influence wood burning
behavior.

1.4. Exclusions

This dissertation focuses specifically on residential combustion of solid fuels for cooking and
home heating, meaning that I consider emissions from burning wood, coal, and other fuels in
stoves, fireplaces, and other technologies that are located directly in homes. In this analysis, I do
not characterize or include emissions from district heating, which is centralized combustion of
fuels for production of heat that is piped throughout an apartment building, complex,
neighborhood or city.

I also do not include the fuel used for—or resulting emissions from—commercial cooking or
heating. However, the distinctions between household and commercial uses of energy are not
always clear, and the two uses are often mixed in energy use and emission inventories,
particularly in developing countries. I separate residential and commercial uses of energy where
possible, here, but recognize that there is some overlap between the sectors. Especially in the
case of cooking with solid fuels, commercial solid fuel use and related emissions are dwarfed by
residential uses, so there is no major concern with regards to data usability and interpretation of
results.

Finally, I focus here on the AAP from household combustion of solid fuels. I do not make new
estimates of health effects from exposure to the indoor and near household air pollution that is
produced by household combustion of solid fuels My focus in this dissertation is on population-
wide exposure to this pollution, and the resulting population-wide health impacts, rather than on
the exposures that occur among the family members who are exposed in the houses where the
combustion is occurring. Chapters 2 and 3 explain the contribution of household cooking and
heating emissions to regional APMa.s, and Chapter 4 examines the impact of lessening AAP
associated with household wood burning in the San Francisco Bay Area.

1.5 Methods developed and employed

In the following chapters, I examine the relative impacts of household combustion of solid fuels
for cooking (Chapter 2) and space heating (Chapter 3) on AAP. I also estimate the ill-health
associated with this combustion. In Chapter 4, I model the air pollution attributable to residential



combustion of wood for space heating in the San Francisco Bay Area, as well as the avoided ill-
health and economic effects of five hypothetical scenarios to reduce emissions from this sector.

1.5.1 Basic Approaches

The basic approach for the first two studies is to combine particulate air pollution data, modeled
emissions inventory data, and population data to estimate the proportion of population-exposure
weighted annual average PMaz.s air pollution attributable to household cooking with solid fuels.
The years of analysis are 1990, 2005, and 2010, following the CRA 2010 methodology (Institute
for Health Metrics and Evaluation, 2010b).

The 2010 GBD/CRA update incorporates satellite measurements of APMa s to better estimate the
complete burden, rather than just that in urban populations (Brauer et al., 2012). I use data from
that study, as well as estimates of country-level cooking emissions from the International
Institute for Applied Systems Analysis (IIASA) Greenhouse Gas and Air Pollution Interactions
and Synergies (GAINS) model (Amann et al., 2011; ITASA, 2014), which references the Model
for Energy Supply Strategy Alternatives and their General Environmental Impact (MESSAGE)
for energy use estimates. TM5-FASST provided estimates of the contribution of household
emissions to total emissions, importantly including secondary PM2.s formation. The data used
from each source are described below.

For the San Francisco Bay Area case, I use survey data commissioned by the Bay Area Air
Quality Management District (Fairley, 2014; True North, 2014), emission factors published in
the literature (Gullett et al., 2003) and by the US government (Macdonald, 2009), emission
inventories published by BAAQMD (Bay Area Air Quality Management District, 2014) and the
California Air Resources Board (CARB) (California Air Resources Board, 2015), and a health
and economic outcome methodology published by EPA (US Environmental Protection Agency,
2013).

1.5.2 Estimating the Burden of Disease and Health Benefits of Avoided Pollution

Given the different geographic scales, model structures, and health-related questions asked in
Chapter 4, as compared to Chapters 2 and 3, the methodology used to determine the relationships
between household solid fuel combustion and public health also differed. In brief, the approach
used in Chapters 2 and 3 followed that of the Global Burden of Disease, in which ill-health is
attributed to a given cause through a rigorous analysis of risk factors and health outcomes that
are reconciled across international regions, age groups, and sexes. Chapter 4, which focuses on a
sub-state region in the United States—the San Francisco Bay Area—employs a series of factors
that relate avoided mass of particulate emissions in a specific sector—residential wood
combustion—to various health and economic outcomes. The differences between these
approaches are described in detail in Chapter 5.

Chapters 2 and 3 report the burden of disease associated with population-wide exposure to AAP
from household solid fuel combustion, based on the contribution of this source to APM2s. The
metrics used to express the health findings are premature deaths and disability-adjusted life years
(DALYs). DALYs combine years of life lost (mortality) and years of life lived with disability



(morbidity) into a single indicator. Chapter 4 reports health effects of avoided mass emissions of
PM: 5 by describing premature deaths and specific morbidity-related outcomes (hospitalization,
respiratory symptoms, asthma exacerbation, heart attacks). It also describes economic impacts
(monetized benefits per ton of PM2.s avoided), whereas Chapters 2 and 3 do not.

1.6 Structure of Dissertation

In Chapters 2 and 3, I describe original analysis on AAP and human health impacts of household
cooking and heating with solid fuels. In Chapter 4, I describe construction and results of a model
I created to evaluate the influence of various household wood combustion factors and
hypothetical scenarios on projected health and economic impacts of avoided emissions from
solid fuels in the San Francisco Bay Area.

Appendix A lists relevant abbreviations used in this manuscript. Appendix B describes the
regional definitions used to calculate and report results in Chapters 2 and 3; these were also used
in the 2010 Global Burden of Disease Project coordinated by the Institute for Health Metrics and
Evaluation (IHME). They include the two major energy use, emissions, and air pollution models
that I rely on for my analysis: the GAINS model and TM5-FASST. Appendix C lists input data
used in calculating population-weighted averages by region, such as population and emissions
data. Appendix D contains a graphic that describes in detail the emissions and particles covered
by various models used in the analysis in Chapter 2 and Chapter 3.



Chapter 2 : Household Cooking with Solid Fuels
Contributes to Ambient PM> 5 Air Pollution and the
Burden of Disease*

*Some material in this chapter was previously published in the following article:

Chafe, Z. A., Brauer, M., Klimont, Z., Van Dingenen, R., Mehta, S., Rao, S., Riahi, K.,
Dentener, F., Smith, K.R. (2014). "Household Cooking with Solid Fuels Contributes to Ambient
PMa2.5 Air Pollution and the Burden of Disease." Environmental Health Perspectives 122(12):
1314-1320.

2.1 Abstract

Background: Approximately 2.8 billion people cook with solid fuels. Research has focused on
the health impacts of indoor exposure to fine particulate pollution. Here, for the 2010 Global
Burden of Disease project (GBD 2010), I evaluated the impact of household cooking with solid
fuels on regional population-weighted ambient PM2.s (particulate matter with aerodynamic
diameter < 2.5 pm) pollution (APM235).

Objectives: I estimated the proportion and concentrations of APM2 5 attributable to household
cooking with solid fuels (PM2.5-cook) for the years 1990, 2005, and 2010 in 170 countries, and
associated ill health.

Methods: I used an energy supply—driven emissions model (GAINS: Greenhouse Gas and Air
Pollution Interactions and Synergies) and source-receptor model (TM5-FASST) to estimate the
proportion of APM:.s produced by households and the proportion of household PMz.5 emissions
from cooking with solid fuels. I estimated health effects using GBD 2010 data on ill health from
APMa25 exposure.

Results: In 2010, household cooking with solid fuels accounted for 12% of APMa.s globally,
varying from 0% of APM2s in five higher-income regions to 37% (2.8 ug/m?® of 6.9 pug/m’ total)
in southern sub-Saharan Africa. PM25.cook constituted > 10% of APM2:s in seven regions housing
4.4 billion people. South Asia showed the highest regional concentration of APMz s from
household cooking (8.6 pug/m?). On the basis of GBD 2010, I estimate that exposure to APM2 s
from cooking with solid fuels caused 370,000 premature deaths globally in 2010, about the same
number as that caused by exposure to unimproved water and sanitation systems (340,000). The
total burden of disease from exposure to APMz s from cooking with solid fuels was 9.9 million
disability-adjusted life years globally in 2010, about four times the burden associated with
exposure to ambient ozone air pollution (2.5 million disability-adjusted life years) and half of the
burden associated with exposure to second-hand smoke (20 million disability-adjust life years) in
2010.
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Conclusions: PMz.s emissions from household cooking constitute an important portion of APMaz.s
concentrations in many places, including India and China. Efforts to improve ambient air quality
will be hindered if household cooking conditions are not addressed.

2.2 Introduction

Approximately 2.8 billion people, more than ever before in human history, use solid fuels,
including wood, coal, charcoal, and agricultural residues, as their primary fuel for cooking
(Bonjour et al., 2013). Solid fuel is usually combusted in inefficient cookstoves, producing a
variety of health-damaging gases and particles (Smith et al., 2009), such as BC, organic carbon
(OC), methane, and carbon monoxide. The 2010 Global Burden of Disease/Comparative Risk
Assessment Project (GBD 2010) estimated that exposure to household air pollution from cooking
with solid fuels caused 3.5 million premature deaths in 2010 (Lim et al., 2012).

The potential for harm does not stop when this smoke exits house windows or chimneys,
however: in areas where solid fuels are the primary source of household cooking, particulate
emissions from household cooking with solid fuels contribute significantly to AAP (Smith,
2006). Indeed, the AAP exposure assessment prepared for GBD 2010 shows substantial
exposures occurring in rural areas (Brauer et al., 2012), as do others (Anenberg et al., 2010; Rao
et al., 2012).

The important contribution of household fuel use (for heating and cooking) to particulate matter
emissions has been established in previous emission inventory research. Residential coal and
biomass combustion remains a key source of fine particulate matter (PMzs) in China, accounting
for 47% (4.3 teragrams (Tg) of 9.3 Tg total) and 34% (4.4 Tg of 13.0 Tg total) of China’s PMa.s
emissions in 1990 and 2005 (Lei et al., 2011); the drop in relative contribution was attributable
primarily to growth in industrial emissions. Besides industrial processes, power production and
ground transportation are other sectors that contribute substantially to PMa.s pollution.

Recent studies have found that 50-70% of the BC (Cao et al., 2006; Klimont et al., 2009; Lei et
al., 2011) and 60-90% of OC emissions in China can be attributed to residential coal and biomass
use; Klimont et al. (2009) found similar proportions in India. Even higher contributions were
estimated by Ohara (2007): in 2000, 86% of BC emissions in both India and China—together
home to more than a third of the world’s population—could be attributed to residential coal and
biomass use; for OC, the proportion was 96% in India and 97% in China.

Source apportionment studies in India and China have shown that biomass combustion can be a
major source of ambient particulate air pollution across the urban-rural spectrum (Chowdhury et
al., 2012; Wang et al., 2005), despite the observation that household energy use patterns—and
associated emissions—tend to differ by population density, economic status, and geographic
location (van Ruijven et al., 2011; Zhang et al., 2010). In many countries, solid fuel use is more
prevalent in rural areas (Barnes and Floor, 1996). However, solid fuels are still used by
households in many cities for heating and cooking, as evidenced by the major contributions of
biomass burning to urban particulate pollution found in previous source apportionment studies
(Health Effects Institute, 2010; Pant and Harrison, 2012). In China, for example, although coal
use has been banned in most urban areas, many urban households reported in a recent energy use
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survey that they use coal and other solid fuels for cooking (20.3%, equal to approximately 144.5
million people) (Duan et al., 2014). For the analysis presented here, which focuses on the relative
contributions of emission source categories, the exact location of the emission sources is not as
significant as it would be for research on individual-level human exposures.

My objective was to systematically estimate the contribution of household air pollution from
cooking with solid fuels (PM25-cook) to outdoor ambient population-weighted PMz s air pollution
(APMa2ss), by region, in 1990, 2005, and 2010. My estimates are based on the fraction of ambient
primary combustion-derived household particulate emissions (PPM2s.un) attributable to cooking
and the fraction of APMa s attributable to household activities (PM2.5-nn). These calculations
enable us to estimate the burden of disease from AAP that can be attributed to household
cooking (PM2s-cook), and to better understand the degree to which attainment of outdoor air
quality goals depends on control of household air pollution.

I focused specifically on household cooking with solid fuels, as this is one of the air pollution
risk factors included in GBD 2010. Other household sources of combustion air pollution,
including household space heating, were not considered in this analysis. (See Chapter 3.) [
explored PM2.s-cook at the national level in 170 countries, for the years 1990, 2005, and 2010, and
report the results at the regional level in concordance with GBD 2010 (Brauer et al., 2012;
Institute for Health Metrics and Evaluation, 2010a).

The main data sources used in this analysis were 1) emissions estimates from the Greenhouse
Gas and Air Pollution Interactions and Synergies (GAINS) models hosted by IIASA
(http://gains.iiasa.ac.at/models/) (Amann et al., 2011; Cofala et al., 2012) and 2) atmospheric
concentration estimates from the TM5-FASST (Fast Scenario Screening Tool for Global Air
Quality and Instantaneous Radiative Forcing, paired with TM-5, a global chemical transport
model) screening tool hosted by the European Commission Joint Research Center (JRC) based
on emissions estimates from MESSAGE (Rao et al., 2012).

This chapter details the methods for calculating the ill-health associated with population-wide
exposure to just the AAP caused by household cooking with solid fuels. Together, household
and ambient exposure to fine particulate air pollution from household cooking with solid fuels
caused an estimated 3.9 million premature deaths in 2010 (Smith et al., 2014), including
adjustment for overlaps between the two routes of exposure.

2.3. Methods

Because most emission inventories report total residential emissions (Bond et al., 2004;
Lamarque et al., 2010; Shen et al., 2012; Streets et al., 2003), with no distinction between
cooking and heating, I took the approach of calculating 1) the proportion of PM2s5.hh emissions
attributable to cooking (rather than heating), and then 2) the proportion of APM2 s attributable to
PM2.5-hh.
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2.3.1 Residential emissions

To focus specifically on the residential sector, I used GAINS and Equation 1 to determine the
fraction of PPM2s.nh from cooking with solid fuels such as hard coal, agricultural residues,
fuelwood, and dung, for each country or sub-national jurisdiction (IIASA, 2012):

(PIT + STOVE) / X DOM = PPM25.mn from cooking [1]

where PIT indicates emissions from open fire cooking with solid fuels (Tg of PPM2s per
country), STOVE represents emissions from combusting solid fuels in residential cooking stoves
(Tg of PPMa.s per country), and DOM indicates total emissions from all residential sources,
including boilers and heating stoves (Tg of PPM2 s per country). Non-fuel emissions associated
with cooking (such as volatile organic compounds (VOC) created by frying) are not included.

Within GAINS, I used a scenario that draws on data from the International Energy Agency
(International Energy Agency, 2011a). GAINS estimates current and future PPM2.s emissions
using activity data, fuel-specific uncontrolled emission factors, the removal efficiency of
emission control measures and the extent to which such measures are applied (Amann et al.,
2011; Kupiainen and Klimont, 2007). For household cooking with solid fuels from 1990 through
2010, no technical control measures were applied in the model. I multiplied the fraction of
residential PPM2 s attributable to household cooking by the proportion of total ambient
population-weighted PM2 s attributable to household combustion (PM2.5-hh) (Equation 2). The
latter proportion (% PMa.s.nn) was generated using TMS5-FASST.

% PPM2.5.nh from cooking X % PM2.5.hh = % PM2.5-cook [2]

All analysis in Equation 2 is at the country level, % PPMa.s.mh from cooking is the quantity
derived in Equation 1, and % PMa2.s.h = pg/m* PM2.snn/ pg/m® PMas.

2.3.2 Regional population-weighted estimates

Equation 3 shows the method by which country-level results were combined to produce regional
population-weighted estimates.

countries PPM2.5 f i o i
inregion 2.5 from cooking; 2.5—hh; o
Zioq [ PPM2.5-hh; X TotalaPhz.s; < Population;

_ PM2.5-co0kregion [3]

countries
» inregion

i=1 Population;

I used global estimates of annual average ambient population-weighted PM2.s concentrations,
which were developed for the GBD 2010 study (Brauer et al., 2012) as well as the Global Energy
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Assessment (Riahi et al., 2012), to estimate the proportions and absolute concentrations of PMa.s.
cook, ON a regional basis. The underlying methodology for deriving PM2.s concentrations is
described in Rao et al. (2012) and combines the global integrated assessment model MESSAGE
(Rao and Riahi, 2006; Strubegger et al., 2004) with TMS5 (see Chapter 5.) MESSAGE covers all
greenhouse gas-emitting sectors; in the residential sector, MESSAGE includes an explicit
representation of the energy use of rural and urban households with different income levels. Fuel
choices at the household level consider the full portfolio of commercial fuels as well as
traditional biomass for cooking, heating and specific use of electricity of household appliances
(Ekholm et al., 2011).

TMS5-FASST was used to determine PMa.s-hn. Secondary organic aerosol formation was included
in TM5-FASST estimates of annual average population-weighted PM2.s concentrations (see
Appendix D for more information on the emission and source categories included in this
analysis.) Dust and sea salt increments were estimated by comparing concentrations generated by
TMS5-FASST to those developed with TM5-FASST, satellite data and ground measurements for
GBD 2010 and published in Brauer et al. (2012). Positive differences between GBD 2010 and
TMS5-FASST were assumed to be representative of dust and sea salt increments and were
included in estimates of APMa2s to better approximate the proportional role of household solid
fuel use for cooking in creating APMas.

Data sources and models used in my analysis are summarized in Table 2.1. Regional population
and household emissions estimates are shown in Appendix B.

Table 2.1. Sources of input data for household cooking analysis

Data source and model Purpose in this analysis Data attributes Spatial resolution References

GAINS Calculate proportion of Includes household cooking stoves and open-pit cooking Country or [IASA 2012; |EA 2011;

household PM; 5 emissions
that comes from cooking
TMS-FASST (MESSAGE)  Calculate proportion of
ambient PM;  that comes
from household combustion

Global burden of disease  Calculate ill health resulting
from exposure to outdoor

PM, 5 air pollution

emissions. Does not include nonfuel cooking emissions.
Units: mass emissions of primary PM; 5, by sector and
technology used.

Uses MESSAGE to calculate particulate matter emissions
by sector and TM5 atmospheric chemical transport model
to calculate secondary organic aerosol formation. Units:
concentrations (pg/m?) of annual average population-
weighted PM; 5. Includes secondary organic aerosol
formation. Dust and sea salt estimated by comparing
combustion-derived PM; 5 to total ambient PM 5 reported
by Brauer et al. (2012)

Uses estimates of average annual population-weighted
PM,  concentrations to calculate ill health from outdoor
air pollution. Units: annual deaths and DALYs, by region.

subcountry

Country or region
(derived from
gridded 1° = 1°
concentration
results)

Deaths and DALYSs:
region PM, .
Concentrations:
0.1° x 0.1° gridded

Purohit et al. 2010

Brauer et al. 2012

Brauer et al. 2012; Lim et al

2012

2.3.3 Years and Countries Included

Following GBD 2010 (Institute for Health Metrics and Evaluation, 2010a), this analysis

considers PM2.s emissions for three time points: 1990, 2005, and 2010. The data cover 170

countries (see Appendix C) in 20 of the 21 GBD 2010 regions; the majority of missing countries
are small (population <1 million each) and together they account for 34 million people in 2010,
that is <1% of the world population.
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2.3.4 Burden of Disease

I estimated the burden of disease associated with exposure to outdoor PMz s air pollution that can
be attributed to household cooking by applying the derived proportions of APMa.s due to
household cooking with solid fuels to the GBD 2010 burden of disease estimates for AAP (Lim
etal., 2012). GBD 2010 burden of disease estimates were calculated using an integrated
exposure response function, as described in Burnett et al. (2014). Results were scaled by
applying the proportion of APMz.s due to household cooking with solid fuels (the risk factor) to
the burden estimates while preserving the exposure-response relationships used to determine the
overall burden of disease attributable to AAP.

2.4. Results

Based on estimates of household energy use for cooking, and associated emissions, reported in
GAINS and TM5-FASST model results, I estimate that globally about 12% of population-
exposure weighted average ambient PM2 s is attributable to household use of solid cooking fuels
(Table 2.2, Figure 2.1). In 7 of the 20 regions analyzed, at least 10% of ambient PM2.5 was
attributed to household cooking in 2010. These 7 regions encompass 41 countries and are home
to > 4 billion people. In contrast, seven of the regions analyzed (representing 56 countries with
1.4 billion people) had negligible levels (<2% PMa2.5-cook) throughout the 1990-2010 study
period. By region, estimated proportions of APMz s attributable to PM2.5-cook in 2010 ranged from
0 to 37% (Figure 2.1). In general, I observed that an increase in country-level economic status
was accompanied by a decrease in the contribution of household cooking to APMa.s.

Table 2.2. Population-weighted contribution of cooking to ambient particulate matter pollution
by region.

PM; 5-co0k (%)° PM 5. cook (HQ/MP)° APM; 5
GBD 2010 region? 1990 2005 2010 1990 2005 2010 1990 2005 2010
Southern sub-Saharan Africa 13.0 32.0 37.0 0.8 2.2 28 6.4 6.6 6.9
South Asia 15.0 30.0 26.0 44 9.4 8.6 30.0 320 330
Southern Latin America 1.0 13.0 15.0 0.8 0.8 1.0 6.4 6.0 59
Eastern sub-Saharan Africa 49 12.0 13.0 05 1.1 12 11.0 120 120
Southeast Asia 22.0 13.0 1.0 39 25 2.0 16.0 170 17.0
East Asia 23.0 14.0 10.0 1.0 9.1 1.3 49.0 63.0 720
Western sub-Saharan Africa 34 9.0 10.0 09 2.2 24 27.0 270 270
Central sub-Saharan Africa 3.7 9.4 9.8 0.6 1.3 14 16.0 140 140
Tropical Latin America 39 6.2 7.1 0.2 0.3 04 5.2 5.2 5.1
Andean Latin America 5.7 5.2 5.7 0.4 0.4 0.4 1.8 8.2 8.0
Central Latin America 55 50 53 0.7 05 05 140 110 120
Caribbean 7.1 47 53 0.6 04 04 86 9.3 9.1
North Africa and Middle East 3.3 38 33 09 1.0 09 30.0 290 290
High-income Asia Pacific 1.1 0.6 0.6 0.3 0.2 02 310 270 260
Central Asia 0.9 0.1 0.2 0.1 0.0 0.0 24.0 210 200
Australasia 0.0 0.1 0.0 0.0 0.0 0.0 5.0 5.0 57
Western Europe 0.0 0.0 0.0 0.0 0.0 0.0 25.0 170 15.0
Central Europe 0.0 0.0 0.0 0.0 0.0 0.0 31.0 190 16.0
Eastern Europe 0.0 0.0 0.0 0.0 0.0 0.0 19.0 100 100
High-income North America 0.0 0.0 0.0 0.0 0.0 0.0 18.0 130 130
Global 1.0 13.0 12.0 40 45 40 29.0 300 310
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0% 50%

2010

Figure 2.1. Percentage of population-weighted ambient PM2 s attributable to household cooking
with solid fuels, 1990 (A) and 2010 (B).

Between 1990 and 2010, East Asia (including China) experienced a decline in absolute levels of
PM2.5-cook (from 11 to 7 pg/m?) (Figure 2.2) as well as a decline in the percent of PM2 s from
cooking (from 23% to 10% in 2010) (Figure 2.1). This occurred alongside a global increase in
ambient PM2.s concentrations: Brauer et al. (2012) reported that population-weighted regional
annual average PM2.s concentrations rose between 1990 and 2010 in most parts of Asia,
including East Asia (from 49 pg/m?in 1990 to 72 pg/m* in 2010), while falling in North America
and Europe, including Central Europe (31 ug/m? in 1990, 16 pg/m? in 2010).
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Figure 2.2. Population-exposure weighted concentration of ambient PMz s attributable to
household cooking with solid fuels, 1990 (A) and 2010 (B).

Overall, the estimated population-weighted global annual average PM2.s concentration rose
slightly from 29-31 pg/m? over this period. This was driven partly by increases in household
cooking emissions in South Asia, which includes India: although the percentage of PPM2 s-nh
attributable to cooking remained steady around 82% between 1990 and 2010, PM2.5-cook rOSE
from 15% to 26%, or 4 ug/m>to 9 ug/m?* (Table 2.2), while APM2 5 rose from 30 pug/m? to 33
pg/m’.

The APM: s formed by household cooking emissions has major implications for human health, as
well as outdoor and indoor air quality. Worldwide, the use of solid fuels for household cooking is
estimated to have resulted in 370,000 deaths and 9.9 million disability-adjusted life years
(DALYs) in 2010 (Table 2.3). The vast majority of these deaths were in South Asia (200,000),
which includes India, and East Asia (130,000), which includes China. The relative decrease in
PM2 5-cook in East Asia from 1990 through 2010 (Table 2.2), which was estimated to result in
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90,000 fewer deaths per year (Table 2.3), was more than offset by an estimated increase of
121,000 deaths per year from exposure to PM25-cook in South Asia over the same time period.
The total burden of disease from exposure to APMa.s from cooking with solid fuels was 9.9
million disability-adjusted life years globally in 2010, about four times the burden associated
with exposure to ambient ozone air pollution (2.5 million disability-adjusted life years) and half
of the burden associated with exposure to second-hand smoke (20 million disability-adjust life

years) in 2010.

Table 2.3. Estimated burden of disease from exposure to ambient PM2.s attributable to household

cooking with solid fuels.

Deaths DALYs

GBD 2010 region? 1990 2005 2010 1990 2005 2010

South Asia 79,000 210,000 200,000 3,100,000 6,700,000 6,000,000
East Asia 220,000 170,000 130,000 5,700,000 3,700,000 2,600,000
Southeast Asia 24,000 20,000 18,000 800,000 510,000 450,000
Western sub-Saharan Africa 2,400 6,300 7,800 140,000 320,000 380,000
North Africa and Middle East 4,500 6,200 5,800 150,000 170,000 160,000
Eastern sub-Saharan Africa 1,400 3,200 3,500 74,000 150,000 140,000
Central sub-Saharan Africa 480 1,300 1,600 24,000 53,000 65,000
Central Latin America 1,200 1,100 1,400 37,000 26,000 33,000
Southern sub-Saharan Africa 330 1,000 1,400 11,000 36,000 41,000
Tropical Latin America 240 480 540 6,800 12,000 13,000
High-income Asia Pacific 840 470 530 17,000 7,800 8,200
Southern Latin America 440 440 500 9,800 9,000 9,900
Caribbean 390 330 380 9,900 7,500 8,700
Andean Latin America 140 140 160 5,500 3,900 4,200
Central Asia 490 51 78 16,000 1,400 2,000
Western Europe 150 4 2 2,400 64 24
Australasia 0 1 1 4 9 9
Central Europe 0 0 0 0 0 0
Eastern Europe 0 0 0 0 0 0
High-income North America 0 0 0 0 0 0
Global 330,000 420,000 370,000 10,000,000 12,000,000 9,900,000

@Regional groupings, defined by IHME for the GBD 2010 project, are described in Supplemental Material, Table S1.

Despite the high proportion of APMz s attributable to household cooking in Southern sub-
Saharan Africa, the estimated health impacts from resulting AAP exposures were relatively
modest (41,000 DALYs in 2010) (Table 2.3). However, across the four sub-Saharan African
regions, estimated annual deaths due to exposure to APMa.s from cooking more than doubled
(Eastern sub-Saharan Africa), tripled (Central and Western sub-Saharan Africa), or quadrupled
(Southern sub-Saharan Africa) between 1990 and 2010.
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2.5. Sensitivity analysis on spatial resolution of data

I implemented a sensitivity analysis to test the effects of spatial misalignment between the data
sources used in this research project. In particular, I sought to address the concern that not
differentiating data by urban and rural designations would lead to an overestimate of health
effects from AAP attributable to household cooking with solid fuels. Rural populations have high
rates of household solid fuel use but relatively few inhabitants; conversely, cities have high
population density but low rates of household solid fuel combustion for cooking. Using this
methodology I find that, although variations in spatial resolution do probably contribute to
(relatively minor) biases in my results, the merits of including urban/rural analyses by country
are far outweighed by the substantial uncertainties introduced by multiple inconsistencies in the
data sets used to perform analysis at the subnational (urban/rural) level. A summary of the
sensitivity analysis follows.

2.5.1 Assumptions and new data sour ces needed

One of the reasons that I devised the methods featured in this manuscript is that I was able to
integrate data sets (GAINS and TM5-FASST) that allowed me to report results in total ambient
PM2 5 (rather than primary PMa2s) terms, at a global scale (rather than for select countries), using
data sources that are complimentary and consistent with each other. Unfortunately, not all of my
original data sources report emissions estimates or concentrations in urban/rural terms, so I must
make assumptions to cobble together urban/rural analyses using other databases (described
below). This results in a breakdown of internal consistency. (GAINS and TMS5-FASST do not
report urban/rural breakdowns.)

Because not all of the data sources used in my initial analysis are available at the sub-
national (urban/rural) level, I needed to introduce other sources of data (from WHO, and new
analysis from the Brauer et al. (2012) gridded data) that would allow me to answer my
original research question. My approach for this sensitivity analysis is shown in the chart
below. (See Figure 2.3.)
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Methods used in sensitivity analysis
TMS5-FASST, MESSAGE

GAINS + dust adjustment
PM, 5 cooking PM; s household Urban % SFU in
emissions (cook mass) (DOM concentration) pop urban
[Urban]
Ambient PM, . in
PM, s household urban 25
€missions (DoM mass)
(urban concentration)
PM, 5 cooking PM, s household Rural % SFU in
[Rural] emissions (cook mass) (DOM concentration) pop rural

Ambient PM, 5 in

PM, < household
: rural

€missions (pom mass)

(rural concentration)

Urban Rural
population population

Figure 2.3. Methods used in sensitivity analysis.
2.5.2 Urban/rural population, fuel use, and PM2s data

The urban and rural population data are derived from an air pollution concentration dataset used
in the 2010 Global Burden of Disease Project and published in Brauer et al. (2012). The
underlying population data in that data set are drawn from Global Urban Gridded Database
(http://sedac.ciesin.columbia.edu/data/collection/grump-v1l).

The proportions of solid fuel use occurring in urban and rural areas were derived from household
energy use surveys that are described in a WHO data set (available at
http://apps.who.int/gho/data/node.main.134?lang=en). Survey data were available for 108
countries. Survey data were not available for approximately 60 countries.

Ambient PM2:s in rural and urban areas was calculated from the Brauer et al. (2012) data set
described above, which contains data for approximately 1.5 million gridded cells (0.1° x 0.1°)
that are each designated as urban or rural, based upon the Global Urban Gridded Database (link
above).

2.5.3 GBD vs TM-5 FASST

Importantly, in the second term of the equations used (concentrations from household sources
divided by concentrations from all sources i.e. total ambient PM2s), the sensitivity analysis done
here uses gridded results from GBD, which incorporate satellite data as well as TMS5 results to
estimate total ambient PM2.s. The reason that I use GBD here is that the emissions were coded,
by grid cell, as urban or rural, allowing me to do an urban/rural-scale analysis. In the paper,
however, I use TM5-FASST results because the model allows users to isolate sector-specific
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emissions (including secondary particulate matter formed through atmospheric processes) and I
have the benefit of keeping the numerator (sector-specific emissions) and denominator (estimate
of total PM2s5) internally consistent.

Using the data and methods outlined above, I ran several different sensitivity analyses at the
global scale. In addition, I analyzed the five countries with the highest total population (China,
India, US, Brazil and Pakistan) in depth; as well as one country in which most household solid
fuel use is reported (by WHO) to be in rural areas (Egypt) and one in which solid fuel use is
mostly in urban areas (Malaysia).

2.5.4 Sensitivity analysis results

Analysis of the six most populous countries shows that using urban/rural breakdowns results in
estimates of PM2.5 concentrations from household cooking ranging from 9 ug/m? higher (in
China, and 5.2 pg/m? higher in India) to 0.2 pg/m’ lower, by country, than the country-wide (not
urban/rural) estimates used as inputs to the regional results reported in this paper. When all 108
countries for which household fuel use survey data were available are considered, the results
from using urban/rural breakdowns are 1 pug/m? lower than the values from the manuscript
(country-wide) analysis (3.9 pg/m® vs 4.9 ug/m?).

I also compared these urban/rural analyses, at the country-level, to new country-wide (not
urban/rural) estimates using the same modified data inputs used in these sensitivity analyses (and
described above). For the 108 countries for which household fuel use survey data were available,
the urban/rural estimates were 1.5 pg/m> lower than the modified country-wide results, which
used data from the WHO and reanalysis of GBD inputs (3.9 pg/m?® vs 5.4 ug/m?). This indicates
that the introduction of different data sources results in larger differences than does the
incorporation of urban/rural differences into the analysis.

I also note that for the 63 countries (out of 170 in my original analysis) for which GAINS does
not report any emissions from household cooking, this urban/rural analysis does not change
results (0% PMz.s from cooking; 0 ug/m? from cooking). These countries represent 1.4 billion
people.

2.5.5 Discussion of sensitivity analysis

Incorporating different data sources while doing analysis at the country level leads to greater
uncertainty and differences in results, at the country-level. I believe that introducing this new
uncertainty overwhelms any benefit achieved from addressing potential spatial misalignment
between sources by performing urban/rural-level analysis.

Results calculated at the urban/rural level, for the 108 countries that have solid fuel use for
household cooking, are lower than those calculated at the country-level. However, they are not
lower by a consistent concentration (pg/m?) or percent of PM2 5. Also, the urban/rural results are
closer to the (country-wide) results presented in the manuscript than to the country-wide results
from this sensitivity analysis. In China and India, two countries with large populations and high
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proportions of households using solid fuels, the urban/rural analysis generates attributable pg/m?
estimates that are higher than those used in the manuscript itself.

This leaves the challenge of interpreting these results. The urban/rural results are sometimes
higher and sometimes lower, on a country-by-country basis, than those calculated for the paper,
while the country-level results calculated as part of the sensitivity analysis are always higher than
those reported in the paper.

I believe that this analysis represents the best possible treatment of the important urban/rural
spatial misalignment issue, given the data currently available. The weaknesses in these analyses
point to the pressing need for more research on source sector contributions to exposure and
burden (rather than emissions or concentration) in general.

2.5.6 Sensitivity analysis conclusions

In sum, I decided against directly including the numbers generated in the sensitivity analysis in
the general results section because of the following factors:

1) Lack of consistency in urban/rural data definitions: Most data sets that distinguish between
urban and rural areas use (in some cases radically) different definitions of “urban” and “rural.”
This became obvious when comparing urban and rural population numbers for a given country
between data sets, for example. This is a problem in UN data sets as well, as urban and rural
designations are defined at the country level rather than at the international level, and so are
inconsistent between countries.

2) Potential lack of comparability across household solid fuel use surveys: Household solid fuel
use is defined in different ways across countries and survey instruments, making it difficult to be
sure that household survey results are comparable for the information I are deriving here
(proportion of country-wide households using solid fuels who live in either urban or rural areas).

Because of the lack of direct comparability between this sensitivity analysis and the analysis
presented in the results section above, and the disintegration of internal consistency introduced
by the new data sources, I used them solely to inform my understanding of the potential bias
introduced by spatial variation in data sets and its relationship to the additional biases introduced
by adding variability around urban/rural definitions (or lack thereof).

2.6. Discussion

Although all household cooking contributes to AAP, either directly at the household level,
through production and transport of fuel, or indirectly through the manufacture of cooking
technologies, I estimated only particulate emissions from the combustion of solid fuels in the
household. Kerosene, for example, creates BC and other particulate matter at the point of use
(Lam et al., 2012b), and even electric cooking contributes indirectly to air pollution through
emissions at power plants, but these emissions were not counted in the present analysis.
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2.6.1 Assumptions made in the analysis
In addition, I made the following important assumptions in my analysis:

2.6.1.1 Isolating household cooking emissions

I assumed that household cooking emissions are correctly split from commercial cooking
emissions, although I realize that there is often an overlap between these two categories. I also
assumed that energy use and emissions databases (GAINS and MESSAGE), and their underlying
data sources, correctly characterize the split between fuels used for household cooking and those
used for household heating, though I realize that cooking and heating energy use may overlap.
ITASA collaborates with partners in China, India, and Pakistan and uses published sources of
information (local reports and peer reviewed research), as well as regional GAINS studies
(Amann et al., 2008a; Purohit, 2010) to distinguish household fuel use for heating from that for
cooking, especially in northern China. In a number of countries in Asia, GAINS allocates
activities also at the subnational level, for example, provinces in China or India, where
information from. The split between cooking and heating in Europe was developed using data
from European Commission consultations under the Convention for Long Range Transboundary
Air Pollution.

2.6.1.2 Escape fraction

I assumed that the particle escape fraction is 100%; that is, all particles generated by combustion
inside a home or cooking structure are eventually incorporated into ambient air, and there is no
significant mass loss due to particle deposition on indoor surfaces. Although little work has been
done to characterize the fate of indoor combustion particles and their flow out of enclosed
spaces, modeling estimates show that approximately 90% of fine particles are likely to reach the
outdoor environment, a figure that probably rises to nearly 100% in houses with high air
exchange rates (Lam et al., 2012a). In addition, many households cook outdoors for at least part
of the year.

2.6.1.3 Atmospheric transformation

GAINS data are presented in units of mass of PPMzs. I assumed that all primary particulate
household emissions contribute in the same way to total PMz.s; that is, each gram of PPM2.5-cook
will eventually create the same mass of PMz.s (after atmospheric interactions) as will any other
gram of PPM2.s.nn.

2.6.1.4 Atmospheric transport

I assumed that PM2 s concentrations attributed to household emissions result solely from particles
emitted from households inside the country/region in question, without notable contribution (via
atmospheric transport) from neighboring regions.

2.6.1.5 Spatial misalignment

I assumed that the proportion of ambient PM2 s attributable to PM2.5-cook is uniform across a given
country. Although I recognize that there can be much local variation in the degree to which
household fuels contribute to ambient PM2.s, I made this assumption based on the spatial scale at
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which emissions are reported, which, in the case of this globally-consistent analysis, is at the
country- or regional-level.

The analysis reported here was performed at the country-level (and is reported at the regional
level). I were not able to systematically account for urban/rural differences in population density,
household solid fuel use, or exposure to AAP within countries because of data limitations. |
attempted to generate sensitivity analysis estimates at the urban/rural level (see following section
titled “Sensitivity analysis on spatial resolution of data’), but inconsistencies among available
international databases at this spatial scale introduced substantial unexplained variation.
Currently, the definition of urban/rural areas is not consistent across countries or data sources. |
concluded that the consequent loss of comparability, and difficulty of explaining the variations,
obviated any improvement in estimated values that might have occurred in some countries.

2.6.2 Emissions estimates

This analysis used multiple emissions information sources with different system boundaries (see
Appendices B, C, and D). The GAINS model provides estimates of PPMa2.s5.hn; TMS5-FASST
provides estimates of APMaz.s by source category, including primary combustion-derived
emissions and secondary particulate formation. Neither model includes salt or dust emissions,
though dust and sea salt were estimated by comparing combustion-derived PM2.5 from TMS5-
FASST with APMa2:s estimates developed for GBD 2010 (Brauer et al., 2012) and used in the
burden estimates (Lim et al., 2012).

Insufficient input data made it challenging to conduct this analysis for some parts of the world,
notably the eight sub-Saharan African and Latin American GBD regions. Regional assumptions
about emissions patterns were made when country-level data were not available, and emission
factors were often estimated within one country and applied to other countries when country-
specific emissions data were not available.

Many countries, including India and China, lack the detailed national emission inventories that
are available in the United States, Canada, and most European countries (Lei et al., 2011).
Household cooking data remain scarce and relatively poor in quality, owing to the difficulties of
measuring household fuel use in developing countries and emerging economies. From
household survey questions that are too general to generate accurate projections, to emission
factors that are sensitive to local meteorological or fuel conditions (such as wood moisture
content), to poor data on emerging control strategies (such as advanced biomass cookstoves), the
data used to create the results presented here have weaknesses. Furthermore, as noted above, the
lack of urban and rural disaggregation of energy use and sectoral emissions data make it difficult
to account for demographic trends that may influence exposure.

In addition to improving household energy use and emission estimates, there is a need to work
toward more comprehensive data harmonization and sharing in this specific issue area. Major
emissions inventories and models continue to use different household fuel use inputs (Fernandes
et al., 2007; Klimont et al., 2009; Pachauri, 2011), so results are not directly comparable across
models, although efforts to improve this issue are underway (Bonjour et al., 2013). This
methodology represents a first attempt to generate globally-commensurate estimates of the
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contribution of household cooking to AAP but there is a need to improve upon this analysis as
better data sources become available.

2.6.3 Uncertainty of emissions estimates and atmospheric chemistry models

Even when well-supported energy use information exists, there is a great deal of uncertainty
associated with particulate emissions estimates, partly because emission factors vary with
specific fuel type, fuel quality, and combustion conditions (UNEP, 2011). Household fuel use
emissions estimates, especially from coal combustion, are more uncertain than estimates of
emissions from other sectors, because of the range of combustion conditions and fuels used; one
of the many reasons for this uncertainty is that laboratory experiments designed to understand
household stove emissions often produce different results than those measured in the field (Jetter
et al., 2012). Uncertainties around estimates of BC and OC emissions are notoriously high: in an
analysis of the INTEX-B (Intercontinental Chemical Transport Experiment—Phase B) Asian
emissions inventory, which used a similar modeling technique to the GAINS model used here,
uncertainty around BC and OC emissions (+ 208-364%, + 258-450%) was found to be an order
of magnitude greater than for some other air pollutants (SO2, NOx) (UNEP, 2011; Zhang et al.,
2009). The uncertainty around undifferentiated PM2.5s was somewhat smaller (= 130%) (Zhang et
al., 2009).

Atmospheric chemistry transport models have their own uncertainties, related to chemistry,
dispersion and removal of aerosol. For instance, intercomparisons of global models have shown
that even when the same emission inventories were used, a large range of aerosol global
properties were seen (Huneeus et al., 2011; Textor et al., 2006). However, the specific
combination used in this analysis, of GAINS emissions and chemical transport model TMS, was
tested and compared with a global dataset of PM2.s observations, as well as an independent study
that combined MISR/MODIS (Multi-angle Imaging SpectroRadiometer/Moderate Resolution
Imaging Spectroradiometer) satellite columns with assumed vertical aerosol distributions from
the global GEOS-Chem (Goddard Earth Observing System) model (Brauer et al., 2012). Both
studies showed a rather favorable comparison to outdoor PM2.5s measurements, with relative
errors in the order of £10 % in the range of 10-200 pg/m’.

Because I examined household emissions rather than human exposures, I probably
underestimated the magnitude of associated health effects, for two reasons: First, household
emissions vary seasonally (as do overall PM2.s emission levels and the specific composition of
PM:5) and often peak in the winter in much of Asia and probably many other regions
(Chowdhury et al., 2007; Stone et al., 2010). During the heating season, a particularly
pronounced increase in mortality risk associated with exposure to secondary aerosols and
combustion species has been documented in China (Huang et al., 2012). Second, household
emissions probably have a higher average intake fraction than most sources of AAP, because
people spend long hours in very close proximity to cooking and heating stoves; the intake
fraction may, in urban areas, be on par with that of electric generators, construction equipment,
and vehicles (Apte et al., 2011; Bennett et al., 2002; Health Effects Institute, 2010), though
vehicles produce less primary PM2.s than households, in many countries, as noted below. In
general, there is a pressing need for more research on sector-specific contributions to exposure
and disease burden, rather than emissions or concentrations of air pollutants.
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2.6.5 Technology and Policy Implications

Solid fuels are expected to remain an important source of energy for household cooking for
decades to come (GEA, 2012; Pachauri, 2011). Although the demand for wood as a cooking fuel
generally decreases with economic growth (Smith et al., 1994), and emissions can be partially
controlled with the use of certain advanced cookstoves (Jetter et al., 2012), this decline may be
offset by a trend toward smaller families, which tends to raise per capita solid fuel consumption
(Knight and Rosa, 2011).

More than half of the world’s population lives in areas where household cooking significantly
affects air quality. My results indicate that it will be difficult to reduce ambient PM2.s5 to meet air
quality standards unless household emissions are addressed, along with other sources
(Balakrishnan et al., 2011). On-road cars, trucks, and other transport vehicles are more widely
recognized as sources of AAP, compared with household cooking emissions, especially in
industrialized countries (Bond et al., 2013; Bond et al., 2004; Kupiainen and Klimont, 2007;
UNEP, 2011). However, direct PM2.s emissions associated with on-road transport are often much
lower than the less well known and more dispersed problem of PM2.5.cook, Something that has
been noted in other analyses as well (Lei et al., 2011); however, vehicles do contribute higher
levels of other air pollutants, such as NOx. Similarly, although not addressed here, in many
temperate developed and developing countries, smoke from household heating with solid fuels is
another consequential but generally overlooked and under-regulated problem (McGowan et al.,
2002).

2.7. Conclusions

The combustion of solid fuels for household cooking is an important contributor to ambient fine
particulate air pollution (APM2s) in many countries, accounting for > 10% of APMa2.s pollution
in seven regions housing > 50% of the global population in 2010. Regional proportions reach as
high as 37% (sub-Saharan Africa), and the world as a whole, including many regions with no
contribution from solid cooking fuel, averages about 12% of APM:.s from household cooking
with coal, wood, and other solid fuels. Within countries, it can be expected that the proportion of
APM2 5 from household cooking is highest in rural areas where cooking with coal and biomass
are most prevalent. The importance of this source of pollution extends to the regions with the
two most populous countries (India in South Asia and China in East Asia) both with high
ambient pollution levels; together these regions account for nearly 90% of the estimated global
deaths from AAP that were attributed to household cooking with solid fuels. In terms of absolute
concentrations, in two regions that face severe air pollution problems and are home to about 3
billion people, South Asia and East Asia, the estimated contribution of household cooking to
APM2:5 pollution ranged from 7 to 9 pg/m? in 2010.

AAP remains a significant health, environmental, and economic problem around the world.
China, India, and many other countries with emerging economies, face daunting air pollution
challenges. This problem is not confined to densely populated megacities, but is a feature of
small cities and inter-urban areas as well (Brauer et al., 2012). My results indicate one important
reason: the persistence of solid fuel use for cooking. Such fuels emit substantial amounts of
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AAP, while being a risk in the household environment. Globally, more households use solid
fuels for cooking today than at any time in human history, even as the fraction of the total
population using solid fuels continues to slowly fall (Bonjour et al., 2013).

More collaboration and coordination will be needed between the household energy and general
air pollution communities, both at the research and policy levels to deal with this issue.

Currently these communities act in essential isolation, as illustrated for example by the lack of
ambient monitoring stations and reporting of pollution levels in rural areas in nearly all
developing countries (Balakrishnan et al., 2011). In reality, both the household energy and air
pollution communities have a stake in finding clean cooking fuels and clean cookstoves, which
not only protect people in and around the households of the poor, who currently rely on polluting
solid fuels, but also need to be part of national strategies to control ambient pollutions for the
protection of all.
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Chapter 3 : Ambient Air Pollution (PM2s), Premature
Deaths, and Ill-Health from Household Heating with
Solid Fuels in Europe and North America*

*Some material in this chapter was previously published by the World Health Organization in
the following report:

Chafe, Z., Brauer, M., Heroux, M., Klimont, Z., Lanki, T., Salonen, R., Smith, K.R. (2015).
Residential heating with wood and coal: health impacts and policy options in Europe and North
America. World Health Organization. Bonn, Germany.

3.1 Abstract

Background: Incomplete combustion of solid fuels for household heating is a significant source
of health-damaging fine particulate matter (PM2), particularly in temperate areas during colder
parts of the year. Recent work has shown that globally about 12% of population-weighted
ambient PM2.s (APMas) is due to household cooking with solid fuels; this proportion is much
higher in some individual countries. No prior assessments of the contribution of household
heating to APM2.5s worldwide were identified.

Objectives: In this chapter, I estimate the proportion of APMa s attributable to emissions from
household combustion of wood and coal for space heating in Europe and North America. I also
estimate the premature deaths and ill-health associated with population-wide exposure to APM2.s
attributable to household combustion of solid fuels for space heating. Effects on ambient air
pollution and human health are reported at the regional level, for Europe and North America
(Canada and United States), from 1990-2010.

Methods: T use an energy supply-driven emissions model (GAINS) to calculate the fraction of
total household PM2.s emissions attributable to heating with solid fuels, by country. I apply this
fraction to global estimates of average ambient population-weighted PM:2.s concentrations,
calculated with source-receptor model TMS5-FASST, to obtain the proportion of total APMa.s
from household heating (PM2.5-heat). Using data from the 2010 Global Burden of Disease Project
(GBD-2010), I estimate the proportion of premature deaths and ill-health associated with
population-wide exposure to APMz s that is attributable to emissions from household combustion
of solid fuels for space heating. My estimates do not include district heating systems.

Results: In 2010, the proportion of APM2 s from household solid fuel heating emissions was 21%
in Central Europe, 13% in Eastern Europe, 12% in Western Europe, and 8% in North America.
In Europe, the absolute concentration of APMz s attributable to household heating with solid
fuels was highest in Central Europe, where the contribution to absolute APM2s (3.4 pg/m?) was
twice as large as in the next highest part of Europe (1.7 pg/m® in Western Europe). I estimate
that, in 2010, population-wide exposure to APMz.s from household heating emissions caused
approximately 60,000 premature deaths in Europe, and nearly 10,000 deaths in North America,
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as well as an estimated 1.0 million disability-adjusted life years (DALY's) in Europe and 160,000
DALYs in North America.

Conclusions:. Particulate air pollution from household combustion of wood and coal constitutes
an important portion of APMas pollution in many regions, including in industrialized countries
where most of the population has access to electricity, gas, and other heating fuels. Reducing
emissions from household fuel combustion may have significant health advantages for
populations beyond those using solid fuels themselves. Efforts to improve ambient air quality
will be hindered if incomplete household combustion of solid fuels for residential space heating
is not addressed. With 3-4 million deaths per year attributable to APM2.s, a better understanding
is needed of the contribution of specific sources, including household heating, to APM2.s.

3.2. Introduction

Despite the availability of electricity and piped natural gas in many temperate regions of the
world, including most of Europe and North America, household combustion of solid fuels
(wood, coal, agricultural waste, and occasionally garbage) for residential space heating persists.
This combustion creates outdoor air pollution that causes an important public health burden, both
in terms of premature deaths and in healthy life-years lost, across many regions of the world.

Incomplete combustion of solid fuels for household heating is a significant source of health-
damaging fine particulate matter (PM2s) and climate forcing BC, particularly in temperate areas
during winter. With 3.2 million deaths per year attributable to ambient PM2s in 2010 (Lim et al.,
2012) and 3.7 million deaths in 2012 (World Health Organization, 2014a), including 482,000
deaths in Europe and 94,000 in Canada and the USA, a better understanding of the contribution
of specific sources, including household heating, is needed.

Three main reasons for concern about the continued use of solid fuels for heating are that 1) the
practice of combusting wood and coal for home space heating negatively impacts AAP and
health; 2) there is evidence that the use of solid fuels for space heating is gaining popularity and
may continue to increase in the near future; and 3) there is a possible trade-off between climate
change mitigation and local/regional air quality concerns, an issue that is becoming increasingly
important as climate change mitigation strategies are created and implemented worldwide. (See
Chapter 6.)

In recent years, research has focused on the contribution to outdoor air pollution from household
cooking with solid fuels (Chafe et al., 2014). (See Chapter 2.) This work has shown that globally
about 12% of population-weighted ambient PM2 s (particulate matter with aerodynamic diameter
< 2.5 um) pollution (APM2:5) is due to household cooking with solid fuels; the proportion is
much higher in some countries. Recent assessment of the ground transportation sector estimates
that in 2010, about 184,000 premature deaths were attributable to PM2.s emissions from vehicles
(World Bank Group and Institute for Health Metrics and Evaluation, 2014).

The ambient (outdoor) air pollution implications of household heating with solid fuels have not
been well-explored. Though there are localized estimates of the contribution of household

heating to ambient PM2s (e.g. Ward and Lange (2010)), no systematic assessment has been made
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on a regional or global basis. Previous studies either overlook household heating as a contributor
to ambient PM2 s (Leung, 2015), or note the need to estimate the AAP implications, and resulting
health effects, of solid fuel combustion for household heating (Rogalsky et al., 2014).

In this chapter, I ask how much household heating with solid fuels (mainly wood and coal)
contributes to outdoor air pollution, and explore the health implications of this pollution. I begin
by summarizing the current household heating situation in several countries, presenting census
results on the number of households using solid fuels for space heating. I then estimate 1) the
APM:s5, and 2) annual public health burden (premature deaths and lost healthy life years),
associated with population-wide exposure to AAP that originates from the household combustion
of solid fuels for space heating. Finally, I detail some policy options available to reduce the air
pollution and health effects associated with household combustion of solid fuels for heating.

Throughout the analysis, the geographic focus is on North America and Europe. Seasonal space
heating with wood is common in mountainous regions of many middle-income and low-income
countries, such as Chile and Nepal, as well as in other industrialized countries such as Australia
and New Zealand; and coal is used for space-heating in the parts of middle-income countries
lying in temperate zones, such as Mongolia and China. However, due to data limitations, I
restrict my analysis to Europe (Western Europe, Central Europe, and Eastern Europe) and North
America (Canada and United States). While some energy use and air pollution models do include
fuel use and emissions estimates for other parts of the world, data on heating fuel use (especially
at the household level) is relatively incomplete, and results may be misleading when compared to
regions with more complete fuel use information.

3.3. Background

Residential heating is an essential energy service required by billions of people worldwide (Isaac
and van Vuuren, 2009). Even with widespread availability of electricity and natural gas, the use
of solid fuels for residential heating continues to be a common practice in many places, including
within European and North American countries (Urge-Vorsatz et al., 2015). In the northern
United States, about 10% of space heating in urbanized areas is accomplished with residential
wood combustion, and up to 50% in some smaller towns (Larson and Koenig, 1994). Solid
heating fuels consist primarily of wood and coal, but can also include forestry and agricultural
residues and even garbage. Coal is more commonly used in Europe than in North America
(Urge-Vorsatz et al., 2015). Most fuels are burned in small-scale combustion devices, such as
household heating stoves or small boilers for apartment buildings or district heating. Open
fireplaces are popular in many parts of the developed world, but do not actually provide net
heating in most circumstances; so they are often characterized as being for "recreational” or
“aesthetic” use rather than for space-heating.

The majority of residential stoves and boilers used today are relatively inefficient, compared to
the best models available. Under ideal burning conditions, all carbon in wood and other fuels
(biomass, coal, etc.) would be completely converted to carbon dioxide (CO2) while releasing
energy. This is known as 100% combustion efficiency. Unfortunately, combustion efficiency of
simple household stoves burning solid fuels is generally much lower than 100% (World Health
Organization, 2014b). This results in relatively high emissions per unit fuel including many
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products of incomplete combustion such as fine particulate matter (PMzs5) and carbon monoxide
(CO), two major air pollutants. Small-scale solid fuel combustion is also an important source of
BC emissions. BC is a component of PMz s that warms the climate. When coal is used for
residential heating, it can also result in emissions of sulfur and other toxic contaminants found in
some types of coal; even with good combustion, these contaminants are not destroyed.

The less-than-ideal combustion conditions in most household fireplaces and stoves — including
low combustion temperatures, suboptimal air circulation/oxygen availability, overloading of the
firebox with wood, moist biomass fuel and heat loss — cause emissions of harmful particulate and
gaseous compounds, together often referred to as “products of incomplete combustion.” Unlike
coal, wood contains few intrinsic contaminants that are emitted as air pollution during
combustion, such as sulfur and ash. An exception is nitrogen in wood, which along with
nitrogen fixed from the air during combustion, is emitted as NOx.

The amount of heating fuel needed in a particular climate is a function of the fuel efficiency of
the stove, as well as the characteristics of the housing (insulation infiltration, etc.), an issue I do
not address further. In developed countries, nearly all space-heating devices have chimneys; in
some developing countries, much space heating is done with open stoves inside the house. In
both cases, most of the emissions end up in the atmosphere and contribute to outdoor air
pollution.

3.3.1 Outdoor air pollution implications of household heating

Residential solid fuel combustion for heating is a major source of fine particulate air pollution
(PM2.5) in Europe and North America, generating an estimated 142 kilotonnes of PMa.s per year
in Europe (11% of 1236 kilotonnes primary PMz5), 174 kilotonnes in the United States (4% of
4452 kilotonnes),! and 160 kilotonnes in Canada (9% of 1800 kilotonnes)?, according to the most
recent estimates available (Environment and Climate Change Canada, 2015; European
Commission, 2015; European Environment Agency, 2015; US Environmental Protection
Agency, 2013b, 2015a). This is equivalent to 0.28 kg per capita per year in Europe, 0.55 kg per
capita per year in the United States, and 4.5 kg per capita per year in Canada.

In areas where wood combustion for residential heating is prevalent, previous studies have found
relatively high short-term concentrations of PM2 s, PM with an aerodynamic diameter of less
than 10 micrometers (PMio) and VOCs. In some places, wood combustion is the major source of
ambient PMz s, especially during the heating season.

Source apportionment studies, which identify the emission source categories contributing to
measured particulate air pollution levels, generally indicate that wood combustion accounts for

! Converted to metric tonnes from original values of 192 and 4908 1745 (short) tons. Does not include
wildfire emissions. If “miscellaneous” emissions, which include prescribed burns and composting-related
emissions, are not included, the proportion from residential wood burning rises to 11%.

21800 kilotonne PM; 5 total includes estimates of open sources such as agriculture, waste treatment and
prescribed burning. Without including emissions from these sources, residential solid fuel combustion
accounts for 160 kilotonnes out of 300 kilotonnes, or 53%.
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20-30% of local heating-season ambient PMz s levels in areas where solid fuel is combusted for
household heating, although this estimate varies greatly by location.

In the following sections, I summarize the results of previous studies that characterized the
contribution of household solid fuel combustion emissions to ambient particulate air pollution in
North America and Europe.

3.3.1.1 North America

Source apportionment studies from the US EPA show that residential wood combustion is a
major source of ambient PM2 5 in several parts of the country, accounting for more than 5 pg/m?
annual mean PM2s in California’s San Francisco Bay Area and Central Valley, in the Pacific
Northwest, and in parts of Colorado (see Figure 3.1). It is also a significant source of ambient
particulate air pollution in the Northeast.

Residential wood combustion On-road mobile sources
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Figure 3.1. Modeled annual mean primary PM2.s levels attributable to residential wood
combustion and on-road mobile sources in 2016 (US Environmental Protection Agency, 2013b).

Analysis of state-collected data shows that wood space heating was responsible for 7% of
California’s annual average PMa.s (50 tonnes per day), including wildfires (or 14% if wildfires
are excluded) and 25% of the state’s projected winter-time average PMz.s emissions (89 tonnes
per day) (excluding wildfires) in 2015 (California Air Resources Board, 2013). (See Chapter 4
for more on California.) In Seattle, one study found that wood combustion is responsible for 60%
of PM2.5 in summer and 90% in winter months (Larson and Koenig, 1994). The same
investigators later found that 62% of PMa.s in neighborhood measurement sites was from wood
burning (Larson et al., 2004). Another study found that 31% of PM2.s measured at an outdoor
monitoring site close to residential areas in Seattle was apportioned to wood combustion and
other vegetative burning, higher than in the sites located closer to downtown (Kim and Hopke,
2008). There was awareness of the need to better understand emissions from wood heating as
early as several decades ago, as evidenced by a 1982 study that found that 20-30% of wintertime
PM:s in Denver, Colorado was attributable to residential wood burning (Dasch, 1982).
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3.3.1.2 Europe

A study in Italy found that in 2008 residential heating with wood caused 3% of PMio in Milan,
18-76% in seven other urban areas and 40-85% in three rural areas (Gianelle et al., 2013). In the
Helsinki Metropolitan Area, Finland, the contribution of wood heating to PM2.5 emissions for the
six-month cold season in 2005-2009 was 19-28% at urban and 31-66% at suburban monitoring
sites (Saarnio et al., 2012). In Austria during the winter months of 2004 wood smoke caused
about 10% of PMio near Vienna and around 20% at rural sites in two densely forested regions
(Salzburg and Styria) (Caseiro et al., 2009).

3.3.2 Trends in household combustion of solid fuels for space heating

In many countries, there is currently a general upward trend in the number of households using
biomass as a fuel for space heating. In the US, the number of households (especially low- and
middle-income households) heating with wood grew 34% between 2000 and 2010 — faster than
any other heating fuel — and in two states the number of households heating with wood more
than doubled during this period (Alliance for Green Heat, 2011; Fuller et al., 2013).

Reasons for increases in the number of households using solid fuels for space heating include:

e Household economics: Both the increasing costs of other energy sources, such as heating oil,
and general economic hardship have the potential to increase dependence on solid fuels for
household space heating. In response to economic hardship, some families revert to heating
with solid fuels (such as discarded furniture, wood scrap and coal); this has happened
recently in Greece and other European countries, such as Portugal, and has been documented
in a small number of academic studies. For example, Saffari et al. (2013) found evidence of
increased biomass burning and decreased heating oil use during the heating season in Greece
during the economic downturn of 2013, and Gaidajis (2014) found evidence of increased
particulate matter pollution from biomass heating in two Greek cities in 2013-2014.

e Government subsidies: Incentives and subsidies that encourage more use of biomass fuels or
solid fuel stoves may increase emissions from this sector, as will the lack of subsidies to
encourage exchange of existing inefficient stoves and boilers.

e Biomass as a “green” option: public perception that biomass is a “green” energy option,
especially for household space heating, may increase household combustion, as will some
climate change policies that consider biomass to be a renewable fuel. Note, however, that
PM, s emissions from household combustion of solid fuels include BC, which is a potent
climate-warming substance. The net warming impact of BC-emitting sources depends on the
concurrent emissions of cooling aerosols, such as OC (Bond et al., 2013). (See Chapter 6.)

The points above detail some causes of increases in the number of households combusting solid
fuels for heating. In addition, the proportion of ambient PM2.5 from household solid fuel
combustion is rising in many areas, especially where emissions from other sources (such as
ground transportation, industry and power plants) are already controlled or legislation is in place
to reduce them; or where residential biomass combustion is expected to gain prominence as a
source of PMzs, especially if no efforts are made to encourage (or incentivize) use of modern
and efficient residential wood heating devices.
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It should be noted, however, that the US EPA found that the absolute mass emissions of primary
PM: s attributable to residential wood combustion in the United States were expected to decrease
from 201 kilotonnes in 2005 to 174 kilotonnes PMz.5 in 2016 (US Environmental Protection
Agency, 2011). Neither the assumptions made in the modeling exercise, related to the residential
wood burning sector, nor the reasons for the downturn in emissions, were explained.

3.4. Methods

The analysis presented here uses much of the methodology outlined in Chapter 2, with the
modification that emphasis is on household energy use and emissions associated with household
combustion of solid fuels for space heating, rather than for cooking. General principles of the
methodology are presented below, but for further detail, readers are encouraged to reference
Chapter 2.

3.4.1 Data sources

To determine the effects of residential combustion of solid fuels for space heating on outdoor air
pollution and public health, I used the following data sources: energy use and emissions
estimates from the Greenhouse Gas and Air Pollution Interactions and Synergies (GAINS) model
hosted by IIASA, secondary PM formation calculated with TM5-FASST software at the EC Joint
Research Centre, and health impact data from the 2010 Global Burden of Disease (GBD-2010)
Study (Amann et al., 2011; Centre, 2014; IIASA, 2014; Lim et al., 2012). Please see Chapter 2
for detailed information on the data used to determine PM2.s from household solid fuel use.

3.4.2 Definitions and system boundaries

I use the term “household heating with solid fuels” to refer to households that combust solid
fuels, usually biomass or coal, in wood stoves, pellet stoves, or fireplaces (though fireplaces are
actually not effective space heating technologies, since they often result in a net loss of heat from
the building in which they are located). Importantly, I exclude district heating, in which solid
fuels are combusted at a centralized location to provide heat (usually via production and
transport of steam) to multiple households, usually apartment blocks or neighborhoods. District
heating facilities often maintain combustion conditions that lead to less air pollution than
household space-heating combustion technologies, such as wood stoves (Bowyer, 2012).

3.4.3 Calculating the proportion of ambient PM2s attributable to residential solid fuel
combustion for space heating

I estimate the proportion of ambient PM2 s attributable to residential wood and coal heating
emissions in 1990-2010 by country. With these results, I then estimate ambient concentrations of
PM: 5 attributable to household heating with solid fuels (PM2.5.heat). I use an energy supply-driven
emissions model (GAINS) to calculate the fraction of household PM:2 s emissions from heating
with solid fuels, by country. I apply this fraction to global estimates of average ambient
population-weighted PM2.s (APMas) concentrations, calculated with source-receptor model
TMS5-FASST, to obtain the proportion of total APMz.5s from PM2.5-heat.
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For additional information on this methodology, please see equations 1 and 2 in Chapter 2. This
chapter follows the same methodology that was used for calculating the proportion of ambient
PM: s from cooking, but examines emissions from heating instead of cooking.

3.4.4 Population-weighting

The regional estimates of the proportion of APM: s attributable to household space heating with
solid fuels are population-weighted using Equation 1.

countries X
b inregion [PPMZ.S from heating; PM2.5-hh; ]
i=1

L [ .
PPM25-hh; Total APMa2.5; *  opulation;

countries = PM2.5 — heatr&‘gion [1]

3! inregion
i=1

Population;

In addition, the PM2.s concentrations used to calculate PM2 s.heat are population-weighted, using a
methodology described in Chapter 2 and in Brauer et al. (2012). As compared to simple average
PM2 s indicators, using population-weighted APMa s has the effect of better representing the
effects of exposure to AAP among high density populations, when pollution sources exist close
to those populations, and making estimates more conservative when the reverse is true (majority
of population lives in areas with lower than average concentrations of PMzs).

3.4.5 Calculation of health effects of population-wide exposure to AAP attributable to household
combustion of solid fuels for space heating

To estimate the burden of disease associated with population-wide exposure to APMa.s
attributable to household combustion of solid fuels for space heating, I combined my estimates
of the proportion of PM2 5-heat with burden of disease data from GBD-2010. Working at the
regional level, with regions defined by GBD-2010, I apply PM2.s5-heat (as a proportion) to regional
estimates of premature deaths and ill-health (expressed in DALYs) caused by AAP.

Health impacts are therefore determined by scaling the total impacts from outdoor air pollution,
based on the proportion of total air pollution attributable to residential solid fuel combustion for
heating. This procedure is in line with the approach taken by the Global Energy Assessment
(Riahi et al., 2012) and a World Bank report on the burden of disease from road transportation
(World Bank Group and Institute for Health Metrics and Evaluation, 2014).

3.5. Results

3.5.1 PMz25s emissions from household heating

My analysis of the energy use data reported in the GAINS model reveals that the residential
sector as a whole, which includes household combustion of fuels for cooking and space heating,
causes about 40% of global anthropogenic primary PMa.s emissions. The fraction of household
emissions that are associated with household space heating are a subsection of the total
household emissions: I calculate that less than 10% of total APM2.s comes from residential
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heating stoves and small boilers, which warm water to distribute heat; about half of that comes
from biomass heating, while most of the rest comes from household coal burning for heating.
These figures do not include the PM2 s attributable to district heating facilities. Total APMzs
includes anthropogenic emissions, secondary PMz s formed when PMa s precursors undergo
chemical transformation to produce additional PMa s, and natural sources of PM2s such as dust
and sea salt. In several specific regions of the world, however, residential combustion of solid
fuels (biomass and coal) for heating makes a substantial contribution to APM2 s, as detailed in
Section 4.2, and results in a substantial burden of disease, as detailed in Section 4.3.

3.5.2 Air pollution

3.5.2.1 Europe

Globally, Europe has the highest proportion of outdoor PM2 5 emissions attributable to household
heating with solid fuels at 12% of total PM2.s5 in Western Europe, 21% in Central Europe and
13% in Eastern Europe in 2010. (See Table 3.1.) This corresponds to average population-
weighted PM2 s concentrations of 1.7, 3.4 and 1.4 pg/m?, respectively.

The proportion of APMazs attributable to household heating with solid fuels increased in all three
regions of Europe, between 1990 and 2010, notably more than doubling from 5.4% to 12% in
Western Europe during that time period. (See Table 3.1.) However, Western Europe was the only
one of the three regions that saw an absolute increase in PM2.s-hcat concentrations (1.3 pg/m? in
1990 and 1.7 pg/m?® in 2010). In both Central Europe and Eastern Europe, PM2.5-heat
concentrations fell, by 0.1 ug/m? in Central Europe and (to 3.4 ug/m® in 2010) and by 0.6 ug/m?
in Eastern Europe (to 1.4 ug/m?® in 2010). These changes in the particulate air pollution from
household space heating occurred at the same time as a general decrease in total APMa.s
throughout Europe between 1990 and 2010. Annual average population-weighted APMz.s was
cut nearly in half across the continent, from 31 pug/m? in 1990 to 16 pg/m? in 2010 in Central
Europe, from 19 pg/m? in 1990 to 10 ug/m? in 2010 in Eastern Europe, and from 25 pg/m? to 15
ug/m® in Western Europe.

3.5.2.2 North America

In North America, defined here as Canada and the United States, in 2010, 8% of the region’s
APM2: 5 could be attributed to household heating with solid fuels for space heating. Regionally,
this corresponds to a 1.1 pg/m?® increment of annual average population-weighted APMa.s. This
2010 result represents an increase over the corresponding figure for 1990 in terms of both
proportion of APMz s from heating (increase from 4.6% in 1990 to 8.3% in 2010) and in absolute
concentration attributable to heating (0.9 pg/m?® in 1990 and 1.1 pug/m? in 2010) and may reflect
the growing popularity of residential space heating with biomass (see Section 5). Over the same
time period, overall annual population-weighted APMz.s decreased in North America from 18
pg/m® in 1990 to 13 pug/m?>. Nearly all of the solid fuel use for heating in North America is
biomass-based, rather than coal.
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Table 3.1. Population-weighted contribution of space heating with solid fuels to ambient
particulate matter pollution (PM2.5-heat) by region.

PM2.5-heat (%) PM2 5-heat (ug/m3) APM2.5
GBD 2010 Region 1990 2005 2010 1990 2005 2010 1990 2005 2010
Central Europe 110 290 210 35 56 34 31 19 16
Eastern Europe 96 200 130 20 2.2 14 19 10 10
Westem Europe 04 130 120 13 22 1.7 25 17 15
High-income North America 46 94 8.3 09 1.3 11 18 13 13

Table notes: Regional groupings, defined by IHME for the Global Burden of Disease 2010
project (Institute for Health Metrics and Evaluation, 2010b), are described in Appendix B. PMa.s.
heat 1S the percent of population-weighted annual average ambient PMz s attributable to household
space heating and concentration of total population-weighted annual average ambient PM2.s
(ug/m?) attributable to household space heating.

3.5.3 Health implications

3.5.3.1 Europe

In 2010, an estimated 61,000 premature deaths in Europe were attributable to outdoor PMz.s
pollution originating from residential heating with solid fuels, about the same number as in 1990.
The number of attributable premature deaths rose in both Central and Western Europe between
1990 and 2010, by about 1,000 and 2,000 deaths respectively, or 7% in Central Europe and 14%
in Western Europe. Over the same time period, premature deaths fell by about 3,000, or 14%, in
Eastern Europe.

Outdoor air pollution from household heating with solid fuels also is estimated to be responsible
for 1 million DALY across Europe in 2010, a decrease of 7% from 1.1 million DALY's in 1990.
As with premature deaths, there was a slight increase in attributable DALY's in Western Europe
over this time period (3%), a slight decrease in Central Europe (9%), and a more sizeable
decrease in Eastern Europe (17%).

Table 3.2. Estimated burden of disease from exposure to ambient PM2.s attributable to household
cooking with solid fuels.

Deaths DALYs
GBD 2010 Region 1990 2005 2010 1990 2005 2010
Eastern Europe 24000 38,000 21,000 480,000 800,000 410,000
Central Europe 18,000 32000 20,000 370,000 590,000 340,000
Westemn Europe 17,000 25,000 20,000 280,000 380,000 290,000
High-income North America 7,500 10,000 9,200 140,000 190,000 160,000

#Regional groupings, defined by IHME for the GBD 2010 project (Institute for Health Metrics
and Evaluation, 2010b), are described in Appendix B.
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3.5.3.2 North America

In North America, I estimate that exposure to outdoor PMz s pollution from residential heating
with solid fuels resulted in 9,200 deaths in 2010, an increase of 18% from 7,500 in 1990. This
pollution also caused 160,000 DALY's in 2010, up slightly (13%) from 140,000 in 1990.

3.5.3.3 Other regions

Due to data limitations, I cannot make comparable estimates of the burden of disease associated
with exposure to PM2 s-heat in other regions. However, preliminary work to estimate the emissions
associated with household solid fuel use for heating indicate that exposure to PM2.5-heat Was
associated with at least 19,000 premature deaths and 390,000 DALY in East Asia in 2010, and
at least 10,000 premature deaths and 310,000 DALY s in South Asia in 2010. I believe that these
calculations underestimate the emissions associated with household solid fuel use for space
heating, as well as the associated burden of disease, based on more recent publications that
carefully estimate household fuel use in China (Duan et al., 2014; Muye et al., 2015) and India
(Ahmad et al., 2015; Ahmad and Puppim de Oliveira, 2015).

3.6. Discussion

3.6.1 Geographic data considerations

This analysis focuses on household heating emissions in Europe and North America, mainly
because of data constraints. GAINS, one of the primary emission models used in this analysis,
was originally designed to inform the development of air pollution and climate change policy in
Europe (Amann et al., 2011). The energy use and emissions data information is most detailed in
Europe for this reason. Some data is available for North America (US and Canada) but it is
arguably not as detailed as for Europe. Efforts are underway to better understand household
heating emissions in East Asia, South Asia, and Latin America, which are all regions with
significant space heating needs. Data for much of Africa and the Middle East remains limited,
but due to climate, there is less demand for space heating in those regions.

Health benefits of reducing exposure to AAP will also vary significantly by country due to
background health and pollution conditions. Here I present results at the regional level because
country level health impact data are not yet available for this risk factor. In future analyses, it
may be possible to report country-specific and diseases-specific burdens associated with
exposure to AAP. Although health impacts are presented by region here, the health benefits of
reducing exposure to outdoor air pollution vary significantly by country as a result of
background health and pollution conditions.

3.6.2 Rural versus urban data considerations
Because the modeled emission data used in this analysis are reported at the country level, there
was a concern that this level of geographic analysis introduced a bias by ignoring differences in

fuel use patterns between rural and urban areas (given that populations are not equally distributed
between urban and rural areas). A sensitivity analysis for a related paper (see Chapter 2)
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concluded that sufficiently consistent data does not yet exist to fully analyze potential spatial
bias. This is an area that needs further exploration, especially from the emissions inventory side.

3.6.3 Intake fraction

Indoor residential wood combustion sources are closer to the exposed population than most other
outdoor combustion sources, except perhaps motor vehicles (Apte et al., 2011); as a result, the
intake fraction (fraction of emitted particles that come into contact with exposed population) is
higher. The composition of particles emitted by residential wood combustion sources and taken
in by the exposed population is different than that emitted by other sources, because of the
shorter mixing time for atmospheric reactions (between emission and human contact). Exactly
how these factors modify exposure and subsequent health effects is unclear.

3.6.4 Secondary particulate matter formation assumptions

This analysis relies on the combination of two models (GAINS and TM5-FASST) to estimate the
total PM2.s (primary and secondary particles) attributable to household space heating with solid
fuels. The GAINS model estimates only primary emissions, but splits household emissions into
cooking and heating emissions. The TM5-FASST model estimates total (primary and secondary)
PM: 5 from all household sources. When combining these two model outputs, we make the
assumption that each mass unit of primary particulate matter from household solid fuel
combustion (e.g. household cooking and heating emissions) contributes to formation of the
secondary PMz s in the same way and with the same resulting mass of PMzs. This assumption
seems justified because households often use similar fuels (biomass, coal, etc.) for both heating
and cooking tasks, and the combustion conditions are often (though not always) similar.

3.6.5 Non-linear relative risk considerations

Recent analysis of particle emission exposure across widely varying PMa2.s concentrations (from
AAP, household air pollution, and secondhand smoke) resulted in development of an integrated
exposure-response (IER) function that is non-linear (Burnett et al., 2014). This non-linear
function implies that the health implications (reduction of ill-health) associated with a given
reduction of PM2.s exposure will vary depending on the given PM2 s concentrations. The IER
indicates that more drastic health changes are associated with a given change in concentrations at
lower levels of pollution than at high levels of pollution (see Figure 3.2).
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Figure 3.2. Examples of modeled integrated exposure-response functions for various health
outcomes associated with exposure to PM2.s (ischemic heart disease, stroke, chronic obstructive
pulmonary disease, lung cancer) (Burnett et al. 2014)

In this analysis, I begin with the total health burden attributable to exposure to ambient PM2 s, as
calculated for GBD-2010. This health burden was calculated using IERs, which use a non-linear
curve to describe effects of ambient PM2.s on human health across a wide range of observed
average ambient PMa:s levels. I then directly apply the proportion of emissions due to household
heating to the total health burden from outdoor particle pollution, as calculated in the GBD-2010,
by region. The result is a scaled approximation of the relationship between PM2.s concentration
reductions and associated health effects. This health analysis procedure is in line with the
approach taken by the Global Energy Assessment (Riahi et al., 2012).

This linear approximation for reductions was also used in the preparation of a publication
prepared for the World Bank (World Bank Group and Institute for Health Metrics and
Evaluation, 2014). The authors of that report compared three plausible approaches to estimating
the health effects of a specific PM2 s source category (transportation) and found that the
proportional approach produce higher health effects estimates (attributable mortality and
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DALYs) than reducing emissions from the top of an IER curve, but lower estimates than an
averaged IER approach (which assumes that we do not know exactly where on the curve the
health effects will fall, within a given region, and therefore uses an average on the IER curve).

In reality, AAP concentrations vary greatly by region and reducing exposure to AAP at higher
and lower concentrations will likely produce differing health benefits due to the non-linear
character of the exposure-response relationship for many diseases (Burnett et al., 2014). Future
studies may better characterize the nuances in health effects along various parts of the AAP
concentration spectrum.

In cases where supralinear exposure-response relationships are observed, such as deaths from
exposure to PMz s at relatively low concentrations, the health effects of emission reductions in
one sector will be dependent on emissions levels from other sectors as well (Marshall et al.,
2015). Researchers suggest that, going forward, analyses may need to distinguish between
studies that attempt to attribute health outcomes to emissions changes in a specific sector, and
studies that estimate health outcomes associated with a policy change (because emissions effects
of a given policy change will in turn change the relative impact of future policy changes)
(Unosson et al., 2013).

This nascent discussion of non-linearity in PM2 s exposure-response curves implies that efforts to
reduce emissions associated with household solid fuel combustion, in areas that have relatively
clean ambient air, such as much of Europe and North America, may have even larger health
benefits than originally expected, something that is explored by Marshall et al. in a recent
publication (2015).

3.6.6 Health effects of differentiated PM

An important consideration is to what extent results from epidemiological studies on urban PM
can be generalized to PM from residential wood combustion. In the WHO air quality guidelines
(World Health Organization, 2006) it was concluded that there was little evidence that the
toxicity of particles from biomass combustion would differ from the toxicity of more widely
studied urban PM. This same approach was followed in this analysis and in the recent GBD
Study (Lim et al., 2012), in which all combustion particles, regardless of source, were considered
to be hazardous depending on the exposure level. This was based on the integrated exposure-
response curves developed for the GBD Study, which linked exposures to combustion particles
across four sources — AAP, secondhand tobacco smoke, household air pollution and active
smoking — to the following health outcomes: ischemic heart disease, stroke, chronic obstructive
pulmonary disease, lung cancer and child pneumonia (Burnett et al., 2014).

3.7. Conclusions
Household combustion of solid fuels, mainly wood and coal, is a significant source of outdoor
air pollution in most regions where household heating is needed. This analysis shows that

household space heating with biomass-based solid fuels (wood, charcoal, crop residues etc.) is
creating outdoor air pollution that results in an important public health burden, both in terms of
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premature deaths and in terms of healthy life years lost, across many regions of the world.
Reducing the use of biomass for space heating or reducing the emissions though better
combustion, or pollution capture, would lessen this burden.

Technology and policy options are available to mitigate the pollution from household heating
and prevent deaths that result from exposure to this pollution. Reducing the use of biomass for
space heating or reducing emissions through better combustion or pollution capture would lessen
the health burden. Given non-linearity of dose-response curves, there is reason to believe that
health effects of reducing emissions from household heating with wood and coal are greater than
what is presented here.

The results presented here indicate that it will be difficult to tackle outdoor air pollution
problems in many parts of the world without addressing the combustion of biomass for heating at
the household level along with other sources of air pollution (Ward and Lange, 2010). To protect
health, policy-makers in regions that have relatively high levels of outdoor air pollution from
household heating-related combustion need to provide incentives to switch from solid fuel
combustion for heating to gas- or electricity-based heating.

Given that residential wood combustion for heating will continue in many parts of the world
because of economic considerations and availability of other fuels, an urgent need exists to
develop and promote the use of the lowest emission or best available combustion technologies.
There is also a need for renewable energy or climate change-related policies that support
combustion of wood for residential heating to consider the local and global AAP impacts and
immediately promote only the use of lowest emission or best available combustion technologies.

Policy-makers in regions where the proportion of PM2s emissions attributable to household
space heating with biomass-based fuels is high might wish to consider incentives to assist with a
transition to more efficient technologies that encourage more complete combustion, and thus
reduce PM2s and other health-relevant emissions. It may be preferable in many cases to focus on
making biomass-based home heating more efficient and less polluting rather than transitioning
away from biomass to fossil fuels, given the climate change implications of using fossil fuel for
heating. A better understanding of the role of wood biomass heating as a major source of
globally harmful outdoor air pollutants (especially fine particles) is needed among national,
regional and local administrations, politicians and the public at large.
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Chapter 4 : Residential Wood-Burning in the San
Francisco Bay Area: Health and Economic Effects of
Fuel- and Device-Switching Scenarios

4.1 Abstract

Background: Residential wood combustion is a leading wintertime source of fine particulate
(PM2.5) air pollution in the San Francisco Bay Area. The Bay Area Air Quality Management
District (BAAQMD) has recently updated regulations designed to minimize PM2.5 emissions
from residential combustion for space heating and aesthetic purposes.

Objectives: I create a model to estimate the ambient air pollution, human health, and economic
effects of five hypothetical interventions designed to reduce residential wood combustion
emissions of PMz s in the San Francisco Bay Area.

Methods: I model mass emissions of PMz.s from San Francisco Bay Area residential wood
combustion using data on wood heating devices and use in the San Francisco Bay Area from
surveys done for BAAQMD’s Winter Spare the Air Day program, and emission rates and factors
published in the literature and by the US EPA. I estimate mass emissions of PMz.s by county,
device type, and fuel type for 2012. I assess the air pollution, health, and economic benefits of
five hypothetical device and fuel modification scenarios, using a methodology published by the
US EPA. I compare results with BAAQMD’s criteria air pollutant emission inventory and
CARB’s emission inventory.

Results: Frequent fireplace users (those that use their fireplace at least once per week) were
responsible for 84% of total PM2.s mass emissions from the residential wood combustion sector
in BAAQMD in 2012, despite representing only 36% (230,000) of the estimated 620,000 wood
burning devices in use in BAAQMD. Approximately 13% of emissions came from wood stove
use and 1% from pellet stove use. The mass emissions calculated in this work were lower (3600
tons PMz5) than those reported in a BAAQMD emission inventory (4200 tons PM2s5) and CARB
emission inventory (5300 tons PMa2.s). Retrofitting frequently used fireplaces (300,000 units) to
gas inserts would reduce sector emissions by 90%, annually avoiding 140-310 (120, 370)
avoided premature deaths, 19,000 (16,000, 23,000) lost days of work, and creating upwards of $1
billion ($870 million, $3.2 billion) in financial benefits.

Conclusions. Modeled results based on survey data indicate that fireplaces are responsible for
the vast majority of residential wood combustion emissions of PM25 in the San Francisco Bay
Area. There are opportunities to avoid premature deaths, serious morbidity outcomes, and
financial losses by encouraging replacement of fireplaces with gas inserts, removing existing
fireplaces, and upgrading existing wood stoves.

Note: Due to the geographic focus on Californiain this chapter, mass quantities are expressed in
short tons (tons) rather than metric tons (tonnes).
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4.2. Introduction

4.2.1 Background

Residential wood combustion is currently the largest source of wintertime fine particulate air
pollution in the San Francisco Bay Area’s airshed. This is despite the region’s relatively
temperate climate—with approximately 3000 heating degree days per year, far less than in the
higher altitude Northern Sierra Air Quality Management District, which has 6000-8000 heating
degree days per year for example (Western Regional Climate Center, 2015)—and widespread
access to other forms of energy for home space heating, such as electricity and piped natural gas.
This is also despite current limitations on wood burning on days when the air is considered
unhealthy for residents. (Updates to the relevant regulations were finalized in 2015, as detailed
below.)

The main motivation for the wood burning regulations is to reduce fine particulate pollution
(PMa2.5) levels and thereby to protect public health (Bay Area Air Quality Management District
2012). Changes in National Ambient Air Quality Standards (NAAQS) for PM:zs levels in 2012
led the BAAQMD to expend more resources on understanding and abating PM2.s sources
pertinent to the Bay Area (Environmental Protection Agency, 2013). The Bay Area is currently
out of attainment for the 24-hour standard (which is measured with a three year average of the
98 percentile value) but not the annual standard (which is measured with an annual arithmetic
mean averaged over three years). The non-attainment days fall in the winter months, when
meteorology favors buildup of PM2.s and emissions in certain PM2.s source categories, including
residential wood combustion, are higher (Fairley, 2012).

BAAQMD has taken measures to regulate emissions from residential wood burning in the Bay
Area since 2008. (See Section 1.4.) Before the measures become mandatory, there was a
voluntary emissions reduction program in place for two decades (Bay Area Air Quality
Management District 2012). No matter the time of year, residents are instructed to “burn only
clean, dry (seasoned) wood in short, hot fires with plenty of air to prevent excessive smoke. No
visible smoke is allowed beyond the 20-minute start-up period” (Bay Area Air Quality
Management District 2012).

CARB and the US EPA do not directly regulate residential wood burning. The board has
depended on regional air districts, such as BAAQMD, to set policy regarding residential heating
with wood (personal communication, CARB and EPA employees). CARB views residential
wood burning as primarily a local air quality issue, and does not assign an employee to work
specifically on residential wood burning regulation, although the board does fund research
related to the health effects of wood smoke exposure (Balmes, 2016).

There is, however, evidence that CARB strongly discourages any form of residential wood
combustion. In 2005, CARB and the California Environmental Protection Agency issued a
handbook on residential wood burning, which states, “To be a good neighbor, eliminate wood
burning” (California Environmental Protection Agency, 2009). The handbook outlines the
reasons that most household wood burning appliances do not create heat efficiently and suggests
alternative heat sources, such as electric heaters and pellet stoves. It also summarizes known
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health effects from exposure to wood smoke, and lists best practices for readers who will
continue to burn wood, such as tips for identifying and buying properly seasoned wood. Readers
are encouraged to contact their local air district for more information about burning regulations.

The purpose of this analysis is to create a model to better understand the main drivers of PMa.s
emissions within the BAAQMD jurisdiction, to identify priority areas for possible intervention,
to estimate health effects associated with the emissions, and to estimate economic benefits
associated with mitigation or reduction of the emissions. Though PM:s has been identified as a
persistent air pollution problem in BAAQMD, and residential wood combustion is understood to
be a main source of the pollution during the time of year when it is the biggest problem (winter
months), relatively little is understood about the magnitude of health and economic effects of this
emission source on the San Francisco Bay Area.

4.2.2 Residential wood combustion in the San Francisco Bay Area

In this section, I describe the general patterns of residential wood combustion for heating in
California’s San Francisco Bay Area, as well as the existing and proposed regulations that
pertain to household wood combustion.

The Bay Area airshed is governed by the Bay Area Air Quality Management District
(BAAQMD). Geographically, it extends from Napa Valley to Gilroy, and includes all or part of
the following counties: Napa, Marin, San Francisco, Contra Costa, Alameda, San Mateo, Santa
Clara, Sonoma, and Solano. This area is home to almost seven million residents (2.6 million
occupied housing units) and an estimated 1.1 million (Fairley 2014) - 1.4 million (Lee 2015)
fireplaces, pellet stoves, and wood stoves. (See Table 4.1.)

An estimated 43% of occupied housing units in the Bay Area (1.13 million homes) have a wood
burning device, according to survey results from BAAQMD (Fairley, 2014). (See Table 4.1.)
The majority of units with a wood burning device have fireplaces (38%), as opposed to pellet
stoves (5.8%) or wood stoves (17.9%). By county, Alameda has the most pellet stoves (25,000)
and the most wood stoves (36,000), though Sonoma County has the highest percent of occupied
housing units with a pellet stove (5.8%) and Napa County has the highest percent with a wood
stove (12.5%). Santa Clara County has the most wood burning fireplaces of any county in the
district (260,000). San Francisco has dramatically less occupied units with a wood burning
device (28%) than the other counties in the Air Quality Management District (43%-52%). A
survey company hired by BAAQMD to assess wood burning behavior in 2013-2014 found that
“among all households with at least one wood burning device, 25% expect to burn wood at least
once per week this winter.” (True North 2014)
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Table 4.1. Households with wood burning devices in the Bay Area Air Quality Management
District. From Fairley (2014).

Number of occupied housing units*

Per centage of occupied housing units

wood any wood wood any wood

Totals | burning | pellet wood burning burning | pellet | wood burning
County (2013) | fireplace | stove stove device fireplace | stove | stove device
Alameda 545,000 | 190,000 | 25,000 | 36,000 230,000 36% | 4.6% | 6.5% 43%
Contra
Costa 376,000 | 160,000 | 17,000 | 27,000 180,000 2% | 44% | 7.2% 48%
Marin 103,000 50,000 | 2,000 9,000 50,000 47% | 2.3% | 9.0% 52%
Napa 49,000 20,000 [ 2,000 6,000 20,000 36% | 3.4% | 12.5% 45%
San
Francisco 345,000 80,000 | 11,000 | 11,000 100,000 25% | 33% | 3.3% 28%
San
Mateo 258,000 | 100,000 | 8,000 [ 12,000 110,000 39% | 3.0% | 4.6% 44%
Santa
Clara 609,000 | 260,000 [ 7,000 | 33,000 280,000 43% | 1.2% | 5.4% 47%
Solano 141,000 60,000 | 7,000 6,000 70,000 40% | 49% | 4.3% 47%
Sonoma 186,000 60,000 | 11,000 | 33,000 90,000 34% | 5.8% | 17.9% 47%
Bay
Area 2,613,000 [ 990,000 | 90,000 | 170,000 1,130,000 38% | 3.4% | 6.6% 43%

An older survey of Bay Area households, conducted in 2001 (final report published in 2002),
found that 70% of respondents had a wood burning device in their home (61% fireplaces, 10%
wood stoves, 3.8% fireplace inserts), which is more than double the proportion reported in the
survey results in Table 4.1. However, the predominant primary heat source reported was natural
gas (83%), with <5% reporting reliance on wood burning devices for space heating. (Broderick
and Houck 2003).
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Figure 4.1. Wood-burning fireplace use in San Francisco Bay Area. Survey data collected in
2001 (Broderick and Houck, 2003).

4.2.2.1 Space heating vs. “ aesthetic” wood combustion in the San Francisco Bay Area
In previous literature, residential wood burning in the Bay Area has been characterized as

“primarily episodic burning for aesthetic reasons,” (Gullett et al. 2003), meaning that most
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burning has been recreational rather than for space heating. Phone survey results from the early
2000s found that, among Bay Area fireplace users, 69% of fireplace usage was less than once per
week in frequency, and that the average time of use per fireplace was only about 43.4 hours per
year (Gullett et al., 2003).

Another survey, conducted in 2001, found similar results: 61% of those with wood burning
fireplaces used fireplaces for “aesthetic” purposes, as opposed to those who used it as a heat
source. (See Figure 4.1.) Of the 20% of respondents who used their fireplace for heat, 1% relied
on it for their primary heat source, and 19% listed it as a supplementary heat source. About 19%
of respondents with fireplaces did not use their fireplace at all (Broderick and Houck, 2003).

4.2.2.2 Trends in space heating with wood in Bay Area
Between 2000 and 2010, emissions from all types of wood combustion fell 14% (on an annual
basis). In the winter months, residential wood combustion is the dominant source of emissions

within this category; during the winter months in this time period, wood burning emissions fell
about 40% (Fairley, 2012).

4.2.3. Air pollution attributable to residential wood combustion in the San Francisco Bay Area

Despite relatively low levels of reliance on fireplaces for space heating, BAAQMD has
determined, using a chemical mass balance methodology, that wood burning is the greatest
contributor (out of 15 source categories) to both annual and peak PMz s air pollution in the Bay
Area (Fairley, 2012). The wood burning source category includes residential wood combustion
(in fireplaces, pellet stoves, and wood stoves), as well as wildfires, controlled burns, and
secondary PMz s that forms from precursor gases emitted by trees. In winter months, emissions in
the wood burning category are almost exclusively from residential wood combustion for space
heating; in summer months, wildfires and controlled burns are more significant sources in this
category.

4.2.4 Residential wood smoke policies

4.2.4.1 BAAQMD rules

BAAQMD regulates residential wood smoke under Regulation 6, which regulates particulate
matter and visible emissions, and specifically Rule 3, which applies to wood burning devices
(Bay Area Air Quality Management District, 2015b). This rule was originally adopted by the
district in 2008, and was substantially amended, after a public review process that included nine
public workshops across the air district, in 2015.

Foundational aspects of the rule include (Bay Area Air Quality Management District, 2015b):

e Winter burn bans: the ability for the air district to call a mandatory burn ban (also known
as a “Spare the Air” alert) during four winter months (November — February), when air
quality is forecast to be unhealthy due to ambient PM, s above 35 pg/m>. During a burn
ban, combusting or otherwise burning wood and other solid fuels is generally prohibited.
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e Restrictions on types of fuels that can be burned: a prohibition on burning garbage,
contaminated wood, non-seasoned wood, plastics, coal, and other materials besides wood
in a wood burning device.

e Labeling of wood for sale as either seasoned or unseasoned, with instructions for
seasoning if needed.

The updated rule includes the following changes, most of which take effect in mid-2016 (Bay
Area Air Quality Management District, 2015a, b):

e New construction: Wood-burning devices may no longer be installed in new building
construction. Cleaner and more efficient heating options, such as gas-fueled or electric
heaters, must be installed instead.

e Rental properties: all real estate and rental properties must disclose the health hazards of
PMa2.s from burning wood or any solid fuel as a source of heat. If in an area with natural
gas service, they must have a source of heat that does not require solid fuels.

e Remodels: all fireplace or chimney remodels costing >$15,000 and requiring a local
building permit must replace an uncertified wood burning device or fireplace with an
EPA certified wood burning device or a gas-fueled or electric heater.

e Sale of wood heaters: all wood heaters sold or manufactured in the Bay Area must
comply with newly adopted EPA emission standards and compliance dates.

e Exemptions: Households with no permanently installed natural gas, propane or electric
heating options may qualify for the “sole source of heat” exemption if the only source of
heat is an EPA-certified wood burning device and is registered with the Air District.

e Smoke limits: After a 20-minute start-up allowance for new fires, visible emissions
of greater than 20% opacity that last longer than 3 minutes in any hour are not allowed.

e Health warnings: when selling a new or used wood stove, seller must provide information
on the health effects of burning wood.

BAAQMD estimated in 2012 that existing residential wood combustion regulations (the older
version of Regulation 6 Rule 3 that was approved in 2008) resulted in reductions of 0.7 tons/day
primary PM2 s from annual wood burning device changes and 6.0 tons/day primary PMzs from
changes in wood burning emissions during peak season (Bay Area Air Quality Management
District, 2012b).

4.2.4.2 Local ordinances

As of 2012, 49 Bay Area cities and counties had adopted wood smoke or wood burning
appliance ordinances, following the model ordinance developed by BAAQMD in the mid-1990s
(Bay Area Air Quality Management District, 2012b). Cities and counties that currently have
ordinances for regulation of residential wood smoke include Berkeley (2008), Contra Costa
County (2000), Fremont (2002), Marin County (2003), Oakland (2005), Richmond (2006), City
and County of San Francisco (2002), and Santa Rosa (2002). The ordinances include some or all
of seven provision suggested in BAAQMD’s model ordinance, including whether newly
installed wood burning devices must be EPA-certified, whether there are restrictions on devices
installed during a remodel, whether masonry fireplace construction is allowed or prohibited,
whether burning is prohibited at the local level during Winter Spare the Air alerts, whether it is
illegal to burn trash and inappropriate materials in a wood burning device, whether non-certified
wood burning devices (such as fireplaces) must be removed from existing buildings/residences
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during remodel, sale or other event, and whether conversion of gas- to wood burning fireplaces is
prohibited (Bay Area Air Quality Management District, 2012a).

4.3. Methodology

The following general approach was taken to model emissions from residential wood combustion
in the San Francisco Bay Area. The equations described here form the core of my model and are
used to calculate the “business as usual” (BAU) scenario. (See Section 4.2.4 for other residential
solid fuel use scenarios.)

The mass of primary PM2s emissions emitted annually from residential wood combustion for
heating was calculated for each county (C) and device type (1) using the following equation:

Mo = S, (# devices) x D, (——) x E, (£2025) [1]

yr - device hr

Where M is the mass of primary PM2.s emitted annually (g/yr) for a given county (c) and device
type (t); S is the number of devices in active use by device type and county; D is the average
duration of use (in hours/year per device) by county; and E is the emission rate (in g/hr of
primary PMa25) by device type.

4.3.1 Number of wood burning devices in use in the San Francisco Bay Area

My goal was to characterize the number of residential wood burning devices that were used in
the nine counties that fall within BAAQMD, in 2013, by type (fireplace, pellet stove, or wood
stove) and by county. An estimated 43% of the 2.6 million occupied housing units in the
BAAQMD’s nine counties have at least one wood burning device, for a total of 1.1 million
households with wood burning devices.

To construct this variable, I applied the proportion of survey respondents with wood burning
devices who said that they would use a wood burning device in the survey year to the estimated
number of wood burning devices per county. This produced an estimate of the number of
fireplaces, pellet stoves, and wood stoves that are likely to be used in the survey year.

The number of actively used devices (S) of each type (t) in each county (C) is calculated in
Equation 2:

so=ox[2], < [2], g

Where O is the number of occupied housing units in a county (C), H is the total number of
households surveyed, W is the number of telephone survey respondents who reported having a
wood burning device in their home, and U is number of telephone survey respondents who
reported having at least one wood burning device in their home and said they would use it to
burn wood during the winter in which they were surveyed. There are three types of devices (1)
considered in this analysis: fireplaces, wood stoves, and pellet stoves. (The estimated number of
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wood burning devices, Oc * (W/H)c, was reported by county in a memo prepared by BAAQMD
(Fairley, 2014).)

One challenge is that households often have multiple wood burning devices and it is not
apparent, at the county level, at what frequency various devices are being used. Survey data for
BAAQMD as a whole revealed the proportion of households with specific devices (d) that expect
to use them during the season surveyed. For the purposes of this analysis, I construct U, by
applying the ratio “percent of households that will use device type (t): percent of households that
will use any wood burning device” to the county-specific “percent of households that will use
any wood burning device” (W/H) to obtain (U/H) by device type (t) and by county (c). This
scaling factor, based on BAAQMD-wide self-reported expected annual usage data for all devices
and for specific devices, was 0.93 for fireplaces, 1.2 for pellet stoves, and 0.96 for wood stoves
(as compared to the BAAQMD-wide expected usage data for any wood burning device.

BAAQMD jurisdiction includes all of seven counties (Alameda, Contra Costa, Marin, Napa, San
Francisco, San Mateo, and Santa Clara) and parts of two additional counties (Sonoma and
Solano). The data I used as inputs to this model were county-specific. Because only portions of
Solano and Sonoma counties fall within BAAQMD jurisdiction, I needed to scale the results for
these counties to include only the relevant portions. Based on the population data provided by
BAAQMD in their emission inventory, I scaled the estimated Solano and Sonoma county wood
burning devices and relevant emissions to include only the proportions (75.8% for Solano
County and 90.2% for Sonoma County, based on 2011 census data) of their populations that fall
within BAAQMD jurisdiction. Data from 2011 were used for scaling because that was the base
year provided in the available BAAQMD emission inventory (Bay Area Air Quality
Management District, 2014).

4.3.2. Duration of devices use per year

To estimate the number of hours that each wood burning device is used per year, I took the
general approach of estimating the number of hours per day the devices are used (based on
survey results), and then the number of days per year they are used. (See Equation 3.) The results
of this equation are applied to all device types, because more detailed information on differences
in yearly duration of burning was not available in survey results.

H
Dc _ [H;);Lrs] % [iays] % Hfc + ( [Hours] % [Days] % h) [3]
y f.c earlf Uc Day s,c Yearlg Uc

Where D, the duration of burning (hours/year), is calculated at the county level (C), by combining
the weighted average of the yearly average duration of burning (hours/year) for two groups:
frequent burners (f) and sporadic burners (S). The average duration of burning for each of these
groups was calculated, at the county level, by combining the reported daily duration of burning
(hours/day) at the county level, the average days per year that each group (f,S) is expected to burn
wood, and the proportion of households in each county who expect to burn wood at least once
during the survey season (Uc) and that fall into either the frequent (Hrc) or sporadic (Hsc) burning
groups. Further information on these factors is provided in the sections that follow.
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4.3.2.1 Frequency of combustion (days/year) among two groups of wood burners

I divided households that reported having at least one wood burning device in their home, and
reported that they would use the device at least once during the survey season, into two groups:
those that reported expecting to burn at least once (>1) per week (“frequent” burners, f), and
those that reported they expected to burn less than once (<1) per week (“sporadic” burners, S).

A small proportion of the frequent burning group (3.7% of those who said they would burn at
least once per week) were not sure about how many times they would burn in a week, so I
allocated them the mode value, which was 3 days per week.

As with the frequent burning group (f), a small proportion (3.1% of those who said they would
burn at some point during the year) were not sure how many times they would burn throughout
the year; I allocated these respondents to the “once per month” group.

4.3.2.2 Burn season
For these calculations, I assumed that the burning season in the Bay Area is six months long
(October-March). This time period is 183 days, or just over 26 weeks.

4.3.2.3 Combustion time (hours/day) among two groups of wood burners

Data were available at the county level to describe the average duration of burn (hrs/day) among
all households that expected to burn at least once during the season (True North, 2014). Data
were not available at the county level to describe the average duration of each burn among the
two different groups (f,S).

Duration of combustion event (hours/day) was calculated using two inputs: 1) average
combustion time, as reported by respondents, by county; and 2) average combustion times
among frequent burners and sporadic burners, as reported for BAAQMD. I estimated the average
duration of each burn, at the county level, by creating a scaling factor based on the following
BAAQMD-wide data: average burn duration (among all survey respondents who said they
expected to burn at least once during the season), average burn duration among frequent burners,
and average burn duration among sporadic burners. I applied the derived scaling factors (1.2 for
frequent burners, as compared to all burners, and 0.78 for sporadic burners, as compared to all
burners) to the average burn durations reported for each county to estimate the average burn
duration (hours/day) among the frequent and sporadic burn groups in each county.

4.3.3 Emission rates of PMz5s (g/hr) (base case)

The emission rates are represented in Equation 1 by the factor Et:

Er = (Y52). [4]

Hr

I apply published emission rates specific to three types of residential wood burning devices. The
emission rates for fireplaces and wood stoves are derived from tests that mimic Bay Area-

specific residential wood burning conditions (Gullett et al., 2003). PM2.5s emission factors, which
estimate the mass of pollutant released per mass unit of fuel burned, were estimated at 9.58 g/kg
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for wood stoves and 2.8-16.6 g/kg for fireplaces, depending on the fuel used (oak, pine, or
artificial logs) (Gullett et al., 2003). Though the emission rates measured total primary PM,
rather than restricting to mass of PMa.s, the authors note that “PM emitted from the wood
stove/oak tests are found to be primarily in the submicrometer size,” with >99.5% of the
particulate matter classified as PMa2.s (Gullett et al., 2003). The emission rate for pellet stoves
follows EPA certification guidelines for pellet stoves, since a Bay Area-specific value was not
available (US Environmental Protection Agency, 2015c).

Table 4.2. Published emission rates (with standard deviation) specific to San Francisco Bay
Area. From Gullett et al. (2003).

Device | Fuel g/hr PM2 s Notes

Wood Oak 20.7 (6.07) Quadrafire 3100 (EPA certified non-catalytic);

stove log 40 cm long and 18 cm wide

Fireplace | Oak 27.3 (2.76) Majestic MRC42A with glass door; log 40 cm
long and 18 cm wide

Fireplace | Pine 15.1 Majestic MRC42A with glass door; log 40 cm
long and 18 cm wide

Fireplace | Artificial log | 32.3 Majestic MRC42A with glass door; wax and
sawdust log

For fireplaces, I use an emission rate of 27.3 g/hr (standard deviation of 2.76), which is the
average value measured for oak logs by Gullett et al. (2003). I use this emission factor because
survey results indicate that the majority (59%) of Bay Area households report burning oak; many
fewer households (7%) report burning pine, for which Gullett et al. report a lower emission rate
(15.1 g/hr), or manufactured logs (18%), which are associated with a higher emission rate (32.3
g/hr).

For wood stoves, I use an emission rate of 20.7 g/hr (standard deviation of 6.07), which is the
average value calculated by Gullett et al. when burning oak logs for 300 minutes (Gullett et al.,
2003). Gullet et al. did not test any other types of fuel when testing wood stove emissions.

For pellet stoves, I apply an emission rate of 1.0 g/hr, which is the standard set in the EPA NSPS
regulations and also the value calculated in national laboratory testing of selected residential
heating appliances (Macdonald, 2009; US Environmental Protection Agency, 2015¢). No Bay
Area-specific emission rate for pellet stoves was available; however, fuel and combustion
conditions are more consistent in pellet stoves than in other wood burning devices, so using a
more broadly geographically applicable rate seems justifiable. Given that 1.0 g/hr is an emission
standard, and that combustion conditions are consistent, no uncertainty range was applied.

About 18% of BAAQMD residents who have wood burning devices and responded to a survey
question about primary and secondary fuels indicated that they burn manufactured logs, rather
than natural wood logs. This proportion varies by county from 5.4% (Napa) to 28.3% (San
Francisco). However, the data provided do not contain enough information to estimate the
number of households who both expect to burn at some point in 2013 and will use a
manufactured log. Therefore, all fuel use was assumed to be natural logs. This produces a
conservative emissions estimate, as manufactured logs produced higher PM2.s emission rates
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(32.3 g/hr) than natural logs (15.1-27 g/hr), when burned in fireplaces, according to test results
from Gullett et al. (2003).

4.3.4 Scenarios applied

To evaluate the potential for regulatory measures to assist with emission mitigation in the
residential wood combustion sector, I first estimated emissions associated with a “business as
usual” (BAU) case, based on data from BAAQMD’s surveys and published emission rates, as
detailed above. I then created and applied several hypothetical scenarios, which are described
below. The estimated annual emission reduction, and resulting health and economic benefits, are
described in the results section.

e Scenario 1 “EPA1”: All existing wood stoves in the Bay Area are replaced with stoves
meeting the EPA NSPS Step 1 emission rate criterion (4.5 g/hr PMa.s).

e Scenario 2 “EPA2”: All existing wood stoves in the Bay Area are replaced with stoves
meeting the EPA NSPS Step 2 emission rate criterion (2.5 g/hr PMz:s).

e Scenario 3 “15%GAS”: 15% of frequently used fireplaces are either replaced with gas-
burning inserts, removed, or no longer used (0 g/hr PM2.s)

e Scenario 4 “GAS”: All existing fireplaces in the Bay Area are either replaced with gas-
burning inserts, removed, or no longer used (0 g/hr PM2.s)

e Scenario 5 “PELLET”: All frequently used fireplaces, and all wood stoves, are replaced
with pellet stoves instead (1 g/hr PM, s)

4.3.5 Health and economic effects cal cul ations

I use a methodology published by the US EPA to estimate the health benefits and economic
benefits of avoided emissions, as estimated in the scenarios described above (US Environmental
Protection Agency, 2013b). The benefits methodologies are specific to the residential wood
combustion sector.

Health and economic benefits are estimated using a linear per-ton factor for avoided tons of
PM:s. (See Table 4.3.) Two main papers (Krewski et al., 2009; Lepeule et al., 2012) are used in
the calculation of premature mortality avoided per ton avoided PM2.s among adults over 25 years
of age (Lepeule et al. 2012, analyzing the Harvard Six City Study prospective cohort) or 30 years
of age (Krewski et al. 2009, analyzing the American Cancer Society prospective cohort),
respectively. Avoided infant mortality, for babies under one year of age, is also included in the
avoided premature mortality factor used here. The factors are specific to the residential wood
combustion sector.

The methods used here to estimate the relationship between wood smoke emissions and health

are different than those used in the previous two chapters. The differences between the
approaches are described in Chapter 5.
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Table 4.3. Factors used to estimate health and economic benefits per ton of avoided PMa:s in the
residential solid fuel-heating sector. From US Environmental Protection Agency (2013b).3

Indicator Factor/ton
Premature mortality-Krewski (2009) 0.042
Premature mortality-Lepeule (2012) 0.094
Respiratory emergency room visits 0.021
Acute bronchitis 0.064
Lower respiratory symptoms 0.82
Upper respiratory symptoms 1.2
Minor Restricted Activity Days 34
Work loss days 5.7
Asthma exacerbation 2.9
Cardiovascular hospital admissions 0.013
Respiratory hospital admissions 0.01
Non-fatal heart attacks (Peters) 0.043
Non-fatal heart attacks (All others) 0.0047
$2010 (Krewski 2009, 3% discount rate) 360,000
$2010 (Lepeule 2012, 3% discount rate) 810,000
$2010 (Krewski 2009, 7% discount rate) 320,000
$2010 (Lepeule 2012, 7% discount rate) 730,000
4.3.6 Sengitivity analysis

4.3.6.1 Model inputs

Uncertainties for each variable in Equation 1 were included in a Monte Carlo analysis to
understand relative influences on resulting mass emissions of PMz.s. Using Oracle Crystal Ball
Release 11.1.2.4 in conjunction with Microsoft Excel 2013, I ran a Monte Carlo simulation with
1,000 trials, assuming normal distributions for the variables in question, and evaluating results at
90% certainty.

For S the number of fireplaces, wood stoves, and pellet stoves in active use, I assumed a 1%
standard deviation to account for potential sampling error.

For D, the average number of hours each device is used per year, I assumed a 10% standard
deviation in the number of hours burned per week for all device types, given the difficulty
involved in estimating device use and the possibility of recall bias.

For E, the emission rates: For wood stoves and fireplaces, I used standard deviations derived
from percent precision values published alongside mean values in Gullett et al. (2003) (where
percent precision values were defined as 100*S/average). For pellet stoves, I assumed no
significant deviation from the standard of 1 g/hr PM2s occurs, given the relatively controlled

3 $2010 refers to monetary value expressed in US dollars as valued in 2010.
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nature of both the combustion environment and pellet fuel. When implementing the scenarios, |
used the following: for Scenario 1 and Scenario 2, which assume that all wood stoves are
transitioned to EPA NSPS Step 1 stoves or Step 2 stoves, respectively, I used the standards of 4.5
g/hr for Step 1 and 2.5 g/hr for Step 2, each with a 20% standard deviation, to account for user
error in stove operation. For Scenario 3 and Scenario 4, I assumed no uncertainty around the 0
g/hr PM2s emission factor that would result from transition to gas or removal of a wood burning
device. For Scenario 5, I assumed 1 g/hr PMaz s for pellet stoves, with no uncertainty, given the
reasons detailed above.

4.3.6.2 Health and economic effects

There are no uncertainty factors available for the benefit per ton factors published by US EPA
(2013b) and applied here to estimate health impacts and economic savings associated with
hypothetical emission reduction policies. Using the uncertainty bounds generated by analysis of
expected emission reductions from the BAU case, I note the corresponding bounds of health and
economic impacts in the Results section below.

Authors of the EPA report state that, “When using these benefit per ton estimates in analyses,
care should be taken to not overstate the accuracy of the total benefits estimates or estimates of
avoided incidence. For this reason, it is EPA practice to round total benefits estimates to two
significant digits and to round estimates of avoided incidence to the nearest whole number.” The
same practice is followed in the presentation of results below, with the convention of reporting
two significant digits applied to avoided incidence estimates as well as economic benefits
estimates.

4.4. Results

4.4.1 Mass of primary PM2s emissions from residential wood burning in the Bay Area

Using the factors outlined in Equation 1, I estimate that residential combustion of wood fuels
across the nine counties in BAAQMD resulted in 3600 tons (3000, 4300 90% uncertainty
bounds) of primary PMa2s in 2013. (See Figure 4.2.) Approximately 87% of these emissions
come from residential wood combustion in fireplaces and 13% come from combustion in wood
stoves; pellet stove use accounts for less than 1% of the PM2.s from residential wood combustion
in the BAAQMD jurisdiction.

Frequent fireplace users (those that use their fireplace at least once per week) were responsible
for 84% of total PM2.s mass emissions from the residential wood combustion sector in
BAAQMD in 2012, despite representing only 36% (230,000) of the estimated 620,000 wood
burning devices in use in BAAQMD. Approximately 13% of emissions came from wood stove
use and 1% from pellet stove use. Table 4.4 shows the distribution of these emissions (in tons of
PM25in 2012) for BAAQMD by device type, with 90% uncertainty bounds.
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Estimated Emissions by County, BAU, 2012
(Tons Primary PM2.5)
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Figure 4.2. Estimated emissions of primary PMz s (tons) from residential household heating with

solid fuels, by county, for BAAQMD air shed in 2012. Population of each county (in units of
1,000 residents, axis on right side) is shown by black dots. (Population data from 2011.) Error

bars indicate 90% uncertainty bounds for county sector emission totals.

Table 4.4. Estimated tons of primary PMa.s emissions from residential heating in BAAQMD

(with 90% uncertainty bounds) by county and device type, for 2012. Totals may not add due to

rounding.
County Fireplace Pellet Wood stove Total
stove (all devices)
Alameda 440 (350, 550) <10 62 (32, 94) 509
Contra 780 (600, 970) <10 94 (49, 143) 885
Costa
Marin 140 (110, 170) <10 17 (9, 26) 157
Napa 90 (70, 110) <10 16 (8, 24) 107
San 130 (100, 170) <10 14 (7, 22) 149
Francisco
San Mateo | 340 (270, 430) <10 31 (16, 46) 375
Santa 740 (570, 910) <10 72 (38, 109) 816
Clara
Solano 140 (110, 170) <10 11(5,16) 149
Sonoma 350 (280, 440) <10 135(70,204) | 493
BAAQMD | 3200 (2700,3800) | 10 450 (240,680) | 3600 (3000,4300)
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4.4.1.1 Per capita analysis

Across all counties in the airshed, per capita emissions in this sector are dominated by emissions
originating from fireplaces, even in counties where wood stoves and pellet stoves are more
prevalent, such as Sonoma and Napa. Figure 4.3 shows the per capita distribution of PM2s
emissions, by device type and county. The figure shows the primary PM2.5 emissions per 1000
occupied housing units (which, for this analysis, is treated as being equivalent to a household
unit.) Note that the emissions from pellet stoves are much less than for fireplaces or wood stoves,
so they are difficult to see in the Figure.

Estimated primary PM2.5 emissions per household,
in tons per 1000 occupied housing units (2013)
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Figure 4.3. Estimated primary PM2.s emissions per household, in tons per year, for BAU in 2013.

4.4.1.2 Comparison with other emission inventories

My mean estimate of 3600 tons of primary PM2.s from residential wood combustion in 2013 is

conservative, as compared to two other emission inventories that include estimates of PMz.5 from

residential wood combustion in the Bay Area (see Figure 4.4). This is likely due to the lower

emission rates (and corresponding emission factors) applied in this model. (See Section 4.2 for a

comparison of the emission rates and factors used in other models.) For comparison, here are the

emission estimates from two other emission inventories that evaluate San Francisco Bay Area

PMa2.s emissions from residential wood burning:

e CARB estimates that an annual total of 5300 tons of PM, s were generated from residential
combustion of solid fuels in fireplaces and wood stoves in 2013. This is a significant portion
(83%) of the 6400 tons of PM, s estimated to result from all residential fuel use (heating,
water heating, and cooking) in the same year. The CARB estimate is outside of the 90%
uncertainty bounds for my mean estimate (3000, 4300).

e BAAQMD estimates that an annual total of 4200 tons of PM, s were generated from
“domestic combustion” in 2011; this same value was projected for 2014. No specific device
types or fuel types were specified in the data available. Note that the BAAQMD estimate of
4200 tons is within the 90% uncertainty bounds for my estimate (3000, 4300).
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Primary PM2.5 from residential wood combustion , tons/yr (2012)
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Figure 4.4. Comparison of PMas from residential wood combustion (tons/yr in 2012) between
three different emission estimations (Chafe [this analysis], BAAQMD emission inventory, and
CARB emission inventory). Error bars on Chafe estimates indicate 90% uncertainty bounds.

Across all three inventories, Contra Costa has the highest estimated mass emissions of PM2.s
from residential wood combustion in 2012, accounting for approximately 25% of total sector
emissions across BAAQMD, despite having only 15% of the area’s population. (See Figure 4.5.)
Conversely, San Francisco has 11% of the region’s population but produces less than 5% of the
district’s PMa.s from residential wood combustion.

Comparison of PM2.5 emissions and population,
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Figure 4.5. Comparison of PM2.s emissions and population by county, 2012.
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On both an absolute and per capita basis, by county, CARB has the highest estimates for all
counties except for San Francisco and San Mateo. For San Francisco and San Mateo, on a per
capita basis, my estimates are highest. For San Mateo, BAAQMD estimates are the lowest; for
all other counties, BAAQMD estimates are in between my estimates and the CARB estimates, on
a per capita basis. (See Figure 4.6.)

Primary PM2.5 from residential wood combustion, tons/yr
per 10° capita (2012)
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Figure 4.6. Comparison of PM2.s from residential wood combustion by county on a per capita
basis (tons/yr per million inhabitants in 2012) between three different emission estimations
(Chafe [this analysis], BAAQMD emission inventory, and CARB emission inventory). Error
bars on Chafe values indicate 90% uncertainty bounds.

4.4.2 Frequency of burning (f,s) at household level

The proportion of households surveyed who expected not to burn wood at any time during the
year ranged from 26% in Sonoma to 66% in San Mateo. Among households who expected to
burn wood at some time during the survey season, the proportion who burn frequently (>1 time
per week, f) ranged from 41-58%, depending on the county. Conversely, the proportion of
households who burn sporadically (<1 time per week, S) ranged from 42-59% depending on the
county.

Frequent burners (f): This group accounted for 48.4% of those who said they would burn at some
point during the year (True North, 2014). Data were available for BAAQMD as a whole on the
number of days per week each of the respondents in this group estimated that they would burn
(1-7 days). I found that frequent burners reported that they combust wood on average 3.1 days
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per week. Using the assumption that the burning season is 6 months long, I estimate that
households in the frequent burning group use a wood burning device about 82 days per year.

Sporadic burners (S): This group accounted for 51.6% of the BAAQMD households who said
they expected to burn at least once a year (True North, 2014). Survey respondents who selected
this response option then provided further detail on their planned burning frequency (2-3 times
per month, once per month, or less than once per month). Using the detailed burn frequency
responses and assuming, as above, that the heating season is six months long, I found that, on
average, sporadic burners combust wood 7 days per year.

4.4.3 Scenario Results

The emission impacts of introducing five hypothetical scenarios were explored with this model.
The primary PM2 s emissions associated with implementation of each scenario, by device type,
are shown in Figure 4.7 and further detailed in Table 4.5 below. As shown in Figure 4.7,
scenarios 1 and 2 reduced BAU wood stove emissions by assuming that wood stove emission
rates improved with introduction of EPA-certified stoves across the counties in BAAQMD. In
Scenario 3, some fireplace emissions are avoided by assuming that 15% of frequent fireplace
users convert to gas fireplace inserts, but existing wood stove emissions remain prominent. In
Scenario 4, fireplace emissions are completely removed, but wood stove and pellet stove
emissions remain. In Scenario 5, most fireplace emissions and all wood stove emissions are
avoided but pellet stove emissions increase, as it is assumed that frequent fireplace users and all
wood stove users convert to using pellet stoves.

Residential Heating with Solid Fuels:
Emissions by Scenario
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Figure 4.7. Tons of primary PM2.5 expected from residential solid fuel combustion for heating
under each of five hypothetical scenarios. Error bars indicate 90% uncertainty bounds for the
total PM2.5 in BAAQMD for each scenario.

Two groups of scenarios emerged: Scenarios 1, 2, and 3 each resulted in mean estimates of PMz.s
emissions reductions equivalent to approximately 10% of the BAU emissions from the
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residential solid fuel space heating sector. Scenarios 4 and 5 resulted in mean estimate of
emissions reductions around 90% of BAU emissions from the sector. There was substantial
uncertainty associated with emission reductions (differences from BAU) expected from Scenario
1, 2, and 3; and 90% uncertainty bounds for these scenarios crossed zero. For Scenarios 4 and 5,
however, the lower (conservative) end of the uncertainty bounds was around 2500 tons/yr in
avoided primary PMa:s, or approximately 70% of sector emissions.

Expected mass reductions of PMz s, from BAU, estimated to result from implementation of each
scenario described above, are presented in Table 4.5 and explained in more detail below. The
health and economic benefits associated with these reductions are then described in the following
subsection.

Table 4.5. Summary of scenario results: expected reductions of primary PMz s, approximate
percent reduction in residential wood combustion PM2 5, and number of device units to be
converted.

Scenario Expected PM2 s Approximate Number of
reductions (tons/yr) | reduction in device units to
residential wood be converted
combustion PM2 5

1: Convert wood stoves to

EPA NSPS Step 1 350 (0, 1200) 10% 81,000-170,000
2: Convert wood stoves to
EPA NSPS Step 2 380 (0, 1200) 10% 81,000-170,000

3: 15% of frequently used
fireplaces convert to gas

inserts 450 (0, 1300) 10% 34,000
4: Fireplaces converted to
gas inserts or removed 3,200 (2500, 3800) | 90% 480,000-990,000

5: Convert frequently used
fireplaces and all wood
stoves to pellet stoves 3,300 (2700, 4000) | 90% 310,000-400,000

Note that, where 90% uncertainty bounds included zero, the lower bound is reported as zero
rather than a negative number. (See Table 4.5.) This is because implementation of the scenarios
is not expected to worsen air quality, although it is possible that, given uncertainty around wood
burning emission rates and use patterns, the scenarios would not provide any tangible health
benefits. This point is discussed in more detail in Section 4.

4.4.3.1 Scenario 1. EPANSPS Step 1

Changing all existing wood stoves to stoves with an "EPA NSPS Step 1" emission rate (4.5 g/hr)
yields a BAAQMD-wide reduction average estimate of 350 tons/year (0, 1200), with the central
estimate representing approximately a 10% reduction from BAU sector emissions as a whole.
This hypothetical intervention would require that all 170,000 wood stoves currently installed in
the BAAQMD jurisdiction—or at least the 81,000 that are used in a given year—are brought up
to EPA NSPS Step 1 emission standards.
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4.4.3.2 Scenario 2. EPA NSPS Step 2

Changing all existing wood stoves to stoves with an "EPA NSPS Step 2" emission rate (2.5 g/hr)
yields a BAAQMD-wide reduction average estimate of 380 tons/year (0, 1200), with the central
estimate representing approximately a 10% reduction from sector as a whole. This hypothetical
intervention would require that all 170,000 wood stoves currently installed in the BAAQMD
jurisdiction—or at least the 81,000 that are used in a given year—are brought up to EPA NSPS
Step 2 emission standards.

4.4.3.3 Scenario 3: 15% of frequent fireplace users convert to gasinserts

If 15% of frequent (>1 per week) fireplace users converted to using gas inserts instead,
BAAQMD-wide primary PM2.s emissions from residential wood combustion would fall by a
BAAQMD-wide reduction estimated at 450 tons/year (0, 1300), with the central estimate
representing approximately a 10% reduction in primary PM2.s emissions from the sector. This
hypothetical intervention would require that the 34,000 fireplaces that are used frequently be
converted to gas inserts. This would bring the number of wood burning fireplaces installed
across BAAQMD down from approximately 990,000 to 960,000.

4.4.3.4 Senario 4. Changing all fireplaces to gas inserts (or removing fireplaces)

If all fireplaces that are used in the Bay Area were either replaced with gas-burning inserts or
removed (0 g/hr PM2:s), there would be a BAAQMD-wide reduction of 3200 tons/year primary
PM2.5 (2500, 3800), or approximately 90% reduction in sector emissions. This hypothetical
intervention would require that all 990,000 fireplaces currently installed in the BAAQMD
jurisdiction—or at least the 480,000 that are estimated to be used in a given year—were either
replaced with gas-burning fireplace inserts or removed.

4.4.3.5 Scenario 5: Converting all frequent fireplace users, and all wood stove users, to pellet
stoves

If all frequent (>1 per week) fireplace users, and all current wood stove users, converted to using
pellet stoves instead, BAAQMD-wide primary PM2.s emissions from residential wood
combustion would fall by 3300 tons/year (2700, 4000), approximately a 90% reduction in
primary PMz s emissions from the sector. This hypothetical intervention would require that the
230,000 fireplaces that are used frequently, as well as all of the 170,000 wood stoves currently
installed in the BAAQMD jurisdiction—or at least the 81,000 that are used in a given year—be
converted to pellet stoves. This would bring the number of installed pellet stoves across
BAAQMD up from 90,000 (54,000 of which are estimated to be used in the survey year) to
approximately 400,000-490,000, depending on whether all wood stoves were replaced or only
those that are expected to be used at least once annually.

4.4.3.6 Sengitivity analysis of scenario reductions

To determine uncertainty bounds associated with the reductions projected to be achieved in each
scenario, [ ran a Monte Carlo simulation involving both the BAU mean estimate of tons/year
PMa2:s and the specific scenario tons/year PMzs. I assumed a normal distribution and used the
90% uncertainty bounds generated during the first part of this analysis. This uncertainty analysis
incorporated both uncertainty around the BAU emission estimate as well as the scenario
estimates.
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As described above, the 90% uncertainty bounds on the scenario reduction estimates include zero
in Scenarios 1, 2, and 3. This is due to both the large spread in uncertainty bounds in the BAU
estimate of 3600 (3000, 4300) tons/year PM2.s for BAAQMD (58-62% contribution to variance),
and to a lesser extent the uncertainty associated with the specific scenario emission estimates
(38-42% contribution to variance). The 90% uncertainty bounds for Scenario 4 and Scenario 5
do not include zero, indicating that, despite uncertainty about emission rates and device use,
emissions reductions should be expected. This is discussed in more detail in Section 4.5.

4.4.4 Health effects of population exposure to AAP from residential wood combustion in the Bay
Area

I use an EPA methodology (US Environmental Protection Agency, 2013b) to calculate the
estimated health benefits and financial savings associated with the avoided PMz s calculated
above. I find that reducing emissions of PM2s from residential wood combustion in the Bay Area
would have substantial health and financial benefits, as detailed in Table 4.6.

The scenarios described above could reduce premature mortality in the Bay Area by 20-300
deaths per year, depending on the intervention and calculation method employed. Lost work days
could be reduced by 2,000-19,000 per year. Financial benefits are on the order of $130 million -
$2.7 billion, expressed in 2010 US Dollars, depending on the calculation method and discount
rate (3% or 7%) applied.

Notably, Scenario 5 which would require that approximately 300,000-400,000 frequently used
(>1 per week in the winter) fireplaces be converted to gas inserts, yields estimates of 140-310
(120, 370) avoided premature deaths (depending on whether Krewski 2009 or Lepeule 2012 risk
estimates are applied). Scenario 5 would also avert 19,000 (16,000, 23,000) lost days of work,
and yield upwards of $1 billion ($870 million, $3.2 billion) in financial benefits.
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Table 4.6. Estimated health and economic benefits associated with avoided PMa2.5 under five

modeled scenarios.

Indicator Scenario 1: EPA Scenario 2: EPA Scenario 3: 15%
Step 1 Scenario Step 2 Scenario Gas insert scenario

Premature mortality-Krewski (2009) 15 (0, 49) 16 (0, 50) 19 (0, 55)

Premature mortality-Lepeule (2012) 33(0,110) 36 (0,110) 43 (0, 120)

Respiratory emergency room visits 7(0, 24) 8 (0, 25) 10 (0, 27)

Acute bronchitis 23 (0,74) 25 (0, 76) 29 (0, 83)

Lower respiratory symptoms 290 (0, 947) 320 (0, 980) 370 (0, 1,100)

Upper respiratory symptoms

420 (0, 1386)

460 (0, 1,400)

550 (0, 1,600)

Minor Restricted Activity Days

12,000 (0, 39,000)

13,000 (0, 41,000)

15,000 (0, 44,000)

Work loss days

2,000 (0, 6,600)

2,200 (0, 6,800)

2,600 (0, 7,400)

Asthma exacerbation

1000 (0, 3,300)

1100 (0, 3,500)

1,300 (3,800)

Cardiovascular hospital admissions 5(0, 15) 5(0, 15) 6 (0,17)
Respiratory hospital admissions 4(0,12) 4 (0, 12) 5(0,13)
Non-fatal heart attacks (Peters) 15 (0, 50) 17 (0, 51) 20 (0, 56)
Non-fatal heart attacks (All others) 2(0,5) 2 (0, 6) 2 (0, 6)

Million $2010 (Krewski 2009, 3%
discount rate)

$130 (50, $420)

$140 (30, 430)

$160 (50, $470)

Million $2010 (Lepeule 2012, 3%
discount rate)

$290 (50, $940)

$310 (S0, $965)

$370 ($0, $1,100)

Million $2010 (Krewski 2009, 7%
discount rate)

$110 (30, $370)

$120 (S0, $380)

$150 ($0, $420)

Million $2010 (Lepeule 2012, 7%
discount rate)

$260 ($0, $840)

$280 (30, $870)

$330 (0, $950)
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Indicator Scenario 4: Gas insert Scenario 5: Pellet scenario
scenario

Premature mortality-Krewski (2009) 130 (110, 160) 140 (120, 170)

Premature mortality-Lepeule (2012) 300 (240, 360) 310 (260, 370)

Respiratory emergency room visits 66 (53, 80) 70 (57, 83)

Acute bronchitis 200 (160, 240) 210 (180, 250)

Lower respiratory symptoms 2,600 (2,100, 3,100) 2,700 (2,200, 3,200)

Upper respiratory symptoms 3,800 (3,000, 4,600) 4,000 (3,300, 4,800)

Minor Restricted Activity Days 110,000 (86,000, 130,000) | 110,000 (93,000, 130,000)

Work loss days 18,000 (14,000, 22,000) 19,000 (16,000, 23,000)

Asthma exacerbation 9,100 (7,300, 11,000) 9,600 (7,900, 11,000)

Cardiovascular hospital admissions 41 (33, 50) 43 (35, 52)

Respiratory hospital admissions 32 (25, 38) 33 (27,40)

Non-fatal heart attacks (Peters) 140 (110, 160) 140 (120, 170)

Non-fatal heart attacks (All others) 15 (12, 18) 16 (13, 19)

Million $2010 million (Krewski 2009,

3% discount rate) $1,100 ($910, $1,400) $1,200 ($980, $1,400)

Million $2010 (Lepeule 2012, 3%

discount rate) $2,600 (52,000, $3,100) $2,700 (52,200, $3,200)

Million $2010 (Krewski 2009, 7%

discount rate) $1,000 ($810, $1,200) $1,000 ($870, $1,300)

Million $2010 (Lepeule 2012, 7%

discount rate) $2,300 ($1,800, $2,800) $2,400 ($2,000, $2,900)

4.5. Discussion
4.5.1 Sructure of emission model

The purpose of the model presented here was to evaluate the relative health and economic effects
expected to accrue as a result of decreases in emissions from the residential household
combustion sector in the San Francisco Bay Area. To understand the magnitude of emission
reductions from various hypothetical scenarios, I structured the emission model to include
multiple device types (fireplaces, wood stoves, and pellet stoves), frequency of use (more or less
than once per week during the burn season), duration of time that devices are used (hours per day
per household, which was combined with frequency to produce an estimate of hours per year),
and emission rates (g/hr PMzs).

I structure my model around use of an emission rate rather than emission factor for three main
reasons: 1) Detailed information about differences in quantity and type of fuel use were not
available in BAAQMD survey results for the various classes of wood burning devices in use in
the Bay Area. To see benefits from using an emission factor rather than an emission rate, it is
necessary to have detailed fuel information. 2) I surmise that respondents are able to more
accurately recall or forecast the amount of time that they will use a wood burning device than to
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accurately estimate and communicate the quantity of fuel they expect to use over the course of a
burn event or season. 3) Specific emission rate information, with uncertainty estimates, was
available specifically for the Bay Area (Gullett et al., 2003).

Both BAAQMD and CARB emission inventories are structured around estimation of the mass of
fuel used (tons of biomass per year), to which an emission factor (Ibs PMa.s per ton of fuel
burned) is applied. Unfortunately, this made it difficult to directly compare the assumptions and
input data used in each model. Emission factors published in CARB and BAAQMD models, as
well as those published by Gullett et al. alongside the emission rates used here, are discussed in
the next section.

4.5.2 Emission rates and factors

In this analysis, I used emission rates published in Gullett et al. (2003), as detailed above.
Emission factors published in the same paper, resulting from the same experimental tests, are
listed in Table 4.7, below.

BAAQMD uses the following to inform its emission factors, when calculating emissions from
residential wood combustion, with the resulting emission factors shown in Table 4.7:
“Wood stove and fire place emission factors were based on data obtained from ARB and
EIIP volume IV. Composite emission factors were calculated for wood stove criteria
pollutants based on an average of conventional and EPA phase II wood stove emission
factors. The number of conventional versus EPA phase II wood stoves were derived
based on a statistical analysis from the 05-06 winter survey.” (BAAQMD, 2014)

CARB published the emission factors used in its calculations of PMa.s from residential wood
combustion, as represented in its emission inventory. CARB distinguishes a wide range of
technologies, fuels, and associated emission factors (fireplaces, fireplace inserts, certified and
non-certified wood stoves, and pellet stoves), as noted in Table 4.7. (California Air Resources
Board, 2015). Though CARB’s list of emission factors is more extensive and more specific in
terms of fuel and device pairings, the factors do not include uncertainty terms and do not seem to
be specific to the Bay Area.

Note that, as shown in Table 4.7, the emission factors published in Gullett et al. (6-33 1bs/ton)
are much lower for the fireplace tests than those used in the CARB emission inventory (23-46
Ibs/ton) or in BAAQMD emission inventory calculations (31.1 lbs/ton). This discrepancy likely
explains why the mass PM2.5 emissions I calculate in my analysis are lower than those reported
for the residential wood combustion sector in the BAAQMD and CARB emission inventories.
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Table 4.7. Emission factors (Ibs PMa.s per ton fuel burned) used in CARB emission inventory
(California Air Resources Board, 2015), used in BAAQMD emission inventory calculations
(Dinh, 2016) and reported in Gullett (2003). Gullett et al. values, published in the paper’s Table
7, were converted from g/kg to lbs/ton.

Device type Fuel type CARB BAAQMD Gullett et al. (2003)

Fireplace Cord wood, 22.7 31.1 56-11.1
bundles

Fireplace Manufactured | 46.4 332
log

Wood stove: Cord wood 29.5 27.5

conventional (non-EPA

certified)

Wood stove: Phase II Cord wood 14.1 14.6 19.2

EPA certified, non-

catalytic

Wood stove: Phase II Cord wood 19.6 14.6

EPA certified, catalytic

Fireplace inserts: Cord wood, 29.5

conventional (non-EPA | bundles

certified)

Fireplace inserts: Phase | Cord wood, 14.1

II EPA certified, non- bundles

catalytic

Fireplace inserts: Phase | Cord wood, 19.6

II EPA certified, bundles

catalytic

Fireplace inserts: all Compressed | 25.0
wood log

Pellet stove Pellets 2.9

Some argue, however, that the emission factors used in this analysis, while lower than others,
effectively overestimate effects of residential wood burning on air pollution. The emission
factors published in Gullett et al. (2003) were disputed in published correspondence from

members of the Hearth, Patio, and Barbeque Association (a solid fuel device trade and lobbying

group) who contended that the experimental conditions described in Gullett et al. did not mimic

actual burn conditions in the Bay Area and therefore likely overstated effects of emissions on air
quality (Crouch and Houck 2004).

Most reported emission rates are calculated based on laboratory tests, rather than in-home or
“field” experiments. This means that stoves that meet standards based on laboratory test results
may not perform as cleanly (i.e., with as low rate of PM2s emissions) when routinely used in
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households (Houck and Tiegs, 1998). This problem is compounded by the fact that stove
performance often deteriorates over time (Houck and Tiegs, 1998).

Fireplace emission rates are variable, given the range of behavior in using fireplaces. Houck and
Tiegs (1998) identify several factors that cause high emission rates among wood burning devices
used in areas of the Western United States that have mild climates, such as the Bay Area: 1) the
highest emission rates occur during the initial (kindling) phase of a fire, sometimes leading to
about 50% of total emissions from the first 17% of a single burn, and milder climates tend to
have shorter burns that are allowed to smolder and go out, rather than being re-stoked, which
results in more “cold starts”; and 2) stoves in the Western United States tend to have larger
fireboxes than stoves purchased elsewhere, and larger fireboxes often yield lower combustion
temperatures, which lead to higher emissions for a given burn rate (mass of fuel burned per unit
time) (Houck and Tiegs, 1998). Given these factors, another paper suggests that fireplace
emission rates may be as high as 60 g/hr PMz.s, which is more than twice the emission rate used
here (Houck and Tiegs, 1998).

4.5.3 Assumptions

4.5.3.1 Use of wood for heating

I assume, for the purposes of this analysis, that all residential wood combustion in the Bay Area,
as represented in this analysis, is for the purposes of space heating. In reality, some portion of the
wood combustion could be for cooking. Some portion could also be classified as for aesthetic
purposes only, rather than for heating, although there is not a clear distinction between these two
categories, either in the literature or among many in the general public.

4.5.3.2 Exfiltration and fugitive emissions of PMz25s

As with the results presented in Chapters 2 and 3, I assume that the escape fraction, or
exfiltration rate, of PM2 s from household wood combustion is 100%; that is, I assume that all
PM: 5 that is produced from the combustion contributes to AAP and that there is negligible
deposition on chimneys, inside the house due to fugitive emissions, or on other infrastructure.
There are few field-tested results available on indoor or internal deposition of residential
combustion particulate matter, but the studies that have been published generally indicate a
minimal amount of deposition, in terms of the percent of all particulate matter generated (Lam et
al., 2012a).

4.5.3.3 Primary vs. total PMz5

The health and economic results presented in Section 4.3 are based on estimation of primary
PM: s released as a result of biomass combustion for residential space heating. PMz s is also
formed through atmospheric chemical interactions with precursors (NOx, SOz, semi-volatile
organic compounds) emitted through the same combustion. Since primary PMa s represents only
a fraction of the total PM2s attributable to this sector, the results presented here likely represent
an underestimation of the true health and economic benefits of avoided emissions from this
sector.
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4.5.4 Interpretation of scenario reduction results

Though Scenarios 1, 2, and 3 have lower uncertainty bounds in the negative range, indicating a
hypothetical increase in emissions, it is not expected that emissions would in practice increase.
All scenarios involve large-scale transitions to technologies that have lower emission rates. Even
taking into account any uncertainty around emission rates for the new technologies that would be
implemented in each of the scenarios (gas fireplace inserts, more efficient wood stoves, pellet
stoves), one would expect to see a reduction in emissions, assuming that use patterns remain
similar. Even if use were to increase to some degree, as a result of the rebound or take-back
effect, emissions reductions would most likely still occur. The major challenge, made clear by
this sensitivity analysis, is in detecting and understanding the exact magnitudes of emission
reductions possible in this sector, given the relative dearth of comparable data on emission
factors and emission rates in the household solid fuel combustion sector.

4.5.5 Linearity in health effects calculations

The health effects calculations presented above include factors, published by the US EPA, used
in estimating the avoided mortality and morbidity associated with avoided emissions (measured
in tons) of PMzs from the residential wood burning sector. Avoided mortality estimates
presented in Table 4.6 include only infant deaths (below one year of age) and adult deaths over
age 25 (Krewski et al.) or age 30 (Lepeule et al). The age ranges covered by the morbidity end
points are described in more detail in Section 5.3. Use of the factors specified in Table 4.3
implies a linear approach to the relationship between air pollutant emissions and health
outcomes. This differs from the method used in Chapter 2 and Chapter 3. The difference between
the approaches is described in more detail in Section 5.4.

Recent research, motivated in large part by the 2010 Global Burden of Disease project, has
shown that there is substantial evidence of non-linearity in the relationship between air pollution
concentrations and health outcomes, over the wide range of concentrations from unpolluted
ambient air to that inhaled through active smoking (Burnett et al., 2014).

The 2010 Global Burden of Disease evaluation of the household air pollution and AAP risk
factors used a distribution around 7 ug/m® annual mean PM2:s as the counterfactual, or theoretical
minimum risk exposure distribution (TMRED). The TMRED represents the counterfactual level
when estimating the impact of a non-optimal level of exposure to a risk factor (Burnett et al.,
2014). In the Bay Area, background PM2s levels are estimated, based on long-term data
collected in rural Pt. Reyes, north of San Francisco, to be 5.5 pg/m® (Fairley, 2011).

4.5.6 Devices. Thefireplace dilemma

Using the model presented here, I found that the vast majority (87%) of Bay Area residential
heating combustion emissions originate from solid fuel combustion in fireplaces. This analysis
also shows that if just 15% of the frequent fireplace users across the Bay Area (34,000
households who report using fireplaces more than once per week during winter) switched to
using gas fireplaces instead of burning wood (Scenario 3), the Bay Area would see more
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emission reductions than if all existing wood stoves (81,000 that are in use, or 170,000 total) in
the Bay Area were converted to cleaner-burning Step 2 EPA-certified stoves (Scenario 2).

The health benefits that could be achieved through device change-outs are remarkable. If all of
the estimated 230,000 fireplaces that are used more than once a week were converted to cleaner-
burning pellet stoves (along with 81,000 wood stoves), at least 120 and as many as 370
premature deaths per year could be averted. For context, that is about 27-85% of the deaths
caused by motor vehicle accidents in the Bay Area each year, and two to four times the number
of deaths caused by the flu (influenza) each year (California Department of Public Health Safe
and Active Communities Branch, 2016; State of California Department of Public Health, 2016).

While in colder climates, where space heating is more routinely required, a higher percentage of
households might invest in wood stoves or pellet stoves, these two categories of devices are in
the minority in terms of the wood burning devices that households surveyed report having
installed in their homes in BAAQMD. There are an estimated 990,000 fireplaces, but only
90,000 pellet stoves and 170,000 wood stoves, in the 1.13 million occupied housing units that
have any type of wood burning device in the nine BAAQMD counties (Fairley, 2014).

Fireplaces have, in a sense, become an “elephant in the room,” in the discussion of Bay Area
residential wood smoke regulation. Although fireplaces will soon be prohibited in new
construction, per BAAQMD Regulation 6 Rule 3, the agency stopped short of requiring that
fireplaces be retrofitted or removed when an existing housing unit is sold. Moreover, there are no
limits on fireplace emission rates or emission factors, given the relative difficulty in retrofitting
fireplaces to create more efficient combustion conditions. This is in opposition to wood stoves
and pellet stoves, for which increasingly efficient designs are available, and which are subject to
increasingly strict limits on the emissions (in mass per hour terms) under new wood burning
rules issued by BAAQMD (Bay Area Air Quality Management District, 2015b).

One reason for the lack of regulation of fireplace emissions is the fact that fireplaces are not
considered true space-heating devices. Since they often result in a net loss of heat from houses,
they are considered recreational devices rather than heaters. While this is scientifically accurate,
most fireplace users are likely unaware of this fact and regard fireplaces as a source of heat to
employ on cold days, as they do heat the area directly in front partly through radiation.

Prohibiting construction of new fireplaces, as the new wood burning regulations issued by
BAAQMD does, is a laudable step toward decreasing emissions from fireplaces. However, this
measure does not immediately reduce the number of existing fireplaces in the Bay Area, nor does
it affect the number of fireplaces being used each winter. It is dependent on fireplaces being
replaced with gas inserts (a fairly expensive undertaking), closed off during remodeling, or
removed when a housing unit is eventually demolished.

Given that nearly one million fireplaces appear to be here to stay, at least for the time being,
there is a need for further education regarding environmental and population health effects of
using them, especially when meteorological conditions trap pollutants within the airshed.
BAAQMD has, over the past few years, undertaken a public service campaign to inform
residents about the health effects of residential wood smoke. The air district will continue to
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pursue its efforts in the public education realm by now requiring that pamphlets be distributed
when homes with fireplaces are rented or sold, as detailed in the 2015 version of Regulation 6
Rule 3 (Bay Area Air Quality Management District, 2015b).

4.5.7 Applicability of other emission reduction measures

When, in 2006, the US EPA lowered the national 24-hour PMa.s standard from 65 to 35 pug/m?,
BAAQMD adopted Regulation 6 Rule 3 as a way to mitigate wood smoke emissions and meet
the federal standard for PM2s. As detailed in Section 1.4, Regulation 6 Rule 3 established the air
district’s authority to call mandatory burn bans or “Spare the Air Days” on days when PMzs is
forecast to reach unhealthy levels. It also provided guidance on the types of solid fuels that could
be burned and set standards aimed at restricting the highest emissions from residential fireplaces.

In 2015, the District released updates to the rules that govern residential wood combustion for
heating within the San Francisco Bay Area. The previous version of the rules had been finalized
in 2008. Below I summarize what policy levers are currently being used and might be used in the
near future to reduce emissions of PM2s from residential wood burning in BAAQMD. These
measures are summarized in Table 4.8.

4.5.7.1 Device switching and emission standards

The air district is employing device restrictions and switch-outs, including financial support, to
reduce emissions from residential wood burning. Most of these rules are mandatory (in new
construction, for example), but some are voluntary (encouraging switch-out of less efficient
wood stoves). Some pertain to an entire device class (such as fireplaces), while others use
emissions standards to distinguish among devices within a category (such as wood stoves).

Beginning in November 2016, builders will be prohibited from installing wood burning devices
in new construction (Bay Area Air Quality Management District, 2015b). Also, when existing
chimneys are remodeled and the cost is over a certain threshold, owners will be required to
convert fireplaces to EPA-certified inserts or stoves, or to install gas-fired or electric heaters
(Bay Area Air Quality Management District, 2015b).

BAAQMD is employing established emission standards to limit PM2.s emissions from household
wood burning devices. Beginning in 2016, any wood heater sold or resold within the air district
boundaries must meet emissions rating of 4.5 g/hr, which is equivalent to EPA NSPS Step 1
(modeled here in Scenario 1). By 2020, the stoves must be below 2.5 g/hr (and 2.0 g/hr if tested
with cordwood), which is equivalent to EPA NSPS Step 2 (modeled here in Scenario 2) (Bay
Area Air Quality Management District, 2015b).

Financial support for owner-occupied unit switch-outs was announcement by BAAQMD in late
2015, in conjunction with amendments to Regulation 6 Rule 3. The air district announced that a
$3 million grant program would assist households with wood burning device change-outs,
providing >50% of the funds necessary per device. Priority is expected to be given to low-
income households and areas with high wood smoke (Bay Area Air Quality Management
District, 2015a).
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Table 4.8. BAAQMD options for reducing population exposure to residential wood heating

emissions.

Policy lever

Applicability to San
Francisco Bay Area

Notes

US EPA New Source
Performance Standard

In use

New wood stove use rules
released by BAAQMD in
2015 reference NSPS.

State policies

Unlikely

CARB has largely delegated
regulation to regional air
districts

Local ordinances

In use

49 local ordinances in
existence in Bay Area.
BAAQMD released model
ordinance in mid-1990s.

Wood stove exchanges

In use

$3 million grant to provide
>50% changeout cost
announced in 2015.

Subsidies for switching fuels

Unlikely

Subsidies for switching
devices

In use

Air district expected to open a
grant program for fireplaces
and wood stoves in 2016.
Priority to low-income
residents and high wood
smoke areas.

Switch to district heating

Unlikely

Not enough heating demand
in SF Bay Area.

HEPA filtration

Possible

Would reduce indoor air
pollution but not outdoor air
pollution.

Educational campaigns

In use

Ads on buses, brochures for
rental units, apps available.

Temporal restrictions on
burning

In use

Winter Spare the Air Days
announced through media,
social media, apps, website.

4.5.7.2 Fud limitations and switching
The air district also restricts which fuels can legally be burned in residential solid fuel devices.
The following fuels are prohibited, according to Regulation 6 Rule 3: garbage, treated wood,
non-seasoned wood, used or contaminated wood pallets, plastic products, rubber products,
waste petroleum products, paints and paint solvents, coal, animal carcasses, glossy or colored
paper, salt water driftwood, particle board, and any material not intended by a manufacturer
for use as a fuel in a wood burning device. The purpose of this restriction is to limit both the type
of substances emitted, as well as the quantity, since many of these fuels are wetter than seasoned
firewood and would smolder rather than burn cleanly.

72



Landlords and other property owners are also responsible for making sure that residential heating
options fit within guidelines, when it comes to fuels: By 2018, landlords must ensure that, if their
rental property is in an area with piped natural gas service, they provide a permanently installed
source of heat that is not wood burning (Bay Area Air Quality Management District, 2015b).

4.5.7.3 Sub-regional (local) ordinances

Since the mid-1990s, when the air district released a model ordinance for local jurisdictions to
use in combatting wood smoke problems, at least 49 local governments have adopted wood
smoke ordinances around the Bay Area (Bay Area Air Quality Management District, 2012b).

4.5.7.4 Educational components

BAAQMD recognizes that education and behavioral change are necessary to achieving further
reductions in residential wood burning. In 2012, the agency surmised that “emissions from
residential wood burning will decrease further in future years in response to continued public
education, the gradual phasing out of housing with uncertified wood stoves, conversion of
fireplaces to natural gas inserts, and other factors,” (Bay Area Air Quality Management District,
2012b).

Education has been a significant part of the air district’s push to reduce emissions from wood
burning for the past decade. In the air district’s 2010 Clean Air Plan, regulators wrote that “[t]he
primary focus during the first year of rule implementation [Regulation 6, Rule 3] was to educate
the public about the new rule, how to comply and the rule’s relevance to public health. The
Winter Spare the Air Alert advertising and outreach campaign utilized TV, print, billboard,
radio, direct mail, public events, door-to-door canvassing and the Air District website. The
District’s No Burn phone line received over 500,000 calls. Enforcement focused on providing
information to residents on how to comply with the rule, issuing warning letters to first-time
violators who did not comply, and developing enforcement action for repeat violators. While
household wood burning was reduced by approximately 50% throughout the entire 2008-2009
Winter Spare the Air season, there were still exceedances of the 35 pg/m?® [PM2] standard (Bay
Area Air Quality Management District, 2010).

Now that the rule has been updated, starting in June 2016, when any properties within district
boundaries are being rented or sold, the person selling or leasing the property must provide
information on the health hazards of burning wood or other solid fuels for heat. In addition,
anyone offering a new or used wood burning device for sale must include information about the
health effects of burning wood, including this statement: “Wood smoke contains harmful
particulate matter (PM) which is associated with numerous negative health effects.” (Bay Area
Air Quality Management District, 2015b)

Firewood offered for sale must include information about wood burning regulation and moisture
content. All firewood must include a tag with the following information: “Use of this and other
solid fuels may be restricted at times by law. Please check 1-877-4-NO-BURN or
http://www.8774noburn.org/before burning." If the wood is seasoned, it will also state: “This
wood meets air quality regulations for moisture content to be less than 20 % (percent) by weight
for cleaner burning.” If it is not seasoned, it must state: “This wood does NOT meet air quality
regulations for moisture content and must be properly dried before burning.” (Bay Area Air
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Quality Management District, 2015b) Unfortunately, this rule is likely to be difficult to enforce,
given that many firewood sales are done informally, rather than through stores.

4.6. Conclusions

Household combustion of solid fuels, mostly wood, in fireplace for aesthetic purposes or in other
wood burning devices for space heating, is the top contributor to PMa:s air pollution in the San
Francisco Bay Area during winter months. The Bay Area is out of attainment for the 24-hour
PM: 5 standard, and non-attainment days fall in the winter months, when meteorology favors
buildup of PM2s and emissions from residential fuel combustion for heating are especially high
(Fairley, 2012).

This chapter presents a model created to 1) estimate the emissions of PMz s attributable to
residential wood combustion in fireplaces, wood stoves, and pellet stoves, and 2) evaluate the
emissions, health, and economic implications of five hypothetical scenarios designed to reduce
PMa2s from this sector. The scenarios include replacing existing wood stoves with lower-
emission EPA-certified wood stoves, retrofitting fireplaces with gas inserts, and converting
conventional wood burning devices to pellet stoves. Model inputs include telephone survey
results about wood burning practices in Bay Area households, published emission rates designed
to mimic Bay Area residential wood burning conditions, and factors estimating the health and
economic benefits associated with reduced PMa.s emissions.

Modeled results based on survey data indicate that fireplaces are responsible for the vast majority
of residential wood combustion emissions of PM2:s in the San Francisco Bay Area. There are
opportunities to avoid premature deaths, serious morbidity outcomes, and financial losses by
encouraging replacement of fireplaces with gas inserts, removing existing fireplaces, and
upgrading existing wood stoves.

The scenarios presented here show that the most important factor is in lessening the use of
conventional fireplaces. From a public health perspective, especially with a focus on PMzs air
pollution, it matters less whether households that currently use fireplaces for heating (or
aesthetics) convert to pellet stoves, gas inserts, or electric heating. What matters is that they stop
using their fireplaces, because the PM2.s emission rates for fireplaces are so much higher than for
any other device in consideration here. (From a climate change perspective, some researchers
argue that converting to electricity rather than natural gas might be wiser, given the high
radiative forcing associated with the methane production and delivery system.)

This analysis shows that there is a need to generate more device- and fuel-specific emission
factors and emission rates for burn patterns in the San Francisco Bay Area. Many of the
emission rates and emission factors used in the calculation of mass emissions from the sector, in
regional and state-wide emission inventories, rely on relatively generalized emissions
information. Residential solid fuel combustion emissions, whether measured per time or per unit
fuel burned, are highly variable and difficult to characterize. As illustrated by the model
presented above, and specifically the Monte Carlo sensitivity testing, current emission rates
(specific to the San Francisco Bay Area) contribute the most to uncertainty in mass emission
estimates for the sector. Our understanding of the public health, economic, and air pollution
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benefits associated with device change-outs and programs to encourage shifts away from
inefficient household solid fuel combustion is hindered by a lack of comparable emission factors

and emission rates for the sector, especially emission information specific to the San Francisco
Bay Area.
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Chapter 5 : Household Cooking and Heating with Solid
Fuels: Overarching Methodological Issues

In this chapter, I summarize the similarities and differences between methodological approaches,
models and data, and descriptive metrics used in Chapters 2, 3, and 4.

5.1. Overview of Data Sources and Models Used

5.1.1 GAINS

GAINS is an energy-driven emissions inventory that provides estimates of primary
anthropogenic PMa s attributable to various activity sector and fuel combinations, by year, at the
national or subnational level, for 179 countries. Energy use data are drawn mostly from the
International Energy Agency’s World Energy Outlook 2011, with some additional information
provided by local partners in countries such as India and China (Amann et al., 2011;
International Energy Agency, 2011b).

Within GAINS, I used a scenario that draws on data from the International Energy Agency’s
(IEA) World Energy Outlook 2011 publication (International Energy Agency, 2011a). The IEA
energy database distinguishes several categories of solid fuels used in the residential sector, e.g.,
several coal types, briquettes, biomass, and charcoal. These are principally compatible with the
GAINS structure; however, distinctions between fuel wood, crop residue, and dung must be
derived from other sources. Further difficulty arises in distinguishing between the use of fuel in
households for heating and cooking, specifically in regions where both uses represent a sizable
fraction of total use, e.g., northern China. IIASA has ongoing collaboration with several partners
in China, India, and Pakistan and uses published sources of information (local reports and peer
reviewed research) to fill these gaps. In a number of countries in Asia, GAINS allocates
activities also at the subnational level, e.g., provinces in China or India, where information from
regional GAINS studies (Amann et al., 2008b; Purohit et al., 2010) is used to scale IEA energy
data. The split between cooking and heating in Europe was developed using data from European
Commission consultations under the Convention for Long Range Transboundary Air Pollution.

In general, GAINS estimates current and future emissions based on activity data, fuel-specific
uncontrolled emission factors, the removal efficiency of emission control measures and the
extent to which such measures are applied (Amann et al., 2011). For household cooking with
solid fuels from 1990-2010, no technical control measures are applied in the model. Klimont et
al. (2002) and Kupiainen and Klimont (2004, 2007) describe the methodology applied to
calculate emissions of PMzs, including extension of the model to include primary particulate BC
and OC. Any formation of secondary organic aerosol is excluded due to the lack of estimates
about the contribution of household sources to precursors in many regions.
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5.1.2 MESSAGE

MESSAGE provides global, regional, and spatially explicit emissions of (CH4), sulfur dioxide
(SO2), nitrogen oxides (NOx), carbon monoxide (CO), VOCs, BC, OC, and PM2s (at a 1°x1°
resolution). The downscaling methods for the socio-economic and demographic drivers as well
as emissions are described in Grubler et al. (2007) and Riahi et al. (2011).

MESSAGE covers all GHG-emitting sectors, including power plants, industry (combustion and
process), road transport, households, international shipping and aviation, agricultural waste
burning, and biomass burning (deforestation, savannah burning, and vegetation fires) for a full
basket of GHGs and other radiatively active gases. In the residential sector, MESSAGE includes
an explicit representation of the energy use of rural and urban households with different income
levels. Fuel choices at the household level consider the full portfolio of commercial fuels as well
as traditional biomass for cooking, heating and specific use of electricity of household appliances
(Ekholm et al., 2011).

To estimate the impacts of these spatially explicit emissions, atmospheric concentrations of
average ambient population-exposure weighted anthropogenic PM2.s and also specifically the
household-related fraction are further derived using the TM5 —FASST source-receptor model.
Modeled PM2 s includes contributions from (i) primary PMz s released from anthropogenic
sources and forest fires, and (ii) secondary inorganic aerosols formed from anthropogenic
emissions of SO2, NOx and NH3 (including water vapor). The data are reported on a spatial level
and are then aggregated by country and GBD region.

5.1.3 TM5-FASST

TMS5-FASST provides population-exposure weighted PM2.s concentrations, by country and year.
These estimates were developed for the forthcoming outdoor air pollution CRA chapter, based
on energy use estimates from the MESSAGE model, also hosted by IIASA. Concentrations
represent primary anthropogenic PM2.s and associated secondary particulate formation
(calculated by the TMS transport model) but do not include salt or dust. Population-exposure
weighting was done at the sub-grid cell level (0.1° x 0.1°). Data were provided by Rita van
Dingenen (EU JRC).

5.1.4 Global Burden of Disease

IHME provides the regional definitions used to express the Global Burden of Disease findings
from Chapters 2 and 3 of this study, as well as standard covariates, such as population figures by
country and year. Data were provided in spreadsheet format by Heather Adair (WHO). Regional
definitions used by IHME and in Chapters 2 and 3 are presented in Appendix C.

5.1.5 True North/BAAQMD Survey
BAAQMD commissioned a telephone survey of Bay Area inhabitants to better understand winter

season residential wood burning behavior, awareness, and attitudes. The survey company
contacted 1,300 randomly selected residents in the Bay Area airshed to participate in the survey
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in 2013-2014, during winter months. Sampled respondents were offered the option of
participating by telephone or online. The survey firm used probability-based sampling techniques
to construct a sample representative of the adult population within BAAQMD boundaries (True
North, 2014). From this sample, I use information about number of wood burning devices,
frequency of wood burning, duration of burning events, and variation by county.

5.2. Calculation of burden of disease

In Chapters 2 and 3, I estimate the burden of disease associated with exposure to outdoor PMa.s
air pollution that can be attributed to household cooking or heating by applying the derived
proportions of ambient PM2s to the GBD 2010 burden of disease estimates for AAP (Lim et al.,
2012). GBD 2010 burden of disease estimates were calculated using an integrated exposure
response function, as described in Burnett et al. (2014). Results were scaled by applying the
proportion of APMz s due to household cooking with solid fuels (the risk factor) to the burden
estimates while preserving the exposure-response relationships used to determine the overall
burden of disease attributable to AAP.

5.2.1 Population-weighted values

Results reported in Chapters 2 and 3 are often expressed in terms of population-weighted annual
PM: 5 concentrations. Population-weighting was performed to determine AAP concentrations
published in Brauer (2012) and used in calculations for these studies. The population-weighting
was performed by assigning population and air pollution values to 0.1° x 0.1° grid cells,
multiplying the values within each cell, summing the resulting cell-specific values by region, and
then dividing that sum by the total population (of all cells) for a region (Brauer et al., 2012).

This technique was replicated when calculating regional results for other outcomes in Chapters 2
and 3, such as the proportion of mass PM2.s emissions attributable to household sectors. In that
case, population weighting was done when results were calculated at the country level, before
they were then reported at the (population-weighted) regional level. The sensitivity analysis
section of Chapter 2 summarizes some of the potential uncertainty introduced by this technique
and why it was not possible to do a more spatially-explicit analysis for household cooking
emissions at the global scale.

The major effect of population-weighting AAP concentrations is to account for the representative
exposure experienced by the population living within a given region. If the population is
predominately located in and around cities, and the cities have higher PM2.s concentrations than
rural areas, then population-weighting will raise the average concentration reported for the
region, as compared to the (non-weighted) average concentration. Conversely, if most of the
population lives in rural areas with lower PM2 s concentrations, then population-weighting will
lower the reported average concentration, reflecting the fact that inhabitants will have lower
exposures, on average.

78



5.2.2 From population-weighted concentrations to exposure

In using the population-weighted concentrations described above to estimate the burden of
disease associated with exposure to AAP from household solid fuel combustion, I assume that
the derived proportion of the concentrations are representative of population-level exposure to air
pollution from household combustion. In many developing country contexts, houses are
characterized by high air exchange rates, indicating that background indoor and outdoor air
pollution concentrations are similar (Smith et al., 2000) and that exposures are influenced by the
“neighborhood” (ambient) pollution that is explored here (Smith et al., 1994; Zhang and Smith,
2007).

In some cases, population-weighted concentrations for given geographic regions may
underestimate exposure, if point sources affect densely-populated areas. To correct for this, TM5
uses a subgrid parametrization to redistribute the computed concentrations that might affect
urban areas, for example (Brauer et al., 2012). Brauer et al. separated sub-regional sections into
urban and rural areas, to produce analyses such as that shown in Figure 5.1. This coding by
density allowed for urban/rural sensitivity analysis, as detailed in Chapter 2.
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Figure 5.1. Histograms of selected regional (2005) annual average PM2.5s concentrations for
urban and rural grid cells. Frequency denotes the number of grid cells with concentrations in a
given range. Note the difference in scales between regions. Reproduced from Brauer et al.
(2012).

Even with attention to urban/rural classification, use of population-weighted AAP
concentrations, and recognition of neighborhood-level effects of household combustion
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pollution, it is possible that results still under-represent and underestimate true exposures to the
air pollution generated by household combustion. This is because household combustion sources
are, by definition of being in living areas, so much closer to human breathing zones than other
sources, such as industrial sources. This proximity likely yields higher intake fractions than most
other sources, although at least one study has found intake fraction of PM2.5s emissions from
residential buildings to be lower than that from traffic (Taimisto et al., 2011). In addition,
modeled PM2s may underrepresent total PMa2.s concentrations from this sector because
secondary aerosols that are formed downwind from the semivolatile organic compounds released
in woodsmoke are not yet incorporated into most atmospheric chemistry models and analyses.

5.3 Calculation of avoided ill-health and mortality

In Chapter 4, I estimate the health benefits associated with reduction of PMz s attributable to
household heating with wood in the San Francisco Bay Area. These health benefits are expressed
in terms of avoided premature deaths and avoided ill-health. In this section, I describe the
general methods used to determine the factors that were applied in this analysis to estimate the
health benefits. These factors were constructed by the US EPA and are published in two relevant
reports by that agency (US Environmental Protection Agency, 2013a, b). The descriptions below
are summaries of more detailed explanations from the two US EPA reports. I focus here on the
demographic groups included and excluded from each class of health benefits reported in
Chapter 4.

Reduced incidence of premature mortality from exposure to PM2.s was estimated for some adults
and some children, based on (prospective) cohort study estimates and expert elicitation estimates.
Two relative risk values are used: one for adults age >30, analyzing the American Cancer
Society cohort (Krewski et al., 2009) and one for adults age >25, analyzing the Harvard Six City
Study cohort (Lepeule et al., 2012). Krewski et al. represents application of the relative risks
derived from the “American Cancer Society” cohort outcomes and employs all-cause mortality
risk estimate based on the random-effects Cox proportional hazard model that incorporates 44
individual and 7 ecological covariates (RR=1.06, 95% confidence intervals 1.04—1.08 per
10pg/m? increase in PMa2:s). Lepeule et al. represents application of the relative risks derived
from the “Harvard Six Cities Study” cohort outcomes, and uses all-cause mortality risk estimate
based on a Cox proportional hazard model that incorporates 3 individual covariates. (RR=1.14,
95% confidence intervals 1.07-1.22 per 10 pg/m® increase in PMz:s). In this analysis, avoided
infant deaths are restricted to 0-1 years (whereas children’s deaths are sometimes studied from 0-
Syrs in other studies) (Woodruff et al., 1997). To avoid double counting, EPA focused on
applying the risk coefficients from the long-term cohort studies rather than short-term studies,
since cohort studies likely capture any long-term and short-term impacts.

The avoided morbidity outcomes pertain to either adults, children, or both age groups, depending
on the specific factor. Non-fatal heart attacks avoided are estimated for adults >18 years, with
different death rates applied for ages 18-44, 45-64, and over 65. Hospital admissions avoided for
respiratory symptoms are estimated for all ages, though impacts are estimated differently for
ages 0-17, 18-64, and over 65. Cardiovascular hospital admissions avoided are estimates for
adults 20-64 and over 65. Emergency room visits for asthma are estimated for children <18
years. Acute bronchitis is estimated for children 5-17 years. Lower respiratory symptoms
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avoided are estimated for children 7-14 years, and upper respiratory symptoms avoided are
estimated for children 9-11 years. Asthma exacerbation avoided was estimated for children 6-18
years; in adults, it was classified instead as avoided lost days of work and avoided minor
restricted activity days. Lost work days avoided were estimated for adults 18-65, on the basis of
personal symptoms or having to care for a sick family member. Minor restricted activity days
avoided were estimated for adults 18-65.

As noted in the underlying EPA documentation, application of these factors to a specific location
must be done with caution (US Environmental Protection Agency, 2015b). When developing the
factors used here, however, the EPA noted that most if not all of the benefits expected from the
policy analyzed (to lower allowable levels of particulate air pollution in the United States) were
expected to accrue in California. The analysis in Chapter 4 pertains solely to the San Francisco
Bay Area in California. As stated in Chapter 4, the health benefits results presented are rough
estimations and would benefit from further refinement.

5.4 Differences in health calculations used in Chapters 2, 3, and 4

Chapters 2 and 3 use the Global Burden of Disease as the basis for calculation of health effects
associated with AAP from household fuel combustion. Chapter 4 employs a different method to
estimate health effects from similar household fuel combustion, using linearly derived
concentration-response functions published by the US EPA.

5.4.1 Global Burden of Disease health effect calculations

The Global Burden of Disease health effects, expressed in premature deaths and DALY, are
calculated at the regional scale for all regions of the world. They incorporate non-linear
relationships between concentrations of ambient PMa.s (population-weighted annual averages)
and a variety of health outcomes. Determination of the estimated effect of household fuel
combustion on AAP, expressed in premature deaths or DALY per year, is made by deriving the
proportion of total PM2.s emissions that are attributable to household fuel use for specific energy
services. In this way, the Global Burden of Disease serves as a link between energy use data,
emissions information, satellite-derived air pollution calculations, and health impact estimates.

5.4.2 US EPA health effect calculations

The US EPA methodology employed in Chapter 4 assigns linear health benefit factors to each
avoided ton of PM2 s released in a given energy use sector. The chapter focuses on residential
heating with wood, so health benefit factors for that sector are employed. Underlying this method
is the assumption that each avoided ton of PM2.s produces the same health benefits as any other
avoided ton of PM2.s (US Environmental Protection Agency, 2013a, b). In reality, we know that
health impacts of particulate air pollution are tied to the concentrations of the pollutant; in other
words, a given step change in PMa.5 concentrations, say from 25 pug/m? to 26 ug/m?, will have
different health effects than a change in concentration from 250 pg/m? to 251 pg/m?>.
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Chapter 6 : Regulatory Instruments and Climate Change
Implications of Household Biomass Combustion

“Thereis an urgent need to design and implement an effective approach to limiting black carbon
emissions from home heating sources as their use continuesto rise,” (Pearson et al., 2013).

In Chapter 2 and Chapter 3, I outlined the relationship between outdoor air pollution and
household combustion of solid fuels for cooking and heating. The extent to which residential
cooking and heating contribute to AAP is determined, in part, by mandatory and voluntary
policies and regulations (as described in Chapters 4). Often these regulations are created at the
local level and are motivated by a desire to protect human health from the negative effects of
short- and long-term exposure to fine particulate matter pollution. However, household fuel
choices are also, usually indirectly, affected by state, national, and/or regional (e.g., European
Community) policies on climate change mitigation.

Household solid fuel combustion regulatory measures and policies will be especially useful if
they are designed so that they can shift as our nuanced understanding of the air pollution, health,
and climate change implications of household solid fuel use emissions evolve. Biomass and coal
burned in cooking or heating stoves often releases pollutants that are harmful to human health
and can contribute to climate change. This is especially true when combustion is incomplete
(Canada Standards 2012). Climate change mitigation is a secondary (though more complicated)
reason for regulation of residential wood burning, since the sector accounts for 12% of the Bay
Area’s BC emissions, for example (Bay Area Air Quality Management District 2016).

In this chapter, I review regulatory measures available to decrease emissions from household
heating emissions, and household cooking emissions where applicable. I then summarize
implications of household solid fuel emission regulation for climate change mitigation, with an
emphasis on household biomass combustion.

6.1. Regulatory measures related to heating and cooking emissions

As detailed in Chapter 3, residential solid fuel combustion for heating is a major source of fine
particulate air pollution (PM2s) in Europe and North America, generating an estimated 142
kilotonnes of PMa.s per year in Europe, 174 kilotonnes in the United States, and 160 kilotonnes
in Canada, according to the most recent estimates available (Canadian Council of Ministers of
the Environment, 2012; European Commission, 2015; US Environmental Protection Agency,
2013b).

In this section, I consider the similarities and differences between existing regulatory and

voluntary guidelines designed to reduce emissions of fine particulate matter (PMz.5) from
household solid fuel heating devices.
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6.1.1 Emission-based regulations and guidelines for household heating devices

Here, I review three sets of emission-based regulations and guidelines that pertain to household
space heating combustion devices. The Ecodesign standards were recently entered into force by
the European Commission and will affect space heating combustion device emissions across the
European Union. The US EPA New Source Performance Standards set similar limits for
combustion products sold in the US. The WHO Indoor Air Quality Guidelines are international
in scope and set influential standards for household solid fuel emissions, though they were
developed primarily for cooking devices rather than heating devices. The regulations and
guidelines are summarized in Tables 6.1-6.3 below.

Table 6.1. Regulatory limits and guidelines based on emission rates (mass per time).

Source Device Fue g/hr PM2s Notes
Canada Non-catalytic [Not specified] | 4.5 CSA B415.10 (2010)
Standards wood burning
Association devices
US EPA NSPS All wood stoves | Crib wood 4.5 Enforceable after
Step 1 (2015¢) and pellet stoves | testing Dec 31 2015
sold in US
Canada Catalytic wood | [Not specified] | 2.5 CSA B415.10 (2010)
Standards burning devices
Association
US EPA NSPS All wood stoves | Cord wood 2.5 Enforceable after
Step 2 and pellet stoves | testing May 16 2020
sold in US
US EPA NSPS All wood stoves | Crib wood 2.0 Enforceable after
Step 2 and pellet stoves | testing May 16 2020
sold in US
WHO Indoor Air | Vented [Not specified] | 0.429 Level needed to
Quality appliances- meet WHO Air
Guidelines intermediate Quality Guidelines.
emission rate Intended for cooking
target appliances. Provided
for information.
WHO Indoor Air | Vented [Not specified] | 0.048 Level needed to
Quality appliances- meet WHO Air
Guidelines emission rate Quality Guidelines.
(2014b) target Intended for cooking
appliances. Provided
for information.
WHO Indoor Air | All appliances Coal 0 Recommendation 3:
Quality (unprocessed) Unprocessed coal
Guidelines should not be used as

a household fuel
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Table 6.2. Regulatory limits based on emission factors (mass of pollutant per mass of fuel).

Sour ce Device Fuel g/kg PM2s Notes
US EPA NSPS Fireplaces: low- | [not specified] 7.3 Voluntary
(Phase 1) mass, program
engineered, pre-
fabricated,
masonry and site-
built masonry
European Open fronted All solid fuels 6 EU 2015/1185.
Commission local space Enforceable
Ecodesign (2015) | heaters after 1 Jan
2022
US EPA NSPS Fireplaces: low- | [not specified] 5.1 Voluntary
(Phase 2) mass, program
engineered, pre-
fabricated,
masonry and site-
built masonry
European Closed fronted Solid fossil fuel |5 EU 2015/1185.
Commission local space Enforceable
Ecodesign heaters after 1 Jan
2022
European Closed fronted Solid biomass 2.4-5.0 EU 2015/1185.
Commission local space fuels, except (depending on Enforceable
Ecodesign heaters compressed measurement after 1 Jan
wood pellets method) 2022
European Closed fronted Wood pellets 1.2-2.5 EU 2015/1185.
Commission local space (depending on Enforceable
Ecodesign heaters measurement after 1 Jan
method) 2022
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Table 6.3. Regulatory limits for hydronic heaters and small boilers.

Sour ce Device Fuel g/kg PM2s Notes

Canada Indoor boilers [not specified] 0.4 g/MJ CSA B415.10

Standards and furnaces (0.93 Ib/mmBtu) | (2010)

Association

Canada Outdoor wood [not specified] 0.13 g/MJ CSA B415.10

Standards hydronic heaters (0.30 Ib/mmBtu) | (2010)

Association

European Solid fuel boilers | Woody biomass | 40 mg/m? EU 2015/1189.

Commission <500 kW or fossil fuel seasonal Enforceable

Ecodesign (manual) emissions after 1 Jan

average 2022

European Solid fuel boilers | Woody biomass | 60 mg/m? EU 2015/1189.

Commission <500 kW or fossil fuel seasonal Enforceable

Ecodesign (manual) emissions after 1 Jan

average 2022

US EPA NSPS Residential [not specified] 0.32 Ib/mmBtu | Enforceable

Step 1 hydronic heater (18 g/hr) after May 15
2015

US EPA NSPS Residential Cord wood 0.15 Ib/mmBtu | Enforceable

Step 2 hydronic heater | testing after May 16
2020

US EPA NSPS Residential [not specified] 0.10 Ib/mmBtu | Enforceable

Step 2 hydronic heater after May 16
2020

6.1.2 Ecodesign standards (Europe)

Over the past decade, the European Commission has worked towards regulation of solid fuel
local space heaters, particularly those that use various forms of woody biomass fuel (wood logs,
pellets and biomass bricks). Broader policy initiatives set the stage for the EU’s work in this area
and specific regulations to address energy efficiency and emissions have been developed for
solid fuel space heaters (ENER Lot 20) and solid fuel boilers (ENER Lot 15) under the
Ecodesign directive (European Commission, 2009, 2015).

The Ecodesign regulations for solid fuel space heaters were adopted in 2015, following a 2009
directive mandating the European Commission to develop standards for solid fuel heaters, and
then several years of subsequent revision of draft regulations. The regulations apply to solid fuel
local space heaters with nominal heat output of <50 kW and are classified under Ecodesign
regulation 2015/1185. Though the regulations entered into force in 2015, they will not come into
effect until 2022 (European Commission, 2015).

The European Commission estimates that the annual energy consumption related to solid fuel

local space heaters was 627 PJ (15.0 Mtoe) in the European Union in 2010, producing 9.5 Mt of
carbon dioxide (CO2) emissions. Without efficiency regulation, the corresponding energy
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consumption in 2030 was estimated to grow to 812 PJ (19.4 Mtoe) from solid fuel local space
heaters and 530 PJ (12.7 Mtoe) from solid fuel boilers, producing slightly less (8.8 Mt) CO2 from
local space heaters (European Commission, 2015).

The European Commission estimates that in 2010, annual emissions of particulate matter (PM)
were 142 kton/year from solid fuel local space heaters in member states (European Commission,
2015). With specific measures adopted by Member States and technological development, these
emissions are expected to fall to 94 kton/year in 2030.

According to the Commission proposals, implementation of Ecodesign standards would lead to
significant energy savings and reductions of CO2 emissions from solid fuel local space heaters
and boilers compared to baseline projections. In 2030 the requirements for those products,
combined with energy labeling, were expected to save around 41 petajoules (0.9 Mtoe) per year
for local space heaters and 18 PJ (0.4 Mtoe) from solid fuel boilers, corresponding to 0.4 million
tonnes and 0.2 million tonnes of COz respectively (European Commission, 2015). They are also
expected to reduce PMa2.s emissions by 27 kilotonnes per year for solid fuel local space heaters
and 10 kt for solid fuel boilers by 2030 (European Commission, 2015).

Some countries in Europe (including Austria, Denmark, Germany, Norway and Sweden) have
issued national emission standards for small residential heating installations, which are already in
effect. The most comprehensive at this time is a German law of 2010 (quoted in Bond et al.,
2013).

6.1.3 New Source Performance Sandard (USA)

In the US, the EPA updated its new source performance standard (NSPS) for residential wood
stoves in 2015. The new standard contains lower emission rate limits for wood burning stoves
(see Table 6.1 for specific emission rate limits). The original standard, created under the Clean
Air Act to limit particular matter emissions, was published in 1988, and set limits of 7.5 g/hr for
noncatalytic wood heating appliances and 4.1 g/h for catalytic wood heating appliances.

The new NSPS is composed of two progressively lowering emission rate limits. The first level,
Step 1, came into force in 2015, and requires that adjustable burn rate wood stoves, single burn
rate wood stoves, and pellet stoves, meet a PM emissions limit of 4.5 g/hr. This is equivalent to
the 1995 Washington State limit for non-catalytic wood stoves. The second level, Step 2, will
come into force in 2020, and requires that wood stoves have an emission rate lower than 2.0 g/hr.
This is equivalent to the 1995 Washington State emission rate limit for catalytic wood stoves.

Notably, the updated NSPS applies only to wood heaters that will be sold in the future. It does
not apply to devices that burn coal, gas, or oil. It does not cover devices installed prior to
implementation of the standards, nor does it apply to fireplaces (since they are not considered
effective sources of heat). Many of the increasingly popular residential wood burning devices,
such as hydronic heaters and forced air furnaces, are addressed by a separate standard mentioned
in the NSPS documents. The NSPS also does not apply to devices that are used primarily for
cooking, such as camp stoves, cook stoves with an oven, or traditional Native American bake
ovens.
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An EPA voluntary certification standard for low-mass fireplaces (5.1 g/h) was included under the
NSPS revision, as well as a standard for masonry heaters (2.0 g/h daily average; 0.32 Ib/million
British Thermal Unit (mmBTU) [around 0.14 g/megajoule]) and single burn-rate stoves (3.0
g/h).

Hydronic heaters, whether located indoors or outdoors, must meet a Step 1 limit of 0.32
Ib/mmBtu in 2015, and the Step 2 limit of 0.10 Ib/mmBtu in 2020. A hydronic heater is a wood
fired boiler, often located outside the building for which it is generating heat — in a shed, for
example — that heats a liquid (water or water/antifreeze mix) and then uses this to circulate heat.
To promote the production and sale of cleaner and more efficient outdoor hydronic heaters, EPA
currently runs a voluntary certification program for manufacturers. Certified outdoor hydronic
heaters at the most stringent certification level (“phase 2”°) are about 90% cleaner than
uncertified models. Even outdoor hydronic heaters qualifying for phase 2 certification, however,
still emit one to two orders of magnitude more PM2 s on an annual average emission rate basis
than residential oil or gas furnaces. A number of state and provincial jurisdictions have also
adopted setback distances (distances from buildings or other structures deemed to need
protection) of 30—150 m, depending on emissions certification, for outdoor hydronic heaters.

Additionally, small forced air furnaces (<65,000 Btu/hr) will need to meet a Step 1 emission
requirement of 0.93 Ib/mmBtu in 2016, which is identical to Canada’s CSA standard for indoor
furnaces and boilers. By 2017, larger forced air furnaces (>65,000 Btu/hr), which make up
approximately 75% of forced air furnace sales, will also need to meet this requirement. All
forced air furnaces will need to have emission rates below 0.15 Ib/mmBtu, which is stricter than
the current CSA standard for either indoor or outdoor boilers or furnaces, by 2020.

Though the standards detailed here focus on reducing emissions of particulate matter, the NSPS
(like the Ecodesign standards) includes minimum efficiency requirements for a number of
appliances, with the aim of reducing CO emissions.

6.1.4 Canada Standards Association (Canada)

Model standards for wood burning emissions exist in Canada as well, and residential wood
burning has been prioritized as a sector in which contaminant emissions can be reduced. (Canada
generates an estimated 104,087 tonnes/year of PMa2s from residential wood combustion.) CCME
participated in an initiative to update the Canadian Standards Association (CSA) standards for
new wood burning appliances (CSA Group, 2010). These standards were adopted in 2010,
lowering the PM emission rate to 4.5 g/h for noncatalytic wood heating appliances and to 2.5 g/h
for catalytic wood heating appliances. They also established emissions limits of 0.4 and

0.13 g/megajoule for indoor boilers/furnaces and outdoor hydronic heaters, respectively.

In Canada, the relevant standard (CSA B415.10) is “a consensus-based standard intended to
provide appliance manufacturers, regulatory agencies and testing laboratories in Canada with
methods for determining thermal efficiencies, particulate emissions and flue gas flow rates of
solid fuel burning appliances.” It is not a regulatory standard as the NSPS is in the US.
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6.1.5 WHO Indoor Air Quality Guidelines

WHO recently released indoor air quality guidelines for household fuel combustion (WHO,
2014a). The guidelines describe the household combustion technologies and fuels (and
associated performance levels) needed to prevent the negative health effects currently
attributable to this source of air pollution. The implied focus of the report and guidelines is
household cooking with solid fuels, in part due to the model inputs and assumptions made in
developing the guidelines and emission rate targets (see Table 6.1). However, the guidelines are
written with language that makes them applicable to household space heating as well.
Recommendations pertinent to household space heating include:

e setting emission rate targets (see the guidelines for specific target values) for both vented
and unvented household stoves (for PM2.s and CO);

e encouraging governments to accelerate efforts to meet air quality guidelines, in part by
increasing access to and encouraging sustained use of clean fuels and improved stoves,
including maintenance and replacement of the stoves over time;

e preventing use of unprocessed coal as a household fuel, given that indoor emissions from
household combustion of coal are carcinogenic to humans, according to the International
Agency for Research on Cancer (IARC, 2010) — note that unprocessed coal is
distinguished here from so-called “clean” or “smokeless” coal, for which less research on
health effects has been done;

e discouraging household combustion of kerosene since there is strong evidence that
heating with kerosene leads to indoor concentrations of PMa s, nitrogen dioxide (NO2)
and sulfur dioxide (SOz2) that exceed WHO guidelines, and household use of kerosene
also poses burn and poisoning hazards;

e encouraging governments to maximize health gains while designing climate-relevant
household energy actions.

6.1.6 Implications of national and international regulatory measures for heating emissions

In general, the development of the standards summarized here, as well as other voluntary and
mandatory household solid fuel combustion emission standards, appear to be helpful in
incrementally reducing emissions from certified appliances, encouraging awareness of the health
and environmental effects associated with emissions of products of incomplete combustion from
household heating (and cooking) devices, and perhaps most importantly, setting a standard that
can be referenced by international, national, state, regional, and local municipalities seeking to
limit pollution from these devices.

In Chapter 4, I mention the existence of nearly fifty city and county ordinances that regulate
wood burning devices in the San Francisco Bay Area alone. Many, though not all, of those
ordinances refer to EPA certified wood stoves and pellet stoves when describing which devices
may or may not be installed in new construction, installed as part of retrofits, or used during
particular days when air quality is forecast or measured to be unhealthy (Bay Area Air Quality
Management District, 2012a). Most, if not all, of these ordinances were passed before the EPA
updated its NSPS emission limits, but the ordinances were often written to account for future
updates to the limits, referring to “EPA-certified” appliances rather than to a specific emission
rate or emission factor within the ordinance itself (see City of Oakland, California Ordinance

88



Number 12671, for example), though some refer to specific emission rates and would need to be
amended to reflect current EPA emission limits as they change over time (see City of Berkeley
Municipal Code, Chapter 15.16, which refers to a 7.5 g/hr emission rate to set compliance, for
example).

6.2. Climate Change Mitigation Implications of Household Solid Fuel
Combustion Regulation

6.2.1 Climate Change Mitigation Potential of Household Biomass Fuel

One of the reasons that residential wood burning persists in developed countries, including the
United States, is the popular understanding that it is a “climate-neutral” heating option. This
opinion was voiced by attendees at a series of public workshops held in the San Francisco Bay
Area to gather comment on proposed amendments to BAAQMD’s wood burning rule in 2015.
More broadly, and at higher levels of government, the perceived climate benefit of residential
wood combustion guides planning as governments consider ways to reduce fossil fuel use and
concomitant carbon emissions, especially in European countries where climate change mitigation
targets are well established.

Biomass is often touted as a renewable fuel that can assist with climate change mitigation and
reduce reliance on fossil fuels (Alliance for Green Heat 2015). Whether a specific type and
source of biomass is indeed considered a renewable fuel, meaning that it can be regenerated over
time, is dependent on factors such as the type of biomass, the long-term ecological health of the
biomass growing location, and whether the biomass is planted or naturally regenerates after
harvest. However, these factors are not always considered in analyses of renewability (Cherubini
and Stremman, 2011).

To complicate matters even further, the climate implications of a specific fuel depend on
combustion conditions as well. As shown in Figure 6.1, the device in which a fuel is burned has
a role in determining impacts on climate.

6.2.1.1 European Union

In the European Union, many countries have developed climate change mitigation strategies that
favor expansion of biomass combustion at the household level. For example, the United
Kingdom’s Renewable Heat Incentive, introduced in 2014, explicitly includes payment to
households using biomass boilers as part of the strategy to reduce the country’s GHG emissions
by 80% (from 1990 levels) by 2050 (Ofgem, 2014).
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Figure 6.1. The BC:OC ratio changes depending on fuel type, device type, and energy service
provided. See for example mud cooking stove and conventional wood stove. Figure from Bond
et al. (2013).

Biomass fuels were also included in the European Commission’s strategy for reaching the
“202020” targets (20% reduction in GHG emissions, 20% of final energy consumption from
renewable energy and 20% increase in energy efficiency by 2020) (European Climate
Foundation, 2010). Heating is currently the largest end use of biomass in the EU, and is
projected to continue to be into the near future (90.4 Mtoe in 2020) (European Commission,
2014). (See Figure 6.2.) However, much of the new biomass use in the EU has been for
electricity production rather than household heating (European Climate Foundation, 2010). The
World Bank and others have recognized that these trends will likely have bad climate
consequences, writing that “There is an urgent need to design and implement an effective
approach to limiting black carbon emissions from home heating sources as their use continues to
rise,” (Pearson et al., 2013).
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Figure 6.2. Heating and cooling demand from solid biomass and biogas in households and
district heating (2020, Mtoe). Source: National Renewable Energy Action Plans.

6.2.1.2 San Francisco Bay Area

BAAQMD, which is aware of and interested in exploring the climate change implications of
heating fuels, maintains a GHG emissions inventory. The most recent version available, which
was published in 2008, states that household solid fuel combustion across the Bay Area accounts
for 6,242 metric tons/year of methane (CH4) and 67 metric tons/yr of N20O, or a total of 151,742
metric tons/yr in COz equivalent (COze) terms. It also causes the release of 628,550 metric
tons/yr of biogenic CO2, which is four times the CO2e (by mass) of the N20O and CH4 released
by the same fuel burning. Household combustion of solid fuels accounts for 33% of all biogenic
COz released by any included source in the Bay Area.

Included emissions from household solid fuel combustion (CH4 and N20) equate to 2% of all
COze emissions from residential fuel use (natural gas, liquid fuels, and solid fuels). Note that
while all household solid fuel use can be assumed to be for space heating, the same is not true for
the other included fuel uses, which might include water heating and perhaps cooling as well.

Notably, this inventory, as its name (Greenhouse Gas Emissions Inventory) implies, does not
include climate active particles, such as BC. Inclusion of all climate active pollutants emitted by
residential solid fuel combustion would likely significantly change the balance of warming and
cooling substances emitted.

6.2.2 Co-benefits for local air quality and health

Of the many ways that climate and health intersect, household solid fuel use is an area that has
important short-term climate implications, one of the highest associated burdens of disease of
any analyzed risk factors, and interventions that might lessen both the climate and health effects
(Smith et al., 2014; Smith et al., 2009; Unger et al., 2010; Wilkinson et al., 2009).

On the positive side, climate change policies that are generally pro-household biomass
combustion can sometimes protect local air quality as well. For example, policies that lead to
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more complete combustion of solid fuels, such as stove change-out programs, can reduce
emissions of climate-active pollutants (such as BC) that harm local air quality. When climate
change mitigation strategies have benefits for health as well, they are often called “co-benefits”
or “no-regret” approaches.

6.2.2.1 Co-benefits for health from climate change mitigation

Co-benefits are health benefits that come along with actions that are primarily motivated by an
interest in mitigating climate change; or climate mitigation benefits produced by actions that are
primarily motivated by an interest in improving public health. Reducing emissions of health-
relevant air pollutants, especially those that are also climate-active pollutants (especially CH4
and BC), can have short- and medium-term co-benefits for health; they can also immediately
reduce exposure to associated particulate air pollution. Accounting for these health co-benefits
can produce a more complete economic picture of the costs and benefits associated with efforts
to reduce heating-related emissions, such as wood stove change-out programs.

Originally called “win-win” or “no regrets,” the term “co-benefit” denotes, in the climate change
context, a mitigation strategy that carries related but outside benefits, usually to human welfare
or health (Nemet et al., 2010). The Organization for Economic Cooperation and Development
(OECD) distinguishes this from benefits to local air quality, which it terms a potential “double
dividend” of GHG mitigation efforts (Bollen et al., 2009).

Co-benefits are usually expressed in units of health (avoided deaths, disability-adjusted life
years, health-related dollars) per units of climate active pollutant mitigated (tons of COz or
COze). The concept of disability-adjusted life years (DALY's) was first described around 1990
and has been widely adopted since then, with the goal of integrating morbidity and mortality into
a single metric. It is used, perhaps most prominently, in the Global Burden of Disease and
Comparative Risk Assessment studies, which calculate health burdens by disease and by
underlying risk factor in such a way that they can compared (Ezzati et al., 2004).

Several studies conclude that the most significant opportunities for health co-benefits exist in
countries with higher existing levels of climate active pollutant emissions; these are often
developing countries in which emissions reduction laws have not been enacted or are not widely
enforced (Nemet et al., 2010). In many cases, as in China, failure to consider co-benefits has
resulted in incomplete and inflated estimates of climate active pollutant mitigation costs (Aunan
et al., 2006). Smith and others conclude that most co-benefit estimates represent a conservative
valuation approach because they often only include select climate pollutants and only the health
endpoints for which the most conclusive evidence exists (Smith and Haigler, 2008).

6.2.2.2 Examples of co-benefits from reducing household solid fuel emissions

The World Bank found that replacing current wood stoves and residential boilers used for
heating, with pellet stoves and boilers, and replacing chunk coal fuel with coal briquettes (mostly
in Eastern Europe and China), could provide significant climate benefits and would save about
230,000 lives annually, with the majority of these health benefits occurring in OECD nations
(Pearson et al., 2013). Note that the continued use of coal for residential heating is not
recommended; however, the use of coal briquettes was factored into the scenario detailed here.
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Another study coordinated by the UN Environment Programme (UNEP) and the World
Meteorological Organization (WMO) found that widespread dissemination of pellet stoves (in
industrialized countries) and coal briquettes (in China), for BC mitigation, could improve health,
since these interventions lead to reductions in PM2 5. Major reductions in annual premature
deaths include expected as a result of these interventions include about 22,000 less deaths in
North America and Europe, 86,000 less deaths in East, Southeast Asia and the Pacific, and
22,000 less deaths in South, West and Central Asia.

6.2.2.3 Tensions between biomass use and health

However, policies that advocate broadly for increased biomass combustion at the household
level may actually decrease local air quality while potentially mitigating climate change. This
tension has been documented in several EU government documents, one of which shows that
diverse stakeholders are concerned about the issue.

The European Commission itself noted, in a 2013 report, that, when it comes to household solid
fuel combustion, “[t]he problem is not only continuing coal use, but also increase in biomass use,
driven partly by renewables policy and (more recently) by the economic crisis,” (European
Commission, 2013).

In a public consultation on European Union air policy, 19 of 40 stakeholder respondents (from
the EU Stakeholder Expert Group on the Air Review), including member states, business
associations, and environmental organizations, favored better alignment between air quality
policy and climate change policy, agreeing that “[t]rade-offs with climate change policy must be
taken into account,” including, specifically, the “negative impacts on [air quality] by more
biomass combustion,” (TNO, 2012).

6.2.3 Further work on climate change aspects of household biomass combustion

The issues laid out in this chapter form the basis for future work on the topic of household
combustion of biomass, especially for heating, as it relates to climate change mitigation policies
and strategies. Table 6.4 suggests just three of the synergies or tensions in this sector that could
come to bear through current or proposed near-future policy developments in California.

As climate mitigation strategies are proposed and debated, there will be a need to better
understand the exact relationship between household biomass use for heating, local air quality,
and human health, especially in relation to other heating fuel options. Many environmental
organizations are transitioning their messaging to advocate for electrification of the household
heating sector in California, based primarily on climate-related concerns about long-term use of
natural gas, and will be evaluating how to provide guidance on biomass fuels. Without better
information about the sector, including reliable emission factors, good underlying data on the
prevalence of solid fuel use in the sector, and a strong understanding of whether it will be
feasible to encourage device change-outs in the near future, it will be difficult to evaluate
biomass against other fuel options.
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Table 6.4. Synergies and tensions in California climate change and air pollution mitigation

strategies and policies.

Synergies

Reasoning/Rationale

California policy example

Air districts issue temporary
bans on residential wood
burning

Reduces PM2.s emissions,
including BC, and improves
local air quality

BAAQMD restrictions on
residential burning

Use of cap and trade revenue
to fund wood stove change-
out programs

Reduces PM2s, including BC,
by decreasing emissions from
wood stoves

Proposal in draft concept
paper for three-year CARB
Greenhouse Gas Revenue

Fund (GGRF) Investment
Plan

Tensions

Encouraging Could increase PM2s Money from cap/trade

increased/continued use of
biomass combustion, to
reduce reliance on fossil fuels

emissions, including BC, if
combustion is not complete

revenue (Greenhouse Gas
Revenue Fund) diverted to
fund biomass energy (ex:
AB590—proposed bill)
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Chapter 7 : Conclusion

7.1. Summary of previous chapters

In the preceding chapters, I asked how household combustion of solid fuels for cooking and
space heating affects outdoor air pollution and human health, and how changes in policies or
regulations relevant to the residential solid fuel use sector might affect emissions in the future.
My focus has been on fine particulate matter (PM:.s), just one of many air pollutants created
through the incomplete combustion of solid fuels.

In Chapter 2, I found that household cooking with solid fuels caused an estimated 12% of
population-weighted ambient PM2.s worldwide in 2010. Exposure to this air pollution caused the
loss of 370,000 lives and 9.9 million disability-adjusted life years (DALY's) globally in the same
year.

In Chapter 3, I found that household heating with solid fuels caused an estimated 21% of
population-weighted ambient PM2.s in 2010 in Central Europe, 13% in Eastern Europe, 12% in
Western Europe, and 8% in North America. Exposure to this air pollution results caused
approximately 60,000 premature deaths in Europe, and nearly 10,000 deaths in North America,
as well as an estimated 1.0 million disability-adjusted life years (DALY's) in Europe and 160,000
DALYs in North America.

In Chapter 4, I found that fireplaces are the source of the vast majority (84%) of PMa.s from
residential wood combustion in the San Francisco Bay Area, despite their use primarily as an
aesthetic or recreational combustion activity. I also found that replacing fireplaces with gas
would yield significant health and economic benefits. Retrofitting frequently used fireplaces
(300,000 units) to gas inserts in the Bay Area’s nine counties would reduce sector emissions by
about 90%, avoiding 140-310 premature deaths and 19,000 lost days of work each year, and
creating upwards of $1 billion in annual financial benefits from improved public health.

In Chapter 5, I describe the methodological similarities and differences between the approaches

taken to estimate air pollution and health effects associated with household use of solid fuels, at
two different scales (global and local) in the previous chapters. I summarize the data inputs and

metrics used to evaluate health impacts, emphasizing that while premature deaths are a common
metric shared among the chapters, the ways of calculating impacts differ fairly significantly.

In Chapter 6, I outline current and proposed regulatory and policy mechanisms related to the
household solid fuel use sector, most of which have the goal of reducing PM2.5 emissions
associated with solid fuel combustion. I then relate those mechanisms to the current challenge of
designing policies that simultaneously work toward climate change mitigation goals and local air
quality goals. One of the specific challenges embedded in this process is the relatively dearth of
data on household heating with biomass and its nuanced climate implications. I suggest areas for
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future work on the topic of climate change and household biomass use, outlining areas where this
debate is currently visible in California.

7.2. Research needs and ways forward

Across the analyses explained in the previous chapters, several common points emerge as cross-
cutting findings.

7.2.1 Household Heating Data

Particulate emissions created by household combustion have long been an under-appreciated and
often disregarded source of outdoor air pollution and ill-health. However, projections from
within the United States and in most countries around the world indicate that emissions from the
household solid fuel use sector will persist for decades to come, especially for household space
heating, as findings presented in earlier chapters indicate.

There is a need to collect household solid fuel use data even more carefully, systematically, and
widely than is occurring now. This is especially true for household heating, which has been
somewhat overlooked as international attention focuses on household heating. Collecting,
comparing, and refining measurements of emission factors and emission rates is especially
important, something that was highlighted in the findings of Chapter 4. Specifically, there is a
need for more information on solid heating fuels, fuel use patterns, device installation and use,
and associated emissions. Fewer than 40 surveys provide reliable data on primary heating fuels;
only 14 of these are conducted in low- or middle-income countries (World Health Organization,
2016).

7.2.2 Cooking-heating Continuum

Throughout this dissertation, household solid fuel use is cleanly separated as being either for the
purpose of providing energy for cooking or for the purpose of providing space heating. In reality,
this is a somewhat misleadingly characterization, as there are many situations in which these two
fundamental energy services overlap. This is a concept easily observed in many rural Chinese
villages, for example, where coal stoves often provide space heating and are also used for
cooking tasks. Some EPA-certified stoves sold in the United States are marketed as having upper
surfaces with two different temperatures, to accomplish different water-boiling or cooking tasks
while the stove provides space heating.

Going forward, it will be important that household fuel use surveys ask questions about all
energy services provided by all appliances in a household, to better understand what energy
services might need to be replaced when shifting away from a relatively inefficient stove or open
fire. For a family that is used to cooking and heating with one stove, introducing an efficient
cookstove will only reduce emissions if a low-emission source of heat is available as well.
Gathering more complete data on the overlap between cooking and heating may enable the

design of more successful interventions, in terms of both reducing emissions and protecting
health.

96



7.2.3 Urban-Rural Continuum

In Chapters 2 and 3, I make a distinction between urban and rural areas, pointing in some
sections to the relative lack of an internationally-accepted definition for these terms, at least in
terms of data classifications. In reality, there is much more of a continuum between rural and
urban areas than might be indicated by binary analyses. The work done by Brauer et al. (2012) to
better characterize household emissions outside of cities is an important step forward in
understanding the magnitude of air pollution and associated health effects for the half of the
world living beyond city boundaries. One of the next steps must be an improvement in on-the-
ground monitoring equipment in sensitive peri-urban and rural areas, to complement the satellite
measurement on which we rely now (Balakrishnan et al., 2014).

7.2.4 Terminology

Using exact terminology when describing this sector will assist researchers both within and
outside the field in better understanding research questions and findings, especially in
interdisciplinary projects.

Using the terms “household” or “residential” is preferable to “domestic,” for example, which can
be understood as referring to emissions or fuel use within a given country. There is also a
tendency within some disciplines and research communities to refer to solid biomass fuels as
“biofuels,” which is confusing given that second-generation (synthesized liquid) fuels derived
from biomass are more commonly thought of when that word is used.

Even the term “biomass” itself can be confusing. As a type of fuel, is a term often used too
ambiguously within climate change policy (and local air quality policy) documents. It can refer
to direct combustion of wood at the household level, pellet production with lower-quality fuels
(such as agricultural waste), centralized industrial-scale combustion of low quality fuels for
electricity generation, and can even encompass biofuels (liquid fuels made from biomass), as
mentioned above.

Within climate change documents, the terms “sustainable,” “carbon neutral,” and “zero
emissions” are often misused with regard to biomass combustion, especially in climate change
mitigation policy documents. There is a need for careful use of these terms in conjunction with
household cooking or heating research, since they may be misconstrued or misinterpreted,
especially in policy settings. To be climate neutral, biomass fuels must be both renewably
harvested and used with near perfect combustion efficiency to avoid production of short-lived
climate pollutants such as BC.

7.3 Future research needs

The international community faces major, and in many cases unprecedented, environmental and
health challenges as a result of increasing globally averaged surface temperatures. The
Intergovernmental Panel on Climate Change Fifth Assessment report (AR5) determined that
“Human influence on the climate system is clear, and recent anthropogenic emissions of
greenhouse gases are the highest in history. Recent climate changes have had widespread
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impacts on human and natural systems,” (IPCC, 2014). Anthropogenic greenhouse gas
concentrations are influenced by human-related emissions of the so-called “Kyoto gases” (COz,
CHa4, N20, HFCs, PFCs, and SF¢) and other climate active pollutants (such as BC and OC) from
industrial processes, electricity generation, agricultural production, transportation, waste, and
household cooking, heating and lighting.

As researchers and policy makers consider how to effectively manage air pollution problems
(which continue to grow in many developing countries), ensure health care for acute and chronic
illnesses, and mitigate climate active pollutants, household solid fuel use will need to be
considered, perhaps even more than in past years. Open questions, such as how carbon credits
based on household fuel use are calculated, what impact various household fuels have on the
climate, what role co-benefit calculations will have in policy making, and who will fund climate-
motivated interventions, make this a complicated and interesting area of investigation.

For decades, research on climate change and environmental health has happened largely in
parallel. Though this is a natural outcome of disciplinary academic systems, it represents a
sometimes limited way of understanding the many complex global problems of which we are
now aware. My work seeks to bridge the gap between these two intimately related areas of study,
by studying their intersections (especially as it pertains to household solid fuel use in developing
countries) and the ways these intersections might be better understood to create more effective
climate and health policy in the future.

7.4. Future work

There is an urgent need to better understand trends in this energy sector worldwide, so that the
role of residential wood combustion for heating in meeting health and sustainability goals can be
rigorously assessed at both local and global scales. Below I describe two projects that will allow
me to assist with the task of better understanding the emission factors, fuel use, and device use
related to household heating in other regions; and to better understand the role of household
biomass use in ongoing climate change mitigation policymaking.

7.4.1 Data collection on solid fuel heating in Asia and Latin America

As explained in Chapter 3, I was not able to do a global analysis of health effects and AAP from
solid fuel heating because of the lack of data for many world regions. There is an urgent need to
better understand household solid fuel use for heating in Latin America and Asia, especially
China.

Two recent studies of household energy use in China have helped begin this process. One found
that, in 2010, 88% of heat supplied in Northern China was provided by district heating, with a
very small share of 12% coming from individual small coal boilers (Khanna et al., 2014).
Additionally, approximately 34.1% of households in China had no means of household heating,
in some cases because they live in a climate zone that does not require heating. The other, Duan
et al. found that, nationwide, 10.3% of households used a central heating system, and 8.9% of
households used individual heating, in which natural or liquid petroleum gas was burned to heat
water. The proportions of households using coal, electricity and biomass for heating were 16.7%,
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15.6%, and 12.8%, respectively (Duan et al. 2014). In rural areas, most households lacked
central heating, so residents largely burned traditional solid fuels (21.5% used coal and 19.0%
used biomass) for heating. In urban areas, approximately 22.0% of households had central
heating. Most urban residents used electricity/solar power (23.6%), followed by coal (10.5%) for
the household heating. This is apparently the first national survey to report household heating
data in China.

In partnership with researchers who run the GAINS and MESSAGE models at the ITASA, and
in-country colleagues, I will analyze recently published data (Duan et al., 2014) and unpublished
survey results to update and expand estimates of household heating fuel use and associated
emissions in China, India, and other countries, with the goal of integrating this data into existing
emission inventories. This work will extend current collaboration with colleagues who work on
household heating and air pollution issues at Peking University and Tsinghua University (China),
Sri Ramachandra University (India), University of British Columbia (Canada), and Aarhus
University (Denmark), among others.

7.4.2 Household biomass fuels in climate policy documents

Beginning with CARB’s draft strategy to reduce short-lived climate pollutants, and relevant
negotiated texts released after the December 2015 UN Framework Convention on Climate
Change Conference of the Parties (known more colloquially as the “Paris Climate Summit”), I
will assess policy documents for treatment of terms such as “biomass,” “sustainability” and
“renewability.” My hypothesis is that the term “biomass” is often used in such a general way, in
climate policy documents, that it loses most meaning, because biomass can be divided into
specific fuel types (ethanol, pellets, firewood, agricultural waste) that have very different
combustion characteristics, especially when seen from a lifecycle analysis perspective; and the
range of combustion conditions possible (biomass-to-electricity plant, efficient pellet stove,
fireplace) is very wide and has substantial impact on the emissions produced. The goal of this
objective will be to point out places where climate change policy guidance on biomass fuels is
lacking necessary level of detail to the point that it is not helpful for guiding decisions about
sustained use of biomass fuels for household heating; and to raise the profile of this important
emissions sector (household heating with biomass) in the context of climate change policy
formation.
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Appendix A

Abbreviations used in the manuscript:

AAP
APMas
BAAQMD
BC

CARB
COze
DALY
EPA
GAINS
GBD 2010
GHG

IEA

IER
ITASA
IHME

oC

OECD

PPM2 5-cook

PPM2 500

PMa2s

Ambient air pollution

Population-weighted ambient fine particulate air pollution

Bay Area Air Quality Management Agency

Black carbon

California Air Resources Board

Carbon dioxide equivalent

Disability-adjusted life year

Environmental Protection Agency

Greenhouse Gas and Air Pollution Interactions and Synergies Model
2010 Global Burden of Disease/ Comparative Risk Assessment Project
Greenhouse gas

International Energy Agency

Integrate exposure-response

International Institute for Applied Systems Analysis

Institute for Health Metrics and Evaluation

Organic carbon

Organization for Economic Cooperation and Development

Primary particulate matter with average diameter < 2.5 micrometers (pLm)
attributable to combustion of solid fuels for household cooking

Primary particulate matter with average diameter < 2.5 micrometers (um)

attributable to all household fuel combustion (cooking and heating)

Particulate matter with average diameter < 2.5 micrometers (pum)



PM2.5-cook Particulate matter with average diameter < 2.5 micrometers (um), attributable to
combustion of solid fuels for household cooking

PM2.5-heat Particulate matter with average diameter < 2.5 micrometers (um), attributable to
combustion of solid fuels for household heating

PM2.5-hh Particulate matter with average diameter < 2.5 micrometers (um) attributable to
all household fuel combustion (cooking and heating)

PMio Particulate matter with average diameter < 10 micrometers (um)
Tg Teragram
TMRED Theoretical minimum risk exposure distribution

TMS5-FASST Fast Scenario Screening Tool for Global Air Quality and Instantaneous Radiative

Forcing
VOC Volatile Organic Compound
WHO World Health Organization
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Appendix B

This appendix describes the regional definitions used to calculate and report results in Chapters 2

and 3; these were also used in the 2010 Global Burden of Disease Project coordinated by the

IHME. They include the two major energy use, emissions, and air pollution models that I rely on
for my analysis: the GAINS model and TM5-FASST.

Table B1: Regional Groupings Used in Global Burden of Disease 2010 (With Regional
Population in 2010 of Countries Included in this Analysis and Total Population in Region). Note:

countries that were not included in this analysis, because of data gaps, are shown in italics.

Region

(Population in Millions)

Countriesin Region

(1,383/1,383)

Asia Central Armenia, Azerbaijan, Georgia, Kazakhstan, Kyrgyzstan,
(81/81) Mongolia, Tajikistan, Turkmenistan, Uzbekistan
Asia East China, Democratic People's Republic of Korea, Hong

Kong

Asia Pacific High Income

Brunei Darussalam, Japan, Republic of Korea, Singapore

(181/181)

Asia South Afghanistan, Bangladesh, Bhutan, India, Nepal, Pakistan

(1,591/1,591)

Asia Southeast Indonesia, Cambodia, Lao People's Democratic Republic,

(609/610) Sri Lanka, Maldives, Myanmar, Malaysia, Philippines,
Thailand, Timor-Leste, Viet Nam

Australasia Australia, New Zealand

(26/26)

Caribbean Antigua and Barbuda, Aruba, Bahamas, Belize,

(38/40) Barbados, Cuba, Dominica, Dominican Republic,
Grenada, Guadeloupe, Guyana, Haiti, Jamaica,
Martinique, Netherlands Antilles, Saint Kitts and Nevis,
Saint Lucia, Suriname, Trinidad and Tobago, Saint
Vincent and the Grenadines

Europe Central Albania, Bulgaria, Bosnia and Herzegovina, Czech

(108/108) Republic, Croatia, Hungary, The former Yugoslav
Republic of Macedonia, Montenegro, Poland, Romania,
Serbia, Slovakia, Slovenia

Europe Eastern Belarus, Estonia, Lithuania, Latvia, Republic of

(206/206) Moldova, Russian Federation, Ukraine

Europe Western Andorra, Austria, Belgium, Switzerland, Cyprus,

(414/414) Germany, Denmark, Spain, Finland, France, United

Kingdom, Greece, Ireland, Iceland, Israel, Italy,
Luxembourg, Monaco, Malta, Netherlands, Norway,
Portugal, San Marino, Sweden

Latin America Andean
(53/53)

Bolivia, Ecuador, Peru
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Latin America Central

Colombia, Costa Rica, Guatemala, Honduras, Mexico,

(230/230) Nicaragua, Panama, El Salvador, Venezuela
Latin America Southern Argentina, Chile, Uruguay

(61/61)

Latin America Tropical Brazil, Paraguay

(205/205)

North Africa Middle East
(473/478)

United Arab Emirates, Bahrain, Algeria, Egypt, Iran,
Iraq, Jordan, Kuwait, Lebanon, Libyan Arab Jamahiriya,
Morocco, Oman, Qatar, Palestinian Territories, Saudi
Arabia, Syrian Arab Republic, Tunisia, Turkey, Yemen

North America High
Income

Canada, United States of America

(348/348)
Oceania American Samoa, Cook Islands, Fiji, Micronesia, Guam,
(0/9) Kiribati, Marshall Islands, Micronesia, Niue, Nauru,

New Caledonia, Palau, Papua New Guinea, Solomon
Islands, Tonga, Tuvalu, Vanuatu, Samoa

Sub-saharan Africa
Central
(98/98)

Angola, Central African Republic, Democratic Republic
of the Congo, Congo, Gabon, Equatorial Guinea

Sub-saharan Africa East
(357/357)

Burundi, Comoros, Djibouti, Eritrea, Ethiopia, Kenya,
Madagascar, Mozambique, Mauritius, Malawi, Rwanda,
Sudan, Somalia, Seychelles, United Republic of
Tanzania, Uganda, Zambia

Sub-saharan Africa
Southern
(70/70)

Botswana, Lesotho, Namibia, Swaziland, South Africa,
Zimbabwe

Sub-saharan Africa West
(339/339)

Benin, Burkina Faso, Cote d'Ivoire, Cameroon, Cape
Verde, Ghana, Guinea, Gambia, Guinea-Bissau, Liberia,
Mali, Mauritania, Niger, Nigeria, Senegal, Sierra Leone,
Sao Tome and Principe, Chad, Togo
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Table B2: Regional Groupings Used in TMS5-FASST.

Region Countriesin Region

ARG Argentina, Falkland Islands, Uruguay

AUT Austria, Liechtenstein, Slovenia

BL X Belgium, Luxembourg, Netherlands

CAN Canada, Greenland

CHN China, Hong Kong, Macau

EAF Burundi, Central African Republic, Chad, Comoros, DR Congo, Djibouti,
Eritrea, Ethiopia, Kenya, Madagascar, Mauritius, Reunion, Rwanda,
Seychelles, Somalia, Sudan, Tanzania, Uganda

ESP Gibraltar, Portugal, Spain

FRA France, Andorra

GBR Ireland, United Kingdom

GOLF Babhrain, Iran, Iraq, Kuwait, Oman, Qatar, Saudi Arabia, United Arab
Emirates, Yemen

GRC Cyprus, Greece

IDN Indonesia, Timor-Leste

ITA Italy, Malta, Monaco, San Marino, Vatican City State

MEME Israel, Jordan, Lebanon, Palestinian Territory, Syrian Arab Republic

MON North Korea, Mongolia

MYS Brunei Darussalam, Malaysia, Singapore

NDE India, Maldives, Sri Lanka

NOA Algeria, Libya, Morocco, Tunisia, Western Sahara

NOR Iceland, Norway, Svalbard and Jan Mayen Islands

PAC Fiji, French Polynesia, Guam, Kiribati, Marshall Islands, Micronesia,
Nauru, New Caledonia, Niue, Norfolk Island, Northern Mariana Islands,
Palau, Papua New Guinea, Pitcairn, Samoa, Solomon Islands, Tokelau,
Tonga, Tuvalu, Vanuatu, Wallis and Futuna Islands

POL Estonia, Latvia, Lithuania, Poland

RCAM Anguilla, Antigua and Barbuda, Aruba, Bahamas, Barbados, Belize,
Cayman Islands, Costa Rica, Cuba, Dominica, Dominican Republic, El
Salvador, Grenada, Guadeloupe, Guatemala, Haiti, Honduras, Jamaica,
Martinique, Montserrat, Netherlands Antilles, Nicaragua, Panama, Puerto
Rico, Saint Kitts and Nevis, Saint Lucia, Saint Vincent and the
Grenadines, Trinidad and Tobago, Turks and Caicos Islands, Virgin
Islands (British), Virgin Islands (U.S.)

RCEU Albania, Bosnia and Herzegovina, Croatia, Macedonia, Serbia and
Montenegro

RCZ Czech Republic, Slovakia

RIS Kyrgyzstan, Tajikistan, Turkmenistan, Uzbekistan

RSA Lesotho, South Africa, Swaziland

RSAM Bolivia, Colombia, Ecuador, French Guiana, Guyana, Paraguay, Peru,
Suriname, Venezuela

RSAS Afghanistan, Bangladesh, Bhutan, Nepal, Pakistan
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RSEA Cambodia, Laos, Myanmar

RUS Armenia, Azerbaijan, Georgia, Russian Federation

SAF Angola, Botswana, Malawi, Mayotte, Mozambique, Namibia, Zambia,
Zimbabwe

SWE Denmark, Faroe Islands, Sweden

UKR Belarus, Moldova, Ukraine

USA Bermuda, Saint Pierre and Miquelon, United States

WAF Benin, Burkina Faso, Cameroon, Cape Verde, Congo, Cote D’Ivoire,
Equatorial Guinea, Gabon, Gambia, Ghana, Guinea, Guinea-Bissau,
Liberia, Mali, Mauritania, Niger, Nigeria, Saint Helena, Sao Tome and
Principe, Senegal, Sierra Leone, Togo

Table B3: Regional Groupings Used in GAINS.

Region Countriesin Region

Former USSR (Asia) Tajikistan, Turkmenistan, Uzbekistan

Middle East Bahrain, Iran, Iraq, Jordan, Kuwait, Lebanon, Oman, Qatar, Saudi
Arabia, Syrian Arab Republic, United Arab Emirates, Yemen

North Africa Algeria, Libyan Arab Jamahiriya, Morocco, Sudan, Tunisia

Other Africa Angola, Benin, Botswana, Burkina Faso, Burundi, Cameroon, Cape
Verde, Central African Republic, Chad, Comoros, Democratic Republic
of Congo, Congo, Cote d’Ivoire, Djibouti, Equatorial Guinea, Eritrea,
Ethiopia, Gabon, Gambia, Ghana, Guinea, Guinea-Bissau, Kenya,
Lesotho, Liberia, Madagascar, Malawi, Mali, Mauritania, Mauritius,
Mozambique, Namibia, Niger, Nigeria, Rwanda, Sao Tome and
Principe, Senegal, Seychelles, Sierra Leone, Somalia, Swaziland,
Tanzania, Togo, Uganda, Western Sahara, Zambia, Zimbabwe

Other Latin Antigua and Barbuda, Bahamas, Barbados, Belize, Bolivia, Colombia,

America Costa Rica, Cuba, Dominica, Dominican Republic, Ecuador, El

Salvador, French Guiana, Grenada, Guatemala, Guyana, Haiti,
Honduras, Jamaica, Nicaragua, Panama, Paraguay, Peru, Puerto Rico,
Saint Kitts and Nevis, Saint Lucia, Saint Vincent and the Grenadines,
Suriname, Trinidad and Tobago, Uruguay, Venezuela
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Appendix C

This appendix lists input data used in calculating population-weighted averages by region, such
as population and emissions data, in Chapter 2 and Chapter 3.

Table C1. Population and Emissions Data Used in the Analysis.

Region

High-income Asia Pacific
Central Asia

East Asia

Southeast Asia

South Asia

Australasia

Caribbean

Central Europe

Eastern Europe

Western Europe

Andean Latin America
Central Latin America
Southern Latin America
Tropical Latin America
High-income North
America

North Africa and Middle
East

Central sub-Saharan Africa
Eastern sub-Saharan Africa
Southern sub-Saharan
Africa

Western sub-Saharan Africa
World

aPopulation x 10°

Population Population

19902
170
69
1175
455
1106
20
31
112
223
381
39
167
49
154

284

318
55
211

52
199
5269

20102
181
81
1383
609
1591
26
38
108
206
414
53
230
61
205

348

473
98
357

70
339
6872

PPM 2.5-cook
1990°

14%
3%
83%
90%
82%
4%
83%
0%
0%
0%
83%
83%
82%
83%

0%

34%
99%
97%

95%
99%
62%

PPM 2.5-cook
2010°

6%
1%
85%
89%
82%
2%
83%
0%
0%
0%
83%
83%
81%
83%

0%

31%
99%
94%

93%
99%
65%

b Percent of primary PM2.5 household emissions attributable to household cooking (GAINS)
¢ Percent of combustion-derived emissions attributable to household cooking and heating (TMS5-FASST)

PM25.hn
1990°

12%
23%
34%
28%
21%

2%
12%
19%
19%
10%

7%

8%
13%

5%

4%

15%
6%
6%

13%
10%
20%

PM25.hn
2010°

12%
21%
18%
18%
32%

4%
14%
23%
19%
14%
11%

9%
18%

9%

10%

14%
19%
18%

41%
30%
21%
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Appendix D

This graphic describes in detail the emissions and particles covered by various models used in
the analysis in Chapter 2 and Chapter 3.

Types of
Emissions

From Source
Categories

Types of
Particles

Included in
these
inventories:

R e s

Primary Particle Accounting Secondary Particle Accounting

Combustion products Non-combustion Precursors

-

|
I
|
|
|
e
|
|
|
|
I
|
|
|
|
Il]]]]]] o | -
B |
I NH;
Other : -
| Other
|
|
Transport, industry, Forest fires and : Transport, industry, Forest fires and
residential energy use  agricultural burning | residential energy use agricultural burning
(fossil fuel & {biomass combustion) : (fossil fuel & (biomass combustion
biomass combustion) : biomass combustion and direct emissions)
: and direct emissions)
I
I
|
] |
I
I
l F- 1 mEwew |
R I]]]]]]] | Sea salt I [ Secondary Pr\"?z.s | Secondary PM, 5
e s I = (anthropogenic) “— (other)
Primary PM; ¢ Primary PM; 5

|

e, |

(anthropogenic) (other) Crustal "dust |
|

" | TM5-FASST (Primary) ﬂ]]]]] MESSAGE

| TM5-FASST (Secondary)

GAINS (Mot included in inventories but
estimated using GBD Ambient PM, c)

Figure D1. Emissions and particle coverage in the major databases and models used in this
analysis. Note that sea salt, dust, and some secondary particle precursors are not included in the
models used here; however, they are represented in the total ambient PM2.s concentrations

calculate

for GBD 2010, published in Brauer et al. (2012) and used in the final stages of the

analysis presented in this analysis.
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