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Abstract

Air pollution has been recognized as the world’s largest environmental health risk. Climate
change is expected to exacerbate air pollution. Mitigating the “climate penalty” of climate
change on air quality yields air quality-related “co-benefits” by protecting human health.
This study quantifies Canada’s air quality-related co-benefits from reducing greenhouse
gases under different policy scenarios. It achieves this by adapting the MIT-IGSM-CAM-
Chem-BenMAP framework for use in Canada. This integrated framework was used to
analyze the all-cause premature mortality and economic impacts due to changes in fine
particulate matter (PM2s) and ground-level ozone pollution in Canada under climate change

and climate policy at mid- and end-of-century in comparison to the beginning of century.

Modelled air quality concentrations were validated with Canada’s National Air Pollution
Surveillance program station data, resulting in acceptable relative errors of 66% and 47% for
ground-level ozone and PMzs, respectively. Without climate policy, ozone concentrations in
Canada will generally decrease, with the exception of the Greater Toronto Area, while the
PMzs concentrations will increase over the century. The impact of the increase in PMzs
greatly outweighs the impact of the decrease in 0zone, leading to an overall increase in
excess annual premature mortality between 1,300 (95% confidence interval: 880, 1,700) and
3,000 (1,500, 4,500) for mid-century, and between 2,800 (1,900, 3,700) and 6,500 (3,300,
9,700) in 2100, under the reference scenario. This corresponds to economic damages
between 16 (1.5, 44) billion and 21 (2.0, 5.8) billion dollars (2021 CAD) for mid-century,
and between 45 (4.3, 120) billion and 90 (8.5, 250) billion dollars for end-of-century.
Climate policies consistent with the Paris Agreement are expected to increase mean ozone
concentrations slightly while greatly decreasing mean PM2.s concentrations in key urban
areas including Toronto, Montreal, Calgary, and VVancouver. This leads to a net decrease in
annual premature mortality between 590 (370, 810) and 1,500 (690, 2,200) for mid-century,
and between 1,800 (1,200, 2,300) and 4,800 (2,200, 7,000) for end-of-century, using the
American Cancer Society Study and the Harvard Six Cities Study as the PM2s health impact

function, respectively. Using the American Cancer Society Study as the PM2 health impact



function, this yields annual air quality co-benefits between 8.3 (0.78, 22) billion and 11 (1.0,
29) billion dollars for 2050, and between 32 (3.0, 87) billion and 66 (6.2, 180) billion dollars
by 2100. The yields increase using the Harvard Six Cities Study as the PM2 health impact
function, ranging between 21 (1.8, 59) billion and 28 (2.5, 80) billion dollars for 2050, and
between 79 (7.0, 220) billion and 160 (14, 460) billion dollars by 2100. This represents a
near doubling of the current annual air quality burden in Canada, estimated at $50 billion.
These co-benefits do not represent the main goal of climate policy, and but they still serve to
slightly offset compliance costs. When compared to the cost of implementing the policies,
the benefits have the potential to offset between 1% and 6% of annual GDP loss. This is
lower than the potential for 5% to 17% cost offset in the case of the United States, as the

policy cost for Canada is a higher fraction of its GDP due to its emission intensive economy.
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1. Introduction

1.1 Problem of Air Pollution under Climate Change

Air pollution has been recognized as the world’s largest environmental health risk
(Forouzanfar et al. 2016; Garcia-Menendez et al. 2015). Despite being a large energy
producer, Canadians are fortunate to have some of the best air quality in the world, due to
factors such as low population density, a mostly combustion-free energy grid, and relatively
low anthropogenic emissions (Aliakbari and Stedman 2018). Nevertheless, Canada’s air
pollution burden continues to cost Canadians. It was estimated to include about 7,100 PM2s-
related premature deaths and $53 billion (CAD 2018) in 2015 (Howard, Rose, and Rivers
2018). Most deaths associated with air pollution occur in other parts of the world like Asia,

Africa, and Europe, where air quality is a growing major health concern.

Climate change is another area of growing attention, as the effects of climate change are felt
around the world. There are global mitigation efforts to reduce the amount of greenhouse
gases (GHG) from industrial sectors that are considered major contributors. These sectors
include energy, transportation, and industrial activities. These sources of GHG are also major
sources of air pollutants. Hence, policies to reduce GHG emissions will also reduce
emissions of air pollutants from the same sources. This means that climate policy can reduce
air pollution, and its attendant health risks and economic damages. There are thus health-
related co-benefits to reducing GHG in the world. These co-benefits arise through what is

termed the “co-emitted pollutants” pathway, as shown in Figure 1.

There are further interdependencies between climate change and air quality, as depicted in
Figure 1. Air pollution depends not only on emissions, but on weather. Since climate is the
average weather, climate change will affect air pollution. This effect of climate change on air

pollution is termed the “climate penalty”. Climate policy can then also yield air quality co-



benefits by reducing this climate penalty. This is shown as the “climate penalty pathway” in

Figure 1.
Climate
GHGs Change
Climate
Sources &
Policy
A Air Pollution »| Muman .| Economic
Pollutants —> Health > Impacts

Figure 1. Air Quality Impacts of Climate Change and Climate Policy (adapted from figure by J. Jason West). The Climate
Penalty Pathway refers to the change in greenhouse gases through policy or climate sources, which impacts climate change,
hence reducing or increasing air pollution through climate penalty. Increasing climate change is expected to increase air
pollution.

Air pollutants are also expected to impact climate change as short-lived climate forcers. For
example, particulate matter can increase or decrease warming while ground-level ozone is a
greenhouse gas (Fiore, Naik, and Leibensperger 2015). Meanwhile, the climate penalty is
generally expected to make air pollution worse. However, climate change can alter regional
meteorology in positive or negative ways. For example, climate change can affect vertical
mixing in the air (known as “ventilation”), either decreasing it and trapping pollution near the

surface, or enhancing it and decreasing pollution (Fiore, Naik, and Leibensperger 2015).

Many studies have shown the significance of air quality co-benefits of climate policy. Most
studies focus on the “co-emitted pollutants pathway”, finding that they can completely offset
the cost of efficient climate policy (Thompson et al. 2014; Saari et al. 2015). Few studies
examine the effect of the climate penalty, which is important for understanding the cost of
inaction on climate change. Canada’s climate plan aims for net-zero emissions by 2050
which will have related health co-benefits (Government of Canada 2020). The United States

has studies that quantify the climate-penalty co-benefits of reducing greenhouse gases, but
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Canada currently lacks this information (Saari et al. 2019). Recent global or U.S. studies
provide a basis to expect thousands of annual deaths associated with the climate penalty by
2100 in Canada, but no studies have yet quantified the implications for Canadians (Saari et
al. 2019; Silva et al. 2017).

1.2 Research Questions

To address this gap, this study aims to answer two research questions:

1. Climate Penalty (Reference Case): What is the effect of climate change on
premature mortality associated with ozone and fine particulate matter in Canada in
2050 and 2100?

2. Climate Policy (Two Policy Cases): What are the co-benefits of reducing the climate
penalty through climate change mitigation in Canada under different levels of policy

at mid-century and end-of-century?

1.3 Thesis Structure

Following the introduction to the study, the background and literature are reviewed to
provide context to the problem, discussing climate change, air pollutants, the Paris
Agreement, tools for evaluating the climate penalty and co-benefits, and prior studies there-
of. Data and methodology are described next, starting with the overview of the
methodological approach, sourcing the necessary data for the study, as well as describing the
steps taken to validate and apply a Canadian modelling framework. Next, the results of the
study are discussed, addressing the answers to the above-mentioned research questions
related to the climate penalty and climate policy impacts. This is finally followed by the

conclusions of the study, work cited, and supporting appendices.



2. Background and Literature

2.1 Air Pollution

Air pollution is the introduction or presence of substances in the atmosphere which can
potentially be harmful, usually to humans or the environment. This differs from greenhouse
gases that are not directly harmful when inhaled, but which can have a negative indirect
influence on humans and the environment. The word “contaminant” is sometimes used as a
synonym for “pollutant” in regulatory contexts. The Government of Canada has identified
seven Criteria Air Contaminants (CAC): sulphur oxides (SOz2), nitrogen oxides (NOx, the
family of NO and NO>), volatile organic compounds (VOC), particulate matter (PM), carbon
monoxide (CO), ammonia (NHs3), and ground-level ozone (O3) (Government of Canada
2017). Of these pollutants, ground-level ozone and particulate matter are responsible for the
most widespread violations of the U.S. National Ambient Air Quality Standards (NAAQS)
(Fiore, Naik, and Leibensperger 2015). Three of these pollutants are considered to increase
the risk of premature death and are included in Canada’s Air Quality Health Index: ozone,
particulate matter, and nitrogen oxides (as NO2) (Environment and Climate Change Canada
2019a).

Of these three pollutants, the vast majority of mortality impacts are due to exposure to
particulate matter. While NOz2 is considered to have separate mortality impacts in Canada, it
is not included in global disease burden assessments (Howard, Rose, and Rivers 2018).
Considering its relatively small impact, and data availability issues discussed later, NOz2 is

excluded from this study.

The anthropogenic sources for these air pollutants in Canada include common activities and
sectors such as transportation, construction, heating, manufacturing, oil-and-gas, and power
generation. Many transportation vehicles — such as airplanes, ships, and cars — are powered
by the combustion of fossil fuels which contribute to atmospheric concentrations of PM2.s
and Os. The oil-and-gas industry is also a significant emitter of pollutants in its processes,
which include drilling, refining, and transportation. The power generation sector releases

pollutants into the atmosphere similar to the transportation sector when the generation
4



involves the combustion of fossil fuels such as coal, natural gas, and diesel. Air pollution is
becoming a significant global problem as many major metropolitan hubs are becoming over-
populated resulting in high emissions from transportation, construction, and air conditioning.

2.1.1 Fine Particulate Matter

Fine particulate matter (PM2s) is defined by its size as it cannot be removed by the human
body’s biological filtration processes in the human respiratory system. The subscript, 2.5,
that follows PM indicates that its aerodynamic diameter is less than or equal to 2.5 microns.
As it is described by its diameter, there is no specific chemical formula for particulate matter.
PMzs can be primary (emitted directly) or secondary (formed in the atmosphere from
precursor gases or particles). Globally, the majority of PMzs in the air is primary PMz2s
released from natural sources like soil dust, sea salt, and forest fires (Hinds 1998). Globally,
anthropogenic sources contribute less than 15% of PM2s in the atmosphere. Of the
anthropogenic contribution, the majority of PM2s is secondary, meaning that it is formed

from the release of precursors, largely from combustion and chemical processes.

In Canada, wildfires are the largest source of PM2s in the air, followed by transportation,
residential combustion, and industry (Meng et al. 2019) (see Figure 2). This includes a
mixture of natural and anthropogenic sources, as well as primary and secondary formation.

Transportation

Residential Combustion Wildfires

Dust
Sea Salt

Industry
Other Sources

Power Generation
Agriculture
Biogenic SOA



Figure 2. Sectoral Contribution of Emissions to Fine Particulate Matter (PMzs) in Canada (from Meng et al. (2019)).
SOA stands for secondary organic aerosol.

Of all sources of PM2., those over which policy-makers have the most control are
anthropogenic, primary emissions. In Canada, the majority of primary anthropogenic PMzs
emissions originate from construction and roads, accounting for a total of 59% (Environment
and Climate Change Canada 2020a). This is followed by crop production, and home

firewood burning, accounting for 24% and 10%, respectively (see Figure 3).

Primary Anthropogenic PM2.5 Emissions (%) in Canada by

Sector
Other
Home Firewood 7%
Burning
10% Construction

Operations

32%
Crop Production
24%
Paved and
Unpaved Roads
27%

Figure 3. Anthropogenic Primary PMzs Emissions in Canada By Sector (Environment and Climate Change Canada
2020a). Construction Operations and Roads account for the majority of PM2s emission sources, followed by Crop
Production and Home Firewood Burning.

Nationally, the emissions of PMz2s have been between 1.3 and 1.8 gigatonnes per year for the
last two decades (Environment and Climate Change Canada 2020a). However, urban areas
with increasing population density suffer from higher particulate matter exposure and affect
more people. Nearly one-third of Canadians live within 250 metres of a major road and thus
are exposed to traffic emissions, with the highest percentages living in Ontario and British
Columbia (SOCAAR 2019). PMz5 pollution in urban areas is primarily affected by traffic in
cities, diesel trucks, brake and tire wear. Another study of 250 urban areas in the world found
that only 8% of cities had population-weighted mean concentrations below the World Health

Organization guideline for annual average fine particulate matter concentrations (10 pg/m?d).
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The study included three Canadian cities (Calgary, Toronto, Montreal) of which two cities
(Toronto and Montreal) were at or above the WHO guideline (Anenberg et al. 2019). This
work will study the future concentrations of these pollutants under the effects of climate

change.

Annual PM, ; Emissions in Canada

© = =
3 [} )}

PM, s Emissions (gigatonnes)
o
=

1990 1994 1998 2002 2006 2010 2014 2018
Reported Year

Figure 4. Annual Emissions of PM2s in Canada from 1990 to 2018 (Environment and Climate Change Canada
2020a).

Long-term exposure to PMzs can lead to severe health impacts through entering and
accumulating in the body through digestion or inhalation. These negative impacts range from
increased risk of diseases such as cardiopulmonary diseases, ischemic heart diseases, and
lung cancer, including premature death from these diseases (Burnett et al. 2018; Krewski et
al. 2009; Lepeule et al. 2012).

2.1.2 Ground-Level Ozone

Ground-level ozone is a secondary pollutant, meaning that it is formed in the atmosphere and
not directly emitted from a source. The formation of ground-level ozone can be approximated
with two key primary pollutants: volatile organic compounds (VOC) and nitrous oxides
(NOx). These pollutants are emitted into the atmosphere, then chemically react in the

presence of sunlight to form ground-level ozone.
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Figure 5. Yearly Average of Peak Ground-Level Ozone Concentrations in Canadian Urban Areas (2002-2016)
(Environment and Climate Change Canada 2016).

Annual mean ground-level ozone concentrations across Canada have been fluctuating
between 70 ppb and 55 ppb since 2002 (Environment and Climate Change Canada 2016).
However, urban areas suffer from higher exposure due to increasing population density and a
growing transportation sector with emission-intensive vehicle types such as trucks and SUVs
(SOCAAR 2019). Gasoline trucks and vehicles account for 6% of total national VOC
emissions while heavy-duty diesel vehicles account for 14% of all NOx emissions, both
contributing to increase of ground-level ozone in urban areas.
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Figure 6. Anthropogenic VOC and NOx Emissions in Canada By Sector (Environment and Climate Change Canada
2020a). The Upstream Oil-and-Gas industry is the biggest emitters of primary pollutants for ground-level ozone:
34% of VOC emissions and 26% of NOx emissions. Gasoline and diesel light-duty and heavy-duty vehicles are also
notable contributors for both at 13% of VOC and 14% of NOx emissions.



2.1.3 Transboundary Pollution

Canada’s air pollution is not only impacted by emissions within the country, but also
globally. As much of the Canadian population lives close to the border shared with the
United States, the pollution from across the border must be considered as well (Brook et al.
2013). Freight trucking, for example, has significant cross-border air quality impacts
(Mukherjee et al. 2020; Wang et al. 2020). The effect of transboundary pollution requires
that models of air pollution in Canada either cover the entire globe or obtain estimates of
transboundary pollution from global models. In this study, a global model is used so that
transboundary pollution is taken into account in the output. This will be further discussed in
Chapter 3.

2.2 Climate Change

Climate change — the long-term change in the global and regional climatic patterns — is a
global developing crisis. It includes large climatic changes such as longer dry seasons,

heavier precipitation, and more frequent natural disasters (Stocker et al. 2013).

When discussing on the topic of climate change, global warming is often discussed in
parallel. Global warming refers to the increase in the global average temperature above
preindustrial levels. “Preindustrial” is the benchmark for a climate without significant
anthropogenic influence because the Industrial Revolution was the beginning of an extended,
ongoing period that has drastically increased the amount of atmospheric greenhouse gases
such as carbon dioxide (COz) and methane (CH4). Often, climate change mitigation measures
involve reducing the amount of these greenhouse gases, usually measured in CO2-equivalents
or COze. This metric uses the global warming potential of carbon dioxide as a reference to
describe the global warming potential of other greenhouse gases which would be equivalent

to a certain amount of COz2, hence COz-equivalents.

Climate change and air quality are interdependent. First, there are overlapping sources for
pollutants and greenhouse gases, such as the transportation and construction sectors. The
pollutants studied here are also climate forcers that can influence the global warming rate.

Also, climate change may alter air quality through mechanisms including reaction rates,
10



atmospheric ventilation, pollutant deposition, and natural emissions (Isaksen et al. 2009).
Hence, as previously discussed and depicted in Figure 1, there are air quality-related co-
benefits to reducing greenhouse gases (“co-emissions” co-benefits). Further, there is a
climate penalty on air quality, exacerbating the public health burden of air pollution and

weakening the effectiveness of abatement measures (Garcia-Menendez et al. 2015).

2.2.1 Climate Change in Canada

The majority of Canada’s greenhouse gas (GHG) emissions originate from two sectors: oil-
and-gas and transportation, accounting for 26% and 25% of the total, respectively
(Government of Canada 2020). While the oil-and-gas industry is the highest emitter of
greenhouse gases, it is also an important strategic contributor to Canada’s economy. The
third most emitting sector is the buildings, or construction, sector at 13% of the total. It is
notable that Canada’s electricity sector only accounts for 8.8% of GHG emissions. Power is a
major source of emissions in many other countries, including in the United States. Canada’s
grid is expected to be 90% fossil-fuel free by 2030 (Government of Canada 2020).
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Figure 7. Canadian Greenhouse Gas Sources by Sector (2018). Oil-and-Gas sector and transportation sectors account
for majority of greenhouse gas sources.

2.3 Paris Agreement

The global response to the climate crisis involved the formation of the United Nations
Framework Convention on Climate Change (UNFCCC) in 1992 (United Nations Climate
Change, n.d.). Decades of negotiations culminated in a truly global agreement adopted by
196 Parties (representing 189 countries) called the Paris Agreement, in December of 2015
(United Nations Climate Change, n.d.). The Paris Agreement is a legally binding
international treaty on climate change. Countries in this agreement share a goal to limit
global warming to well below 2°C, preferably to 1.5°C, above preindustrial levels by
reducing greenhouse gas emissions (Dimitrov 2016). These global goals are to be met
through Parties’ Individually Determined National Contributions (INDCs) — national

commitments to reduce emissions.

Canada’s commitment to the Paris Agreement was to emit 513 Mt/yr of CO2eq by 2030
(reflecting a 30% reduction below year 2005 emissions) (Environment and Climate Change
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Canada 2019b). Canada’s domestic regulatory actions to reduce emissions include the carbon
pricing federal backstop, putting a cost to greenhouse gas emissions — starting from $20 per
tonne in 2019 and rising to $50 per tonne in 2022 (Environment and Climate Change Canada
2020Db). Recently, Prime Minister Trudeau stated that the carbon tax is gradually continuing
to rise to $170 per tonne by 2030, to invest back into climate initiatives in the form of
rebates, funding, and improvements to the country’s electric vehicle charging infrastructure

(Tasker 2020).

This study examines two future scenarios that conform to global attainment of the 2°C and
1.5°C degree goals, respectively. Carbon pricing scenarios aligning with these goals, along

with their emissions reductions and costs, will be discussed later.

2.4 Integrated Assessment Modelling of Climate Policy

One critical tool for assessing the effect of climate change and climate policy is the
Integrated Assessment Model (IAM) (Schneider and Lane 2005). IAMs are models or
modelling frameworks that combine expertise from multiple disciplines. The creation and
application of IAMs to global climate change has grown rapidly since 1990 (Parson, Fisher-
Vanden, and Karen 1997). IAMs representing earth and human systems are now ingrained in
the processes of the Intergovernmental Panel on Climate Change (IPCC), the scientific
assessment body developed to support the UNFCCC (UNFCCC 2021). IAMs are particularly
useful for estimating the costs of conforming to climate policy needed to reach different
emissions targets. While they also estimate economic damages associated with climate
change, this is often based on simplified damage functions (Greenstone, Kopits, and

Wolverton 2013) considered ad-hoc by some economists (Pindyck 2013).

Consequently, some IAM groups take a different approach. Instead of estimating all climate-

related impacts in a damage function, they couple these models to physical damage models

appropriate for each specific impact. The Massachusetts Institute of Technology (MIT) Joint

Program on the Science and Policy of Global Change, which developed the MIT Integrated

Global System Modelling Framework (IGSM), is one such group (Monier et al. 2018). The

MIT IGSM is used to estimate specific impacts of climate change and climate policy. One
13



such impact is the climate penalty, i.e., the effect of climate change on air pollution, and its
associated economic impacts. Most of these impacts are due to the effect of air pollution on
human health. Estimating these impacts thus requires the use of health impact assessment.

2.5 Health Impact Assessment

This study involves the assessment of health impacts due to changes in air quality,
specifically, due to changes in outdoor, ground-level concentrations of fine particulate matter
and ozone. The general steps involved in health impact assessment are enumerated below. In
parentheses, the source of data used in this study is mentioned, which is discussed in detail in
Chapter 3.

1. Estimate change in ambient air quality (CAM-Chem model data)
2. Determine change in population exposure (Canada Census data)

3. Estimate change in incidence and valuation of health impacts (BenMAP using health

impact functions and VSL that relate pollution to health)

4. Characterize results (visualizations, tables, report, etc.)

2.5.1 Health Impact Functions

Health impact functions relate outdoor exposure to air pollution to resulting increased health
risks. They are designed to estimate how many additional cases of death or disease will arise
in a given population due to an increase in exposure to air pollution. They provide statistical,
population-level estimates based on increase in risk, and do not predict individual cases in

individual people.

To estimate the number of additional cases of death or disease due to air pollution exposure,
the health impact function (also called a concentration-response function) is applied to the
population of interest and relevant baseline health conditions. In epidemiology, the extra
health risk due to pollution is termed “excess risk”, and the additional resulting cases are
“attributable excess incidences”. A typical equation for estimating excess incidences of

health outcomes due to air pollution exposure follows:

14



AMortality = Y, X Population X (1 — exp(—BAx))
Where:

Yo is the baseline incidence rate, in units of incidences per persons, usually 1,000

f is the risk coefficient for the health endpoint of interest, and

Ax is the change in pollutant concentration between two scenarios.
The above equation shows a log-linear form for the concentration-response function. This
log-linear form is commonly used in BenMAP, and in U.S. regulatory impact assessment.
However, simpler linear forms and more complex forms that vary throughout the dose-

response curve are also used in the literature (Burnett et al. 2018).

2.5.2 Economic Valuation

Increased risk of death and disease results in economic losses. Some of these losses appear
directly in the economy (so called “market effects”), such as lost wages, lost worker
productivity, and health care costs (Saari, Thompson, and Selin 2017). Other losses are
meaningful to people, but do not appear directly in the economy (‘“non-market effects”), such
as pain and suffering. “Willingness to pay” to avoid an increase in health risk is an economic
concept that is meant to capture the full economic loss associated with that increased risk,

including market effects and non-market impacts like pain and suffering.

Estimates of the willingness-to-pay to avoid increased health risks can be used to calculate
the economic losses associated with increased air pollution. Many studies have estimated
these risks (Viscusi, Harrington, Jr., and Sappington 2018). These studies find that, of all
health outcomes associated with air pollution, the value of avoided mortality risk dominates.
When the health-related economic impacts of air pollution are quantified, premature

mortality is found to contribute over 90% of the economic impact (Saari et al. 2015).

The economic value of reduced mortality risk is quantified using the Value of a Statistical
Life (VSL). VSL is defined by the EPA as “the monetary value that a group of people are
willing to pay to slightly reduce the risk of premature death in the population” (U.S.
Environmental Protection Agency 2017). Thus, the VSL is a statistical, population-based
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measure related to small changes in risk, and is not the value of a life, nor the value someone
would pay to avoid certain death (Cameron 2010). The VSL relates the mean willingness to
pay with avoided risk according to the following equation:

S] = Mean Willingness To Pay
B Avoided Risk

BenMAP includes several distributions representing the VSL and associated uncertainty.
This study uses the version most grounded in the literature, based on 26 VVSL studies, with a
mean value of $8,705,114 in 2015 USD.

2.6 Health Burden Due to the Climate Penalty

Ozone and PM2s are both secondary pollutants that form in the air. This means their
formation is affected by the weather, and thus the climate. As previously described, the effect
of climate change on air pollution is termed the climate penalty (Wu et al. 2008). While these
effects are complex and uncertain, numerous studies have reviewed them (Fu and Tian
2019). One study by Fiore, Naik, and Leibensperger (2015) depicts these complex

relationships in a figure reproduced here as Figure 8.
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Figure 8. Air Quality and Climate Connections (Fiore, Naik, and Leibensperger 2015). Orange text shows
atmospheric processes. Black arrows show sensitivity of processes to warming (increase is up; decrease is down;
double-headed arrow is unknown). In parentheses is how Osand PMzs respond, respectively (For double-headed
arrows, the Oz and PM2s response denoted is for an increase in the process): ++ consistently positive, + generally
positive, = weak or variable; - generally negative, -- consistently negative, ? uncertainty in the sign of the response,
and * the response depends on changing oxidant levels.

Figure 8 shows that climate change can either increase or decrease concentrations of ozone
and PM2s. For example, climate change can increase atmospheric water vapour (as shown by
the black upwards arrow in the figure). This will have consistently decreasing effect on
ozone (--) but lead to an increase in PM2s (+). In Canada, the overall effect of climate change
on air pollution is expected to result in a decrease in ozone, and an increase in PM2.5 (Kelly,
Makar, and Plummer 2012).

Overall, the climate penalty is expected to increase health risks by increasing air pollution, as
described in recent reviews (Sujaritpong et al. 2014; Madaniyazi et al. 2015; Orru, Ebi, and
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Forsberg 2017). These reviews identify no studies focused on Canada. In North America,
studies of the climate penalty focus on the U.S. Many studies of the climate penalty’s effect
on human health in the U.S. focus only on ozone-related mortality (Knowlton et al. 2004;
Bell et al. 2007; Post et al. 2012; Fann et al. 2015; Alexeeff, Pfister, and Nychka 2016;
Wilson et al. 2017) and morbidity (Fann et al. 2015; Sheffield et al. 2011). Some studies of
the entire U.S. include mortalities in 2050 (Post et al. 2012; Alexeeff, Pfister, and Nychka
2016; Garcia-Menendez et al. 2015; Tagaris et al. 2009; Sun et al. 2015; Stowell et al. 2017)
and 2100 (Silva et al. 2017; Saari et al. 2019) due to PM2.sand ozone. Some global studies do
include effects for Canada. For example, Silva et al. (2017) estimates PM2s-related
premature deaths of 19,100 (95% confidence interval: 8,490, 47,700) in North America in
2100 under a business-as-usual scenario that assumes significant reductions in pollutant
emissions. With pollutant emissions constant, climate change alone yields annual premature
deaths related to fine particulate matter and ozone ranging from 25,000-120,000 in the U.S.
by 2100 (Saari et al. 2019). Given the relationships between Canada and the U.S. in terms of
pollution and population, these studies provide a basis for hypothesizing that Canadians
would face thousands of additional annual deaths under climate change by the end of the
century. Since Canadians currently experience around 7,100 annual premature deaths
associated with air pollution (Howard, Rose, and Rivers 2018), this could represent a

significant increase in the public health burden associated with this environmental issue.

2.7 Air Quality Co-Benefits of Reducing the Climate Penalty through Climate Policy

According to many studies, climate policy can result in air quality co-benefits that offset
policy costs (West, Fiore, and Horowitz 2012; West et al. 2013; Thompson et al. 2014; Saari
et al. 2015; Thompson et al. 2016; Li et al. 2018). Most of these studies only consider co-
benefits due to reducing co-emitted pollutants, and do not consider the climate penalty. In
part, this is because the effect of the climate penalty is small compared to the effect of co-
emitted pollutants (Zhang et al. 2017). It is also because modelling the climate penalty means
modelling climate change, which adds extra challenges in terms of expertise and computing
power (Saari et al. 2019).

18



Studies that estimate air quality co-benefits from reducing the climate penalty show that they
increase over time as the climate policy takes effect. For example, Garcia-Menendez et al.
(2015) found co-benefits of $8-42/tCO2e at mid-century more than quadrupled by end-of-
century to $45-207/tCOze. A handful of other studies include the effect of the climate penalty
(Shindell et al. 2012; Shindell, Lee, and Faluvegi 2016; Anenberg et al. 2012; West, Fiore,
and Horowitz 2012; Lee et al. 2016; Fann et al. 2015; Saari et al. 2019). Of these, three
studies specifically report co-benefits of reducing the climate penalty (Zhang et al. 2017,
Garcia-Menendez et al. 2015; Saari et al. 2019). These studies show that these co-benefits are
large, including up to thousands of premature deaths avoided, resulting in trillions of
economic benefits worth up to one quarter of climate policy costs

(Saari et al. 2019; Zhang et al. 2017; Garcia-Menendez et al. 2015; Fann et al. 2015). These
studies are either focused on the U.S., or are global, and do not report specific results for

Canada.

19



3. Data and Methodology

3.1 Methodological Approach

The study involves a global integrated assessment mo