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Abstract

This thesis examines the economic viability of urban greenery cover (GC) as an urban heat island
(UHI) mitigation strategy for York Region, Ontario. In light of increasing urban temperatures and
intensifying heat stress, including the UHI effect, a comprehensive cost-benefit analysis (CBA)
framework is developed to evaluate two distinct GC scenarios (moderate and intense). The analysis
integrates a range of direct benefits — such as reduced emergency department visits, avoided
premature mortality, decreased energy consumption, and increased productivity — alongside indirect
benefits including improved air quality and enhanced biodiversity. A key innovation in this thesis is
the incorporation of a non-linear tree canopy scaling factor into the benefit valuation process,
recognizing that urban tree benefits, such as air quality and those resulting from cooling effects, do
not accrue at a constant rate. The study applied a quadratic scaling function to reflect the gradual
maturation of tree canopies over a 40-year project horizon. This adjustment enables a more accurate
projection of economic returns by emphasizing the higher benefits realized as trees reach full
maturity. Cost components, including initial installation and ongoing maintenance expenses, are also
discounted at an annual rate of 3%, following established regulatory guidelines. Overall, the results
demonstrate that both GC scenarios yield negative net present values (NPV) and benefit-cost ratios
(BCR) of 0.01. However, when non-linear scaling is incorporated, the timing and magnitude of
benefits are more accurately projected, reflecting ecological phenomena in an economic model. These
findings not only advance the methodological framework for assessing the economic viability of
nature-based solutions (NbS) in urban environments but also offer practical insights for policymakers
and urban planners seeking to justify investments in urban GC as a means of mitigating the UHI

effect and adapting to climate change.

Keywords: Climate Change Adaptation; Urban Greenery; Cost-Benefit Analysis; Tree Canopy

Scaling; Nature-Based Solutions; Urban Heat Island; Economic Valuation
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Chapter 1: Introduction

1.1 Background

Urban areas are facing unprecedented challenges as anthropogenic climate change escalates.
Examples of observed changes include extreme weather events, increasing ambient temperatures, and
heatwaves (Intergovernmental Panel on Climate Change [[PCC], 2021). Cities, where over half of the
global population resides, are expected to continue growing and are highly vulnerable to climate
change (IPCC, 2018, 2023). This is in part due to the amplified effects caused by the urban heat
island (UHI) effect — a phenomenon where concrete, asphalt, and high-density human activities
contribute to significantly higher local temperatures compared to surrounding rural areas (Deilami et
al., 2018; Rizwan et al., 2008; L. Yang et al., 2016). Projections indicate that hot days with
temperatures above 30°C are expected to more than triple by 2050 in the Greater Toronto Area (GTA)
of Southem Ontario (Canada, 2011; Toronto Public Health, 2022), underscoring the urgent need for

effective adaptive and mitigative strategies to safeguard urban communities.

The UHI effect and extreme heat events have serious consequences for public health and
human wellbeing. Exposure to extreme heat is known to have both immediate and long-term health
impacts. For example, increased risk of mental health issues, adverse pregnancy and birth outcomes,
as well as cardiovascular and respiratory diseases, have all been observed (Ebi et al., 2021). Already
escalating morbidity and mortality rates are projected to increase with expected higher temperatures
and increased occurrence of heat waves due to climate change (Deilami et al., 2018; Ebi et al., 2021).
In addition to health issues that are known to lead to increased emergency department visits, there is
also an increase in heat-related mortality (Basagafia et al., 2011; Ebi et al., 2021). Heat waves/heat
extremes are a major weather-related cause of death in high-income countries (Ebi et al., 2021). In
Canada, extreme heat is the number one weather-related cause of death (Environment and Climate
Change Canada, 2022b). An alarming example of this was the sudden three-fold increase in mortality
counts in British Columbia, Canada, stemming from the 2021 heatwave that resulted in 619 fatalities
(Environment and Climate Change Canada, 2022b; Henderson et al., 2022). These studies highlight
the essential need to comprehend, adapt, and mitigate the impacts of climate change — particularly

heat extremes — on human health and quality of life.

In striving to combat these challenges, researchers and practitioners have increasingly turned
their attention to nature-based solutions (NbS). NbS encompass a range of interventions — from urban

forestry and green roofs to expansive urban parks — that not only moderate temperatures but also yield
1



broader ecological, health, and social benefits (Mahmoud et al., 2022; Nesshover et al., 2017). The
International Union for Conservation of Nature (IUCN) and the Government of Canada describe NbS
as multifaceted approaches that help communities adapt to climate change while enhancing
biodiversity and human well-being (Government of Canada, 2021; IUCN, 2025). Studies have shown
that urban greenery as a NbS can mitigate local temperature extremes, reduce energy consumption,
and improve air quality (Dardir, Wilson, et al., 2023; Dardir & Berardi, 2021; Y. Wang et al., 2016;
Zupancic et al., 2015). Exposure to greenery cover has also shown reduced incidence of physical and
mental health conditions in various urban areas, including the GTA (Hystad et al., 2019; Maas et al.,
2009; Rotenberg et al., 2022; White et al., 2021). In an urban study of York Region by Dardir and
colleagues (2023), the NbS investigated to address the UHI effect was urban greenery cover (GC),
including tree cover (TC) and ground vegetation cover (GVC), which demonstrated the potential for
GC to dampen UHI effects, lower associated health risks, increase productivity, and lower energy
usage. This is consistent with a review study, which identified vegetation (or greenery) cover as the
most common factor influencing the UHI effect (Deilami et al., 2018). These studies suggest that GC

plays a significant role in urban climate change adaptation while also providing a range of benefits.

A growing body of literature has begun to quantify and value the benefits associated with
NbS. For example, Toronto trees and shrubs are estimated to remove 4.60 grams of air pollutants per
square metre of GC, which was valued at CAD 792/ha of tree cover (Nowak et al., 2018). Wilson and
Xiao (2023) placed an economic value of approximately CAD 133,000 annually on improved health
outcomes obtained through increasing GC in the context of implementing an urban park. In York
Region, a more comprehensive economic valuation was provided of the benefits associated with
mitigating the UHI effect, including lowered emergency department visits, lowered incidence of
premature mortality, increased productivity, and decreased energy usage (Dardir, Umberto, et al.,
2023). These findings provide empirical evidence that urban GC is not only an environmental

amenity but also an economic asset.

Despite the growing evidence on the benefits of urban GC, the systematic economic
evaluation of the NbS remains fragmented. Current studies often focus on isolated benefits — such as
energy savings or reduced emergency visits — without integrating the full spectrum of direct and
indirect advantages. The current state of research highlights an increasing recognition of the need for

comprehensive cost-benefit analysis (CBA) frameworks that can capture the environmental and social



benefits as well as the associated costs of such investments. This gap underscores the importance of

establishing a robust, integrated methodology to value NbS in urban settings.

1.2 Research Problem

While substantial literature exists on the environmental and social benefits of urban GC, a significant
gap persists in the integrated economic valuation of the NbS. Previous research — such as the work by
Dardir and colleagues (2023) — has effectively modeled the cooling effects of increased GC scenarios.
However, while the modeling of economic benefits included some direct health benefits and indirect
benefits (i.e., productivity gains and reduced energy consumption), a holistic treatment of indirect
benefits such as biodiversity enhancements or air quality improvements was not provided. The
Treasury Board of Canada Secretariat (2019) recommends that both direct and indirect benefits be
monetized to facilitate decision-making. However, this existing framework provided only partial
assessments. This leads to an underrepresentation of the true economic return on investments into

urban greenery Cover.

In addition to benefit assessment, the economic costs associated with the installation and
maintenance of urban GC have not been rigorously quantified within a single framework —
particularly for any Southern Ontario GC study. Many studies have either omitted key cost elements,
for example, the opportunity costs of land use (e.g., Panduro et al., 2024), or neglected to include cost
considerations in the economic frameworks (e.g., Dardir, Umberto, et al., 2023; J. Wilson & Xiao,
2023). The lack of standardized methods for evaluating both the full range of benefits and the

comprehensive costs limits the utility of these studies for urban planners and policymakers.

Another complexity arises from the dynamic nature of urban vegetation. The maturation and
non-linear growth of trees mean that environmental benefits such as cooling, carbon sequestration,
and air pollutant removal increase disproportionately over time (McPherson, 2002; Nowak et al.,
2018). Failure to incorporate such non-linear factors into CBA models results in an incomplete
valuation of NbS. This research gap is particularly pronounced for practical applications, where

robust data on both benefits and costs is essential for guiding sustainable urban development.

In light of the limitations of previous studies, there is a clear need for an integrated economic
framework that simultaneously assesses the benefits and costs of urban GC interventions. Such a
model would not only fill an important gap in the academic literature but also provide tangible

decision-support tools for municipal authorities striving to implement NbS effectively.
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1.3 Statement of Purpose and Research Questions

To address the identified gaps in the systematic economic evaluation of urban NbS, this thesis
proposes an integrated economic framework for assessing two urban GC scenarios (moderate and
intense) as a climate adaptation strategy in York Region. The research synthesizes the methodologies
of prior studies — such as the benefit estimations provided by Dardir and colleagues (2023) and the
EcoHealth approaches of Wilson and Xaio (2023) — and extends them by incorporating a more
fulsome set of indirect benefits. Furthermore, this framework integrates a dynamic, non-linear growth
factor to more accurately capture how benefits evolve as urban GC matures. Costs associated with
installation and maintenance over time are also considered in a CBA to assess the economic merit of

GC scenarios.
The research questions guiding this study are:

(1) How do the variations in GC scenarios impact the economic valuation of nature-based urban
development in the case study of York Region?

(2) What are the costs associated with installing and maintaining GC scenarios?

(3) Do the direct and indirect economic benefits of GC scenarios outweigh the costs of

installation and maintenance?

By addressing these questions, the study aims to develop a holistic CBA framework that is both
methodologically rigorous and practically applicable. The proposed framework will quantify benefits
on an annual basis, projecting them over the expected life span of the GC interventions.
Simultaneously, it will estimate all relevant costs, accounting for both immediate expenditures and
long-term costs, as outlined in literature and government guidelines (Panduro et al., 2024; Secretariat,

2019).

1.4 Expected Contributions

This research makes a significant contribution by offering a replicable economic model for urban
NbS. It provides practitioners and policymakers with a comprehensive tool to evaluate and compare
the economic merits of various intensities of GC scenarios in York Region. The incorporation of
more factors into a single model, including the novel tree-scaling factor, also advances academic

research in evaluating the economic feasibility of NbS. In doing so, it not only advances academic



understanding of NbS valuation but also informs practical urban planning and climate adaptation

strategies.

1.5 Thesis Outline

This thesis is made up of five chapters: the introduction, the literature review, the methodology, the
results, and lastly, the discussion and conclusion will be presented in the final chapter. The
introduction provides an overview of the research problem, proposed research questions, purpose
statement, and expected contributions. Chapter two, the literature review, summarizes the current
state of knowledge in the research on urban heat island (UHI) effect, the impacts of extreme heat,
climate adaptation, and the benefits of GC as an adaptation strategy. Additionally, it focuses on the
application of valuation methodologies and cost-benefit analysis to urban GC scenarios and identifies
the gap in the literature, forming the basis for this research. The third chapter, methodology, explains
research design, data collection, analysis, and interpretation. This chapter also addresses the
limitations and strategies to ensure reliability and validity. Chapter four, results, presents empirical
findings derived from the data analysis. Chapter five first presents the discussion, which considers
findings in the context of the conceptual framework and literature review to address the research
questions. Finally, the conclusion provides a synopsis of the thesis, contributions, limitations, and

suggestions for future research.



Chapter 2: Literature Review

2.1 Introduction

This chapter critically reviews scholarly and grey literature across several interrelated domains that
underpin the economic analysis of urban greenery cover (GC) in York Region as a climate adaptation
and UHI mitigation strategy. First, the review establishes context through a discussion of
anthropogenic climate change and its urban repercussions, including the UHI effect and its broad
impacts on human health and economy. Next, the literature review outlines the role of NbS,
particularly in urban settings, and examines the methods used to assign economic value to both the
costs and benefits of GC. In doing so, this review identifies gaps that the current thesis seeks to
address, such as the need for comprehensive economic valuation frameworks that capture both direct

and indirect effects across social, ecological, and economic dimensions.
2.2 Context

2.2.1 Climate Change and Heat
Climate change is described by the Intergovernmental Panel on Climate Change (IPCC) (2014, 2018),

as long-term shifts in temperature and weather patterns occurring over extended periods. Long-term
research finds unequivocal evidence that human influence, through actions such as fossil fuel
combustion, industrialization, and deforestation, is warming the atmosphere, oceans, and land (IPCC,
2021). There is strong support by the scientific community that climate change is already occurring,
and that even with significant measures to reduce greenhouse gas (GHG) emissions, some degree of
climate change will be inevitable (Coumou & Robinson, 2013; IPCC, 2018, 2021; Lemmen &
Kanada, 2004). The sixth assessment report (AR6) by the IPCC states that average global surface
temperatures are very likely to increase by 1.0°C to 1.8°C even under very low GHG emission

scenarios (IPCC, 2021).

Heat waves, defined as prolonged periods of excessively hot weather, have become more
frequent and intense as a result of climate change (Coumou & Robinson, 2013). The increasing global
temperatures, primarily driven by human activities such as fossil fuel combustion, industrialization,
and deforestation, have exacerbated the occurrence and severity of heat waves worldwide (Coumou &

Robinson, 2013). The relationship between heat waves and climate change has been well documented
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by climate scientists. According to the IPCC (2021), the frequency and intensity of heat waves have
been increasing over the past several decades, and future projections suggest this trend will continue

as global temperatures continue to rise.

Even countries commonly considered cold, such as Canada, are highly susceptible to the
impacts of hot temperatures. Episodes of extreme heat are increasingly common, and Canadian
temperatures are rising two times faster than the global average (Environment and Climate Change
Canada, 2022b; Government of Canada, 2019; Y. Wang et al., 2016; Willcott & Cleary, 2022). These
episodes can be long-lasting with substantial impacts. A notable example is the summer of 2005 in
Southem Ontario. The capital city of Toronto experienced a heat wave spanning 41 days with
temperatures above 30 °C, and nights with temperatures of 20 °C or greater (Hengeveld et al., 2005).
The number of hot days with temperatures above 30 °C is likely to increase in frequency according to
climate modeling scenarios, particularly in British Columbia and the Windsor-Quebec corridor, where
York Region is located (Lemmen & Kanada, 2004; Y. Wang et al., 2016). In North York Township,
which neighbours York Region, hot days with temperatures exceeding 30 degrees Celsius totalled 25
in the summer of 2024 (May to September), as compared to 7 days in 2014 (Environment and
Climate Change Canada, 2025). This increase in hot days highlights the impact of climate change and

urbanization in Southern Ontario.

2.2.2 Urban Heat Island Effect

Urban populations are continuing to grow, with more than half of the world’s population living in
urban areas today, and a projected increase to over two-thirds by 2050 (United Nations, 2018, 2024).
Differences in climate in urban settings have been identified in scholarly research from the early 19"
century, and this continues to be a problem area under study (Stewart, 2019). These climate
differences have been termed “the urban heat island (UHI) effect”, which is a phenomenon where
urban areas experience higher temperatures as compared to non-urban (rural) areas surrounding them.
Large cities, with populations of one million or more, have been found to be up to 3 degrees Celsius
warmer than surrounding areas, and this difference can be up to four times as much during the night
(U.S. Environmental Protection Agency, 2008b). The cause of the UHI effect is well studied, and
influences include spatial and temporal factors as well as human activities (Deilami et al., 2018;
Rizwan et al., 2008; L. Yang et al., 2016). Properties of urban materials influence how solar energy is

reflected or absorbed (U.S. Environmental Protection Agency, 2008b). The UHI effect has been
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showing an increasing trend in intensity in urban areas. A contributing factor to this trend includes
decreasing GC as urban sprawl increases (Levermore et al., 2018; U.S. Environmental Protection
Agency, 2008b). Other contributing factors include urban materials, urban geometry, and heat caused
by anthropogenic activities (U.S. Environmental Protection Agency, 2008b). As the urban sprawl and
percentage of population living in urban areas continue to increase, understanding how UHI impacts
cities is crucial for sustainable urban planning to mitigate its effects, especially in the face of climate

change (Aghamohammadi, 2022)

2.2.3 UHI and Heat Impacts

Increasing temperatures and UHI trends have already shown social and economic impacts in cities.
The urban heat island effect — arising as an outcome of urban development and localized climatic
factors — influences air quality, energy demand, water resource integrity, and population health
(Aghamohammadi, 2022; U.S. Environmental Protection Agency, 2008b). In Canada, consequences
for health and economics in the context of energy consumption and productivity have all been
observed (Dardir, Umberto, et al., 2023; Henderson et al., 2022; Y. Wang et al., 2016). Below, more

details are discussed regarding these heat-related impacts.

2.2.3.1 Health Impacts

Exposure to extreme heat is known to have immediate as well as long-term health impacts. For
example, increased risk of mental health issues, adverse pregnancy and birth outcomes,
cardiovascular and respiratory diseases are noted (Ebi et al., 2021). Some populations are particularly
vulnerable, such as the elderly, children, and those with pre-existing health conditions, regardless of
factors such as income and location (Basagaia et al., 2011; Ebi et al., 2021; Sheffield et al., 2018). In
North America, heat-related occupational injuries have increased 33.3% since 2000, making it the
most rapidly increasing continent for occupational injuries attributed to excessive heat (United
Nations, 2024). Overall, Heat can influence a range a health outcomes and result in increased

healthcare needs.

Extreme heat is also associated with increased mortality rates (Ebi et al., 2021; United
Nations, 2024). It is estimated that approximately 489,000 heat-related deaths occurred annually
between 2000-2019 (United Nations, 2024). This phenomenon is not isolated to one city or country,

and in high income countries, heat waves and heat extremes are a major weather-related cause of



death (Ebi et al., 2021). For instance, in 1995, a Chicago heat wave killed hundreds (Klinenberg,
2015). Nearly a decade later, in 2003, Europe saw tens of thousands of deaths that have been
attributed to hot summer temperatures, and in 2022, excess deaths from extreme heat exceeded
60,000 (Ballester et al., 2023; European Environment Agency, n.d.). Deaths associated with heat
waves, such as the tens of thousands seen in Europe in 2003, are now considered a direct consequence
of anthropogenic global warming (Stott et al., 2004). A startling example of heat-related mortality in
Canada was the sudden threefold increase in mortality counts in British Columbia resulting from a
2021 heatwave (Henderson et al., 2022). The drastic increases in mortality relating to extreme heat
and heat waves emphasize the pressing need to comprehend and respond to the health-related
consequences of climate change, while reinforcing the significance of implementing effective heat

mitigation measures (Dardir, Umberto, et al., 2023).

2.2.3.2 Economic Impacts

Economic impacts of climate change are already being observed and projected to drastically increase
in the coming decades (United Nations, 2024; Willcott & Cleary, 2022). It is estimated that the
combined effects of extreme heat cost the United States over $162 billion in 2024, or equivalent to
nearly 1% of the US Gross Domestic Product (GDP) (Burton & Wickerson, 2025). In Canada, the
physical costs of climate change are projected to cost $2.772 trillion under the 2°C warming scenario,
and upwards of $5 trillion in a 5°C warming scenario, in capital output lost between 2015-2100
(Willcott & Cleary, 2022). The Canadian Climate Institute estimates that Canadian GDP could fall by
12 percent and household incomes by 18 percent in a high-emission scenario, as compared to a stable
climate scenario (Canadian Climate Institute, 2022). Other measurements of economic impacts
connected with heat and climate change include health care costs, productivity loss, and increased

energy usage.

Firstly, there is a substantial economic cost associated with the health impacts linked to heat
stress. For example, general increases in morbidity and emergency department visits are associated
with heat stress and hot ambient conditions, and this is projected to increase with expected higher
temperatures and increased occurrence of heat waves due to climate change (Ebi et al., 2021). The
estimated average costs of an emergency department visit in Ontario for 2020 were CAD $226,
according to the Canadian Institute for Health Information (CIHI) (CIHI, 2022a; Dardir, Umberto, et

al., 2023). Therefore, with increasing emergency department visits projected from heat stress, there is

9



an associated increase in healthcare costs. Additionally, increasing heat leads to increased levels of
ground-level ozone — a factor contributing to smog — which is associated with respiratory illnesses.
This is associated with increased healthcare costs, as well as projected costs of death and lost quality
of life estimated at $86 billion annually by 2050 (Canadian Institute for Climate Choices, 2021).
Further healthcare costs are associated with the increasing prevalence of Lyme disease and mental
illness as heat increases (Canadian Institute for Climate Choices, 2021). In a high emissions scenario,
increased incidence of Lyme disease alone is expected to increase healthcare costs by CAD $270
million annually (Canadian Climate Institute, 2022). Altogether, it is estimated that healthcare costs
may increase by up to CAD $400 million annually due to heat-related illness increases (Canadian
Climate Institute, 2022). Increasing heat has a range of negative impacts on human health, all of

which are projected to increase strain and cost on the healthcare system.

Secondly, it is well established that increased heat is shown to have a substantial impact on
productivity with associated economic losses. Losses in labour capacity due to heat exposure were
reported by the United Nations (2024) at USD$863 billion (2022). Several research studies across the
globe have also reported on productivity losses due to increasing temperatures and heat exposure.
Countries including China, Malaysia, and Australia have all reported evidence of productivity loss
associated with heat stress and temperature increases in recent years (Venugopal et al., 2022; Xia et
al., 2018; Zander et al., 2015; Zander & Mathew, 2019). Increasing heat is also impacting
productivity in North American economies. For example, a study in the US found that hot summers
slowed economic growth by 0.15 to 0.25 percentage points with every degree Fahrenheit of
temperature increase above the state’s average summer temperature (Colacito et al., 2019). The same
study also predicted that increasing seasonal temperatures could result in reduced economic growth
by up to one-third over the next century in the US (Colacito et al., 2019). Similarly, increasing
temperatures are impacting workers and productivity in Canada (Peters et al., 2015; Vanos et al.,
2019). A longitudinal study of outdoor workers in Ontario, Canada demonstrated that an average of
22 hours per labourer were lost each summer due to heat, which amounted to an average loss of
CADS$1100 (2019) or a combined loss of approximately CAD$220,000 (2019) for 200 workers not
inclusive of corporation losses due to reduced output (Vanos et al., 2019). In 2021, CIHI used
modeling to estimate that under a high-emissions scenario, climate change may result in 128 million
work hours lost each year by 2100, equivalent to 62,000 full-time workers. This is projected to cost
nearly CAD $15 billion (Canadian Institute for Climate Choices, 2021). Altogether, there is
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compelling evidence that increasing temperatures are, and will continue to, impact productivity and

the economy both in Canada and globally.

In addition to costs for increasing healthcare needs and losses in productivity, economic
impacts can result from increased energy consumption due to extreme temperatures. As temperatures
rise, cooling needs increase, straining the energy infrastructure and creating vulnerabilities to
businesses, critical services, and households (United Nations, 2024). Cooling currently accounts for
approximately 20 percent of global electricity consumption, which is expected to increase based on
current policies (United Nations, 2024). Further amplifying this demand, the UHI effect and extreme
heat decrease the efficiency of cooling devices, such as air conditioners (AC), requiring even more
energy (Miner et al., 2017). Increased demand leads to increased cost. For example, in Ottawa,
Canada, a mean UHI of 0.8 degrees Celsius resulted in an annual excess cost of USD $6.1 million
(2017) for AC operation. This does not account for costs associated with possible infrastructure
damage due to the burden, or increased maintenance costs of equipment due to increased usage
(Miner et al., 2017). At a national level, it has been estimated that a high emission scenario would
result in an increased cooling demand, leading to 4% annual increase in electricity usage. This
increase is estimated to cost approximately CAD $5.3 billion annually in operating expenditures and
electrical system capital alone (Canadian Climate Institute, 2022). In summary, cooling is a large
energy demand, with cost increases due to even small increases in temperatures associated with

climate change and UHI effects.

Studies show that there are links to economic losses due to increasing heat and the UHI
effect. This can result from decreasing productivity, increasing healthcare costs, and increased energy
usage as temperatures rise. While there are many other costs associated with and attributed to climate
change, these are specifically focused on the increase in temperature arising from anthropogenic
climate change and the UHI effect. Together, the research on economic impacts supports a need for
UHI mitigation and climate adaptation measures to reduce economic burden now and in the coming

years.

2.3 Climate Adaptation

Temperatures are rising in Canada, and city temperatures are intensifying. With concentrated

populations, impacts are magnified, making the need for adaptation in Canada imperative

(Environment and Climate Change Canada, 2022b; United Nations, 2024). Environment and Climate
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Change Canada has defined adaptation as “adjusting our decisions, behaviours and activities to
account for existing or expected changes in climate” (Environment and Climate Change Canada,
2022a). One example to help adapt and build resilience is to protect the health of Canadians during
heat events by making changes (Environment and Climate Change Canada, 2022a). As part of
Canada’s National Adaptation Strategy, building resilience requires action in five areas: reducing
climate-related impacts, improving health and well-being, protecting and restoring nature and
biodiversity, building and maintaining resilient infrastructure, and supporting the economy and
workers (Environment and Climate Change Canada, 2024). The economic case for adaptation is
strong. It is estimated that for every $1 invested in proactive adaptation today, $13 to $15 will be
returned in direct and indirect benefits in the coming years (Canadian Climate Institute, 2022). Below,
NbS will be discussed as a climate adaptation measure, specifically to address heat, and the state of

knowledge on associated benefits will be investigated.

2.3.1 NbS as Climate Adaptation and Mitigation Strategies

Nature-based solutions are an umbrella concept that links both social and ecological aspects. As
defined by the Government of Canada and the International Union for the Conservation of Nature
(IUCN), Nature-based Solutions (NbS) are actions that are used to adapt to climate challenges, while
also providing benefits for biodiversity and human well-being (Government of Canada, 2021; IUCN,
2025). NbS is a relatively new term in environmental management and research, and it has
connections to other established concepts for understanding and managing ecosystems (Nesshover et
al., 2017). The exact positioning and relation of NbS to other commonly used terminology and
concepts is still being explored and discussed by researchers (Mahmoud et al., 2022; Nesshover et al.,
2017). For example, NbS can overlap and relate to several terms, including but not limited to green
infrastructure, blue-green infrastructure, ecosystem services, ecosystem-based disaster risk reduction,
and ecosystem-based adaptation or mitigation (Nesshover et al., 2017; Panduro et al., 2024). For
instance, both green infrastructure and NbS aim to provide ecological and social benefits through
natural solutions, and in some cases, the two may be seen as synonymous. However, there are some
differences, specifically in the wording of “solutions” versus “infrastructure” — where NbS are used as
a “solution” for adapting to climate change, green “infrastructure” may also provide this, but can be
used in other contexts (Nesshover et al., 2017). Green infrastructure is land-based and includes
solutions such as urban parks, urban forestry, green roofs, living walls, and other nature-based

terrestrial arcas (Nesshover et al., 2017).
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GC can be used as a NbS, adapting to climate change and mitigating challenges like the UHI
effect (Fu et al., 2022; Hayes et al., 2022; Wong et al., 2021). With a focus on mitigating the UHI
effect and adapting to temperature increases and extreme heat events associated with climate change,
academic research has established direct benefits related to cooling. For example, GVC and TC have
been shown to reduce peak surface temperatures in cities by 2 to 9 degrees Celsius, with variation
depending on scale and design (Wong et al., 2021). In a study of York Region, Ontario, modeling of
increased GC showed that humidex values could be decreased from 40.6 to 34.1 during a typical
summer season by applying an intense coverage scenario, reducing the scale of comfort from “great
discomfort” to “some discomfort” and avoiding heat waming conditions (Dardir, Umberto, et al.,
2023). Similarly, heat reductions associated with GC have been observed in US cities. For example,
suburban areas with mature trees were found to be 2 to 3 degrees Celsius cooler compared to new
suburban areas without trees, and grass sports fields 1-2 degrees Celsius cooler than surrounding
areas (Huang et al., 1990; Kum et al., 1994; U.S. Environmental Protection Agency, 2008a). Through
shading and evapotranspiration, GC can help to reduce peak temperatures and mitigate the UHI effect

(U.S. Environmental Protection Agency, 2008a).

Utilizing GC as a strategy to reduce temperatures also brings a range of other benefits. As
identified by the US Environmental Protection Agency, the use of trees and vegetation for mitigating
UHI effect is also associated with the benefits of reduced stormwater runoff, energy usage,
greenhouse gas emission, air pollution, exposure to ultraviolet (UV) rays, as well as increased quality-
of life benefits including lowered urban noise, increased property values, reduced crime, and other
social benefits (U.S. Environmental Protection Agency, 2008a). A review study by the National
Research Council of Canada echoed this, with identified direct benefits of GC as a NbS, including
decreased cooling loads, reduced mortality, and improved urban climate and air quality (Hayes et al.,
2022). A range of indirect benefits are also identified, including but not limited to carbon
sequestration, water purification, biodiversity, mental well-being, and job creation (Hayes et al.,
2022). In the study of York Region, direct benefits linked to the improved thermal comfort provided
by increasing GC, such as reduced healthcare costs and reduced mortality, were valued in an
economic framework. The study also quantified some indirect benefits, such as the economic benefits
associated with reduced energy consumption and productivity (Dardir, Umberto, et al., 2023).
However, the study did not consider a full range of indirect or co-benefits provided by the NbS of

GC. To consider the increased GC scenarios as a NbS, it is important to consider the range of benefits
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provided, including benefits for biodiversity and human well-being, in addition to the known benefits

of heat reduction and improved thermal comfort.

Aside from the known benefit of decreasing urban temperatures and improving thermal
comfort provided by increasing GC in urban areas (Dardir, Umberto, et al., 2023; Dardir & Berardi,
2021; Fu et al., 2022; Wong et al., 2021), there are two major indirect environmental and ecological
benefits that this research will investigate, namely biodiversity and air quality. Next, benefits for
human well-being will be discussed, followed by an examination of resultant economic benefits.
Together, the implementation of urban GC and these associated benefits align with important action
areas in Canada’s National Adaptation Strategy and the definition of a NbS for adaptation
(Environment and Climate Change Canada, 2024; Government of Canada, 2021; IUCN, 2025).

2.3.1.1 Environmental and Ecological Benefits of GC

Increasing urban green spaces and natural areas can help to increase biodiversity despite the impacts
of increased urbanization and climate change. Canada has more than a thousand species of pollinating
insects, including bees, which perform over 70% of pollinating services in North America (Seeds of
Diversity, 2024). Globally, approximately 20% of food crops require pollinators to produce food,
with many more crop types showing improved product size and yield with pollination services (Klein
et al., 2006). An example of this is the requirement for both wild and honeybee pollination services to
produce fully developed strawberries, in contrast to misshapen fruits on plants only serviced by one
pollinator species (Chagnon et al., 1993). Several studies in Ontario have been conducted to
investigate the impact of land type on pollinator abundance and diversity. One such study, conducted
in four Ontario cities, found that naturalized areas of at least 50 square metres, regardless of land use
zoning type (e.g., industrial vs. greenspace), increased bee diversity and abundance (Horn, 2011).
Another recent study in the city of Ottawa provides insight by finding a negative correlation between
impervious surface types and bee species richness and abundance (Gerner, 2020). Further Canadian
study in the city of Toronto linked increased bee abundance with decreased urbanization intensity,
measured by the percentage of impervious surface area surrounding the sampling plots (Brasil et al.,
2023). These findings suggest that even small GC implementations, modifying the surface type of the

urban area, can help to increase pollinator abundance and biodiversity.

NbS can also aid in adaptation and mitigation, helping to improve air quality. Buildings are

responsible for approximately 28% of global energy-related GHG emissions, with this figure rising

14



drastically in densely populated urban areas. The UHI effect further exacerbates this issue by
increasing demand for cooling (Hayes et al., 2022). Canadian municipalities are increasingly adopting
NbS as integrated strategies for climate mitigation and adaptation. One of the core categories of NbS
is urban GC, which assists in lowering building energy demand and the associated carbon emissions
by improving the local microclimate. Additionally, GC contributes to carbon sequestration, further
supporting emission reduction goals, improving air quality, and long-term climate resilience (Hayes
et al., 2022; Konijnendijk et al., 2013). Numerous studies have also identified that urban GC, such as
parks, can help to reduce other air pollutants and improve air quality (Konijnendijk et al., 2013;
Nowak et al., 2006, 2018; Zhou, 2017). A computer simulation model utilizing local data from 86
Canadian cities estimates that urban trees removed 16,500 tonnes of air pollutants in 2010, including
CO, NOz, O3, PM25s, and SO2 (Nowak et al., 2018). This reduction in air pollutants shows benefits in
avoided illnesses and strain on the healthcare system (Nowak et al., 2018). GC as a NbS has also been
associated with improved air quality in field studies throughout Southern Ontario. A study by
Anderson and Gough (2020) found a correlation between reduced ozone, nitrogen dioxide, and
carbon dioxide associated with the presence of green infrastructure in urban areas. Urban GC can not
only reduce health risks through air pollutant removal, but it can also aid in carbon sequestration and
reduce temperatures, leading to lowered GHG emissions. Together, these factors aid in both

adaptation and mitigation of the UHI effect.

2.3.1.2 Benefits for Human Well-Being

Urban GC shows a range of benefits for human well-being, including physical health, mental well-
being, and decreased mortality rates. In a systematic review study, a consistent negative correlation
between exposure to urban greenspace and mortality, heart rate, and violence was found.
Furthermore, consistent positive correlation was found between urban greenspace exposure and
attention, mood, and physical activity (Kondo et al., 2018). The reduction in air pollutants associated
with increased GC is also connected with a range of reduced health risks, including acute respiratory
symptoms, asthma, bronchitis, cardiovascular disease, and mortality (Nowak et al., 2018).
Additionally, there is evidence suggesting that proximity and access to urban GC have a positive
impact on mental well-being. In a large CARTaGENE cohort study of Quebec, it was found that even
a 0.1 increase in greenspace within 500 metres of a participant's residence resulted in reduced
incidence of depression and anxiety (Hystad et al., 2019). Similarly, Wood and colleagues (2017)

found that access to neighbourhood greenspaces increased general mental wellbeing, and a study in
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Toronto, Ontario found that a lack of GC can influence prevalence of schizophrenia — showing that
residents of neighbourhoods with low levels of greenspace had increased risk of developing
schizophrenia by 24%, after controlling for age and socio-economic factors (Rotenberg et al., 2022).
Together, these studies suggest that increasing GC has a positive correlation with human well-being,

both physical and mental, while also reducing mortality.

2.3.1.3 Economic Benefits of GC

The direct and indirect benefits of increasing GC have a range of potential economic benefits. For
example, lowered GDP losses, decreased energy consumption costs, decreased loss of productivity,
and reduced healthcare expenditures. It is estimated that proactive investment in adaptation can cut
projected GDP change by 47% to 53% in low and high emission scenarios, respectively (Canadian
Climate Institute, 2022). While adaptation with GC is only one form of adaptation, it will assist in
lowering temperatures and mitigating the UHI, which will in turn reduce losses from heat labour
productivity, premature death, electricity demand change, and heat-related illness (Canadian Climate
Institute, 2022). Increased shading alone can reduce temperatures and lower expected productivity
losses by 12% (Canadian Climate Institute, 2022). Modelling simulations of increased GC scenarios
in York Region support this by showing that increased GC will reduce temperatures and heat stress,
thereby avoiding costs associated with lost productivity, energy usage, emergency department visits,
and premature mortality (Dardir, Umberto, et al., 2023). Not only can GDP losses be avoided through
cooling provided by GC, but increases in GDP can be realized through job creation required for
installation and maintenance activities (Government of Canada, 2021; Green Analytics, 2019; Hayes
et al., 2022). For example, the 50 Million Tree Program in Ontario is estimated to provide an annual
equivalent of 103.8 full-time jobs and over $12.6 million (2019) in Canadian GDP (Green Analytics,
2019). While there is evidence of benefits, there is no direct market value to many of these benefits,

leading to further challenges in quantifying a dollar value associated with benefits.

2.4 Economic Valuation of Costs and Benefits of GC

Placing value on environmental costs and benefits, and ecosystem services (ES), is still a struggle
today, even though it has been understood for several decades that environmental quality matters
(Kula, 1994). Placing value on environmental factors is important for several reasons. First, economic
valuation plays a crucial role in highlighting that environmental resources are not limitless nor freely

available, even in the absence of formal market structures. By assigning value to environmental
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inputs, especially when faced with developmental pressures, such valuation may reveal their
increasing scarcity (Kula, 1994). Valuing environmental resources also facilitates more equitable
decision-making by allowing development projects to be assessed from a broader, more informed
perspective. In the context of environmental restoration, economic valuation helps to quantify the
benefits of proposed interventions, providing clarity on their worth (Kula, 1994). Moreover, valuation
of environmental factors reduces subjectivity in cost-benefit analysis by bridging the gap between
quantifiable and non-quantifiable impacts, which is particularly important given the historical
tendency to omit environmental considerations due to their presumed intangibility. Lastly, valuation
ensures a more accurate representation of economic performance at regional and national levels and
supports effective policymaking (Kula, 1994). Although there is an established need for economic
valuation of costs and benefits associated with environmental factors, methodologies and frameworks

are still being developed.

There is also a pressing need for innovative funding models to underscore the importance of
urban GC, with municipal budgets often under strain (Garcia De Jalon et al., 2020). Addressing this
need, van Zoest and Hopman (2014) developed a tool to incorporate the economic advantages of GC
into municipal financial systems, inspired by the TEEB study. Similarly, Hamik (2009) introduced a
framework to assess urban park benefits, highlighting seven main factors to be quantified: increased
property values, tourism, direct use, improved health, stronger community cohesion, cleaner water,
and cleaner air. In Canada, Wilson and Xiao (2023) utilized the EcoHealth framework to value the
resulting economic returns of health benefits associated with an urban park project. This framework is
also applicable to urban green spaces as developed under the leadership of the EcoHealth Ontario
(EHO) research group and Green Analytics (J. Wilson & Xiao, 2023). Despite the growing
knowledge on the economic value of urban GC as a NbS, there is no known standardized framework
or funding model to incorporate the large range of economic advantages from various types of NbS

into the Canadian municipal financial systems.

To quantify the associated urban GC benefits and assign value to non-market goods, different
methodologies may be applied. These include market and non-market valuation methods, which can
be used to assign value to ecosystem services (ES). Table 1 outlines methodologies that are
commonly used in the valuation of green spaces, how data is obtained, the strengths and weaknesses
of the methodologies, and their relevant applications. For example, a Contingent Valuation Method

(CVM) may be used to evaluate environmental assets by assessing people’s willingness to pay or
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assessing what they would expect to receive in compensation in order to accommodate the proposed
cost of an environmental project (Pearce & Tumer, 1989). Two examples of this involve assessment
of reclaimed wastewater for use in agriculture and recreational urban parks (Alcon et al., 2010;
Verlicchi et al., 2012). CVM was also utilized by researchers in the valuation of a project to convert
an old train station to an urban park area. The contingent valuation showed that people living closer to
the proposed park were more willing to pay due to its accessibility (del Saz Salazar & Menendez,
2007). While the CVM and other methods have strengths and relevant applications, there are

limitations to their application, including time to collect data and survey limitations.
Table 1: Economic Valuation Methodologies Used in Greenspace Valuation

(Adapted from: Green Analytics, 2020, p. 12)

Data Strengths Limitations Relevant
Applications
Market Available Integrates well into | Partial reflection of | Health system
Valuation through health = government monetary value savings, avoided
Methods information decision-making (only considers use | burden of illness
databases and | frameworks and value)

public accounts | budgetary processes

Contingent | Survey Flexibility to Measures stated Determine
Valuation evaluate future behaviour (not Willingness to Pay

scenarios (planning | measured behaviour) | (WTP) to reduce

and policy) Vulnerable to survey the risk of'illness
design and other Evaluate
survey limitations hypothetical

planning and

policy scenarios
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Data

Strengths

Limitations

Relevant

Applications

Travel Cost
Method

Survey or

service use data

Provides means to
determine WTP to
access a service of

benefit

Useful to estimate
the overall use
value or

recreational benefit

Restricted in the
ability to link to
direct health benefits

Estimate direct use

value
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Data Strengths Limitations Relevant
Applications
Subjective | Survey and Well-being-based High-level statistical | Determine
Wellbeing health approaches are analysis required, changes in well-
expenditure increasingly seen as | and difficulty being and
data important determining if well- | corresponding

information for being gain is due health system

decision-makers entirely to savings
greenspace

use/exposure

Two methods employ data from other sources to monetize benefits and costs. First, the
benefit transfer method can be utilized in the valuation of urban GC, inclusive of parks, green spaces,
trees, swales, and other GC. This method employs results of previous valuation studies in similar
contexts and estimates the value of similar GC in a new project/area. This is a commonly accepted
method utilized in both academic research and in government assessments, as it allows for the swift
quantification of values (Green Analytics, 2020; Secretariat, 2019). Similar to the benefit transfer
method, another method commonly used values costs avoided, replacement costs, and or substitute
costs. This is known as the direct cost-savings approach, and is a well-known and authenticated
method (Moslehi et al., 2020; Xie et al., 2023). For example, Dardir and colleagues (2023) valued a
proposed GC scenario by including assigned monetary values to avoided healthcare costs and avoided
costs of energy use. Similarly, Wilson and Xiao (2023) used this method to value avoided costs of
healthcare associated with health changes connected to park implementation. Utilizing public
accounts and health information databases allows for market valuation of the avoided costs, which
integrates well with government budget processes and decision-making frameworks (Green
Analytics, 2020). These studies collectively demonstrate assigning monetary value to the benefits of

urban GC in an economic context using secondary data.

Determining the economic costs of urban green spaces requires consideration of multiple
factors. Costs of GC scenarios can include installation, maintenance, and opportunity costs. Some

installation costs include, but are not limited to, components such as plantation of the greenery (trees

20



and other plants), soil preparation, removal of pavement, as well as the cost of the trees and plants
themselves. Maintenance costs of GC areas can include costs of labour and supplies, and opportunity
costs can include factors such as land opportunity costs and potential lost revenue from other project
opportunities (Panduro et al., 2024; Privitera & Ma, 2022). To complete cost assessment, some of the
same methodologies can be utilized, such as market valuation and the value transfer method used by
Panduro and colleagues (2024) in the cost assessment of multiple urban NbS. However, there are
limitations. For example, greenspaces and tree cover installation costs can vary greatly depending on
various factors, including location, soil treatment, landscaping, preparation, planting, species
selection, and the addition of amenities such as benches and gravel pathways (Panduro et al., 2024;
Privitera & Ma, 2022). The size of the project can also affect costs, with economies of scale playing a
role. Additionally, the extent and complexity of facilities influence the expense, as do labour-
intensive tasks. Consequently, regions with lower labour costs may have an advantage over those
with higher labour costs when it comes to the overall costs of developing NbS (Panduro et al., 2024).
As labour is also required in maintenance, this should also be considered in maintenance costs.
Therefore, project context, socio-economic similarity, and economy of scale should be considered in

transfer methods for the cost of NbSs.

In the case of economic valuation of urban NbS, a systems-thinking approach should be used.
As NbS are complex systems, within larger urban and ecological systems, we must consider the
complex challenges of valuation of benefits beyond short-term economic gains and include non-
material and co-benefits (Mahmoud et al., 2022). In previous studies investigating the value of
benefits provided by urban green spaces, isolated components or benefits of the system were focused
on or valued. In a Canadian Context, researchers estimated the value of social benefits provided by
TC in 86 Canadian cities using a methodology that considered the cost of illness, willingness to pay
to avoid illness, reduced productivity due to health impacts, and value of life (Nowak et al., 2018).
Similarly, in southern Ontario, two recent studies in the GTA focused on specific benefits and
neglected to take a holistic approach. In York Region, Dardir and colleagues (2023) focused on the
solution of UHI mitigation only, and the associated direct and indirect benefits of productivity, energy
usage, and health (by way of decreased emergency department visits and mortalities). In the 2023
study of a park implementation in Peterborough, Ontario, researchers focused on the social benefits
and valued the associated physical and mental health outcomes using a novel valuation framework (J.

Wilson & Xiao, 2023). Neither study included a systems approach to valuation of impacts and co-
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benefits, nor did they include any valuation of ecological benefits (e.g., biodiversity). Using a holistic
approach to evaluating benefits provides a more accurate estimation of the value of a NbS, and
including cost estimates provides practitioners information required to evaluate investment and policy

decisions.

2.5 Cost-Benefit Analysis

Cost—benefit analysis (CBA) is a well-established economic method used to support decision-making
by quantitatively comparing the benefits and costs of a specific investment (Brouwer & Pearce, 2005;
Hanley & Spash, 1996; Hutton et al., 2006; Kula, 1994; Pearce & Turner, 1989; Young, 2005). CBA
originated in 1844, developed by Jules Dupuit (Kula, 1994). The theory of CBA developed by Dupuit
does not impose limitations on the costs and benefits that should be included. In fact, all forms of
costs and benefits — monetary and non-monetary, including unpaid values — should be evaluated prior
to initiating public infrastructure projects according to this theory (Kula, 1994). CBA is a technique
still used today to determine whether projects are in the interest of the public by assigning monetary
value to each input and output of a project. Generally, it can be used to determine whether or not to
implement a project or policy (Hsu & Chao, 2020; Liu et al., 2010; Secretariat, 2018, 2019). Benefit
and cost values are compared; a project is generally deemed worthwhile to implement if benefit
values are greater than cost values, or the net present value (NPV) is greater than 1 (Verlicchi et al.,
2012). There are multiple types of CBA. Financial CBA is limited to the market value of costs and
benefits. However, economic CBA is inclusive of both market value and societal perspective values
on costs and benefits (Garcia De Jalon et al., 2020). Additionally, there is a social CBA. This type of
economic assessment is used in a wide range of scenarios, including in decision-making and the

assessment of the economic value of NbSs (Garcia De Jalon et al., 2020).

An important factor in CBA and the determination of NPV is the use of discounting.
Rationale for discounting is commonly based on investment and consumption (Arrow & Kruz, 2013;
Lind et al., 2013). On the basis of consumption, it is rationalized that due to rising consumption,
future generations are expected to be wealthier than today’s generation, and diminishing marginal
utility from consumption results in the need to discount future consumption (Costanza et al., 2021).
The other rationale for discounting is that, due to an assumed positive returmn on investment, money
invested now is worth more than money invested in the future. Therefore, future investments should

be discounted (Costanza et al., 2021). Similarly, Canadian CBA guidelines recognize this rationale in
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their justification for discounting by stating that benefits and costs require discounting to account for
time value and time preference of money — in other words, benefits are preferred now and payments
later (Secretariat, 2019). While the national discount rates are recognized at 7% (real rate) and 3%
(social rate), there is a great deal of variation in discount rates and approaches used (Costanza et al.,
2021; Secretariat, 2019). For example, the standard approach to NPV calculation is a constant
discount rate, which does not change over time or circumstance. However, hyperbolic, decreasing,
intergenerational, and pluralistic discount rates are among some of the other approaches (Costanza et
al., 2021). For example, hyperbolic discounting argues that discount rates should decline with time to
account for uncertainty. Alternatively, Costanza suggests that different discount rates be used for
different goods/services provided by different capital types (i.e., natural, social, human, or built
capital) (Costanza et al., 2021). Overall, there is a large variation in discount rates used, and in the

approach applied to discounting — all of which are still investigated and debated among economists.

Canadian regulations for CBA of federal regulations state that direct benefits and costs are
those that are directly attributed to the planned outcome of the project or regulation (Secretariat,
2019). In the case of this study, direct benefits would be those attributed to heat mitigation.
Additionally, the Secretariat guidelines for CBA also recognizes that other costs and benefits not
directly related to the intended outcome of the project or regulation (indirect costs and benefits)
should be accounted for, when possible, to provide decision makers with as much information as
possible. However, it can be more challenging to quantify and monetize indirect benefits and costs,
and this should be considered on a case-by-case basis, given the accessibility to data (Secretariat,
2019).

2.5.1 CBA in GC Valuation

CBA is a useful tool in planning and decision-making when it comes to NbSs such as GC. However,
in previous years, environmental consequences and ES were often not included in CBA calculations
on the basis that they were essentially unquantifiable (Kula, 1994). With progress in valuation
methods for environmental, ecological, and social consequences, there is the capacity to include a
wider range of direct and indirect benefits in a CBA of nature-based solutions. The effectiveness
(benefits provided) and cost-effectiveness (analysis comparing relative costs and outcomes) of GC are
integral to its implementation planning as a NbS in various urban areas. For example, cost-

effectiveness is included in the European Commission’s definition of NbS, as it states that NbS are:
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“Solutions that are inspired and supported by nature, which are cost-effective, simultaneously provide
environmental, social, and economic benefits, and help build resilience.” (European Commission,
2024). Embedding the requirement for them to be cost-effective in the definition of what a NbS is, the
European Commission helps to build the case for providing a CBA of NbS.

Research has identified a range of CBA results for different NbS. For example, a study by the
US Forest Service conducted a CBA of street tree planting in Wabena Falls over a 40-year period.
Benefits included were energy savings, air pollution removal, hydrology, and esthetics (McPherson et
al., 2006). Through assessing different tree sizes in a CBA, it was found that costs and benefits varied
greatly with tree size; however, NPV was positive for all tree sizes, and benefit-cost ratio ranged from
1.62 to 3.52 (McPherson et al., 2006). While this CBA did return positive net benefits, it did not
include discounting in the calculations. In another CBA study by McPherson (2007), the influence of
the discount rate and costs were examined. In a single tree example over a 40-year period, the value
returned was positive using a benefit-based approach which did not consider the costs of planting and
management. However, in a multi-tree example, the NPV returned over a 15-year period was negative
with discount rates from 0% to 10% due to repair costs of sidewalks (McPherson, 2007). These
results showed that large costs can outweigh benefits even when discounting is adjusted. In another
CBA study, the focus was on green infrastructure in the LiuChuan River corridor with direct benefits
relating to water, electricity, and carbon taxes. Even with a total annual benefit of $1.14 million, it
was found that the net present value was negative when a 3.5% discount rate was included over a
four-decade period (Hsu & Chao, 2020). Both studies included different benefits, and another notable
difference is the omission of opportunity costs from the 2006 study by the US Forest Service. The
omission of cost categories, varying discount factors, along with differences in benefit scope could

account for a difference in results.

In the literature, there are many shortcomings in the CBA of NbS. Although it is a widely
used tool to assess the feasibility of projects and help to inform decision makers, it is a complex
process. One reason for this is the difficulty in assessing the full range of benefits. Many CBAs of
urban NbS focus on direct benefits associated with the solution in question (e.g., flood cost savings
from flood mitigation solutions) rather than including indirect or co-benefits (such as biodiversity or
health benefits) (Chelli et al., 2025). This can provide an incomplete assessment of costs and benefits.
Furthermore, methodological choices and assumptions must be made in how to assess costs and

benefits. For example, factors such as discount rate and temporal factors can greatly influence
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outcomes and are varied in previous studies. A literature review study of CBA in urban NbS has
identified a wide range of discount rate variation and even omittance, and that temporal factors are
often not included in the analysis (Chelli et al., 2025). This can lead to variation in results and
misleading assessments. For example, some ES benefits — such as recreational or mental health
benefits — may be realized immediately, while others may change over time (e.g., carbon
sequestration) (Chelli et al., 2025; U.S. Environmental Protection Agency, 2008a). Multiple studies
have recognized that benefits such as cooling and air pollutant scale non-linearly with tree canopy
coverage growth (Nowak et al., 2018; Schwarz et al., 2015; Y. Yin et al., 2024). Yet, this is often not
included in the CBAs of urban GC. One known example that did include a canopy scaling factor
dates back to 2007, by a well-known researcher in urban forestry (McPherson, 2007). No known
examples have been found in the Canadian CBA of urban GC to include temporal scaling of benefits
and holistic direct and indirect benefit inclusion. Overall, including a more holistic approach to the
inclusion of costs and benefits, critically assessing valuation methods, and considering factors such as
temporal scaling are all ways in which CBA can be strengthened as a tool in assessing the feasibility
of NbS.

From a decision-making standpoint, similar principles apply to the assessment of cost-
effectiveness when considering planning and policy across North America. For example, in 1936 the
US Congress passed an act introducing an approach that prioritized projects, “[...] if the benefits to
whomever they may accrue are in excess of estimated costs [...]” (U.S. Supreme Court, 1941, p.
313). This cost-benefit approach to project assessment in the US is still utilized, and costs of projects
and regulatory processes must be considered in addition to potential benefits (Harvard Law Review,
2015). Similarly, Canada has a policy on cost-benefit analysis outlining mandatory requirements for
analysis of proposed federal regulations (Secretariat, 2018). These acts and policies can be applied to
GC planning in some circumstances. However, there are no known policies requiring CBA at a
municipal level for GC scenarios or NbS project proposals despite the usefulness of this approach for

informing decision makers.

2.6 Summary

Academic literature and government policy have identified Cost-Benefit Analysis (CBA) as a priority
knowledge need for implementing nature-based solutions (Grace et al., 2021; Secretariat, 2019; U.S.

Supreme Court, 1941). It has also been established through the literature review that the benefit
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analysis of NbS is limited in scope, and cost analysis is lacking, particularly when it comes to the
York Region. Furthermore, it is understood that tree canopy growth impacts both microclimate as
well as potential benefit realization (Nowak et al., 2018; Schwarz et al., 2015; Y. Yin et al., 2024).
However, literature review has shown that this factor is often not included in modelling or benefit
calculations (Chelli et al., 2025). To address these gaps, this study aims to provide a more
comprehensive framework for economic assessment of costs and benefits associated with GC as an

urban NDbS for heat mitigation in the case study of York Region.
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Chapter 3: Research Methods

3.1 Introduction

To address research gaps, this study aims to answer the following research questions:

(1) How do the variations in GC scenarios impact the economic valuation of nature-based urban
development in the case study of York Region? (2) What are the costs associated with installing and
maintaining GC scenarios? (3) Do the direct and indirect economic benefits of GC scenarios

outweigh the costs of installation and maintenance?

Answering the research questions of this thesis, three phases were used. First, the benefits of
two GC scenarios in York Region were calculated and compared. Next, costs associated with both
GC scenarios were calculated in order to answer the second research question. Finally, a CBA of both
scenarios was conducted to answer the third research question. This research methods chapter
describes the quantitative framework used to evaluate urban GC as a climate adaptation and UHI
mitigation strategy for York Region. The approach used a comprehensive cost-benefit analysis (CBA)
that first quantified individual benefit and cost components for different GC scenarios and then
integrated these estimates using standard economic metrics. The method builds on validated
simulation models from Dardir and colleagues (2023) and recent advances in economic frameworks
assessing NbSs (Chelli et al., 2025; Dardir, Umberto, et al., 2023; J. Wilson & Xiao, 2023). A key
innovation is the explicit incorporation of non-linear tree canopy growth over time into the benefit

calculations.

This chapter contains seven sections. First, a brief description of the case study region is
provided in section 3.2, and a description of the proposed GC scenarios is provided in section 3.3.
Next, the research design and approach section discusses the research design used to complete the
analysis. Section 3.5 contains the data collection details, followed by section 3.6 outlining the data
analysis that explains methods used for analysis of benefits, costs, and finally CBA. Next section 3.7

briefly discusses reliability and validity, and finally, section 3.8 outlines research limitations.

3.2 Study Region

York Region is located in Southern Ontario, just north of the city of Toronto (see Figure 1). The

region contains nine municipalities. Known as part of the GTA and Greater Toronto and Hamilton
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Area (GTHA), it is the fourth fastest growing region in the GTHA (York Region, 2022). In a
Canadian context, York Region is the seventh largest Census Division, and it is the third largest in
Ontario. The region is also home to the fastest-growing municipality in all of Canada, East
Gwillimbury (York Region, 2022). Despite the region’s greening strategy, York Region
municipalities are among the 94% of medium and large population centres that have shown declines
in green spaces over the last 20 years. For example, the town of Stouftville within York Region has

seen a decline in urban greenness of nearly 10% (Office of the Auditor General of Ontario, 2022).

2021 Population and Growth

For Greater Toronto and Hamilton Area (GTHA)

1,173,103

5.7% INCREASE

1;,3-"“!5&229 REGION

2,194,356
o

696,992

T.9%INCREASE

396,637

8.8% INCREASE

969,353

6.0% INCREASE |

Figure 1: Regions of the Greater Toronto and Hamilton Area

Figure 1 is extracted from the document “Understanding York Region’s Population” and shows the
regions of the GTHA, highlighting the York Region in dark blue. Populations and 2021 population
growth are displayed (shown as percentage increase) (York Region, 2022).

3.3 Greenery Cover Scenarios

The proposed urban upgrading plans in the case study of York Region by Dardir and colleagues

(2023) focused on enhancing greenery coverage with guidance from York Region’s planners and
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health experts. Two types of vegetation were considered: ground vegetation cover (GVC) — like grass
and shrubs — and tree canopy coverage (TC), which together comprise greenery cover (GC) and
provide shade and cooling through evapotranspiration. The existing greenery proportions in a study
neighbourhood of Markham Village served as a baseline for comparing two future scenarios. The
moderate greenery cover (moderate GC) scenario aimed at achieving approximately 50% of the
maximum greenery targets, offering partial shading. In contrast, the intense greenery cover (intense
GC) scenario aimed at achieving the full allowable coverage, maximizing shading — especially over
roads and buildings. These scenarios, including the reference case, were inputs for a simulation model
to assess microclimate impacts in the study by Dardir and colleagues (2023). The results were used as
inputs for the CBA of this study. In order to achieve intense TC in the reference neighbourhood of
Markham Village, it was suggested that full coverage of roads would be required, requiring new
urban design. Figure 2 shows examples in Canadian and US cities of intense TC (Dardir, Umberto, et
al., 2023). The cost or new urban design was not included in the CBA of this study. The intense
coverage scenario would add approximately 1.9 square kilometres of GC to the Markham Village
neighbourhood (Dardir, Umberto, et al., 2023). This, along with the data from Table 2, was used to

extract estimated coverage areas of GC scenarios.
Table 2: Reference, Moderate, and Intense Greenery Covers

Table 2 shows the percentage of coverage for reference and proposed GC scenarios, broken down
into both tree cover (TC) and ground vegetation cover (GVC). This table has been adopted from:
“Health-informed predictive regression for statistical-simulation decision-making in urban heat
mitigation”, as this was the base study where these greenery cover scenarios were developed and

investigated (Dardir, Umberto, et al., 2023).

Buildings Reference TC Moderate GVC Intense GVC Moderate TC Intense TC

19.5% 35.7% 53.1% 76.1% 58.8% 81.8%
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Figure 2: Examples of Intense Tree Cover

Figure 2 shows visual representations of intense TC in Vancouver, British Columbia, Canada (left)
and Tampa, Florida, United States (right). Images are extracted from the study by Dardir and
colleagues (2023).

3.4 Research Design and Approach

This study utilized a quantitative research design, guided by a post-positivist paradigm, that used a
case study of the York Region to assess the economic viability of enhancing urban GC as a climate
mitigation strategy. In accordance with Creswell and Creswell’s (2018) guidelines for quantitative
design, the study is framed around clearly defined variables, systematic data collection, and rigorous
analytical methods. The design also draws on case study methodologies (R. K. Yin, 2007) to provide

an in-depth contextual analysis of the system under investigation.

3.4.1 Overall Research Strategy

The primary strategy of this research was a Cost-Benefit Analysis (CBA). This method was chosen
because it allows a systematic comparison between the quantified benefits and costs of various GC
scenarios, as well as being a well-established method in both research and policy (Chelli et al., 2025;
Hanley & Spash, 1996; Kula, 1994; Secretariat, 2019). The benefits — spanning health outcomes,
energy savings, productivity gains, and ecological improvements — were estimated using validated
simulation outputs (e.g., Dardir et al., 2023) and economic valuation techniques (e.g., avoided costs
and benefit transfer) (Green Analytics, 2020; Hsu & Chao, 2020; Moslehi et al., 2020; Xie et al.,

2023). Direct and indirect impacts were considered in a dual analysis of both benefits and costs.
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3.4.2 Research Approach

The study approach, illustrated in Figure 3, followed an integrated quantitative approach by
combining statistical and simulation modeling for heat and health relating to implementing the GC
scenarios (Dardir, Umberto, et al., 2023) with secondary data used to determine the economic value

of cost and benefits and preform a CBA.

Datasets
Initial Data on GC
Scenarios, Microclimate Literature Review to
and Predictive Health Modeling Extract Data on Costs and
(Dardir, Umberto, et al., Benefits of GC
2023)

Economic Valuation of GC Scenarios

| |

Calculate
Benefits for GC Calculate Costs
Scenarios: for GC Scenarios
Adjust
Benefits
with Tree - CBA for GC
Canopy Scenarios
Scaling
Factor
Analysis i—‘
! :
Assess Economic Compare
Viability Scenarios

Figure 3: Research Approach

Figure 3 shows the approach used for assessing the economic viability of implementing urban GC as

an adaptation and UHI mitigation strategy in York Region.
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To achieve a comprehensive valuation of urban GC scenarios, the investigation was divided into three

phases:
1. Quantification of Benefits

In this phase, direct and indirect benefit components associated with increasing GC were

identified and measured. These include:

o Health benefits: Determined by reduction in emergency department visits, premature

mortality, and improved mental well-being
o Energy savings: Estimated through reduced cooling demand
o Productivity gains: Inferred from enhanced workforce efficiency

o Environmental and Ecological benefits: representing gains such as increased air

pollutant removal and biodiversity enhancement

The above benefits were included in the estimates of economic benefits of this study;
however, other direct and indirect benefits, such as hospital admissions, ambulatory calls,
carbon sequestration, and housing valuation, could also be considered (Dardir, Umberto, et

al., 2023; J. Wang et al., 2022; S. Yang et al., 2022).

A key innovation to the benefit analysis was the integration of a temporal non-linear factor
associated with tree canopy growth. Based on observations in Ontario, where canopy area
increases from 1 m” in year 1 to 20 m” in year 20 and reaches 80 m” in year 40 (York
Region, 2021), a quadratic function was used to generate a canopy scaling factor. Multiple
studies suggest that benefits such as air pollutant removal and cooling scale non-linearly
with tree canopy coverage (Nowak et al., 2018; Schwarz et al., 2015; Y. Yin et al., 2024).
As the benefits of reduced emergency department visits, avoided premature mortality,
energy savings, and productivity gains are all associated with the cooling predictions
modelled by Dardir and colleagues (2023) these, as well as estimated air pollutant removal,
were adjusted with the canopy scaling factor in order to capture how the magnitude of

benefits scales non-linearly as trees mature.
2. Estimation of Costs
In parallel, the cost analysis quantified:
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o Installation costs: capital expenses for planting and initial implementation
o Maintenance costs: recurring costs for upkeep (e.g. watering and pruning)

These costs were compiled from municipal and provincial reports, or grey literature where
necessary, and were annualized over the expected lifespan of the GC projects, ensuring

consistency with economic valuation practices.
3. Cost-benefit Integration

The final phase aggregated the time-series of benefits and costs into overarching economic

indicators, including:

o Net Present Value (NPV): calculated by discounting the annual net benefits (benefits

minus costs) over the project’s life

o Benefit-Cost Ratio (BCR): The ratio of the total discounted benefits to the total

discounted costs

3.4.3 Theoretical and Practical Underpinnings

In this study, the CBA framework was employed to evaluate the economic viability of expanded
urban GC as a climate mitigation strategy in York Region — a framework that is well-suited to
quantify the multifaceted benefits alongside the associated costs (Chelli et al., 2025; Hanley & Spash,
1996; OECD, 2006). The integration of a non-linear canopy growth model builds on the premise that
environmental benefits scale with the maturity of urban forests (Barrell, 2018; Nowak et al., 2018).
This approach of incorporating a scaling factor is not only theoretically robust — since it captures the
dynamics of the tree canopy expansion and its effects on benefits provided by urban GC — but is also
practically relevant, given that it is anchored in locally derived empirical data, government policy,
and validated simulation models. By triangulating secondary data, government reports, and
established economic valuation methods, the research design ensures that findings are both credible
and directly applicable to municipal decision-making processes. In essence, this study bridges
academic inquiry with practical policy concems, enabling a comprehensive assessment that informs

sustainable urban planning strategies.
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3.5 Data Collection

3.5.1 Data on Benefits of GC Scenarios

Direct benefits associated with increasing urban GC include lower emergency department visits,
lower energy use, increased productivity, and avoided premature mortality (Dardir, Umberto, et al.,
2023). The additional indirect co-benefits of improved biodiversity and air quality were also added to
benefit calculations, using secondary data. Further indirect benefits were unable to be included due to
a lack of available data. The data surrounding health and heat impacts generated by the modeling
simulations of Dardir et al. (2023) was used to quantify the benefits of the GC scenarios. All figures
collected from literature that were used in benefit transfers were converted to current 2025 values
using consumer price index (CPI) data from the Bank of Canada to adjust for inflation (Bank of
Canada, n.d.).

3.5.1.1 Health Benefits

3.5.1.1.1 Reduced Emergency Department Visits

The economic benefits associated with reduced emergency department visits are realized through
decreased emergency department visits resulting in reduced healthcare costs. The change in
emergency department visits resulting from increasing GC, as well as the cost per visit, is necessary
to quantify this benefit. The change in the number of emergency department visits for both GC
scenarios based on the change in climate was extracted from climate modelling data from Dardir and
colleagues (2023). The cost of emergency department visits includes both direct costs (such as labour,
materials, and equipment) and indirect costs (such as administrative and support services) (CIHI,
2022a). In 2020, the CIHI estimated the average cost of an emergency visit in Ontario at CAD $226
(CIHI, 2022b; Dardir, Umberto, et al., 2023). Adjusting for inflation using historical Consumer Price
Index (CPI) data, the estimated cost is approximately CAD $270.51 in 2025.

3.5.1.1.2 Avoided Premature Mortality
Premature mortality refers to early or unexpected deaths resulting from various health conditions,
environmental factors, or lifestyle choices. Research conducted in the GTA, alongside data from the

Public Health Agency of Canada, indicated that premature deaths account for approximately 37% of
all-cause mortality (Dardir, Umberto, et al., 2023; Dardir, Wilson, et al., 2023; Public Health Agency
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of Canada, 2017). The estimated economic value of preventing premature mortality in 2025 was CAD
$9.6 million, derived from Health Canada’s assessment of air pollution-related health impacts, which
previously valued the avoidance of premature death at CAD $7.5 million in 2016 (Health Canada,
2021). The valuation approach originates from studies by Chestnut and Civita (2009), who
investigated Canadians’ willingness to pay to reduce the risk of premature death by 1 in 100,000. As
emphasized by Health Canada, this value does not represent the economic worth of an individual’s
life, but rather it reflects the aggregate financial commitment individuals are willing to make for
incremental reductions in mortality risk (Health Canada, 2021). This methodology has been adopted
for policy analysis by Health Canada, the Organization for Economic Co-operation and Development
(OECD), as well as the U.S. Environmental Protection Agency (EPA) for estimating the economic
implications of premature mortality risk (Health Canada, 2021; OECD, 2011; U.S. Environmental
Protection Agency, 2001).

3.5.1.1.3 Improved Mental Well-being

Previous studies have established that the presence of open space in a neighbourhood has been shown
to increase mental well-being by 0.15 points as measured by the Warwick-Edinburgh Mental Well-
being Scale (WEMWBS) (Wood et al., 2017). Utilizing the same methodology as Wilson and Xiao
(2023), this is converted to a 0.2 percentage point of improvement, and it is assumed that residents
will see a 0.2% improvement in mental health condition due to the increase in GC. The economic
burden of mental illness is extracted from the study by Lim and colleagues (2008), assessing the
economic burden of mental illness in Canada, including health service utilization, long-term and
short-term work loss, as well as health-related quality of life for both diagnosed and undiagnosed
mental illnesses. It was found that the total economic burden per capita for 2003 was CAD $1901.25
(K. L. Lim et al., 2008). Based on this, the annual economic burden of mental illness in Canada is
CAD $2,353.20 per person in 2025. This figure was then used along with the estimated population of
1,173,103 adopted from York Region reporting (2022) to estimate the avoided costs of mental health

expenditures for each scenario.

3.5.1.2 Reduced Energy Usage

Energy savings are attributed to reduced energy consumption associated with cooling purposes due to
reduced heat provided by increasing greenery cover. The shading and cooling effects provided by

increased TC and GVC reduce cooling-related energy usage, such as air conditioning (Berardi et al.,
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2020; Dardir & Berardi, 2021). Using climate simulation modelling from Dardir and colleagues
(2023), the neighbourhood energy consumption was predicted for both scenarios. Ontario Energy
Board (OEB) rates are updated yearly, and the most recent rates released in 2024 were used to
estimate energy savings (Ontario Energy Board, 2024). Following a similar methodology to Dardir
and colleagues (2023), the OEB pricing rates were considered, and the mid-peak rate was used. The
energy price used in the analysis was CAD $0.122 per kWh.

3.5.1.3 Increased Productivity

Rises in temperatures have been found to negatively impact worker concentration and irritability,
leading to reduced efficiency and productivity (Government of Canada, 2018). During the summer
months, outdoor workers in industrial sectors experience an average annual productivity loss of 22
hours due to extended breaks necessitated by heat exposure (CIHI, 2022a). This lost time accounts for
approximately 1% of total annual work hours and, given the average hourly wage in Ontario of CAD
$36.14 (Government of Ontario, 2024). This translates to an annual economic loss of approximately

CAD $795.08 per affected worker in 2025.

To estimate the number of individuals exposed to direct heat-related risks in the workplace,
research utilizing the Canadian Carcinogen Exposure Database suggests that 8.8% of Ontario’s labour
force is employed in professions associated with hazardous exposure to ultraviolet solar radiation
(Peters et al., 2015). The York Region 2016 Census Release Report indicated that 67% of the regional
population was part of the labour force. Applying this same labour participation rate to the estimated
population of 1,173,103 adopted from York Region reporting (2022), and an assumed equivalent
exposure to ultraviolet radiation, an estimated 69,166 workers were at significant risk of solar

radiation exposure during work hours, contributing to potential productivity declines.
3.5.1.4 Environmental and Ecological Benefits

3.5.1.4.1 Air Quality

The economic benefits associated with improved air quality are realized through the removal of air
pollutants by trees and the value associated with avoided health implications, such as respiratory
illness and hospital admissions. Studies of 86 Canadian cities indicated that urban forest —as a
baseline—is estimated to remove around 16,500 metric tonnes of air pollution per year. The avoided
cost provided by pollutant removal is valued at approximately CAD $511 (2010) per hectare on
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average (Nowak et al., 2018). Adjusting for inflation using historical Consumer Price Index (CPI)
data, the estimated value is approximately CAD $722.74 per hectare in 2025, which is equivalent to

an average value of $72,274 per square kilometre of tree cover.

3.5.1.4.2 Biodiversity

The economic benefits associated with biodiversity were assessed through the indicator of increased
bee diversity and the associated value of pollination services, adapted from the methods used in the
“Ontario’s Wealth, Canada’s Future” Report (S. Wilson, 2008). Brasil and colleagues (2023) found
that medium urbanization intensity (defined by 25-75% impervious surface area) increased wild bee
abundance more than low urbanization intensity (defined by less than 25% impervious surface area)
by approximately 79% and 31% respectively, as compared to high urbanization intensity. These
increases in bee abundance were associated with corresponding GC scenarios in this study. It has
been estimated that bees are responsible for approximately 70% of North American pollination
services (Seeds of Diversity, 2024). Pollinators increase crop yields and product quality, and it is
estimated that a minimum of 20% of global food crops require insect pollinators (Klein et al., 2006).
These percentages were used to adjust the value of the direct farm operating revenue of CAD $390
million (2011) in York Region (York Region, 2024b). Adjusting for inflation using historical
Consumer Price Index (CPI) data, the estimated direct farm operating revenue is approximately CAD

$551.6 million in 2025.

3.5.2 Data on Costs of GC Scenarios

Cost data was broken down into two categories. First, installation costs, which are one-time capital
expenditures and include expenses related to planting and site preparation. Data was extracted from
financial tools and literature that were contextually relevant and is further detailed below. Second,
maintenance costs, which are annual operating expenses (e.g., watering and pruning), were obtained

from the York Region budget (York Region, 2024a).

3.5.2.1 Data on Costs of Installing Tree Cover

Based on an average of ten years of planting activity in Southern Ontario to achieve the 50 million
tree objective (Green Analytics, 2019, p. 4), the average number of trees per hectare was obtained and
then converted to trees per square kilometre (see Table 3). Secondary data from the survey of ten

planting delivery agents (PDA) was also extracted from the report by Green Analytics. The average
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cost per tree found was $2.81 in 2018, and this is said to include administrative, material, labour,
equipment, and site preparation costs (Green Analytics, 2019, p. 5). Once adjusted for inflation, it is
estimated that the average cost per square kilometre of tree installation is $603,555.48 in 2025. No
data was available from regional or municipal planning, nor was more contextually relevant data

found in the literature review.
Table 3: Installing Tree Cover

Table 3 is adapted from the report on The Economic Value of Tree Planting in Southemn Ontario
(Green Analytics, 2019, pp. 4-5). This report summarizes the number of trees planted and the area
planted over a ten-year period, as well as installation cost estimates. The average number of trees per

hectare was extracted and converted to trees per square kilometre. Cost was adjusted to 2025 value.

Year Trees Planted Area (hectares) Trees/
hectare

2008 1,275,326.00 697.26 1,829.05
2009 2,005,777.00 1121.49 1,788.49
2010 2,054,032.00 1157.92 1,773.90
2011 2,531,260.00 1410.70 1,794.33
2012 2,671,631.00 1431.14 1,866.79
2013 2,355,057.00 1274.25 1,848.19
2014 2,272,465.00 2736.25 830.50
2015 2,464,069.00 1314.00 1,875.24
2016 2,431,512.00 1329.84 1,828.42
2017 2,123,710.00 1140.88 1,861.47
2018 2,247,013.00 1187.79 1,891.76

total 24,431,852.00 14801.52

Average trees/hectare 1,744.38
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trees/km? 174,438

Average cost/tree $2.81
(2018)

Average cost/tree $3.46
(2025)

Estimated cost of tree $603,555.48
planting/km? (2025)

3.5.2.2 Data on Costs of Installing GVC

Data for the cost of installation of GVC was obtained from the Toronto and Region Conservation
Authority (TRCA) Low Impact Development Life Cycle Costing Tool (LID LCCT) (TRCA, 2018).
This tool helps planners, consultants, and municipalities to plan and assess the financial costs of LID
methods, including bioretention and stormwater landscaping (see Figure 4) (TRCA, 2018, 2025). The
relevant cost data for installing these types of GVC was extracted from the LID LCCT. Costs for
aspects relating directly to drainage were not included, as the focus of the scenarios being assessed in
this thesis is on heat mitigation. Therefore, only installation costs relating to labour, equipment, and
materials (e.g., plants) were included in the installation costs (see Table 4 for a break down of cost
components). Using the costing tool, it is assumed that one cubic meter must be excavated per square
meter of proposed project, and that a modest one-hour work is required per square meter, the total
estimated GVC costs per unit (square meter) is $330.39, plus a base rate of $3793.20 per project (see
Table 4).
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Figure 4: Grass Filter Strip and Bioretention

Figure 4 shows two types of GVC used in stormwater landscaping by the TRCA. Grass filter strip
(left) and bioretention cell (right). Images are from the LID LCCT (TRCA, 2018).

Table 4: Summary of GVC Costs

Table 4 summarizes GVC costs extracted from the TRCA Low Impact Development Life Cycle
Costing Tool (2018) as applicable to the below-mentioned aspects of the projects. Costs are presented
in 2025 CAD.

Cost Component Unit Cost per unit ($)
Excavation m’ 3.19

Loading m’ 0.48

Hauling Hours 240.66

Vegetation m? 86.06

Project Inspections and Per project 2702.62

Administrative Costs

Safety fencing 1 week rental 1090.58

Total $3793.20 + $330.39/ m*
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3.5.2.3 Data on Maintenance Costs

Based on the York Region's budgeting data, the annual maintenance cost of tree boulevard planters
and landscaped centre medians varies from $2,000 to $131,000 per square kilometre based on
location factors (York Region, 2024a). To estimate maintenance costs for the region, an average

annual maintenance cost of $67,000 per square kilometre was obtained.

3.6 Data Analysis and Equations

All figures collected from literature that were used in benefit transfer and avoided cost methods were
converted to current 2025 values using the consumer price index (CPI) data from the Bank of Canada

to adjust for inflation.

3.6.1 Analysis of Economic Benefits of GC

The well-known and validated direct cost-savings approach was used to quantify the health,
productivity, and energy benefits of GC scenarios (Moslehi et al., 2020; Xie et al., 2023). Indirect
benefits of biodiversity and air pollutant removal were calculated using a benefit transfer method
from relevant and reputable academic literature sharing a similar context and socio-economic
conditions. All benefits were calculated per annum, which were then projected to value the benefits
during the expected life of the proposed scenarios. Based on the literature review, a commonly used
life expectancy of NbS in assessments is 40 years (Hsu & Chao, 2020; McPherson et al., 2006). This
40-year project life expectancy was adopted for valuation, given the canopy growth rate is not known

beyond the 40-year time horizon.

3.6.2 A Generalized Benefit Function for GC

Adapted from Dardir and colleagues (2023), the overall annual economic benefit (EB) is equal to the
sum of each benefit category calculated for a prospective year (t) by considering health benefits
(EBheaith), energy cost savings (EBenergy), increased productivity (EByred), and environmental and
ecological benefits (EBew) (see Equation 1). Methodology for quantifying EBenerey and EBproductiviy Was
directly adapted from Dardir and colleagues, utilizing the statistical modeling data and formulas

(Dardir, Umberto, et al., 2023).
Equation 1

EBalmual(z) = EBbeal[b (0 + EBenergy(U + EBpmd(l) + EBew(l)
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Where:

EBannual = the overall estimated annual economic benefit for a prospective year (t),
EBheaith = the sum of health benefits,

EBenergy = the estimated energy cost savings,

EBprod = the estimated increased productivity benefits, and

EBeco = the estimated value of environmental and ecological benefits.

3.6.3 Incorporating Non-Linear Tree Canopy Growth

Multiple studies note that benefits such as cooling and air pollutant removal scale non-linearly with
tree canopy coverage (Nowak et al., 2018; Schwarz et al., 2015; Y. Yin et al., 2024). The benefits of
reduced emergency department visits, avoided premature mortality, energy savings, and productivity
gains are all associated with the cooling predictions modelled by Dardir and colleagues (2023)
Therefore, these, as well as estimated air pollutant removal were adjusted with the canopy scaling
factor in order to capture how the magnitude of benefits scales non-linearly as trees mature. In this
study, the observed canopy coverage (CC) growth adapted from York Region’s State of the Forest

report (2021) is used to create a scaling function as follows:
CC(1)=1m*at year 1

CC (20) =20 m’ at year 20

CC (40) = 80 m” at year 40

To model this non-linear growth, a quadratic function for the effective canopy area CC(t) (in m?) at

time t is assumed:
CC(t) = at2+bt +c,
subject to the boundary conditions:
a+b+c=1,
400a + 20b + ¢ = 20,

1600a + 40b + ¢ = 80
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Solving this system yields:
2

a = — =~ 0.05128,
39

1

b =—-—— =-0.07692,
13

_ % 1.02564
c = 39 ~ L

Thus, the canopy scaling factor is:

1 40

2
fcanopy(t) = CC(t) = ﬁtz — Et +§

Assuming that benefits are not fully realized until 40 years, the normalized canopy scaling factor is
now defined as:
CC(t) —cCc(1) CcC(x) -1 CC(t) —1

cC(40) —-cc(1) 80-1 79 '
1, fort >40

fort <40
fcanopy(t) =

Thus, at t=1 we have feanopy(1) = 0 (indicating that the benefits are just beginning to accrue), and

at t =40 we have feanopy (40) = 1. For years beyond 40 the benefits remain at their full value.

3.6.4 Quantifying Health-Related Benefits

Focusing on the economic benefits of health, the total economic benefits of health were then broken
into two separate functions: one for traditional health benefits (Huaa) — quantified by reduced
emergency department visits and reduced premature mortality — and the other for mental health, or
wellbeing (Hwen). Equation 2 shows how the economic benefits of traditional health (Hiwd) were
calculated by summing the benefits of forecasted avoided premature mortality and avoided
emergency department visits resulting from microclimate and statistical modeling (see Dardir et al.,

2023) and adjusting for canopy growth.

Equation 3 shows how the economic benefits of wellness were calculated, which is not adjusted for
canopy cover growth. Together, the sum of traditional health benefits (Hw.d) and mental health

benefits (Hwen) equals the total economic benefits of health (EBheain) (see Equation 4).
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Equation 2

Hirqq(t) = [(AED; X cgp) + (AMortality, x VSL)] X feanopy ()
Where:

AED = the reduction in emergency department (ED) visits,

cep = the cost saved per visit,

AMortality = the reduction in mortality

VSL = the Value of Statistical Life, and

feanopy = the canopy scaling factor at time (t).

Equation 3

Hyen(t) = AWellbeing, X Cyenpeing

Where:

AWellbeing = the quantified improvement in mental wellbeing at time (t), and
Cwellbeing = the corresponding monetary value per unit change.

Thus, the overall health benefits function (EBhearn) becomes:
Equation 4

EBheattn (t) =Hirqa(t) + Hyen (t)

EBhearn (t) = [(AED; X cgp) + (AMortality, X VSL)] X feanopy(t) + AWellness, X cyeiiness

3.6.5 Quantifying Productivity Benefits

Productivity gains, reflecting improvements in work performance from better environmental

conditions (as modelled by Dardir and colleagues, 2023), are given by:
Equation 5

EB,04(t) = (AH (t) X Ploss/worker/hotday X Cw) X f anopy(t)
Where:

AH = the change in hot days as modelled,
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Ploss = the percentage of labour force exposed to dangerous solar radiation that was expected to lose

working hours on hot days

Cw = the cost per worker in productivity loss

3.6.6 Quantifying Energy Saving Benefits

The energy savings component was estimated by converting the reduction in energy consumption

from lower cooling demand into monetary savings using the following equation:
Equation 6

EBenergy(t) = (E savings daily (kWh) X Ddays X Price/kWh) X feanopy(t)
Where:

E savings daily (kWh) = estimated daily energy savings in kilowatt hours (kWh) based on
modeling (Dardir et al., 2023),

Ddays = the number of days in a typical summer season

Price/kWh = the current energy pricing.

3.6.7 Quantifying Environmental and Ecological Benefits

The economic benefits associated with environmental and ecological benefits (EBeco) for this study
include two separate components: air pollutant removal (EBar) and biodiversity enhancement

(EBbiod).

Based on the data from Nowak and colleagues (2018), air pollution removal is valued at an average of
$72,274 per square kilometre of tree cover. Incorporating the impact of changing tree coverage with

the GC scenarios and canopy growth, the economic benefit from pollutant removal is given by:
Equation 7

EBap(t) = TC X VD X franopy(t)

Where:

TC = tree canopy coverage area in square kilometres,

Vp = value of pollutant removal provided by the trees per square kilometre ($72,274)
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Additional benefits are associated with the pollination services provided by increased abundance and
diversity of bees, which have shown links to urban greenery cover (Brasil et al., 2023; Klein et al.,
2006; Seeds of Diversity, 2024). The following equation is adapted from a study on “Canada’s
Wealth and Natural Capital” (S. Wilson, 2012) and expanded using the anticipated change in wild bee
abundance due to changes in urbanization intensity and the percentage of pollinating services

provided by bees.

Equation 8

EBpioa =R X AAX P X D

Where:

R = the direct farm operating revenue,

AA = the change in wild bee abundance due to changes in urbanization intensity,
P = the percentage of pollinating services provided by bees,

D = the percentage of crops dependent on insect pollinators.

The overall environmental and ecological benefit is the sum of the air pollutant removal and

biodiversity components:
Equation 9

EBeco (U =EByp (t) + EBpioq

3.6.8 Economic Costs of Greenery Cover

3.6.9 A Generalized Cost Function for GC

Economic Costs (EC) of GC are equal to the sum of the cost components that compose GC, which
include costs required to establish it as well as maintain it over time. Adapted from Panduro and

colleagues (2024), the cost function is as follows:

Equation 10

T

EC=0+Cs +Vs + m
t=1
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Where:
o = the land opportunity cost,

Cs = the installation cost of TC (where C equals the costs of installation per square kilometre and s

equals the number of square kilometres),

Vs = the installation cost of GVC (where V equals the costs of installation per square kilometre and s

equals the number of square kilometres),

m = the maintenance costs over time period (T) in years (t)
3.6.10 CBA Analysis

3.6.11 Net Present Value

CBA was completed by evaluating two indicators. First, the Net Present Value (NPV) was used as a
performance metric in terms of the proposed GC scenario’s economic value, defined as the difference
between total benefits and costs (Verlicchi et al., 2012). Although discount rates vary greatly in the
literature and the use of discounting is debated, a social discount rate of 3% is used, as is by Canadian
federal government in assessment of environmental projects and policies (Secretariat, 2019). The
NPV equation (Equation 11) is adopted from Secretariat (2019), where the NPV is equal to the sum
of economic benefits (B) minus the sum of costs (C). C: and Bt respectively are costs and benefits in

the year (t), and (T) is the expected lifespan of the GC scenario.

Equation 11

T
NPV = Z(Bt —C)/(L+ 1)
t=1

Where:
B = benefits,
C = costs,

r = discount rate,
t = the period of analysis (year), and

T = the expected lifespan of the scenario (or total number of periods).
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If NPV is greater than or equal to 0, the project is deemed acceptable to implement from an economic
standpoint. If NPV is less than 0, the costs outweigh the benefits and project investment should be
rejected (Hanley & Spash, 1996; OECD, 2006; Pearce & Turner, 1989; Secretariat, 2019; Verlicchi et
al., 2012).

3.6.12 Benefit Cost Ratio

Second, the Benefit Cost Ratio (BCR) was considered. This was calculated by benefits divided by the
costs (both at present value). Adopted from Verlicchi and colleagues (2012), the equation is as

follows:

Equation 12
>

BCR = T e=1 (40"

Ce
Zt=1(1+r)t+co

Similarly to NPV, it is a general rule to accept projects with a BCR greater than 1, or select the
project with the highest BCR when choosing between mutually exclusive project options (OECD,
2006).

3.7 Reliability and Validity

Assessment of reliability requires consideration of how consistent, credible and robust the approach is
(Creswell & Creswell, 2018). Firstly, one must consider the data sources used in benefit transfer
methodology to ensure validity and reliability. Utilizing data sources which have been assessed for
credibility and contextual relevance strengthens the value transfer method’s validity (Green
Analytics, 2020). Additionally, assumptions made in valuation are backed with evidence where
possible to strengthen assessment validity. By creating an economic model for GC scenario valuation
using established approaches from academia and government, the credibility and reliability of the
model are strengthened. Furthermore, inclusion of all costs and benefits that have been established in
literature as key features in valuation and that have available data for the region, the model becomes
more robust, which improves reliability. The inclusion of the tree canopy scaling factor also

strengthens the model, improving reliability. Overall, the credible sources for data, as well as
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approach, assumptions backed with evidence, and inclusion of a wide range of factors established as

necessary for valuation, all aid in strengthening the reliability of this methodology.

3.8 Limitations

The CBA of NbS can provide valuable insights into environmental and economic trade-offs;
however, several methodological, scope, and data-related constraints must be acknowledged. These
limitations impact the comprehensiveness and accuracy of valuation, necessitating careful
interpretation and future research to further refine methodologies and the inclusion of benefit

categories.

One key limitation lies in the monetization of ecosystem services (ES), which inherently
restricts the ability to capture their full environmental and social value (Kula, 1994; Panduro et al.,
2024). Despite the long-standing methodologies for economic valuation, there is considerable
criticism in their usage and validity (Kula, 1994). The transfer and avoided cost valuation
methodologies have limitations in variation across region/country as well as in project size. However,
it can be accounted for by using data from similar contexts and areas with similar socio-economic
conditions (Green Analytics, 2020; Panduro et al., 2024). For this study, values were extracted from
studies of similar location, context, and socio-economic conditions, helping to minimize this
limitation. With few proposed projects offering primary cost data, and limited studies available that
estimate costs of installing and maintaining urban GC in Canada, a transfer method demonstrates
viable cost valuation. It is also notable that policy and decision-making surrounding ecosystem
service valuation requires moderate accuracy, as any minor inaccuracies in valuation may be offset
(Liu et al., 2010). Therefore, value transfer can still provide the moderate accuracy required for policy

and decision-making purposes.

While traditional CBA frameworks account for direct economic benefits, they frequently
overlook indirect and non-market benefits such as improved air quality, biodiversity enhancement,
and psychological well-being (World Bank, 2023). Additionally, the valuation of cooling effects
provided by urban green spaces remains inconsistent due to variations in local climate conditions and
the difficulty of quantifying long-term regulation benefits (Biasin et al., 2023). Valuation techniques
and estimation design were based on established methodologies and crafted to support replicability.
Yet, reliability could be further strengthened through sensitivity analysis of key variables.
Additionally, the tree canopy growth factor and associated tree installation costs could be
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strengthened by including species-specific data to better understand how canopy growth impacts

benefit realization (Dardir, Umberto, et al., 2023).

Selection bias in determining which benefits and costs are included presents another
challenge. Comprehensive datasets are often unavailable for all ES categories, and data is very time-
consuming and cost-intensive to collect. This requires reliance on existing data while striving to
employ systems thinking to expand the scope where feasible (Secretariat, 2019; United Nations,
2018). While established methods were employed to enhance reliability, certain ES categories were
not fully accounted for due to data constraints. Wilson and Xiao (2023) highlight the need for a more
comprehensive framework that integrates underrepresented ES categories such as flood mitigation, air
purification, and reductions in heat-related illnesses. This study did include a more comprehensive
framework; however, not all ES were fully incorporated. For example, indirect benefits of housing
valuation, hospital admission, ambulatory calls, improved physical health, carbon sequestration, and
flood risk reduction are among some of the potential benefits which could also be included in the
framework. Given the omission of these benefits, the results are underestimated. Additionally, the
scope of this study is confined to direct and indirect costs and benefits affecting York Region’s
population and institutions, thereby excluding broader impacts. Broadening the scope and inclusion of

cost and benefit categories to the framework may provide additional insights.

Despite these limitations, this study provides a strong foundation for understanding the
economic and environmental implications of GC investments in York Region. Future research should
focus on further refining valuation methodologies, expanding ES category inclusion, and improving
data collection to enhance the accuracy and applicability of economic assessments. By addressing
these limitations, policymakers can make more informed decisions that maximize the long-term
benefits of NbS investments in mitigating heat impacts and promoting sustainable urban

development.
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Chapter 4: Results

4.1 Benefit Analysis Results

Note that all results are presented in 2025 Canadian Dollars.
4.1.1 Health Benefit Estimation

4.1.1.1 Decreased Emergency Department Visits

Using the statistical modelling and microclimate simulation results from Dardir and colleagues (2023)

as well as the avoided cost methodology, emergency department visits were calculated as follows:

4.1.1.1.1 Moderate Coverage Scenario

Based on a 150-day summer season and the predicted reduction of 1.1 all-cause emergency visits
attributed to the moderate coverage scenario, there is an expected total reduction of 165 emergency
department visits during a typical summer season (Dardir, Umberto, et al., 2023). Using the avoided
cost method and adopting the economic cost of emergency department visits of CAD $270.51 (2025),
the base economic benefit at full (mature) level of canopy coverage for reduced emergency
department visits is estimated to be $44,634.15 annually (see Table 5 for more information on annual

benefits)

4.1.1.1.2 Intense Coverage Scenario

The predicted reduction in emergency room visits for 2030 based on statistical and microclimate
modelling was 465 on average (Dardir, Umberto, et al., 2023). Using the value avoided cost method
and adopting the economic cost of emergency department visits of CAD $270.51 (2025), the base
economic benefit at full (mature) level of canopy coverage for reduced emergency department visits

is estimated to be $125,787.15 annually (see Table 5 for more information on annual benefits)
4.1.1.2 Avoided Premature Death

4.1.1.2.1 Moderate Coverage Scenario

Reported all-cause mortality was reduced by a maximum of 0.2 per day, with estimated results of 30

fewer deaths per typical summer season (150 days), per year when applying the moderate GC

scenario (Dardir, Umberto, et al., 2023). Assigning the established proportional factor of premature
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mortality within all cause mortality (37%), approximately 11 fewer premature deaths are expected
annually per summer season (Dardir, Umberto, et al., 2023). Using the adopted value of avoiding
premature death of approximately $9.6 million (Health Canada, 2021), the total estimated base
economic benefit of avoided premature mortality is $105.5 million annually at the full (mature) level
of canopy coverage in the moderate GC scenario (see Table 5 for more information on annual

benefits).

4.1.1.2.2 Intense Coverage Scenario

Reported all-cause mortality was reduced by a maximum of 0.4 per day, with estimated results of 60
fewer deaths per typical summer season (150 days), per year when applying the intense GC scenario
(Dardir, Umberto, et al., 2023). Assigning the established proportional factor of premature mortality
within all cause mortality (37%), approximately 22 fewer premature deaths are expected annually per
summer season (Dardir, Umberto, et al., 2023). Using the adopted value of avoiding premature death
of approximately $9.6 million (Health Canada, 2021), the total estimated base economic benefit of
avoided premature mortality is $211.2 million annually at the full (mature) level of canopy coverage

(see Table 5 for more information on annual benefits).

4.1.1.3 Improved Mental Wellbeing

The economic value of improved mental health is extracted from the study by Lim and colleagues
(2008), assessing the economic burden of mental illness in Canada, including health service
utilization, long-term and short-term work loss, as well as health-related quality of life. Based on this,
the economic burden of mental illness in Canada is $2,353.20 per person per year in 2025 CAD. GC
is expected to improve mental well-being by 0.2%, and the York Region population is currently
estimated at 1,173,103 (Wood et al., 2017; York Region, 2022). Thus, by applying Equation 3
improved mental well-being among residents of the investigated region by increasing GC is
equivalent to an estimated avoided economic burden of CAD $5.5 million annually in 2025. Because
the previous study by Wood and colleagues (2017) regarding mental health benefits was not based on
the size, but simply the presence of GC or park space, this figure is seen as applicable to both

moderate and intense GC scenarios.
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4.1.2 Energy Savings Estimation

4.1.2.1 Moderate Coverage Results

By applying the moderate GC scenario, average daily energy consumption was reduced by 80.8 MW
in the investigated neighbourhood during a typical summer season (Dardir, Umberto, et al., 2023).
Based on the assumed energy pricing of $0.122/kWh, daily savings in energy consumption attributed
to the moderate GC scenario during a typical summer season are CAD $410.73. A typical summer
season assumes 150 days (Daays) of operation. Based on the assumption that the investigated
neighbourhood hosts 0.5% of the total population of the region, the energy savings for the entire
region can be calculated as 200 times the average savings in the neighbourhood, assuming the
neighbourhood is representative of the entire region. By applying Equation 6, the anticipated annual
economic benefits in York Region due to energy savings attributed to the moderate GC scenario are
CAD $12.3 million at the full (mature) level of canopy coverage (see Table 5 for more information on

annual benefits).

4.1.2.2 Intense Coverage Results

By applying the intense GC scenario, average daily energy consumption was reduced by 246 MW in
the investigated neighbourhood during a typical summer season. Based on the assumed energy
pricing, daily savings in energy consumption attributed to this intense GC scenario during a typical
summer season are CAD $1250.50. A typical summer season assumes 150 days (Duays) of operation.
Based on the assumption that the investigated neighbourhood hosts 0.5% of the total population of the
region, the energy savings for the entire region can be calculated as 200 times (0) the average savings
in the neighbourhood, assuming the neighbourhood is representative of the entire region. By applying
Equation 6, the anticipated annual economic benefits in York Region due to energy savings attributed
to the moderate GC scenario are CAD $37.5 million at the full (mature) level of canopy coverage (As
adapted from Dardir et al., 2023 and adjusted for current energy pricing) (see Table 5 for more

information on annual benefits).
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4.1.3 Increased Productivity Estimation

4.1.3.1 Moderate Coverage Results

The following is adapted from the analysis by Dardir and colleagues (2023). Based on historical
measurements from 2010, the GTA has 20 days per summer with ambient temperatures greater than
30 degrees Celsius. Assuming economic loss of CAD $795.08 per outdoor worker per annum, and
loss of working hours on hot days, the loss in productivity was estimated at CAD $39.75 per hot day
per outdoor worker. Based on the microclimate modelling results by Dardir and colleagues (2023),
the application of the moderate GC scenario reduced the number of hot days by 4. Therefore, by
applying Equation 5, the intense GC scenario results in avoided productivity loss of $159.02 per
outdoor worker per annual summer season. Based on the percentage of the labour force exposed to
dangerous solar radiation, the avoided productivity losses attributed to the moderate GC scenario in a
typical summer season are approximately CAD $11 million as a base rate at full (mature) canopy

coverage (see Table 5 for more information on annual benefits).

4.1.3.2 Intense Coverage Results

The following is adapted from the analysis by Dardir and colleagues (2023). Based on historical
measurements from 2010, the GTA has 20 days per summer with ambient temperatures greater than
30 degrees Celsius. Assuming economic loss of CAD $795.08 per outdoor worker per annum, and
loss of working hours on hot days, the loss in productivity was estimated at CAD $39.75 per hot day
per outdoor worker. Based on the microclimate modelling results by Dardir and colleagues (2023),
the application of the intense GC scenario reduced the number of hot days by 10. Therefore, by
applying Equation 5, the intense GC scenario results in avoided productivity loss of $397.50 per
outdoor worker per annual summer season. Based on the percentage of the labour force exposed to
dangerous solar radiation, the avoided productivity losses attributed to the intense GC scenario in a
typical summer season are approximately CAD $27.5 million as a base rate at full (mature) canopy

coverage (see Table 5 for more information on annual benefits).
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4.1.4 Environmental and Ecological Benefit Estimation

4.1.4.1 Increased Biodiversity Estimation

Based on a study in the city of Toronto investigating the abundance of pollinating bee species in
urban areas and the change in abundance based on increased green space in surrounding areas (Brasil
et al., 2023), as well as the economic value of pollination for crops in York Region, the estimated

value of this service is as follows:

4.1.4.1.1 Moderate Coverage

Medium urbanization intensity, defined by 25-75% impervious surface area (vs. green space),
increases wild bee abundance by approximately 79% over highly urbanised areas (defined by more
than 75% impervious surface area (Brasil et al., 2023). Assuming that this medium urbanization
intensity is similar in intensity to the moderate coverage scenario, it is assumed that the moderate
coverage scenario would result in an increase in wild bee abundance of 79%. Bees are responsible for
approximately 70% of North American pollination services (Seeds of Diversity, 2024). Pollinators
increase crop yields, product quality, and the estimation that a minimum of 20% of global food crops
require insect pollinators (Klein et al., 2006). Given this and the $551.6 million (2025) value of direct
farm operating revenue in York Region (York Region, 2024b), the value of wild bee pollinators using
Equation 8 is estimated at $61 million annually for York Region as a base annual rate at full (mature)

canopy coverage.

4.1.4.1.2 Intense Coverage

Low urbanization intensity, defined by less than 25% impervious surface area (vs. green space),
increases wild bee abundance by approximately 31% as compared to a highly urbanized area (Brasil
et al., 2023). Assuming that this low urbanization intensity is consistent with the intense coverage
scenario, it is assumed that the intense GC scenario would result in an increase in wild bee abundance
of 31%. Bees are responsible for approximately 70% of North American pollination services (Seeds
of Diversity, 2024). Pollinators increase crop yield, product quality, and the estimation that a
minimum of 20% of global food crops require insect pollination (Klein et al., 2006). Given this and
the $551.6 million (2025) value of direct farm operating revenue in York Region (York Region,
2024b), the value of wild bee pollinators using Equation 8 is estimated at $23.9 million annually for

York Region as a base annual rate at full (mature) canopy coverage.
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4 .1.4.2 Air Pollutant Removal

4.1.4.2.1 Moderate Coverage

Based on the data from Nowak and colleagues (2018), a baseline urban forest is estimated to remove
around 16,500 metric tonnes of air pollution per year, which is valued at approximately CAD $72,274
per square kilometre of tree coverage in 2025 (Nowak et al., 2018). Using the information about
neighbourhood size and coverage in the report from Dardir and colleagues (2023), it is estimated that
the moderate coverage scenario (increasing from 35.7% to 58.8% GC) requires an additional
coverage of approximately 0.95 km? at the neighbourhood level. If we assume that the entire
increased GC area will contain TC, and this scenario is then applied to the entire region, with a total
land area of 1758.27 km?, then the estimated value of moderate coverage at the regional level is

$74,654,705.56 as a base annual rate at full (mature) canopy coverage.

4.1.4.2.2 Intense Coverage

Based on the data from Nowak and colleagues (2018), a baseline urban forest is estimated to remove
around 16,500 metric tonnes of air pollution per year, which is valued at approximately CAD $72,274
per square kilometre of tree coverage in 2025 (Nowak et al., 2018). Using the information about
neighbourhood size and coverage in the report from Dardir and colleagues (2023), it is estimated that
the intense coverage scenario (increasing from 35.7% to 81.8% GC) requires an additional coverage
of approximately 1.9 km?” at the neighbourhood level. If we assume that the entire increased GC area
will contain TC, and this scenario is then applied to the entire region, with a total land area of 1758.27
km?, then the estimated value of moderate coverage at the regional level is $103,949,154.49 as a base

annual rate at the full (mature) canopy coverage.
4.1.5 Total Economic Benefit

4.1.5.1 Base Rate

The total economic benefit is equal to the sum of all benefits of the moderate GC scenario. That is, it
is equal to the total health benefits, plus the increased productivity benefits, plus the energy savings,
plus the total environmental and ecological benefits (see Equation 1). At a base rate assuming full

canopy coverage, the total sum of economic benefits (EB) is estimated at approximately $270 million
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annually for the moderate coverage scenario and $409 million for the intense coverage scenario. See

Table 5 for more details.

4.1.5.2 Adjustment for Canopy Growth

Benefits of reduced emergency department visits, avoided premature mortality, energy savings,
productivity gains, and air pollutant removal were all adjusted with the canopy scaling factor to
demonstrate how the magnitude of benefits scales with tree maturity over time. As the benefit of
mental well-being is not associated with canopy growth, this benefit value was not scaled over time
and remains constant. Figure 5 shows the increase of annual benefit values for both scenarios over
time as a result of canopy cover growth. A full table of discounted annual benefits can be found in
Appendix A (see Table 8). The full expected value of benefits over the 40-year lifespan is
approximately $3.8 billion for the moderate scenario and $5.7 billion for the intense scenario without

adjustment for inflation or discounting.
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Table 5: Summary of Estimated Annual Benefits

Table 5 provides a summary of estimated annual regional benefits for both the moderate and intense
GC scenarios. All benefits are annual base rates at full (mature) canopy coverage, without adjustment

for canopy growth or inflation over time. All values are presented in 2025 CAD.

Benefit Category Description Moderate GC Value Intense GC Value

Health Benefits Cost savings due to
reduction in emergency

department visits,

decreased premature

mortality, and improved

mental well-being $ 111,028,978.62 $ 216,573,384.13

Energy Savings Benefit Cost Savings due to
lower energy

consumption (e.g.

reduced cooling demands

from lower urban heat) $ 12,322,000.00 $ 37,515,000.00

Productivity Benefit Cost savings from the
avoided loss of work

hours from heat stress $ 10,997,418.31 $ 27,493,545.77

Environmental and Estimated value of
Ecological Benefits pollination services
provided by increased

bee abundance and

diversity; estimated value

of improved air quality $ 135,661,703.83 $ 127,888,609.51

TOTAL BENEFITS
$ 270,010,100.76 $ 409,470,539.41
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Annual Benefit Value of GC Scenarios Over Time
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Figure 5: Annual Benefit Value of GC Scenarios Over Time When Adjusted to Account for
Canopy Growth

Figure 5 demonstrates how the total benefit value grows over time when adjusted with the canopy
scaling factor. Moderate GC scenario benefit values are shown in blue, and intense GC scenario
benefit values are shown in red. Annual benefit values are shown in 2025 CAD over the 40-year

expected lifespan without discounting.

4.2 Cost Analysis Results

Below installation and maintenance costs for GC scenarios are detailed. It is notable that the land
opportunity cost (o) from the standardized equation (Equation 10) was omitted from the cost analysis

due to data resource constraints.
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4.2.1 Installation Costs

4.2.1.1 Installation Costs of Tree Cover

Based on the data from Green Analytics (2019) regarding the cost of trees and the number of trees
planted per hectare on average over a ten-year period (see Table 3), it is estimated that the average

cost is $603,555.48 per square kilometre of tree installation.

4.2.1.1.1 Moderate Scenario

Based on the information about neighbourhood size and coverage in the report from Dardir and
colleagues (2023), it is estimated that the moderate coverage scenario (increasing from 35.7% to
58.8% TC) requires an additional coverage of approximately 0.95 km? at the neighbourhood level.
The estimated cost of installation for TC at the neighbourhood level in this scenario is $573,377.71. If
this is then applied to the entire region, with a total land area of 1758.27 km?, the total regional cost is
estimated at $245,140,317.07 for the moderate coverage scenario of TC.

4.2.1.1.2 Intense Scenario

Based on the information about neighbourhood size and coverage in the report from Dardir and
colleagues (2023), it is estimated that the intense coverage scenario (increasing from 35.7% to 81.8%
TC) requires an additional coverage of approximately 1.9 km?” at the neighbourhood level. The
estimated cost of installation for TC in this scenario is $1,146,755.41. If this is then applied to the
entire region, with a total land area of 1758.27 km®, the total regional cost is estimated at

$489,219,421.65 for the intense coverage scenario of TC.

4.2.1.2 Installation Costs of Ground Vegetation Cover

Below are the estimated installation costs for the scenarios, using the estimated GVC costs per unit

(square meter) is $330.39, plus a base rate of $3793.20 per project.

4.2.1.2.1 Moderate Scenario

Based on the information about neighbourhood size and coverage in the report from Dardir and
colleagues (2023), it is estimated that the moderate coverage scenario (increasing from 35.7% to
58.8% GC) requires an additional coverage of approximately 0.95 km®”. If we assume that the entire

increased GC area will contain GVC (for example, GVC such as grass, flowers, and shrubs that
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surround the trees) in addition to TC, the estimated cost of installation for GVC in this scenario is

approximately $313.9 million at the neighbourhood level and $133.9 billion at the regional level.

4.2.1.2.2 Intense Scenario

Based on the information about neighbourhood size and coverage in the report from Dardir and
colleagues (2023), it is estimated that the moderate coverage scenario (increasing from 35.7% to
81.8% GC) requires an additional coverage of approximately 1.9 km®. If we assume that the entire
increased GC area will contain GVC (for example, GVC such as grass, flowers, and shrubs that
surround the trees) in addition to TC, the estimated cost of installation for GVC in this scenario is

approximately $627.7 million at the neighbourhood level and $267.9 billion at the regional level.

4.2.2 Maintenance Costs

Based on the York Region's budgeting data, the annual maintenance cost of tree boulevard planters
and landscaped centre medians varies based on location factors (York Region, 2024a). In order to
estimate maintenance costs for the region, an average annual maintenance cost of $67,000 per square

kilometre was obtained.

4.2.2.1 Moderate Scenario

Annual maintenance costs in the moderate scenario, with neighbourhood coverage expanding by
approximately 0.95 km? are estimated to cost CAD $63,650 annually. If expanded to the entire region,

this maintenance cost would grow to approximately $27.2 million annually.

4.2.2.2 Intense Scenario

Annual maintenance costs in the intense coverage scenario, with neighbourhood coverage expanding
by approximately 1.9 km®are estimated to cost CAD $130,650 annually. If expanded to the entire

region, this maintenance cost would grow to approximately $54.3 million annually.

4.2.3 Total Costs

Total costs equal installation costs of both TC and GVC, plus maintenance costs, with opportunity
costs omitted (see Equation 10). At the regional level, the total base cost, including initial investments
and maintenance in year one, is estimated at $134.2 billion for the moderate scenario and $268.4

billion for the intense scenario (see Table 6).
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Table 6: Cost Estimates

Table 6 shows the cost components and values for both moderate and intense GC scenarios. Values

are presented in 2025 CAD.

Cost Category Description Moderate GC Intense GC Scenario
Scenario
TC Installation (Cs)  One-time initial cost -$245,140,317.07 -$489,219,421.65
required to install
tree cover
GVC Installation One-time initial cost -$133,953,325,393.20  -$267,868,605,888.60
(Vs) required to install
ground vegetation
cover
Annual Maintenance Annual expense to -$27,164,480.00 -$54,321,245.62
(m) maintain greenery
cover
Total Year one investment -$134,225,630,190.27 -$268,412,146,555.87

and maintenance

total

4.3 Results of Cost-Benefit Analysis

All costs and benefits were calculated in the year 2025, using this as an establishment date. Based on
an expected project life of 40 years, the full expected costs and benefits are projected until the year
2064. The NPV of the moderate scenario is approximately -$129 billion, whereas the intense scenario
provides a NPV of approximately -$259 billion. Additionally, a BCR of approximately 0.01 was
returned for both scenarios (see Table 7 for details). Tables detailing annual present values for costs
and benefits for both scenarios, as well as annual cash flow, are available in Appendix A (Table 9 and
Table 10).
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Table 7: Cost-Benefit Analysis Results

Table 7 shows a summary of metrics from the cost-benefit analysis. All values presented are in 2025

CAD.

Metric Moderate GC Intense GC
Net Present Value -$129,293,200,870.47 -$259,383,463,948.32
Benefit Cost Ratio 0.01 0.01
Present Value of Costs -$130,917,673,295.24 -$261,797,201,176.98
Present Value of Benefits $1,624,472,424.78 $2,413,737,228.66
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Chapter 5: Discussion & Conclusion

5.1 Introduction

This study aimed to establish an economic valuation model for GC scenario outcomes that can be
used to aid in decision-making regarding NbS for heat mitigation strategies. The proposed valuation
model was tested in a case study of York Region, assessing intense and moderate GC scenarios to

answer the following research questions:

(1) How do the variations in GC scenarios impact the economic valuation of nature-based urban
development in the case study of York Region? (2) What are the costs associated with installing and
maintaining GC scenarios? (3) Do the direct and indirect economic benefits of GC scenarios

outweigh the costs of installation and maintenance?

This chapter will summarize key findings and interpret the results in relation to the questions
and existing research. This will be broken down into sections based on the research questions. The

discussion will then be followed by concluding comments and suggestions for future research.

5.2 Impact of Variations in GC Scenarios on Economic Valuation of NbS

The results highlight some key findings in relation to the impact of variations in GC scenarios on the
economic valuation of nature-based urban development solutions to address heat mitigation and the
urban heat island effect in York Region. Firstly, the results suggest that the type and magnitude of
benefits can change depending on the spatial scale. For example, the results of biodiversity benefits,
utilizing the pollination services value. This service was projected to provide more benefits in the
moderate coverage scenario as compared to intense coverage. This resulted in projected annual
benefit estimates of approximately $61 million and $24 million for moderate and intense coverage,
respectively. Showing that not all benefits increase with expanding the greenery coverage area. Other
benefit types generally increased in magnitude as spatial scale increased, with the exception of mental
well-being benefits remaining constant. However, the benefits did not increase in magnitude directly
with spatial scale. For example, the predicted reduction in all-cause emergency department visits

resulted in estimated avoided costs of approximately $45 thousand and $126 thousand respectively.
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Overall, the intense scenario was estimated to provide approximately 1.5 times more benefits
than the moderate scenario, with an intense coverage scenario requiring land coverage that is
approximately two times more than the moderate scenario. The results indicate that some benefits
may not be dependent on spatial scale, may not scale proportionately with spatial scale, or may have
an inverse relationship with spatial scale. In contrast, cost results directly increased in magnitude with
coverage intensity. The costs of the intense scenario were exactly two times higher than the moderate
scenario, as the cost categories were all dependent on spatial scale. These results suggest that spatial
scale of GC scenarios can impact both the type and magnitude of benefits, but only the magnitude of

costs.

The results surrounding spatial scale impacts on benefits and costs are mainly consistent with
known examples of CBA of other NbSs, but there are some new insights. Raymond and colleagues
(2017) recognized that some benefits can only be realized at specific spatial scales. However, it is not
noted in any known valuation or CBA studies that there has been an inverse relationship with scale
and benefits, as was found with the pollination service benefits provided by bees. A suggested
reasoning for this inverse relationship is that bees may, in fact, benefit from heterogenous landscapes
and medium level urbanization, as this showed the greatest abundance in bee sampling (Brasil et al.,
2023). The lack of valuation of benefit type changing with spatial scale in previous literature could be
due to a lack of factors in the equations. For example, in the Rouge Park valuation study where bee
pollination services were included, the function simply multiplied the value of crop production by the
global average of crop production dependent on insect pollination (S. Wilson, 2012). It did not
include factors considering bee abundance in relation to the scenario or the percentage of pollination
requiring bees. Additionally, many previous studies did not include indirect co-benefits, including
biodiversity indicators (Chelli et al., 2025). In contrast, it is agreed that costs vary with the scale of
installation of NbS (Chelli et al., 2025). Cost variations can be due to factors such as economies of
scale when considering the scale of installation (Chelli et al., 2025; Panduro et al., 2024). Literature
review of CBA assessing NbS found that many studies were conducted at the site and neighbourhood
level. It has been suggested that research be expanded to explore spatial influence at larger scales and
to compare scales of installation (Chelli et al., 2025). By including analysis of both a smaller scale
(moderate) and larger scale (intense) scenarios and applying them at the regional level to extract cost

and benefit values, evidence on the installation impacts of larger interventions compared to smaller
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ones was achieved. These results can be used to help inform planners and policymakers about the

influence of the spatial scale of NbSs on benefits and costs.

The integration of a non-linear tree canopy scaling factor into the economic valuation
framework, based on canopy growth data, represents a significant methodological advancement over
traditional linear models. By acknowledging that the ES benefits of urban greenery — such as health
benefits related to cooling and air quality improvements - do not emerge at a constant rate, the
analysis more accurately captures the maturation process of urban forests. Early in the project
lifespan, the benefits are understandably lower, as the trees have not yet fully grown. One exception
to this rule was the mental well-being benefit, which was not stated in the literature to vary with the
growth or size of GC and canopy cover; therefore, this benefit value remained constant throughout
the project lifespan. In contrast, as time progresses, other benefit values increase to reflect canopy
cover growth. This non-linear growth, modeled through a function like the tree canopy scaling factor,
reflects empirical findings that mature trees provide dramatically higher returns in both direct and
indirect services. The adoption of such a scaling function not only strengthens the theoretical
underpinnings of the CBA but also supports more realistic projections of long-term economic

outcomes.

5.3 Costs Associated with GC Scenarios

Key findings regarding the costs of GC scenarios included installation and maintenance costs.
Firstly, the largest cost associated with both the moderate and intense scenarios was the installation
cost of GVC. While all costs did increase with the spatial scale of the scenarios, it is notable just how
large this cost was (over 500 times larger than the second-largest cost associated with the scenarios).
Variation in literature values found for installation costs associated with TC versus GVC, which were
then used in the calculation of cost values for both scenarios, resulted in a substantial cost difference.
TC costs were estimated at $603,555.48 per square kilometre, whereas GVC installation costs were
quite large at over $330 million per square kilometre. As the two aforementioned costs (GVC
installation and TC installation) are all part of the initial investment costs, these costs were projected
to be very high for both GC scenarios (approximately $134 billion and $268 billion, respectively) at
the regional level. Yearly maintenance costs were estimated to be steady throughout the lifespan of
the projects (40 years), and to include services such as watering, pruning, and weeding. These costs

were based on regional budgeting data, and baseline estimates were approximately $27 million and
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$54 million annually for moderate and intense coverage scenarios, respectively, at the regional level.
Unlike benefits, costs did rise in magnitude, directly associated with the spatial scale of the scenarios.

Intense coverage scenario costs were twice as high as moderate coverage scenario costs.

A major cost consideration is the land opportunity cost. This has previously been omitted
from most CBA of NbS (Chelli et al., 2025; Panduro et al., 2024). A reason for the inclusion of this
cost is to consider the full range of costs and potential losses the region may incur by implementing
GC scenarios. It is suggested in government guidelines that opportunity cost be included in CBA, as
data permits (Secretariat, 2018, 2019). Even though it is acknowledged as an indirect cost in
literature, it is often not included in the cost calculation due to data constraints. A reason for not
quantifying this cost is due to a lack of data for value transfer, and difficulty in estimating these

values (Panduro et al., 2024). Similarly, it was also omitted from this study due to data constraints.

Costs of installation can vary greatly depending on factors such as labour costs and economy
of scale (Chelli et al., 2025; Panduro et al., 2024). It is important to consider this when using a value
transfer method, which has limitations of applicability to areas of similar location and socio-economic
characteristics (Green Analytics, 2020). In a review and analysis of cost data, a wide range of
estimates were found. However, a review study by Panduro and colleagues (2024) found an average
installation cost for TC estimated at $2496.62/tree, and an average installation cost for greenspace
was estimated at $110.68/m* when converted to current 2025 CAD values. Neither of these values
aligns with the results found in this study. Tree costs were estimated to be substantially lower, while
ground vegetation costs were estimated to be substantially higher (see Table 3 and Table 4 for more
details on these costs). The data used for the calculation of installation costs in this study, derived
from Green Analytics (2019) (for TC) and TRCA (2018) (for GVC), were both from reputable
sources in Southern Ontario. As such, there should have been no discrepancies due to geography or
socio-economic characteristics. However, the two costs of installation (TC and GVC) coming from
Green Analytics (2019) and TRCA (2018) were substantially different in terms of their estimated
values when compared to each other and literature values. The modest TC installation costs reported
by Green Analytics (2019) were said to include total expenditure for tree planting activities, including
labour, material, equipment, site preparation, and administrative overhead costs. Similarly, the GVC
installation costs extracted from TRCA data included costs of equipment, labour, vegetation, and
administrative costs (TRCA, 2018). One area that may have differed, resulting in some cost variation,

could be the costs of excavation and hauling, which were not explicitly stated in the costs of site
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preparation included in the PDA estimates averages by Green Analytics (2019). Additionally, the TC
installation costs were based on a number of trees planted per square kilometre using historical data.
This number could also vary depending on project planning and scenario type. These results indicate
that considering factors such as scale, number of trees, and type of GC are all critical in the cost

assessment of installation.

Maintenance costs have also shown that even within the region itself, there is variation in
costs. For example, location factors can determine whether manual watering or water trucks are
required for the maintenance of GC (York Region, 2024a). This caused a great deal of variation in the
literature values of cost estimates for standard care of street trees, landscaped medians, and
boulevards. In York Region itself, this cost can vary from $2,000 to $131,000 per kilometre (York
Region, 2024a). In the analysis, an average of these values was used to estimate maintenance costs for
the region. However, a more accurate estimation may have been made if the exact locations of the
proposed GC scenarios were established. These maintenance costs are low compared to the literature,
where a mean maintenance value of urban greenspace is approximately 1.79 EUR per square metre
(Panduro et al., 2024). This is equivalent to a mean maintenance cost of $3.30 CAD 2025 and a
maximum maintenance cost of $23.03 CAD 2025 per square metre. Even this maximum maintenance
cost found in literature is lower than the estimated maintenance cost based on York Region budget
data, which was estimated to be $28.59 per square metre (2025 CAD). However, it is projected that
these costs will reduce further as the region reduces unneeded watering through soil moisture
monitoring sensors. This is based on a pilot project, which has not yet been implemented throughout

the region (York Region, 2024a). Therefore, reduced maintenance costs cannot yet be estimated.

5.4 Do the Benefits of GC Scenarios Outweigh the Costs?

Key findings in the CBA of the scenarios showed that the direct and indirect benefits of each scenario
do not outweigh the associated costs. Both scenarios retured negative NPV, which indicated that
costs outweigh benefits over the project lifespan. In the initial year of project implementation, costs
will significantly outweigh the estimated benefits. However, when assessed annually, it is seen that
benefits will outweigh costs for both scenarios. In year 12 (2036), it was seen that annual benefits
outweighed annual costs. In contrast, the intense scenario annual benefits did not outweigh annual
costs until year 15 (2039) (see Table 9 and Table 10 for detailed annual values). To better assess

economic viability over the lifespan, two criteria were utilised. First, the NPV was assessed. Both
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coverage scenarios returned negative NPVs (approximately -$129 billion and -$259 billion for
moderate and intense scenarios, respectively). Next, BCR was assessed. Both scenarios returmed a
BCR with values of approximately 0.01. Both metrics indicate that costs outweigh project benefits

during the 40-year life span of the assessment.

In contrast, it is found in the literature review that most CBAs of NbS retumn positive results
for NPV (Chelli et al., 2025). One reason for the difference in results is the inclusion of the tree
canopy scaling factor. Rather than benefits being stable over time, the results show that benefits are
assumed to increase non-linearly with tree maturity — the early years of a project appear less
advantageous, while the later years reveal a robust cumulative impact. While this is recognized in
literature, it has not been included in traditional CBA studies of NbS, with few exceptions (Chelli et
al., 2025). One exception is the tree value analysis provided by McPherson (2007), which showed
scaling of benefits with tree growth. This 2007 study also returned a negative NPV for scenarios
when using a benefit-based approach similar to the CBA performed in this thesis (McPherson, 2007).
Both studies highlight the growth of benefits over time as trees mature, emphasizing the long-term

benefits of trees and how scaling benefits with tree growth can impact NPV.

It is suggested that most long-term benefits are not realized in urban tree planting due to early
felling of trees (Barrell, 2018; Natural Capital Investment: Urban Forest Canopy Benefits, 2022). For
example, it is suggested that most urban trees have life expectancies of 150-300 years, and that if
trees are felled before 50 years, 85-90% of benefits could be lost (Barrell, 2018). Therefore, by only
assessing over a 40-year life expectancy, it is possible that benefits have not yet reached peak return
and that up to 260 years of benefit delivery could be unaccounted for. Using a similar methodology to
that used in conventional forest management to determine optimal timber rotation length to maximize
timber product volume, Barrel Tree Consultancy (2018) suggests that optimal rotation in urban
planting of long-lived trees in urban areas is 270 years to achieve maximum benefit realization. This
theory, along with the evidence of this study and the benefit-based approach study by McPherson
(2007), underscores the importance of adopting a long-term perspective when evaluating nature-based

solutions in urban settings.

Another reason why other CBA results of NbS return positive results may be due to the
inclusion of differing benefit categories. For example, this thesis was unable to include the value of

aesthetics, stormwater runoff reductions, or sequestration of carbon dioxide. These additional benefits
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may have helped to improve the NPV and BCR results, despite the high investment costs of the
proposed scenarios. For instance, aesthetic value — based on property sales in areas with and without
trees — was seen as the largest benefit category by annual value (over $100 per tree) followed by
reduction in stormwater runoff in a study valuing urban trees by McPherson (2007). Similarly, the
economic valuation of tree planting in Ontario by Green Analytics (2019) also included the categories
of aesthetics and water supply regulation, valued at $4,149 and $1,884 per hectare annually,
respectively, in urban settings. Carbon sequestration is another benefit often included in other studies
that was unable to be included in this study. In a review study of urban park benefits, 5 out of 11
studies that were focused on air quality included carbon sequestration modelling or on-site
measurements (Konijnendijk et al., 2013). Another review study of economic evaluations of urban
green and blue space interventions found that 10 out of 43 studies included the analysis of carbon
sequestration (Tate et al., 2024). One study demonstrated a value of carbon sequestration in a US city
averaging $5.25/tree/year in 2006 (McPherson et al., 2006). In a Canadian study valuing ES in
Ontario’s Greenbelt, it was estimated that grasslands provide a value of $29/hectare/year (20088CA)
in carbon uptake (S. Wilson, 2008), while a study of the city trees in Toronto estimated 46,700 metric
tons of carbon removal per year, valued at $1.1 million (2013$CA) annually (Nowak et al., 2013).
Together, it can be said that these, along with other possible benefits that were unable to be included

in this thesis, may impact the results of both NPV and BCR.

The rule of NPV for decision making is to adopt projects with a positive NPV and rank them
by their NPV (OECD, 2006). Based on this alone, it can be said that neither scenario is economically
viable; however, the moderate coverage scenario would be ranked higher, with a higher NPV, and
should therefore be the one to be adopted if one were to be chosen over the other. That said, the
results do indicate a growing value over time, with benefits that do not end at 40 years if the GC is
still maintained. As stated in a previous CBA on NbS that returned negative results, “Although the net
present value is negative, the benefits may continue to accumulate” (Hsu & Chao, 2020, p. 4). This is
also in alignment with the research and theory from Barrel Tree Consultancy, emphasizing that
optimal benefit rotation length may be up to 270 years (Barrell, 2018). These studies suggest that

there is long-term value to the projects, both economically and in terms of sustainable development.

Similarly to NPV, it is a general rule to accept projects with a BCR greater than 1, or select
the project with the highest BCR when choosing between mutually exclusive project options (OECD,

2006). It is also noted that BCR is greatly influenced by scale, and “more benefits per dollar spent
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will appear to be preferred to a regulation with larger total net benefits but with lower benefit per
dollar spent” (Secretariat, 2019, p. 36). As neither project returned a BCR above 1, and both were
approximately the same value of 0.01, neither can be prioritized by this metric. However, decision-
making is best rationalized using the NPV results (OECD, 2006; Secretariat, 2019). Therefore, it is
suggested that the moderate coverage scenario would be adopted if faced with a mutually exclusive
choice. The results indicate that neither project is economically suitable for implementation.
However, results showing such large differences between NPV and BCR are enlightening and show
the influence of benefit realization being scaled with tree growth, discounting, and large initial
investments. This is often not considered and has not been seen in previous studies of the economic

viability of NbS.

5.5 Limitations and Suggestions for Future Research

The economic model comes with limitations that must be considered. Firstly, the transfer
methodology of costs and benefits is not known with certainty. Therefore, risk (probabilistic
outcomes) and uncertainty (when no probabilities are known) should be taken into account (OECD,
2006). Valuation methodologies and estimation frameworks were developed using established
approaches to ensure replicability; however, reliability could be enhanced through sensitivity analysis
of key variables. Particularly, an analysis of the impact of discounting is recommended (Secretariat,
2019). Due to time constraints, this was not able to be included. Furthermore, the model could be
strengthened with the inclusion of more benefit categories — such as carbon sequestration, flood
mitigation, and aesthetic value — as well as cost data from regional budgets. Due to data resource

limitations, this was unable to be expanded on.

It is suggested that future research focus on incorporating species data for TC and GVC
installation that is region or project-specific into the assessment of installation costs and tree canopy
growth factor. This would provide a more precise understanding of how canopy expansion influences
benefit realization and the CBA, providing a deeper understanding to facilitate more nuanced results
as well as provide more accurate installation cost estimates. Another potential inclusion in the
analysis could be expanding the life expectancy or comparing multiple life expectancies to better
demonstrate the long-term value of tree cover. It is also recommended that future research explores
further inclusion of benefits where data permits, to ensure a fulsome economic model. Finally,

utilizing Monte Carlo analysis is recommended by both Canadian and US government organizations
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to yield a more accurate assessment of costs and benefits (Guiding Principles for Monte Carlo

Analysis, 1997; Secretariat, 2019).

5.6 Conclusion

Key findings included the influence of spatial scale on the benefits, where both the magnitude and
type of benefits can be influenced by the spatial scale of the project. Additionally, it was found that
costs grew in magnitude proportional to the spatial scale. Another key finding was the influence of
tree canopy growth on the temporal scale of benefit accumulation, suggesting that benefits are not all
realized at the initial onset of the project, but grow over time with canopy coverage maturation.
Additionally, it was found that not all benefits scale with tree canopy growth, for example, mental
well-being. It is also noted that NPV and BCR values were below the threshold of suggested
implementation for both scenarios, showing that benefits do not outweigh costs during the life of the
projects investigated. If necessary to rank them or decide between mutually exclusive scenarios, the
moderate coverage scenario resulted in a higher NPV. However, both scenarios require substantial
initial investments, which, along with discounting and benefits scaled with canopy growth, result in a
BCR below one. All things considered, neither project would be considered economically suitable

when considered over a 40-year life span.

Despite the limitations of the CBA utilizing benefit transfer and avoided cost methods, the
economic framework still aids in expanding the current research in this area. Quantitative research is
foundational to evidence-based decision making, and it provides empirical rigor that enables
academics, practitioners, and policymakers to derive actionable insights. Its role can be seen as a
necessity in ensuring academic credibility and real-world applicability (W. M. Lim, 2024). Since the
goal was to provide an economic valuation model for outcomes that can support decision-making for
urban upgrading plans associated with GC heat mitigation strategies and NbSs, providing empirical
evidence is crucial. Furthermore, by including a broader range of direct and indirect benefits and
costs, and scaling benefits to incorporate the influence of tree canopy growth, a more holistic
framework and approach to CBA of NbS has been developed and tested in the case study of York
Region. Thus, this research contributes to knowledge on the economic costs and benefits of GC
scenarios in a major Canadian city, while also advancing research knowledge on the economic

assessment of costs and benefits over time with the novel CBA approach developed. Fundamentally,
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this study integrates scholarly analysis with real-world policy considerations to facilitate a holistic

evaluation that supports the development of sustainable urban planning approaches.
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Appendix A

Table 8: Annual Benefits Adjusted for Canopy Growth Over Time (without discounting)

Year Moderate Scenario Benefits Intense Scenario Benefits

1 $ 5,521,091.96 $ 5,521,091.96
2 $ 5,778,627.51 $ 5,914,421.51
3 $ 6,379,543.79 $ 6,832,190.46
4 $ 7,323,840.80 $ 8,274,398.81
5 $ 8,611,518.55 $ 10,241,046.55
6 $ 10,242,577.02 $ 12,732,133.70
7 $ 12,217,016.23 $ 15,747,660.25
8 $ 14,534,836.17 $ 19,287,626.20
9 $ 17,196,036.85 $ 23,352,031.54
10 $ 20,200,618.25 $ 27,940,876.29
11 $ 23,548,580.39 $ 33,054,160.43
12 $ 27,239,923.26 $ 38,691,883.98
13 $ 31,274,646.86 $ 44,854,046.92
14 $ 35,652,751.19 $ 51,540,649.26
15 $ 40,374,236.25 $ 58,751,691.01
16 $ 45,439,102.05 $ 66,487,172.15
17 $ 50,847,348.58 $ 74,747,092.69
18 $ 56,598,975.84 $ 83,531,452.63
19 $ 62,693,983.83 $ 92,840,251.97
20 $ 69,132,372.56 $ 102,673,490.71
21 $ 75,914,142.01 $ 113,031,168.85
22 $ 83,039,292.20 $ 123,913,286.39
23 $ 90,507,823.12 $ 135,319,843.33
24 $ 98,319,734.77 $ 147,250,839.67
25 $ 106,475,027.16 $ 159,706,275.41
26 $ 114,973,700.27 $ 172,686,150.54
27 $ 123,815,754.12  $ 186,190,465.08
28 $ 133,001,188.70 $ 200,219,219.02
29 $ 142,530,004.01 $ 214,772,412.35
30 $ 152,402,200.06 $ 229,850,045.09
31 $ 162,617,776.83 $ 245,452,117.22
32 $ 173,176,734.34  $ 261,578,628.75
33 $ 184,079,072.58 $ 278,229,579.69
34 $ 195,324,79155 $ 295,404,970.02
35 $ 206,913,891.26 $ 313,104,799.75
36 $ 218,846,371.69 $ 331,329,068.89
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Year

Moderate Scenario Benefits

Intense Scenario Benefits

37 $ 231,122,232.86 $ 350,077,777.42
38 $ 243,741,474.76  $ 369,350,925.35
39 $ 256,704,097.39 $ 389,148,512.68
40 $ 270,010,100.76 $ 409,470,539.41
Total $ 3,814,323,038.42 $ 5,709,101,993.92

Table 9: Annual Present Value (PV) of Costs and Benefits for the Moderate Coverage Scenario

Year PV of Benefits PV of Costs Cash Flow
1 $ 5,360,283.46 -$130,316,145,815.80 -$130,310,785,532.34
2 $ 5,446,910.65 -$25,605,127.72 -$20,158,217.07
3 $ 5,838,186.29 -$24,859,347.30 -$19,021,161.01
4 $ 6,507,137.69 -$24,135,288.64 -$17,628,150.95
5 $ 7,428,371.55 -$23,432,319.07 -$16,003,947.53
6 $ 8,577,997.01 -$22,749,824.34 -$14,171,827.34
7 $ 9,933,552.19 -$22,087,208.10 -$12,153,655.91
8 $ 11,473,933.89 -$21,443,891.36 -$9,969,957.46
9 $ 13,179,330.37 -$20,819,312.00 -$7,639,981.63
10 $ 15,031,157.12 -$20,212,924.27 -$5,181,767.15
11 $ 17,011,995.51 -$19,624,198.32 -$2,612,202.81
12 $ 19,105,534.11 -$19,052,619.73 $52,914.38
13 $ 21,296,512.68 -$18,497,689.06 $2,798,823.63
14 $ 23,570,668.64 -$17,958,921.41 $5,611,747.22
15 $ 25,914,685.91 -$17,435,846.03 $8,478,839.87
16 $ 28,316,146.15 -$16,928,005.86 $11,388,140.29
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Year PV of Benefits PV of Costs Cash Flow
17 $ 30,763,482.12 -$16,434,957.14 $14,328,524.98
18 $ 33,245,933.20 -$15,956,269.07 $17,289,664.13
19 $ 35,753,502.94 -$15,491,523.37 $20,261,979.57
20 $ 38,276,918.51 -$15,040,313.95 $23,236,604.56
21 $ 40,807,592.07 -$14,602,246.55 $26,205,345.52
22 $ 43,337,583.88 -$14,176,938.40 $29,160,645.48
23 $ 45,859,567.14 -$13,764,017.87 $32,095,549.28
24 $ 48,366,794.48 -$13,363,124.14 $35,003,670.34
25 $ 50,853,065.96 -$12,973,906.93 $37,879,159.02
26 $ 53,312,698.61 -$12,596,026.15 $40,716,672.46
27 $ 55,740,497.44 -$12,229,151.60 $43,511,345.84
28 $ 58,131,727.73 -$11,872,962.72 $46,258,765.01
29 $ 60,482,088.72 -$11,527,148.27 $48,954,940.45
30 $ 62,787,688.55 -$11,191,406.09 $51,596,282.46
31 $ 65,045,020.31 -$10,865,442.80 $54,179,577.50
32 $ 67,250,939.40 -$10,548,973.60 $56,701,965.80
33 $ 69,402,641.84 -$10,241,721.94 $59,160,919.90
34 $ 71,497,643.74 -$9,943,419.36 $61,554,224.38
35 $ 73,533,761.73 -$9,653,805.20 $63,879,956.53
36 $ 75,509,094.34 -$9,372,626.41 $66,136,467.93
37 $ 77,422,004.36 -$9,099,637.29 $68,322,367.07
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Year PV of Benefits PV of Costs Cash Flow

38 $ 79,271,102.01 -$8,834,599.31 $70,436,502.70
39 $ 81,055,229.02 -$8,577,280.89 $72,477,948.14
40 $ 82,773,443.47 -$8,327,457.17 $74,445,986.30

TOTAL $ 1,624,964,950.14 -$130,917,673,295.24

NPV -$129,293,200,870.47

BCR 0.01

Table 10: Annual Present Value (PV) of Costs and Benefits for the Intense Coverage Scenario

Year PV of Benefits PV of Costs Cash Flow
1 $ 5,360,283.46 -$260,594,317,044.53 -$260,588,956,761.08
2 $ 5,574,909.52 -$51,202,983.90 -$45,628,074.38
3 $ 6,252,422.11 -$49,711,634.85 -$43,459,212.74
4 $ 7,351,696.17 -$48,263,723.16 -$40,912,026.99
5 $ 8,834,016.72 -$46,857,983.65 -$38,023,966.93
6 $ 10,662,961.53 -$45,493,188.01 -$34,830,226.48
7 $ 12,804,288.87 -$44,168,143.70 -$31,363,854.83
8 $ 15,225,830.23 -$42,881,692.91 -$27,655,862.69
9 $ 17,897,387.71 -$41,632,711.56 -$23,735,323.86
10 $  20,790,636.02 -$40,420,108.32 -$19,629,472.29
11 $  23,879,028.78 -$39,242,823.61 -$15,363,794.83
12 $  27,137,708.95 -$38,099,828.74 -$10,962,119.80
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Year PV of Benefits PV of Costs Cash Flow
13 $ 30,543,423.35 -$36,990,125.00 -$6,446,701.64
14 $ 34,074,440.95 -$35,912,742.71 -$1,838,301.76
15 $ 37,710,474.80 -$34,866,740.50 $2,843,734.30
16 $ 41,432,607.57 -$33,851,204.37 $7,581,403.20
17 $ 45,223,220.36 -$32,865,246.96 $12,357,973.40
18 $ 49,065,924.84 -$31,908,006.76 $17,157,918.09
19 $ 52,945,498.43 -$30,978,647.34 $21,966,851.09
20 $ 56,847,822.41 -$30,076,356.64 $26,771,465.77
21 $ 60,759,822.97 -$29,200,346.25 $31,559,476.72
22 $ 64,669,414.93 -$28,349,850.73 $36,319,564.20
23 $ 68,565,448.01 -$27,524,126.92 $41,041,321.09
24 $ 72,437,655.74 -$26,722,453.32 $45,715,202.42
25 $ 76,276,606.58 -$25,944,129.44 $50,332,477.14
26 $ 80,073,657.51 -$25,188,475.18 $54,885,182.33
27 $ 83,820,909.67 -$24,454,830.27 $59,366,079.39
28 $ 87,511,166.17 -$23,742,553.66 $63,768,612.51
29 $ 91,137,891.90 -$23,051,022.97 $68,086,868.93
30 $ 94,695,175.25 -$22,379,633.96 $72,315,541.29
31 $ 98,177,691.64 -$21,727,799.96 $76,449,891.68
32 $ 101,580,668.88 -$21,094,951.41 $80,485,717.47
33 $ 104,899,854.16 -$20,480,535.35 $84,419,318.81
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Year PV of Benefits PV of Costs Cash Flow
34 $ 108,131,482.63 -$19,884,014.91 $88,247,467.73
35 $ 111,272,247.61 -$19,304,868.84 $91,967,378.76
36 $ 114,319,272.13 -$18,742,591.11 $95,576,681.02
37 $ 117,270,082.04 -$18,196,690.40 $99,073,391.64
38 $ 120,122,580.33 -$17,666,689.71 $102,455,890.62
39 $ 122,875,022.80 -$17,152,125.93 $105,722,896.87
40 $ 125,525,994.95 -$16,652,549.44 $108,873,445.51

TOTAL $ 2,413,737,228.66

-$261,797,201,176.98

NPV

-$259,383,463,948.32

BCR

0.01
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