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Executive summary

National Research Council Canada (NRC) commissioned this benefit-cost analysis of its Climate
Resilient Buildings and Core Public Infrastructure (CRBCPI) Initiative. CRBCPI is finishing its third year
and is now considering its next phase. The following products are considered here:

1. National Wildland Urban Interface Guideline and Standard

2. National Guidelines for the Flood Resilience of Buildings

3. Canadian Highway Bridge Design Code

4. Overheating tool (expand the overheating tools from an Ottawa pilot study to other municipalities)

A thorough benefit-cost analysis of these products would be time consuming and would have to
await closer completion of some of the products. So an approximate but well accepted economic
procedure called benefit transfer is used instead. In benefit transfer, one estimates nonmarket
economic values (here, the CRBCPI products) based on their similarity to something known from prior
study, which here means the Natural Hazard Mitigation Saves study by the Multihazard Mitigation
Council (MMC) of the National Institute of Building Sciences (NIBS) in the United States. Natural
Hazard Mitigation Saves represents the most exhaustive benefit-cost analysis of natural-hazard
mitigation ever performed.

The present study finds that CRBCPI will ultimately save Canada an estimated $4.7 billion per year of
new construction that complies with its various guidelines, at an estimated added construction cost
of $400 million per year, for a savings of almost $12 per $1 invested, as summarized in Table ES-1.
(Note that the 12:1 ratio is slightly high because it ignores the unknown cost of the overheating tool.)
Figure ES-1 summarizes how different categories of benefits contribute to the total.

Table ES-1: Estimates of unit costs and benefits (e.g., per house), benefit-cost ratios (BCRs),
and total annual nationwide costs and benefits of CRBCPI products.

Product Unit Unit. Benefit.- Cc_)s_t Ben.e_fit
cost benefit | costratio | $ million | $ million
National Wildland Urban Interface Guideline & Standard $7,500 | $45,000 6:1 $150 $900
National Guidelines for the Flood Resilience of Buildings $5,000 | $30,000 11:1 $250 $2,750
Canadian Highway Bridge Design Code N/A N/A 9:1 $3 $27
Overheating Tool N/A N/A N/A N/A $1,000
Nationwide annual total cost and benefit (rounded) 12:1 $400 $4,700

Figure ES-1: Estimated contribution to total benefits of
CRBCPI projects, from various benefit categories.

Benefit: $4,700 million

(millions 2019 CAD)
42% — Property: $2,000
20% — Additional living expenses & direct business
interruption: $920
10% - Indirect business interruption: $460
5% - Insurance overhead & profit: $220
23% - Deaths, injuries & PTSD: $1,100

Cost: $400 million
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1. Introduction

Climate Resilient Buildings and Core Public Infrastructure (CRBCPI) is finishing its third year and now
considering its next phase. The initiative develops models, decision-support tools, analysis procedures,
design guidelines, and construction codes to assess the effects of climate change on Canadian civil
infrastructure (such as buildings and bridges) and to improve infrastructure design in light of climate
change. National Research Council Canada wishes to assess the effectiveness of the initiative and its
promise for the future.

The present project aims to estimate the benefits of the products to date and to characterize the
potential value of particular future projects under consideration. It quantifies benefits in terms of the
present value of avoided future economic and life-safety losses, both in dollar terms and in terms of
lives saved and nonfatal injuries avoided. It also describes less-tangible benefits in qualitative terms,
such as by characterizing the initiative’s contribution to Canadians’ peace of mind and how the
initiative will facilitate better informed, less-expensive decision making by smaller local governments.

This report represents the third of four stages in the assessment of program benefits. An initial report
detailed project objectives, scope and schedule. A second report summarized the documentation to
be considered in the benefit estimate and lists the benefit categories to be considered. This third
report summarizes the benefit estimates in a brief document suitable for use by public officials.

A fourth report will add technical documentation to support findings in the summary benefit
document, suitable for use by scholars and program personnel.

This memo contains six sections. This section has recapped the purpose of the initiative and of this
memo. Section 2 summarizes the literature reviewed for this study: the CRBCPI documents under
consideration and other literature relevant to the estimate methodology. Section 3 presents the
methodology used in the study. Section 4 presents the benefits and costs calculated for CRBCPI
products. Section 5 summarizes and concludes this study. Section 6 provides a full list of
references cited.



2. Literature review

2.1 Project documents under consideration

The benefit estimate quantifies benefits of three completed or nearly complete products, and
guantitatively describes the benefits of three more products that are under consideration for a second
phase of the CRBCPI Initiative. This section summarizes the principal documents of these six efforts.

2.1.1 National Wildland Urban Interface Guideline

The Wildland Urban Interface Guideline under development speaks to future Canadian construction
in the Wildland Urban Interface.

Adelzadeh et al. (2018) summarize the aims, analytical framework, data needs, research needs,
intended products, project objectives, and past and planned products associated with the National
Wildland Urban Interface (WUI) Guideline document. Notable among these products are the Draft
National WUI Guide, planned for fiscal year 2019-2020, the Guide and support documentation and
tools (2021), testing methods (initial development in FY 2018-2019, finalized in 2021), computational
modelling methods (initial development in FY 2018-2019, implementation in 2020), and hazard and
risk maps (2020). The documents have a national scope. They acknowledge that climate change will
affect future risk. Aside from purely scientific interest, the documents appear aimed to inform
mitigation measures to reduce damage to buildings and life-safety impacts to civilians and
firefighters. The document also mentions ecological impacts. Mitigation measures appear to include
prescribed fires, rapid detection, fire-resistive construction materials, defensible space, evacuation,
and fire suppression.

National Research Council Canada (2018) provides terms of reference for developing the WUI guide.
It also provides a summary of resources on which the guide can draw. It lists two U.S. building codes,
four U.S. fire-protection standards of the National Fire Protection Association, and five other U.S.
guideline documents. It identifies an Australian building code and two guideline documents, and a
few similar documents from New Zealand and Europe. It provides data and 51 references related to
weather and climate, population, construction (in significant detail), vegetation, WUI-related
geographic issues, firefighting resources, firefighting access, planning, for North America, Australasia,
and Europe. The weather, climate, population, and construction data may be particularly useful as
arguments in the benefit-transfer function intended here.

2.1.2 National Guidelines for Flood Resilience of Buildings

The National Standard of Canada Z800-19 Guideline on Basement Flood Protection and Risk
Reduction (Canadian Standards Association 2018) offers measures to reduce the risks of basement
flooding in detached, semi-detached, and row houses. It aims to mitigate the adverse effects on
property, public safety, and public health in case of a flood event. It covers existing, new, rebuilt, and
renovated houses in rural and urban settings. It summarizes common causes of flooding, offers
various organizational and financial advice on flood risk assessment and protection, advice on
maintenance, and other planning and response aspects of flood protection. It offers guidance on
physical remediation measures to protect against basement flooding, such as avoiding development
in flood-prone areas, site grading and drainage, gutters and downspouts, foundation dry
floodproofing, and drainage and pumping. It also offers brief guidance on wet floodproofing.
Guidance on elevation is mostly limited to height of the house above the property and above grade.



The document advises that buildings have their lowest entrances at least at the level of the 100-year
floodplain, i.e., with no freeboard, equivalent to the U.S. base flood elevation + 0, or one foot below
the level that would be required under ASCE/SEI 24-14, Flood Resistant Design and Construction
(American Society of Civil Engineers 2014).

National Research Council Canada (2017) summarizes aspects of a July 2017 flooding and climate-
change workshop that touched on introducing flood-resistant design to the National Building Code
(NBCQ). It acknowledges that “there are no criteria or provisions for the design of buildings against
floods in the NBC," that flood provisions developed by provincial and municipal governments lack
consistency, and that most current flood hazard maps are decades old. The document identifies
fundamental questions that a guideline document would have to answer, such as how to characterize
flood hazard, whether and how to restrict building development in flood hazard areas, how to
characterize building performance, how to establish performance norms both for new and existing
buildings, whether and how to designate vertical evacuation or shelter locations, and how to account
for nonstationary flood hazard in light of climate change. The workshop identified six development
tasks required to answer these questions.

National Research Council Canada (2019) lists seven intended deliverables of the national guidelines,
and describes them in about one paragraph each: (1) flood-resistant design guidelines similar to
those in ASCE 7-16 (American Society of Civil Engineers 2017), which is a three-page supplement to
ASCE/SEI 24-14; (2) A set of performance-based design guidelines; (3) A set of formulae to calculate
hydrostatic and hydrodynamic forces on buildings “and establish elevations for structural systems and
building contents”; (4) Modifications to load combinations and load factors to include flood loads;
(5) Flood retrofitting guidelines for existing buildings; (6) Report on knowledge gaps and research
needs; and (7) Recommendation report in the language of a design guide, for later conversion to
code language.

2.1.3 Canadian Highway Bridge Design Code

In 2001, the Canadian Standards Association International published a long-awaited Canadian
Highway Bridge Design Code as a national standard for Canada (Canadian Standards Association
2000). The code has been updated twice since then (Canadian Standards Association 2006, 2014).
The code addresses hydraulic design, normal design flood, scour, soffit elevation, and armouring of
slopes. It also addresses design for effects of temperature, wind, ice accretion, and ice load, as well as
seismic design, analysis, site effects, ductility capacity, and other common design issues.

Some authors summarize the changes between editions. Associated Engineering (2015) reviews
changes from the 2006 to 2014 editions. It notes that the 2014 edition added performance-based
seismic design as an acceptable design approach for most bridges. It does not mention fire, flood,
hydraulic loads, rivers, waterways, elevation, or height above water. British Columbia Ministry of
Transportation (2007) comments on changes in the 2006 edition, but does not comment on what
the earlier provisions specified, so the work helps to identify the location of relevant changes but
does not characterize how the 2006 edition alters the 2000 edition.



2.1.4 Quantitative risk assessment standard and tool for existing assets

The tool aims to help smaller municipalities conduct risk assessment without an expert panel, and to
enhance the consistency of the risk-assessment process. It may eventually resemble the U.S. Federal
Emergency Management Agency’s (FEMA) Benefit Cost Tool (sometimes also called “toolkit”),
whose most recent release is numbered version 5.3 (https://www.fema.gov/media-library/assets/
documents/128334). Since the tool has not yet been developed, let us assume it will resemble
FEMA's, and judge the benefits of NRC's tool based on the benefits of FEMA's.

The FEMA Benefit Cost Tool Version 5.3 is used to perform benefit cost analysis for applications
submitted under FEMA's Hazard Mitigation Assistance Grant Programs. The tool manages mitigation
project data, prepackages some hazard information (for example, it contains earthquake hazard data
but not flood hazard data), automates some vulnerability calculations, automates and standardizes
the calculation of expected annualized loss, present value of cost, present value of benefits, and
benefit-cost ratio. It reduces the effort and breadth of expertise required to perform a benefit-cost
analysis, although it does not eliminate the need for an engineer to operate it. It largely avoids the
effort, cost, and delay involved in empanelling experts. The tool is available online for free, requires
no supplementary costly software, and is well supplied with help text and videos. It almost certainly
makes benefit-cost analysis accessible to orders of magnitude more applications, and almost certainly
improves the cost effectiveness of FEMA grant programs. See Figure 1 for its home screen.

Figure 1: FEMA Benefit Cost Analysis Tool version 5.3.0, home screen.




2.1.5 Convert the Wildland Urban Interface (WUI) Guideline to a standard

Guidelines may not be mandatory, but a standard can be adopted via reference by a model building
code. The difference is degree of detail, specific requirements, and mandatory (code-like) language.

In the present benefit-cost analysis, the project team will treat the National Wildland Urban Interface
Guideline and the standard into which it will develop as a single entity, estimating their benefits and
costs as if they mandate design and maintenance of new buildings closely resembling the requirements
of the 2015 International Wildland Urban Interface Code (International Code Council 2015).

2.1.6 Expand the overheating tools from an Ottawa pilot study to other municipalities

Laouadi and Lacasse (2017) describe the scope of work for a project “to develop guidelines to address
the overheating in buildings and heat-related health risks of occupants as they may arise from climate
change effects. The guidelines will likely result in code change requests to the committees of the
National Building Code of Canada. The specific objectives are: To review literature on the effects of
heat and extreme heat-wave events of climate change on the health risk of building occupants under
a Canadian context; To evaluate the effect of buildings on the heat-related health risk of occupants;
To develop resilient (adaptation) measures for new and retrofit buildings; To provide science-based
guidance for the update of Canadian codes to address overheating in buildings; [and] To develop
guidelines and tools for overheating in buildings and health risk of occupants arising from climate
change effects.”

The authors expect to propose changes to the National Building Code of Canada related to four
topics: “Include cooling degree days: warrants the use of air conditioning; Include [solar heat gain
coefficient]... requirements for windows; Include mechanical ventilation (with dehumidification) for
new built [buildings; and] Incorporate shadings or dynamic glazing.”

The authors expect that the project will also deliver a document (the guide) and a web-based
decision-support tool to implement the guide. The tool would be used to assess “implications for
future urban climate change to adaptation policies at building, neighbourhood and city scale. The tool
would be useful in providing results on: Adaptation measures for buildings to reduce the effects of
indoor overheating during heat waves; Occupant health risks as may arise for heat waves; Identify
dangerously hot days; and Estimate the effects of heat waves on the risk to the population of
succumbing to health issues (morbidity).” The tool will pinpoint locations, building types, and
vulnerable populations susceptible to overheating, in a geographic information system.

2.2 Additional documents relevant to the estimation methodology

2.2.1 Existing benefit-cost ratios

The present project will use the benefit-transfer method, particularly function transfer, to transfer
benefit-cost ratios from the Natural Hazard Mitigation Saves 2018 Interim Report (Multihazard
Mitigation Council 2019) to Canada. In the present context, function transfer means that the project
team will apply benefit-cost ratios from Mitigation Saves, scaling benefits and costs to the extent
practical by the relative costs in Canada versus the United States of construction, repair, additional
living expenses, business productivity, acceptable costs to avoid future statistical deaths and injuries,
the value of delayed vehicle trips, and other relevant benefit categories listed in section 5 of the
present document.



The Mitigation Saves study performed benefit-cost analysis of five mitigation categories: building
code adoption, design of new buildings to exceed building-code minima, retrofit of existing buildings
(still in development, to be published in 2020), retrofit of utilities and transportation lifelines, and
retrofit of existing public-sector buildings. It offers benefit-cost ratios for five perils: fire damage to

buildings located in the Wildland Urban Interface, riverine flooding, coastal flooding associated with
hurricane storm surge, earthquake, and hurricane winds. It produced benefit-cost ratios for most but
not all combinations of the mitigation categories and perils. See Figure 2 for a summary of aggregate

benefit-cost ratios published to date.

Figure 2: Summary results of Natural Hazard Mitigation Saves 2018 Interim Report.

Exceed Most common | Utilities and Federally
National benefit-cost ratio per peril” common code code transportation funded
requirements | requirements
Overall hazard benefit-cost ratio 4:1 11:1 4:1 6:1
Savings ($billion) $16/year $13/year $2.5 $160
ﬁ Riverine flood 5:1 6:1 8:1 7:1
. . Too few
ﬁ\ Hurricane surge 7:1 N/A s grants
S
4‘\ Wind 5:1 10:1 7:1 5:1
)é\‘\ Earthquake 4:1 12:1 3:1 3:1
ﬁ Wildland Urban Interface fire 4:1 N/A N/A 3:1

* BCR numbers in this study have been rounded.

Mitigation Saves provides many benefit-cost ratios at a disaggregated level, such as finished floor
elevation above 100-year flood depth. Benefit-cost ratios for some perils (but not all) are also
presented on a geographically disaggregated basis. See for example Figure 3. To the extent practical,
the project team used benefit-cost ratios at these disaggregated levels, performed the function
transfer to Canadian benefits, and then scaled up benefits and costs to the regional level. Its benefit
categories are listed in section 5, but generally include building and content damage, direct business
interruption (meaning losses to businesses because of damage to their workplaces), additional living
expenses, indirect business interruption (meaning business losses because of damage or loss of
function to other locations), life-safety (using acceptable costs to avoid future statistical deaths and
injuries according to the U.S. Department of Transportation), post-traumatic stress disorder (PTSD),
insurance premiums in excess of pure premium, urban search and rescue costs, environmental and
historical value where it is practical to estimate, and in a few cases the value of government services.




Not all benefit categories apply to all mitigation categories and perils. Figure 4 shows benefit
deaggregation for above-code design of new buildings to resist riverine flooding. Total dollar
amounts in this figure reflect the expected present value of costs and benefits if all new buildings
built in the United States in a single year complied with the incrementally efficient maximum level of
above-code design, where it is cost effective to do so. The study applies the time value of money to
discount future monetary losses avoided, but does not apply a time value of money to avoided future
statistical deaths and injuries. It assumes effective lives of most mitigation measures to be 75 years.

Figure 3: Estimated benefit-cost ratio of adopting the 2015 International Wildland Urban
Interface Code (Multihazard Mitigation Council 2019).

Figure 4: Contribution to benefits for above-code design for riverine flooding
(Multihazard Mitigation Council 2019).

Benefit: $4.2 billion Cost: $0.9 billion

(millions 2018 USD)
36% — Property: $1,500

22% — Additional living expenses & direct business
interruption: $930

11% — Indirect business interruption: $470
7% - Insurance: $300
24% — Casualties & PTSD: $1,000



2.2.2 Current Canadian construction requirements

What do the current design documents require with regard to fire at the Wildland Urban Interface?
That is, what is the as-is case for design? The National Building Code of Canada (National Research
Council of Canada 2015a) describes the current minimum, pre-mitigation condition of new buildings.
The National Fire Code of Canada (National Research Council 2015b) details the current minimum,
pre-mitigation requirements for fire protection.

The National Building Code of Canada governs features that are required to be incorporated in a
building at the time of its original construction, but does not act retroactively, except where the
building is undergoing alteration or change of use. It makes no distinction between buildings in the
Wildland Urban Interface and other buildings. The word “wildland” does not appear in the code, and
there is no mention of defensible space or enclosed foundations. The code allows combustible
exterior walls and combustible shake and shingle roofs for many occupancy types. It makes no
mention of safe setbacks in the context of fire. Nor does it mention fire separations in the context of
separation from adjacent buildings or combustible material outside the building, requirements for
enclosed foundations. Many combustible buildings are not required to have sprinklers. The code does
specify requirements for maximum distance to nearby hydrants (90 m). Available flow and pressure
are both specified. The implication is simply that the starting point before the development of a WUI
code in Canada is similar to that in the United States. The similarity supports the use of benefit-
transfer from the United States based on the benefit-cost ratios in Natural Hazard Mitigation Saves.

The National Fire Code of Canada includes “provisions for the ongoing maintenance and use of the
fire safety and fire protection features incorporated in buildings, the conduct of activities that might
cause fire hazards in and around buildings, limitations on hazardous contents in and around
buildings, the establishment of fire safety plans, and fire safety at construction and demolition sites.”
It therefore does not appear to affect benefits associated with a future WUI guideline. At least, it
does not appear to matter to the benefit-transfer analysis proposed here.

2.2.3 Canadian construction costs

RSMeans (https://www.rsmeansonline.com/) offers construction cost data that are adjustable for any
location in the United States and Canada, which means that where U.S. construction costs differ
from those in Canada, the project team will be able to use RSMeans to account for the differences in
the benefit-transfer calculation.

Payscale.com also provides readily accessible estimates of construction cost labour in the United States
and Canada. It shows that construction labourers in Canada earn 18% more than U.S. construction
workers. Canadian construction labourers earn $24.00 CAD/hour (https://www.payscale.com/
research/CA/Industry=Construction/Hourly_Rate). In the United States, the rate is $15.09 USD/hour
(https://www.payscale.com/research/CA/Industry=Construction/Hourly_Rate) or $20.33 CAD/hour,
using https://usd.currencyrate.today/cad for exchange rates.




2.2.4 Costs of temporary housing and value of direct business interruption in Canada

Mitigation Saves uses average costs of temporary housing in the United States in the estimation of
additional living expenses. It uses estimates of worker productivity in the United States to estimate
the costs of direct business interruption. How can one convert these United States costs to Canada?

The 2011 National Household Survey (https:/Awww12 statcan.gc.ca/datasets/Index-eng.cfm)
provides information on shelter costs. If these data prove somehow inadequate, Canadian
commercial real estate resources offer data on the costs of residential rent. For example, RentCafé
(https://www.rentcafe.com/canada) offers location-specific rent data.

Statistics Canada provides a database of Canadian industry statistics, including total annual revenue
and total number of establishments (but not total number of employees) by economic sector
(https://www.ic.gc.ca/app/scr/app/cis/search-recherche).

2.2.5 Acceptable costs to avoid statistical deaths and nonfatal injuries

Various agencies of the federal government of the United States establish acceptable costs to

avoid statistical deaths and nonfatal injuries, for purposes of calculating the cost effectiveness of
regulation that protects human life. For example, as of 2015, the United States Department of
Transportation (2015) assigned a value of $9.4 million USD to avoiding a future death of an unknown
person at an unknown time, equivalent to $12.6 million 2015 CAD or $13.5 million 2019 CAD
(https://www.bankofcanada.ca/rates/related/inflation-calculator/).

The Transport Safety Board of Canada attempted to update its value of a statistical life, but
encountered so far insurmountable problems (Transportation Safety Board of Canada 2018). The
project team may therefore map from the United States to Canada using a reasonable proxy, such as
the relative value of the gross domestic product per capita, as suggested by Miller (2000). Accounting
for inflation since 2015 and the relative values of the gross domestic product per capita in Canada
($46,378 international dollars according to the World Bank) versus the United States ($59,532), one
can assign an acceptable cost to avoid a future statistical death of $10.5 million 2019 CAD.

2.3 Data sources and data gaps for exposed infrastructure

2.3.1 Fire hazard

Natural Resources Canada maintains the Canadian Wildland Fire Information System
(http:/cwfis.cfs.nrcan.gc.ca/home). The system shows historic fire perimeters (Figure 5), cost of fire
protection (https://www.nrcan.gc.ca/forests/climate-change/forest-change/17783), and projections of
the effects of climate change on burned area (https://Awww.nrcan.gc.ca/forests/climate-change/
forest-change/17780). It does not appear as if Natural Resources Canada has calculated maps of
wildfire hazard potential in the same terms as the U.S. Forest Service (Dillon 2018). To apply results
from Natural Hazard Mitigation Saves to Canada would require such data. However, since 90% of
Canada’s population lives within 160 km of the U.S. border, one can use Dillon (2018) to estimate the
wildfire hazard potential at the U.S. border and apply that information to Canada.




Figure 5: National fire database: fire perimeters 1980-2017 (http://cwfis.cfs.nrcan.gc.ca/interactive-map).

2.3.2 Buildings and population within the Wildland Urban Interface

Thanks to research by Johnston (2016), Canada Wildfire offers insight into current quantities of land
area in the Wildland Urban Interface (https://www.canadawildfire.org/mapping-wui). Canada does
not have national scale, high-resolution interface maps for use in research or fire management,
hindering the nation’s ability to study and manage fire risk in interface areas. But Canada Wildfire has
defined and mapped three interface types at the national level: WUI, Wildland Industrial Interface,
and infrastructure interface. The interface types were defined as “areas of wildland fuels which are
within a variable-width buffer (maximum distance: 2400 m) from potentially vulnerable structures or
infrastructure.... Nationally, it was found that Canada has 32.3 million ha of WUI (3.8% of total
national land area), 10.5 million ha of Wildland Industrial Interface (1.2%), and 109.8 million ha of
infrastructure interface (13.0%).... 60% of all cities, towns, settlements, and reservations across
Canada were found to have a significant amount of WUI (defined as those with more than 500 ha of
WUl within a 5 km radius...) and therefore may have the potential for interface fire issues.”




Figure 6: Wildland Urban Interface mapping (Johnston 2016)
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2.3.3 Flood hazard

Public Safety Canada offers the Canadian Disaster Database, containing detailed disaster

information on more than 1,000 natural, technological and conflict events (excluding war) since 1900.

The database provides disaster type (e.g., flood), date, location, estimates of fatalities and a few
categories of monetary loss (https:/www.publicsafety.gc.ca/cnt/rsrcs/cndn-dsstr-dtbs/index-en.aspx).
Public Safety Canada also offers summary information about the Disaster Financial Assistance
Arrangements program such as its mission, history, and historic payments (https://www.canada.ca/en/
environment-climate-change/services/water-overview/quantity/costs-of-flooding.html).

However, Canada seems to have no nationwide flood hazard model that could be used to estimate
current risk and to project risk into the future. An alternative source of flood hazard may be required
for the present project. Conceivably, one can use flood risk estimates and projections from the
United States and spatially extrapolate them into Canada. The project team therefore searched for
such resources.
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Wobus et al. (2017) quantify aggregate flood risk in the United States, “using hydrologic projections
... to estimate changes in the frequency of modelled 1% annual exceedance probability (1% AEP, or
100-year) flood events at 57,116 stream reaches across the contiguous United States (CONUS).
[They] link these flood projections to a database of assets within mapped flood hazard zones to
model changes in inland flooding damages throughout the CONUS over the remainder of the

21st century. [Their] model generates early 21st century flood damages that reasonably approximate
the range of historical observations and trajectories of future damages that vary substantially
depending on the greenhouse gas (GHG) emissions pathway.” The value of this work for the

present project is that it can be used to extrapolate geographically into Canada and temporally from
past Canadian flood losses to future ones to estimate the flood risk under two, somewhat bounding,
representative concentration pathways (RCP 4.5 and RCP 8.5) through the 21st century. The projections
by Wobus et al. are alarmingly high: an annual risk increase of 2 to 5 times within 40 years. They
ignore changes in population, floodplain development, and flood protection. That is, they use the
present distribution of exposed assets as the basis for future losses.

Because of the alarming estimates by Wobus et al. (2017), the present project team contracted for an
independent assessment by a highly regarded U.S. research meteorologist (F. Martin Ralph, Director,
Center for Western Weather and Water Extremes, Scripps Institute of Oceanography). Ralph (written
communication April 7, 2019) notes several places where Wobus et al. made deliberately conservative
assumptions (i.e., choosing modelling options that would tend to estimate risk lower rather than
higher), and judges that the Wobus model “results are extremely conservative, i.e., damage
projections are much less than what is likely to be experienced.... | conclude the flood damage
estimate is lower than what should be expected to occur in the future under the various scenarios.
Potentially by a wide margin.”

2.3.4 Human, building, and bridge demographics

Statistics Canada offers census datasets from the 2016 census of population at various levels of
aggregation (https://www12.statcan.gc.ca/datasets/index-eng.cfm?Temporal=2016). The relevant
data include population, dwellings, and households by geographic area, among other potentially
relevant data. Natural Resources Canada (2015) offers the CanVec+ geographic database of building
locations on a national scale. The data are available under the Open Government Licence-Canada.
CanVec+ also offers a geographic information system layer entitled Transport Features. Among other
features, the dataset includes bridges and their related information.

2.3.5 Data gaps

During the course of the study, the project team identified infrastructure data gaps, to inform future
research and study directions. The following data are generally required to perform a complete
benefit-cost analysis: location, construction materials, replacement cost, occupancy loads, economic
productivity, and firebreak widths of property in the Wildland Urban Interface, before and after
implementation of a mitigation strategy. Given the limited scope of the present project and the
intended use of a benefit-transfer function methodology, less information is needed. Only differences
in hazard and value exposed to loss on a broad geographic basis are required.



This memo has already referred to Canada Wildfire's expression of its own data limitations with
respect to high-resolution maps of buildings in the Wildland Urban Interface. Also missing is the
number of full-time-equivalent employees by economic sector, which may pose a challenge to
translating direct business interruption losses from the United States to Canada. The present
project team may find during the calculation of benefit transfer that other data limitations hinder
the calculation.

The only data gap identified so far is a summary highlighting changes between the 2000 and 2006
highway bridge design code. Not so much a data gap as a serious challenge, it can be hard to acquire
older codes, standards, and existing commentaries on their evolution. It can take hours to track down
a few relevant documents, and some do not appear to be available at all. Obsolete documents are
still sold for hundreds of dollars (e.g., Canadian Standards Association 2000, 2006), making it difficult
to understand changes and quantify the benefits of code development.

2.4 Benefit categories identified so far

The following benefit categories were used and quantified in Natural Hazard Mitigation Saves
(Multihazard Mitigation Council 2019):

1. Reduced future property repair and reconstruction costs.

2. Reduced additional living expenses and other costs of residential displacement.

3. Reduced future losses associated with direct business interruption, meaning the loss of revenue
resulting from damage at the facility in question that prevents it from being used for production,
or in the case of transportation infrastructure, the added costs associated with longer travel
times.

4. Reduced future losses associated with indirect business interruption, meaning the loss of revenue
resulting from damage at other facilities.

5. Lower insurance costs, particularly the part of insurance premiums associated with overhead and
profit, as opposed to the part associated with property repair costs and other claims.

Reduced costs for emergency response.
Reduced loss of service to the community, especially for fire stations and hospitals.

Lower maintenance costs.

O 0 N o

Improved public-health outcomes, especially deaths, nonfatal injuries, and post-traumatic stress
disorder. Public-health outcomes are expressed in terms of incidents and are then monetized
using the acceptable cost to avoid future statistical deaths and injuries.

10. Fewer job losses and some job creation.
11. Lower environmental impacts.
12. Reduced historical and other cultural impacts.

13. Impact on tax revenues.
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Natural Hazard Mitigation Saves identifies the following intangible benefit categories that could not
be quantified in benefit-cost ratios:

1. Continuity of life’s arc.

2. Protection of heirlooms.

3. Protection of culture.

4. Avoidance of the disproportionate impacts on vulnerable populations: the poor, the elderly, and
those with lesser degrees of social capital or connectedness with other members of society.

5. Protection of pets.

6. Protection of ecosystems.

7. Peace of mind, that is, avoidance of psychological harm short of that associated with post-
traumatic stress disorder.

Finally, during the initial work for the present project, the project team identified one additional
intangible benefit category: lower cost or greater access to mitigation decision-making information.
Others may emerge during the course of the present project.

2.5 Observations

It is impossible to know today what the ultimate outcomes of the products of the Climate Resilient
Buildings and Core Public Infrastructure project will be. For purposes of estimating benefits, the
project team assumes that the Canadian effort will produce products similar to those examined in
Natural Hazard Mitigation Saves, such as the International Wildland Urban Interface Code
(International Code Council 2015). Differences could account for Canada’s hazard with nearly
identical performance objectives on a per-building or per-bridge basis, or Canada could aim for
higher or lower performance objectives.

An example of a higher performance objective already in place — that is, a case where new Canadian
buildings probably outperform new U.S. buildings — the National Building Code of Canada bases its
design strength requirements on shaking with 2% exceedance probability in 50 years. By contrast,
the International Building Code’s reference standard ASCE 7-16 (American Society of Civil Engineers
2016) applies a factor of 2/3 to a similar value, the risk-targeted maximum considered earthquake
(MCEg) shaking. MCEg shaking has a different probabilistic basis, but MCEg generally varies between
70% and 110% of the 2% in 50 year motion, with an average slightly below it. The 2/3-factor
means that the National Building Code of Canada requires new buildings to be approximately 50%
stronger than those produced by the International Building Code. The U.S. Geological Survey’s
HayWired scenario found that if new California buildings were all built 50% stronger, a hypothetical
but highly realistic Mw 7.0 earthquake on the Hayward Fault in the eastern part of the San Francisco
Bay Area would impair far fewer of them, reducing the number of collapsed, red-tagged, and
yellow-tagged buildings by about 75% (Porter 2018).



3. Methods

3.1 Benefit transfer

This project estimates the benefits of the Climate Resilient Buildings and Core Public Infrastructure
(CRBCPI) program using an economic analysis method called benefit transfer (Figure 7). The method
relies on secondary data, which here means a recent, large study in the United States entitled
Natural Hazard Mitigation Saves. The results of the prior study are used to estimate the value of
something that has an unknown value, which here means CRBCPI's products. The economic term of
art for the unknown value is “nonmarket economic value”; no market, so no easily known value.
One estimates its value based on its similarity to something from the prior study. The products of
Natural Hazard Mitigation Saves are benefit-cost ratios for a variety of natural-hazard mitigation
measures, some of which resemble the products of CRBCPI.

Figure 7: The benefit-transfer method of economic analysis assigns values to a nonmarket
good (such as the products of the CRBCPI) using information about similar goods whose
values are known (such as the mitigation measures examined by Natural Hazard
Mitigation Saves).

_

3.2 Benefit categories

A benefit-cost ratio is the benefit of a thing divided by its cost. In the present case, the benefits are
measured in terms of the value of future losses that people and communities avoid if they undertake
the mitigation measures. Those avoided future losses come in many forms: reduced property
damage; fewer deaths, nonfatal injuries, and instances of post-traumatic stress disorder; lower losses
associated with the time during which one cannot occupy and use residences, businesses, and other
infrastructure; lower losses to broader economy because people can continue to do business with the
people who would otherwise be displaced; lower emergency response and recovery costs; lower
overhead and profit costs associated with insurance premiums; and lower losses to environmental
features that provide an economic value (Figure 8). All of these benefits can be expressed in monetary
terms. Even deaths, injuries, and cases of post-traumatic stress disorder can be expressed in monetary
terms using acceptable costs to avoid them; such acceptable costs have been quantified using the
money people pay to improve their safety or the money they demand to take on dangerous jobs.
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Figure 8: Benefit categories quantified by benefit-cost ratios.

- puUusin n 'TUpTti

PTOPELTY [ddNIdage & adaitional Vil
expens

UEAUR CRINULTES

{ITSUTAITCEOVETNTEdI S

EUDIT@SCIVICE :
'PIO1I!

POSTUdUNTAUI@SIESS
dISOrdce]

Many mitigation measures also produce benefits that cannot be monetized, such as continuity of
life's arc; mementos; pets; cultural heritage; equity associated with disproportionate impacts to the
poor, powerless, and socially vulnerable; and environmental impacts to resources beyond their
monetary value (Figure 9). Benefit-cost ratios that include tangible benefits but not intangible ones
therefore tend to underestimate the benefits of natural hazard mitigation.

Figure 9: Intangible benefit categories whose monetary value was not included in
benefit-cost ratios.
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3.3 Source: Natural Hazard Mitigation Saves

The mitigation measures examined in Natural Hazard Mitigation Saves include the adoption and
improvement of building codes that make new buildings better, strengthening or other improvements
to existing buildings, and strengthening or other improvements to utilities and transportation
infrastructure. Natural Hazard Mitigation Saves examined such measures to reduce future losses from
five kinds of natural hazards: riverine flooding, coastal flooding, fire at the Wildland Urban Interface,
earthquakes, and windstorms (mostly hurricane winds). The study focused exclusively on buildings
and other infrastructure in the United States.

The benefit transfer is capable of dealing with important differences between the previously studied
measures and those whose benefits are to be estimated now. One adjusts the values from the prior
study to account for the differences. In the present study, the project team adjusts benefit-cost ratios
from the United States to account for four differences: project size and local costs, hazard,
vulnerability, and subtler differences that affect only one or some of the benefit categories. Benefit
transfer is used here because thorough analysis is too expensive to be warranted or is otherwise
impractical. As a consequence, one attempts to make reasonable, defensible adjustments to relate
the prior study to the present one, but the adjustments can be fairly approximate, and sometime rely
on judgment. If one makes the adjustments transparently and consistently, any errors can at least be
understood and perhaps later corrected, and will tend at least to maintain a sense of the relative
benefits of one measure versus another.

3.4 Function-transfer methodological details

Step 1: account for project size. In the simplest case, one finds a very similar investment whose
benefit-cost ratio is already known, such as from the Natural Hazard Mitigation Saves project.

To calculate the dollar benefit for the program under consideration, one multiplies the benefit-cost
ratio from the previous study by the number of investments under consideration (let us denote the
number of investments by a variable labelled A) and the cost per investment (let us denote the cost
per investment with a variable labelled B), which accounts for the project size.

Step 2: optionally account for cost differences. Local costs may differ from the source to the target,
which would affect the denominator in the benefit-cost ratio (BCR). Let C denote the ratio of the
target (Canadian) cost to that at source (U.S.) cost to achieve the same end. If C> 1.0, the
benefit-cost ratio goes down (C affects the denominator). However, because if C > 1, some properties
that would have had a benefit-cost ratio just over 1.0 would now have one just under 1.0, they
become not cost effective. If the project size is not fixed — if one only mitigates where it is cost
effective to do so — these properties are removed from the project. The threshold value of BCR = 1.0
acts as a filter. The mitigation measure is cost effective for fewer properties. Likewise, if C < 1.0, the
projects that already had BCR > 1.0 increase in benefit-cost ratio, but more projects that previously
had BCR near but less than 1.0 enter into the portfolio, diluting the effect of lower cost on BCR.

The implication is that where the project size is not fixed, as cost goes down and BCR goes up, more
and more projects will be cost effective, until virtually all are cost effective, and BCR will increase
inversely with cost. But as cost goes up and BCR goes down, more projects will become not cost
effective and will be removed from the portfolio of projects that are cost effective. The BCR will drop
and asymptote to 1.0, leaving the very few projects that remain cost effective because they are on
the high tail of the distribution of the BCR of individual projects. On an approximate basis, the
present project team models projects as having exponentially distributed BCR, as in equation (1).
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(Why exponential? Because under information theory, exponential is the maximum-entropy
distribution for an uncertain positive quantity constrained only by an expected value.) From this
eqguation, one can calculate m’, which here denotes the censored mean BCR, using equation (2), and
plot the censored mean as a function of true mean, as in Figure 10. The plot shows that censoring
has a pronounced effect when the true BCR < 4 to 6 or so. Above that, relatively few projects with
BCR < 1.0 are censored out, fewer than 1 in 6 or so.

f, (X) = A exp (-4+x) (1)
jx < f, () dx
7 1

m=' )
j f, (x) dx
1

Figure 10: Effect of censoring values less than 1.0 from an exponentially distributed
random variable.
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Step 3: optionally account for differences in hazard. Hazard might differ between the source study
and the target one (the one under consideration). Let H denote the ratio of some important scalar
measure of the target (Canadian) hazard to that at source (U.S.). For example, it may be the case that
Canadian fire hazard is in some sense half that of the United States. Perhaps Wildland Urban Interface
fires happen 50% less often in Canadian communities than in the United States, on average,
although the severity, once they do occur, is equal. Higher hazard tends to increase benefit-cost ratio.



However, just as with cost, BCR = 1.0 threshold acts as a filter. If H < 1.0, the hazard is lower and
the mitigation measure is cost effective for fewer properties — those just above BCR = 1.0 come to
have BCR < 1.0 — and some drop out of the inventory of properties included in the project size.
Likewise, if H> 1.0, the projects that already had BCR > 1.0 increase in benefit-cost ratio, but more
projects that previously had BCR near but less than 1.0 enter into the portfolio, diluting the effect of
higher hazard on BCR. The implication is that BCR goes with something like H*2, where 0 < x, < 1.0.
The censoring effect of H is similar to that of C.

Step 4: optionally account for differences in vulnerability. Similar to step 2, another factor can be
used to account for differences in vulnerability. (Vulnerability refers to the relationship between loss
that a property experiences and the degree of environmental excitation). For example, if Canadian
buildings are built lower than United States buildings and are therefore D times more damageable in
floods of a given depth, then one multiplies the benefits from the prior steps by D, to make it now
account for project size, local cost, hazard, and vulnerability. The effect on benefit-cost ratio of
differences in vulnerability is like that of differences in cost and hazard.

Step 5: optionally account for differences in one of the benefit categories. One can account for
subtler differences between the prior study and the program under consideration. Suppose the two
programs differ in one of the several contributors to benefits, such as the acceptable cost to avoid a
statistical fatality (a necessary monetary measure of the value of human life). The value in different
countries tends to correlate with per capita income, which in 2018 in Canada was about 0.79 times
that of the United States, according to the International Monetary Fund (2019). Suppose that in the
prior study, the benefit category under consideration accounted for some fraction £ of the overall
benefits, and that in Canada, the benefit is worth a multiple F that in the prior study (0.79 in this
example). To account for this subtler difference, one multiplies the benefits from the prior steps by £
and F, and adds back in the remaining benefits from the other categories, i.e., add the benefits from
the prior steps times (1 minus £). A similar method can be used for each benefit category that differs
between the prior study and the project under consideration.

Step 6: optionally account for differences in occupancy. One prior study may have calculated a
benefit-cost ratio for one occupancy class, such as residential. It may be that the program under
consideration closely relates to two prior studies in different ways. One prior study may have
addressed a mitigation measure similar to the one of interest, but only for one occupancy class, such
as residential. The other prior study may have addressed a different mitigation measure than the one
of interest but with the same mixed occupancies as the program of interest (residential, commercial,
industrial, etc.). To mix the two, identify a benefit category o in prior study 1 that seems likely to have
the same degree of benefit as in the program under consideration. Prior study 2 must also have the
same benefit category. The estimated benefit-cost ratio for the program under consideration can then
be estimated using equation (3). In the equation, E denotes a factor to account for occupancy
differences

BCR® = BCRVx E
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where BCR® denotes the estimated benefit-cost ratio for the program under consideration, BCR()
that of prior study 1, E is referred to here as the occupancy factor, (" denotes the fraction of the
benefits from prior study 1 that accrue from benefit category o, ¢ denotes an index to benefit
categories, N, denotes the number of benefit categories in prior study 2 that seem to apply to the
program of interest, and .2 denotes the fraction of the benefits from prior study 2 that accrue from
benefit category c.

3.5 Other methodological details

A note on the useful life of a bridge: the useful economic life of an engineered structure tends to be
longer than its design life. Most engineered buildings in the United States have a design life of

50 years, but, as demonstrated in Mitigation Saves, their useful life tends to be more like 75 years.
Permanent infrastructure that lacks mechanical components such as bridges probably lasts longer.
Some types of bridge deck (just the driving surface, not the piers, abutments, and foundations) have
a life of at least 75 years. Hearn and Xi (2007) show that decks with bare steel, waterproofing
membrane, and asphalt wearing surface have useful lives of 60 to 80 years. Bridge foundation,
abutments, piers, and other structural elements probably have a longer useful life.

As evidence that new Canadian bridges may have a longer actual life than their design life, consider
the case in the United States. The U.S. National Bridge Inventory (Federal Highway Administration
2019) of 616,000 roadway bridges shows that approximately 3% of U.S. bridges are already a
century old. The median U.S. bridge is now almost 50 years old, and even though 9% of bridges are
now structurally deficient (Federal Highway Administration 2017), the U.S. is showing little sign of
undertaking a sufficient bridge replacement program to speedily eliminate this backlog. Federal
obligations for bridge renovation or replacement have been in decline for at least a decade. It would
be astonishing if the U.S. federal, state, and local governments undertook to replace 10% of existing
bridges in the next 25 years, let alone all of them. For present purposes, the project team assumes
that new bridges will last 100 years, consistent with the infrastructure lifetime used in both the 2005
and 2018 Mitigation Saves studies. If the United States, with its greater wealth (its per capita gross
domestic product in terms of purchasing power parity is 1.3 times that of Canada), must stretch the
useful life of bridges beyond their design life, it seems likely that Canada will do so as well, so a
100-year useful life of Canadian bridges seems reasonable.
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4. Estimated benefits and costs

4.1 Estimated benefits of the National Wildland Urban Interface Guideline and
Standard

The project team estimated the benefit-cost ratio for adopting the 2015 International Wildland Urban
Interface Code to be approximately 12.1 to 1 after accounting for the lower added costs in Canada,
that is, $12 saved per $1 of added cost. The team estimated a range of compliance costs depending
on local conditions absent the 2015 International Wildland Urban Interface Code. Under conditions
like those deemed to apply in Canada, compliance with the International Wildland Urban Interface
Code would add an estimated $5,111 USD (6,744 CAD) to the cost of a new, 200 square-meter
house, using a weighted average of classes 2 and 3 ignition-resistant construction.

Step 1: Project size. It has been estimated that 60% of all Canadian cities, towns, settlements, and
indigenous communities across Canada were found to have a significant amount of WUI (defined as
those with more than 500 ha of WUI within a 5 km radius). In Natural Hazard Mitigation Saves, it
was found that 21% of census blocks in counties that have at least some land in the Wildland Urban
Interface have sufficient risk to make adoption of the International Wildland Urban Interface Code
cost effective; absent better information for Canada, the implication is that 13% of new Canadian
buildings would benefit from applying the National Wildland Urban Interface Guideline. Statistics
Canada indicates that Canada contains 15.4 million dwellings, and that the population of Canada
grows about 1.2% per year. It is assumed here that the growth of the building stock tracks with
population growth. Thus, the number of investments, A = 0.13 x 15.4 million x 0.012 = 20,000.
Furthermore, since the guidelines are mere guidelines and not a standard, only a small fraction of the
potential market of new buildings will consider the guidelines. It is very difficult to assign a number to
that fraction, but 10% seems plausible, meaning A = 2,000, growing to 20,000 when the guideline
becomes a standard.

Step 2: Account for project cost. The cost per investment in the United States is $6,700 CAD, of
which $5,000 CAD is capital cost and $1,700 is long-term labour to maintain vegetation. Material
costs are assumed to be the same in the two countries, thanks to the law of a single price. Taking
materials as half the capital cost per investment (32,500 CAD) and inflating the remainder, labour
($4,200 CAD), by 18%, implies the cost per investment is C = $7,500 CAD, of which $2,000 pays for
long-term vegetation maintenance. Scawthorn did not account for the higher cost of Canadian
labour, so we adjust his BCR = 12.1 x 1/(7,500/6,700) = 10.8.

Step 3: Account for hazard. The project team of Natural Hazard Mitigation Saves estimated the
benefit-cost ratio for adopting the 2015 International Wildland Urban Interface Code using a map of
wildfire hazard potential in the conterminous United States by the U.S. Forest Service (Dillon 2018;
Figure 11). Average wildfire hazard potential in the United States is 425 (unitless). The average value
along the U.S.-Canada border (calculated by an equally-spaced sample 150 km east to west along
the border, and another 150 km south of that line) is 197, suggesting that the wildfire hazard
potential along the border is approximately 0.47 times the average in the United States. On this basis,
the project team estimates a hazard factor H = 0.47. Thus, BCR = 10.8 x 0.47 = 5.1. However,
censoring tends to take over here, so with censoring, the BCR is closer to 6.0.
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Figure 11: Wildfire hazard potential in the conterminous United States.

Step 4: Optionally account for differences in vulnerability. Construction practices in Canada are
similar enough to those in the United States that the project team takes the vulnerability factor V = 1.

Step 5: Optionally account for differences in one of the benefit categories. Natural Hazard
Mitigation Saves estimated the benefits associated with adopting the 2015 International Wildland
Urban Interface Code derive mostly from avoided property damage (70%), insurance overhead and
profit 20%), and small contributions from casualties (5%), sheltering (3%), and indirect business
interruption (2%). There appears to be no large, obvious differences between these benefits in the
United States versus Canada. The present project team therefore makes no step-5 adjustments.

Results: The project team estimates that the benefit-cost ratio for the National Wildland Urban
Interface Guideline will be approximately 6, somewhat smaller than that in the United States for
similar (8), owing to the lower wildfire hazard potential in southern Canada, versus that of the
average in the United States. After accounting for annual number of investments, cost of
investments, and hazard, the project team estimates the total cost of the National Wildland Urban
Interface Code will be $150 million CAD per year of new construction, but that every year of new
construction that complies with the guidelines will save Canada $900 million CAD in the long run,
on average.
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Table 1: Benefit-transfer calculation for National Wildland Urban Interface Guideline.

. Cost Benefit
Parameter Variable BCR Investments CANSmillion CANS million
Natural Hazard Mitigation Saves adopt
2015 International Wildland Urban 121
Interface Code, new buildings, BCR, '
class-3 construction
_Potent|a| annual number of 20,000
investments, A
Cost per investment, B, CAD $7,500 $150
Cost factor, C 0.89 10.8
Hazard factor, H 0.47 5.1
Vulnerability factor, D 1 5.1
Effect of censoring 6 20,000 $150 $900
Investment rate while still a guideline 0.1 2,000 $15 $90

Jobs. As for intangible benefits, as previously noted the guideline, once integrated into the National
Building Code by way of an adopted standard, would affect 13% of new construction. The growth in

construction cost for each investment, $5,500, represents about 1% of the cost of a new building.
Together, these two facts suggest a growth of the nationwide cost of construction of 0.13 “0.01 =
0.0013, or 0.13%. If that 0.13% growth in revenue were to produce a similar increase in the

1.5 million Canadian construction jobs (https://Awww150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=

1410002301), the guideline cum standard would result in 1,800 new long-term jobs, about one job

for every 10 houses built per year in the WUI.

Recap. The project team estimates that the benefit-cost ratio for the National Wildland Urban
Interface Guideline and Standard will be approximately 6:1, i.e., saving $6 per $1 of additional
construction cost in portions of the Wildland Urban Interface. It is estimated that Canada adds
20,000 buildings per year in the Wildland Urban Interface, at a cost of $7,500 CAD per investment,
of which $2,000 CAD cash outlay can be avoided if the homeowner performs the vegetation
maintenance over the entire life of the property. If the guideline document must be converted to a
standard before it can be adopted by the National Building Code of Canada, it may only be used at

a fraction of the 20,000 new buildings every year, perhaps 10%. That is, until the guideline becomes
a standard, perhaps 2,000 new buildings per year would be built to comply with the guideline. When
the guideline becomes a standard, the number increases to an estimated 20,000 buildings. The total

cost of the National Wildland Urban Interface Standard is estimated to be $150 million CAD per year

of new construction. With a benefit-cost ratio of 6, every year of new construction that complies
with the standard will save Canada $900 million CAD in the long run, on average. Figure 12 applies
the distribution of benefit categories from Natural Hazard Mitigation Saves to the Canadian results.

23



Figure 12: Contribution to benefits for National Wildland Urban Interface Standard, per year
of new construction. The guideline could add $7,500 in costs per house, of which $2,000
pays to control vegetation during the 75-year life of the house. The effort saves $45,000 per
house, including $32,000 in property repairs, $9,000 in insurance payments, and $4,000 in
living expenses, economic losses to the broader economy, and life-safety improvements.

Benefit: $900 million Cost: $150 million

(millions 2019 CAD)
70% - Property: $630 5%
20% - Insurance overhead & profit: $180

3% - Additional living expenses: $27

2% — Indirect business interruption: $18 29
5% - Casualties & PTSD: $45 3% —

The guideline will produce a number of benefits that are harder to quantify. The added cost of
construction will add roughly one new long-term job in the construction industry for every 10 new
houses built to comply with the guideline. The added fire resilience will tend to improve the owners'’
and occupants’ peace of mind, better protect their heirlooms and mementos, better protect the
continuity of their lives' arc, reduce communities’ emergency-response demands, better protect
local culture and a sense of community, and reduce environmental impacts from damaged property.
In the long run — decades into the future — the measure will improve the safety and welfare of
disadvantaged populations, although the costs of maintaining defensible space around buildings will
impose a burden on all those in the WUL. In the short term, it seems likely that the benefits of better
fire resilience will disproportionately benefit Canadians who can afford new homes and who can
maintain the defensible space around the building.

Equity issues. The guidelines will probably benefit larger, wealthier, and growing communities
before smaller and poorer ones, for two reasons: wealthier and growing communities tend to
occupy newer buildings, and they tend to be better able to afford to maintain the defensible space
around buildings. Smaller and poorer communities could have trouble enforcing requirements for
defensible space.

4.2 Estimated benefits of the National Guidelines for the Flood Resilience of
Buildings

Natural Hazard Mitigation Saves quantified the benefit-cost ratio of adopting ASCE 24-14 (American
Society of Civil Engineers 2014), which requires that most new buildings have one foot of freeboard
above the base flood elevation, as opposed to zero. The study estimated a benefit-cost ratio of 6:1.
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Canada adds 180,000 dwellings annually, and perhaps 120,000 nonresidential buildings, suggesting
300,000 new buildings per year. In the United States, approximately 13% of new construction is in
the special flood hazard area. Applying the same fraction to Canada suggests approximately 50,000
investments — new, better buildings — per year.

Assuming the average building area is 2,000 square feet and costs $250 CAD per square foot, the
average total construction cost is approximately $500,000 CAD. An additional foot of freeboard
adds 1% to the construction cost (https:/www.fema.gov/media-library-data/1438356606317-
d1d037d75640588f45e2168eb9a190ce/FPM_1-pager_Freeboard_Final_06-19-14.pdf), so the
per-building investment is $5,000 CAD.

Thus, Canada adds $25 billion CAD in new construction in the floodplain, and the added foot of
freeboard accounts for $250 million CAD in added construction cost.

An occupancy factor is required. The flood guidelines affect all occupancy classes, whereas the
Natural Hazard Mitigation Saves study of additional freeboard (prior study 1 for the purposes of the
occupancy factor) only examined residential buildings. The project team takes the property benefits
from prior study 1 as benefit category o; property benefits contributed 87% to the total benefits of
that mitigation measure, that is, (1 = 0.87. The project team takes as prior study 2 the Natural
Hazard Mitigation Saves study of code development for seismic design requirements, which included
all occupancy categories, and whose benefit categories were property (43% of benefits), deaths,
injuries, and post-traumatic stress disorder (14%), direct business interruption and additional living
expenses (29%), and indirect business interruption (14%). The project team ignores the deaths,
injuries, and post-traumatic stress disorder from prior study 2, which do not seem to apply here.

The occupancy factor E is therefore 0.87 x (0.43 + 0.29 + 0.14)/(0.43) = 1.74. Insurance overhead
and profit also seem to apply; they represented an additional 3% on top of the 87% from prior
study 1, so E can be taken as 1.74 + 0.03/0.87 = 1.77. Thus, the benefit-cost ratio for the new
guidelines, Canadian national guidelines for the flood resilience of buildings, assuming they resemble
ASCE 24-14 in adding one foot of freeboard above base flood elevation for all occupancy classes, can
be estimated to be 6 x 1.77 = 10.6, or 11 to avoid the appearance of excessive accuracy.

With a benefit-cost ratio of 11:1, Canada would save approximately $2.75 billion CAD in the long

run, on average, from every year of construction that complies with the new guidelines.

Table 2: Benefit-transfer calculation for National Guidelines for the Flood Resilience
of Buildings.

Parameter Variable BCR CANgcr’:itllion CABI'\fsnr:];Iiltion
Natqra/ Hazard Mitigation Saves adopt ASCE 24-14, 6 6

adding 1 ft of freeboard, BCR

Annual number of investments, A, million 0.05 6

Cost per investment, B, CAD $5,000 6 $250 $1,500
Hazard factor, H 1 6 $250 $1,500
Vulnerability factor, D 1 6 $250 $1,500
Occupancy factor, £ 1.77 11 $250 $1,500
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Recap. The project team assumes that the guidelines will resemble a standard produced by the
American Society of Civil Engineers, denoted ASCE 24-14, which requires that the first floor of a new
building be built at least one foot above the elevation of the 100-year flood, rather than at the
100-year flood elevation. The project team also assumes that the guidelines will be adopted by
reference into the National Building Code of Canada. If both these assumptions prove correct, the
National Guidelines for the Flood Resistance of Buildings could add $5,000 CAD to the $500,000
CAD construction cost of a new building in the floodplain to provide the extra foot of freeboard.
Canada adds perhaps 50,000 new buildings in a year in the floodplain — perhaps 35,000 homes and
15,000 nonresidential buildings — for a total cost of $250 million CAD per year added to the cost of
new construction. With a benefit-cost ratio of 11:1, the $250 million of added cost would be more
than offset by a savings of $2.75 billion CAD in the long run, on average, from every year of
construction that complies with the new guidelines. The added cost will increase by 1% the long-
term employment in Canadian construction firms and construction materials industry, especially
timber and concrete. Figure 13 applies the distribution of benefit categories from Natural Hazard
Mitigation Saves to the Canadian results.

Figure 13: Estimated benefits per year of new construction from National Guidelines for
the Flood Resilience of Buildings.

Benefit: $2.75 billion Cost: $250 million

(millions 2019 CAD)

49% - Property: $1,350

33% — Additional living expenses & direct business
interruption: $900

16% — Indirect business interruption: $450

2% - Insurance overhead & profit: $50

The added foot of freeboard will produce other benefits that are harder to quantify. It will tend to
improve owners’ and occupants’ peace of mind, better protect heirlooms and mementos, better
protect the continuity of the lives of building occupants and users, better protect culture and
community, and reduce environmental impacts from damaged property. In the very long run —
decades into the future — the measure will improve the safety and welfare of disadvantaged
populations. However, in the short term, as with the National Wildland Urban Interface Guideline and
Standard and some other natural-hazard mitigation measures, it seems likely that the benefits of
better flood resilience will disproportionately benefit Canadians who can afford new homes.
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4.3 Estimated benefits of Canadian Highway Bridge Design Code

The Canadian Highway Bridge Design Code improves the design of new highways and highway
bridges to better resist riverine flooding. Natural Hazard Mitigation Saves offers benefit-cost ratios for
five grants to elevate roads, bridges, and railways. Their benefit-cost ratios varied between 2:1 and
11:1, with an aggregate benefit-cost ratio of 9:1.

Mitigation Saves did analyze bridge seismic retrofit programs in California, but those projects do not
seem relevant to the Canadian Highway Bridge Design Code, both because they react to a different
peril (earthquake) and because they involve retrofit rather than new design, the former of which
tends to have lower benefit-cost ratios than the latter, all else being equal. Nor did Mitigation Saves
analyze any grants that only elevated bridges or that only improved bridge design in some other way,
either in its 2018 or 2005 editions, and the project team is unaware of any other notable benefit-cost
analysis of improved bridge design.

The fundamental constraint of the benefit-transfer method is that it applies estimated benefits from
some other market (which in this context means from prior studies) to a nonmarket good (which in
this context means the mitigation measure under consideration). The project team therefore applies
the most similar benefit-cost ratio available — that of the average of the road, bridge, and railway
elevation — directly to the Canadian Highway Bridge Design Code and assumes that it too produces a
benefit-cost ratio of 9:1 through better flood and scour protection of highway bridges.

It is estimated that Canada adds approximately $30 billion CAD in roadway infrastructure per year
(http://thecostofsprawl.com/report/the-costs-of-roads-and-highways.pdf), of which approximately
55% is for new construction. Of that, approximately 0.6% pays for new highway bridges. Higher
elevation and scour protection of highway bridges would add 3% to their construction cost. The
product of the annual cost and all those percentages implies that the new highway bridge design
code will cost $3 million per year. With a benefit-cost ratio of 9:1, the added $3 million per year will
save Canadian society $27 million in the long run, per year of new highway bridge construction.
Figure 14 shows the estimated contributors to the total benefit, with fractions taken from Natura/
Hazard Mitigation Saves. The figure implies that every year of better highway bridge construction will
save $24 million in lives over the 100-year life of the new bridges ($27 million times 90%), or about
two fatalities. Approximately two to three people die annually in Canadian flooding. If Canadians
behave like Americans in flooding, most of those two to three people probably die trying to drive
over flooded roads (National Weather Service 2019). Thus, every year of new highway bridge
construction will reduce the fatality risk associated with flooded roads by about 1%. Figure 15
illustrates the need for the new design code: flooding in 2008 reached the soffit (the underside) of
the international bridge between Clair, New Brunswick and Fort Kent, Maine.
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Figure 14: Estimated benefits from National Guidelines for the Canadian Highway Bridge
Design Code from highway bridges for every year of construction that complies with the
new code.

Benefit: $27 million Cost: $3 million
(millions 2019 CAD)
2%
2% - Property: $0.5 59%
5% — Additional living expenses & direct business - 3%

interruption: $1.4
3% - Indirect business interruption: $0.8
90% — Casualties and PTSD: $24

90%

Figure 15: International bridge between Clair, New Brunswick and Fort Kent, Maine in
2008 flood (public domain photo).

Better flood protection of bridges will produce a number of benefits that are harder to quantify.

A more resilient roadway network would make social connections more resilient, improve people’s
sense of safety in severe storms, reduce displacement and traffic delays and, therefore, improve
comfort and peace of mind. More dependable transportation would better protect social services and
community cohesion and reduce environmental impacts from construction work in rivers.
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4.4 Estimated benefits of the risk assessment standard and tool

For purposes of estimating the benefits of the standard and tool, the present project team treats it as
if it will closely resemble (albeit with differences in perils, techniques, and other details) the United
States Federal Emergency Management Agency’s Benefit-Cost Analysis (BCA) program guidelines,
methodologies, and tools for the Hazard Mitigation Assistance (HMA) and Public Assistance (PA)
grant programs. The following summary of FEMA's effort quotes their web page at
https://www.fema.gov/benefit-cost-analysis:

FEMA requires a BCA to validate cost effectiveness of proposed hazard mitigation projects
prior to funding. There are two drivers behind this requirement: (1) the Office of
Management and Budget’s (OMB) Circular A-94 Revised, “Guidelines and Discount Rates
for Benefit-Cost Analysis of Federal Programs” and (2) the Stafford Act.

The goal of Circular A-94 is to promote efficient resource allocation through well-informed
decision-making by the Federal Government. FEMA's BCA Toolkit has been developed to
meet the guidelines published in Circular A-94.

Applicants and subapplicants must use FEMA-approved methodologies and tools to
demonstrate the cost effectiveness of their projects. FEMA has developed the BCA Toolkit to
facilitate the process of preparing a BCA. Using the BCA Toolkit will ensure that the
calculations are prepared in accordance with OMB Circular A-94 and FEMA's standardized
methodologies. It is imperative to conduct a BCA early in the project development process
to ensure the likelihood of meeting the cost effectiveness eligibility requirement.

The BCA Toolkit consists of modules for a range of major natural hazards and project types
including:

e Flood

e Tornado Safe Room

e Hurricane Wind

e Hurricane Safe Room

e Earthquake

e Wildfire

e Drought

e Damage-Frequency Assessment (Multi-Hazard)

A non-FEMA BCA methodology may only be used when it addresses a non-correctable flaw
in the FEMA-approved BCA methodology or it proposes a new approach that is unavailable
using the FEMA BCA Toolkit. The non-FEMA methodology must be approved by FEMA in
writing prior to submission of the project application to FEMA.
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As a consequence of the requirement that grant applicants use the FEMA BCA Toolkit, virtually all
grant applications for FEMA's Hazard Mitigation Assistance (HMA) and Public Assistance (PA) grant
programs use the software. HMA encompasses three programs: the Hazard Mitigation Grant Program
(HMGP), the Flood Mitigation Assistance (FMA) Program, and the Pre-Disaster Mitigation (PDM)
Program. By 2018, HMA had spent or obligated more than $15 billion in mitigation grants, mitigated
138,000 properties in 1,500 communities, and produced a benefit-cost ratio of 6:1 (http://30years.
unifiedhma.com/). Benefit-cost analysis almost certainly contributed to those statistics in several ways:

e The toolkit made the grant application much easier. Small and medium-sized communities did
not have to empanel experts to perform ad hoc benefit-cost analyses.

e The toolkit and the standard methodology almost certainly demonstrated to the U.S. Congress
that public funds were being spent cost effectively, which probably reduced or prevented calls by
fiscal conservatives to cut off federal mitigation grants.

The benefits of the risk assessment standard and tool would be indirect and difficult to quantify, but
if they resemble the United States Federal Emergency Management Agency’s BCA Toolkit, the
benefits could be very large — plausibly double the annual amount of mitigation spending undertaken
in Canada, because mitigation decisions would almost certainly be more cost effective. Mitigation
measures that are not cost effective would be less likely to be funded. In addition to improving overall
average benefit-cost ratios, the standard and tool could help to facilitate greatly expanding Canada’s
natural-hazard mitigation expenditures (and therefore its savings). They could make natural-hazard
risk management far more practical for large communities (say in excess of one million people) and
bring risk assessment and cost-effective decision-making within reach for the first time for smaller
communities, thereby improving equity between urban and rural areas, between rich and poor
communities. The project team is too uncertain of the number of potential investment decisions to
quantify the number, beyond speculating that the number will reach hundreds per year across Canada.

4.5 Estimated benefits of the overheating tool

Guo et al. (2018) estimate that the relative risk of heat-related deaths in Canada is about the same as
in the United States (https:/journals.plos.org/plosmedicine/article/file?type=supplementary&
id=info:doi/10.1371/journal.pmed.1002629.5001). They speculate that the cause is adaptation across
communities to their local climate, but climate change will more strongly affect tropical regions than
temperate ones. They estimate future heat-related deaths under four greenhouse gas emission
scenarios (representative concentration pathways RCP2.6, 4.5, 6.0, and 8.5) and three future
population scenarios (high, medium, and low fertility; https:/population.un.org/wpp/DataQuery/).
For details about the representative concentration pathways, see Intergovernmental Panel on Climate
Change (2014). Without adaptation to climate change, and under their median population-growth
model, Canada is expected to experience approximately a 250% increase in annual heat-related
deaths during the coming 60 years, relative to the last 50, for RCP4.5 and RCP6.0, which seem to the
project team to be the most probable. (RCP8.5 also seems plausible, but less likely.) With full
adaptation, the growth is about 65% rather than 250%. At the midpoint of the coming 60 years

— one generation in the future — the project team uses half the two projected growth values, i.e.,
30% growth in the number of heat-related deaths with full adaptation rather than 125% growth
without adaptation, by mid-century. The difference is an additional 95% growth in heat-related
deaths by mid-century without adaptation versus with adaptation.
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Guo et al. estimate 300 annual heat-related deaths in Canada. Is that number high, low, or about
right? The July 2018 Quebec heat wave reportedly killed 80 people (https:/nationalpost.com/news/
canada/new-research-predicts-heat-waves-in-canada-could-become-more-frequent-and-five-times-
more-deadly), and seemed noteworthy. Does that mean the average annual figure is lower? The
United States Environmental Protection Agency estimates one to two people per million die annually
in the United States from heat, and another one person or so per million in cases where heat was a
contributing cause. (https://www.epa.gov/sites/production/files/2016-08/documents/print_heat-
deaths-2016.pdf). Scaling for population and assuming the adaptation produces about the same
fatality rate in Canada as in the United States, one would expect 75 to 130 heat-related deaths per
year in Canada. That a single, extraordinary heat event in Quebec killed 80 people suggests that the
lower annual figure of 75 to 100 (rather than 300) seems more plausible. The project team uses a
baseline value of 90 heat-related deaths annually under current conditions.

Thus, looking ahead one generation, if the overheating tool will provide most of the adaptation to
climate change, and thus avoid most of the projected 95% growth in heat-related deaths by
mid-century, using 90 heat-related deaths in 2019, one can estimate that the overheating tool would
prevent on the order of 80 deaths annually by mid-century. Taking adaptation as largely within the
domain of buildings, the implication is that the use of the overheating tool to adapt new buildings to
climate change can prevent up to 80 fatalities per year, worth $840 million per year. To avoid the
appearance of excessive accuracy, the present project team estimates 100 deaths avoided, valued as
worth $1 billion CAD annually to avoid by mid-century.

While Guo et al.’s (2018) projections enable the project team to estimate the benefits of construction
changes resulting from the use of an overheating tool, they do not quantify costs or attempt to
measure the six levels of intervention they describe, most of which are behavioural rather than
changes to infrastructure. Laouadi and Lacasse (2017) list a variety of possible adaptions for new
construction and retrofit for existing buildings, but they do not speculate on the costs of individual
measures or the likely distribution of the various measures among new or existing buildings. Home
Innovation Research Labs (e.g., 2017) offers a series of cost estimates for individual changes in the
2018 International Residential Code (IRC) (International Code Council 2017), some of which relate to
wall and attic insulation and to changes to the solar heat gain coefficient of glazing, but the gap
between Laouadi and Lacasse’s (2017) list of possible categories and the detailed costs of particular
IRC changes is too great for the project team to defensibly borrow cost estimates. The benefit-
transfer method is insufficient in the present case to provide a cost estimate for the overheating tool.
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5. Conclusions

Pre-disaster mitigation reduces the post-disaster financial impact to society with regard to building
and other property ownership; makes for more efficient infrastructure investments; helps to produce
long-term jobs; provides savings to the local, provincial, and federal government; saves lives; and
reduces random economic shocks to society. By confronting Canada’s leading natural hazards and
their effects on buildings and other infrastructure, the Climate Resilient Buildings and Core Public

Infrastructure (CRBCPI) Initiative will provide all of those benefits, ultimately saving an estimated
$4.7 billion per year at an estimated cost of $400 million in additional construction costs, for a

savings of $12 per $1 invested, as summarized in Table 3, equivalent to a 1,100% return on
investment — an admirable outcome. (Note that the 12:1 ratio is slightly high because it ignores the
unknown cost of the overheating tool.) Figure 16 summarizes how different categories of benefits

contribute to the total.

Table 3: Estimates of unit costs and benefits per house, benefit-cost ratios (BCRs), and total
annual nationwide costs and benefits of CRBCPI products.

Unit Unit Benefit- Cost Benefit
Product cost benefit | cost ratio | $ million | $ million
National Wildland Urban Interface Guideline & Standard $7,500 | $45,000 6:1 $150 $900
National Guidelines for the Flood Resilience of Buildings $5,000 | $30,000 11:1 $250 $2,750
Canadian Highway Bridge Design Code N/A N/A 9:1 $3 $27
Overheating Tool N/A N/A N/A N/A $1,000
Nationwide annual total cost and benefit (rounded) 12:1 $400 $4,700

Table 3 relies on an economic analysis procedure referred to as benefit transfer. It draws on detailed
benefit-cost analyses performed for three U.S. government agencies and four U.S. private-sector

sponsors of the Natural Hazard Mitigation Saves study by the Multihazard Mitigation Council of the
National Institute of Building Sciences. Mitigation Saves represents the most exhaustive benefit-cost

analysis of natural-hazard mitigation ever performed.

Figure 16: Estimated contribution to total benefits of Climate Resilient Buildings and
Core Public Infrastructure (CRBCPI) projects, from various benefit categories. Dollar figures
are per year of new construction that complies with CRBCPI product requirements.

Benefit: $4.7 billion

(millions 2019 CAD)
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