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Abstract

Single-family dwellings make a significant contribution to carbon emissions in Canada. The
National Energy Code for Buildings (NECB) emphasizes reducing the operational carbon consumption of
buildings. Using thermal insulation material in constructing building envelopes plays a crucial role in
decreasing a building's operational carbon. However, since insulation materials have embodied carbon,
therefore, for optimal building performance and design, designers should take into account both the
operational and embodied carbon of insulation materials. This paper compares the embodied carbon and
operational energy savings resulting from the use of thermal insulation material. It also presents Carbon
Payback Period (CPP) values of different thermal insulation materials in various Canadian cities
representing different climate zones. A model is created using the Athena Impact Estimator (AIE) tool,
based on a three-bedroom single-family home with a wood-frame structure. Three insulation materials,
namely Batts Fiberglass, Blown Cellulose and Mineral Wool, are evaluated in three different cities, namely
Vancouver, Toronto and Calgary, representing three climate zones (zones 4, 5 and 7a). The HOT2000
energy simulator calculates operational carbon consumption using the energy mix comprising electricity
and natural gas. The CPPs for selected materials were calculated using operational and embodied carbon
data. A comparison of the Whole Building Life Cycle Analysis (WBLCA) Global Warming Potential (GWP)
between the National Building Code (NBC) 1995 and 2020 versions revealed an average 25% decrease in
Operational Carbon and an average 6% increase in Embodied Carbon. This compromise showed a shift
towards standardizing energy-efficient buildings and selecting sustainable thermal insulation materials
for construction. Identifying and using less carbon footprint materials can help reduce embodied carbon.
In Calgary, the CPP for Blown Cellulose, Batts Fiberglass and Mineral Wool insulation were calculated to
be 0.92, 0.94 and 1.09 years, respectively. In Toronto, the CPP for Blown Cellulose, Batts Fiberglass and
Mineral Wool is 1.15, 1.17 and 1.39 years, respectively. Vancouver has longer CPP for Batts Fiberglass,
Blown Cellulose and Mineral Wool with 2.66, 2.64, and 2.69 years, respectively. This indicates that as the
heating degree days (HDD) increases, the CPP shortens. Graphing the CPP vs HDD can help designers and
contractors make more informed decisions regarding the available choices of thermal insulations.
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1. Introduction

The government of British Columbia launched a CleanBC initiative program in 2018 known as the
Net Zero Energy Ready challenge which is committed to reducing greenhouse gas emissions by 16% below
2010 levels by 2025, 40% by 2030, 60% by 2040, and 80% by 2050 [1]. It provides financial support
developments targeting net zero energy levels of performances [2]. The province is elevating standards
for new constructions, promoting and encouraging energy-saving technological improvements in existing
homes, schools, and offices, supporting communities in reducing greenhouse gases, and preparing forthe
effects of climate change. Every new construction project, whether commercial or residential, requires a
permit before project commencement [3]. Those permits depend on the National Building Code (NBC)
published by The National Research Council of Canada (NRC), which specifies the minimum building
design and established standards. The model building code is the foundation of a national system of
regulations, practices, and enforcement [3]. According to a 2021 report by Environment and Climate
Change Canada, the building sector accounted for approximately 13% of Canada's total greenhouse gas
emissions, including operational and embodied emissions, out of which 9% was contributed by private
dwellings alone [4-9]. Since a significant proportion of said emissions come from single-family homes, the
Canada Greener Homes Grant offers up to $5,000 in grants to homeowners for energy-efficient upgrades,
such as insulation and high-efficiency heating systems [8]. This incentive program helps accelerate the
achievement of CleanBC's goal.

The National Building Code (NBC) outlines the minimum requirements for ensuring building safety
regarding public health, fire protection, accessibility and structural sufficiency [10]. This code applies to
construction, renovation, demolition projects, and change-of-use projects that could result in increased
hazards or maintenance and operation in an existing building. One of the key objectives of the NBC is to
promote sustainable buildings, while the National Energy Code for Buildings (NECB) promotes energy-
efficient buildings, focusing on reducing energy consumption for HVAC systems [10]. To achieve this, the
code sets specific thermal resistance (RSI) values for walls, roofs, floors, and thermal transmittance (U)
values for doors, windows, and skylights, which are crucial in improving energy efficiency [10]. Initially,
the NBC was implemented in its entirety across Canada. However, in 2010, it was realized that the codes
needed to be adjusted to account for the varying climate conditions in different provinces called Climate
Zones (CZ), as Canada's climate ranges from CZ 4 to CZ 8 [10]. This led to the evolution of the codes,
resulting in significant improvements in the operational emissions of buildings.

Insulation materials are directly linked to reducing operational carbon emissions. Choosing these
materials with lower embodied emission play a vital role in reducing the overall GWP of the buildings.
Such materials can contribute to mitigating climate change by either reducing carbon emissions or storing
carbon for extended periods. [11, 12]. The most common building insulation materials are fiberglass,
cellulose, and mineral wool insulation [13, 14]. They vary with characteristics such as the materials used
to produce, thermal properties, reliability, forms of availability, and costs. Since there is a lack of
comparisons of the embodied carbon of these materials in WBLCA, this study attempts to analyze that.

Models with selected locations such as Vancouver, Calgary, and Toronto each representing CZ 4,
5 and 7a respectively, as well as other versions of the NBC guidelines i.e., 1995, 2005, 2010, 2015, 2017
and 2020, are prepared. By doing so, they provide a more comprehensive understanding of the impact of
insulation materials on the energy efficiency of buildings and their embodied emissions across different
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CZ. This also confirms that NBC versions have improved the energy efficiency of buildings and allowed for
a more robust evaluation of the environmental impact of insulation materials and development of more
sustainable building practices. This study will also attempt to examine the overall carbon savings of the
building by considering those selected insulations and calculating their Carbon Payback Period (CPP).

1.1 Whole-Building Life Cycle Assessment (WBLCA)

A recent article [15] states that
despite investment in energy efficiency
and lower energy intensity, the building
and  construction sector's  energy
consumption and carbon dioxide emissions
have reached an all-time high after
rebounding from the COVID-19 pandemic.
The 2019 Global Status Report (GSR) for
Buildings and Constructions finds that the
sector accounted for more than 34% of
energy demand and approximately 39% of
energy and process-related CO, emissions
in 2021 [15]. In the same year, Canada's
construction sector emitted more than 95 million metric tonnes of carbon dioxide (MtCO2) into the
atmosphere, dramatically increasing from around 70 MtCO2 in 1990 to nearly 98 MtCO2 in 2021 [16].
Figure 1 displays three major sectors: transportation, building operations, i.e., lighting, plug loads, HVAC,
and non-building manufacturing, i.e., extraction, processes, and machinery, contributing to a significant
release of emissions. It also shows that the building sector's overall environmental impact increases
proportionately to its embodied emissions. To reduce overall emissions, the industry must improve
building energy performance, decrease building materials' carbon footprint (in this case insulation
materials), multiply policy commitments alongside the action, and increase investment in energy
efficiency [17]. Engineers and architects developed a systematic evaluation method known as the LCA. It
is a way of compiling and analyzing all the inputs, outputs, and potential environmental impacts of a
system or product to help track carbon emissions from a cradle-to-grave perspective. LCA creates a way
to help pinpoint which sector or module needs improvement and make projects more sustainable.
Therefore, this method can potentially analyze an entire building system by compiling data from all the
individual building sectors referred to as Whole Building Life Cycle Assessments (WBLCA) [17].

10%

22%

23%

m Other Transport
Non-building Mfg Other Building Material Mfg

= Building materials (core & shell) = Building operations

Figure 1: Global CO2 emission by sector in 2021 [15]

One of the main aims of LCA is to evaluate various environmental impacts, including global
warming potential (GWP), acidification, eutrophication, ozone depletion, smog, and fossil fuel
consumption. This is because variables such as raw material sources, supply chain processes,
transportation distances, construction practices, building location and climate information are all
combined to determine the lifetime carbon footprint of a building. Considering GWP, WBLCA in the
project planning phase is crucial to making thoughtful, informative, evaluated decisions for the building.
Presently, many designers are specifically focused on measuring and reducing the GWP of their projects,
bearing in mind the growing urgency of the climate crises. A set of International European and North
American standards governs LCA. Examples from the international standard organization and the
European Committee for Standardization include the ISO 14040- Environmental Management: LCA



Page |3

Principle and Framework [18], ISO 14044- Environmental Management: LCA Requirements and Guidelines
[19], EN15643- Sustainability and Construction Works: Sustainability assessments of buildings and civil
engineering work [20] and EN15978- Sustainability and Construction Works: Assessments of the
environmental performance of buildings- Calculation method [21]. These standards form the backbone of
the LCA methodology.

1.2 Embodied and Operational Carbon

Embodied carbon is the carbon dioxide (CO;) 60
emissions linked to construction processes and materials 49 o1
throughout a structure's whole lifecycle, from cradle to E >0
grave. Itincludes any CO; emissions from the extraction of 2 40
raw materials, transportation to the manufacturer, delivery '-E 30
to the job site, and other construction methods, including 8
using mechanical tools, excavators, etc. Embodied carbon, 5“ 20
as it is further defined, is the amount of carbon released X 10
throughout the construction phase of a product, structure, 0
or infrastructure project [22]. Operational carbon also
includes the carbon dioxide created when a building is being B Embodied Carbon H Operational Carbon

used.a.nd.malntamed, SL.IC|'.1 as for lighting, heating and air Figure 2: Total Carbon Emissions of
conditioning, and when it is eventually torn down, and the Global New Construction from 2020-
waste is transported, dumped, or recycled. As a result, 2050 [24]

operational carbon is different from embodied carbon.

As scientists and engineers progress toward
reducing operation carbon, recent data from the World
Green Building Council [23] show that embodied carbon is
growing as a percentage of a building's overall carbon
footprint. Figure 2 shows that embodied carbon is expected Operational
to account for nearly half of the overall carbon footprint of o
new constructions between now and 2050 [24]. As shown in
Figure 3, compared between operation and embodied
carbon, the left-hand side represents the building as-is;
essentially a regular building with nothing altered to lower

Operational
Carbon

Figure 3: Building as usual (left) and high-
performance building (right) [16][23]

operation carbon, resulting in embodied carbon contributing a small fraction of carbon emissions.
However, the high-performing building on the right side of Figure 3 is possible when improvisation and
operational carbon reduction are considered.

1.3  Environmental product declarations (system boundaries)

A thorough report on a product's life cycle is provided through an Environmental Product
Declaration (EPD). The EPD offers details about a product's potential to cause global warming, smog
formation, water pollution, eutrophication, acidification, and ozone depletion, among other
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environmental effects. The availability of an EPD for a product means that environmental performance
standards still need to be met. Rather, they serve as a disclosure tool that enables buyers and owners to
choose products with better knowledge of their environmental impact and sustainable features. The
EN15804 code models [25] the effects of construction items over four life-cycle stages:
e The product stage (A1-A3) demonstrates the effects of manufacture and the supply chain from
the “cradle to gate”;
e The construction stage (A4-A5) illustrates the effects of transportation and on-site construction;
e The use stage (B1-B7) displaying the impacts of any emissions produced during use, maintenance,
anticipated repair or replacement, and any water or energy consumed during its use;
e The end-of-life stage (C1-C4) depicts the effects of deconstruction or demolition, waste
transportation for processing, and any processes for recovery or disposal.

Athena Impact Estimator (AIE) uses these stages, allowing users to populate information at every
life cycle stage. It begins with producing the building's materials and components, followed by its
construction, user operation, and demolition at the end of service life. Some studies also consider the
positive effects of reusing and recycling building materials and energy recovery through carbon
sequestration, which refers to the loads and benefits that extend beyond the life of the building. The time
frame used to evaluate the structure is the reference study period. This time may coincide with the
building's required service life or may be established by policy at a different service life [2]. The life of
service needed for most structures in North America is typically between 50 and 100 years. This results in
the need fora caution administrator to oversee the carbon emissions of a building with a lifespan of more
than 30 years.

2. Literature Review

When starting most projects, operational carbon is released annually, and by the conclusion of
the building's life cycle, it exceeds embodied carbon. In contrast to the embodied carbon, primarily
released during construction, each year's impact is minimal [26]. This indicates that embodied carbon is
the primary carbon source during the first few years of a building's existence. This brings up three reasons
why embodied carbon in the built environment will be a significant issue during the next ten years. First,
by 2030, 74% of total carbon emissions (embodied and operational) from newly constructed projects, as
indicated in Figure 4 [26] below, will originate from their embodied carbon and just 26% from their
operational carbon. Therefore, lowering embodied carbon must be a principal focus to meet Canada's
short-term carbon emission goals (under the Paris Agreement [27], Canada is committed to decreasing
emissions by 30% below 2005 levels by 2030).

Secondly, astime passes, the building will accumulate more operational carbon, which will reduce
the significance of the embodied energy contribution. To ensure that the operational carbon for new
constructions declines steadily, electric networks need to expand their proportion of renewable energies
and decarbonize. Thirdly, building standards demand a minimum degree of energy efficiency, meaning
new constructions emit less operational carbon than before, and with each code update, the efficiency
requirements rise [27]. As a result, new constructions are subject to increasingly tight constraints on
operational carbon.
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Figure 4: Total Carbon Emissions of Global New Construction from 2020-2050 [26]

In 1987, the Brundtland report [28] on the energy efficiency of a building referred to how well the
energy consumption per square meter of floor area compares to established energy consumption
benchmarked for that specific type of building under specified climatic conditions. The report revealed
that insulation is the simplest and most cost-effective way to reduce carbon emissions by buildings. The
report defined sustainability as a continuous economic and social advancement process in both emerging
and industrialized countries that satisfies existing needs without jeopardizing the capacity of future
generations to meet their own. This brought more attention to studying insulation materials; however,
most researchers shifted their focus towards concrete as there were plenty of opportunities to improve.
Another paper [33] shows that concrete, insulation and cladding are the three most emission-intensive
categories of home-building materials, collectively representing 72% of the measured material carbon
emission. Concrete and cement emit 33% more carbon than insulation, 26.1%, in buildings [33]. According
to the authors, Rodriguez and Simonen [29] concluded that no standardized methodology is available for
building designers after comparing methods regarding WBLCA that comply with the green building rating
system (GBRS) [29]. The methods presented are diverse, with various standards serving as primary
references. This results in disparities in goals and scope, especially in describing the functional or
reference unit and system boundaries.

According to the KPMB study's embodied carbon results, XPS insulation is a clear outlier among
popular insulation materials [30]. The emissions from XPS insulation were up to 15-20 times higher than
those from other insulation materials. Only one manufacturer's lowest impact new XPS formulation came
close to different insulation types, but it still had a longer carbon payback than other forms of insulation.
Alternatives to XPS with relatively low embodied carbon, such as mineral wool, are commercially available
for similar applications. Blown cellulose had the least embodied carbon among all the insulation materials
studied [30].

In another study, Jang and Jeong [31] compared the LCA of marine insulation materials like glass
wool, expanded polystyrene, and spray polyurethane foam to accommodate a nautical cargo ship. They
evaluated the LCA comparison using GaBi software [32]. They discovered that better time and energy
efficiency could be achieved in the distribution and construction stages due to substituting wool-based
material with expanded polystyrene. As a result of the study's consideration of both environmental
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performance and weight, expanded polystyrene was deemed by the authors to be used in the marine
industry. It comes with a shock knowing that polyurethane foam had the most significant environmental
impact of the three materials; expanded polystyrene and wool-based insulation were regarded as eco-
friendly materials with a low environmental impact [31]. Therefore, LCA can accurately pinpoint which
system boundary stages can be improved. However, some limitations of the paper [32] are acknowledged,
such as the need for more optimization of the thickness of insulation materials or division of the disposal
phase in the research.

The Renovation Wave program was launched by the European Green Deal to improve the energy
efficiency of buildings and promote sustainable resource usage. Presently, over 30% of buildings in the EU
are over 50 years old, and roughly 70% of these buildings are energy-inefficient [34]. The European
Commission has estimated that the annual rate of medium energy renovations (30-60% savings) for
residential buildings is almost 1% in the EU. In comparison, deep renovations (>60% savings) account for
only 0.2% per year [35]. For light renovations (3-30% savings) and below-threshold changes (<3% savings),
the renovation levels were 3.9% and 7.1%, respectively. As for non-residential buildings, it is estimated
that annual savings of about 4.1%, 3.0%, 2.1%, and 0.3% can be achieved through weighted below-
threshold, light, medium, and deep energy renovations, respectively.

Sadowski [38] aimed to present the CPP of different types of thermal insulation for various types
of existing external walls of 1 m? in area. The study concluded that in certain instances, the CPP can be
either very long (especially when heating with partially renewable energy sources like biomass) or very
short (for materials with a low carbon footprint or when heating spaces with high-emission electricity).
The results for different EU countries can differ due to specific conditions like high non-renewable primary
energy factor (PEFn) value and climatic differences. In this study [38], the average CPP for cellulose was
less than a year for the selected European countries. The author also added that comparing them is
inappropriate due to the transport of materials between countries. Additionally, the study revealed
significant gaps in the availability of certain materials to Environmental Product Declarations (EPDs) at the
level of selected EU countries, which limits the study and the accuracy of the results. Therefore, it is
necessary to analyze available solutions and insulation materials on a case-by-case basis.

These researchers [39-44] performed LCA analyses for single-family houses and residential
buildings [45,46]. Results from these studies are progressively being applied in the design phase. For
example, Dahlstrgm et al. [41] carried out the LCA of a single-family residence built in conventional and
passive house standards. The author concluded that a standard building envelope with a heat pump
system reduced environmental impact to a level comparable with a passive house with only electric
heating. A comparison of greenhouse gas emissions pointed out that the reduction in the passive design
is almost 30% [41]. Another study [47] aimed to assess the environmental impacts of family houses
designed as buildings with green technologies and materials. The presented results display that a house
with built-in green materials and technologies causes significantly lower environmental impacts compared
to a house where both green technologies and conventional materials are built. This is because of green
materials and technologies, the operation phase (B6) of the system boundaries presented in WBLCA has
more significant environmental impacts than the product and construction phases and the deconstruction
phase. With percentage weights of 70% and 96%, the major contributors to GWP expressed as equivalent
CO2 emissions are energy (operation) use (B6). Because of the use of natural building materials such as
wood and straw, the product phase (A1-A3) reduces CO,eq emissions by 11% [48]. These studies did not
focus much oninsulation materials and their contribution to environmental impact.
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Journals and documents dating 2014 onwards, scientists have studied various energy areas, such
as energy efficiency, energy performance, energy management, energy saving, and renewable energy
sources in sustainable and green buildings by utilizing multiple measures, such as [36], [37], [48], [49],
[50], [51], [52] systems mentioned by numerous authors such as [53], [54], [55], [56] technologies, such
as [57], [58], [59], [61]; even though research institutions, universities, and governments in developing
and developed countries have conducted numerous studies on sustainable development, no systematic
review may have aided in the achievement of energy efficiency in sustainable buildings. Recent 2023
published paper, the authors Hafez and Bahaaeddin [60] firmly concluded that the future work pathways
would guide future scientists and researchers in adopting systems, strategies, logical methods, analysis
techniques, improved software, parameters, and models to overcome the challenges associated with
improving building energy efficiency. Most of these challenges are related to a need for knowledge,
comprehension, evidence of findings, parameters, natural resources, policies, systems, techniques,
methods, and other issues. By addressing these energy efficiency challenges, buildings can achieve
sustainability and energy efficiency.

Separate extensive analyses and case studies have examined the carbon footprint of insulation
materials [38, 40-42, 62-63] in the literature, including studies analyzing typical partitions and insulation
for European countries. Although numerous studies have been carried out on various insulation materials,
there needs to be more research regarding comparative analyses considering the Carbon Payback Period
(CPP) of insulation materials concerning whole building and at varying location in Canada. Therefore, this
study's main objective is to present a carbon footprint analysis of both embodied and operational carbon
of the entire building by substituting selected insulation materials in different cities representing different
climate zones in Canada. The study will also perform a comparative analysis of different versions of NBC
to assess improvements in operational carbon. The CPP will be evaluated for the three most popular
selected thermal insulation in three selected climate zones in Canada. This considers the savings of the
operational carbon footprint in climate zones with their energy mix comprising electricity and natural gas;
heat pump as primary heating source and gas-powered furnace/boilers as secondary. These sources are
not individually evaluated to reduce complexities and iterations in computer simulations. This paper aims
to assist investors, designers, and contractors in selecting the most favourable insulation materials at
varying locations regarding environmental impact.

3. Materials and Methods

3.1 Life Cycle Assessment Framework for Whole Building

The majority of WBLCA studies found in the literature adhere to the traditional process-based LCA
approach [64] which is based on four steps established by the International Organization for
Standardization (ISO) in 1ISO 14040 and 14044 [71]. These four steps are as follows:

e Goal and Scope Definition, which defines the objectives and reasons for conducting the study. The
scope includes functions, functional units, system boundaries, allocation procedures, data
requirements, and limitations.
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e The Life Cycle Inventory (LCI) stage collects emission and resource use data from life-cycle
databases. This is because LCA results depend on the quality of LCI [72]; this is a comprehensive
and critical phase.

e Life Cycle Impact Assessment (LCIA) translates LCl data into quantifiable environmental impacts.
The LCIA has three substages: impact category definition, classification, and characterization.

e Interpretation, in which the LClI and LCIA results are interpreted and improved to present
meaningful information to decision-makers [73].

The European EN 15978 LCA standard is quickly becoming the industry standard for describing
the system boundary of whole-building LCA [67, 68]. The standard defines four life cycle stages: product,
construction, use, and end of life, subdivided into 16 substages [20], as shown in Figure 5. The goal and
scope definition define the functional unit, system boundaries, and inventory data quality criteria. The
system boundary was defined in this study as the process beginning with resource extraction and
construction product manufacturing, moving to site preparation and the building construction process
(this is also known as the pre-occupancy phase), then to the operating energy and maintenance phase,
also known as the occupancy phase, and finally to the building demolition process calling it the post-
occupancy phase.

The system boundary for this project is illustrated in Figure 5. When conducting an LCA for
residential buildings, it is essential to determine the functional unit. Thermal insulation products use the
thermal resistance R, measured in m2K/W, as a practical and meaningful functional unit [38]. This unit
enables the balancing of environmental impacts during production, installation, and disposal with the
benefits that can be obtained during the insulation's use phase. This study defines the functional
equivalent as the square meter size of residential neighbourhoods with an average lifespan of 60 years
for a small family.

This study uses the life cycle inventory analysis (LCIA) to collect and synthesize information on the
bill of materials and energy use. The results section contains informed discussions on those analyses. In
the life cycle impact assessment, seven impact categories, including the unit used to express them (i.e.,
category indicators), were chosen: global warming potential (kg CO, equivalents [eq]), fossil fuel
consumption (MJ), acidification potential (H+ mol eq), eutrophication potential (kg N eq), ozone depletion
potential (kg CFC-11 eq), human health and respiratory effectspotential (kg PM10 eq), and smog potential
(kg NO eq). These environmental impact indicators were calculated using the AIE [73], software based on
the North America Life Cycle Inventory database (Version 5.4). Finally, the interpretation of the results
addresses identifying and evaluating significant results. This LCA was carried out following 1SO 14044
guidelines.
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3.2 Carbon Payback Period

The Carbon Payback Period (CPP) is the time it takes for carbon storage to equal the amount of
carbon released from the initial harvest, accounting for carbon debt and eliminating fossil fuel use [87].
Considering the calculation method from the author Sadowski [38], CPP;; s, which is the payback period
for the selected whole building (i), insulated with the material chosen (j), in the selected location (S) and
for the heat source chosen (k), can be expressed as:

Cr -
CPP, ks = CE'J’S ,[years] .. Eq (1) [38]
0,i,j,s,

Where, Cg;sis the embodied carbon reported as GWP (for the selected insulation material (j) in
the chosen location (S)), and G,;;sis the annual operational CO; savings (for the whole building (i),
insulated with the chosen material (j) in the chosen location (S)). The annual operational CO, savings is
focused primarily on annual space heating and cooling of the home model. Since insulation does not
directly affect lighting, internal loads, and DHW, they are exempted from evaluating for annual
operational CO; savings. The CPP evaluation assesses and compares various insulation materials installed
for the entire building. It clearly indicates how long a particular insulation material needs to be used to
achieve significant CO; savings in terms of embodied carbon. It also ensures that this period is within the
material's life-cycle time. The AIE reports embodied and operational carbon in GWP units and the annual
operational CO; saving for the whole building can be calculated as follows:

Co,ijs, = Cnroijs— Cwro.ijs- [KgCO,eq] ..Eq (2) [38]
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Where, Cyj o.i.j.sis the annual operational CO, emission of non-insulated walls ofa whole building
(i), in the selected location (S), and Cy; ¢ ; j.s is the annual operational CO, emissions with insulated whole
building (i) insulated with the selected insulation material (j) in the selected location (S).

3.3 Insulation materials

The construction market offers many insulation materials that differ in physical properties, price
and availability, and the materials that provide the best performance per unit cost are the most popular.
There are also so-called environmentally friendly materials (renewable materials). Taking into account the
purpose and scope of the study, the North American Insulation Manufacturing Association (NAIMA) [87]
considers Fiberglass, Cellulose and Mineral wool insulation materials to be the most popular on the
construction market, and the availability of information on environmental impact in the form of EPD.
Table 1 displays the selected materials used in this study along with their basic properties. Table 2 presents
the R-value relative to 1-inch thickness for these materials. The study relies on the Environmental Product
Declarations (EPDs) of the insulation materials, which are stored in the Athena Impact Estimator (AIE)
material library for analysis.

Table 1: Properties of insulation materials [88]

Material Density (kg/m3) Thermal conductivity (W/m K)
Batts Fiberglass 12 0.037
Blown Cellulose 30 0.042
Mineral wool 13 0.039

Table 2: R-value for the 1-inch thickness of insulation [88]

Material Thickness (Inch) RSI (m2 K/W)
Blown Cellulose 1 0.60
Batts Fiberglass 1 0.54
Mineral wool batt 1 0.58

3.4  Small family residential model

The building studied here is a single-family residential building comprising three bedrooms, one
living room, and a kitchen; a blueprint is shown below in Figure 6. The total floor area is 248.6 m?, the
total height of the building is 3.1 m, and the foundation of the house is made using concrete and steel
rebar materials, which are considered the heaviest parts of the building. The home structure is built of
wood materials using 2X6 in. (38x140 mm) wood studs. This home only includes a ground floor. See
Appendix A for the 3D model of the house designed in Sketchup 2017.

The framework’s structural system, including the floors and walls, was constructed mainly from
many wood materials. The three cities selected are Vancouver, Calgary and Toronto which represent
Climate Zone (CZ) 4, 5 and 7A respectively for different provinces of Canada. Heating Degree Days (HDD)
for selected location (S) where the number of the heating degree days with the base temperature equal
18°C in these main cities.: Vancouver- 2768, Toronto- 3559 and Calgary- 4876 [91]. Heating degree days
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are necessary to track energy use; without it, comparing the energy use over seasons would be
challenging. HDD is considered since HOT2000 evaluates only for HDD. See Appendix E to view all the
input variables in HOT2000. These cities associated with their climate data are available in the AEI
software.
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Figure 6: Blueprint oy a single-family three-bedroom home (ground floor plan)

According to NBC, this house is considered a part 9 home since the total area of the house is less
than 350 sq mt [73]. Part 9 homes are single-family homes constructed using conventional methods in
Canada, and these homes are usually smaller in size and are built on individual lots. These homes are built
using wood framing, a standard construction method in Canada. Part 9 homes are known for their
affordability and ease of construction, making them a popular choice for many Canadian families. The
National Building Code of Canada [73] and Canada’s Mortgage and House Construction (CMHC) [74].
These resources provide detailed information on the construction and design of Part 9 homes and
regulations and guidelines for their development.

The insulation details will involve adaptations of RSI values from the National Building Code 1995,
2005, 2010, 2015, 2017, and 2020. The Athena building estimator [68] application was used in this study
to build a home model. HOT2000 [65] will evaluate the thermal transmittance/movement around the
build model. The scope of the LCA includes cradle-to-grave analysis of a lifespan of 60 years assumed for
the house. The LCA primarily draws on data from the AIE, augmented with the Institute's secondary
databases and the materials' Environmental Product Declarations (EPDs) [70].

The system boundary was defined as "cradle to grave," which includes the product (A1-A3),
construction (A4-A5), use (B2, B4), and end of life (C1-C4) stages [17]; see Figure 5. System expansion was
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used to account for the net benefits of material and product reuse and recycling and energy recovery from
materials, such as wood incineration, beyond the system boundary (D). Several stages within Module B
were excluded from the comparative LCA for this study due to the assumption of a lack of empirical data
forrepairing and refurbishing single resident buildings, the premise of lack of data available in the Athena
Software for evaluation, and the lack of water consumption data. As a result, B1-Use, B3-Repair, B5-
Refurbishment, and B7-Operational Water were left out of the analysis. The overall global warming impact
of the building LCA is primarily due to operational energy such as electricity and natural gas used during
the building's lifetime. The minimum overall RSI (m?K/W) required for walls, roofs, and ceilings are
declared concerning different climate zones in the NBC and deemed mandatory to follow [71]; see Table
3. These RSI values have been refined and tuned over the years, and NBC 2020 is the most updated code
available and is followed by contractors, engineers, and architects in Canada.

Table 3: Effective Thermal Resistance of Above-ground Opaque Assemblies in Buildings without a Heat-
Recovery Ventilator for different CZs with respective Heating Degree Days (HDD)
Above-ground Opaque building Zone 5: Zone 6: Zone 7A:

Zone 4: <3000
assembly one 3000 to 3999 4000 t0 4999 | 5000 to 5999

Minimum effective thermal Resistance (RSI), m2K/W

Cathedral ceilings and flat roof 4.67 4.67 4.67 5.02
Walls 2.78 3.08 3.08 3.08
Floors over unheated space 4.67 4.67 4.67 5.02

Table 4 below displays collective information on updates and careful refinement of the RSI values in NBC
from 1995 to 2020. The RSI values are recorded regarding the minimum ratio of thermal resistance
outboard of the material's inner surface to total thermal resistance in the inner surface.

Table 4: Refinement of RSI-values in NBC from 1995 to 2020

Above-ground Zone 4: Zone5: | Zone®6: Zone 7A: Zone 7B: Zones:
opaque building <3000 " | 3000 to | 4000 to 5000 to 6000 to >_7006
assembly 3900 4999 5999 6999 -
Minimum effective thermal resistance (RSI), m?K/W
Walls 2.64 2.64 2.81 2.81 3.33 3.33
}3:]5 Roofs 2.64 2.64 2.81 2.81 3.33 3.33
Floors 2.64 2.64 2.81 2.81 3.33 3.33
Walls 2.64 2.64 2.81 2.81 3.33 3.33
2005
[76] Roofs 2.64 2.64 2.81 2.81 3.33 3.33
Floors 2.64 2.64 2.81 2.81 3.33 3.33
Walls 2.78 2.78 2.78 2.81 2.81 3.08
2010
[77] Roofs 4.67 4.67 4.67 5.02 5.02 5.02
Floors 4.67 4.67 4.67 5.02 5.02 5.02
Walls 2.78 3.08 3.08 3.08 3.85 3.85
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2015 Roofs 4.67 4.67 4.67 5.02 5.02 5.02
[78] Floors 4.67 4.67 4.67 5.02 5.02 5.02
Walls 2.78 3.08 3.08 3.08 3.85 3.85
2[(7);]7 Roofs 4.67 4.67 4.67 5.02 5.02 5.02
Floors 4.67 4.67 4.67 5.02 5.02 5.02
Walls 2.78 3.08 3.08 3.08 3.85 3.85
Z[gg;) Roofs 4.67 4.67 4.67 5.02 5.02 5.02
Floors 4.67 4.67 4.67 5.02 5.02 5.02

U-value is the heat transmission rate through an assembly's elements when subjected to
temperature variations. In metric units, it is the inverse of thermal resistance, and U equals one divided
by the effective RSI value in simple math [82]. The higher the RSl value, the better the assembly's thermal
performance. Therefore, RSI values over these 25 years have slightly increased, as seen in Table 4. In
addition to changes in RSl values presented to walls, roofs and floors, the NBC also depicts visible and

documented changes to U-values for windows, doors and skylights. Tables 5 and 6 exhibit those values
between NBC 1995 to 2020.

Table 5: RSI-values for Doors and fenestrations between NBC 1995 to 2020
NBC Zone 4 < Zone 5 Zone 6 Zone 7A Zone 7B Zone 7B
3000 3000 to 3999 | 4000 to 4999 | 5000 to 5999 | 6000 to 6999 | 6000 to 6999
Minimum effective thermal resistance (RSI), m2K/W
2020 0.54 0.54 0.62 0.62 0.69 0.69
2017 0.56 0.56 0.62 0.62 0.69 0.69
2015 0.56 0.56 0.62 0.62 0.69 0.69
2010 0.56 0.56 0.62 0.62 0.69 0.69
2005 0.5 0.5 0.5 0.5 0.5 0.5
1995 0.5 0.5 0.5 0.5 0.5 0.5
Table 6: RSI-values for Skylights between NBC 1995 to 2020
NBC Zone 4 < Zone 5 Zone 6 Zone 7A Zone 7B Zone 7B
3000 3000 to 3999 | 4000 to 4999 | 5000 to 5999 | 6000 to 6999 | 6000 to 6999
Minimum effective thermal resistance (RSI), m?K/W

2020 0.34 0.34 0.36 0.36 0.41 0.41
2017 0.34 0.34 0.36 0.36 0.41 0.41
2015 0.34 0.34 0.36 0.36 0.41 0.41
2010 0.34 0.34 0.36 0.36 0.41 0.41
2005 0.32 0.32 0.32 0.32 0.32 0.32
1995 0.32 0.32 0.32 0.32 0.32 0.32
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3.5 Inputs for walls

Each wall in Figure 5 is labelled, and details are entered into the estimator. The east wall (bottom
of Figure 5) has four windows and one door. The southern wall contains a 1.2x1.2 m window, while the
western wall contains three windows and one door (backdoor of the house). The northern wall has no
doors or windows. With plywood sheathing, a 2x6 inches (38x140 mm) wood stud with stud spacing of
400 on-center (oc.) is used. In this case, the load-bearing type is chosen as the wall type. The estimator is
fed the following inputs for Table 7. In Athena, the standard door size is 32"x84" (0.813x2.13 m) [69].
Table 8 displays all the layers of the walls fed into the estimator for climate zone 4. All the information in
Table 4 was taken from NBC 2020 [71] because the study will focus on the latest version of the building
code for calculating CPP. The minimum door jamb width required for walls constructed with 2x6” studs is
6.5 inches. This considers 2x6” width: 5.5" and wall surface thickness on each side: 0.5".

Table 7: Inputs applied for windows and doors for walls for Vancouver (CZ 4) and Toronto (CZ 5)

East wall Frame Glazing type No. | Total window area (m?)
Windows ;Jrgiaeddgjgl(lv;;r;(low Z(r)guobrlle glazed hard coated 4 513
Door type Standard size
Doors Solid wood door 32” x 84” or 2.67 x7 ft 1
South wall Frame Glazing type No. | Total window area m?
Windows ;Jr;]rcrl]aeddv(;/jglclvr\)/;clow ifguobrlle glazed hard coated 1 1.44
Door type Standard size
Doors Solid wood door 32” x 84” or 2.67 x7 ft 0
West wall Frame Glazing type No. | Total window area m?
Windows z;iaeddvgjsltiv;;r:'.clow zfguobr:e glazed hard coated 3 799
Door type Standard size
Doors Solid wood door 32” x 84” or 2.67 x7 ft 1
North wall Frame Glazing type No. | Total window area m?
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. Unclad wood window Double glazed hard coated
Windows 0 0
frame double pane Argon
Door type Standard size
Doors Solid wood door 32" x 84" or 2.67 x7 ft 0

Note: Triple glazing pane, low-E 0.04 (soft) with argon, is used for location Calgary (CZ 7A) as per minimum
NBC 2020 requirements for windows and skylights [73].

Table 8: Layers of the wall fed in the estimator for climate zone 4 [71]

Wall Envelope parts Thickness (mm) R-value
Exterior air 0.17
Exterior Insulation* - -
Cladding Vinyl Sliding - 0.62
Gypsum Board Gypsum regular 1/2" 12.7 0
- - -
ngclnactl(z:-/cin?::)ucjs v Blown Cellulose/ Batts Fiberglass/ Mineral Wool 140 13.51
Paint Latex water-based - 0
Vapor and Air Barrier Polyethylene 6 mil 6 0
Gypsum board Gypsum regular 1/2" 12.7 0.45
Interior air 0.68
Total 171.45 16.04
*Note: To follow the code for climate zones 5 and above, exterior insulation must be added beside the cladding.

Batts Fiberglass is the most popular interior insulation for walls in Canada [82] as it is significantly
cost-effective. The most popular exterior insulation is Expanded Polystyrene (EPS) foam board; however,
it has a slightly higher embodied carbon [83]. After a succinct evaluation of available external insulations
in the Athena materials library, the Polyisocyanurate foam board had the lowest embodied carbon (See
Appendix B).

3.6 Inputs for Floors and Foundation

The description of the proposed building floor can be viewed in Table 8 with XPS insulation. The
ground floor consists of about 4 inches (101.6mm) of gravel placed to facilitate drainage underneath the
slab acting as a capillary break. Lengths of extruded polystyrene (XPS) are placed onthe interior perimeter
of the stem wall (to act as insulation material and provide thermal break) as well as on top of the gravel
bed, followed by a six-mil polyethylene vapor barrier. Rebars are then aligned and placed above the
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prepared bed, and the concrete mixture, i.e., slab, is poured. Plywood decking and interior finish board
are laid down, completing the house’s ground floor. The RSI value for interior air (0.16 m2K/W) is, by
default, considered in the Athena Impact Estimator. It's important to note that XPS will remain constant
for floor insulation throughout the computer simulations as the focus remains on wall insulation alone.

Table 9: Layers of the ground floor and foundation with XPS insulation for CZ 4, CZ5 and CZ 7A [73]

Floor Envelope layers Thickness mm RSI (m2K)/W R-value
Gravel [71] 101.6 0.02 0.1
Insulations XPS R30 [71] 152 5.28 30.13
6 mil polyethylene Vapor barrier 6 0
Concrete foundation with rebar 101.6 0.04 0.23
Interior finish plank (hardwood) board [71] 12 0.07 0.37
Interior air 0.16 0.91
Total 373.2 5.47 31.74

3.7 Inputs for Roofs

A joist on the roof is required to preserve the structural integrity of the framework of the house,
followed by attaching gypsum boards underneath the joist. The vapor barrier is installed on top, followed
by adding Polyiso insulation. Insulation here is installed above the joist. A 4-Ply modified bitumen roofing
system allows each ply to be embedded in a packed bed of hot bitumen. The roofing membrane
completely adheres to the underlayment, typically including a vapor barrier and Polyiso insulation.
These two felt layers and modified bitumen are laminated together as roof envelopes. Finally, the roofing
asphalt protects the bitumen from the sun's ultraviolet light and erosion caused by harsher nature, such
as wind, snow, hail, and rain. These have been depicted in Table 10 below. The AIE considers the RSI of
interior and exterior air of value 0.11 and 0.03 m2K/W, respectively. It is important to note that Polyiso
will remain constant for roof insulation throughout the computer simulations.

Table 10: Layers of the roof with Polyiso insulation for CZ 4, CZ 5 and CZ 7A [73]

Roof envelope layers Thickness (mm) | RSI (m?K)/W R-value

Exterior air 0.03 0.17
2 Ply Mod Bitumen standard —roof envelope 7 - -
Asphalt (protective) board 12.7 0.08 0.44
Insulations Poyiso foam board R30 120 5.33 30.25
Gypsum sheathing 12.7 0.11 0.62
Joists/studs (241.3 mm * 0.0085 RSI/mm) 2413 0.22 1.26
Polyethylene vapor barrier 6 0
Gypsum board 12.7 0.08 0.45
Interior air 0.11 0.63

Total 412.4 5.96 33.8
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3.8 HOT2000 energy simulator tool

The building model evaluation tool, known as HOT2000, considers various inputs, such as climate
and weather, temperatures, energy sources, ventilations, and baseloads, to determine the total
operational energy of a building. The report highlights the significant cost savings achieved by adopting
the 2020 National Building Code (NBC). The yearly cost structure is based on data borrowed from
HOT2000 energy modelling software and evaluated using the “Ottawa08” fuel cost library. The software
makes calculations based on the entered data and assumptions, considering factorssuch as construction
practices, localized weather, equipment characteristics, and the occupants' lifestyle.

The modelled house includes a washer (197 kWh/yr), dryer (916 kWh/yr), range hood (565
kWh/yr), refrigerator (639 kWh/yr), dishwasher (260 kWh/yr) and three-bathroom exhaust fans (3.5
kWh/yr each). The whole house system has a forced air heating ductwork that circulates air for 8 hours
daily with a fan power of approximately 100 W. The primary space-heating fuel is a 7kW capacity heat
pump operating at 8.3°C. In contrast, the secondary heating fuel is natural gas for the furnace/boiler and
domestic hot water heating system, with a 7.5kW output capacity and a tank capacity of 188.4 L. Finally,
the air conditioning system is integrated with the heating system and is a central split system.

3.9 Limitations of the Study

This paper limits on cost impacts and analysis of the overall building and operational savings. Heat
pumps and gas-fired furnaces as mechanical systems are considered to simulate energy use annually to
calculate operational carbon and savings, but a deeper study on how each mechanical system affects the
operation use is out of scope. The study covers only the issues related to calculating the CPP for a given
insulation material used in the chosen location. Considering insulation on the roofs and floors would
increase the simulation matrix, making it complex and time-consuming; hence, the authors of this study
agreed toinclude it in the list of future works. This also applies limiting to three climate zones represented
by three cities.

When analyzing specific insulating materials, it isimportant to consider the possibility of insulating
partitions from the inside. This is a technically complex issue that shall be added to future works. Factors
limiting this study include the impact of internal and solar heat gains on energy losses, the orientation of
the partition, exposure to external conditions, the method of installing insulation on walls, the presence
of thermal bridges, and the use of specific finishing materials. These factors mean that actual heat losses
may differ from the presented results. The author, however, omitted the impact of these factors, focusing
on reducing additional parameters to make the results clearer and less complex to strip apart. It should
be noted that the actual CPP, taking into account these additional factors, may differ slightly. Additionally,
due to the abundance of information available on sustainability-rating methods for all types of homes,
including small residential homes, investigating these rating systems is beyond the scope of this study.
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4. Results

After closely observing Table 4, the RSl values of walls, roofs and floors for 1995 and 2005 are the
same, even across zones 4 to 8. From 2010 onwards, these values have been incremented slightly. What
stands out is that the RSI values for the walls from 2010 to 2015 in Climate Zones (CZ) 7A to 8 increased
slightly and remained constant from 2015 onwards. Figure 7 depicts a detailed WBLCA GWP, i.e., the
graph’s y-axis, from cradle to grave of the house i.e., a life span of 60 years, with the earlier revealed
designs. Notice that the GWP for the construction process, use, and end of life remains constant as they
are a part of the embodied carbon of the building. However, the GWP of the product bars rose from 2010
and remained flat. This is due to the increase of insulation in the building walls, floors and roofs which will
raise the RSI value instructed in NBC. Adding more insulation resulted in increase in embodied carbon.
Furthermore, notice that the overall WBLCA operational carbon for CZ 7A (Calgary) is at a 16.49%
decrease, while a rise of 7.38% in embodied carbon is noted with the updation of NBC. It’s clear from
Figure 7 that building codes neglect embodied carbon in the focus on improving operational carbon. The
embodied and operational carbon ratio for Calgary as of the NBC 2020 result is 0.07.
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Figure 7: Comparison of Global Warming Potential by Life Cycle Stages regard with different NBC editions
for Calgary location

Overall WBLCA operational carbon for CZ 4 (Vancouver) and CZ 5 (Toronto), shown in Figures 8
and 9, decreased by 21.87% and 19.53%, respectively, when compared between NBC 1995 and 2020. The
operational carbon in Figures 8 and 9 abruptly reduced in 2010 and continued to decline smoothly.
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Figure 9: Comparison of Global Warming Potential by Life Cycle Stages regard with different NBC editions
for the Toronto location

Similarly, assessing the oldest and latest codes, the embodied carbon increased by 9.06% and
2.5%, respectively, observed for Vancouver and Toronto. Comparing the two cities would be inappropriate
due to Toronto’s vast geographic area. Factors such as extraction, transportation, production,
construction process, and more dramatically affect embodied carbon evaluation. The information based
on those factors is inherently coded into the AEIl library to ease the simulation process. The ratio of
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embodied carbon to operational carbon NBC2020 results for Vancouver and Toronto are 0.37 and 0.25
respectively. The results also show that Blown Cellulose had the lowest GWP embodied carbon 3130
kgCO, eq followed by Batts Fiberglass with 3200 kgCO, eq and lastly Mineral wool, 3820 kgCO, eq, for
Calgary. Similarly, Blown Cellulose had the lowest GWP embodied carbon 3070 kgCO, eq followed by Batts
Fiberglass with 3130 kgCO, eq and lastly Mineral wool, 3730 kgCO, eq, for Toronto. For Vancouver, the
insulation with lower embodied carbon was found to be Blown Cellulose once again at 3090 KgCO, eq
followed by Batts Fiberglass with 3100 kgCO, eq and Mineral wool with 3190 kgCO; eq.

According to NBC 2020, based on the studs selected to model the house, Vancouver does not
require external insulation as it satisfies the NBC requirement by adding wall insulation alone. However,
external insulation must be added to the model for the Toronto and Calgary locations. To choose the best
external insulation for Calgary and Toronto, a comparison of embodied carbon was performed, which can
be found in Appendix B. Polyiso foam board external insulation was concluded to be better than XPS and
EPS foam board.

Figures 10-12 depict Vancouver, Toronto, and Calgary's estimated annual fuel consumption,
including electricity and natural gas. These figures show a gradual decrease in energy consumption for
space heating and cooling. This is because the RSI value of insulation for walls, roofs, floors, doors,
skylights, and windows has increased over the years due to evolving codes. Additionally, they compare
the total fuel consumed by the building when modeled according to NBC codes from 1995 to 2020.
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Figure 10: Estimated Annual Fuel Consumption Summary (Electricity as fuel in kWh) for location
Vancouver
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Figure 11: Estimated Annual Fuel Consumption Summary (Electricity as fuel only in kWh) for location
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Table 11: Estimated annual fuel consumption

Summary with Electricity and natural gas as fuel

Location
. Space Space DHW S
Insulation (Wall R-Value) Fuel P ) P . . Baseloads | Ventilation Total Annual
(Roof R-Value) heating cooling heating
(Floor R-Value) costs $5$
Vancouver Electricity kWh 2402.9 1135.1 0 7117.4 168.9 10514.3
(R- 16.93) 1437.51
(R-30.22) Natural gas m? 1.2 0 628.8 0 0 630.1
(R- 28.77)
Toronto Electricity kWh 3290 1666.1 0 7117.4 168.9 122423
Fi I (R- 19.62) 1653.11
iberglass (R-33.81) Natural gas m? 1319 0 653.9 0 0 785.8 653
(R- 31.74)
Calgary Electricity kWh 3184.5 1026.5 0 7117.4 168.9 11497.3
(R- 19.62) 1749.97
(R-33.81) Natural gas m? 379.6 0 690.7 0 0 1070.4
(R- 31.74)
Vancouver Electricity kWh 1556.2 1143.5 0 7117.4 168.9 9986
(R- 16.74)
(R-30.22) Natural gas m3 1.1 0 628.8 0 0 629.9 1419.48
(R- 28.77)
Toronto Electricity kWh 31704 2007.6 0 7117.4 168.9 12164.3
Blown (R- 18.94)
: 1596.18
Cellulose (R-33.81) Natural gas m3 129.1 0 653.9 0 0 745
(R- 31.74)
Calgary Electricity kWh 3164.7 935 0 7117.4 168.9 11386
(R-18.94) 1695.32
(R-33.81) Natural gas m? 289.9 0 690.7 0 0 980.7
(R- 31.74)
Vancouver Electricity kWh 1353.6 1475.5 0 7117.4 168.9 10115.4
(R- 16.87) 1422.81
(R-30.22) Natural gas m? 1.2 0 628.8 0 0 629.8
(R- 28.77)
. Toronto Electricity kWh 3070.6 1990.4 0 7117.4 168.9 12347.3
Mineral (R- 19.58) 1646.62
Wool (R-33.81) Natural gas m3 105.5 0 653.9 0 0 759.4 '
(R- 31.74)
Calgary Electricity kWh 3228.5 914.9 0 7117.4 168.9 11429.7
(R- 19.58) 1715.88
(R-33.81) Natural gas m3 323.4 0 690.7 0 0 10141
(R- 31.74)
. Electricity kWh 2992.9 1216.2 0 7117.4 168.9 11495.4
No Insulat V 2898.69
o Insulation | Vahcouver N tural gas m? 2110.4 0 629.7 0 0 2740.1
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Electricity kWh 4483.6 2496.3 0 71174 168.9 14266.2
Toronto 4403.99
Natural gas m3 5149.1 0 654.1 0 0 5803.2
cal Electricity kWh 5558.2 12296 0 71174 168.9 14074.1 c566.88
algary Natural gas m? 7375.1 0 690.9 0 0 8066 '

Note: “No insulation” means a home with no insulation. The reason is to evaluate the annual operational carbon savings for whole buildings with
and without insulation and then proceed to calculate the savings contributed by wall insulation alone.

Table 12: Comprehensive calculation for selected thermal insulation materials for selected cities for the whole building including roof and floor insulations

Calgary (CZ 7A)
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Bl
C::mlnose 33820 48910 15090 998000 809000 18698.2 1558.67 17139.53 0.88 1013281.8 1028371.8 1121892.0 91.66 18.94
Fiberglass 33820 48900 15080 998000 819000 18698.2 1562.91 17135.29 0.88 1013037.4 1028117.4 1121892.0 91.64 17.94
Mineral
Wool 33820 50030 16210 998000 817000 18698.2 1617.47 17080.73 0.95 1008633.8 1024843.8 1121892.0 91.35 18.14

Note: Values in columns A, Band D - G were taken from HOT2000 v11.10b and Athena v5.4.0103

C=B-A

H=F-G

*| (carbon payback period) = Embodied Carbon invested / Annual SHC (KgCO, eq), SHC is calculated by adding the values in kwWh. Converting m? to kWh

J=H*(60-1)

K=J+C

L = Annual space heating and cooling (SHC) without insulationin KgCO, eq * 60 years  [Annual SHC (kgCO,eq) for Calgary =18698.20, Toronto = 14736.54 and Vancouver
=6497.62]

M =100 — (L - K)/L *100, N = (D - E)/D *100
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Toronto (CZ 5)
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The comparison reveals that implementing the 2020 building code results in an average energy
saving of 25% for the entire building, primarily consuming less energy for space heating and cooling (SHC).
Therefore, for evaluating the CPP of selected thermal insulation in selected climate zones, NBC 2020 will
be considered. Table 11 comprehensively summarizes fuel sources, i.e., electricity and natural gas, and
insulation materials for different locations. Insulation use directly affects the SHC with heat pumps as the
primary and furnace/boilers as secondary sources. In analyzing annual fuel consumption costs, Batts
Fiberglass insulation employed at home in Vancouver had low yearly energy costs, while Blown Cellulose
employed at home in Toronto and Calgary resulted in low annual energy costs.

Table 12 thoroughly evaluates three wall insulation options, complete with data on embodied
carbon invested and operational carbon savings (in kgCO, eq units) for SHC. The results from Table 11
show that insulation mainly affects SHC over domestic hot water, baseloads, and ventilation. Hence, the
authors focused on calculating CPP based only on SHC. The findings indicate that all three selected wall
insulations with roof and floor insulation options offer significant annual savings for space heating and
cooling (SHC). With overall (including roof and floor) insulation of the building, one having blown Cellulose
offers a rating of 91.66%, 90.83% and 90.06% for Calgary, Toronto and Vancouver respectively, with Batts
Fiberglass of 91.64%, 90.73% and 89.49% for Calgary, Toronto and Vancouver respectively and Mineral
Wool, 91.35%, 91% and 90.72% for the same respectively. The natural gas usage mainly for space heating
and domestic hot water (DHW) heating is presented in Figure 13. Electricity is consumed primarily in SHC,
as depicted in Figure 14. Both these figures compare using different insulations at given locations. For
calculating the CPP, the m3 units of natural gas are converted to kWh. The CPP of all insulations in the
model that involves Blown Cellulose was found to be 0.88, 0.96 and 2.28 years for Calgary, Toronto and
Vancouver respectively. Similarly, the CPP of all insulations in the model that involves Batts Fiberglass was
0.88, 0.96 and 2.29 years for Calgary, Toronto and Vancouver respectively. The CPP of all insulations in
the model that involves Mineral Wool insulation was 0.95, 1.06 and 2.49 years for Calgary, Toronto, and
Vancouver respectively.
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Figure 13: Natural gas usage for different insulation at different locations
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Figure 14: Electricity usage for different insulation materials at different locations

Figure 13 displays the amount of natural gas required for domestic water heating concerning
space heating. Calgary consumes more natural gas fuel, followed by Toronto. British Columbia is one of
Canada's largest clean energy producers, generating electricity through abundant hydropower [90],
resulting in minimal natural gas usage, which can be reflected in Figures 13 and 14. Even after factoring in
electricity usage, Vancouver still uses less energy overall than other locations. Figure 15 presents the
variation of fuel bills in different locations when considering the same insulation material. Calgary has
higher annual costs, followed by Toronto and then Vancouver. According to the fuel cost library in the
HOT2000, the electricity rate is $10/kWh while $14/m? for natural gas.
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Figure 15: Annual estimated cost of fuel comprising electricity and natural gas
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After the completion of energy simulations for selected materials and locations, all the reports
with their data regarding energy consumption report, monthly energy profile (see Appendix D), and
heating and cooling performances were collected and compiled in Table 11. The estimated annual fuel
consumption for each case was then computed into the operating energy consumption in the AIE. Four
separate simulations were conducted based on the age of the building, that is, one year, five years, 20
years and 60 years (see Appendix C); Figure 16 displays the 20 years evaluation and comparison of GWP
by life cycle stage. The reason for considering these years is to compare the Use stage, i.e., B2 and B4 of
LCA boundaries, and the gradual growth (cumulative) of operational carbon over time. This paves the way
for evaluating operational savings, which are used to calculate the carbon payback period (CPP) of each
insulation material for an entire building. When comparing Figure 16 with Figure 4, Calgary is the only
location resulting in exponential cumulative operational carbon. The colder climate and higher HDD result
in significant energy use to keep the house warm yearly.

Table 13 displays the calculated CPP for only the wall insulation of the entire model. The CPP for
Blown Cellulose is 0.92, 1.15, and 2.64 years for Calgary, Toronto, and Vancouver, respectively. The CPP
for Batts Fiberglass insulation is 0.94, 1.17, and 2.66 years for Calgary, Toronto, and Vancouver,
respectively. The CPP for mineral wool insulation is 1.09, 1.39, and 2.69 years for Calgary, Toronto, and
Vancouver respectively. When considering the overall insulation of the building, blown Cellulose offers a
rating of 20.11%, 20.02%, and 21.71% for Calgary, Toronto, and Vancouver, respectively. Batts Fiberglass
has ratings of 19.95%, 19.98%, and 21.73% for Calgary, Toronto, and Vancouver, respectively, while
Mineral Wool has ratings of 20.42%, 20.07%, and 21.85% for the exact locations. This data clearly
demonstrates that wall insulation contributes an average of 20% of SHC savings compared to the overall
insulation, including walls, roofs, and floors, calculated at an average of 90%. It's worth noting that the
CPP of all the home's insulation, i.e., walls, floorand roof, collectively presents slightly lower results than
the individual CPP of the wall insulation. This underscores the importance of considering the individual
CPP values of the roof and floor thermal insulation, which can vary due to their higher embodied carbon.

Table 13: CPP evaluation for selected insulation materials (only wall insulation) in different locations
Total R- Embodied Carbon of | Annual Space heating
Location Material Value insulation invested and cooling savings CPP (years)
(walls) (KgCO2eq) (KgCO2eq)
Blown Cellulose 18.74 3130 3427.91 0.92
Calgary Batts Fiberglass 19.62 3200 3419.06 0.94
Mineral wool 19.58 3820 3488.15 1.09
Blown Cellulose 18.74 3070 2676.90 1.15
Toronto Batts Fiberglass 19.62 3130 2671.22 1.17
Mineral wool 19.58 3730 2692.18 1.39
Blown Cellulose 16.04 3090 1170.41 2.64
Vancouver | Batts Fiberglass 16.93 3100 1161.87 2.66
Mineral wool 16.87 3190 1187.95 2.69

A graph is then plotted using the calculated CPP of the walls in relation to heating degree days
(HDD) for different locations. Figure 17 clearly shows that the CPP reduces with an increase in HDD. The
red dot on the graph represents Mineral Wool. Blown Cellulose’s CPP is slightly lower than Batts
Fiberglass.
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Figure 17: Relationship between Carbon Payback Period (CPP) and Heating Degree days (HDD)

Sadowski [38] provided average CPP values for various types of thermal insulation, including Stone

wool, Glass wool, Expanded polystyrene (EPS), Extruded polystyrene (XPS), Polyurethane (PUR), and
Cellulose. These values were specific to different types of existing external walls (1 m? area) used in
European residential buildings. Notably, Sadowski's study considered different locations, such as Europe,
Austria, Germany, Poland, the Czech Republic, and Finland. Also, he considered various energy sources,
including electricity, natural gas, wood, and oil. This comprehensive approach provided a robust
foundation for his findings.
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The significant findings obtained by Sadowski showed that Cellulose insulation had lower
embodied carbon compared to the rest of his selected thermal insulation choices. Cellulose also resulted
in a lower CPP of less than a year compared to other insulations. With energy sources such as electricity,
CPP can be lowered to less than a year while CPP for natural gas takes less than three years for those
countries. The heating degree days listed by the author were as follows: Germany- 2962, Austria- 2685,
Europe- 2671, Poland- 3220, Czech Republic- 3328, and Finland- 4318. These results were then compiled
into a graph was plotted, as shown in Figure 18. A noteworthy observation from Sadowski's results is that
the CPP for thermal insulation shortens as HDD increases.

5. Conclusions

Interpreting the results of LCA often raises concerns about the inherent uncertainty and variability
in the data. This uncertainty arises from the challenge of converting real-life situations into LCA data and
parameters. This is especially true for buildings, which are typically made up of over 1000 products,
analyzing each component with available data is challenging, making it tough to maintain a high level of
accuracy. Authors [66 — 68] have performed studies focusing on different insulation materials, including
the insulations mentioned in this study; however, none have performed WBLCA with these materials, nor
have they evaluated for CPP regarding the whole building. Various versions of National Building Codes
(NBCs) from 1995 to 2020 are assessed in this study, including different cities representing different
climate zones (CZ). After accumulating these results, we discovered that the embodied carbon from NBC
1995 to 2020 increased and the operational carbon decreased. WBLCA GWP for Vancouver (CZ 4), Toronto
(CZ 5) and Calgary (CZ 7a) had a decrease of 21.87%, 19.53% and 16.49% in operational carbon,
respectively. On the other hand, the embodied carbon increased by 9.06%, 2.5% and 7.38% forVancouver,
Toronto and Calgary. It is important to note that this is purely theoretical as it does not consider the
maintenance of the house for 60 years. This brings to light that NBC focuses on reducing operational
carbon but overlooks the growth of embodied carbon in the whole building. The comparison of results
between different codes reveals that implementing the 2020 building code results in an average
operational energy saving of 25% for the entire building. Blown Cellulose was also found to have lower
embodied carbon followed by Batts Fiberglass and Mineral Wool having the highest.

In analyzing annual fuel consumption costs, it's clear that installing Fiberglass insulation at homes
in Vancouver is cost-efficient, bringing down energy use and yearly energy costs. At the same time, Blown
Cellulose is cost-efficient when installed at homes in Toronto and Calgary. Unlike Fiberglass, Cellulose is
preferred in colder climates as it holds up to its performance, is denser and can retain its R-value better
than Fiberglass [91-92]. The evaluation revealed that for Calgary, the Carbon Payback Period (CPP) for
Blown Cellulose and Batts Fiberglass insulation is 0.92 and 0.94 years respectively. In comparison, Mineral
Wool takes 1.09 years to offset the carbon footprint embodied in the insulation material through savings
on the operational carbon footprint. In Toronto, the CPP for Blown Cellulose and Batts Fiberglass is 1.15
and 1.17 years respectively, while Mineral Wool takes 1.39 years to offset. Vancouver has longer
breakeven points, with Fiberglass, Blown Cellulose, and Mineral Wool having CPPs of 2.66, 2.64, and 2.69
years respectively. The CPP shortens with an increase in heating degree days (HDD). It's essential to
consider other factors contributing to the overall carbon footprint, such as transportation, installation,
maintenance, and replacement. This study demonstrates the possibility of assessing the environmental
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impact of different insulation materials in various Canadian climate zones, which can aid in making more
environmentally friendly choices.

6. Future Scope

Many unknowns in this field of study require further exploration. The study found that the carbon
footprint payback period varies greatly depending on locationand the energy sources. It would be helpful
to examine each energy source separately. A deeper dive into researching energy sources would be
interesting as we can determine the amount of renewable and non-renewable fuel a house consumes for
its operation. Location-specific conditions, such as differences in climate, also make it challenging to
compare results between different provinces in Canada. An example would be the differences in the
transportation of materials from the production area to the field location. This hints at a necessity to have
a deeper understanding of the boundary layers of LCA. To gain a better understanding, the study can be
expanded to include multiple insulation variations to closely document their embodied carbon and have
a comprehensive relation between their CPP value and the HDD of those locations evaluated.

Environmental Product Declarations (EPDs) for other available insulation materials were not
available in Athena and HOT2000 software, limiting the accuracy of the results; hence, collecting EPDs and
its revisioning would be a future scope. Additionally, the study briefly explored carbon-friendly external
insulation materials, but a more thorough understanding is possible (refer to Appendix B). The insulation
used forthe roofs and floors is different from the selected materials and, therefore, needs to be evaluated
in the future to pick a material with low embodied carbon and high-performing thermal resistance. While
the research addressed energy gain profile and annual heating curves for specific locations (refer to
Appendix D), the cooling curve requires further investigation, including estimating the energy costs of
individual sources. The author also anticipates that the RSl value for floors, roofs, walls, doors, windows,
fenestration, and skylights may decrease even further in future updates to NBC.
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Appendix A: Sketchup model of the house with X-rays

Figure 19: Front, isometric and X-ray isometric view of the house model on Sketchup 17.1
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Figure 20: Top view and a view without the ceiling of the house
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Appendix B: for external insulation

For Vancouver, exterior insulation for walls may not be necessary since the 2x6-inch stud designs
can hold the R-value that falls under the minimum wall insulation requirements. However, external
insulation must follow the minimum standards for Toronto (CZ 5) and Calgary (CZ 7A). Figure 21 shows
the GWP WBLCA comparison by life cycle stages of different exterior insulations for Calgary based on NBC
2020 edition. This needed to be done to be assertive of a better balance between a low carbon footprint
and the performance of insulations available in the Athena tool. The foil facer polyiso foam board has the
lowest GWP compared to other insulation materials, followed by the polyiso foam board without the foil
facer, as shown in Table 14. From the report prepared by ASHRAE [84], heating and cooling energy cost
savings followed the expected pattern of more significant savings with increasing R-value; i.e., when
applied over an existing insulated frame wall, the one-inch (25 mm) foil-faced polyisocyanurate showed
typical savings in the 10-15% range for whole-house energy simulation than polyiso foam board without
foil facer and XPS [84]. Polyiso foam typically has a higher thermal conductivity in colder climates.
However, upon close examination by Berardi and Naldi [85], polyiso with foil facer showed reduced
thermal conductivity in colder weather. It is important to note that Operational Energy (B6) is zero since
simulating External insulation in HOT2000 energy software was not performed as it is out of scope.

Table 14: Comparison of WBLCA GWP by life cycle stage with different external insulation for Calgary

. Construction Total . Total Embodied
Exterior Unit Product Process Use Operational End of life Carbon (kgCO
insulati Alto A3 B2 & B4 CltoC4 2
insulation (Al to A3) (A4 &A5) ( ) Energy (B6) (C1to C4) eq)
XPS foam board| kg CO, eq 29100 6240 9310 0 2410 47060
Polyiso foam | | - 0, eq | 28700 6230 9310 0 2410 46650
board
EPS foam kg CO, eq 28800 6210 9310 0 2410 46730
Wall polyiso
foam board foil | kg CO, eq 28600 6240 9310 0 2410 46560
facer
Eﬂa 'tr;era' wool | 1o co,eq | 28700 6220 9310 0 2410 46640
Totals kg CO, eq 143900 31140 46550 0 12050 233640

For a more assertive conclusion, a similar approach to the examination was carried out for
Toronto; their results are shown in Table 15 and Figure 22. Wall polyiso foam board with foil facer has
slightly lower overall embodied carbon than the rest of the insulation and hence makes a good candidate
for exterior insulation. Polyiso foam board with foil facer has an RSI-Value 1.01/inch (R-6/inch) than
polyiso foamboard, which has an RSI-Value 0.96/inch (R-5.5/inch) [86].
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Figure 21: Comparison of Global warming potential by life cycle stage with exterior insulation for Calgary
(Climate Zone 7a) based on NBC 2020 edition

Table 15: Comparison of WBLCA GWP by life cycle stage with different external insulation for Toronto

C tructi Total
Exterior Unit Product 02:0::;;0" Use Operc;t?onal End of life Total

insulati Al to A3 B2 & B4 CltoC4

insulation (AltoA3) | rpgas) | ! ' Energy (86) | (€110 ¢4
XPS foam board| kg CO, eq 28800 6670 8590 0 2410 46470
Polyiso fi

owisotoam 4o co,eq | 28400 6640 8590 0 2410 46040

board
EPS foam kg CO, eq 28500 6650 8590 0 2410 46150
Wall polyiso
foam board foil | kg CO; eq 28400 6650 8590 0 2410 46050
facer
Mineral wool
batt kg CO; eq 28300 6640 8590 0 2410 45940
Totals kg CO, eq | 142400 33250 42950 0 12050 230650
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Figure 22: Comparison of Global warming potential by life cycle stage for exterior insulations (Toronto CZ
5) based on NBC 2020 edition

The WBLCA GWP evaluation of a house model for Vancouver, Calgary, and Toronto, together with
interior insulation Batts Fiberglass, Cellulose fiber and Mineral wool, and exterior insulation foil facer
polyiso for Toronto and Calgary, is displayed in Figure 23. There are variations seen while comparing the
GWP at each life cycle stage. However, exterior insulation foil facer has lower embodied carbon than the
rest of the exterior insulation compared. The Athena tool has pre-recorded variables on different sections
for each life cycle stage, such as raw material supply, transportation to the factory or site or waste
disposal, manufacturing, construction installation, and more, as seen in Figure 5.
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Appendix C: 1 year, 5 and 60 years GWP operational carbon cumulative
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Figure 24: Comparison of GWP by Life Cycle Stage (1 year)
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Figure 25: Comparison of GWP by Life Cycle Stage (5 years)
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Appendix D: Energy Profile for each location

Monthly energy gain profile and heating system performance (kWh) for Vancouver
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Figure 27: Sp c\7/ce heat/ng(;y Z ten/7 P e)rformance for Figure 28: Monthly Energy Profile Vancouver
ancouver (fibreglass (Fiberglass)
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Figure 29: Space heating system performance for Figure 30: Monthly Energy Profile Vancouver (Blown

Vancouver (Blown Cellulose) Cellulose)
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Figure 31: Space heating system performance for Figure 32: Monthly Energy Profile Vancouver (mineral
Vancouver (mineral wool) wool)

To create a monthly energy profile for a house, the HOT2000 energy simulator evaluated energy gains from various sources,
including solar radiation, internal heat from occupants and appliances, and auxiliary energy. Solar gain occurs via windows and skylights
and increases the temperature in a space. Internal gains consider two adults and a child as occupants and include heat from lighting,
electrical appliances, and more. The Auxiliary Energy result depends on factors like HVAC system type, specific Fan Power, variable speed
pump selection, ductwork leakage classification, and room type during particular hours of operation. Figures 27-32 show that the house
model with mineral wool insulation for its walls had the lowest space heating and energy load (kWh), followed by Blown Cellulose. The
highest energy and space heating loads were consumed when Batts Fiberglass insulation was used. The simulation included both electricity
and natural gas energy sources for Vancouver. Still, in British Columbia, the annual use of a furnace for heating water was minimalistic due
to renewable energy availability such as hydropower.
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Monthly energy gain profile and heating system performance (kWh) for Toronto
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Figure 33: Monthly Energy Profile Toronto (Fibreglass)
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Figure 35: Monthly Energy Profile Toronto (Blown
cellulose)
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Figure 34: Space heating system performance for
Toronto (Fibreglass)

14000
12000
10000
8000
6000
4000
2000

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

M Space Heating Load (MJ) M Furnace Input (MJ)

M Indoor fans (MJ) Heat pump input (MJ)

Figure 36: Space heating system performance for Toronto
(blown cellulose)
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Figure 38: Space heating system performance for Toronto
Figure 37: Monthly Energy Profile Toronto (mineral wool) (mineral wool)

Upon reviewing Figures 33-38, the house model with Batts Fiberglass insulation for its walls had the lowest space heating and
energy load, followed by Blown Cellulose. The highest energy and space heating loads were consumed when mineral wool insulation was

used. The readings included both electricity and natural gas energy sources for Toronto. Additionally, the furnace played arole in heating
water, especially at peak in January and gradual decrease to mid-March or early April.
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Monthly energy gain profile and heating system performance (kWh) for Calgary
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. . . Figure 40: Space heating system performance for
Figure 39: Monthly Energy Profile Calgary (fibreglass) Calgary (Fibreglass)
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Figure 41: Monthly Energy Profile Calgary (Blown Figure 42: Space heating system performance for Calgary

cellulose) (Blown cellulose)
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Figure 43: Monthly Energy Profile Calgary (Mineral wool)
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Figure 44: Space heating system performance for Calgary
(Mineral wool)

The house model with Blown cellulose insulation for its walls had the lowest space heating and energy load, followed by minerall
wool, as seen in Figures 39-44. The highest energy and space heating loads were consumed when Batts Fiberglass insulation was used.
Two energy sources, electricity and natural gas, were considered for plotting the profile. Additionally, the furnace played a significant role
in heating water, especially at peak between December and January and a gradual decrease to April.



Appendix E: HOT2000 input variables

Temperatures
Main Floors Basement
Daytime Heating Nighttime Heating Heated Cooled
Set Point SetPoint
Separate Thermostat
Heating Set Point
Nighttime Setback 19 c
Cooling Set Paint Duration
©
Allowable Rise
High (5.5C=99F) e
Crawl Space
Equipment Heated
Heating Set Paint
Sizing Indoor Design Temperatures 15 C
Heating Set Point
[2 c
Cooling SetPaoint
|24 ‘C
Base Loads WaterUsage Electrical Usage
Restore Defaults [Juser Specified Electrical and Water Usage
Qccupancy Summary
[/ Occupied Electrical Appliances 6.3 kWh/day
Occupants AtHome
Adulis |2 | |50 % Lighting 26 KWh/day
Children |1 | |50 o Other Electric 9.7 kWhjday
Avg. Exterior Use 09 kWhjday
Infants |ﬂ | |D %
Estimated Hot WaterLoad 12836 L/day

Internal Gains

Fraction of internal gains applied
to basement
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Base Loads WaterUsage Electrical Usage

Hot Water

Temperature

Bathroom faucets

Shower

Temperature |Warm 41°C (106°F) v|

Shower head flow rate  [Standard 9.5 L/min (25 US gp ~ |

Faucetflow rate ‘StandardSSLfmln[ZZUS gpm)

i Average shower duration minutes
Faucetuse per .
occupant per day minutes/oce/day Number of showers per shower/oce/week
occupant per week
Clothes Washer
[ installed Rated water consumption per cycle L
Rated values |Defau\t w ‘
Rated annual energy consumption per year kWh/year
Temperature |Hot \,‘ Number of clothes wash cycles per occupant load/occfwesk
perweek
Dish Washer
[ nstalled Rated water consumption per cycle L
Rated values Default w ‘
Rated annual energy consumption per year - kWh/year
Number of dish washer cycles per occupant perweek cyclefocciweek
Other
Other water consumption per occupant per day L
Cold water
Number of low flush toilets E
Base Loads WaterUsage Electrical Usage
Internal Gains
Clothes Dryer
. Percentage of washer o
Installed  Energy Source |Electric loads drigdm machine %
Default Rated annual energy
Rated values consumption per year kWh/year
Dryer Location Main Floar ~
Stove
Rated annual energy
consumption per year
Energy Source | Electric ~ Rated values Default o | ption pery!
KWh/year
Refrigerator
Rated values |Defau|t ~ | Rated annual energy kKWh/year
consumption per year
Lighting

Daily electrical energy |< 25% CFL or LED

consumption

Miscellaneous

Other electrical load

Exterior Electrical Loads
Avg. Exterior Use

kWh/day

v| 26 KWh/day

kWh/day
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Specifications  Qther Factors

House
House Volume
9613 me Includes crawlspace
volume

Air Tightness Type

Energy tight (1.5 ACH @ 50 Pa) v
Building Site

Terrain

Open flatterrain, grass ~

Above Grade Height of Highest Ceiling
-

Exhaust Devices Test

Depressurization test status:

Mot applicable ~
Depressurization test result:

0 Pa

Blower Test

AirLeakage TestData [JUnguarded
Air Change Rate Test Type

Equivalent Leakage Area

Type | Calculated
Value [519.0 cm?® at 10Pa

Local Shielding

Walls
Heavy ~
Flue
Light ~

Area of common surfaces

Floors

0 m?
Walls

0 m?
Ceilings

0 m?
Total

0 m?

Main  Season Fans/Pumps Fumace HeatPump-Air

Type1

O Baseboards/Hydronic/Plenum heaters
(® Furnace

() Boiler

() Combo Heating/DHW
() CSA P 911 tested Combo Heating/DHW

[JRadiant Heating
[] Additional Openings
Supplementary Heat Systems: |00 -2

Type 2
(CINA
(@) Air Source Heat Pump
() Water Source Heat Pump
OGround Source Heat Pump
() Air Conditioning

[]Accountfor Shading in F280
Design Cooling loads
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Main Season Fans/Pumps Furnace HeatPump - Air

Cooling
Start Month End Month Design Month
March ~ | | August ~ | | September

Main Season Fans/Pumps Fumace HeatPump - Air

Heating Systems Fan/Pump Cooling Systems Fan
Mode Fan/FPump Power Indoor Mode Fan Power
Auto ~ Calculated Auto ~ Calculated

High Speed Power Indoor Fan Flow Rate Power
{Eneroy Effcient W v P

Motor
Low Speed Power

Energy Efficient
0 W D ay

Mator

Main Season Fans/Pumps Fumace HeatPump - Air

Equipment Equipment Information
Manufacturer
Energy Source
MNatural gas ~
Model
Dual Fuel System  Switchover temperature: |
(Bi-Energy) .
0 c [JENERGY STAR EPA/CSA
Equipment Type
Induced draftfan furnace v
Output Capacity Value

Calculated b kW

Sizing Factor

Efficiency

. {®) Steady State
® % Qe
Pilot Light Flue Diameter
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Main Season Fans/Pumps Fumace

Equipment
Unit Function

Heating/Cooling

Central Equipment Type

Central split system

Specifications
Output Capacity

User-Specified

Heating Efficienc
Cooling Efficienc

Temp. Cutoff Type

Balance point

Temp. Rating Type
B83C(47F) v

Primary  Secondary

(@) Energy Factor
Energy Source
MNatural gas

Tank Type
Induced draftfan

Tank Volume

N
N
Capacity | kW
-
(O copP
@ HSPF
(O copP
(@ SEER
Cutoff Temp.
0 =
Rating Temp.
8.3

C

(O Uniform Energy Factor

189.3 L. 41.6 Imp. 50 US gal ~ | 1893 L

Energy Factor
Use defaults

Tank Location
Main floor

Standby

Standby Heat Loss
0

~ | |0.556381

Thermal Efficiency
0 %

W

%ofhr

Input Capacity

P

Edit DWHR data

[ ] Drain Water Heat Recovery

Heat Pump - Air

Equipment Information

Manufacturer

Madel

[JENERGY STAR

Crankcase Heater

W

Sensible Heat Ratio
0.76

Openable Window Area
: %

Equipment Information
Manufacturer

Model

[CJENERGY STAR

Insulating Blanket

Pilot Energy
0

[JecoEnergy

MdJjday

Flue combined with Furnace/Boiler flue

Flue Diameter

CSAF379 MJfyr
Slope Azimuth

0

Fraction oftank 1
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