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Executive Summary
Residential buildings have a significant impact on human health and the environment. Highperformance buildings aim to minimize this impact; however, research has shown that
considerable performance gaps between predicted and measured building performance can exist.
Evaluations of high-performance single-family residential buildings are rarely conducted and
lack a consistent methodology. This study tested a method of holistic single-family residential
building performance evaluation. The methods used included an investigation of energy use,
water use, and indoor environmental quality. Energy models, engineering drawings, utility data,
in-situ testing, and occupant interviews were used to investigate energy use, water use, and
indoor environmental quality of nine high-performance houses in Southern Ontario.
Predicted energy consumption from energy models was compared to two years of weather
normalized energy utility data to determine the magnitude of the performance gap at each house.
Since water consumption was not predicted by energy modelling, water utility data was
benchmarked against relevant geographical averages and sustainability rating system guidelines.
Indoor environmental quality monitors were placed in each house to investigate thermal comfort,
light levels, and noise levels, and determine concentrations of Carbon Dioxide, total volatile
organic compounds, and fine particulate matter. Occupant interviews were used to provide
context to the analyses. Interviews were vital in providing meaningful takeaways from the study
and allowed for deeper investigation of energy performance gaps, reasons behind water
consumption levels, and indoor environmental quality parameter concentrations. Occupant
interviews
Across the housing sample, energy performance gaps ranged from -30% to +50% of predicted
values. Houses powered solely by electricity had underconsumption performance gaps, while
houses that used both electricity and natural gas had overconsumption performance gaps. While
most houses showed significant performance gaps, all houses used less energy than conventional
houses. Water use was variable by up to +300% of the lowest water user in the study. Most
houses consumed less water than conventional houses and houses that consumed higher rates of
water typically had increased consumption in summer months, likely from outdoor water use.
Occupant behaviour impacted both energy and water consumption rates. All houses showed
reasonable indoor environmental quality. Results vary by house primarily due to differences in
occupant behaviour. Trends in indoor environmental quality parameter levels did not seem to be
impacted by house age, typology, energy type used (i.e. natural gas stove), or ventilation system
type used. Future work should consider monitoring of ventilation rates as ventilation is a key
approach in reducing levels of Carbon Dioxide, fine particulate matter, and total volatile organic
compounds. Occupant interviews were useful in providing context to levels of indoor
environmental quality parameters.
The proposed building performance evaluation methodology for single-family houses provided a
holistic look at building performance, including energy, water, and indoor environmental quality.
Occupant interviews provided valuable insights into levels of energy consumption, water
consumption, and indoor environmental quality parameters. Future work may consider
occupancy and ventilation rate monitoring over the indoor environmental quality monitoring
period, or analysis into total emissions and environmental impact of the house, including
embodied carbon, energy used in daily transportation, or other factors.
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1.0

Introduction

Buildings are integral to everyday life. They are the places where people live, work, and
socialize. The 2001 National Human Activity Pattern Survey stated that North Americans spend
over 90% of their lives in buildings (Klepeis, et al., 2001). As such, buildings can greatly affect
human health and comfort (World Green Building Council, 2014; Sharpe, 2013). Additionally,
buildings are significant contributors of greenhouse gas emissions. In 2019, the International
Energy Agency found that the residential building sector alone was responsible for
approximately 17% of total global CO2 emissions (International Energy Agency, 2020). Further,
in Canada, single-family residential buildings account for 79% of total residential energy
consumption and space heating accounts for 64% of total GHG emissions (Natural Resources
Canada, 2018).
Despite connections to human health and the environment, evaluations of how buildings perform
and meet comfort, health, and environmental expectations are not often conducted (Sharpe,
2013; Straube & Burnett, 2005). This type of assessment is called a building performance
evaluation (BPE). Typically, BPE is used to document differences between predicted and
measured building performance to determine whether a “performance gap” exists. A
performance gap is any difference between the predicted and measured performance (Bartlett et
al., 2014; Coleman et al., 2018). Performance gaps can be positive (overconsumption
performance gap) or negative (underconsumption performance gap). An overconsumption
performance gap means that buildings are using more resources than intended, while an
underconsumption performance gap indicates that a building is using less resources than
predicted. Performance gaps are a systematic global issue that can occur in both new
construction and building retrofit projects (IPEEC, 2019). Understanding the performance gap
and using the knowledge gained is critical to improving building performance and delivering on
energy and water performance goals.
Canadian BPE studies are largely focused on larger building typologies such as multi-unit
residential buildings, commercial buildings, institutional buildings, and offices. BPE studies of
single-family residential buildings have been largely focused in Europe, typically focusing on
energy consumption, resulting greenhouse gas emissions and occupant comfort (Palmer et al.,
2016; Bell et al., 2010). While most studies use more than one method to evaluate buildings, few
studies involve a complete analysis of occupant surveys, analysis of energy and water
consumption, and indoor environmental quality (Li, Thomas, & Brager, 2018).
BPE is crucial for “green” or “high-performance” buildings as these projects are built using
highly efficient designs and/or emerging technologies and often claim to reach energy and water
consumption targets based on theoretical data and assumptions, rather than measured data
gathered post occupancy (Bartlett et al., 2014). Post -occupancy BPE allows for verification of
new designs, materials, and technologies (Sharpe, 2013). In a certified high-performance
building (e.g., LEED, Passive House), BPE can confirm whether a building is performing at the
approved level.
There is demonstrated value to BPE. Findings from BPE can be used to reduce environmental
impact of a building by reducing energy, water and GHG emissions. The occupant may also
benefit economically through this reduced consumption and may experience improved occupant
comfort and well-being. The goal of this research is to pilot a method for BPE of highperformance single-family residential buildings to provide a Canadian context to single-family
1

residential BPE and contribute to the overall body of knowledge for BPE of this building
typology. Further development of standardized single-family residential BPE will allow for
generalizable outcomes to be determined.

1.1

Project Scope

This report summarizes results and key findings from a study involving BPE of nine highperformance houses in Ontario, Canada. The study included investigations of energy
performance, water performance, and indoor environmental quality. Occupant interviews were
used to give context to performance levels and results were benchmarked against industry
standards and guidelines. The research combined collection of existing data with the collection
of data from in-situ testing and measurements and provided a unique analysis of post occupancy
single-family residential building performance. The developed method can be used to analyze
other high-performance houses.
1.1.1

Research Questions

Research questions are:
1. What types of energy performance gaps exist in the nine high-performance houses?


How do the houses perform compared to relevant benchmarks and to each other?
i.e., Are the houses operating at a “high-performance” level?



What are common issues that can be identified and prevented in the future?

2. How does the water consumption of the nine high-performance houses compare to
relevant geographical and sustainability rating system benchmarks, and across the
housing sample?
3. Are occupants comfortable in, and satisfied with the high-performance houses in the
study?




Are houses achieving healthy levels of indoor contaminants compared to relevant
benchmarks?
How do the houses compare to each other?
What is the relationship between on-site measurements and occupant perception
of indoor environmental quality collected via occupant interviews?

2

2.0

Methodology

The methodology included analysis of collected data, such as metered data from utilities, sensor
output data, engineering drawings, energy modelling, and occupant interviews. Additionally, insitu testing, occupant interviews, airtightness testing, thermography, and IEQ monitoring were
used to analyze the buildings. Methods for analysis of energy and water consumption, IEQ, and
occupant interviews were developed following recommendations from previous work on
commercial and institutional high-performance buildings completed by Bartlett et al., (2014) and
recommendations for post occupancy evaluation of multi-unit residential buildings by the
Canada Mortgage and Housing Corporation (2017).

2.1

Participating Building Summary

Nine single-family residential buildings located in Southern Ontario were selected for
participation in this study. The houses were required to be occupied for at least one-year after
construction with access to energy models, utility data, post-construction airtightness testing
results, and engineering drawings. At least one full year of utility data (January 2020 to
December 2020) was required for participation in the study. Except for House 8, all houses
provided two years of utility data. House 8 was occupied in late 2019, therefore only energy and
water utility data from 2020 was provided.
2.1.1

Key Characteristics of Participating Buildings

The houses that were chosen to participate in the study self-reported as high-performance and
were built to exceed minimum standards of energy use. Some houses were also built to achieve
low water use, and great indoor environmental quality compared to conventional houses.
Insulative and mechanical details for each house are found in Appendix A.
Table 1 summarizes the key characteristics of each house, including location, typology,
construction type, year built or retrofitted, GFA, number of floors, and average occupancy over
the study period. Note that GFA was defined as all conditioned interior space in the house,
including living areas, bathrooms, bedrooms, mechanical equipment areas, storage rooms,
laundry rooms, and basements. All houses had conditioned basements that are not included in the
floor count, except for House 6 which had an unconditioned crawlspace for mechanical
equipment. Additionally, occupancy at Houses 3, 5, 8, and 9 varied over the study period. Where
changes to occupancy were disclosed, the average occupancy was calculated using a weighted
average.
Table 1: Key characteristics of participating houses

House
ID

Location

House 1
House 2
House 3
House 4
House 5
House 6

Toronto
Toronto
Oakville
Guelph
Peterborough
Clarksburg

Typology

Construction
Type

Year Built
or
Retrofitted

Detached
Detached
Detached
Detached
Detached
Detached

Retrofit
Retrofit
Retrofit
Retrofit
New Build
New Build

2011
2014
2010
2016
2013
2017

3

Gross
Floor
Area
(m2)
244
270
216
192
180
81

No.
Storeys

Average
No.
Occupants

3
2
2
1
2
2

4.00
4.00
3.25
2.00
3.75
1.00

House 7
House 8
House 9

St. Thomas
St. Thomas
Oakville

Detached
Detached
Attached

New Build
New Build
New Build

2018
2019
2013

257
237
216

1
1
2

2.00
1.50
2.21

Houses in the study are of similar size and typology, with the following exceptions:


House 9 is the only attached house. All other houses are detached.



With a GFA of only 81 m2, House 6 is 127 m2 smaller than the average GFA of the
housing sample (208 m2). House 6 is the only house without a basement.

Table 2 details the energy modelling program used for each house and the type of energy used
(electricity, natural gas). Houses 1, 7, and 8 rely on natural gas for domestic hot water (DHW)
and space heating. House 1 also uses natural gas for cooking. For space heating, Houses 7 and 8
use a hybrid electric and natural gas system; House 1 uses only natural gas heating.
Table 2: Energy characteristics of participating houses

House ID

Energy Model Type

Energy Type

House 1
House 2
House 3
House 4
House 5
House 6
House 7
House 8
House 9

Hot2000 (EnerGuide)
eQUEST
Passive House Planning Package
IES Virtual Environment
Passive House Planning Package
DesignBuilder
Hot2000 (EnerGuide)
Hot2000 (EnerGuide)
Passive House Planning Package

Electricity, Natural Gas
Electricity
Electricity
Electricity
Electricity
Electricity
Electricity, Natural Gas
Electricity, Natural Gas
Electricity

On-Site Energy Generation
None
None
None
None
Solar Energy
Solar Energy
None
None
None

2.2

Analysis of Energy Consumption and Greenhouse Gas Emissions

2.2.1

Predicted and Measured Energy Consumption

For each house, predicted energy consumption was obtained from energy models. The nine
houses had different builders, architects, and designers and energy modelling was not consistent
across the housing sample as described in Section 2.1.1, in Table 2.
For houses that used natural gas as an energy source (Houses 1, 7, and 8), conversion factors
were required to calculate equivalent kilowatt hours (ekWh) for total energy comparisons
between houses. Additionally, some energy modelling programs outputted electric energy
consumption in gigajoules (GJ). These conversion factors are shown in Table 3.
Table 3: Conversion factors: natural gas (m3) and gigajoules (GJ) to equivalent kilowatt hours (ekWh)

Conversion

Conversion Factor

Source

10.33
277.78

Canada Energy Regulator 1
Canada Energy Regulator 1

Natural Gas (m3) to Natural Gas (ekWh)
Gigajoules (GJ) to Kilowatt Hours (ekWh)
1

(Canada Energy Regulator, 2016)
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Annual measured energy consumption was calculated using metered data from utilities. Some
houses noted changes to measured energy consumption, as shown in Table 4. Metered changes
were removed from measured energy consumption to allow for direct comparison to predicted
energy consumption from energy models.
Table 4: Description of changes to measured electricity consumption

Electricity Consumption
Change Description
Pool installation, (only operated 2 weeks
during study period)
Kickboard heaters removed and
installation of mini-split and heat pump

Date
Implemented

Amount

Summer 2020

Not Metered

June 2016

Not Metered

House 5

Electric vehicle

2018

House 7

Hobby Activities

2018

House 9

Electric vehicle

2018

House ID
House 1
House 4

208 kWh/month (removed
from energy consumption)
Metered (removed from
energy consumption)
170 kWh/month (removed
from energy consumption)

Measured energy consumption from utility data was weather normalized and can be found in
Appendix B. This is standard BPE practice (Preiser & Vischer, 2005; Leaman et al., 2010). The
normalized energy consumption represents the energy each building would have consumed
under typical weather conditions for each location. Weather normalized data accounts for yearto-year weather variations to allow for a building to be compared to itself over time. In this
report, weather normalized energy consumption from utility data is referred to as the “measured”
energy consumption. Measured energy consumption data from utility bills were weather
normalized using Energy Star PortfolioManager® (ESPM).
Energy intensities were used to compare energy consumption between the buildings and allowed
for benchmarking to relevant geographical values and sustainability rating system standards.
Predicted and measured energy use intensity (EUI) was calculated in terms of equivalent
kilowatt hour per meter squared per year (ekWh/m2/year) using annual energy consumption from
all fuel sources (electricity, natural gas) and building GFA. Using EUI allowed for direct
comparisons to the broader housing sample based on total energy consumption. Note that net
EUI included energy generated from on-site photovoltaic (PV) panels.
2.2.2

The Energy Performance Gap

The energy performance gap is the difference in predicted energy consumption from energy
models and measured energy consumption from weather normalized utility data. ASHRAE
Guideline 14 specifies that a model can be considered calibrated if the percent change is within
±5% of predicted values (ASHRAE, 2002). The energy performance gap was also calculated
using net EUI to determine the impact of solar energy generation at Houses 5 and 6.
A positive value for the energy performance gap was related to an overconsumption performance
gap, meaning that the building was consuming more energy than predicted. A negative value for
the energy performance gap was associated with an underconsumption performance gap,
meaning that the building was consuming less energy than predicted.
5

2.2.3

Energy Consumption Benchmarking

Energy consumption benchmarking was used to compare the housing sample to relevant
reference values for conventional buildings of similar size and geographical location, and to
high-performance standards from commonly used building sustainability rating tools.
Predicted EUI values from energy models and measured EUI values from weather normalized
utility data were benchmarked against the standards shown in Table 5. Note that the Active
House standard ranges from 1 (best) to 4 (acceptable). It should be noted that the GFA
calculation used in this study may not match the GFA methodology used for each sustainability
rating system listed. The benchmarks are used as approximate comparisons to the sustainability
rating systems and allow for comparison across the housing sample. They should not be taken as
an indication that these houses meet any of these rating systems.
Table 5: Energy use intensity benchmarks for single-family housing

Standard/Guideline

Value

Passive House1
Active House – 12
Active House – 22
Active House – 32
Active House – 42
Typical High-Performance Houses3
Typical Canadian Single-Family Detached House4
Typical Canadian Single-Family Attached House4

< 44 ekWh/m2/year
< 40 ekWh/m2/year
< 60 ekWh/m2/year
< 80 ekWh/m2/year
< 100 ekWh/m2/year
< 79 ekWh/m2/year
225 ekWh/m2/year
181 ekWh/m2/year

1

(Passive House Institute, 2015)
(Active House, 2019)
3
(ZeroEnergy Design, 2021)
4
(Natural Resources Canada, 2018)
2

Additionally, the Toronto Green Standard (TGS) provides design requirements and performance
measures for new multi-family residential buildings (MURB) in Toronto. The TGS does not
provide recommendations for single-family housing. The Standard describes mandatory
requirements for new builds (Tier 1) and higher-level voluntary standards (Tiers 2, 3, 4). Tier 4
is the most stringent level in the TGS (Provident, Morrison Hershfield, Integral Group, 2017).
The TGS EUI Tier 1-4 requirements for low-rise MURBs were used as a benchmark for the
housing sample. Note that these standards are designed for MURBs and a similar TGS should be
created for single-family residential buildings.
The TGS Tiers for multi-family residential buildings are described in Table 6.
Table 6: Toronto Green Standard EUI Tiers for multi-family residential buildings

Toronto Green Standard Tier

EUI

TGS Tier 1
TGS Tier 2
TGS Tier 3
TGS Tier 4

< 165 ekWh/m2/year
< 130 ekWh/m2/year
< 100 ekWh/m2/year
< 70 ekWh/m2/year

6

2.2.4

Greenhouse Gas Emissions

GHG emissions factors from the Canadian National Inventory Report (NIR) specific for Ontario
were used to calculate emissions from natural gas and electricity (Table 7). It is noted that these
are average values; time of use can significantly affect GHG emissions from electricity. It should
also be noted that increases in overall electricity use from the electrification of houses will
increase the overall electricity use in Ontario. The baseload electricity demand in Ontario is
typically supplied by nuclear and hydroelectric power stations. These types of power stations
minimize GHG emissions associated with electric power. Electricity use that exceeds the
baseload demand is called peak demand and is typically supplied by stations fueled by oil and
natural gas. Increases in overall electricity use in Ontario, without increases to the baseload
supply, will result in peak demand usage from power stations with higher GHG emissions
(Ontario Power Generation, 2010). This would result in an increase to the emissions factors
noted in Table 7. Total annual GHG emissions for each house are found in Appendix B.
Table 7: Greenhouse gas average annual emissions factors for Ontario

GHG Emissions Factors for Ontario

Source
National Inventory Report, 20211
National Inventory Report, 20211
National Inventory Report, 20211 &
Canada Energy Regulator2

0.030 kgCO2e/kWh Electricity Consumed
1.888 kgCO2e/m3 Natural Gas Consumed
0.183 kgCO2e/ekWh Natural Gas Consumed1
1

(Environment and Climate Change Canada, 2021)
Using the conversion factor for cubic meters of natural gas to equivalent kilowatt hours in Table 3 in Section 2.2.1,
the GHG emissions factor for equivalent kilowatt hours of natural gas was calculated
2

2.2.5

Greenhouse Gas Emissions Benchmarking

The TGS GHGI Tier 1-4 requirements for low-rise MURBs were used as a benchmark for the
housing sample. The TGS does not have GHGI guidelines for single-family housing. This would
allow for improved benchmarking. Renewable energy was not considered and GHGI values
reflect total energy consumption. The TGS GHGI Tiers are described in Table 8.
Table 8: Toronto Green Standard GHGI Tiers for multi-family residential buildings

2.2.6

TGS Tier

GHGI

TGS Tier 1
TGS Tier 2
TGS Tier 3
TGS Tier 4

< 20 kgCO2e/m2/year
< 10 kgCO2e/m2/year
< 5 kgCO2e/m2/year
< 3 kgCO2e/m2/year

Baseline and Measured Airtightness

Blower door testing results were provided by occupants from post-construction blower door
tests. These tests showed the “baseline” airtightness for each building. The tests were completed
by different technicians, but most were as-operated blower door tests following CAN/CGSB149.10-2019 Determination of the Airtightness of Building Envelopes by the Fan
Depressurization Method (Government of Canada, 2019). This is the industry standard in
Canada. The standard measures airtightness of the entire building envelope through
depressurization of the building. The resulting airtightness is in units of air changes per hour at
7

50 pascals (ACH50). An “as operated” blower door test requires all exterior doors and windows
were closed and latched but intentional openings were not sealed.
The following list describes any exceptions in baseline airtightness reports:


Houses 1 and 6 communicated baseline airtightness values, but test reports were
unavailable. The test method and building details used in airtightness calculations were
unknown for Houses 1 and 6.



The baseline test at House 2 was an “enclosure test”, meaning all intentional openings
were sealed.

Measured airtightness was determined using as-operated blower door tests following
CAN/CGSB-149.10-2019. All tests were completed in 2021 as part of this research, except for
testing at House 5, which was completed by an external party following the same test
procedures. The tests used a The Energy Company (TEC) Blower Door System.
2.2.7 Thermographic Inspection
After blower door testing under depressurization was completed, the building was pressurized
and an infrared (IR) camera (Fluke Ti450 Pro, Ryerson ID: 268.2) was used to locate areas of air
leakage across the building envelope. The images were taken in accordance with ASTM C106011a (2015)—Standard Practice for Thermographic Inspection of Insulation Installations in
Envelope Cavities of Frame Buildings (ASTM International, 2016). The focus of the IR survey
was to detect areas of air leakage and to reveal any issues with the building envelope, such as
insufficient insulation or thermal bridging. Due to time constraints and changing weather
conditions, Houses 2, 5, and 9 were not surveyed due to inadequate weather conditions. Outdoor
and indoor temperatures were too similar at the time of testing to perform a thermographic
analysis of air leakage in accordance with ASTM C1060-11a (2015).
2.2.8

Airtightness Benchmarking

Baseline and measured airtightness were benchmarked against relevant standards. Table 9
outlines Ontario averages for airtightness and relevant airtightness standards in the Ontario
Building Code (OBC) for single-family residential buildings in Ontario.
Table 9: Ontario Building Code and Ontario averages airtightness benchmarks

Standard/Guideline

ACH50

Average Existing Ontario Home1
Average Existing Ontario Home Built after 19961
OBC Target/Energy Star for New Homes Standard (Attached)2,3
OBC Target/Energy Star for New Homes Standard (Detached)2,3
Typical New Construction, Ontario (OBC)1
1

(Barrier Sciences Group, 2018)
(Energy Star, 2015)
3
(NAIMA Canada, 2020)
2
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7.5
4.3
3.0
2.5
2.5 - 3.5

Table 10 outlines the relevant standards in various sustainability rating systems for use in
airtightness benchmarking.
Table 10: Airtightness benchmarks from sustainability rating systems

Standard/Guideline

ACH50

LEED Air Infiltration Credit for Single-Family Residential Buildings1
R2000 Housing – A Canadian Federal Standard2
Net-Zero Energy2
Passive House EnerPHit Retrofit Requirement for Airtightness 3
Passive House New Build Requirement for Airtightness3
EnerGuide (2015)2

2.0 - 2.75
1.5
1.0
1.0
0.6
None

1

(U.S. Green Building Council, 2020)
(NAIMA Canada, 2020)
3
(Passive House Institute, 2015)
2

2.3

Analysis of Water Consumption

2.3.1

Measured Water Consumption

Measured water consumption is analyzed using monthly data from utilities. All houses supplied
utility data from 2019 and 2020 except for House 8, which could only provide 2020 utility data.
Additionally, House 6 is not included in the analysis as water is sourced from an unmetered well,
therefore no data was provided. Otherwise, all houses have one meter that accounts for the total
municipally supplied residential water consumption, including both indoor and outdoor water
consumption. Water consumption details for each house are found in Appendix C.
For each house, annual measured water consumption (m3/year) was converted to a per capita
water consumption rate (m3/person/year) by dividing by the average occupancy over the
monitoring period. The average occupancy at each house is found in Section 2.1.1.
2.3.2

Water Consumption Benchmarking

Multiple standards were used to benchmark water consumption at each house. Since Canada is
one of the largest consumers of freshwater per capita in the world, a European benchmark of
average household water consumption in countries in the European Economic Area (EEA) was
introduced as a “high-performance” water consumption level. Household water consumption in
the EEA is lower than Canadian averages due to cultural differences including water reuse and
recycling. The household water consumption benchmarking values are shown in Table 11.
Table 11: Water consumption benchmarking values

Standard/Guideline

Value (m3/person/day)

European Economic Area (EEA) Average Residential Water Consumption1
Canadian Average Residential Water Consumption2
Ontario Average Residential Water Consumption2
City of Toronto Average Residential Water Consumption3

0.120
0.220
0.184
0.210

1

(Kristensen, Lallana, & Fribourg-Blanc, 2007)
(Statistics Canada, 2017)
3
(City of Toronto, 2019)
2
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2.4

Analysis of Indoor Environmental Quality

The project investigated the following IEQ parameters using Awair Omni sensors: temperature,
relative humidity (RH), Carbon Dioxide (CO2) levels, total volatile organic compound (TVOC)
levels, fine particulate matter (PM2.5), light (lux) levels, and noise (dBA).
2.4.1

Indoor Environmental Quality Monitoring

Three to four Awair Omni sensors were placed in each house for a “monitoring period” of twoweeks (fourteen days). Measurements were taken every fifteen minutes, yielding 1,344 data
points for each parameter and sensor location. The number of sensors used, and the monitoring
period chosen depended on the house size, sensor availability, and occupant availability. Houses
were required to be occupied during the monitoring period.
A summary of sensor locations and monitoring dates for each house is shown in Table 12.
Table 12: IEQ testing period and number of sensors for each house

House Number

Number of Sensors

House 1

4

House 2

3

House 3

4

House 4

3

House 5

3

House 6

3

House 7

3

House 8

3

House 9

4

Sensor Locations
Living room (first floor)
Kitchen (first floor)
Bedroom (second floor)
Basement office (basement)
Living room (first floor)
Kitchen (first floor)
Bedroom (second floor)
Dining area (first floor)
Kitchen (first floor)
Bedroom (second floor)
Basement office (basement)
Living room (first floor)
Kitchen (first floor)
Bedroom (first floor)
Kitchen (first floor)
Bedroom (second floor)
Office (second floor)
Living room (first floor)
Kitchen (first floor)
Bedroom (first floor)
Living room (first floor)
Kitchen (first floor)
Bedroom (first floor)
Living room (first floor)
Kitchen (first floor)
Bedroom (first floor)
Living room (first floor)
Kitchen (first floor)
Bedroom (second floor)
Basement office (basement)
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IEQ Testing Period
December 2020

April/May 2021

March 2021

March 2021
April/May 2021
March/April 2021
April 2021
April 2021

June 2021

2.4.2 Indoor Environmental Quality Benchmarking

Measured IEQ levels were benchmarked against various health standards to determine whether
each parameter was within an acceptable range for occupant health, wellbeing, and occupant
comfort.
The guideline or standard used to analyze each IEQ factor are summarized in Table 14.
Table 13: Standards/guidelines used to benchmark IEQ parameters

Parameter

Standard/Guideline

Recommended Limit/Guideline

Temperature

Health Canada Exposure Guideline for
Residential Indoor Air Quality1

20°C to 25°C when RH is 20% to 60%

Relative Humidity
(comfort)

Health Canada Exposure Guideline for
Residential Indoor Air Quality1

20% to 60% (comfort)

Relative Humidity
(mould risk)

Carbon Dioxide
Total Volatile
Organic
Compounds
Fine Particulate
Matter

Light

ANSI/ASHRAE Standard 62.12-2019
Ventilation for Acceptable Indoor Air
Quality2
Health Canada Exposure Guideline for
Residential Indoor Air Quality1

≤ 65% (mould risk)
≤ 3500 ppm

RESET Air Residential Standard v1.03

≤ 1000 ppm (Acceptable), and
≤ 600 ppm (High Performance)

World Green Building Council4

≤ 500 ppb

Awair5

≤ 333 ppb

Health Canada Exposure Guideline for
Residential Indoor Air Quality1

≤ 100 µg/m3 (1-hr Average), or ≤ 40
µg/m3

RESET Air Residential Standard v1.03
Illuminating Engineering Society of
North America Lighting Handbook6
Health Canada7

Noise
Awair5

≤ 35 µg/m3 (Acceptable),
≤ 12 µg/m3 (High Performance)
Living/Dining Room: 30 lux min
Bedroom: 50 lux min
Kitchen: 100-500 lux min
Office: 500-1000 lux min
≤ 70 dBA
≤ 85 dBA (8-hour average)
≤ 45 dBA (background noise)

1

(Health Canada, 1989)
(ASHRAE, 2019)
3
(RESET, 2019)
4
(World Green Building Council, 2014)
5
(Awair, 2020)
6
Note that these light levels are the minimum light level for a usable space (IESNA, 2000)
7
(Health Canada, 2020)
2
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2.4.3 Statistical Analysis of Data

Descriptive statistics were used to summarize overall findings from sensor readings. Thermal
comfort and lighting levels are important when rooms are monitored. The thermal comfort
analysis used assumed hours of occupancy for each room and light levels were analyzed for
general lighting patterns over the total monitoring period. The lack of room occupancy
monitoring is a limitation of the thermal comfort and lighting analysis methods.
Results and discussions of the whole house statistical analyses encompassing average readings
across all sensor locations at each house are found in Section 5.0 and are organized by parameter.

2.5

Occupant Interviews

Occupant interviews provided context to the objective data that was gathered to answer all
research questions. One adult occupant from each house was asked to participate in the
interview. The goal of the interview was to gain insight on how occupants experience and
operate their houses. The interviews also provided insight on how occupant behaviour can
impact energy and water consumption levels. They also allow for insight on lived experience of
the occupants in the houses. While the actual impact of occupant behaviour is difficult to
quantify, the interviews revealed how occupants operate their houses and any issues or benefits
they may be experiencing.
Occupant interviews were conducted virtually, or over the phone prior to analyses of energy,
water, or IEQ data. Occupant interviews focused on insight from one occupant on comfort and
overall satisfaction with the building, occupant knowledge of building system operation and
controls, occupant use of the house, and provided an opportunity to discuss and identify any
issues or problem areas in the building. Using occupant interviews in this researched allowed for
deeper insight into determining building issues and lived experience of the houses. The occupant
interviews allowed for insight into causes of performance gaps and reasons for energy and water
consumption levels. Additionally, interviews provided valuable information about how
occupants operate and use their homes. This was imperative to understanding the results from
IEQ monitoring.
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3.0

Energy Performance Results

This section presents the results of the airtightness and energy consumption analyses to explore
the types of energy performance gaps that exist in the nine high-performance houses.

3.1

Airtightness Results

The post-construction baseline airtightness is compared to measured airtightness in Figure 1.
With an airtightness of 0.66ACH50, House 3 is the most airtight of houses in the study. Houses 1
and 6 were the least airtight of the housing sample at 1.97ACH50 and 1.99ACH50 respectively.

Figure 1: Baseline versus measured airtightness values

All houses experienced a decrease in airtightness, except for House 8, which remained the same.
Note that House 8 was the newest house in the study, constructed in 2019. The Energy Company
(TEC) notes values of ACH50 from 0 - 1.5ACH50 are “very tight”, values from 1.5 - 3ACH50
are “tight” (TEC, 2017).
The percent change in baseline and measured airtightness are shown in Table 15. House 6
showed the largest percent change in airtightness (0.94ACH50 or 89.5% of baseline
airtightness).
Table 14: Total percent change in airtightness from baseline to measured airtightness

House ID

House Typology

Baseline Test Year

Decrease in Airtightness (%)

House 1
House 2
House 3
House 4
House 5
House 6
House 7
House 8
House 9

Detached Retrofit (DR)
Detached Retrofit (DR)
Detached Retrofit (DR)
Detached Retrofit (DR)
Detached New Build (DN)
Detached New Build (DN)
Detached New Build (DN)
Detached New Build (DN)
Attached New Build (AN)

2011
2014
2010
2016
2013
2017
2018
2019
2013

40.7%
61.4%
4.8%
5.5%
6.1%
89.5%
5.5%
0.0%
14.9%
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3.1.1

Airtightness Benchmarking

As described in Section 2.2.8, airtightness benchmarks vary for differing house typologies.
Results of airtightness benchmarking are separated by typology. Benchmarking for detached
retrofit (DR) houses, detached new build (DN) houses, and attached new build (AN) houses are
found in Figures 2, 3, and 4 respectively.

Figure 2: Benchmarking of baseline and measured airtightness for detached retrofit (DR) houses (Houses 1, 2, 3, 4)

Figure 3: Benchmarking of baseline and measured airtightness for detached new build (DN) (Houses 5, 6, 7, 8)
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Figure 4: Benchmarking of baseline and measured airtightness for attached new build (DN) (House 9)

3.1.2

Discussion of Airtightness Results

All measured airtightness values were below 2.0ACH50, meaning that all nine houses are more
airtight than typical new construction built to the OBC (2.5ACH50 - 3.5ACH50), OBC targets
(2.5ACH50 detached, 3.0ACH50 attached), and are significantly more airtight than the average
existing house in Ontario built after 1996 (4.3ACH50). Overall, houses in the study were 20% to
74% more airtight than the OBC target for their associated typology. Additionally, during
interviews all occupants noted that they did not notice any building envelope locations with
drafts or noticeable cold spots. Occupants noted that they were very comfortable in their houses
and had not noticed any areas that may indicate air leakage or thermal bridging at the time of the
interviews.
All houses exceeded the LEED Single-Family Residential lower limit for airtightness
(2.0ACH50). Houses 2, 3, 5, 7, 8, and 9 met airtightness requirements for the R-2000 Standard
(1.5ACH50) and Net-Zero Energy (1.0ACH50). Houses 5, 7, 8, and 9 did not meet Passive
House new build requirements for airtightness (0.60ACH50). House 2 (0.71ACH50) and House
3 (0.66ACH50) were the most airtight of all houses in the study and met all noted standards,
including the Passive House Retrofit requirement for airtightness (1.0ACH50). House 1
(1.97ACH50), House 4 (1.73ACH50), and House 6 (1.99ACH50) did not meet any of these
additional standards.
All houses became less airtight over time, except for House 8, which remained unchanged. This
is likely because House 8 is the most recently built, constructed in 2019. The largest decrease in
airtightness was at House 6, where airtightness has decreased by 90% over 4 years. The decrease
in airtightness at House 6 is likely due to changes in the building envelope. During the interview,
the occupant noted that the through wall HRV unit in the kitchen was replaced with a smaller
unit. The existing wall perforation was too large and was reduced to fit the smaller unit. Through
the IR survey, this location was noted as a significant source of air leakage. For all houses,
potential causes of airtightness decreases may be from building envelope deterioration over time,
material settling, or errors in construction, however, the houses that underwent thermographic
inspection did not show significant signs of these issues.
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Limitations of baseline and measured airtightness include imperfect data sets. For House 2, the
decrease in airtightness can be partially attributed to the difference in testing regimes from the
baseline (enclosure test versus as operated test). Comparisons between as-operated and enclosure
airtightness tests are indirect comparisons as as-operated tests will always show higher air
leakage rates than enclosure tests. Additionally, the baseline test reports for Houses 1 and 6 were
not provided. For these houses, the airtightness testing methodology was assumed to be in
accordance with the industry standard (CAN/CGSB-149.10-2019). Differences in airtightness at
these two houses may be due to differences in testing regimes, test equipment, or software
analysis inputs. If the assumptions made are incorrect, baseline airtightness may be
misrepresented. Further, at most houses, baseline airtightness testing was completed by different
technicians and test equipment. Measured airtightness was consistent except for the test at House
5, which was completed by an external party. Ideally, airtightness tests would have been
completed over a short period, such that weather conditions are consistent across the housing
sample. Due to issues associated with COVID-19, this was not possible. The same issue existed
for thermographic inspections. Not all houses were surveyed due to inadequate weather
conditions. Houses that were surveyed revealed typical areas of air leakage for the housing
sample. These areas included wall and foundation penetrations for mechanical equipment,
windows, doors, pot lights and outlets. None of the houses showed significant thermal bridging
during the IR survey. During the interview portion of the study, the occupants of all houses noted
that they were comfortable in their houses and did not notice any drafts. Additionally, none of
the occupants disclosed significant issues regarding smells or humidity levels that may be an
indicator of air leakage.

3.2 Predicted and Measured Energy Use Intensity and Energy Performance
Gaps
The predicted EUI was compared to 2019-2020 average measured energy use intensity (EUI). As
discussed in Section 2.2.2, the acceptable percent change between predicted and measured
energy performance was ±5%. Houses with total percent changes in EUI within the ±5% limit
were not considered to have a performance gap.
Table 16 organizes the performance gap by magnitude of EUI, from the largest
underconsumption performance gap to largest overconsumption performance gap. The average
predicted EUI of the housing sample was 66.8 ekWh/m 2/year, while the average measured EUI
of the sample was 67.0 ekWh/m2/year.
Table 15: Energy performance gap of each house in the housing sample by magnitude

House ID

Energy Performance
Gap
(ekWh/m2/year)

House 5
House 4
House 9
House 6
House 3
House 2

-20.2
-18.0
-16.3
-9.6
-7.7
1.1

Energy
Performance
Gap
(%)
-26%
-24%
-30%
-9%
-13%
+2%

16

Type of Energy Performance Gap
Underconsumption Performance Gap
Underconsumption Performance Gap
Underconsumption Performance Gap
Underconsumption Performance Gap
Underconsumption Performance Gap
No Performance Gap

House 7
House 8
House 1

19.4
24.0
28.6

+37%
+50%
+33%

Overconsumption Performance Gap
Overconsumption Performance Gap
Overconsumption Performance Gap

Figure 5 shows the distribution of predicted and measured energy consumption by energy type at
each house. Note that data labels noting the percent change are grey for natural gas and black for
electricity. Except for House 2, all houses showed electricity underperformance gaps from -6%
to -44% (an average of -22%). Conversely, all houses that use natural gas showed natural gas
overconsumption performance gaps of +63% to +233% (an average of +169%). This value was
heavily skewed by Houses 7 and 8, as both houses used over 200% more natural gas than
predicted.

Figure 5: The energy performance gap by energy type (electricity, natural gas)

3.2.1 Energy Use Intensity Benchmarking

Predicted and measured EUIs for each house were benchmarked against relevant standards. EUI
benchmarking did not include EUI reductions from solar energy generation. It should be noted
that calculations of GFA differ across the noted sustainability rating systems and comparisons to
sustainability rating systems are approximate. The benchmarks allowed for comparison across
the housing sample and give an approximate indication of how houses are performing relative to
the noted sustainability rating system standards.
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Figure 6 illustrates the sustainability rating system standards met by the predicted and measured
EUI for each house. For all houses, predicted and measured EUI was significantly lower than the
typical Canadian single-family house for the associated typology (225 ekWh/m 2/year detached,
181 ekWh/m2/year attached). For clarity in visualization, this benchmark was excluded from
Figure 6.

Figure 6: Predicted and measured EUI benchmarking to approximate values for relevant standards (note these will
vary based on different floor area calculation protocols)

The TGS EUI Tier 1-4 requirements for low-rise MURBs were used as a benchmark for the
housing sample, as shown in Figure 7. The predicted and measured EUI of all houses was below
the mandatory TGS Tier 1 (165 ekWh/m2/year) and optional TGS Tier 2 (130 ekWh/m2/year).
While these standards are designed for MURBs, a similar TGS should be created for singlefamily residential buildings.

Figure 7: Energy use intensity benchmarking - Toronto Green Standard
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3.2.2 The Net Energy Performance Gap for Houses 5 and 6

Table 17 details the predicted and measured solar energy generation at each house over the study
period (2019-2020 average).
Table 16: Predicted and measured solar energy generation intensity (Houses 5 and 6)

House
ID
House 5
House 6

Predicted Solar
Energy Generation
Intensity
(kWh/m2/year)
33.9
55.6

Measured Solar
Energy Generation
Intensity
(kWh/m2/year)
33.6
26.5

Performance Gap of
Solar Energy
Generation Intensity
(kWh/m2/year)
-0.3
-29.1

Performance Gap of
Solar Energy
Generation Intensity
(%)
-1%
-52%

Both Houses 5 and 6 underproduced solar energy compared to predicted values; however, only
House 6 had a significant solar energy generation performance gap. The performance gap of
solar energy generation intensity at House 6 was due to re-occurring issues with the PV panels.
Additionally, from July 2020 to November 2020, panels were completely offline.
Table 18 details the net predicted and net measured EUI and resulting net performance gap for
each house.
Table 17: Predicted and measured net EUI comparison including solar energy generation (Houses 5 and 6)

House
ID
House 5
House 6

Predicted Net
EUI
(kWh/m2/year)
44.8
49.4

Measured Net
EUI
(kWh/m2/year)
24.9
68.9

Net EUI Performance
Gap
(kWh/m2/year)
-19.9
+19.5

Net EUI Performance
Gap
(%)
-44%
+39%

When solar energy generation was considered, House 5 had an underconsumption performance
gap of -44% (-19.9 kWh/m2/year). Issues with solar panels at House 6 led to an overconsumption
performance gap of +39% (+19.5 kWh/m 2/year).
Predicted solar energy generation for Houses 5 and 6 supplied 43% and 53% of total predicted
energy consumption respectively. Measured solar energy generation at Houses 5 and 6 supplied
57% and 28% of total measured energy consumption respectively.

3.3 Greenhouse Gas Emissions Intensity
The TGS GHGI Tier 1 to 4 requirements for low-rise MURBs were used as a benchmark for the
housing sample, as shown in Figure 8. At the time of analysis, the TGS did not have GHGI
guidelines for single-family housing. GHGI benchmarking did not include GHGI reductions
from solar energy generation.
On average, the measured GHGI of the housing sample is 75% less than the mandatory
minimum GHGI specified by the TGS Tier 1. All fully electric houses meet the most stringent
TGS requirements (Tier 4). Houses that consume natural gas had the highest GHGI performance
gaps. This is expected as natural gas has a significantly higher GHG conversion rate than
electricity as described in Section 2.2.4. Houses that use natural gas (Houses 1, 7, and 8)
inherently have higher GHGI values than houses that are fully electric
19

Figure 8: GHGI benchmarking - Toronto Green Standard

3.4

Discussion of Energy and Greenhouse Gas Analyses

The scope of this study did not allow for revisions of building performance predictions made at
the design stage to reflect actual building use patterns. Additionally, most houses did not pursue
any type of sustainability rating system certification. Therefore, energy models may not have
been constructed to predict actual performance, but rather to be an indication of how buildings
might perform or how different design choices impact energy use. Without recalibration of
energy models, evaluation of the performance gap relies on comparisons of predicted and
measured energy performance. Regardless, the study finds that energy models are not often
perfect predictors of post occupancy consumption rates.
At each house, differences between predicted and measured energy performance were analyzed
to determine whether a performance gap existed. Only House 2 had an EUI percent change
within the ASHRAE Guideline 14 limit (±5%). At all other houses, a significant performance
gap was found. Performance gaps range from -30% to +50% of predicted energy consumption.
Except for House 2, all fully electric houses show underconsumption performance gaps. The
underconsumption performance gaps at the electric houses ranged from -9% to -30% of
predicted energy (-20% underconsumption performance gap on average). These houses range in
age and have varying levels of airtightness, though all houses in the study were at least 20%
more airtight than the OBC target. Additionally, all houses are highly insulated and
thermographic investigations did not show significant thermal bridging at houses that were
surveyed.
Overconsumption performance gaps were shown at Houses 1, 7, and 8. These houses use natural
gas for space heating and domestic hot water, House 1 also uses natural gas for cooking.
Overconsumption performance gaps at these houses ranged from +33% to +50% of predicted
energy (+40% overconsumption performance gap on average). Houses 7 and 8 have the largest
net performance gaps overall (+37% and +50% overconsumption performance gaps). Both use a
hybrid heating system and are likely relying on natural gas during the heating season more than
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the energy model predicted. All three houses used less electricity than predicted but more natural
gas for space heating and DHW than predicted. House 1’s energy model did not include natural
gas use for cooking however, a gas stove is used at House 1. House 1’s airtightness had
decreased by 41% compared to baseline values, however, Houses 7 and 8 showed little decrease
in airtightness (5% and 0% respectively). Houses 1 and 8 were more airtight than predicted by
energy models. House 7 was less airtight than predicted by the energy model. It should also be
noted that all three houses used EnerGuide/HOT2000 for energy modelling.
During interviews, occupants were asked questions related to systems controls, energy
consumption, and energy loss. None of the occupants identified areas of drafts or cold spots that
may indicate air leakage, thermal bridging, or other issues with their building envelopes that
would promote unwanted energy loss. Most occupants noted that they conserve energy in the
summer months by using cooling systems minimally, or not at all. Most occupants also noted
that they keep conservative temperature setpoints to minimize energy use in both summer and
winter months. Additionally, occupants noted that, since the houses have a high level of
insulation, temperatures are stable and do not fluctuate easily and allows for heating and cooling
to be used minimally. All occupants were highly knowledge about their mechanical systems
operation and controls and showed understanding of how daily choices can impact energy
consumption.
The energy performance level (EUI) of each house was benchmarked against various standards.
As the houses were constructed with differing performance goals in mind, decisions regarding
appropriate benchmarks for the sample can be difficult to determine. Benchmarks are chosen to
compare buildings to one another and discuss relative levels of building performance. The results
of the benchmarking analysis show that, even if houses have overconsumption performance
gaps, they still consume less energy than conventional houses built to code. On average, the
measured EUI of a house in this study is 70% less than its conventional counterpart.
The use of energy and GHG consumption intensities allows for comparison across a wide range
of houses; however, EUI and GHGI can be skewed for small houses. This is a limitation of the
methodology used. House 6 had the lowest total annual energy consumption and lowest total
annual GHG emissions in the housing sample but showed some of the highest EUI values of the
group and highest GHGI of the electric houses due to the small GFA compared to other houses
in the study. This emphasizes the need for in-depth analysis of BPE data.
The airtightness analysis was conducted to add context to the investigation of energy
consumption. The houses in the study show a moderate positive correlation between airtightness
and EUI. However, houses with overconsumption performance gaps were not necessarily
associated with low airtightness. Additionally, predicted airtightness from energy models were
compared to measured airtightness. Differences in predicted and measured airtightness did not
consistently correlate to over or underconsumption performance gaps.
It must be recognized that the sample size for this study is small, making it difficult to draw
broad conclusions about the high efficiency building stock in Southern Ontario. The results of
these houses show preliminary results indicating that building performance from energy models
can provide an estimate of anticipated energy consumption, however, operation of equipment
and occupant behaviour can alter the energy consumption and resulting GHG emissions. Energy
models used for sustainability rating system certifications can over- or underestimate the target
level reached. Actual measured consumption should be used for certification in most cases.
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4.0

Water Performance Results

This section addresses how the water consumption of the nine high-performance houses compare
to relevant geographical and sustainability rating system benchmarks and across the housing
sample. Note that House 6 was not included in water consumption analyses as water use is not
metered.

4.1

Monthly Water Consumption

To illustrate monthly differences in water consumption, average 2019-2020 monthly water
consumption is shown in Figure 9. All houses had one water meter for all residential water
consumption, which includes both indoor and outdoor water consumption. House 6 was not
included in water consumption analyses as water use is not metered.

Figure 9: Measured monthly water consumption (m3/person/day) for each house with metered water consumption
data

Houses 5, 7, 8, and 9 showed the largest increase in water consumption in the summer months,
likely due to outdoor water use in the summer. House 8 showed the most significant increase in
water consumption in the summer. The occupant stated that irrigation of the new lawn was the
likely cause of increased water consumption during summer 2020.
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4.2

Water Consumption Benchmarking

Measured water consumption was benchmarked against relevant geographical standards in
Figure 10. Water consumption across the housing sample was variable. During the design phase,
low water consumption was noted as a building performance goal for Houses 2, 4, and 5.

Figure 10: Annual measured water consumption (m3/person/day) benchmarked against EEA, Canadian, Ontario,
and Toronto averages

4.3

Discussion of Water Consumption Analysis

Water consumption is becoming an increasingly important metric as water scarcity increases.
From 2011 to 2017, Statistics Canada monitored total Canadian potable water use. In 2017, they
found that residential water consumption accounted for 52% of total potable water use in Canada
(Statistics Canada, 2017). Further, Canada is the second largest consumer of freshwater per
capita in the world (Government of Canada, 2017). In comparison, residential water use in
Europe is only 18% of total potable water use (Kristensen, Lallana, & Fribourg-Blanc, 2007).
Evaluations of how high-performance homes use water are important in meeting environmental
goals.
Energy modelling typically does not include water consumption predictions. Still, houses in the
study were noted to have focused on highly efficient water systems, which may include low flow
appliances, rainwater collection systems, or other water conservation systems. As most houses
did not pursue sustainability rating systems that involved reporting or predicting water
consumption, benchmarks were used to compare measured water consumption against relevant
standards. Like energy consumption, houses were built with differing water consumption goals
and decisions regarding appropriate benchmarks for the housing sample can be difficult to
determine. Regardless, benchmarks allow for comparison across the housing sample and for
relative water consumption performance compared to relevant geographical averages and
sustainability rating systems.
The results of the benchmarking analysis show that Houses 2, 4, 5, and 9 have the lowest water
consumption of the housing sample and meet the high-performance target (EEA average water
consumption of 0.120 m3/person/day). Except for House 8, all houses use less water than the
average Toronto, Ontario, and Canadian households. This is likely due to the implementation of
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high-efficiency and low-flow clothes washers, toilets, faucets, and shower heads. Additionally,
during the interview, most occupants spoke about their commitment to living sustainably and
being mindful about using less energy and water. Indoor water reductions would likely require
additional infrastructure, such as greywater rerouting for toilets and clothes washers.
House 8’s water consumption exceeded all targets. It is noted that this result is based on only one
year of data (2020), as the occupants of House 8 moved into the house in late 2019. Due to the
COVID-19 pandemic, the household water consumption may have been higher than normal due
to increased time spent at home compared to 2019. Additionally, the occupant of House 8 noted
that their outdoor water consumption in 2020 would be higher than normal, due to increased
irrigation for a new lawn. House 8 consumes 56% more water than the average Ontario house.
As shown in Figure 9, this can mostly be attributed to the increased consumption from May to
August, where outdoor water use is typically prominent. House 8 may wish to install rainwater
harvesting techniques to reduce their overall water consumption in the summer months. In the
winter months, House 8 is still one of the highest consumers of water of the houses in the study.
House 8 uses low flow showerheads, faucets, and Energy Star certified clothes washer and
dishwasher. It should be noted that House 8 has the lowest occupancy, and therefore water used
for household purposes and outdoor use will be higher per person compared to houses with
higher occupancy rates.
While some variation in water consumption across houses is expected, Houses 1, 7, and 8 are
using +200% to +300% more water per person than House 2, the lowest water consumption of
the housing sample. Occupant behaviour including water conservation and outdoor water reuse is
likely a large contributing factor in water consumption across the housing sample. The occupant
of House 2 noted that they do not use much water for outdoor irrigation purposes and use
rainwater collection systems for any outdoor use that is required. They also stated that they are
very conscious of their water use and track their consumption via a spreadsheet to ensure they
are using water minimally. The water consumption at House 2 is over 60% less than the average
Ontario consumption.
Monthly trends were also investigated. Houses 5, 7, 8, and 9 consumed more water in summer
than in fall, spring, and winter months. This increase in water consumption is likely due to
outdoor water use (watering gardens, lawn, etc.). These peaks could be mitigated with the
implementation of rain barrels or other rainwater harvesting techniques for outdoor water use.
Houses 1, 2, 3, and 4 did not show a significant increase in water consumption during the
summer months.
It should be noted that the interview questions did not specifically ask occupants about water
consumption habits and patterns. Some occupants provided water consumption tracking
spreadsheets or made note of atypical water consumption. The lack of specific water
consumption questions during the occupant interviews was a limitation of the water analysis and
additional questions regarding water consumption should be included in future studies.
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5.0

Indoor Environmental Quality Results

This section explores occupant comfort and satisfaction levels in the “high-performance” houses
in the study.

5.1

Thermal Comfort

Both thermal comfort and mould risk were analyzed during each house’s monitoring period
using the guidelines in Section 2.4.2. Thermal comfort preferences vary greatly by person, and
depends on factors like sex, age, metabolic rate (activity level), clothing level, and radiant
temperature of surfaces in a building. It is unlikely that all occupants in the same space at the
same time will experience the same level of thermal comfort. Additionally, assumed occupied
hours were used in the analysis of thermal comfort. Assumed occupancy in bedrooms is
overnight, while assumed occupancy in all other sensor locations is during the daytime. Actual
room occupancy was not monitored and is a limitation of the thermal comfort data and analysis.
It is not likely that all monitored rooms were occupied during all assumed occupied hours. For
these reasons, the results from this analysis are an estimate of expected thermal comfort and
represent the portion of time where most people will experience thermal comfort; occupants may
be comfortable outside of the Health Canada range due to personal preferences.
Overall, the housing sample generally achieved thermal comfort conditions as defined by Health
Canada, showing an average of 82.8% of time within the range. Using the specified range, the
thermal comfort of monitored locations at each house varies from 50.7% to 98.9% of assumed
occupied hours. Houses 2, 5, and 7 were within the thermal comfort range for over 98% of
occupied time. All other houses (House 1, 3, 4, 6, 8, 9) experienced thermal comfort levels
outside of the Health Canada parameters for more than 10.0% of the monitoring period. Only
House 9 experienced RH levels outside of the recommended range.
The primary reason for sensor readings outside of the Health Canada thermal comfort range were
temperatures below 20°C. This issue was emphasized in bedroom sensor locations. These
locations were monitored overnight, where outdoor temperatures are typically lower.
Additionally, ideal sleep temperature varies by personal preference and research has found that
most people will be comfortable sleeping in temperatures from 15.6°C to 22°C, with the ideal
bedroom temperature falling around 18.3°C (Pacheco, 2021). It was likely that occupants were
comfortable sleeping in cooler temperatures than specified by the thermal comfort range.
It should be noted that different heating delivery methods, such as in-floor radiant heating, allow
for the perception of comfort in lower air temperatures. Additionally, the houses in the study
have highly insulated building envelopes meaning that exterior walls are warmer than
conventional houses, allowing indoor temperatures to be cooler because the mean radiant
temperature of objects in the house will be warmer than conventional houses. During occupant
interviews, none of the occupants disclosed drafts, cold spots, or other issues with thermal
comfort. It is also possible that the occupants of high-performance houses tolerate lower
temperatures to reduce energy used for space conditioning. The Health Canada thermal comfort
guidelines do not take these nuances into consideration and the purpose of this analysis was to
estimate thermal comfort levels and compare the houses to each other.
Except for House 9, RH levels were within the thermal comfort range for 100% of the
monitoring period. At House 9, RH levels were outside of the thermal comfort range for 9.9% of
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occupied time. The maximum RH was 66.5% and the minimum RH was 19.4%. It should be
noted that the monitoring period for House 9 occurred in early June. RH levels are typically
higher in the summer. For all other houses, the monitoring period occurred during winter or in
the spring. House 9 was also assessed for mould risk over the total monitoring period. The living
room and kitchen sensors showed sensor readings over 65% RH for 0.75 hours and 0.25 hours
respectively (0.1% of the total monitoring period).
Thermal comfort does not seem to be affected by the energy type used (natural gas, or
electricity), house age, or house typology (detached retrofit, detached new build, or attached new
build). The houses that have the highest levels of thermal comfort according to the Health
Canada range (Houses 2, 5, 7) have airtightness levels below 1.0ACH50. These houses use an
ERV (Houses 2 and 5) or an HRV (House 7). Further research is required to determine whether
trends are generalizable to the larger high-performance single-family building stock.

5.2

Carbon Dioxide

Indoor CO2 levels are influenced by outdoor CO2 concentration, indoor CO2 sources, and the rate
of removal of indoor CO2 through ventilation. In indoor air, the primary source of CO 2 is human
respiration. Expelled air can accumulate in confined air spaces, overcrowded spaces, and areas
with high activity rates. Additionally, indoor CO 2 in residential buildings can come from gas or
wood-burning appliances and smoking indoors (Health Canada, 1989). Levels of CO 2 at each
house were assessed using the guidelines in Section 2.4.2.
Overall, houses were within the acceptable range for 78.8% to 100.0% of the monitoring period.
Houses 1, 3, 5, 7, and 8 were in the acceptable range for over 90.0% of the monitoring period.
All other houses (Houses 2, 4, 6, 9) were outside of the acceptable range for more than 10.0% of
the monitoring period. Across the housing sample, the average amount of time within the
acceptable range was 89.6%. Ventilation rates may not be sufficient in these houses. A
reoccurring issue across all houses was overnight CO 2 levels in bedrooms. Most bedrooms of
houses in the study sow CO2 peaks overnight indicating insufficient ventilation overnight.
Houses were within the high-performance range for 12.9% to 86.2% of the monitoring period.
The average amount of time within the high-performance range was 44.5%. Houses 1, 2, 3, 4, 5,
and 9 were within the high-performance range for less than 50.0% of monitoring. The highest
performing house was House 7, as sensor readings were within both the acceptable and highperformance range for the longest portion of the monitoring period. Only Houses 7 and 8 were
within the acceptable range for 100% of the monitoring period. Additionally, when compared to
the other houses in the study, maximum CO 2 levels at these two houses were low. Sensor
readings were also more consistent than the other houses in the study, as shown by the sample
standard deviation. Additionally, Houses 7 and 8 were the only houses in the study with average
CO2 levels below the high-performance threshold. Both houses were new builds and are the most
recently built houses in the study, constructed in 2018 (House 7) and 2019 (House 8).
Mechanical equipment was likely working as intended. House 7 uses an HRV while House 8
uses an ERV. Both houses use a hybrid electric and natural gas (sealed combustion) space
heating system. The airtightness of both houses is below 1.0ACH50. Additionally, both houses
had low occupancy rates over the monitoring period; House 7 had two occupants, while House 8
averaged 1.5 occupants.
House 1 uses a gas stove. At the kitchen sensor location in House 1, CO 2 levels were within the
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acceptable range for over 90% of the monitoring period. The kitchen rangehood is likely
providing an adequate ventilation boost to remove excess CO 2.
Since a primary source of indoor CO2 is from occupants, the number of occupants and average
whole house CO2 level were analyzed to determine whether a relationship existed. While the
sample size is small, a slight positive correlation was found as shown in Figure 11.

Figure 11: Relationship between whole house average CO2 levels and the number of occupants at each house

5.3 Total Volatile Organic Compounds
TVOCs in indoor air are influenced by both outdoor and indoor VOC sources. Common
residential VOCs found in indoor air include methyl tert-butyl (MTBE), formaldehyde, acetone,
toluene, and α-pinene, and d-limonene (Zhu, Newhook, Marro, & Chan, 2005). Some indoor
VOC sources include consumer products, personal care products, building materials, combustion
processes, and attached garages. Exposure to different VOCs can result in varying symptoms,
however, common health issues can include shortness of breath, headaches, dizziness, nausea,
and irritation of the skin, eye, nose, and throat. Long-term exposure to VOCs has been found to
cause respiratory issues and damage to the central nervous system, liver, and kidneys (RESET,
2019). TVOC levels were analyzed using the guidelines in Section 2.4.2.
Houses were within the acceptable range for 66.4% to 99.7% of the monitoring period. The
average amount of time within the acceptable range across the housing sample was 84.2%.
Houses 1, 2, 4, 5, and 7 were within the acceptable range for over 90.0% of time. The average
amount of time within the high-performance range was 64.2%. Houses 2 and 7 were within the
high-performance range for over 90.0% of the monitoring period.
Kitchens were typically areas with highest TVOC levels. This may be due to increased use of
cleaning products in kitchens, or off-gassing of cabinets or other building materials in the
kitchen. Note that House 1 (gas stove) does not show considerably higher concentrations of
TVOCs in the kitchen sensor location compared to other houses, or other sensor locations at
House 1. The occupant noted that the rangehood is used to increase ventilation while the gas
stove is operated. Generally, kitchen rangehoods should be operated to increase ventilation of the
area while in use.
Only two basement locations were monitored (Houses 1 and 3 office locations). Both locations
showed higher TVOC concentrations than other monitored locations in the same house. In both
houses this may be due to lack of ventilation or storage of chemicals/cleaning products or other
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solvents. The occupant of House 3 noted that new furniture was recently placed in the basement
office sensor location. This is likely the primary cause of increased TVOCs at House 3.
Continued monitoring (including occupancy monitoring) and feedback may provide insight into
reasons behind elevated TVOC levels at each house.

5.4

Fine Particulate Matter

Fine particulate matter can be inhaled and travel into the respiratory tract. Exposure to PM2.5
can cause health issues associated with the heart and lungs. Indoor PM2.5 can come from both
indoor and outdoor sources; however, indoor concentrations are typically higher than outdoor
concentrations (Health Canada, 1989). PM2.5 concentrations were analyzed using the guidelines
in Section 2.4.2.
Houses in the study are within the RESET acceptable range for 96.7% to 100.0% of the
monitoring period, and within the high-performance range for 91.7% to 99.9%. Additionally,
houses in the study were within the Health Canada ASTER range for over 98% of the monitoring
period, and the ALTER for over 97% of the monitoring period. The results of this analysis show
that PM2.5 concentrations were not likely to be a health concern in rooms monitored over the
study period.
Indoor PM2.5 can come from both indoor and outdoor sources. Indoor sources are more likely to
produce fine particulate matter versus outdoor sources which are more likely to produce larger
particles. PM2.5 can come from cigarette smoke, cooking, cleaning, and combustion appliances.
Houses 1, 7, and 8 use gas furnaces (sealed combustion) and House 1 uses a gas stove. PM2.5
levels at these houses are not significantly higher than the electric houses in the study.
Locations of increased PM2.5 levels were likely due to cleaning, cooking, burning of food, or
burning of candles. Across all houses, the highest PM2.5 levels were typically found in the
kitchen. As noted, only House 1 uses a gas stove, all other houses use an electric range.
Increased PM2.5 in kitchens with electric stoves may be resulting from food burning, or small
particles from cooked food, fat, or oil.

5.5 Light Levels
The sensors reported light levels from both artificial and natural lighting. Light levels were
analyzed over the total monitoring period; however, lighting levels are most important when
rooms are occupied. Since accurate occupancy information was not gathered as part of this study,
lighting trends for each house have been identified, however lighting standards were not used to
determine whether lighting falls within healthy levels for each room. Rather, lighting patterns
were analyzed related to information gained from occupant interviews. The IESNA minimum
light levels for a usable space and were used as a guide in discussing light levels at each house.
It should be noted that simply measuring light levels is not enough. Light warmth, lighting
layout, and reducing glare are important in creating spaces with healthy and adequate light
levels. Additionally, in residential buildings, occupants may prefer lower light levels in the
morning and evening than what is required by lighting standards and guidelines. Over time,
insufficient lighting can affect alertness and sleep quality. Occupants may experience eye strain,
headaches, or other negative health and comfort issues due to low lighting levels.
In all houses, an increase in light levels in areas that require task lighting (i.e., kitchens, offices)
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would benefit occupants. Typically, lighting in bedrooms was minimal, however, these spaces
are not likely occupied during the daytime. Some houses showed lighting levels above 1,000 lux.
If prolonged, high light levels can cause discomfort and headaches. It should be noted that most
houses stated that they were happy with their natural and artificial lighting.

5.6 Noise Levels
Noise levels at each house were recorded over the total monitoring period. Health concerns
associated with prolonged exposure to elevated noise levels include increased stress levels,
reductions in productivity and concentration, and decreases hearing health over time.
Noise levels were analyzed using the guidelines in Section 2.4.2. Over the monitoring period, the
maximum noise levels at all houses were less than 85 dBA, therefore the 8-hour exposure limit
for sounds greater than 85 dBA is not a health issue for any of the nine houses. Additionally, all
houses showed noise levels within the Health Canada recommendation for over 97.0% of the
monitoring period. Elevated noise levels were not likely a significant health concern in the
housing sample.
Kitchens typically showed the highest background noise levels compared to other sensor
locations. This was likely due to the background running noise caused by fridges. Additionally,
kitchens and living rooms were typically the loudest rooms monitored. These rooms were
typically noted by occupants to be locations where occupants gather. Elevated noise levels at
these locations are likely due to speech, music, television, and cooking activities. At most
houses, the bedroom had lower background noise levels than other sensor locations.

5.7 Discussion of Overall Indoor Environmental Quality in Housing Sample
Across the housing sample, the IEQ performance varied by parameter and sensor location. The
analysis did not reveal trends in IEQ levels that are related to energy type (natural gas,
electricity), house typology (detached retrofit, detached new build), or house age. Only House 1
uses natural gas for cooking purposes. The IEQ levels at House 1, specifically in the kitchen and
other first floor sensor locations, did not seem significantly affected by the gas stove.
Additionally, all houses in the study ventilate using an ERV or HRV. The analysis did not show
any trends related to the type of ventilation system used.
During occupant interviews, occupants had little to no complaints about perceived indoor
environmental quality. All occupants noted that they are typically comfortable in their houses in
both summer and winter and do not notice excessive smells or noises. Some houses noted
humidity issues in one or two locations but have implemented solutions such as
humidifiers/dehumidifiers. All occupants showed a high degree of knowledge about operation
and controls of their ventilation systems. Lighting was commonly noted as a minor issue, with
some occupants specifying locations that would benefit from additional artificial lighting.
Overall, all occupants stated that they were satisfied with their houses in terms of comfort,
lighting, and noise.
Due to issues with scheduling and occupant availability, the monitoring periods across the
housing sample vary. Ideally, measurements would be taken in the heating season, and again in
the cooling season. Due to COVID-19, this was not possible.
All houses met acceptable and high-performance levels for both PM2.5 levels and noise levels
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for over 96.0% of monitoring periods. Results for thermal comfort, CO 2 levels, TVOC levels,
and light levels were more variable across the housing sample. Note that a proper lighting
analysis would require occupancy monitoring of sensor locations.
Houses 5 and 7 show whole house average levels of all IEQ parameters within the acceptable
range for at least 90% of the monitoring period. Houses 5 and 7 are detached new builds. House
5 was built in 2013 while house 7 was built in 2018. The ventilation system used at Houses 5 is
an ERV; a HRV is used at House 7. The results of the IEQ analysis indicate that the ventilation
systems at both houses work effectively to mitigate any increasing levels of indoor contaminants.
Throughout the housing sample, bedrooms typically show the lowest thermal comfort levels and
highest CO2 levels compared to other sensor locations. Concentrations of CO 2 are most
significant overnight in bedroom sensor locations when they would typically be occupied. This
indicates that ventilation is not sufficient in bedrooms over this period. It should be noted that
occupants did not note any issues associated with high levels of CO 2, such as fatigue, headaches,
or odours. Bedrooms also typically show the lowest noise levels of all sensor locations. Kitchens
typically show high TVOC, PM2.5, and noise levels compared to other sensor locations. TVOCs
from cooking and off-gassing of cabinets or countertops due to the increased heat from cooking
may be the reason for this. Where monitored, basement sensor locations also show high levels of
TVOCs. Again, occupants did not specify issues related to high levels of TVOC, PM2.5, or noise
levels during occupant interviews.
Where source control is not an option, ventilation is the primary approach to reducing levels of
CO2, PM2.5, and TVOCs. Health Canada provides minimum residential ventilation rates for
houses, however, depending on occupancy, house size, and sources of indoor pollutants these
rates may need to be increased. Without measurement of ventilation rates, it is unknown whether
increased ventilation is associated with lower rates of indoor pollutants at the houses in the study.
All houses ventilate using an ERV or HRV; neither appeared to be a commonality in houses with
high performing levels of IEQ. Future work may wish to consider ventilation rates as they may
provide further insight on reasons behind high or low IEQ parameter concentrations.
Additionally, room occupancy over the monitoring period was not collected. Accurate room
occupancy information would improve the investigation of thermal comfort and lighting and is
noted as a limitation of these analyses.
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6.0

Conclusions

This paper summarized results from a thesis focusing on a thorough BPE methodology that uses
both objective and subjective data to examine energy consumption, water consumption, and
indoor environmental quality. The following sections review the methodology used and provide
recommendations for future work.

6.1

Review of Building Performance Evaluation Methodology

The BPE methodology used in this research was chosen to enhance and fill gaps in conducting
BPE of single-family residential buildings. The methodology used included a holistic analysis of
building performance including energy use, water use, IEQ levels, and occupant interviews.
Energy performance is key to BPE of high-performance homes as energy savings and reducing
carbon emissions is typically the main goal of these types of buildings. Some buildings also aim
to have low water consumption and great IEQ. The methodology used in this research allowed
for analysis of whole-building performance, rather than focusing on a single parameter such as
energy consumption. The chosen method allowed for measurement of how high-performance
buildings impact the environment and the occupant. Additionally, the analyses of each key
parameter (energy use, water use, IEQ levels) were tied back to insights from occupant
interviews to deepen the knowledge gained for each parameter.
Occupant interviews were chosen over occupant surveys to get more in-depth information from
occupants about their perception of the house. Occupant surveys typically focus on determining
whether occupants are comfortable in the house, while interviews allowed for further insights
about where occupants spend their time, how they perceive temperature and humidity in the
house, equipment controls and how occupants use mechanical equipment, occupant knowledge
of mechanical systems, and perception of noises, smells, and lighting. The interviews also
allowed for specific discussions about whether occupants are satisfied or dissatisfied with aspects
of their house. Additionally, an unexpected outcome of the interviews was the discussion of how
occupants strive to live sustainably and reduce their environmental impact.
6.1.1

Challenges in Single-Family Building Performance Evaluation

BPE of single-family buildings differs from larger building typologies. Single-family buildings
are different than other building typologies as they are much smaller and house fewer occupants.
In single-family buildings, small changes in occupancy can make large differences in energy use,
water use, or IEQ levels. Additionally, some methods used on larger building typologies, such as
occupant surveys, are not well suited to single-family BPE. In the case of occupant surveys, this
is because of the small number of occupants. The small sample surveyed at each house would
yield results that are less meaningful than occupant interview insights. Single-family residential
buildings are also more likely to be significantly different from one another, unlike some larger
building typologies. This poses a challenge as it is harder to generalize findings from a BPE
study. Additionally, occupants can more easily make changes to the building, such as changes to
the building envelope, mechanical systems, or appliances. These changes can affect energy use,
water use, or IEQ levels. Additionally, occupants have typically put considerable time and
money into the houses. In large building typologies, occupants are less likely to have a stake in
building performance outside of cost of utilities.
There are many challenges to conducting single-family BPE. At the time of this study, existing
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research on holistic single-family BPE was lacking making comparisons to other buildings
outside of this housing sample impossible. Additionally, some sustainability rating systems, like
the TGS, do not have benchmarks or performance goals for this building typology. Further, each
building is unique in terms of build and use by occupants. This makes it harder to generalize
findings and results for use in future BPE projects.
Additionally, some energy modelling programs are more accurate at predicting actual energy
consumption than others. As previously discussed, Passive House buildings have been found to
have minimal energy performance gaps; however, HOT2000 was created for estimating energy
use from conventional houses and, based on results from this study, may not be an accurate
predictor of energy consumption for high-performance houses. While an analysis of energy
modelling programs was outside of the scope for this study, it would be beneficial to continue to
compare houses that use the same energy modelling programs to determine the impact of energy
modelling type on the energy performance gap. Ideally, water consumption would have been
estimated based by the designers based on installed appliances and occupant discussions of water
use patterns. This would provide a deeper understanding of water levels at each house and allow
for a discussion of water performance gaps.
Another challenge in single-family BPE is quantifying the role of the occupant. All the
occupants interviewed noted that they are highly knowledgeable in the field of sustainability,
construction, engineering, or building systems. Occupants noted that this allowed them to
minimize energy consumption as they understand how their systems work. All occupants also
noted that they put effort into minimizing consumption and environmental impact. Other
occupant-based challenges in single-family BPE include scheduling of interviews and on-site
testing, determining occupancy rates over the study period, and quantifying changes to the house
made post-construction.
Some challenges were faced in house selection and in conducting BPE of single-family houses.
Firstly, an agreement between the researchers and homeowners was required to gather and
analyze the required information and to conduct on-site testing at the houses. Gathering the
required information from multiple different homeowners was a lengthy process. This was
amplified if digital records did not exist. In some cases, copies of engineering drawings or utility
bills were sent via mail or picked up from the house. Additionally, some homeowners did not
have copies of engineering drawings, energy models, etc., and designers had to be contacted to
obtain the required data. Further, energy models across the housing sample varied. Different
energy models have different degrees of accuracy and output energy use parameters in varying
ways. Additionally, many of the energy modelling programs define gross floor area (GFA)
differently and needed to be updated to ensure consistency across the housing sample. This
posed a challenge in disseminating the data from energy models. Additionally, some
homeowners had made significant changes to their houses that would impact annual energy use.
In some cases, scheduling site visits to the houses was a challenge due to occupant availability
and was amplified by COVID-19 protocols. Challenges in house selection also exist, such as
willingness to participate. Typically, considerable time, effort, and money go into highperformance houses and homeowners can be wary of results that may show that the house is not
preforming as intended.
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Appendix A – Characteristics of Participating Buildings
Insulative building envelope details are summarized in Table A1.
Table A1: Insulative building envelope details of participating houses

House
ID

Foundation Wall
Details

House
1

Spray Applied
Polyurethane
(RSI: 4.5 m2K/W)

House
2

Rigid Foam
Insulation
(RSI: 4.2 m2K/W)

House
3

EPS and Mineral
Wool
(RSI: 7.4 m2K/W)

House
4

Spray Applied
Polyurethane
(RSI: 6.2 m2K/W)

House
5

Above Grade Wall Details

Spray Applied Polyurethane
(RSI: 7.0-8.8 m2W/K)
Varies: Polyisocyanurate,
Vacuum Insulation Panel,
Spray Foam, Mineral Wool
Batt
(RSI: 6.5-6.6 m2K/W)
EPS and Mineral Wool
(First floor RSI: 7.4 m2K/W,
Second floor RSI: 11.3
m2K/W)

Roof Details
Spray Applied
Polyurethane
(RSI:
Pitched: 11.4 m2K/W
Flat: 9.5 m2K/W)
Closed Cell
Isocyanurate Spray
Foam, Rigid Foam
Insulation
(RSI: 6.0 m2K/W)

Slab Details
Rigid Foam
Insulation
(RSI: 4.3 m2K/W)
Rigid Foam
Insulation
(RSI: 3.5 m2K/W)

Mineral Wool
(RSI: 11.3 m2K/W)

XPS
(RSI: 3.5 m2K/W)

Spray Applied Polyurethane
(RSI: 6.2 m2K/W)

Spray Applied
Polyurethane
(RSI: 10.6 m2K/W)

EPS
(RSI: 3.5 m2K/W)

ICF, Mineral Wool
(RSI: 4.9 m2K/W)

Straw Bale
(RSI: 5.7 m2K/W)

Cellulose
(RSI: 13.0 m2K/W)

Expanded Glass
(RSI: 2.8 m2K/W)

House
6

N/A

Straw Bale, Cellulose, Cork,
Mycofoam
(RSI: 7.0 m2K/W)

Cellulose, Fiberboard
(RSI: 12.7 m2K/W)

Cellulose,
Fiberboard
(RSI: 10.6 m2K/W)

House
7

Rigid Board,
Mineral Wool
(RSI: 5.2 m2K/W)

Rigid Foam, Mineral Wool
(RSI: 4.8 m2K/W)

Cellulose
(RSI: 10.6 m2K/W)

Spray Foam
(RSI: 1.8 m2K/W)

House
8

Rigid Board,
Mineral Wool
(RSI: 5.2 m2K/W)

Rigid Foam, Mineral Wool
(RSI: 4.8 m2K/W)

Cellulose
(RSI: 10.6 m2K/W)

Spray Foam
(RSI: 1.8 m2K/W)

House
9

XPS and ICF
(RSI: 5.6 m2K/W)

XPS and ICF
(RSI: 7.4 m2K/W)

Polyiso foam panels
(RSI: 12.7 m2K/W)

XPS
(RSI: 4.4 m2K/W)
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Mechanical systems, including ventilation, heating, cooling, and domestic hot water (DHW) are
summarized in Table A2.
Table A2: Summary of mechanical systems at participating houses

House
ID
House
1

Ventilation
System
Dedicated
ducted system
with ERV

Heating
System
High efficiency condensing
natural gas boiler (In-floor
radiant heating, 7 zones)
Radiant ceilings and floors
Central water-to-water heat
pump with a shallow
geothermal loop
Ductless mini split
(single zone)
Hydronic electric baseboard
heaters (3 zones)
In-floor hydronic heating
(basement only)
Air-source heat pump,
ductless mini split (2 zones),
Electric baseboard heaters

Cooling
System
Ductless mini split
(3 zones)
Radiant panel
cooling ceiling
(first and second
floor only)

Domestic Hot Water
System
High efficiency
condensing natural gas
boiler

House
2

ERV

House
3

Dedicated
ventilation with
air coil/ground
loop defrost
HRV

House
4

ERV

House
5

ERV

Air-source heat pump

House
6

HRV

Air-source heat pump

Air-source heat
pump

Tankless on-demand
electric water heater

House
7

HRV

Condensing natural gas
furnace
Air-source heat pump

Air-source heat
pump

Natural gas direct vented
storage tank, drain water
heat recovery

House
8

ERV

Natural gas furnace
Air-source heat pump

Air-source heat
pump

Natural gas condensing
tankless water heater

House
9

Dedicated
ventilation with
air coil/ground
loop defrost
ERV (heat
recovery)

Ducted mini-split heat pump
(2 zones)
Electric baseboard heaters
(basement only)
In-floor radiant heat in
bathrooms (electric)

Ducted mini-split
heat pump (2
zones)

Electric water heater
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Ductless mini split
(single zone)

Air-source heat pump

Electric water heater

Air-source heat
pump, ductless mini Electric water heater
split (2 zones)
Primary system:
Solar hot water system
Air-source heat
Secondary System:
pump
Tankless on-demand
electric water heater

Appendix B - Annual Weather Normalized Energy Consumption and GHG Emission Data
House ID

1

2

3

4

5

6

7

8

9

GFA (m2)

244

270

216

192

180

81

257

237

216

Location

Toronto

Toronto

Oakville

Guelph

Peterborough

Clarksburg

St. Thomas

St. Thomas

Oakville

Weather Station

TORONTO
CITY ONT
(715080)

TORONTO
CITY ONT
(715080)

BURLINGTON
PIERS (AUT)
ONT (714370)

WATERLOO
(713680)

PETERBOROUGH
TRENT U
(716720)

COLLINGWOOD
ONT
(712700)

LONDON
CS ONT
(716220)

LONDON
CS ONT
(716220)

BURLINGTON
PIERS (AUT)
ONT (714370)

Energy Type

Electricity,
Natural Gas

Electricity

Electricity

Electricity

Electricity

Electricity

Electricity,
Natural Gas

Electricity,
Natural Gas

Electricity

8,476.92

11,829.98

10,897.22

11,034.48

10,515.62

7,695.18

5,167.49

6,422.73

8,312.98

19,463.91

0.00

0.00

0.00

0.00

0.00

13,364.89

10,629.16

0.00

27,940.83

11,829.98

10,897.22

11,034.48

10,515.62

7,695.18

18,532.38

17,051.90

8,312.98

114.51

43.85

50.47

57.41

58.52

95.43

72.08

71.92

38.49

254.31

354.90

326.92

331.03

315.47

230.86

155.02

192.68

249.39

3,557.39

0.00

0.00

0.00

0.00

0.00

2,442.68

1,942.68

0.00

3,811.70

354.90

326.92

331.03

315.47

230.86

2,597.71

2,135.36

249.39

15.62

1.32

1.51

1.72

1.76

2.86

10.10

9.01

1.15

Measured Weather
Normalized Annual
Energy Consumption
(Electricity) (kWh/year)
Measured Weather
Normalized Annual
Energy Consumption
(Natural Gas)
(ekWh/year)
Total Measured
Weather Normalized
Annual Energy
Consumption
(ekWh/year)
Total Measured
Weather Normalized
Site EUI
(ekWh/m2/year)
Resulting Electric GHG
Emissions (kgCO2e/year)
Resulting Natural Gas
GHG Emission
(kgCO2e/year)
Total GHG Emissions
(kgCO2e/year)
Total GHGI
(kgCO2e/m2/year)
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Appendix C – Monthly Water Consumption Data
House ID

1

2

3

4

5

7

8

9

Occupancy

4.00

4.00

3.25

2.00

3.75

2.00

1.50

2.21

19.02

8.01

11.26

3.50

6.74

5.26

8.97

8.03

17.66

7.57

10.60

6.02

7.10

4.73

6.74

6.53

19.23

7.99

13.85

5.51

8.61

4.58

7.23

6.28

18.61

7.85

13.27

5.51

8.88

5.05

9.08

5.94

22.26

8.12

12.72

6.00

16.54

8.74

13.32

6.06

24.45

8.80

12.59

5.02

17.83

17.03

23.32

9.79

25.27

8.57

14.37

5.51

26.08

22.09

33.08

11.72

25.27

8.40

14.63

5.60

17.85

18.62

17.87

8.18

20.84

9.05

15.41

2.99

8.59

14.91

9.27

6.04

19.14

8.93

13.23

4.54

7.38

6.44

9.84

7.00

18.51

8.23

13.12

4.43

8.73

5.30

9.16

6.93

19.14

7.99

13.67

4.60

6.32

7.23

9.43

3.79

249.38

99.52

158.70

59.22

140.65

120.00

157.32

86.27

0.17

0.07

0.13

0.08

0.10

0.16

0.29

0.11

January Water
Consumption (m3)
February Water
Consumption (m3)
March Water
Consumption (m3)
April Water Consumption
(m3)
May Water Consumption
(m3)
June Water Consumption
(m3)
July Water Consumption
(m3)
August Water
Consumption (m3)
September Water
Consumption (m3)
October Water
Consumption (m3)
November Water
Consumption (m3)
December Water
Consumption (m3)
Total Annual Water
Consumption (m3/year)
Total Annual Water
Consumption
(m3/person/day)
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