
Master of Science Thesis 

KTH School of Industrial Engineering and Management 

Energy Technology EGI-2013-033MSC 

Division of Applied Thermodynamics and Refrigeration 

SE-100 44  STOCKHOLM 

 

 

 

 

 

 

Energy-Efficient Homes Using 

Off-The-Shelf Products and Materials 

 

Alberto Ang Co 



P a g e  | i 

 

 

 

 Master of Science Thesis EGI-2013-033MSC 

 

Energy-Efficient Homes Using 

Off-The-Shelf Products and Materials 

   

  Alberto Ang Co 

Approved 

Autumn 2012 

Examiner 

Joachim Claesson 

Supervisor 

Joachim Claesson 

 Commissioner 

 

Contact person 

 

Abstract 

Canada is a highly energy-intensive country, because of its high living standard, large territory, 

extreme cold climate, and significant industrial base. In 2011, Canada’s residential sector 

consumed about 1,446 petajoules (PJ), accounting for 13.5 percent of the total energy use and 

offering significant energy-saving potential. The key objective of this thesis project is to quantify 

the potentially achievable improvement in energy efficiency of a typical single detached home in 

a municipality in Ontario, Canada by using off-the-shelf products and materials. A building 

simulation tool modeled the energy use of a prototypical house using eQUEST, a DOE-2 based 

program that calculates the energy use and cost of commercial or residential building given 

information on weather, architectural, envelope materials, internal loads, electrical, mechanical, 

schedules, and economic parameters. Simulation results show that 36.8 percent energy savings 

are attainable by using off-the-shelf products and materials for building envelope, lighting, 

electrical appliances, and heating, ventilation, and air conditioning (HVAC) system and control; 

these exclude heat pumps, which may not be economical to use as the only heat source in cold 

climates. However, recent developments in heat pump technologies and relatively low electricity 

prices in certain locations in Canada offer major opportunity to save energy by up to 54.2 percent 

through the use of heat pumps. 

 

Keywords: Canada, residential sector, energy efficiency, off-the-shelf products and materials, 

eQUEST, DOE-2 
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Foreword 

Energy efficiency—a topic that I am passionate about—is the driver of inspiration for writing 

this thesis. I work as energy professional with experience spanning over 20 years in the field of 

energy-efficient and environmentally sustainable solutions for residential, commercial, and 

industrial applications. During the course of my career, I have learned that successful energy 

projects or programs often require a combination of technological, behavioral, and organizational 

factors. Connecting energy awareness on the job with energy-efficient practices at home is 

important, because it is the homeowner, and not the employer, who pays the energy bills at 

home. I read an article stating that consumers (or homeowners for that matter) spend, on average, 

6 to 9 minutes each year interacting with their energy bills or perhaps thinking about energy 

efficiency.
[1]

 However, people who are already practicing energy efficiency at home may not 

find it difficult to bring such behaviors at work. Thus, I chose the thesis topic “Energy-Efficient 

Homes Using Off-The-Shelf Products and Materials,” which gives me the opportunity as an 

energy professional to practice what I preach, i.e., energy efficiency at home using many 

products that we normally see when we go shopping at big-box or home improvement stores. At 

the same time, this enables me to offer ideas to my neighbors, friends, and other homeowners on 

how we can make our homes more energy-efficient and help create a sustainable environment. 

The American Society of Heating, Refrigerating, and Air-conditioning Engineers (ASHRAE) 

publication, the Advanced Energy Design Guide (AEDG) series for commercial buildings, 

provided me ideas on targeting 30 to 50 percent energy savings toward achieving a net-zero 

energy building through the use of practical products and off-the-shelf technologies.
[2]

 ASHRAE 

defines a net-zero building as a structure that, “on an annual basis, draws from outside resources 

equal or less energy than it provides using on-site renewable energy sources.” While the AEDG 

series is suitable for commercial buildings, I believe that residential homes can also benefit from 

the sensible and practical approaches of the energy-efficient design guides.       

In writing and presenting this thesis, I would like to acknowledge the support of my Royal 

Institute of Technology (KTH) thesis supervisor/examiner and Sustainable Energy Utilisation
[3]

 

course professor, Joachim Claesson who provided valuable insights on sustainable energy 

utilization principles, which became the core foundation of this thesis work. During my thesis 

presentation, I would also like to acknowledge the presence of Jan-Erik Nowacki, who offered 

worthwhile questions and comments as a member of review panel. I would also like to thank a 

friendly KTH faculty staff and lecturer, Miroslav Petrov who gave me guidance on my other 

courses and made me feel that distant students are not alone in their endeavors. I would also like 

to express my gratitude to the KTH thesis adminstrator, Oxana Samoteeva who helped me with 

the thesis registration and completion procedures. I would also like to give my special thanks to 

the KTH director of Sustainable Energy Engineering (SEE) program, Andrew Martin, who gave 

overall guidance for distant students, and also to my other professors at the KTH, who shared 

their knowledge, time, and expertise on SEE courses. 
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I am indebted to the Government of Sweden and KTH for funding and supporting my master’s 

degree program from a leading university in Sweden for technical research and engineering 

education.  

Finally, I would like to thank my wife who gave me support in balancing our career and family 

life. 

Alberto Ang Co 

Mississauga, Ontario, Canada 

June 2013 
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Nomenclature 

°C degrees Celsius  kg CO2 kilograms of carbon dioxide  

°F degrees Fahrenheit  KTH Royal Institute of Technology 

(Swedish: Kungliga Tekniska 

högskolan) 

ach air changes per hour  kW kilowatts  

AEDG Advanced Energy Design Guide  kWh kilowatt-hour  

AFUE  Annual Fuel Utilization Efficiency  LED light-emitting diode  

ASHRAE American Society of Heating, 
Refrigerating, and Air-

conditioning Engineers  

LGMP Living Green Master Plan  

BDL Building Description Language m/s meter per second  

BTU British thermal unit  m
2
 square meters 

CAD$ Canadian Dollar m
3
 cubic meter  

CBIP Commercial Building Incentive 
Program  

MEI Ontario Ministry of Energy and 
Infrastructure  

CDD cooling degree-days MJ/m
3
 megajoules per cubic meter 

CEP Community Energy Plan  NRCan Natural Resources Canada  

CFL compact fluorescent lamp  NREL National Renewable Energy 

Laboratory  

CO2 carbon dioxide  OECD Organisation for Economic Co-
operation and Development  

COP Coefficient of Performance OEE Office of Energy Efficiency  

CWEC Canadian Weather for Energy 

Calculations  

OPA Ontario Power Authority  

CWEEDS Canadian Energy and Engineering 
Data Sets  

PJ petajoules  

DHW domestic hot water S&L standard and labeling  

ERV energy recovery ventilator  SEE Sustainable Energy Engineering  

GHG greenhouse gas  SEER  Seasonal Energy Efficiency Ratio  

GJ gigajoule  tCO2 tons of carbon dioxide  

GJ/m
2
 gigajoule per square meter  TMY2 Typical Meteorological Year 2  

HAP Hourly Analysis Program  toe tons of oil equivalent  

HDD heating degree-days TOU time-of-use  

HHV higher heating value TPES total primary energy supply  

HRV heat recovery ventilator  U.S. United States  

HSPF Seasonal Performance Factor  W/m
2
 watts per square meter  

HVAC heating, ventilation, and air 

conditioning 

Wh watt-hour 

ICE Indoor Climate and Energy  WYEC2 Weather Year for Energy 
Calculation 2  
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1 Introduction 

This chapter outlines the background, purpose and objective, and delimitations of the general 

problem area to be addressed. 

1.1 Background 

Experts estimate that 30 to 50 percent energy savings are achievable towards net-zero (or nearly 

zero-energy) commercial buildings by using off-the-shelf products and materials.
[2] 

Applying the 

same concepts and principles to residential dwellings, energy-efficient technologies and practical 

knowledge are available in the market today to integrate energy-saving features into homes while 

improving comfort or aesthetic conditions. In Ontario and other provinces in Canada, local 

governments provide a range of policies and programs to encourage home energy efficiency 

through codes and standards, incentives, energy ratings, consumer awareness, and many other 

home improvement programs. 

Despite the availability of affordable technologies and government support, there are still many 

barriers to achieving home energy efficiency. One of the barriers is due to split incentives, which 

begin right from the house design and construction, wherein homebuilders and contractors may 

have no incentive to integrate energy efficiency features in new homes. The homebuilders and 

contractors do not directly benefit from any energy efficiency improvements; thus, they provide 

the bare minimum of code compliance to avoid high upfront costs. When homeowners move into 

their new homes, they tend to focus their budget on mortgage payments and house furnishings 

instead of energy efficiency improvements. As a simple example, if incandescent bulbs do the 

job to light a home, then homeowners may tend to maintain a status quo or “if it isn’t broke, 

don't fix it” attitude on costly energy efficiency retrofits. The lack of awareness on specific ways 

to improve energy efficiency is often cited as one of the main reasons why homeowners do not 

make these cost-effective and energy-saving improvements in their dwellings. 

1.2 Delimitations 

The results of this thesis project report only provide homeowners or other stakeholders with 

practical approaches to achieve energy-efficient homes using off-the-shelf products and 

materials. The thesis report is neither intended to replace existing codes and standards, nor meant 

to promote specific vendor products and materials. The analysis is limited to only one 

geographic location, i.e., the city of Mississauga,
i
 Ontario, Canada. This report is suitable for 

locations with climate zones that are characterized by warm and humid summers, and cold 

winters—as part of four calendar-based seasons, i.e., spring, summer, autumn, and winter. 

Section 5.2 Future Work provides additional suggestions on follow-up work that is not covered 

by this report.  

                                                
i Mississauga is Canada’s sixth largest city located in the western part of Greater Toronto Area. The city is 

committed to enhancing its citizens’ quality of life through provision of superior services, revitalization of its 

infrastructure, and conservation of the environment. 
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2 Frame of Reference 

This chapter summarizes some key publications and existing initiatives on the subject that is 

relevant for the performed research. 

2.1 Project Significance 

Canada is a highly energy-intensive country, because of its high living standard, large territory, 

extreme cold climate, and significant industrial base. In 2011, Canada’s residential sector 

consumed about 1,446 PJ, accounting for 13.5 percent of the total energy use and offering 

significant energy-saving potential.
[4]

 From 1990 to 2008, the residential energy use increased by 

about 14.3 percent, despite the energy efficiency improvements.
[5]

 Among the Organisation for 

Economic Co-operation and Development (OECD) countries,
[6]

 Canada has the third largest total 

primary energy supply (TPES) per capita, i.e., at 7.53 tons of oil equivalent (toe) per capita in 

2009.
[7]

 During the same period, the TPES per capita of Canada is about 1.6 times higher than 

the average for OECD countries and 4.2 times higher than the average for the world. 

Consequently, among OECD counties, Canada is the fourth largest emitter of carbon dioxide 

(CO2) in 2009, i.e., at about 15.4 metric tons of carbon dioxide (tCO2) per capita, thereby 

contributing significantly to climate change and resource depletion. 

2.2 Canadian Households—General Characteristics and 

Behaviors  

In 2007, the Office of Energy Efficiency (OEE) under the Natural Resources Canada (NRCan) 

and Statistics Canada jointly conducted a project on 2007 Survey of Household Energy Use.
[8]

  In 

an effort to assess the changing characteristics of household energy consumption across Canada, 

the survey collected information on (a) dwelling characteristics; (b) number and use of 

appliances, electronics, and other energy-consuming products; (c) energy efficiency 

characteristics; and (d) energy consumption. 

The general characteristics of dwellings, such as years of construction, heated areas, and 

dwelling types, affect the energy consumption per household as a measure of energy efficiency. 

The dwelling types in the 2007 survey consisted of single detached homes at 59 percent, 

double/row houses at 16 percent, low-rise apartments at 16 percent, high-rise apartments at 8 

percent, and mobile homes at 1 percent. Generally, the newer the dwelling, the lower is the 

energy intensity ratio in gigajoule per square meter (GJ/m
2
)—for example, dwellings built before 

1946 had the highest energy intensity at 0.89 GJ/m
2
, while those constructed from 2000 to 2007 

had the lowest energy intensity at 0.74 GJ/m
2
. (The average household energy intensity ratio in 

Ontario was 0.79 GJ/m
2
, and the Canadian average was 0.83 GJ/m

2
.) Similarly, relatively newer 

dwellings are more likely well insulated, with about 95 percent of respondents—living in houses 

built from 1990 to 2007—reported adequate insulation in the basement and crawl spaces. 

In Ontario, the penetration rates of principal heating systems were as follows: furnaces at 73 

percent, boilers at 11 percent, and electric baseboards at 10 percent. The principal energy source 

for heating in Ontario was natural gas at 66 percent and electricity at 20 percent. In other 
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provinces such as Quebec, where electricity prices are relatively lower, 76 percent of 

homeowners used electricity for heating. Central air conditioning system was prevalently used 

for an entire dwelling, while window or room air conditioners were typically installed for a small 

space. Households in Ontario used either natural gas at 50 percent or electricity at 43 percent for 

water heating in 2007.  

Major appliances comprising refrigerators, freezers, ranges, dishwashers, clothes washers, and 

dryers accounted for about 66 percent of the total residential energy use of appliances in 2007.
 [9]

 

Small appliances (or home electronics) such as television sets, videocassette recorders, digital 

videodisk players, stereos, and personal computers increased by 124 percent between 1990 and 

2007. 

The type of light bulbs used by the average Canadian household in 2007 consisted of 

incandescent at 48 percent, compact fluorescent lamp (CFL) at 22 percent, halogen at 17 percent, 

and fluorescent tubes at 13 percent. Among the provinces in Canada, Ontario led the highest 

CFL penetration rate at 75 percent in 2007. Light-emitting diode (LED) lamps were not yet 

common in the market during that same period. 

2.3 Gaps and Barriers 

The 2007 Survey of Household Energy Use asked homeowners and landlords/property managers 

if they had made energy efficiency improvements in their dwelling. The top energy efficiency 

improvements were made on windows, caulking, programmable thermostat, roof, and heating 

equipment. Among those who had not made any energy efficiency improvements, the reasons 

included no improvements are currently necessary at 52 percent, dwelling was recently 

purchased or built at 21 percent, improvements are too costly at 11 percent, planning to make 

improvements in the future at 9 percent, and others—including no government financial aid, do 

not have the time, and are planning to sell—at 4 percent. 

2.4 Home Energy Improvement Standards, Codes and 

Programs 

The Government of Canada, through NRCan’s OEE, Ontario Ministry of Energy and 

Infrastructure (MEI), Ontario Power Authority (OPA), and other government agencies have 

already launched a variety of standards, funding resources, and other energy efficiency programs 

to reduce energy costs and provide comfortable environment in the existing housing stock in 

Canada. Some of these selected initiatives in Ontario are briefly described below. 

 R-2000 Standard. A voluntary national standard for new houses to meet technical 

requirements for more efficient energy use, better indoor air quality, and greater 

environmental sustainability during the construction and operation of a house.
[10]

 

 EnerGuide Rating System. A standard measure to rate the energy performance of a house and 

compare its energy efficiency with similar houses in the neighborhood and across Canada.
[11]
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 EnerGuide Labels for Appliances and EnergyStar® Products. A standard and labeling 

(S&L), and rating program for energy-using appliances and products, which also identifies 

specific models that meet or exceed top-rated levels of energy efficiency.
[12][13]

 

 Ontario Building Code. An enhanced code that sets out energy efficiency benchmarks for 

houses to meet the performance level that is equivalent to an EnerGuide rating of at least 80 

and to recognize houses that are built to the technical specifications of EnergyStar for New 

Homes.
[14]

 

 ecoENERGY Retrofit for Homes. A government program renewed from June 6, 2011, until 

March 31, 2012 to provide grants up to $5,000 to help homeowners make their homes more 

energy-efficient.
[15]

 

 Ontario Home Energy Audit. An energy conservation program to pay 50 percent of Home 

Energy Audit (up to $150) and to analyze home energy uses and losses—the program was 

scheduled to end on March 31, 2012.
[16]

 

 Ontario Home Savings Program. A predecessor program of the Ontario Home Energy Audit, 

which was introduced in 2009, to provide homeowners up to $4,375 in government grants 

when they undergo an energy audit, and complete the recommended renovations and 

upgrades.
[17]

 

 saveONenergy for Homes. A conservation program provided through local electric utilities 

and funded through the OPA to offer energy-saving measures and incentives through 

initiatives such as fridge and freezer pickup, heating and cooling incentives, energy-efficient 

product coupons, and tips in buying a new home.
[18]

 

 Peaksaver PLUS. A program under saveONenergy to provide households with free home 

monitoring system that is connected to the electricity meter to provide Energy Display 

showing real-time feedback on electricity consumption, rates, costs, and savings by turning 

various electrical appliances on and off.
[19]

 

 LEED Canada for Homes. A certification program, which was launched in March 2009, to 

certify new green homes using eight different categories: site selection, water efficiency, 

materials and resources, energy and atmosphere, indoor environmental quality, location and 

linkages, awareness and education, and innovation.
[20]

 

2.5 Regional Climate Change and Energy Efficiency Strategies 

In Ontario, the Green Energy Act was enacted in 2009 to build a green economy and to repeal 

previous energy conservation, energy efficiency, and other related statutes.
[21]

 The Green Energy 

Act, among other provisions, requires public agencies to report on energy consumption and 

greenhouse gas (GHG) emissions and to establish, publish and administer energy conservation 

and demand management plans. Regionally, in support and response to the Green Energy Act, a 

number of municipalities in Ontario have already established their own climate change and 

energy-efficient strategies. 
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 Peel Climate Change Strategy. The Region of Peel, which consists of the municipalities of 

Brampton, Caledon and Mississauga, is a regional municipality in Southern Ontario (west 

and northwest of Toronto). In June 20, 2011, the region published its Peel Climate Change 

Strategy Background Report to address climate change through both adaptation and 

mitigation.
[22]

 One of the strategic action plans commit to reduce GHG emissions by the year 

2050 by 80 percent below 1990 levels through mitigation and carbon sequestration 

(approximately 12 percent annual reduction from 1990 to 2050). 

 Living Green Master Plan (LGMP). In October 2011, the City of Mississauga released its 

LGMP, which is the City’s first environmental master plan to identify priority actions and 

information in order for residents, community groups, and businesses “live green” in their 

homes and communities.
[23]

 One of the energy-efficiency related action plans of LGMP is to 

develop a Community Energy Plan (CEP) to better manage development impacts related to 

energy use, GHGs, and air quality associated with transportation, supply, and end-use. (Some 

neighboring municipalities, such as Burlington, Hamilton, Guelph, and London have already 

developed or in the process of developing CEPs as well). 

As previously described, the Region of Peel or the City of Mississauga has developed a 

comprehensive strategic plan to address energy efficiency—as part of climate change strategies; 

however, much more work remains to be done with regard to the implementation details of the 

strategic plan especially for the residential sector. While this thesis project is totally independent 

from the Peel Climate Change Strategy, LGMP, and other regional climate change strategies in 

Ontario, this thesis project addresses aspects of what has not yet been done with regard to 

quantifying the potential improvements in home energy efficiency to support “green” community 

strategies.   
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3 Method 

This chapter describes how the problem is going to be attacked and what scenarios, 

assumptions, and tools are going to be used. 

3.1 Prototypical House 

The selection of a prototypical house is one approach to quantify the potentially achievable 

improvement in energy efficiency of a conventional single detached home by using off-the-shelf 

products and materials. The prototypical house, as shown in Figure 1 and Figure 2 during 

different seasons, is located in Mississauga, Ontario, Canada. The location of the house has four 

seasons: spring, summer, autumn, and winter. The last frost (spring) and first frost (autumn) 

dates normally occur in May 9 and October 6, respectively.
[24]

 

Figure 3 and Figure 4 show the exterior and interior building materials during the house 

construction. The house, which was constructed in 2002, has two stories and a basement with a 

total floor area of 150 square meters (m
2
). As an assumption, the prototypical house has neither 

undergone major renovations nor adapted any energy efficiency improvements since it was built. 

The building envelope consists of red brick walls, single pane glass windows, and black roof 

shingles. 

The components of the exterior wall are drywall, vapor barrier, R-20 fiberglass insulation, 

particleboard, 1-inch air space, and brick. The roof materials consist of shingles and plywood. 

The ceiling is made up of drywall with vapor barrier and blow-in R-32 insulation. The windows 

are either sliding or casement type. 

There are two occupants in the house, who are normally not at home during office hours. 

Majority of the interior lighting fixtures utilizes incandescent lamps with lighting densities of 

7.5, 19.4, and 14.0 watts per square meter (W/m
2
) at the basement, ground floor, and second 

floors, respectively. Manual switches control the lighting system. Selective areas in the house use 

task lighting. The major appliances include refrigerator, stove, washing machine, and dryer.   

Figure 1: Prototypical House (Summer Photo) Figure 2: Prototypical House (Winter Photo) 
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Space heating is supplied by a central forced-air gas furnace with 14.7 kilowatts (kW) input, 13.5 

kW output, and 90 percent Annual Fuel Utilization Efficiency (AFUE)
ii
;
[25]

 the domestic hot 

water is provided by an 11.8 kW input gas water heater with 190-liter (50-gallon) storage tank 

and recovery of 127.4 liters (33.6 gallons) per hour (Figure 5). Outside furnace vents consist of 

one pipe that expels combustion gases and another pipe that draws intake air. 

A split-type air-conditioner handles cooling needs with 1.5 tons cooling capacity and Seasonal 

Energy Efficiency Ratio (SEER)
iii

 up to 10.65. Figure 6 shows a photo of the outdoor 

condensing unit. 

                                                
ii The AFUE, a measure used to denote the heating efficiency of a boiler or furnace, is the ratio of the seasonal useful 

annual heat output to the total energy input. 
iii The SEER, a rating often used to indicate the efficiency of air conditioners, is the ratio of the British Thermal 

Units (BTU) of cooling output during the cooling season over the watt-hour (Wh) of electrical energy input; SEER 

is similar to the average cooling Coefficient of Performance (COP) of the air conditioner during the cooling season. 

Figure 3: House Exterior During Construction Figure 4: House Interior During Construction 
(Second Floor) 

  

Figure 5: Gas Furnace and Water Heater 

 

Figure 6: Outdoor Condensing Unit 
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Conditioned air is distributed via ductwork and fed through floor grills. A single non-

programmable thermostat controls the heating/cooling schedule and temperature setpoint in the 

house. The occupied temperature setpoint is maintained at 22 degrees Celsius (°C) during winter 

and 24°C during summer. Ventilation air is provided by natural infiltration through various leaks 

in the house as well as occasional openings of doors and windows to admit fresh air. General 

exhaust air is provided by bathroom and kitchen exhaust fans that vent air from the house. 

The ground floor of the house consists of dining room, living/family room, breakfast area, and 

kitchen with a garage on the exterior. The second floor has one master bedroom and two 

additional bedrooms. Figure 7 and Figure 8 show the floor plan (“mirror image” relative to the 

actual photo) of the house
iv
. 

Figure 7: Ground Floor Plan 

 

Figure 8: Second Floor Plan 

 

3.2 Building Energy Simulation Basics and Tools 

The energy use of the prototypical house is simulated using eQUEST, a DOE-2 based program 

that calculates the energy use and cost of commercial or residential building given information 

on weather, architectural, envelope materials, internal loads, electrical, mechanical, schedules, 

and economic parameters.
[26]

 In addition, eQUEST allows the user to perform simulations for 

                                                                                                                                                       
COP can be calculated as the ratio of SEER over 3.412 BTU/Wh. Higher SEER or COP rating indicates more 

energy-efficient air-conditioner. 
iv The floor plans are courtesy of Mattamy Homes (http://www.mattamyhomes.com/). 

http://www.mattamyhomes.com/
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implementation of common energy conservation measures. Figure 9 shows the image of the 

prototypical house model using eQUEST. 

The front door of the house faces southeast 

(the orientation of the house also affects 

energy use). The building simulation ignores 

the shadings due to adjacent houses on the 

northeast and southwest and sides of the 

prototypical house, due to minimal or no 

window areas on these sides of the house 

enclosure. 

Similar to any building energy simulation 

tool, eQUEST uses the following basic 

process and computational steps to create the 

simulation model of the building as shown in 

Figure 10. 

 Loads. The Loads simulation subprogram calculates the sensible and latent components of 

the hourly heating or cooling load for each user-designated space in the building given the 

weather, architectural, envelope materials, and internal loads. 

 Systems. The Systems simulation subprogram handles the performance of secondary systems 

such as air-side equipment comprising fans, coils, and ducts; and calculates air flow and coil 

loads by taking into account outside air requirements, hours of equipment operation, 

equipment control strategies, and thermostat set points. 

 Plants. The Plans subprogram handles the primary system such as boilers, chillers, cooling 

towers, storage tanks, etc., in satisfying the 

secondary systems heating and cooling coil 

loads; and takes into consideration the 

part-load characteristics of the primary 

equipment to calculate the electrical and 

fuel demand as well as consumption of the 

building. 

 Economics. The economics simulation 

subprogram (optional) calculates the 

energy costs using applicable utility rates, 

and compares the cost-benefits of different 

building designs for new constructions or 

energy conservation measures for existing 

buildings. 

While the use of other building simulation tools besides eQUEST is also beyond the scope of this 

thesis project, there are many other software programs in the market to help evaluate energy-

efficiency technologies in new or existing buildings.
[27]

 In North America, other commonly used 

Figure 9: Prototypical House eQUEST Model 

 

Figure 10: eQUEST Building Simulation Process 

 

Loads Systems Plants Economics
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building simulation tools include, but are not limited to, EnergyPlus, Hourly Analysis Program 

(HAP), TRACE 700, and EE4 Commercial Building Incentive Program (CBIP) and Code. 

In Scandinavia, IDA Indoor Climate and Energy (ICE) is a simulation tool that models the 

thermal comfort, indoor air quality, and energy consumption in buildings.
[28]

 The first version of 

IDA ICE was released in May 1998, and the most recent Version 4, with new features and 

significant improvements, was released in the summer of 2009. Thirty leading Scandinavian 

companies requested, specified, and partly financed the original development of IDA ICE. The 

KTH and Helsinki University of Technology developed the mathematical models of IDA as part 

of the ICE academic network. The IDA ICE models are not only customized to Scandinavian 

needs only, but also harmonized to international standards as well, e.g., through the use of 

ASHRAE models where appropriate. 

3.3 Weather Factor Considerations 

DOE-2 is a widely used and accepted building energy analysis program that can predict the 

energy use and cost for all types of buildings, and DOE-2 also provides access to a wide variety 

of weather data.
[29]

 The Canadian Weather for Energy Calculations (CWEC) and Typical 

Meteorological Year 2 (TMY2) are two common weather data used by eQUEST. 

 CWEC. The CWEC weather data represent conditions that result to the average heating and 

cooling loads in buildings. There are about 68 available CWEC files that contain hourly 

weather observations representing an artificial one-year period specifically designed for 

building energy calculations. The CWEC used information that was derived from the 

Canadian Energy and Engineering Data Sets (CWEEDS) of hourly weather data from 1953 

to 1995. Numerical Logics, in partnership with Environment Canada and the National 

Research Council of Canada, developed the CWEC through a methodology similar to the 

TMY2 as described below. The CWEC also follows the format of ASHRAE Weather Year 

for Energy Calculation 2 (WYEC2). 

 TMY2. The TMY2 weather datasets corresponds to typical conditions that are not suitable for 

designing extreme conditions in a particular location. There are about 240 weather data files 

that include hourly values of solar radiation and meteorological elements for a one-year 

period intended for computer simulations of building systems. The TMY2s used datasets that 

were derived from 1961 to 1990 recorded information to facilitate performance comparisons 

of different building system types and configurations. The TMY2 weather files for the United 

States (U.S.) and its territories are available from the U.S. National Renewable Energy 

Laboratory (NREL). 

For Canadian historical weather data, the National Climate Data and Information Archive, which 

is operated and maintained by Environment Canada, has official climate and weather 

observations for Canada. Some of the products and services include Climate Data Online and 

Climate Normals and Averages. The Climate Data Online provides direct access to historical 

hourly or daily climate data for specific locations and dates. The Climate Normals and Averages 

are the climate averages and extremes for Canadian locations with at least 15 years of data from 

1971 to 2000.
[30]
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3.4 Theory and Algorithms of Calculation 

eQUEST uses the theory and algorithms of calculation based on most of the concepts presented 

in the DOE-2 Engineers Manual Version 2.1A, but with some new approaches.
[31]

 DOE-2, in its 

basic form, uses FORTRAN
v
 computer programming language for building energy analysis. 

During the early days of DOE-2 (late 1970s to early 1980s), programmers used English-like 

command language to describe, model, or input the building, HVAC, and other parameters. A 

Building Description Language (BDL) processor translates the input data into computer 

recognizable form. For example, the following BDL commands are used to describe a heating 

system (see Box 1). 

Box 1: Sample BDL Commands 

 

The BDL processor then passes the building description to the other sub-programs—Loads, 

System, Plants, and Economics (see Figure 10: eQUEST Building Simulation Process)—to 

complete the computational steps and produce the output reports. (A complete description of 

BDL language is documented in the DOE-2.2 Building Energy Use and Cost Analysis Program, 

Volume 2: Dictionary, December 2009.
[32]

) 

With the remarkable rise in the desktop computing power towards the 1990s, the reevaluation 

and redevelopment of building energy modeling software made significant improvements in the 

use of Window-based and user-friendly applications. For example, eQUEST, made building 

energy modeling straightforward through the use of “wizards” and “graphics” on top of the 

                                                
v FORTRAN is a general-purpose, high level programming language that is specially used for numeric computation 

and scientific calculations.[33] 

     *2885 * "S1 Sys (PSZ)" = SYSTEM 

     *2886 *    TYPE             = PSZ 

     *2887 *    HEAT-SOURCE      = FURNACE 

     *2888 *    ZONE-HEAT-SOURCE = NONE 

     *2889 *    BASEBOARD-SOURCE = NONE 

     *2890 *    MAX-SUPPLY-T     = 120 

     *2891 *    MIN-SUPPLY-T     = 55 

     *2892 *    ECONO-LIMIT-T    = 65 

     *2893 *    ECONO-LOCKOUT    = YES 

     *2894 *    ECONO-LOW-LIMIT  = 45 

     *2895 *    SUPPLY-FLOW      = 367 

     *2896 *    MIN-AIR-SCH      = "S1 Sys1 (PSZ) MinOA Sch" 

     *2897 *    OA-CONTROL       = FIXED 

     *2898 *    FAN-SCHEDULE     = "S1 Sys1 (PSZ) Fan Sch" 

     *2899 *    SUPPLY-STATIC    = 2.29471 

     *2900 *    SUPPLY-EFF       = 0.53 

     *2901 *    RETURN-EFF       = 0.53 

     *2902 *    NIGHT-CYCLE-CTRL = CYCLE-ON-ANY 

     *2903 *    INDOOR-FAN-MODE  = INTERMITTENT 

     *2904 *    COOLING-CAPACITY = 18000 

     *2905 *    COOLING-EIR      = 0.314859 

     *2906 *    HEATING-CAPACITY = -46000 

     *2907 *    FURNACE-AUX      = 0 

     *2908 *    FURNACE-HIR      = 1.10833 

     *2909 *    CONTROL-ZONE     = "EL1 N Zone (fG.z1)" 
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DOE-2 derived engine. This enables architects and engineers to perform design and retrofit 

studies in a relatively shorter time. However, it can be argued that by using packaged computer 

software, the level of user knowledge is reduced, since the theory and algorithms of calculation 

are all “built-in.” 

This thesis only provides a basic description of how building energy simulation works and what 

is inside the program (one has to refer to the cited references for more details). However, just to 

provide an idea or outline of the modeling steps in eQUEST, Appendix I: eQUEST Base Case 

Input Data, shows the screenshots for the (a) Project / Site / Utility; (b) Building Shell 

Information; (c) Heating, Ventilation, and Air conditioning (HVAC) System; and (d) Domestic 

Hot Water (DHW) System. 

eQUEST has been tested to comply with ASHRAE Standard 140 Standard Method of Test for the 

Evaluation of Building Energy Analysis Computer Programs,
[34]

 which included comparative 

tests of building energy simulation programs to model thermal envelope and fabric loads, and 

mechanical equipment performance. The comparative tests showed that DOE-2 simulation 

results were analogous to those of other detailed hourly simulation programs from Europe and 

the United States, such as CA-SIS, CLIM2000, ENERGYPLUS, and TRNSYS-TUD. 

Comparative evaluation of various calculation methods is beyond the scope of this thesis. 

ASHRAE Fundamentals
[35]

 and ASHRAE HVAC Systems and Equipment
[36]

 are additional 

references to support the theory and algorithms of calculations used by eQUEST.    
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4 Analysis and Results 

This chapter compiles and analyzes the results using the method described in the previous 

chapter, and compares the results with the frame of reference.  

4.1 Simulation Reports 

 eQUEST provides a variety of graphical and tabular as well as hourly reports for the Loads, 

Systems, Plants, and Economics segments of the building simulation using the DOE-2 program. 

The succeeding sections discuss two selected simulation reports, i.e., Building Peak Load 

Components and Building Energy Performance. The DOE-2 libraries and reports are mainly 

used as the reference for the report descriptions. 

4.1.1 Building Peak Load Components 

As shown in Table 1, the Building Peak Cooling and Heating Loads report gives the breakdown 

of peak cooling and heating loads for the building (or house) level. The cooling or heating load is 

defined as the amount of heat that must be removed or added in a space to maintain the required 

temperature. The heat gain or loss in plenums is accounted for in the Systems simulation. The 

combined window glass conduction and solar loads is the largest contributor to peak cooling and 

heating loads accounting for 63.4 percent and 37.4 percent of the total, respectively. 

Table 1: Building Peak Cooling and Heating Loads 

Parameters Cooling Load Heating Load 

Date/Time July 7 7PM January 27 8AM 

Dry-Bulb Temperature (°C) 30 -19 

Wet-Bulb Temperature (°C) 23 -20 

Total Horizontal Solar Radiation (W/m2) 340 12 

Wind speed at Space (m/s) 2.6 3.0 

Cloud Amount  0 (clear) to 10 1 1 

   

Components Cooling Load Heating Load 

 kW % of Total kW % of Total 

Wall Conduction 0.627 9.8% -2.585 25.0% 

Window Glass Conduction 1.015 15.9% -3.905 37.8% 

Window Glass Solar 3.025 47.5% 0.046 -0.4% 

Door Conduction 0.347 5.4% -1.110 10.7% 

Underground Surface Conduction -0.212 -3.3% -0.897 8.7% 

Occupants 0.178 2.8% 0.093 -0.9% 

Lights 0.424 6.7% 0.282 -2.7% 

Equipment 0.378 5.9% 0.267 -2.6% 

Infiltration 0.592 9.3% -2.521 24.4% 

Total Load 6.374 100.0% -10.330 100.0% 
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4.1.2 Building Energy Performance 

As shown in Figure 11 and Figure 12, the Building Energy Performance gives the end use 

breakdown for each of the energy types given in actual units of consumption, such as kilowatt-

hour (kWh) of electricity or cubic meter (m
3
) of gas

vi
. 

Figure 11: Building Electricity Performance (kWh) 

 

Figure 12: Building Natural Gas Performance (m
3
) 

 

4.2 Calibrated Simulation 

Once the building model is created, the common procedure is to perform a calibrated simulation 

by comparing the energy use predicted by the computer model to the actual average energy 

                                                
vi The typical higher heating value (HHV) of natural gas is 38 megajoules per cubic meter (MJ/m3).  
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consumption from the utility bills for the most recent or over the last one to two years. A low 

variance can serve as a convenient check that the building simulation is accurate, and the input 

parameters can now be changed to perform various parametric runs of design alternatives to 

improve energy efficiency. Figure 13 and Figure 14 shows the results of the calibrated 

simulation for electricity and natural gas consumptions. 

Figure 13: Actual Vis-à-Vis Simulation of Electricity Consumption   

 

Figure 14: Actual Vis-à-Vis Simulation of Natural Gas Consumption   

 

The differences in CWEC and actual weather data for the billing period have to be considered as 

well in performing the calibrated simulation. Canada's National Climate Data and Information 

Archive provides actual weather data for various Canadian locations.
[37]

 As shown in Figure 15 

and Figure 16, the 10-year averages of the heating degree-days (HDD) and cooling degree-days 

(CDD) for Toronto are about 14.2 percent lower and 68.7 percent higher than those from CWEC, 
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respectively; thus, the building simulation model tends to overestimate the heating and 

underestimate the cooling load and energy use. Such variations in degree-days should be 

considered when performing the calibrated simulation of the electricity and gas consumptions, 

which are generally affected by the CDD and HDD, respectively.  

Figure 15: Cooling Degree-Days 

 

Figure 16: Heating Degree-Days 

 

Another precaution in using the calibrated simulation approach is the assumption that the 

components of the total consumption are correct or accurate. Thus, it also important to check that 

the energy end-use generated by the building simulation is within reasonable limits (see Section 

4.1.2 Building Energy Performance). 
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4.3 Energy Rates Analysis 

A home electricity bill in Mississauga, Ontario consists of electricity, delivery, regulatory, and 

debt retirement charges that are all based on the kWh energy consumption; there is no separate 

kW demand charge (see Appendix II: Sample Electricity Bill).
[38]

 Residential customers in 

Mississauga are now billed using time-of-use (TOU) electricity rates, although analysis of 

energy efficiency measures to capitalize on these TOU rates will not be modeled. On the other 

hand, a residential gas bill consists of a fixed customer charge, and delivery, transportation and 

gas charges (see Appendix III: Sample Natural Gas Bill).
[39]

 The average cost for electricity is 

CAD$0.13/kWh while the average cost for natural gas is CAD$0.39/m
3
. This translates to 

CAD$35.57/GJ of electricity and CAD$10.34/GJ of natural gas. This rate difference of energy 

sources
vii

 means that it can cost as much as three and a half times to heat with electricity as 

compared to natural gas. 

Electricity prices vary significantly across North America. Each year, Hydro Quebec compiles a 

comparative analysis of average prices for 12 Canadian and 10 American utilities
[40]

 as shown in 

Figure 17. 

Figure 17: Average Residential Electricity Prices (in effect on April 1, 2012) 

 

                                                
vii In gas-fired power plants, spark spread is a term used to denote the difference between the market price of 

electricity and the cost of plant production; spark spread also represents the theoretical margin for a gas-fired power 

plant. 
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Figure 18 shows the historical natural gas supply prices from 2006 to 2012, which shows a 

dramatic reduction of 80 percent in the effective price.
[41]

 

Figure 18: Historical Gas Supply Prices 

 

The prices of electricity, natural gas, or other energy sources have significant influence on the 

choice of main space heating fuel. However, other factors such as decision maker (contractor as 

opposed to the owner), fuel availability, and equipment cost also dictate the energy source 

options for home heating. 

4.4 Energy Efficiency Measures 

Energy efficiency measures or alternative cases are straightforward to simulate after establishing 

the base building model and then modifying the input parameters (see Appendix I: eQUEST Base 

Case Input Data and Appendix IV: eQUEST Input Data for Energy-Efficient Case). The 

following sections describe the recommended and other evaluated energy efficiency measures on 

building envelope, electrical appliances, lighting, and HVAC system and control (see Table 2: 

Summary of Recommended Energy Efficiency Measures and Table 3: Summary of Other 

Evaluated Energy Efficiency Measures). Table 2 and Table 3 are organized with Section 

Reference No. that links to the section providing further explanation of each energy efficiency 

measure, which is sorted in descending order based on the Total Energy Savings (GJ). 

The recommended energy efficiency measures are based on energy and cost savings, i.e., the cost 

savings must be positive using the reference energy rates stated in this thesis (see Section 4.3 

Energy Rates Analysis). On the other hand, other evaluated measures are deselected due to 

negative cost savings, e.g., installation of heat pumps, regardless of the magnitude of energy 

savings. Identical energy efficiency measures—such as double pane vs. triple pane windows, 

SEER (21) vs. SEER (17) high-efficiency air conditioner, or CFL vs. LED—are recommended 

on the basis of cost-effectiveness and practical approach, i.e., the incremental cost to achieve the 

additional energy savings. The simple payback period, which is estimated based on ballpark 
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costs only, is not considered in the selection of recommended energy efficiency measures; there 

are three reasons for this criterion. Firstly, the thesis hypothesis is an assumption that 30 to 50 

percent energy savings are achievable by using off-the-shelf products and materials regardless of 

the cost and payback period. Secondly, the payback period is based on energy-saving retrofit 

investment rather than incremental cost of, e.g., standard vis-à-vis high efficiency products and 

materials, especially when they are due for replacement anyway or at the end of their useful 

life—burned-out light bulbs, deteriorated windows, failed air conditioning unit, etc. Thirdly, 

energy efficiency measures with longer payback period may call for or benefit from government 

incentives and subsidies that catalyze mass adoption of energy-saving technologies (see also 

Section 5.2 Future Work). 

As a DISCLAIMER, the photos and images in Sections 4.4.1 Building Envelope, 4.4.2 Electrical 

Appliances, 4.4.3 Lighting, and 4.4.4 HVAC and Controls are for illustration purposes only of 

off-the-shelf products and materials
viii

—i.e., to help illustrate theories and principles of home 

energy efficiency. As mentioned in Section 1.2 Delimitations, this thesis does not intend to 

promote any specific vendor product or material for home energy efficiency. The cost savings 

presented in this thesis may also vary from one house or location to another. It is the 

responsibility of homeowners or buyers to take due diligence when making any investment 

decisions on home energy efficiency improvements. 

 

 

 

 

 

                                                
viii Photo credits are courtesy of Home Depot (http://www.homedepot.ca/), Lowe’s (http://www.lowes.com/), and 

Carrier (http://www.carrier.com/).  

http://www.homedepot.ca/
http://www.lowes.com/
http://www.carrier.com/
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Table 2: Summary of Recommended Energy Efficiency Measures 

Section 

Reference 

No. 

Recommended Measures 
Electricity 

Savings 

(kWh) 

Gas 

Savings 

(m3) 

Total 

Energy 

Savings 

(GJ) 

Total 

Energy 

Savings 

(%) 

Electricity 

Cost 

Savings 

($) 

Gas Cost 

Savings 

($) 

Total 

Cost 

Savings 

($) 

Total 

Cost 

Savings 

(%) 

Measure 

Cost 

($) 

Simple 

Payback 

(years) 

4.4.1.1 Install double pane low-e windows 217 486 19.3 15.5% $28 $191 $219 12.4% $5,825 26.6 

4.4.4.6 Install high-efficiency gas furnace 0 239 9.1 7.3% $0 $94 $94 5.3% $3,616 38.4 

4.4.4.1 Install programmable thermostats 127 197 7.9 6.4% $16 $78 $94 5.3% $111 1.2 

4.4.1.1 
Control operation of window 

blinds/drapes 
18 138 5.3 4.3% $2 $54 $57 3.2% $0 0.0 

4.4.1.4 
Install R-50 attic and ceiling 

insulation 
-6 89 3.4 2.7% -$1 $35 $34 1.9% $470 13.7 

4.4.1.2 
Draft proof gaps and cracks 

(caulking and weather stripping)  
-4 52 1.9 1.6% -$1 $20 $20 1.1% $206 10.4 

4.4.4.2 
Install high SEER (21) air 

conditioner 
434 0 1.6 1.3% $56 $0 $56 3.1% $3,734 67.2 

4.4.4.3 
Install heat recovery ventilator 

(sensible wheel) 
-71 30 0.9 0.7% -$9 $12 $3 0.2% $1,956 700.7 

4.4.3 Replace incandescent with CFL 854 -66 0.6 0.5% $109 -$26 $83 4.7% $112 1.3 

4.4.4.4 Install tankless DHW heater -9 10 0.3 0.3% -$1 $4 $3 0.2% $2,259 809.8 

4.4.1.1 
Install retractable backyard patio 

awnings 
76 0 0.3 0.2% $10 $0 $10 0.6% $457 46.8 

4.4.2 
Reduce standby power of 

electronic equipment 
88 -3 0.2 0.2% $11 -$1 $10 0.6% $27 2.6 

4.4.2 
Use energy-efficient major 

appliances 
132 -14 0.0 0.0% $17 -$5 $12 0.7% $2,032 175.6 

 
Total Savings 

(Cumulative Effect) 
1,856 1,158 50.8 41.0% $237  $456  $695  39.3% $20,805  29.9 

 
Total Savings 

(Interactive Effect) 
1,816 1,030 46 36.8% $232  $405  $638  36.0% $20,803  32.6 
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Table 3: Summary of Other Evaluated Energy Efficiency Measures 

Section 

Reference 

No. 

Other Evaluated Measures 
Electricity 

Savings 

(kWh) 

Gas 

Savings 

(m3) 

Total 

Energy 

Savings 

(GJ) 

Total 

Energy 

Savings 

(%) 

Electricity 

Cost 

Savings 

($) 

Gas Cost 

Savings 

($) 

Total 

Cost 

Savings 

($) 

Total 

Cost 

Savings 

(%) 

Measure 

Cost 

($) 

Simple 

Payback 

(years) 

4.4.4.5 
Install heat pump (100% heating 

capacity) 
-8,258 2,556 67.4 54.2% -$1,057 $1,005 -$53 -3.0% $5,386 -102.3 

4.4.4.5 
Install heat pump (70% heating 

capacity) 
-6,088 1,916 50.9 40.9% -$779 $753 -$26 -1.5% $4,231 -160.2 

4.4.4.5 
Install heat pump (100% cooling 

capacity) 
-4,318 1,098 26.2 21.1% -$553 $432 -$121 -6.9% $3,615 -29.8 

4.4.1.1 Install triple pane low-e windows 362 468 19.1 15.3% $46 $184 $230 13.0% $8,434 36.7 

4.4.1.1 Install single pane low-e windows 41 400 15.3 12.3% $5 $157 $162 9.2% $4,139 25.5 

4.4.4.2 Install high SEER (17) AC 362 0 1.3 1.0% $46 $0 $46 2.6% $3,118 67.2 

4.4.3 Replace incandescent with LED 1,287 -116 0.2 0.2% $165 -$46 $119 6.7% $1,010 8.5 

4.4.1.3 Install light-colored roof shingles 8 -8 -0.3 -0.2% $1 -$3 -$2 -0.1% $2,589 -1,320.0 

4.4.1.1 Install reflective film on windows 436 -208 -6.3 -5.1% $56 -$82 -$26 -1.5% $1,257 -48.5 
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4.4.1 Building Envelope 

The building envelope (or building enclosure) consists of wall, roof, and fenestration
ix
 systems 

that provide physical separation between the indoor and outdoor environments. High 

performance building envelopes with proper glazing, material, air tightness, and insulation can 

minimize heating and cooling loads and maximize solar heat gain during the winter. However, 

the building envelope must be also designed, built, or retrofitted from a cost and functional 

perspective. 

4.4.1.1 Windows 

Windows, as part of the fenestrations, contribute 

significantly to the heating and cooling loads 

through glass conduction and solar loads (see 

Table 1: Building Peak Cooling and Heating 

Loads). 

The performance of windows depends primarily 

on the overall thermal conductivity or U-value 

and the solar transmittance performance. Energy-

efficient windows have features such as double or 

triple glazing, low emissivity or “low-e” glass, 

low conductivity, and air or inert gas such as argon or krypton (in between sealed units) as well 

as good frame insulation and air tightness. The types of windows modeled for the prototypical 

house include single pane reflective, single pane low-e, double pane low-e, and triple pane low-e 

windows, which all produced both heating and cooling energy savings. If budget is a constraint 

and the existing windows are still in good condition, adding storm windows either on the interior 

or exterior sides can partly achieve the multiple 

pane low-e effect. Storm window materials range 

low-cost plastic sheets or films designed for one 

heating season to triple-track glass units with low-

e coatings intended for several years of use. A 

single reflective window is also modeled, but the 

heating penalty negates the cooling benefit.  

Interior shading devices, such as window blinds or 

drapes, reduce the amount of total solar energy 

and visible light transmission through windows. 

Disregarding aesthetic and privacy considerations or furniture deteriorations—e.g., due to 

fading—controlling the close and open positions of the window blinds or drapes can also reduce 

the heating and cooling energy requirements of a house. The general strategies are as follows: in 

winter, open the blinds or drapes during peak sunlight hours to capture free heat from the sun, 

                                                
ix As defined in ASHRAE Fundamentals, fenestration is an architectural term that refers to the arrangement, 

proportion, and design of window, skylight, and door systems in a building. 

Figure 19: Double Pane Window, Storm Window and 
Reflective Film 

   

Figure 20: Interior Shading Devices 
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and close the shading devices at night to prevent heat loss through the windows; in summer, do 

the reverse strategy, i.e., close the blinds or drapes to block the solar load from the sun and 

prevent heat gain, and open them at night to maintain a cool atmosphere inside by taking 

advantage of thermal inertia of the building. Control of interior shading devices can be done 

manually—a no cost option—or mechanically by using motorized controls. 

Exterior shading devices, such as awnings 

especially for backyard patios where aesthetic 

factors may not be critical, offer good addition to 

glass windows or doors to block the solar load. 

Retractable patio awnings are available with 

manual or electronic adjustments to completely 

or partially adjust the awning depth depending on 

the season. An awning was modeled as an 

overhang for the northwest windows and doors in 

the backyard of the prototypical house (summer 

operation only). Where possible, a similar sun 

control can be achieved by well-designed 

landscaping, such as planting coniferous 

(evergreen) trees on the north side to protect 

from winter winds, and deciduous trees on the south side to provide shade during summer. When 

deciduous trees lose their leaves during winter, they reduce the heating costs by allowing the heat 

of the sun to reach the interior of the house. 

4.4.1.2 Draft-proofing 

Draft-proofing, through weather-stripping, 

caulking or sealing leaks in or around the frames 

of windows and doors, reduces air infiltration that 

would have required additional heating or cooling 

energy. A caveat with this measure is that newly 

constructed or renovated houses are better sealed 

and tight enough resulting to insufficient air 

infiltration or leakage to supply the necessary 

ventilation air for the house. Draft-proofing 

further reduces the air changes per hour (ach), 

which is estimated to be about 0.30 ach
x
 for the prototypical house. Below 0.30 ach, it is not 

advisable to rely solely on air infiltration for ventilation. 

It would be beneficial to combine draft-proofing measures with a heat recovery ventilator (HRV) 

(see Section 4.4.4.3 Heat Recovery Ventilator) to ensure sufficient ventilation and prevent 

                                                
x According to ASHRAE Fundamentals, “Typical infiltration values in housing in North America vary by a factor of 

about ten, from tightly constructed housing with seasonal average air exchange rates as low as 0.1 ach to loosely 

constructed housing with air exchange rates as great as 2.0 ach.”[35] 

Figure 21: Retractable Awning 

 

Figure 22: Weather-stripping and Caulking 
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problems due to condensation, odor, and mold or mildew. 

4.4.1.3 Roof Material 

In principle, dark-colored surfaces tend to absorb 

more solar energy than light-colored ones. A 

light-colored roof material reduces the summer 

cooling load, but such heat reduction 

characteristics pose “winter-penalty” as well 

especially in colder climates. One alternative is to 

insulate from below—by insulating the attic to 

reduce the cooling and heating of a house (see 

Section 4.4.1.4 Thermal Insulation). Another 

energy-efficient option is to use roof solar 

shingles, which consist of photovoltaic solar cells—looking like asphalt tiles—to capture 

sunlight and transform it into electricity; however, this option is excluded in the scope of this 

thesis project due to factors such as cost effectiveness and grid connection requirements, 

Furthermore, a vegetated green roof,
xi
 in theory, provides an insulation barrier and reduces solar 

absorption; similarly, this option is not pursued due to practical considerations such as additional 

roof structural support, water proofing system, and maintenance requirements. 

4.4.1.4 Thermal Insulation 

As heat travels from higher temperature to lower 

temperature objects or materials, thermal 

insulation prevents unwanted heat loss (winter) 

or heat gain (summer), thus reducing the heating 

and cooling energy to maintain comfort 

conditions inside a house. The attic offers more 

cost-effective and less inconvenience to add 

insulation and minimize heat conduction through 

the building envelope. 

A good place to adding or upgrading insulation is 

in the attic. Attic insulation with R-value of R-50 

is modeled for the prototypical house. R-value is 

the imperial measurement of thermal resistance 

and indication of insulating material effectiveness. As a rule-of-thumb, it is generally beneficial 

to add attic insulation if the existing one is less than 6 inches (or 2.4 centimeters). 

                                                
xi The Toronto's Green Roof Bylaw and the Eco-Roof Incentive Program defines a green roof as, “an extension of an 

above grade roof, built on top of a human-made structure, that allows vegetation to grow in a growing medium and 

which is designed, constructed and maintained in accordance with the Toronto Green Roof Construction Standard.” 

Figure 23: Roof Shingles 

  

Figure 24: Attic Insulation 
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Wall insulation is more difficult to add or retrofit to existing house insulation, unless it is in poor 

condition or due for replacement. Thus, potential energy efficiency measures for the prototypical 

house do not include any wall insulation upgrade. 

4.4.2 Electrical Appliances 

Electrical appliances reduce the heating load by 

about 2.6 percent, but increase the cooling load by 

5.9 percent (see Table 1: Building Peak Cooling 

and Heating Loads). 

Thus, besides the electrical consumption of the 

appliances per se, they also increase the 

consumption of the cooling equipment. When 

purchasing new major appliances—such as 

refrigerators, freezers, ranges, dishwashers, 

washers, and dryers—EnergyStar products claim 

to be 10 to 20 percent more energy-efficient than 

standard models. 

On the other hand, smaller electronic and electrical appliances—such as computers and 

accessories, televisions and entertainment devices, and telephones and communication devices—

continue to draw small amount of standby power even when they are switched off but plugged 

into an outlet. Simple ways to minimize standby power include purchasing EnergyStar labeled 

consumer electronics and using power bars where selective electronic equipment can be 

conveniently plugged and easily switched off when not in use. 

4.4.3 Lighting 

Lighting is another internal load that contributes 

to heat gains in a space (almost similar effect as 

electrical appliances). Neglecting allowances for 

light fixtures, such as ballast losses, etc., the 

wattage of the lamps determines the sensible heat 

released to the conditioned space. 

For many years, incandescent lamps have been 

commonly used for home lighting. However, 

incandescent lamps are inefficient, since only 

about 5 percent of the energy that they use is converted to visible light, and the rest of the energy 

used goes towards producing heat. Recent advances on lighting technologies have significantly 

replaced incandescent lamps by lower-wattage CFLs in terms of energy efficiency, lifetime, and 

color quality.
xii

 LED lamps—although still more expensive than incandescent lamps or CFLs—

                                                
xii A compact fluorescent lamp or CFL is a low-energy light bulb that is designed to replace an incandescent lamp. 

An integrated CFL contains ballast that starts the lamp and regulates the electric current, which is driven through a 

Figure 25: Major Electrical Appliances 

 

  

Figure 26: Incandescent, CFL and LED Lamps 
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are also gradually gaining market acceptance for residential lighting applications.
xiii

 Retail stores 

typically carry 13W CFLs—and more recently 10W LEDs—as direct screw-in replacements for 

60W incandescent lamps; CFLs and LEDs also last longer with 10,000 hours and 25,000 hours 

life per bulb, respectively, as compared to incandescent lamps with 1,000 hours of lifespan.
[44]

 

(LEDs for commercial applications have typical life expectancy of over 50,000 hours.)  

However, replacing incandescent lamps with low-wattage lamps with equivalent light output 

results to cooling energy savings and heating penalties as well. The overall energy savings from 

retrofitting to CFL lamps depends on the cost of heating fuel and the efficiency of heating system 

as well as whether the house is air conditioned or not. Using CFLs (or LEDs) are economical as 

long as the price per GJ of electricity is substantially higher than the price per GJ of the heating 

fuel (see Section 4.3 Energy Rates Analysis). Likewise, if the house is heated by electric heating 

system or heat pump, then replacing incandescent lamps with CFLs would be a beneficial 

alternative. 

4.4.4 HVAC and Controls 

4.4.4.1 Programmable Thermostat 

Heating and cooling load calculations and sizing 

of HVAC equipment are basically dependent on 

the building location, indoor design conditions, 

and building construction. Thus, the temperature 

difference between the outdoor and indoor 

temperatures determines the heating or cooling 

loads. A common practice to save energy is to 

maintain the indoor temperature as low as 

possible during the winter (less than or equal to 

22.2°C or 72 degrees Fahrenheit (°F)) and as 

high as possible during the summer (greater than 

or equal to 25.5°C or 78°F) without sacrificing the comfort conditions.  

A programmable thermostat is a HVAC control device to set automatically the daily or weekly 

temperatures for maximum comfort and energy savings. Through a programmable thermostat, 

night setback is set at 2°C while unoccupied setback is set at 3°C for the prototypical house 

model. Newer programmable thermostats are capable to handle weekday and weekend schedules 

with four program periods per day, and some products offer “Wi-Fi” enabled thermostat that 

allows for remote access via “smartphone” or computer. 

                                                                                                                                                       
tube containing argon and mercury vapor. This excites the mercury atoms, which produce short-wave ultraviolet 

light causing fluorescent coating (phosphor) to fluoresce and produce visible light.[42][43]    
xiii A light-emitting diode or LED lamp is another low-energy light bulb that produces light source due to movement 

of electrons through layers of semiconductor material. LEDs for household applications are also designed to be 

interchangeable with incandescent lamps.[45][46]  

 

 

Figure 27: Programmable Thermostat 
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For a typical homeowner, setting the schedules of a programmable thermostat may be a matter of 

experiment or trial and error, since one has to consider the time required to run the HVAC 

equipment and bring the house to the desired indoor temperature setting. This is also due to the 

“thermal storage” effect or time lag when heat is stored or absorbed in the building structure. The 

heating or cooling load is the summation of the instantaneous convective load as well as the 

delayed radiant load, which is partially stored or absorbed by the building enclosure or objects 

within the space.    

4.4.4.2 High-efficiency Air Conditioner 

The performance of an air conditioner (or a heat 

pump) is defined by the COP or SEER (see 

footnote iii). COP is the ratio of the refrigerating 

effect or heat rejection over the operating energy; 

SEER represents the average COP during the 

cooling season.   

High-efficiency air conditioners with SEER 

ranging from 17 to 21 are now available in the 

market.
[47][48]

 This signifies about 60 to 97 percent 

increase in efficiency over the last decade. As 

previously mentioned, the existing air conditioner 

of the prototypical house has a SEER of 10.65 (see 

Section 3.1 Prototypical House). The high-

efficiency air conditioner modeled is a 2-ton unit, which is half a ton higher than the existing one 

to take advantage of the SEER rating of up to 21 and better satisfy the calculated peak cooling 

load of about 6.4 kW or 1.8 tons excluding the plenum loads (see Section 4.1.1 Building Peak 

Load Components). 

4.4.4.3 Heat Recovery Ventilator 

A HRV recovers sensible heat from incoming fresh 

outdoor air to outgoing exhaust or stale air to 

minimize energy loss, provide ventilation, and 

improve indoor air quality. An energy recovery 

ventilator (ERV) is similar to a HRV except that it 

takes full advantage of the enthalpy or both the 

sensible and latent heat and moisture in the airflow. 

A basic HRV or ERV normally contains two 

fans—one for incoming air and another for 

outgoing air—and a heat-exchange core or wheel 

(sensible or enthalpy), or a heat pipe. Some 

manufacturers recommend HRVs for colder 

climates and ERVs for warmer humid climates 

with longer cooling seasons. In colder climates, a HRV contains an electronically controlled 

Figure 28: High-efficiency Air Conditioner 

 

Figure 29: Heat Recovery Ventilator 
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defrost mechanism, which is activated when the outdoor temperature drops below freezing point 

(or about -3ºC). A self-contained HRV with sensible wheel heat exchanger is used for simulation 

in the prototypical house. As a control sequence, the HRV runs when the main supply fan is on. 

4.4.4.4 Tankless Water Heater 

A tankless water heater is basically an 

instantaneous water heater that provide steady and 

continuous supply of DHW according to demand 

(or only when it is needed). With a relatively low 

demand—two occupants in the prototypical 

house—a tankless water heater offers a good 

option for supplying DHW. Multiple units can be 

installed in parallel to handle simultaneous 

demands or uses in large households—this 

minimizes the drawback of having one unit with 

huge heating capacity. 

Tankless water heaters come in gas or electric units 

to replace the conventional water heater with 50-

gallon (190-liter) storage tank. In a tankless water heater, a gas burner or an electric element 

heats the hot water as it flows through the heater and piping system.
[49]

 Electric units are 

generally cheaper, although with lesser capacity, which may be not suitable for large households 

with high simultaneous DHW demand. Thus, the choice of tankless water heater type also 

depends on the energy rates (see Section 4.3 Energy Rates Analysis). 

A tankless water heater offers advantage of producing no or minimal standby energy losses 

associated with storage water heaters. It may not be necessary as well to maintain a “very hot” 

scalding temperature setting—usually 60°C (140°F)
[50]

—that is required for the reduction of 

legionella bacteria.
xiv

 In a tankless water heater, the risk of legionella bacteria is also decreased, 

as no warm water is stored for longer time. 

4.4.4.5 Heat Pump 

A heat pump is a refrigeration machine that uses the vapor-compression cycle to remove heat 

from a heat source at a lower temperature and to transfer heat to a heat sink at a higher 

temperature. A heat pump contains the same basic components of a refrigerator such as 

evaporator, compressor, condenser, and expansion device. The heat pump provides both heating 

and cooling by reversing the flow of the refrigerant and exchanging the functions of the 

evaporator and condenser coils. There are three basic types of heat pump depending on the heat 

extraction sources: (a) air; (b) ground (geothermal or “geo”); (c) water (hydronic). 

                                                
xiv According to ASHRAE Standard 188P,[51] legionella is defined as, “the name of the genus of bacteria that was 

subsequently discovered as the disease causative pathogen associated with the 1976 outbreak of disease at the 

American Legion convention in Philadelphia. Legionella are common aquatic bacteria found in natural and man-

made water systems, as well as occasionally in some soils.” 

Figure 30: Tankless Water Heater  
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The heat pump modeled in eQUEST is an air source (air-to-air) type with a SEER of up to 20.5 

and a Heating Heating Seasonal Performance Factor (HSPF)
xv

 of up to 13.0.
[52]

 Ground or water 

source heat pumps with radiant floor or in-floor heating systems are becoming common to 

improve system efficiency, but this option requires extensive renovation of an existing house. 

Heat pumps extract heat from the outside air—

even at relatively cold temperatures—during the 

heating season and reject heat outside during the 

cooling season. However, additional heat is 

required for defrosting outside coils when the 

temperature drops below freezing or 0°C. 

There are three methods used to size the heat pump 

capacity: (a) 100 percent cooling; (b) 70 percent 

heating; and (c) 100 percent heating. The rationale 

for the second sizing method is that the heating 

loads above 70 percent of the peak load occur only 

about 5 percent of the time
xvi

 (see Figure 32).  

 

Figure 32: Cooling and Heating Loads and Frequency Hours 

 

In the first two sizing methods, gas-fired furnace is used for supplementary heating, due to 

relatively high electricity costs to run an electric heater; this poses a disadvantage of having to 

operate or maintain two types of heating system, which can translate to high initial outlay and 

                                                
xv The HSPF, a rating used to measure the heating efficiency of air source heat pumps, is similar to the SEER except 

that it is the ratio of the BTU of heating output during the heating season over the Wh of electrical energy input; 

HSPF is also analogous to the average heating COP of the air conditioner during the heating season. 
xvi The frequency hours are calculated based on May 9 to October 6 as the cooling season and the rest of the days of 

the year as the heating season—disregarding the shoulder months when neither cooling nor heating is required. 
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Figure 31: Heat Pump  
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additional fuel costs. Sizing the heat pump based on 70 percent or 100 percent of the heating load 

is also not practical due to over sizing of the cooling equipment. Thus, an air source heat pump 

maximizes both heating and cooling equipment sizes and efficiencies in a mild climate and not in 

a cold climate where the prototypical house is located. However, with recent improvements in 

efficiencies of up to 20.5 SEER and up to 13 HSPF, energy savings from heat pumps—e.g., 

sizing based on 100 percent of the heating load—can be as high as 54.2 percent, with additional 

energy costs as low as 2.9 percent (see Table 3: Summary of Other Evaluated Energy Efficiency 

Measures). 

The decision to use a heat pump also largely depends on the price of energy sources (see Section 

4.3 Energy Rates Analysis). For example, if the electricity price decreases to about 

CAD$0.07/kWh or below—similar to that in Montreal or Winnipeg—and the gas price remains 

constant at CAD$0.39/m
3
, then the use of heat pumps becomes a very viable option to heat and 

cool a house. In such scenario, heat pumps can save 25 to 30 percent of energy costs as 

compared to conventional split-type air conditioners and gas furnaces. 

4.4.4.6 High-efficiency Gas Furnace 

The existing forced-air gas furnace used to heat 

the house is already efficient with 90 percent 

AFUE. This meets the national minimum energy 

performance standard of 90 percent AFUE for gas 

furnaces—mostly for residential applications—

that came into effect on December 31, 2009.
[53]

 

Mid-efficiency furnaces with 78 to 82 percent 

AFUE are no longer sold in Canada. 

Modern gas furnaces are now available with 97 to 

98 percent AFUE.
[54][55]

 Newer models of gas 

furnace can be also equipped with energy-efficient 

features such variable-capacity operation from 35 

percent to 100 percent—an improvement over a 

single-stage (constant) or two-stage (low and high) 

capacity operation. Another energy-efficient feature is the dual-fuel capability—the gas furnace 

can be combined with electric heat pump, thus, providing option to switch between electric and 

gas heat, depending on the prevailing cost of fuel. 

For other heating energy sources, the NRCan has done a study to compare annual heating costs 

of various heating systems and energy savings relative to a base furnace.
[56][57]

 The summary 

tables of the NRCan study is graphically presented in Figure 34 and Figure 35. Thus, for older 

houses that still use standard-efficiency and conventional gas furnaces, the energy savings range 

from 19 to 37 percent by converting to high-efficiency condensing gas furnace. 

 

 

 
  

Figure 33: Gas Furnace  
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Figure 34: Typical Heating System Efficiencies 

 
 

Figure 35: Gas Heating Efficiency Ranges 
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4.5 Environmental Benefits 

Using GHG emission factors of 0.15 kg CO2 (kilograms of carbon dioxide) per kWh of 

electricity
xvii

 and 1.88 kg CO2 per m
3
 of natural gas, which were directly obtained through 

personal communication from a MEI staff, the cumulative effect of the recommended energy 

efficiency measures for the prototypical house (see Table 2: Summary of Recommended Energy 

Efficiency Measures) can reduce annual GHG emissions by about 2,209.6 kg CO2 equivalent. 

   

                                                
xvii The GHG emission factors for electricity are highly dependent on the generation mix. In Ontario, the installed 

generation by fuel type as of November 8, 2012—Nuclear: 12,998 MW or 36.2%; Gas: 9,987 MW or 27.9%; Coal: 

3,293 MW or 9.2%; Hydro: 7,947 MW or 22.2%; Wind: 1,511 MW or 4.2%; Other (wood waste, biogas, etc): 122 

MW or 0.3%.[58] 
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5 Conclusion and Future Work 

This chapter summarizes the recommendations derived from the thesis work and provides 

suggestions for follow-up work. 

5.1 Conclusion 

This thesis work evaluated energy efficiency measures for homes through building computer 

simulation of a prototypical house. From the analysis results, 36.8 percent energy savings are 

attainable by using off-the-shelf products and materials for building envelope, lighting, electrical 

appliances, and HVAC system and control. The heat conduction and solar transmission through 

the windows contribute significantly to the heating and cooling loads, and offer the greatest 

potential for energy savings. The use of heat pumps for heating and cooling was also evaluated 

as an alternative for the conventional split-type air conditioner and gas furnace. As a single 

measure alone, a heat pump system sized on the basis of 100 percent heating load can save up to 

54.2 percent of energy use. Precaution should be taken when using heat pumps in a cold climate 

due to either over sizing of cooling equipment or need for supplemental heater. However, with 

recent improvements in efficiencies of up to 20.5 SEER and up to 13.0 HSPF, the use of heat 

pumps to heat and cool a house can become a very energy-efficient and cost-effective option, 

especially if the price per GJ ratio of electricity over heating fuel—such as natural gas—drops 

below a factor of two. 

5.2 Future Work 

While this thesis work presented a model for evaluating options for home energy efficiency, 

follow up work can be done through more detailed feasibility studies on specific measures 

showing energy efficiency potential such as heat pumps, window glazing materials, or even other 

renewable technologies and future products to be placed “on the shelves” of home improvement 

stores. Each of these energy efficiency measures can be a thesis topic or work by itself! 

Comprehensive economic and financial evaluation can be performed on these energy-efficient 

products and technologies, such as using life-cycle cost analysis as the basis for government or 

municipal policy tools and resources. For example, governments may need to incentivize energy 

efficiency measures with longer payback. This can be a subject for government research and 

development considering interdependence of many factors to achieve energy efficiency on a 

global level. The scope of the analysis can be also widened into several geographic locations in 

Canada and North America (or worldwide).  
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Appendix I: eQUEST Base Case Input Data  

AI.1  Project / Site / Utility 

  

AI.2 Building Shell Information 
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AI.3 HVAC System 
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AI.4 DHW System 
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Appendix II: Sample Electricity Bill 
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Appendix III: Sample Natural Gas Bill 
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Appendix IV: eQUEST Input Data for Energy-Efficient Case 

AIV.1 Building Envelope 

AIV.1.1 Single Pane Low-e Windows 

  
  

 

 

AIV.1.2 Double Pane Low-e Windows 
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AIV.1.3 Triple Pane Low-e Windows 

  
  

 

 



P a g e  | 54 

AIV.1.4 Single Reflective Windows 

  
  

 

 

AIV.1.5 Window Blinds/Drapes 

  



P a g e  | 55 

AIV.1.6 Backyard Patio Awnings (Overhangs) 

  

AIV.1.7 Draft-proofing 
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AIV.1.8 Light-colored Roof Shingles 

  

AIV.1.9 Attic and Ceiling Insulation 

  

AIV.2 Electrical Appliances 

AIV.2.1 Major Appliances 
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AIV.3 Lighting 

AIV.3.1 Compact Fluorescent Lamps 
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AIV.3.1 Light-emitting Diode Lights 

  
  

 

 

AIV.4 HVAC and Controls 

AIV.4.1 Programmable Thermostat 
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AIV.4.2 High-efficiency Air Conditioner (SEER = 17) 

 

 

AIV.4.3 High-efficiency Air Conditioner (SEER = 21) 

 

 

AIV.4.4 Heat Recovery Ventilator (Sensible Wheel) 
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AIV.4.5 Tankless Water Heater 

 

 

AIV.4.6 Heat Pump (100% Heating Capacity) 
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AIV.4.7 Heat Pump (70% Heating Capacity) 
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AIV.4.8 Heat Pump (100% Cooling Capacity) 
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AIV.4.9 High-efficiency Gas Furnace 

 

 

 

 

 


