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Résume

Dans cette thése, nous nous intéressons a I'analyse de la consommation canadienne d'énergie du
secteur résidentiel et de la production d'émissions en tenant compte des caractéristiques des
technologis des résidentielles a I'aide du modéle TIMES-Canada. L'étape la plus importante de cette
recherche a été la construction d'une base de données fiable dans laquelle les paramétres des
technologies résidentielles ont été déterminés soit a partir de données réelles trouvées dans la
littérature ou d'estimations fondées sur des hypothéses au sujet de la technologie.

L'objectif de cette thése est d'évaluer le potentiel de la consommation d'énergie et réduction des
émissions du secteur résidentiel au Canada a I'horizon de 2050, Lors de I'Accord de Copenhague
signé en 2010, le Canada a pris I'engagement de réduire ses émissions de GES de 17% d'ici 2020
par rapport au niveau de 20035. Pour atteindre cet objectif, il y a certaines contraintes imposées par
les deux paliers gouvenementeux (fédéral et provinciaux) sur les émissions de GES. Les scénarios
utilisés dans cette recherche envisagent ces objectifs de réduction de GES pour évaluer le potentiel
de diminuer la consommation d'énergie et le niveau d'émission dans le secteur résidentiel. On
consideére aussi la limitation de la pénétration des énergies renouvelables pour la production
d'électricité (en remplacement des combustibles fossiles) dans le scénario de limitation des
émissions de GES. Par conséquent, nous considérons trois scénarios dans cette recherché: un
scénario de base (BAU), un scénario de réduction de GES (GES1) avec une part maximale de 10%
a 25% de la penetration des renouvelables dans la production d'électricité a I'horizon 2050 et la
méme réductions GES (GES2) avec une part maximale de 10% jusqu'a 2050 por les nouvelables.
Dans ces deux derniers scénarios de GES, la limitation fédérale sur les émissions de GES a été
prise en compte.

Les résultats du modél TIMES-Canada montrent que pour le scénario BAU, la consommation finale
totale d'énergie du secteur résidentiel a augmenté de76,42 PJ en 2050. Mais, en imposant des
restrictions de GES par des politiques climatiques, la consommation totale d'énergie finale diminue
de 16 PJ en 2050. Ces résultats montrent aussi que la demande pour tous les types d'énergie, sauf
pour I'électricité, a diminué en 2050. Dans le secteur résidentiel cette diminution a été de: 10% pour
la biomasse dans BAU et de 7% pour les scénarios de GES; de 30% pour les produits pétroliers
dans BAU et GES1(2), de 48% pour le gaz naturel dans BAU et de 68% pour GES1(2). Pendant ce
temps, la consommation d'électricité a augmenté de 77% dans BAU et 76% dans GES1(2). Les
résultats du modéle montrent que le niveau des émissions de GES a diminué de 5% a I'horizon 2050
pour le scénario BAU qui n'a pas de limitation d'émission. Cette réduction est de 32% pour les
scénarios GES1 et GES2 jusqu'en 2050.

Mots clés: TIMES, secteur résidentiel, émissions de GES




Abstract

In this thesis we are interested in analysing the Canadian residential sector energy consumption and
emission production by considering residential technologies attributes using TIMES-Canada
model. The most important stage of this research was building up a reliable data base in which
certain attributes of the residential technologies for end use services have been built up either by
actual data found in literature or estimations based on assumptions about the technology and the

attributes.

The objective of this thesis is to evaluate the potential of energy consumption and emission
production reduction of the residential sector in Canada in time the horizon to 2050. Canada has
the GHG emission reduction commitment in the Copenhagen accord by 2010 to decline the GHG
emission level by 17% of the 2005 (United Nation, 2009). To accomplish this target there are
certain constraints imposed by both federal and provincial levels on GHG emissions. The scenarios
used in this research are considering these GHG reduction targets to evaluate the potential of the
diminishing energy consumption as well as the emission level in the residential sector. There is
also the limitation on the penetration of renewable energy for electricity production to substitute
fossil fuels in the GHG limitation scenario. Consequently we will have three scenarios in this
research including the base line (BAU) scenario, the GHG1 scenario with a maximum 10% to 25%
share of the renewable penetration in electricity production up to 2050 and the GHG2 scenario with
a 10% share up to 2050. In both GHG scenarios the federal limitation on GHG emissions has been

taken into consideration.

The TIMES-Canada Model results show that for BAU scenario, the total final energy consumption
of the residential sector has increased 76.42 PJ by 2050. But, on the other side, by imposing GHG
restrictions through climate policies, the total final energy consumption has decreased 16 PJ by
2050. It also shows that the demand for all type of energy except for electricity has declined by
2050 in all the scenarios. This decrease has been 10% for biomass in BAU while 7% for the GHG
scenarios, 30% for oil products in BAU and GHG scenarios, 48% for natural Gas in BAU and 68%
for the GHGs. Meanwhile electricity consumption increased 77% in BAU and 76% in the GHG
scenarios. The results of the model demonstrate that the GHG emission level has decreased 5% up
to 2050 for the BAU scenario which has no emission limitation. This reduction is 32% for the
GHGI1 and GHG2 scenarios up to 2050.

Key words: TIMES, residential sector, GHG emissions
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Introduction

Energy consumption in the residential sector is one of the most essential needs of any
society as it directly contributes to day-to-day life of the people and affects the comfort and
welfare of the population. Considering the increasing residential energy demand resulting
from the new lifestyle requirement, a considerable amount of energy has been demanded
in this sector in diverse types of energy as energy input for home appliances. To be more
accurate 16% of the total energy consumption in Canada is spent in this sector with an

increase of 11% in almost the last decade (Natural Resource Canada, 2012a).

On the other hand, the effects of emissions produced from energy consumption are not
negligible and should thus be controlled. The residential secfor was successful in achieving
the Kyoto target for emission reduction before the target date (CHBA, 2012). By signing
the Copenhagen accord in 2009, the emission reduction target has been reset from 2005.
Canada has committed to reduce GHG emissions by 17% below the 2005 level by 2020.
The Canadian government has focused on reducing GHG emissions through new policies

and regulations for all the energy sectors (Canada’s Emissions Trends, 2012).

This research takes a close look at the energy saving potential and emission reduction in
the residential sector. Based on all mentioned facts about the residential energy

consumption and emissions production, the questions of this research would be:
First: How does climate policy affect enérgy consumption of the residential sector?

Second: How can the residential sector contribute to achieving its emission

reduction target?

So, the objective of this research is to evaluate the potential of reduction in energy
consumption and emission production for the Canadian residential sector. In fact we aim
to examine how much energy can be saved in the residential sector and consequently how
this reduction in energy consumption would affect the emission level of this sector. To
achieve this goal TIMES model has been used to evaluate the Canadian residential sector

applying the BAU scenario and climate policy scenarios GHG1 and GHG2.




Consequently an accurate monitoring of the energy sectors is required in order to control
and manage the supply and demand market as well as the produced emissions. This can be
achieved through policies and regulations on energy-consumption optimization and

emission reduction as well as improving the efficiency of the end-use appliances.

To be able to evaluate the effects of climate policies on the residential energy demand and
emission level in the long term, an energy model such as TIMES (Fishbone and Abilock,
1981) is useful. TIMES (The Integrated Markal Efom System) is the latest version of the
MARKAL family of energy models. This model has been developed by the ETSAP
(Energy Technological System Analysis Program) of the IAE (International Energy
Agency).

This model is a bottom-up energy model which can consider all the technology attribute
details and covers the whole energy supply and demand market. TIMES has been
developed in a way to minimize the total cost of the energy system considering all the
limitations in long-term time horizon for all the energy carrier types. This model can be

used for regions and sectors separately.

In this study we will use the TIMES model developed for Canada (TIMES-Canada) for the
residential sector energy evaluation. For this purpose we will supply the model with the
detailed data on the technology attributes of the residential sector. This data base has been
built using federal and provincial reports, websites on the technology attributes, producer
reports, customer review forums and web stores. It should also be mentioned that in case
of lack of reliable data in Canadian residential sector, we have used the attributes of the
identical technology in United States or Europe. Therefore our contribution will be to build
up the technology data base for the residential sector in TIMES-Canada and analyse this

sector for its energy demands and GHG emissions.

This thesis has four chapters. The first chapter is about the actual status of the Canadian
residential sector, energy consumption, forecasts and a brief description of the available
end-use services. The second chapter includes a brief review on the energy modeling
techniques and categories and also a literature review of the residential energy studies. The

third chapter introduces the methodology and TIMES model as well as the specification of




TIMES-Canada. The forth chapter is about the database build up and assumptions as well
as the residential sector RES (Reference Energy System). In the last chapter the scenarios

are presented and the model results are discussed.



1.Canadian residential sector



The ability to control fire brought tremendous change in the early human’s life. They
learned to make fire and use it to cook, to warm their places and to have light at night. The

very first fuel for making fire was wood and it remained so for centuries.

Throughout history, humans learned to use energy from different fuel types for their day
to day living. The first demand in homes remained for space and water heating, cooking
and lighting for long periods of time. The discovery of oil and coal as fossil fuels and the
ability to produce electricity changed the energy using habits of humans within the last two

centuries.

With the improvement of technology as well as a growing population, energy consumption
within houses started to increase dramatically. Now different types of appliances are
commonly used in homes besides space and water heating, cooking and lighting.
Decreasing energy costs from one side and the resulted emission from other side, made
policy makers force regulation on producers to invent energy efficient methods to decrease
energy consumption and emissions. This opened a chapter in research and science about

the residential sector’s energy consumption and emissions.

1.1 The residential sectors

Residential sector is one of the sources of energy consumption. By increasing the
population and development of economies, demand for energy increased dramatically.
Despite this fact, the sources of energy remain almost unchanged. Fossil sources of energy
are un-renewable and are wildly used. Making matters worse, using this energy source
generates greenhouse gas (GHG) emissions. Under this context much research has been

focused on the reduction of energy consumption and emissions in the residential sector.

According to TIMES the energy demand side is divided into five sectors: the residential
sector, commercial sector, industrial sector, transportation sector and agriculture sector
with each sector having its own end-use technologies and consumption. In this research we

are studying the residential sector via TIMES model. In TIMES model, the residential




sector includes any type of residence including single family residences, apartments,

apartment hotels, condominiums and/or farm homes (STATCan, 2011). The energy used

in the residential sector is used for comforting the living space and health of householders.
The residential buildings are divided into four major types (STATCan, 2011):

e Single-detached dwellings do not share walls with dther dwellings.

e Attached dwellings share one or two common walls with other dwellings.

e Apartments share walls, ceiling, and floors with other dwellings and are typically

serviced by a central building plant system.

e Mobile homes are used for transport and are typically located on a temporary

foundation.

The recent changes in lifestyle such as more use of electric appliance and increases in
personal living space as well as world population growth have had a dramatic effect on
energy consumption in this sector. On the other hand, the improvement in technology has
made space and water heating and other appliances more efficient (US.Department of

Energy, 2008).

1.2 Drivers of energy use in the residential sector

The energy used in the residential sector end-use is driven from the following factors

(US.Department of Energy, 2008) :
e Population, which affects the total number of dwellings
e Economic growth or real GDP
e Dwelling size or space used in the residential sector per person

e End used demand amount (space heating, lighting etc.)




e Real energy price

e The efficiency of the end-use technology

1.3 End-Use demands and technology description

In the residential sector the energy is mainly used for space heating, water heating, space

cooling, lighting, cooking and appliances. Distribution of the residential energy

consumption by end-use in 2009 is described in table 1.1 (Natural Resource Canada,

2012a).

Table 1.1: Distribution of the residential energy consumption by end-use in 2009

(Natural Resource Canada, 2012a)

End-use Energy use percentage
Space heating 63%

Water heating 17%

Appliances 14%

Lighting 4%

Space cooling 1%

1.3.1 Space heating

In Canada space heating is one of the major sources of energy consumption in the

residential sector. A space heating system can consume 40 to 60 percent of the energy used

in this sector. The trend in energy use in space heating from 1990 to 2008 shows that the

amount of energy used per square foot for heating houses has decreased due to more



efficient appliances and warmer entries in Canada. But as the living space per Canadian

has increased and the population of Canada had a growth through the time, overall energy
consumption for space heating has increased 16% between 1990 and 2008(Natural

Resource Canada, 2012a).

The following technologies are studied in this research among all available technologies

used for space heating:

Furnace

Furnaces are a commonly used for heating in North America. A furnace functions by

heating the air and distributing the heated air through ducts. (Energy.gov, 2013)

Heat pump

A heat pump is an electrical heating device that is designed to move the heat through the
opposite direction of the natural heat flow. To achieve this, the device uses energy to
transfer heat from the source to a heat sink. A heat pump is a not a new technology. It has

been used in Canada and around the world for many years.

Heat pump is. a general word and is applied to heating and air conditioning devices
(HVAC). Refrigerators and the air conditioners are examples of heat pumps working in a

cooling mode.

Usually heat pump cycles are reversible and can provide climate control for the whole year.
An air source heat pump absorbs heat from outside in the winter and transfers heat to the

outside in the summer (Natural Resource Canada, 2009c¢).

Béseboard heater

A baseboard is one of the electric heater types. It is usually used provide additional heat to
rooms which are colder than others. They come in different sizes and models. It is also
used in areas like bathrooms or garages. They provide clean safe heat were furnaces or heat

pumps are not applicable (Thiele, 2013).




1.3.2 Water-heating

Residential water-heating is the process that uses energy to heat water for domestic use
such as cooking cleaning and bathing. It is the second largest energy consumption source
in the Canadian residential sector after space heating. Many of the technologies used for
water heating, are common with space heating including furnaces and heat pumps. In
Canada many oil-fired water heaters have been replaced by efficient water heaters which
use natural gas as fuel. Besides, recently, higher standards are required on appliance
efficiency. This lead to a 21% decrease in energy use per household. But the increasing
number of households lead to an overall 5 % increase in energy consumption for water

heating from 1990 to 2008 (Natural Resource Canada, 2010a).

1.3.3 Space-cooling

Space-cooling energy consumption in the residential sector depends on the climate
conditions. Though Canada is a cold country, it has a humid hot summer in some provinces
which brings the need for space cooling appliances. The energy used for Canadian space

cooling has increased 68% from 1990 to 2008 (Natural Resource Canada, 2010b).
The three main available options are:

Air-conditioning
Air-conditioning is a device for changing air properties including temperature and
humidity.

Central AC

The central AC is a cooling device for an entire house. It uses energy to take heat away.

There are three types of central air conditionings (Natural Resource Canada, 201 1a):

e Single package unit: has all the components and is installed through the wall or

roof.
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e Split-system unit: has an inside and outside unit. The indoor heat exchanger or coil

is inside; the rest of the components are in the outdoor part.

" o Mini-split and multi-split units: similar to the split system but has more than one

indoor coil.

e Small duct high velocity units: this is a central AC which distributes air through
pipes.

Room AC

The room AC is designed to cool one single room. It can be of the following types
(Natural Resource Canada, 2012b):

e Through-the-wall (TTW) units: this type of AC is designed to be mounted in the
wall. They are less efficient than other AC types.

e Window-mounted unit: majority of room air conditioners are window mounted.
They should be installed in an open window. They are available to be installed in

single and double windows as well as horizontal and casement windows.

e Portable unit: this type of ac can be moved from room to room.

1.3.4 Lighting

The best and fastest way of energy saving and global warming prevention is to use more
efficient lighting appliances. By the advent of the new technologies in lighting, changing a
single light bulb can save energy (EnergyBible, 2010a). Table 1.2 demonstrates the number
of light bulbs types per household in 1999 and 2009.



Table 1.2: Number of light bulbs per household by bulb type, 1990 and 2009
(Bulb/household)

(Natural Resource Canada, 2012a).

Bulb Technology 1990 2009

Incandescent 294 19.2

CFL 0.0 7.7

Fluorescent 1.6 2.8

Halogen 0.9 2.6
Incandescent

This type of electric light produces light with heating filament wire. It has been
manufactured in different sizes and voltages from 1.5 to 300 volts. Though it has a low
efficiency compared to new lighting technologies, it is still widely used around the world.
Many countries including Canada have regulations in lifniting usage of this type of light

due to its low efficiency (less than 5%).

Florescent

The florescent lamp is a low pressure mercury vapor gas discharge lamp which uses
fluorescents to produce light. This new technology leads to less energy consumption in
lighting and more efficiency. Though the florescent lamps have a higher investment cost

compared to incandescent lamps, the lower energy cost will compensate this difference

over time.




Halogen

Halogen lamps are a new generation of incandescent lamps which have a small amount of

halogen added. This leads to a longer life time and helps the clarity of the lamp envelop

over time.

1.3.5 Major Appliances

By viewing the trend of appliance usage from 1990 to 2009, it can be seen that Canadian
households are now using more appliances at home although they are more energy efficient
(see table 1.3). The usage of appliances has increased 49% for the mentioned period, but
as appliances are more efficient, the energy consumption by appliances decreased by 16%.
Cloth washers had the highest decrease in energy consumption of 73% followed by

refrigerators which used 55% less energy in 2009 compared to 1990 (Natural Resource

Canada, 2012a).

Table 1.3 : Unit energy consumption of new major electric appliances, 1990 and 2009

(KWh/yr)

(Natural Resource Canada, 2012a)

End-use 1990 (kWhlyr) 2009 (kWhlyr)
Refrigerator 956 430

Freezer 714 356
Dishwasher 277 88

Clothes washer 134 37

Clothes dryer 1,103 921

Range 772 514




Refrigeration

The refrigerator is a household technology which uses a heat pump to keep its inside space
cooler than room temperature by transferring the heat from the inside to the outside of the

refrigerator.

Freezing

A freezer is a technology used to keep the food in the -18 to -23°C range. The freezer might

be a separate appliance or come attached to a refrigerator.

Dish-washer

The dish-washer has been used recently more often in households as it saves energy and
water when compared to manual washing. Most of the energy spent in a dish washer is
used for heating water. As the technology improves, less water is used to wash and this
further leads to less energy consumption. It should be mentioned that if more energy
efficiency is required, the dish-washer should run only when it is full. (EnergyBible,
2010b)

Cloth washer

With the improvement in technology the cloth washers are much more efficient year after
year. Now cloth washers are 70% more efficient than they were in 1990 (Natural Resource
Canada, 2012a).

Now we have a vast variety of washing machines that have the energy saving standards
and use less water and energy. This leads to saving upwards of $110 annually on utility
bills (EnergyBible, 2010c¢).

Washing machine types

e Top load
This type of washer comes in traditional to high efficiency. Usually they don’t have
a lot of fancy options on them and have less efficiency when compared to other

types. (Pilkington, 2013)
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¢ Front load
This type of washer has been very popular recently. They are more expensive than

the top load type, but have more automatic features, and are more efficient.
(Pilkington, 2013)

Dryer

Although hanging cloths out to dry is the most energy-efficient way of drying laundry,
because of the climate restriction, most householders in Canada use dryers to dry their
laundry (Natural Resouce Canada, 2009). This appliance’s importance is increasing and
the importance of the efficiency of the technology increases. In 2011 the national average
of the domestic laundry was about 0.7 kWh per kg of dry cloth. In Canada most dryers
have an efficiency range of +/- 7% to the average (ETSAP, 2012¢).

All dryers use electricity for powering motors and controls, however to heat the air and
vaporize moisture, natural gas or electricity can be used. Out of approximately 10 million
dryers in Canada, 97% use electricity. The remaining 3% use natural gas. It has been
estimated that dryers in Canada use about 26.4 PJ annually (Natural Resource Canada,
2012a).

Cooking

Cooker/stove are the oldest house appliances. These types of appliances are designed to
provide direct heat for cooking. The energy used for this purpose could be electricity or

natural gas which is the most common fuel types these days.

1.4 Energy efficiency improvement

One of the main factors preventing dramatic increase in the Canadian residential sector
energy consumption is the improvement in technology including increases in the efficiency

of end use technologies. The energy efficiency of the residential sector had 37%
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improvement between 1990 and 2009. This has resulted. in saving $8.9 billion in the

residential sector in 2009 which will be $660 per household. This brings 460.6 PJ of energy
saving and 22.4 Mt of GHG emissions reduction (figure 1.1) (Natural Resource Canada,

2012a).

1,900
1,800
1,700

1,400
1,300
1,200

-/ Energy use without energy efficiency improvements

=«« Energy use with energy efficiency improvements
Savings from energy efficiency 2000 - 4708 P

Figure 1.1: Residential energy use with and without energy efficiency

improvement

(Natural Resource Canada, 2012a)

The projections also show that the energy efficiency regulations will lead to more energy-

savings and also reduce emissions considerably. In table 1.4, the energy saving and the

emission reduction are categorized per product types in 2010 and 2020.

Table 1.4: Estimated Impact of Energy Efficiency Regulations, 2010 and 2020

(Natural Resource Canada, 2012a)

Product Energy saving | Energy saving | Cozreduction | Cozreduction
(PJ) (PJ) MY M)
2010 2020 2010 2020
Residential 117.20 133.84 13.26 15.60
appliances '
Refrigerators 4.92 10.96 0.49 1.10
Cloth washer 16.20 42.67 1.29 3.61

domestic heater
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1.5 The residential sector in Canada

Canada is one of the highest energy consumer countries in the world and consumes about
2.8% of the world’s energy. Consequently it produces about 1.9 % of the carbon dioxide
emissions (Government of Canada, 2011). Canadian householders represented by the
residential sector, have spent $26.8 million on household energy needs in 2009 (Natural
Resource Canada, 2012a). This means that among all energy consumers, the residential
sector spends 16% of energy in 2009 and produced 15% of GHG emissions in Canada (see
figure 1.1 and 1.2).

Based on the research done on the residential sector energy trend from 1990 to 2009 by
Natural Resources of Canada, the energy consumption in the residential sector has
increased by 11% and emissions have grown by 0.8% (Government of Canada, 2011).
These are resulted from 22 % population growth rate, increased average living space and
higher rate of appliance usage at homes. Despite the fact that technology evolution has
improved the efficiency of end use technologies, total energy consumption in this section

is increasing (Natural Resource Canada, 2012a).
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Energy Consumption Per Energy Sector

Off-road
1%

\

|

|

Commercial/
Institutional
14%

Agriculture
2%

Figure 1.2: Energy consumption per sector (2009)

(Natural Resource Canada, 2012a)

GHG Emission Per Energy Sector
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Figure 1.3: GHG emission sector per energy type (2009)

(Natural Resource Canada, 2012a)
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Energy is consumed in many different activities in the residential sector including: space

heating, water heating, space cooling and lighting and appliances.

In Canadian residential sector, different sources of energy are used for different activities
including natural gas, electricity, wood, oil and propane. Natural gas and electricity are
main sources of energy recently and oil has become less popular in new appliances. Other
reasons are availability of electricity and natural gas and the higher efficiency of appliances

using electricity and natural gas.

As Canada is a very cold country, 63% of the energy is primarily used for space heating
and space and water heating accounts for 80% of all energy consumed in this sector

(Natural Resources Canada, 2012).

1.6 Fuel type

The type of energy sources vary from region to region. But throughout the country, the
share of energy used in this sector has changed throughout time. As electricity has a
comparatively lower cost to other countries and natural gas is readily more available, these
two energy sources have become more dominant recently. The usage of oil as an input fuel
has declined by 11% from 1990 to 2009.

Table 1.5: Residential energy use by fuel type (PJ), 1990 and 2009

(Natural Resource Canada, 2012a)

Fuel Type Consumption in 1990 (PJ) | Consumption in 2009 (PJ)
Electricity 467.4 576.9

Natural Gas 528.4 689.1

Heating Oil 186.4 63.6

Wood 78.1 106.1

Other 21.9 15.3
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Figure |.4: Residential energy Mix-Canada 2008

(CHBA, 2011)
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In this chapter there will be a brief overview on the energy modeling techniques followed

by studies on residential sector energy consumption.

2.1 Energy models

There are many energy models around the world which have been classified based on many
factors including the level of disaggregation, the time horizon, economic sector, etc.

Choosing the right model is one of the most critical steps in energy modeling studies.

The classification which will be reviewed in this study is based on the study done by Bahn
et al (2005) in energy modeling classification. Accordingly, there could be two
classification methods. The first categorization which is considered as the main modeling
approach, divides the energy models to Top-down versus Bottom-up. The second
categorizing method is based on an alternative classification known as simulation versus

optimization.

2.1.1  Top-down versus Bottom-up Model

The bottom-up follows the techno-economic concept which leads to a disaggregated model
with great detail. This modeling approach includes explicit, detailed technologies and
focuses on the energy sectors of the economy. All the technologies are defined in detail in
terms of input, output, unit cost, etc. This type of model uses the “engineering approach”.
In this type of model, a sector is a combination of a number of technologies linked together
via inputs and outputs (commodities). Examples of such models are EFOM (Van der Voort,
1982) and MARKAL (Fishbone and Abilock, 1981).

The Top-Down model is based on the macro-economic philosophy which is focusing on
aggregated variables. The general equilibrium model is an example of this type in which
each sector is represented by production functions. This type of model represents the whole

economy by a limited number of variables and equations.




These two basic approaches are used for linking the economy and specific GHG emitting
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sectors to build up the energy system (Loulou et al., 2005).

Table 2.1: Top-Down Model vs. Bottom-Up Model

(Beeck, 1999)

Top-Down Model

Bottom-Up Model

Economic approach is used

Engineering approach

Pessimistic estimate

Optimistic estimate

Does not explicitly represent technology

Allow full detail technology description

Reflect available technologies

Reflect potential technologies

Use aggregated data

Use disaggregated data

Based on observed market behavior

Independent from observed market behavior

Disregards the most efficient technologies

(underestimates the potential for efficiency)

Disregards market threshold (overestimate

potential for efficiency)

Determines energy demand through aggregate

economic indices

Represent supply technologies in detail by
using disaggregated data

Endogenizedrelationship behavior

Assess cost of technological options directly

Assumes there are no discontinuities in

historical trend

Assumes interactions between energy sector

and other sectors are negligible

The most efficient technologies are set by a

production frontier

Efficient technologies can go beyond the

frontier of the market




2.1.2  Simulation vs. Optimization

By using mathematical modelé, energy models could be represented in a formulized form
so that computer based operations could be applied to them. In simulation models,
consistent treatment as well as a techno-economic database is emphasised. There are
differences between simulation and optimization models, in the sense that simulation and
trend analysis models are focusing on the least probable outcomes, whereas the

optimization models are designed to have the ideal outcome.

2.1.2.1 Simulation and future tendency prediction

To simulate future energy use, the prediction is based on accumulated data from the past.
The level of accuracy of the prediction is based on the reliability of the database. Any
energy demand is driven from a variety of energy choices made by the end-users. In order
to illustrate the future demand evolution, the modellers build large and comprehensive
databases which can be used in the evolving scenarios. The related methodology for
forecasting future tendencies from past observation is based on the economic models which

are identified by statistical methods.

2.1.2.2 Computable Economic Equilibrium Models

These types of models are focused on the energy section of the economic equilibrium.
There is a distinction between partial and general equilibriu)n models. General equilibrium
models are looking at applied conditions of the total market equilibrium while partial

equilibrium models only consider specific energy sector equilibriums.

Economic equilibrium models could be computed by both top-down and bottom-up
models. As an example, MARKAL-ED, which is a bottom-up energy optimization model,

computes partial equilibrium for the energy market. On the other hand, the Computable
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General Equilibrium (CGE) Models are top-down. It is also possible to compute the

economic equilibrium by the hybrid (top-down/bottom-up) model.

The equilibrium in a given market is computed by Supply-demand equilibrium which is
obtained when the demand quantity is meeting the supply. This is achieved through the
optimum behavior of the economic agents, meaning that the producers try to maximize
profit while consumers are maximizing their utility. This equilibrium will be discussed in

detail in the following sections.

2.1.2.2.1 The Supply and Demand Curve and Supply-Demand Equilibrium

The supply curve demonstrates the quantity (Q) of goods produced by a firm with a specific
price (P). In general, it is assumed that the cost of the successive unit is not decreasing and

the firm stops production when marginal cost of the production is equal to the market price.

The demand curve represents the price the customers are péying for a specific quantity of
a good. Accordingly, the marginal utility of the consumers are diminishing by increasing

the price, so the demand curve slope is negative.

Intersection of the demand and supply represents the equilibrium price, where marginal

cost and marginal benefits are equal and social benefits are maximized.
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Figure 2.1: The supply - demand equilibrium

Bahn et al (2005)

2.2 MARKAL Model

MARKAL model is a generic model which uses the input database that contains structure
and attributes of the modeled energy system and technology descriptions. The base of this
model, are technologies which control emission or energy consumption. The model
optimizes the energy system over a horizon of 50 to 60 years. This model can be used at a
local, provincial or national level. This model type was developed over almost 20 years by
ETSAP of the IEA (ETSAP, 2011).

2.3 TIMES Model at a Glance

The MARKAL family model has been contributing to energy/environment planning since
1980. TIMES (The Integration MARKAL-EFOM System) (Loulou et al., 2005) has been
developed by improving and evolution of MARKAL (Fishbone and Abilock, 1981) and
EFOM Models (Van der Voort, 1982). It is a bottom-up dynamic linear programming
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model which can illustrate both the supply and demand side of energy as well as the level
of emission. It can provide planners with details about energy production and consuming
technologies and also help understand the connection between macro-economy and energy

use.

The optimization routine of the model selects energy carriers and technologies which
provide the lowest-cost solution under constraint. The user defines the technology cost and
technical characteristics as well as that the model matches the energy service demand and
supply side technologies. By introducing a new technology which is less energy or
emission intensive in TIMES, users could see the effects of this choice on the total system
cost and level of GHG emission (Loulou et al, 2005).

2.4 Review on the studies on the residential sector energy consumption and GHG emission

Kavgic et al. (2010) reviewed the bottom-up building stock models for energy consumption
in the residential sector. This study compares the following energy models for the

residential sector:
1. Top-Down Model
2. Bottom- Up Model
a. Approach based on Building Physics
b. Statistical Model
c. Hybrid models

The authors have also reviewed the UK residential stock models by focusing on the
disaggregation levels, input data assumptions, uncertainty analysis, as well as the
applications and transparency. The authors have also analysed and compared five bottom-

up building physics stocks models based bottom-up models focusing on purpose, strength
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and shortcoming of the model on the UK case study. Then they identified the next

generation of the coupled energy-health bottom-up models.

Lam (1996) analyzed the energy use in Hong Kong for the residential sector in his article.
By gathering info for 200 types of dwellings he estimated the electricity consumption in
this sector and concluded that the most electricity intensive appliances are air ventilation,
lighting and refrigeration. He also concluded that over 80% of the electrical appliances are
owned by households and that there is an increasing trend in the electricity consumption in

entertainment and ventilation equipment.

Charlier and Risch (2012) have evaluated the impact of the environmental public policies
on the residential sector energy consumption and GHG emissions for France. By
mentioning that France has the target of decreasing GHG emissions up to 75% by 2050,
they demonstrate that the residential sector could have a potentially significant role in
achieving this target. In this article, they have put the emphasis on behavioral patterns like

renovation of the dwellings.

Swan and Ugursal (2009) have reviewed modeling techniques for the residential sector
end-use energy consumptions. In their study they consider the residential sector as one of
the largest energy consumption sectors. According to their research, as the energy
consumption characteristics have specific complications, it is essential to have a
comprehensive model to assess the techno-economic impacts to adopt the technologies for
efficient energy consumption and renewable energy for this sector. Based on their studies,
two model types are mostly used for the residential sector energy consumption modeling:
Top-Down and Bottom-Up models. For the Top-Down model the residential sector is an
energy sink without looking at each end-use. The Bottom-Up models focus on household
energy consumption based on the end-used energy and extrapolate that for regional and
national levels. Each technique also has a different level of input information, simulation

and calculation.

Kannan and Strachan (2009) have modeled the UK residential sector under long term
decarbonisation scenarios using a MARKAL model. This study consists of a scenario with

a GHG reduction of 60% by 2050. By using a MARKAL model and focusing on the
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residential sector, they have estimations on the energy end-use demand of the residential
sector and COz emission level. The result of his study demonstrates that this target can be
achieved by decarburizing of the energy sectors and improving the efficiency of home
appliances. It would also be considered useful to change consumption patterns and the

types of dwellings.

Shimoda Y. et al, (2010) have estimated the potential for the GHG reduction in the
Japanese residential sector by using a residential energy end use model. This model
simulates the energy consumption in the residential sector by considering the diversity of
the dwelling type in Japan. So, the energy consumption and GHG emissions have been
estimated by 2025. They have also investigated the effects of the efficiency improvement
of home appliances and consumer behavior of energy consumption and concluded that

there is a great potential in energy demand reduction by considering the mentioned factors.

Unander F. et al, (2004) have studied the residential energy use for Denmark, Norway and
Sweden. The study indicates that unlike Denmark and Sweden, Norway had a high level
of energy consumption in the residential sector between 1944 /1973. The reason for this
could be the increase of the GDP per capita for Norway. It also shows that from 1973 to
1995, Norway had a decrease in energy consumption while Sweden and Denmark’s energy

saving trend stopped in this period.
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3.1 Model

TIMES (The Integrated MARKAL-EFOM System), an economic optimization model
generator is the latest version of MARKAL which has been developed in the GERAD
research center under the frame-work of the Energy Technology System Analysis Program
(ETSAP) under the aegis of the International Energy Agency (IEA) (Vaillancourt et al.,
2014). It is optimizing the energy system considering both the demand and supply sides.

In simple terms, TIMES outputs are quantitative values resulting from energy policies
affecting the energy system at a local, national and multi-regional level. Though the model
covers the whole energy sector, it can be used for single sub-sector as well. By using the
TIMES generator as a core model, many countries have developed TIMES model adapted

to their country. TIMES-Canada is the development of a TIMES model for Canada.

In this chapter, there will be a brief introduction on TIMES and its parameters; and then a

glance at TIMES-Canada, the model we use in this research.

3.1.1 Basic structure of TIMES

The structure of a model is the way it approaches and analyzes the problem. In the TIMES
model, the mathematical structure of the model is constant, but TIMES is a data driven
model which means any change in the data structure will affect the model as well. In this
way, the TIMES model will be specific for different regions considering the different
attributes the data base of that region provide.

The gathered information associated with the region which could be qualitative and
quantitative, defines the data base. Energy carriers as well as technologies applied in a
region are examples of qualitative data. On the other hand, technological and economic

parameters could be examples of quantitative data.
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The TIMES model assumes a competitive market for all the commodities, and that the
supply and demand equilibrium holds, and thus the model maximizes the total surplus (or

minimizes the total cost).

The time horizon of the model is up to 2100 and is divided into the periods and the years.
Each year is also divided into four seasons, weeks and or day/night which are called time

slices.

The initial period is advised to be a single year. It is usually a past year with fixed quantities
evaluated from historical values. The calibration process to the initial period is one of the

most important tasks in setting TIMES Model (Loulou et al, 2005).

3.1.2 The RES (reference energy system) concept

The RES is a network which demonstrates the relationship among the different entities of

TIMES model which consists of technology, commodities and commodity flows (see

figure 3.1).

3.1.2.1 Technology (process)

Technologies (processes) are representations of devices which transform commodities

from one type to another.

3.1.22 Commodity

A commodity can be any type of energy carrier, energy service material, monetary flow

and/or emissions. In general the commodities are produced or used by the processes.
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3.1.2.3 Commodity flow

A commodity flow is the link between a commodity and a technology. This link indicates
the amount of the commodity coming from or ingoing to a process. In a TIMES model, a
value and several attributes are attached to each flow. In figure 3.1, we show an example

of commodity flows in the Reference Energy System (RES).
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Figure 3.1: Partial view of the Reference Energy System (RES)

(Loulou et al, 2005)
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3.1.3 Energy service demand

In a TIMES model, the demand drivers are not internal variables, but one obtained via other
models or accepted sources externally (population, GDP, etc...). In the next step, after the
determination and qualification of the drivers, by choosing the elasticity of demands to its

drivers, the energy service demands would be computed over the horizon.

Demand= Driver Flasticity

These demands are provided for the reference case scenario. By running the model for
other scenarios, the demand will be affected and TIMES has the capability to estimate the

response of demand to the new conditions.

Primary resource potential

TIMES scenario, needs to have the supply curve of energy and material primary resources.

Policy setting

The policies that affect the energy system may be part of scenario definition.

Description of set technologies

The last element that composes a scenario is the set of technical and economic parameters.
In TIMES some technologies may be imposed and others would be available for a model

to choose.

3.1.4 Mathematic structure of TIMES Model

As mentioned earlier, the TIMES model has an optimization formulation. That includes

indices, objective function and constraints.



3.1.4.1 Indices

Equations and variables use the following indices:
r: indices of the region

t: current time period

v: vintage year of the investment

p: process

s: time slice

c¢: commodity (energy, material, emission, demand)

3.1.4.2 Decision Variables

Decision variables are computed through the optimization. The decision variables in a
TIMES model are:

NCAP(r,v,p): new capacity addition for technology p, for the vintage of process v, in the

region r.

CAP(rv,t,p) : installed capacity of process p which includes initial residual capacity

investment in region r in actual period  (optionally with vintage v).

CAPT{(r,t,p): total capacity installed in technology p, which gathers all the subdivision data

in region r in actual period .

ACT{(r,t,p,s): activity level of technology p in region r during actual period ¢ (optionally

time-slice s).
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FLOW(r,v,tp,c,s): the quantity of commodity ¢ consumed or produced in process p in
region r and period ¢ (optionally time-slice s and vintage v). This variable permits to have

more flexibility in technology or technology flow in TIMES.

SIN(r,v,t,p,c,s)/SOUT(r,v,t,p,c,s): the quantity of commodity ¢ stocked (optionally with

vintage v) or discharged by technology p in region r during period ¢ in time-slice s

TRADE(r,t,p,c,s,imp)/TRADE(r,t,p,c,s,exp): the quantity of commodity ¢ bought or sold by
exportation(exp) /importation (imp) with technology p in period 7 (optionally time-slice s).

D(r,t,d): demand or end use energy d in region r during the actual period ¢. In the reference

scenario this variable is fixed by the user.

Other commodity related variables exist in TIMES which are not strictly needed but are

used mostly for reporting purposes (Loulou et al, 2005).

3.1.4.3 TIMES objective function

The TIMES objective is to minimize the total actualized cost of the system. This is done

by transforming the surplus maximization into a cost minimization.

Each year the following elements are included in total cost (Loulou et al, 2005):
e Capital investment costs.
e Fixed and variable costs for annual operating and maintenance (O&M).
e Exogenous import and domestic production costs.
e Exogenous exports revenues.
e Delivery cost of the products used in the process.
e Taxes related to product flow and process activities and investments.

e Revenues from recuperation of embedded commodities.




e Salvage value of processes and embedded commodities.

o  Welfare loss which is resulted from reduced end-use demands.

3.1.4.4 Constraints

Here are some of the TIMES optimization model constraints (Loulou et al, 2005):
e Capacity Transfer (conservation of investments).
* Definition of process activity variables.
e Use of capacity.
e Commodity Balance Equation.
e Defining flow relationships in a process.
e Limiting flow shares in flexible processes.
e Peaking Reserve Constraint (time-sliced commodities only).
e Constraints on commodities.

e User Constraints

3.1.4.5 Demand Function Definition

In each demand category a demand curve is defined as a function of price (Loulou ef al,

2005):
. . E;
DMi(p) = Ki * p;
Where:

DM;: is the i demand
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pi: is the price taken to be marginal cost of procuring the i

' commodity
Ei: is the price elasticity of demand

Ki: is a constant and is determined from a known point of the curve like (P, DM°)

Note that tough times and region indices are omitted from the equation, all quantities

including elasticity are time and region dependent.

We can rewrite the formula as:

DMy BiyEi
oMy P}
DM; i
Where pi =@ * 55 )"*
i

When the demand is not elastic the TIMES model can be written in the following linear

form:
Min cX

s.t. 2k CAP (t) > DM;(1)
BX>b

The relation BX > b corresponds to the constraints of the model, and where:
c: Cost vector

X: vector all the variable

i: number of demand categories

t. period of the model

CAP: variable of the end-used technology capacity
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3.1.5 TIMES-Canada

TIMES-Canada is a TIMES model developed for the Canadian energy sector. It is a multi-
regional model covering all provinces and regions of Canada linked together with their

energy, material and emission flows.

For convenience, each of the 13 provinces and territories has been grouped in an east, west,

north or center group (see table 3.1 and figure 3.2)




Table 3.1 : Canadian provinces and territories coding

Province/Territory Code! | Region
Alberta AB West
British Colombia BC West
Manitoba MB West
New Brunswick NB East
Newfoundland NL East
Nova Scotia NS East
Northwest territories | NT North
Nunavut NU North
Ontario ON Central
Prince Edward Island | PE East
Quebec QC Central
Saskatchewan SK West
Yukon YT North

The Reference Energy System (RES) of TIMES-Canada is based on regions and include
all 13 provinces and territories of Canada as well as the sectors including the demand and
supply sides. The five demand sectors are: agriculture, commercial, industrial, residential
and transportation. The supply sector is a combination of fossil fuel extraction and other
types of fuel transformations such as petrol, biomass and the electricity which consist of

all central electricity and heat production centers.

Correspond to the ISO (International Organization for Standardization).
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Figure 3.2: Provinces and territories of Canada

(Wikipedia, 2012)

3.2 Data Base overview
The Reference Energy System (RES) of TIMES-Canada has seven sectors: five for demand
side (agriculture, commercial, industrial, residential and transportation) and two in the

supply side (electricity and supply). The model base year is 2007.

First of all a brief review of the Residential RES (Reference Energy System) will be given:
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3.2.1 The RES (reference energy system) concept for the residential sector

As mentioned in the previous section, the RES is a demonstration of the entities
relationship in the model. In this section the entities will be described specifically for the
residential sector:

Technology

In this sector, technology is the end-use demand service that uses energy to provide a
specific service by transforming the energy. An example of such technology could be
refrigerator or heat-pump which uses electricity to reverse the natural flow of heat for
cooling purposes.

Commodity

Energy is used for ignition of the technology. The type of energy is extracted from the
technological process. It should be noted that in RES emissions are considered as

commodities. Other examples of commodity are electricity, natural gas and oil.

Commodity flow

The link between commodity and technology is called commodity flow.

It should be mentioned that for the residential sector, similar to other sectors of TIMES-

Canada, the base-year is 2007 and the time horizon is up to 2050.

3.2.2 Data Table general description

The data base table is based on technologies with different utilities and attributes in the

residential sector.
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Based on the residential sector glossary, all residential appliances can be categorized into
the following categories: space heating, water heating, space heating, refrigeration,

freezing, lighting, dish washers, cloth washers, cloth dryers, cooking and others.

In each of these categories, the most common appliances have been chosen to represent
existing technologies. The major distinctions of the technologies are the type of

technology, commodity—in used and its efficiency.

Some of the technologies have been repeated in space heating and water heating. These

technologies have been assumed to be identical for both end-uses.

The technologies under the mentioned categories will be characterized with the following

attributes found in the literature:

e Comm-IN: fuel (s) consumed by the technology
e Comm-OUT: demand (s) produced by the technology
o EFF: efficiency (the ratio of the output to input, the unit id PJ/PJ)

Based on the definition of the efficiency, the higher the value of EFF is, the more efficient
the equipment. It should be mentioned that for technologies with two demand types, the
efficiency is distinguished for each commodity-in. Also for those technologies which have
two end-use outputs such as space heating and water cooling, or space heating and cooling,
two separate efficiencies have been assigned for each end-use and showed as co-efficiency
output (CEFF —O) in the table. It should also be noted that for some of the technologies the
efficiency is by 1000 unit.

e START: the year in which the technology becomes available on the market (2007 for
existing technologies).
o LIFE: lifetime duration in years

e INVCOST: investment costs (purchase costs) in constant Canadian dollars

Note that for the investment cost data analysis, regarding the diversity of the brand and the
models, minimums and maximums have been assigned to the investment cost. The

investment cost is in $/GW or $/1000 units.
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e FIXOM: fix operation and maintenance costs, annually in Canadian dollars per GW or
for 1000 units.
e VAROM: Variable operation and maintenance costs, annually (excluding fuel costs) in

Canadian dollars per GW or for 1000 units.

It should be mentioned that to make the available data usable for the model, some data
(space heating, space cooling and water heating) have been converted in form of $/GW.
For instance if the power (wattage) of a space heating system is 20kW and its price is 5008,
the heating technology will cost 25 million $/GW. For the other end-use including lighting

and appliances, they are used in 1000 units so the cost will be divided into 1000 units.

For both FIXOM and VAROM,; since the costs are calculated annually, they will be in the
unit of $/GW-year or $/k unit-year.

Based on the source of the data, the data base is grouped in three types. The first type is
the group of data which have been found directly from the literature. The second type has
no precise value in the literature, but has been estimated based on assumptions from the

literature. The third type is data estimated using economic factors.

3.2.3 Energy Efficiency

Energy efficiency is a universal measurement factor which is used for comparing energy
savings in different appliances. It should be mentioned that efficiency is measured
differently for different types of technologies. The following energy efficiency types are

those used in this study.

Energy Factor (EF)

The energy factor is the ratio of useful energy output from the water heater to the total
amount of energy delivered to the water heater. The higher the EF is, the more efficient is
the water heater (aricoplumbing). For gas-fired water heaters, the energy factor is the ratio

of energy delivered to the water as compared to the total energy consumed. In Canada, the




e 1

44 ‘

EF is determined by the current versions of CSA P.3 and CSA P.7 test methods” (Natural
Resource Canada, 2011).
Modified Energy Factors (MEF)

This efficiency unit is the combination of Energy Efficiency and the energy used for
removing moisture (Bonnema, 2008). This unit is used for washing machines, dryers and
dish washers.

Seasonal Energy Efficiency Ratio (SEER)

Is the efficiency rate for air conditioners or heat pumps (when used for space cooling). This

unit can also be expressed in Btu/watt-hour. (Southernairnow, 2013)

Typically the SEER range is from 13 to 23. But Inventor smart source unit released up to
75 SEER (Ingram, 2013). Also there are some Mini-Split air conditioners with SEER up
to 27. (Fujitsugenera, 2012)

Heating Seasonal Performance (HSPF)

Heat pumps are rated by HSPF when they have space heating functionality. A minimum

HSPF rating of 8.2 is considered high-efficiency, but HSPF ratings go all the way up to
9.35 (Southernairnow, 2013).

Coefficient of Performance (COP) |

Coefficient of Performance is a ratio of output energy to the input energy which is in most |
cases of electricity. COP is used more for heat pumps and similar heating systems with |
Electricity as input. Here are formulas used for converting SEER and HSPF to COP

(powerknot, 2013):

COP = Output Heating/Input Electricity = HSPF x 0.293
COP =EER x 0.293

EER=1.12 x SEER ~0.02 x SEER?



Annual Fuel Utilization Efficiency Rating (AFUE)

AFUE is a measurement used for determining the efficiency of furnaces and boilers. For
instance it indicates how efficient a gas furnace is in converting fuel to space heat in a

typical year (Energy.gov, 2012d).

Solar Energy Factor (SEF)

This efficiency unit is used more often for collection. As a collector is usually accompanied
by another energy source for nights or cloudy days, the SEF is defined by the energy
delivered by the system divided by the electricity or gas energy input. The SEF ranges from

1 to 11 and the most common solar energy factors are 2 or 3 (Energy.gov, 2012b) .

In this research we have tried to unify the efficiency in the format of the Output / Input

energy ratio.

It has been also assumed that in each of the technologies, the improved version had 1%
growth in efficiency compared to the standard version and the advanced version had a 7 %
improvement in efficiency. This assumption comes from the ratios in the world TIMES

model data base in residential sector (Vaillancourt, 2010).

3.2.4 Fix O&M Cost and Variable O&M Cost

These two attributes could not be found in literature. For this reason, the data base of the
world TIMES Model (Vaillancourt, 2010) has been used as a guide line. Based on this
database, the higher the investment cost (capital cost), the higher the Fix O&M Cost and

Variable O&M Cost. So this ratio has been calculated and used as an index.

It has been assumed that the surface of the single detached home is twice that of attached
houses, attached houses are twice the size of apartments and apartments are twice the size
of mobile homes. On the other hand, it has been assumed that the O&M cost have a direct

relation with the surface and therefore with how much it has been used.
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3.2.5 Dual demand and dual input technologies

Some of the technologies are used for more than one end-use demand. For instance heat
pumps is used (if it is reversible) for both space heating and space-cooling and also for
water heating. The boilers and furnaces are also used for 'both space heating and water
heating. These are called dual demand technologies. For these types of technologies the
efficiency is defined based on the type of the output and in the model it is called CEFF

which is based on the output demand type.

On the other hand, some of the technologies use more than one input fuel for operating.
For instance collectors use solar energy as well as another type of fuel which could be
natural gas or electricity. For this type of technology efficiency is defined based on the

input type.

3.2.6 Upcoming technologies

New technologies have been assumed to have the same categories as existing technologies,
with the efficiency improvement available from the year of 2020. These set of technologies
are selected for the most common technologies in each services, and come with at least two
categories of efficiencies (standard and improved). It has been assumed that the investment
cost for future technologies is identical to present technologies. It has also been assumed
that the efficiency of the technologies has improved. To estimate this improvement, the
government regulation for the energy star appliances has been taken into account.
According to Natural Resource Canada (Natural Resource Canada, 2012b) , in 2010,
refrigerators need to be at least 20% more efficient to be energy star, freezers 10%,
dishwashers 17% and cloth washer at least 59%. By taking these numbers into account, it
can be assumed that the standard (not energy star) home appliance will have at least met
this regulation by 2020. So for projecting the efficiency of the appliances in 2020, these
growth rates have been used. For the appliances for which no minimum increases have

been mentioned, a 10% increase has been used.
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3.2.7 World Model Data base

In some section of the data gathering process, as no accurate data could be found, similar
data in the world TIMES model data base (Vaillancourt, 2010) or the ratios of the data
were used. This means that for technologies with no accurate data in literature, a ratio of

the existing data has been used as the estimated data values.
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4.Data Base in the residential sector
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The data base construction of the residential sector is an important part of this research.
Some of the data was found in the literature, some data was found in customer guides or
customer review web sites or even in forums about the residential sector technologies and

house appliances.

It should be noted that some of required data for the attributes of appliances used in
residential sector could not be found in scientific sources due to great variety. The great
diversity of the brands, technology improvement, size, weight and investment cost and
efficiency made this part of the research challenging. All these challenges enforced us to
use many different methods and resources to build the data base. As the sources of the data
are not unified and could have different perspectives for reviewing the appliance, data has
been normalized as far as possible. One has tried to gather the most recent data and data

has been adjusted for the reference year of 2007.

The major attributes of the appliances taken into consideration in this project are the types
of technology, commodity-in, commodity-out, the efficiency, the lifetime and the

investment cost of the technology.

4.1 Technology description

In this part we have a brief description of the selection of the residential sector technologies
and their attributes as given in the database. This list of technologies could be bigger but
we have selected those which are more commonly in use. Space heating, water heating and
space cooling technologies are separated for dwellings type of attached and detached

houses, apartments and mobile homes.

The technologies in each end-use type (such as space heating) are categorized based on the

type of fuel they use and the technological improvement results in higher efficiency.

It has been assumed that all the attributes except for Fix O&M Cost and Variable O&M
Cost is the same for all types of dwellings. The calculation of Fix O&M Cost is reviewed

for some types of technology as an example and escaped for the other types in order to
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avoid redundancy. The Variable O&M Cost data is similar to world TIMES model
(Vaillancourt, 2010) .

4.1.1 Space heating

The most energy intensive end-use demand in Canada is space heating. Here is a list of

some of the technologies in use in Canada space heating:

4.1.1.1 Heat pumps

A heat pump is a device which extracts the heat from a place and transfers it to another
place (Natural Resource Canada, 2009¢). For countries with mild weather, heat pumps may
be the best choice for heating the residential sector. However, in places with cold winters
like Canada heating the outside air is very energy consuming and a backup source of
heating like furnace is necessary. In such cases, as long as oil and natural gas are less
expensive in comparison to electricity as a commodity, oil or gas furnaces may be a good
choice for water and space heating (Furnacecompare, 2013). But the positive point in using
heat pumps is that heat pumps are extremely efficient in comparison to other types of
heating cooling systems, as for one unit of input they prbduce up to 5 thermal units of
output (Sunandclimat, 2013). In Canada the attentively of the heat pump depends on the
environmental factors. As it has a high performance in BC with mild climate, it is
economically less attractive for cold areas like QC or AB (Natural Resource Canada,

2009c).
Heat pump types

There are many types of heat pumps based on the commodity in type. On the other hand,
there are different heat pumps based on their functionality. We also have combined heat

pump type in which the same device is used for space heating and cooling. We also have
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non-reversible heat pumps which are used only for space cooling. In this research no

difference has been assumed based on the functionality types of the heat pumps.
Efficiency

Generally, heat pumps are extremely efficient compared to other space heating
technologies. For one unit of input they produce up to 5 thermal units of output
(Sunandclimat, 2013).

There are two methods for determining efficiency for heat pump. One is to use the term of
Coefficient of Performance (COP) which is the ratio of heat movement to energy input. In
normal weather of 10°C the COP of the heat pump is around 3 to 4 but as the weather gets
colder the COP decreases. The COP of a geothermal heat pump is about 4 to 5.

The other efficiency unit for the heat pump is SEER and HSPF. According to literature for
the reversible heat pump the heating and cooling function has different efficiency
measures. A heat pump's cooling efficiency is measured by its "Seasonal Energy Efficiency
Rating", or SEER which should be considered to be high in warm areas. The heating
efficiency is measured by its "Heating Seasonal Performance Factor" or HSPF and should

be high in cooler climate areas like Canada (Furnacecompare, 2013).

Heat pumps are very efficient heating systems in moderate weather and a good replacement
of a furnace (for space heating) and air conditioners (for space cooling). The most common
type of heat pumps is the electric air-source heat pump. Using this type of heat pump can
reduce the heating electricity consumption by 30% to 40% comparing to to other electric

heating system.

The standard heat pump efficiency should be at leést SEER=12/HSPF=7.7 (see section
3.2.3 for SEER and HSPF description) to have the optimal efficiency (Energysavers, 2013).
In Canadian standard regulations a HSPF of 6.7 is the lowest level accepted (Natural
Resource Canada, 2009c¢).

According to literature, Energy Star qualified air-source heat pumps are about 20% more

efficient than standard models of heat pumps (Natural Resource Canada, 2009c).
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As the type of efficiency which is used in TIMES model is the ratio of the output to input,
the following formula has been used to have the cooling efficiency in HSPF in COP units.

It should be considered that usually the COP is used to measure the heating efficiency.

To calculate the least possible cooling efﬁcienéy which is 7.7 HSPF, the calculation would

be as follows:
COPcoo]ing min =HSPF X0.293=7_7X0293=2.25
COPcooling max =HSPF %x0.293=8.6x0.293=2.51

For the heating COP we take the minimum amount which is 3 for colder areas and the

maximum amount which is 5 for areas like British Colombia.
Life

Heat pump life expectancy is 16 years in general (NAHB, 2007). Based on the information
from the Natural Resource Canada publication the life time of a heat pump is from 15 to
20 years regardless of the type (Natural Resource Canada, 2009c¢). In the TIMES data base,

a range of 15-20 years is assumed.
Investment cost

A heating/cooling heat pump could cost from $4000 to $6000 (Heatpumpsvictoria,
2013).The average heat pump power is 4700 Watt (BPS, 2013).

We would need the cost pert kW for the model. There for the cost per kW would be:
Min cost per kW = 40008 / 4.7kW = 851.06 $/kW

(All the cost per kW are calculated similarly. Therefore it won’t be repeated for other

technologies.)

The results are summarized in table 4.1:




Table 4.1 : Heat Pump investment cost ($3/kW)

Heat Pump Min Cost (for $4000) Max Cost (for $6000)
Power (14700W) 851.06 $/kW 1276.59 $/kW

Fix Operation and Maintenance Cost (FIXOM)

The ratio of the FIXOM based on the investment cost from the world TIMES model

(Vaillancourt, 2010) is 4% for normal and 5% for advanced air-source heat pumps.
Standard heat pump: 851.063/kW x 4%=34.043/kW

Improved heat pump: 1276.59$/kW x 5%=63.82$/kW

4.1.1.2 Geothermal Heat Pumps

This type of heat pump extracts a constant heat from the earth instead of outside air, and
this makes it more efficient than the air-source heat pumps. To be more accurate the
efficiency of the geothermal heat pump is 300 — 600% while the air-source efficiency is
175-250% (Energy.gov, 2012c¢).

Efficiency

As mentioned earlier, geothermal heat-pumps are more efficient than the air-source model.
According to literature, a standard heat pump uses 2 units of input for one unit of output,
but the geothermal heat pump uses 1.2 units of input for a unit of output as it is 40% more

efficient (Energy.gov, 2012c).
Life time

The underground parts often have often a warranty up to 25-50 years and the heat pump

usually has a life time of 20 years (Energy.gov, 2012c).
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Investment cost

The investment cost of a geothermal heat pump is approximately $42,000
(Greenbuildingadvisor, 2013).The input power for the Geo-thermal heat pump is 3650W
on average. (Heatpumpsuppliers, 2013).Thus to run a 42000$ heat pump, it will cost 11.50
$/kW.

Fix Operations and Maintenance Cost (FIXOM)

The ratio of the FIXOM based on the investment cost from the world model is 1% for Geo-

thermal heat pumps.

Geo-thermal heat pump: $42000 x1% = $420

4.1.1.3 Exchanger (Geothermal and heat)

Considering the fact that no data could be found about the Exchanger, the attributes used
in the world TIMES model (Vaillancourt, 2010) have been used as a proxy to estimate the

values for this end used technology.

Regarding efficiency and lifetime, values have been used from the world TIMES model
directly (Vaillancourt, 2010) and the geothermal heat pump cost has been used to estimate
the attributes of this technology. This method has also been used for heating exchangers

for both space heating and water heating.

4.1.1.4 Boilers

A boiler is one of the most common heating systems in Canada. A boiler is a vessel which
uses oil, gas or electric resistance to heat water or produce steam and transfer the heat via

water to air or water to water (Centerforenergy, 2013).
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Efficiency

The minimum accepted efficiency of a boiler according to Canada’s regulation is 80%-
83% Annual Fuel Utilization Efficiency Rating (AFUE) for oil and gas boilers. The
efficiency of the electric boiler is assumed 100% (Natural Resource Canada, 2009a). For
the sample brand of Lennox, the efficiency of the gas boilers are among 81.6AFUE to 85.2
AFUE for the standard boilers and up to 90 AFUE for the energy star types (Lennox, 2013).

In this research the range of 80%-85% will be considered for non-electric boilers and 100%

will be assumed for electric boilers.
Lifetime

The life time of a boiler is approximately 13 years for an electric boiler and 21 years for a

gas boiler (NAHB, 2007).
Investment cost

The price of a boiler varies from $1000 to $4000 (Pexsupply, 2013) (Uswitch, 2013). The
power of a boiler is 1400 W (Power, 2013). Thus, the investment cost would be 714.3 $/kW
to 2857.14 $/kW and is equal to 714.3 to 2857.14 million dollars per GW.

Fix Operations and Maintenance Cost (FIXOM)

The ratio of the FIXOM based on the investment cost from the world model is 4% for

boiler.
Standard Boiler: 714.3 $/kW x4% = 28.57 $/kW

Improved Boiler: 2857.14 $/kW x4% = 114.28$/kW
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4.1.1.5 Furnace

A furnace is very popular heating system for both space heating and water hearting
(Energy.gov, 2012d). A furnace uses fuel for heat creation and in this manner is different

from a heat pump as the heat pump transfers the heat. .
Efficiency

AFUE (Annual Fuel Utilization Efficiency) is used for measuring the efficiency of the
furnace. It calculates the ratio of the fuel spent to the heat produced. An electric furnace is

assumed an AFUE of about 95% —100 %.

The furnace which uses gas as a fuel has the highest efficiency among non-electric furnaces
and converts more than 90% of the fuel to heat. About 40% of households use gas furnaces
in the U.S. (Lacoma, 2013). The efficiency of the furnace with natural gas as a commodity-

in varies based on the technology used (Uniongas, 2013):

e High efficiency: 88-97%
o Mid efficiency: 78%-82%

o Low efficiency: less than 78%

Based on the Canadian standard there is a limitation on the minimum AFUE to the furnace

(Natural Resource Canada, 2009a) .

An oil furnace is a traditional heating system. The standard energy star high efficiency oil
furnace has an efficiency of more than 85%. The mid efficiency oil furnace has an

efficiency of 83 -89% (Natural Resource Canada, 2010).
Investment cost

The investment cost differs based on many different factors including efficiency, capacity
technology fuel type etc. Based on this, furnaces have great range of investment costs

(Wright, 2013):

e Gas Furnace $1400 - $2500 (low cost of gas as commaodity- in).
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e Oil Furnace $2000 - $8000 (low efficiency — routine maintenance is necessary).

o Electric Furnace $1000 - $2500 (high energy cost).

The power of the furnace on average is 260W —350 W (Power, 2013). So the price per kW

are summarized in table 4.2, 4.3 and 4.4.

Table 4.2: Gas Furnace investment cost ($/kW)

Gas Furnace Min Cost (for 14008) Max Cost (for 2500%)
Min Power(260W) 5384.38 $/kW 9615.38 $/kW
Max Power(350W) 4000.7 $/kW 7142.85 $/kW

Table 4.3 : Oil Furnace investment cost ($/kW)

Oil Furnace

Min Cost (for 2000$)

Max Cost (for 8000%)

Min Power (260W )

8695.23 $/kW

7403.84 $/kW

Max Power (350W)

5714.18 $/kW

22857.43 $/kW

Table 4.4 Electric Furnace investment cost (S/kW)

Electric Furnace

Min Cost (for 1000$)

Max Cost (for 2500%)

Min Power (260W)

3845.92 $/kW

9615.85 $/kW

Max Power (350W)

2857.71 $/kW

7142.85 $/kW
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Lifetime

The life time of the furnace varies based on the commodity-in used for the furnace. It is
generally from 15 to 20 years. To be more specific, the life time is 15 years for electric

furnaces, 18 years for gas furnaces and 20 years for oil furnaces (NAHB, 2007).

4.1.1.6 Baseboards

Electric resistance is used for heat production and transfers almost 100% of the electricity
to heat. But as electricity is an expensive commodity. Usually when using electricity as an
input, a heat pump is a better choice as it uses 50% less electricity than electrical
baseboards. This is especially true in Canada where heating is a major issue for

householders. The baseboard heater is controlled by a thermostat usually in each room.
The efficiency of the baseboard heater is 100% (Energy.goy, 2012a)

The life expectancy of the baseboard heater is more than 35 years (Dagenaisinspections,
2013).

From the online shopping website of Rona Canada the price of the electrical baseboard is

in the range of $30 — $60 on average (Calibex, 2013).

The power of the baseboard is 250W for each foot (BCREMC, 2013). Assuming that a
normal baseboard is about 4 feet long (Rongey, 2013) that would be 1000W per baseboard
per room. Considering a 3-bedroom 2-bathroom house as well as a living room, dining
room and basement, 8 baseboards would be needed for a typical house. Assuming that a
detached house is twice that of an attached house, 4 times that of apartments and 8 times
that of a mobile home, 4 baseboards would be needed for a detached house 2 for apartments

and 1 for the mobile home.

For a house with 8 baseboards, 8000W is used for heating. Considering the price of each
baseboard to be $30-$60, a total price would be approximately $240-$480 with an
investment cost of 308/kW — 60 $/kW.
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4.1.2 Water heating

As mentioned in the first chapter, water heating is the second energy consuming end-use
demand in the Canadian residential sector. The following pages describe water heating

technologies and their attributes:

4.1.2.1 Water heater Heat pump

Heat pump water heater works as an air conditioning heat pump. It can work stand alone
or be combined with space heating heat pumps. Stand-alone heat-pump-water heaters

extract heat from surrounding air and use it to heat the water tank (Energy.gov, 2013).

The attribute of the water heater heat pump has been assumed to be identical to that of air

conditioning heat pumps.

4.1.2.2 Furnace

As the heated water of the furnace is used for domestic hot water, it is considered as one
of the water-heating end-use technologies. The attributes have been assumed to be the same

for both end use services of space heating and water heating.

4.1.2.3 Water storage and tank less water heater

Another type of equipment used for water heating in many Canadian households around
the globe is water heaters. There are two types of water heaters, the storage tank type and

the tank-less type.
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The efficiency of the water heater is based on the Energy factor (EF). It is calculated based

on the amount of hot water produced by consuming one unit of fuel (Energy.gov, 2012d).

4.1.2.3.1 Storage water heater

The storage water heater heats water from the municipal network or a well, warms it and

stores it in the tank.
Efficiency

The efficiency of the water heaters, like all other types of water heating equipment is based
on the fuel type. The least accepted efficiency for the storage gas water heater is 62%
(Natural Resource Canada, 2011). Based on this information and considering the fact that
generally the oil fuel heating are less efficient, it has been assumed that oil water heater

are 10% less efficient which would be 52% (Geo-Exchange, 2010).
Life

The average lifetime of a water heater is 10 years for gas and 11 years for electric water
heater (NAHB, 2007). It also has a minimum of 6 year of warranty (Natural Resource
Canada, 2011).

Investment cost

The price of the electric water heater varies from $180 to $480. For the natural gas type the
investment cost is higher and is between $500 and $1000. (Lowes, 2013). The power is
3000 W (Power, 2013)

So the investment cost is summarized in table 4.5 and 4.6:

Table 4.5 : Electric water heater investment cost ($/kW)

Electric Water Heater Min Cost (for $180) Max Cost (for $480)
Power(for 3000 W) 60 $/kW 160 $/kW
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Table 4.6 : Natural Gas water heater investment cost (S/kW)

Natural Gas Water Heater | Min Cost (for $500) Max Cost (for $1000)
Power (for 3000 W) 166.66 $/kW 333.33 $/kW

4.1.2.3.2 Tank-less water heater

In this technology water will be heated by passing on a water heater instantly when hot

water is needed. This type of water heating systems comes in electric gas or propane fuel

type.
Efficiency

The least accepted efficiency by Canadian regulation is 82%. Also it is assumed that

electric water heater has 100 % efficiency.

Life

The expected life time of a tank less water heater is 20 years (consumerenergycenter, 2013).
Investment cost

The price of electric type of water heating is from $170 to $700 while the natural gas type
is from $600 to $1300 (Nextag, 2013).

A tank-less water heater power for the whole house can be up to 28000 W (JEA, 2013) .

The result is summarized in table 4.7 and 4.8.

Table 4.7 : Electric tank-less water heater investment cost ($/kW)

Electric tank-less water Min Cost (for $170) Max Cost (for $700)
heater

Power 6.07$/kW 25$/kW

(for 28000W)
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Table 4.8 : NAG tank-less water heater investment cost ($/kW)

Natural Gas tank-less Min Cost (for $600) Max Cost (for $1300)
water heater

Power 21.428/kW 46.428/kW

(for 28000W)

4.1.2.4 Collector

Collector or the solar water heating system uses solar energy accompanied with another
fuel type such as electricity or natural gas for heating the water. This type of water heating
systems usually cost more to buy and install, but they save money and energy through time

and are a greener type of equipment. (Energy.gov, 2012b)

Solar fraction (SF) is another concept which indicates the amount of water heated by the
solar energy. The higher the SF the less back up energy supplement is needed. SF varies
from 1 to 10 (SolarHome, 2013).

Efficiency

The efficiency of the collector calculated by SEF range from 1 to 11 but in average its

value is 2-3 (Energy.gov, 2012b).
Lifetime

The average life time of a solar water heater is 20 years which is higher than average non

solar water heating systems (Energystar, 2013).
Investment cost

The solar collector cost varies from $2000 to $4000 (Boone, 2013). The power output of
the solar collector is from 1414W to 1926W (WATT, 2013). The result is summarized in
table 4.9.
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Table 4.9 : Collector investment cost ($/kW)

Collector Min Cost Max Cost
(for 20008) (for 4000%)

Min Power 1414.42 $/kW 2828.85 $/kW

(for 1414W)

Max Power 1038.42 $/kW 2076.84 $/kW

(for 1926W)

4.1.3 Space cooling

There are different types of space cooling including heat pumps, central (large unit) and
room (small units) air conditioners. But in Canadian climate type, AC is the most efficient

for space cooling as it has longer life time and is less expensive.

4.1.3.1 Air conditioning

Efficiency

For the room Air Conditioner (AC) to be acceptable in Canada they must exceed the
government of Canada's minimum standard of energy efficiency by 10% or more. For small
units, this means an EER of at least 10.7; for mid-sized, at least 10.8; and for larger models,

9.4 (Natural Resource Canada, 2013).

The efficiency of room and central AC in EER and SEER is 10.9 EER for room and 13
SEER for the central unit (Natural Resource Canada, 2013) .

For having a normalized efficiency based on output to input definition, EER and SEER

efficiencies will be transformed to Coefficient of Performance (COP), which will be:
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COP =EER % 0.293jc

EER= 1.12 x SEER - 0.02 x SEER?

Therefore:

Room AC COP=10.9%0.293 = 3.1

Central AC COP= (1.12 x SEER - 0.02 x SEER?) x 0.293= (1.12 x13-0.02 x13%) =3.27
Investment costs

Central AC

Central AC investment cost is from a minimum of 14008 to maximum of 3290 $ (Wright,
2013) (Central-air-conditioner-and-refrigeration, 2013). The power is 5000 W

(Wholesalesolar, 2013). The result is summarized in table 4.10.

Table 4.10 : Central AC investment cost ($/kW)

Central AC Min Cost (for $1400) Max Cost (for $3290)
Power (5000W) 280 $/kW 18 $/kW
Room AC

To be more practical, two popular shops in Canada have been chosen for the investment
cost range; among which Canadian tire seemed to be more appropriate for a Canadian

study. The result is summarized in table 4.11.

e (Canadian tire: Min 110$ Max 549 $ (Canadiantire, 2013)
e Best Buy: Min 1408 Max 700$ (Consumerreports, 2013)
e The power is from 750 to 1050 W. (Power, 2013)
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Table 4.11 : Room AC investment cost ($/kW)

Room AC Min Cost Max Cost
(for 1108$) (for 549%)
Min Power (for 750 W) 146.66 $/kW 732 $/kW
Max Power (for 1050 W) 104.76 $/kW 522.85 $/kW
Life time

The average life time of room air conditioner found in literature is about 10 to 15 years
(NAHB, 2007) and the central air conditioner lifetime is 15 years (Natural Resource
Canada, 2011).

4.1.3.2 Solar central AC with electricity back up

For the solar central AC no specific data could be found. So in this research this technology

has been assumed to be identical to the standard central AC with the same attributes.

4.1.4 Lighting

Lighting is another source of energy consumption in the residential sector. The choice of a
lamp depends on the shape and the technology used for the lamps. The more technology
improves the more energy efficient lamps will be available in the market. There are
different types of lamps in use in this sector but those more commonly in use are the
General Lighting Service (GLS) which are the incandescent lamps, Halogen Lamp (HL)
and the Compact Florescent Lamps (CFL). HL and CFL are more efficient type of lamps
(ETSAP, 2012a). It should be noted that the FIXOM and VAROM of the lighting end-use

have been assumed to be negligible.
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4.1.4.1 Lamp bulb technologies

The efficiency of lamp dépends on the amount of light emitted from certain amount of
electricity consumed (Lumens /Watt) where lumens represent light output (NRCAn,
2009).There are many types of lamps with different technology in the residential sector
market, but only those used more frequently in normal life have been presented in this

study.

4.1.4.1.1 Incandescent (GLS)

The GLS lamps are the oldest and least efficient lighting technology. The efficiency of the
GLS is 5-17 Lm/Watt (ETSAP, 2012a). They also have a low life time of approximately
1000 hours and by dividing it to the 8760 hours in a year the life time would be 0.11 year
(ETSAP, 2012a). It should be mentionéd that the average investment cost for the 60 Watt
GLS is 0.5 $ (Natural Resource Canada, 2009b).

4.1.4.1.2 HL (Halogen Lamp)

The efficiency of the HL type of lighting is 10-30 Lm/Watt which is moderate in this
technology (ETSAP, 2012a). The lifetime of the HL is 2000 to 8000 hr, which would be
0.2 year to 0.9 year (ETSAP, 2012a). The investment cost defined range is from 48 to16$
(IKEA, 2013).

4.14.1.3 CFL

The efficiency of the CLF lamps are more than GLS and is about 35-75 Lm/Watt. For this
reason, there has been an intention to replace GLS lamps with the more efficient CLFs
(ETSAP, 2012a). Note that the efficiency of the CFL depends on many factors including
Wattage component and configuration (ETSAP, 2012a).
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The life time of incandescent lamps are 6000 to 15000 hours and by dividing it to the 8760
hours in a year the life time would be 0.68 to 1.71 year (NRCAn, 2009). The average
Investment cost and for the energy star CFL is 6.99 $§ (Natural Resource Canada, 2009b).

4.1.4.1.4 Kerosene Lamp

As no specific data could be used for this technology, the data used in the world TIMES
model (Vaillancourt, 2010) has been used as proxy to evaluate the values for this lighting
type. The efficiency of this technology has been assumed to be half of the incandescent
lamp and the life to be 10 years based on the world model data. The cost has been assumed

to be 20 times the incandescent light.

4.1.4.1.5 Solar Lamp

For the solar lamp no accurate data could be found. It has been assumed that the type of

the lamp is florescent and the same data has been used for the solar lamp.

4.1.5 Home appliances

There are many different home appliances available in Canadian residential sector. For
normalizing the efficiency in home appliances, it has been assumed that the standard
electric version of the appliance has the efficiency of 1. The rest of the models have been
estimated based on this assumption. In this section, some of the main appliances will be

described:
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4.1.5.1 Refrigeration

As there are several types of refrigerators with variety of investment costs, components
and efficiencies; in this research we have chosen the average standard top mounted and
improved top mounted refrigerator (ETSAP‘, 2012b). To choose the data from the available
data base the average of the Investment cost, efficiency and life time has been taken in to

account.
Efficiency

The refrigerator efficiency unit is SEER similar for the cooling systems. The efficiency for
the standard refrigerator is assumed to be 1 based on the ratios from the world TIMES data
base (Vaillancourt, 2010). For improved and energy star refrigerators efficiency is 6-14
SEER for Improved and 15-20 SEER for Energy star refrigerator (NREL, 2013d).To
normalize the efficiency the SEER will be changed to COP:

COP =EER x 0.293

EER=1.12 x SEER - 0.02 x SEER?

Standard Refrigerator COP: Assumed to be one from World model ratios
Improved refrigerator COP: (1.12 x SEER - 0.02 x SEER?) x0.293= 1.75 -3.7
Energy Star refrigerator COP: (1.12 x SEER - 0.02 x SEER?) x 0.293=3.8 - 4.21

It should be mentioned that among different types of refrigerator, top-freezer models are

more energy efficient than side-by-side models (Natural Resource Canada, 2010).
Investment cost

The sources of the Investment cost are different including the online shopping websites.
Natural Residential Efficiency Data has been chosen as the main source for the investment
cost as it offers variety of efficiency and price combination. The average column of the
investment cost is for standard refrigerator is from 6508 to 900$ and for the improved

refrigerator is 700$ — 10008 (NREL, 2013d).




Life

For the lifetime we have two different sources. One is the National Association of Home
Builders/ Bank of America Home Equity Study of Life Expectancy of Housing
Components (13 years) (NAHB, 2007) and the other is Natural Residential Efficiency Data
(17.4 years) for the refrigerator (NREL, 2013d).In this research the range of 13-17.4 will

be considered for the refrigerator life time.

4.1.5.2 Freezing

The two models of the freezer which will be studied in this research are chest freezer and

upright model.

The chest freezers are more efficient than upright model as it losses less energy each time
the door of the freezer is open. From the other perspective the manual defrost freezer is

more energy efficient than automatic defrost (Natural Resource Canada, 2010).
Efficiency

The efficiency of the standard freezer is from 6 to 14 SEER and for the improved appliance
the range is from 15 to 20 SEER. (NREL, 2013c). The normalized efficiency in COP will

be similar refrigerator.

Investment cost

The standard investment cost range for the freezer is from $600 — $700 (NREL, 2013c).
Life

For the lifetime we have two different sources. In this research the value will be assumed

in the range of 11-22 years (NAHB, 2007).
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4.1.5.3 Dish washing

The automatic washing of the dishes is more energy and water efficient than the manual

washing.
Efficiency

The efficiency of the dish washing machine is in kWh/year while the minimum of 245
kWh/year and a maximum of 345 kWh/year for the average machine (CEE, 2012).

Investment cost

For the investment cost there have been many sources including the online shopping
websites, but we have used the ETSAP data source (ETSAP, 2012d) which is $359 for the
standard and $362 — $420.7 for the improved dishwasher.

Standard=> 256 euro = $359

Improved-> 285 — 300 euro = $362 — $420.7

Life

The life of the dishwasher is from 9 years (NAHB, 2007) to 11 years (NREL, 2013e).

4.1.5.4 Cloth washing

We have two types of cloth washing machines, front door and top door. In this research we

focus on the front door machine as they are more efficient (NREL, 2013b) .

Efficiency

The efficiency of the washing machine is measured by the Modified Energy Factor (MEF)
and from the available data it has the range of 1.8 to 3 (EnergyBible, 2010). As the
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definition of the MEF is cloth to the ratio of the output energy to input, the efficiency values
will be taken as it is which would be 1.8 for the standard appliance and 3 for the improved
one. For the standard cloth washer the efficiency is assumed to be 1 based on the world

model data base.

Life

The lifetime of the washing machine typically is 10 years (NAHB, 2007).
Investment cost

The investment cost of the front door washer on average of 3.6 c.f. ranges from 649% -

14998 (Pilkington, 2013).

4.1.5.5 Drying machine

Dryer is an appliance which has an extreme importance in a country like Canada with a
climate that is not suitable for outdoor drying during long periods of the year. The dryer
machine is one of the most energy consuming appliances at homes regardless of the
commodity in'type. But overall, the gas drying machine has faster cycles and less energy
cost. The dryer type with electricity as commodity is for simple low maintenance drying
process. The type which is working with gas is usually for long term investment (Crist,
2013). There is a variety of sources about drying machine, but we have focused mainly on
ETSAP (ETSAP, 2012¢) and Naﬁonal Residential Efficiency Measures Database (NREL,
2013a)

Efficiency

The efficiency unit of the dryer varies in different countries. In Canada, energy factor
(Ib/kWh) is a unit for efficiency and is measured as internal volume of the dryer (cubic
feet) per kWh. The higher the efficiency, the more efficient is the appliance. According to
ETSAP the national average energy efficiency is 0.69 (kWh/kg) (ETSAP, 2012¢).
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Investment cost

The investment cost for electric dryer is from 3508 to 16508 and for the gas dryer, it is
from $550 to $1750 (Crist, 2013) .

Life

The life of the dryer machine is about 13 years (NREL, 2013a).

4.1.5.6 Cooking

There are not many sources about the cooking appliance’s attributes. Especially efficiency
is very difficult to be found in literature. Some data could be found in ETSAP
documentation about Europe and has been generalized for Canada. The appliance type is
Oven (ETSAP, 2012c¢) .

Efficiency

As mentioned earlier, a specific direct source about the efficiency could not be found, so
in this research the power rating will be taken as a proxy for the efficiency. The power
rating of an oven with the commodity-in gas is 10.5 kW and for the electricity as

commodity-in is 3.57kW (ETSAP, 2012c).
Investment cost

From the same source the investment cost of the average oven has been estimated for the
gas oven from 160 to 1500 Euro unit 2007 which will be $230 to $2150 and for electric
oven 350 -1500 Euro which will be $350 to $2150 (ETSAP, 2012c).

Life

The life time of the cooking appliance in average is around 15 to 20 (ETSAP, 2012c) .
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TIMES-Canada has been used to analyse the three mentioned scenarios in methodology
(BAU, GHGI and GHG2). In this chapter the energy demand and primary production as

well as GHG emissions will be analyzed.

5.1 Scenarios characterization

In this section the scenarios will be reviewed: the baseline scenario and the climate policy

scenarios with limitations on GHG emissions.

5.1.1 Baseline scenario

In the baseline scenario denoted by BAU (Business-As-Usual), no climate policy is

enforced meaning that the baseline scenario has no limitation on GHG emissions.

Under this scenario end-use demands have been projected up to 2050 by using socio-

economic drivers for each of the end-use services. Figure 5.1 illustrates these projections.

Figure 5.2, represents the demand for different energy carriers in Canadian provinces and
territories in 2007 as the base year of the model (it should be note that for demonstrating
purposes, we have categorized the Canadian provinces and territories into four areas: East,

West, Center and North).
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Figure 5.1 : Demand projection for energy per end-use in the BAU
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Figure 5.2 : Demand for energy in provinces and territories for the base year 2007

5.1.2 Climate Policy Scenarios

By accepting the Copenhagen accord (United Nation, 2009), Canada has a commitment to

meet the reduction target of 17% below the 2005 emissions level by 2020. There is also an
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emission reduction commitment taken by provincial governments (Environment Canada,
2011). The climate policy in this study uses the provincial target for the provinces and
imposes the federal target for the Canadian territories as there is no specific target for
Canadian territories. The Climate policy scenarios extend 2020 targets up to 2050 by using
a linear interpolation up to maximum of 50% restriction. This reduction target is achievable
by reducing emissions in all the energy sectors including the residential sector. In
particular, the penetration of renewable fuels for electricity generation could be useful to
meet this target. From this point of view the two GHG reduction scenarios will be defined

as follows:

GHGI1: In this scenario the maximum of renewable share penetration in electricity

generation grows from 10% to 25% by 2050.

GHG?2: This scenario constrained the maximum renewable share to remain constant at 10%

up to 2050.

5.2 Scenario analysis

In this research the TIMES Canada model has been used to analyze the three mentioned
scenarios (BAU, GHGI and GHG2). In this section, the result of this analysis will be
described in form of energy production and consumption, GHG emissions and the

electricity production sources as well as energy demand by technology.

5.2.1 Primary energy supply

The primary energy supply evolution for different energy sources from 2007 up to 2050 is

presented in this section (figure 5.3).
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The total primary energy supply has 22 % increase up to 2013 and then it decreases 19 %
from 2030 to 2050.The supply mix seems similar to base year except increase in renewable

supply share.

The share of fossil fuels in the energy supply is increasing 6% through the time up to 2050.
Oil share increases 80% up to 2030. Later, that will decrease 29% from 2030 to 2050. So
overall, there is 28% increase in the oil supply from 2007 to 2050. Gas share decrease 13%
and coal supply decrease 11%up to 2050.

Uranium share has decreased in 2007-2050 by 48%. The biomass supply has increased
319% from base year to 2030, but had declined of 100% in production from 2030 to 2050.
The renewable energies production increased 1551% and 463% from 2030 to 2050 and the
hydro supply share has improved by 319% up to 2030 and decreased 100% by 2050.

Figure 5.4, indicates that share of fossil fuel increased 13% by 2025 and then decreased
11% up to 2050 for BAU scenario. Renewable share increased constantly up to 215% by
2050. The share of biomass has also great increase of 556% up to 2050.

For the first climate scenario GHGI, fossil fuel decreases 3% up to 2050. Renewable

source and biomass source shares increase 262% and 216% respectively by 2050.

In the second climate scenario GHG?2, fossil fuel share decrease 2% while renewable and

biomass shares increase 216% and 557% respectively up to 2050.
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Figure 5.4 : Primary energy production per energy source type for BAU, GHGI1 and
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5.2.2 Final energy consumption

Generally speaking, in the BAU scenario, all type of fuel consumption have an increasing
trend throughout the time horizon except for coal which a decrease from 434PJ in 2030 to
421PJ in 2040 and 371 PJ in 2050. This comes from decrease in coal consumption as
heating source in the Canadian residential sector. Natural gas also has a decreasing trend
from 2030 and this also is due to replacement of gas appliances with electric home
appliances through the time; electricity has two slight decreases in 2008 and 2015. Oil
products have also a decreasing trend from 2030 mostly due to type of technologies chosen
by the model and elimination of oil appliances. It can be observed that for the BAU
scenario, the share of fossil fuel including natural gas and oil product are still considerable.
The natural gas share of the total final energy consumption increases 13% up to 2050. The
oil product share decreases by 14% and the electricity share increases 7%. The shares of
the other type of fuel are negligible which are 2% for the renewable energies and 7% for
the biomass in 2050. The results shows that natural gas and electricity remains the main

source of energy in the residential sector in 2050 for the BAU scenario (See figure 5.5).

Figure 5.6 compares the fuel share in our scenarios. For BAU, the biomass share increases
295% up to 2025 and has another big decrease of 607% up to 2050. The fossil fuel share
(including coal, natural gas and oil), also increase 227% by 2025 but the growth rate
decreased to 157% up to 2050. Electricity share is also increasing 84% up to 2050. The
lower growth rate of electricity share is due to higher price of electricity in comparison of

other energy carriers.

For GHG1, biomass share increases only 10% up to 2050. Share of fossil fuels has a great
increase of 325% up to 2025 and 481% to 2050. Electricity share on the other hand, has a
great decrease of 178% up to 2050.

In GHG2, the biomass share growth is even less than GHG1 and is only 4% up to 2050.
The fossil fuel share is increasing 350% to 2025 and 485% up to 2050 which is quiet similar

to GHG1. Decrease in electricity share is similar to GHGI.
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The considerable growth in fossil fuel share in GHG scenarios indicates that climate

polices does not lead to decrease of fossil fuel total consumption.
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Figure 5.5 - Total energy consumption by fuel type in the BAU
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Figure 5.6 - Total energy consumption by fuel type for BAU, GHG1 and GHG2
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5.2.3 Final energy consumption in the residential sector

In the BAU scenario, the trend of final energy consumption varies depending on the fuel
type. Biomass consumption increases up to 136 PJ in 2012 and then starts the decreasing
down to 91 PJ in 2050. In 2007, natural gas dominates the fuel used in this sector by 698
PJ, followed by electricity (556PJ). This will be changed by 2050 such that electricity will
be the main source by 2050 with 984 PJ and natural gas will be the second important fuel
with 360 PJ. Solar energy also increases from 2 PJ in 2008 to 23 PJ in 2050. On the other
hand, oil product consumption will be reduced from 88 PJ in the base year to 62 PJ in 2050.
So it can be concluded that only electricity and solar energy have a growth in the

consumption trend and the other fuel types generally decline.

In both GHG scenarios, the trends seem to be identical to the BAU, but total consumption
decreases by 92 PJ. This decrease affects fuels like natural gas and oil products more than
electricity, biomass and solar energy. This is the result of the need to reduce GHG

emissions.

It can be seen that the share of electricity has dramatically improved from 2025 to 2040
while the share of natural gas has declined. The solar energy is used more in 2050
comparatively. This result implies that the Canadian energy sector will rely more on clean
energies (mostly electricity from clean sources) and less on fossil fuels. It shows also that
the total consumption will decrease resulting from the use of more energy efficient

appliances.

Comparing the BAU and the GHG scenarios, there will be 679 PJ less final energy
consumption in GHG scenarios 45% less in transportation, 12% less in residential, 14%
less in industrial, 27% less in commercial and 2% less in the agricultural sector. Note that

GHG1 and GHG2 are identical in figure 5-7.
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Figure 5.7 : Final residential sector energy consumption projection for BAU
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Figure 5.9 : Final energy consumption BAU and GHG scenarios

5.2.4 Electricity generation

As mentioned earlier in this chapter, the electricity share in the final consumption is
increasing in all the scenarios, but the growth is higher for the GHG scenarios. The sources

of the electricity generation are thermal, hydro, nuclear, biomass and renewable energies.

In the BAU scenario as there is no limitation on the use of any type of sources for the
electricity production, there is a growth in the use of all sources except for thermal in which
some fluctuations can been noticed. But even for thermal, the general trend is positively

growing.

By comparing the three scenarios it can be seen that the renewable energy share in
electricity generation has decreased in GHG2 comparing to GHG1 as in GHG2 there is a
constraint on keeping the renewable share up to 10% through 2050. It also can be noticed
that in GHG2, nuclear is more used by 2050 as GHG limitation should be met by replacing
renewable energies with nuclear energy. But as nuclear energy is associated with troubling

environmental issues (dangerous radioactive waste disposal as well as social and political

problem), replacing renewable energy with nuclear energy is still controversial. Hydro is
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increasing in both GHG1 and GHG2 though the increase is slightly more for GHG2 due to
the constraint on the renewable sources. Biomass is also increasing for both GHG scenarios

compared to BAU, but slightly more for GHG2 (for similar reasons).

4,000
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Figure 5.10 : Electricity generation by source projection in the BAU
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Figure 5.11 : Electricity generation by source projection in the GHG1
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Figure 5.12 : Electricity generation by source projection in GHG2

5.2.5 GHG Emissions

85

In the base scenario (BAU) in which there is no constraint on GHG emissions or limitation

on the renewable penetration for electricity generation, emissions reach 720 Mt in 2030

before decreasing 4.9% by 2050 (compared to 2007). In the climate scenarios, emissions

are reduced to meet the imposed targets. This reduction is identical for both GHG1 and

GHG?2 as the limitation on GHG emissions are assumed to be similar in both climate

scenarios.
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Figure 5.13 - GHG emissions in BAU and GHG scenarios

By reviewing the contribution of the residential sector in GHG emissions trend in our
scenarios, it also is observed that although the emissions trend is declining in this sector,
the GHG constraint results in 7 Mt less CO2 emissions. This amount of GHG emissions
reduction does not seem very considerable compared to the total emissions reduction in the

global model which is 200 Mt.
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5.2.6 Demand for residential technologies

Not all the technologies modeled in the data base will selected by TIMES-Canada. Due to
constraints imposed in the TIMES model for the optimization of the energy system and for
emission reductions in, some of the end-use technologies will not be part of the optimum
solution. In this section we are reviewing the energy demand in PJ for technologies
available for water heating end- use and observe how TIMES-Canada have chosen them

in 2050.

It can be seen that all types of technologies using electricity as commodity-in have not been
selected. Increasing cost of electricity could be one of the reasons leading to this result.
The exception is the tank-less water heater. This is due to efficiency improvement
projection for this technology by 2015. It can also be seen that the demand is 1.1 PJ less in
the GHG scenarios.

It also can be seen that among all the technologies using gas as commodity in, only the
tank-less water heater will be in demand at 2050. This is the result of the efficiency

improvement in this technology. The fact that natural 'gas produces less emissions
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comparing to other fossil fuels is another reason for this selection (Natural gas, 2014). The
demand in BAU scenario is 0.57 PJ more than GHG1 and 0.89 PJ more than GHG2 where

renewable share is constant.

None of the technologies using oil as commodity-in have been selected. This is the result
of the efficiency standard improvement by 2050 and the emissions control constraint

imposed in the model.

The biomass furnace is one of the technologies selected by the model due to the limited
emissions of this type of commodity. The demand is 0.00016 PJ more in GHG scenario

demands. It is also noted that the furnace technology is not selected for other commodity

types.

The solar collector is also a selected technology by the model as its emissions are limited.

| The demand is constant at 0.92 PJ in all the scenarios.

The exchanger has not been selected by the model mostly due high investment cost and

existing of efficient and less costly substitutions.




Table 5.1 : Demand in PJ by technology for all scenarios at 2050

Demand (PJ) in 2050
Technology Term Description BAU GHGI GHG2
RWDHCOAFURSTDO08 COA .Furnace.Standard. 0.00 0.00 0.00
RWDHELCTAKEST08 S;S'Ta“k'ess'E“ergy 0.00 0.00| 0.00
RWDHELCBASSTD08 | ELC.Baseborad.Standard. 0.00 0.00]  0.00
Electricit
eetriclty | RWDHELCHEPSTDog | ELC-Heat 0.00 0.00| 0.00
Pump.Standard.
RWDHELCHEPSTD20 | ELC-Heat 0.00 0.00| 0.00
Pump.Standard.
RWDHELCTAKMAX20 | ELC.Tankless.Max. 84.54 83.53 83.83

GEO RWDHGEOEXCSTDO0S8 GEO.Exchanger.Standard. 0.00 0.00 0.00

Kerosene | RWDHKERFURSTDOS KER.Furnace.Standard. 0.00 0.00 0.00
| Oil RWDHHFOFURSTDO08 HFO.Furnace.Standard. 0.00 0.00 0.00
RWDHLFOFURSTDO08 | LFO.Furnace.Standard. 0.00 0.00]  0.00
| RWDHNGAFURSTDO0S8 NGA .Furnace.Standard. 0.00 0.00 0.00
RWDHNGAFURSTD20 NGA .Furnace.Standard. 0.00 0.00 0.00
RWDHNGASTTEST0g | NGA-Storage 0.00 0.00| 0.00

Tank.Energy Star.

Gas | RWDHNGASTTMAXO08 | NGA.Storage Tank.Max. 0.00 0.00] 0.00
RWDHNGATAKEST0g | § o/ Tankless.Enerey 000 000 000
RWDHNGATAKMAXO08 | NGA.Tankless.Max. 89.18 88.60 | 88.28
RWDHNGLFURSTDO08 | NGL.Furnace.Standard. 0.00 0.00] 0.00

Solid | R WDHSLDFURSTDO0S | SLD.Furnace.Standard. 0.01 0.01] o0.01

Biomass
RWDHSELCCOSTDog | SOL-ELC.Collector with 0.00 0.00| 0.00
Backup.Standard.
Solar | RWDHSLFCCOsTDog | SOL-LFO-Collector with 0.92 092| 092
Backup.Standard.
RWDHSNGCCOSTDog | SOL-NGA Collector with 0.00 0.00| 0.00
Backup.Standard.
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Conclusive discussion

In this research, the energy system of the Canadian residential sector has been studied in
the time horizon of 2007- 2050 by using TIMES-Canada. The data base has been built for
the attributes of the residential technologies for the end services of the space heating, water
heating, space cooling, lighting and appliances. This data have been gathered from the
federal and provincial reports, customer reviews, product fact sheets as well as the online
shopping websites. There has been a great effort to have the best possible data and to build

the hypothesis and assumptions as realistic as possible.

Three different scenarios have been used in this study including the base scenario (BAU)
in which the demographic changes as well as economic growths were the prominent
leading factors. On the other hand, there are two GHG scenarios with limitations on the
GHG emissions. But for the GHGI, the maximum penetration share of the renewable
energy is from 10% to 25% in 2050. In GHG2, the maximum renewable energy share is

constant at 10% through 2050.

The results of the TIMES-Canada demonstrates that using more electricity as the
commodity-in for the end-use services in the residential sector rather than the fossil fuel
could reduce the GHG emissions in the residential sector. Consequently, this could help
meeting the emission reduction target from Copenhagen accord for Canada. In spite of the
fact that the share of renewable and biomass energy sources has slightly increases in GHG
scenarios, electricity and natural gas will remain the most dominant energy carriers in

residential sector.

This study can be improved and continued in many aspects. Regarding the data base there
are some data that has been built up by using rational assumptions in absence of reliable
data in the literature. The data base could be improved by replacing assumed data by data
found in other resources or by having different assumptions which could be more precise.
On the other hand this study is limited to 2050 which could be extended in the future. It

also can be updated by changing assumptions on energy carriers, energy price and
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technology definition or by adding more types of end-use technologies such as TV,

computer, vacuum cleaner, microwaves, etc.
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Please note that the references of this research are not necessary scientific reports and
papers. Many of the attributes of the house-hold appliance have been founded in customer
review pages, web stores and buying guides and this is due to the absence of scientific
reliable data in literature for technology attribute in the residential sector.
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